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The blood-brain barrier (BBB) remains a major obstacle for drug delivery to the central nervous 

system. In particular, the tight and adherens junctions that join the brain capillary endothelial cells 

limit the diffusion of various molecules from the bloodstream into the brain. Photodynamic 

priming (PDP) is a non-cytotoxic modality that involves light activation of photosensitizers to 

photochemically modulate nearby molecules without killing the cells. Here we investigate the 

effects of sub-lethal photochemistry on junction phenotype (i.e., continuous, punctate, or 

perpendicular), as well as the BBB permeability in a transwell model of human brain 

microvascular endothelial cells (HBMECs). We showed that PDP decreases the continuous 

junction architecture by ~20%, increases the perpendicular junction architecture by ~40%, and has 

minimal impact on cell morphology in HBMECs. Furthermore, transwell permeability assay 

revealed that PDP improves the HBMEC permeability to dextran or nanoliposomes by up to 30-

fold for 6–9 days. These results suggest that PDP could safely reverse the mature brain endothelial 

junctions without killing the HBMECs. This study not only emphasizes the critical roles of PDP in 

the modulation junction phenotype, but also highlights the opportunity to further develop PDP-

based combinations that opens the cerebrum endothelium for enhanced drug transporter across the 

BBB.

Index Terms—

Benzoporphyrin derivatives; blood-brain barrier; light-controlled drug release; photochemistry; 
photodynamic priming

I. Introduction

The brain is one of the most vascularized organs in the body. Despite differences in vessel 

architecture, diffusion of large or small compounds from the bloodstream into the brain are 

particularly challenging due to the intact blood-brain barrier (BBB). This specialized 

neurovascular unit, composed of endothelial cells, neural cells (e.g., astrocytes, pericytes, 

neurons) and basement membrane, regulates brain homeostasis and protects the central 

nervous system [1]-[3]. The cell-to-cell junctions that join the brain endothelial cells are 

composed of a wide variety of components, such as vascular endothelial-cadherin (VE-

cadherin) adherens junction protein, zonula occludens (ZO) scaffold proteins, and claudin-5 

tight junction protein. The tight junction transmembrane complexes located on the apical 

region of endothelial cells prevent the transport of hydrophilic, highly charged, and/or large 

(>400 Da) molecules [4]. In addition, astrocytes and pericytes secret growth factors and 

morphogens (e.g., cyclic AMP) to further enhance the formation and integrity of the junction 

network [5], [6]. The endothelial cell-cell junction at the BBB is one of the key factors that 

limit drug transport to the brain [7], [8]. Despite being the subject of studies for several 

decades, selective opening of the BBB junction network at the desired site without killing 

the brain endothelial cells remains a challenging task in the clinic.

A number of strategies have been developed to disrupt the tight junction network of the 

BBB, including the infusion of hyperosmolar solutions, biochemical disruption, focused 

ultrasound, and electromagnetic radiation [9]. Nevertheless, these methods are not yet 

universally available in the clinic due to a number of limitations, such as low efficiency, 

Inglut et al. Page 2

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



invasiveness, lack of selectivity, or adverse events [9]-[12]. For example, clinical BBB 

opening with hypertonic solutions (e.g., arabinose, mannitol) lacks regional specificity and 

can induce a pronounced fluid shift [13], [14]. Existing site-specific methods (e.g., focused 

ultrasound [9], [15], [16] thermal therapy [17], [18], and radiation [19], [20]) can enhance 

drug delivery across the BBB but are often associated with increased risk of edema, 

hemorrhage, inflammation, or neurotoxicity. As a result, there is a clear need for a method 

that can dissociate the endothelial tight junction while sparing the endothelial cells.

Photodynamic therapy is a photochemistry-based treatment modality that involves the light 

activation of non-toxic photosensitizers or fluorescent dyes. High optical energy (e.g., 80–

300 J/cm2) activation of photosensitizers is used to generate reactive oxygen species that can 

damage the vasculature and kills cells [21], [22]. Photodynamic therapy has historically been 

approved for the treatment of superficial diseases beneath the skin or in the lining of organs 

where a light source can reach [23]. With the advancement of fiber optic light conduits, there 

is now the clinical possibility for photodynamic therapy to treat and permeabilize tumors 

that have grown deeply into the skin or other organs via intraoperative, endoscopic or 

interstitial procedures [24]. In fact, surgery immediately followed by photodynamic therapy 

has already been studied in the clinic for brain tumors (NCT03048240, NCT03897491, 

NCT00003788) [25], [26]. A single adjunctive dose of photodynamic therapy has been 

shown to add up to 18 months to the lifespan of patients with glioblastoma [27]. Despite the 

promising preclinical and clinical results using photodynamic therapy to permeabilize the 

BBB and treat brain tumors, the side effects of photodynamic therapy, including edema and 

neurotoxicity, remain a major concern in the clinic [28]-[31]. To address this issue, we have 

introduced photodynamic priming (PDP) which operates at low doses of optical energy and 

photosensitizer (i.e., < 1 μM × J/cm2) to modulate biomolecular targets without killing the 

organism [32]. We have shown that PDP improves vascular permeability and enhances 

ONIVYDE® (liposome irinotecan, nal-IRI) extravasation into pancreatic tumor parenchyma 

by up to 11-fold without damaging surrounding healthy pancreas [32]. A combination of 

PDP and ONIVYDE® inhibited tumor growth, reduced metastasis, and doubled the median 

progression-free survival in pancreatic cancer mouse models [32]-[35]. While encouraging 

results have been obtained with PDP for pancreatic cancer treatment, there is work to be 

done to ensure that PDP can be used to disassociate the endothelium of the BBB that has a 

particularly high degree of junctional tightness.

It is increasingly clear that the presentation of junctional protein (i.e., pattern, geometrical 

organization, edge-presentation) and cell morphology plays an important role in regulating 

the permeability of cerebral endothelium [36]-[40]. Despite that information, the impact of 

sub-cytotoxic photochemistry on the presentation of junctional protein remains relatively 

understudied, presumably due, in part, to the lack of reliable quantitative analysis routines. 

Here, for the first time, we utilized a novel Junction Analyzer Program [37], [41] to quantify 

junction phenotype in response to PDP at various light energy densities using human brain 

microvascular endothelial cells (HBMECs). Images of immuno-stained ZO-1 and VE-

cadherin were analyzed using the Junction Analyzer Program to calculate the percent of the 

cell perimeter presenting continuous, punctate, or perpendicular junctions before and after 

PDP. Furthermore, a transwell permeability assay was used to demonstrate that BBB 
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permeability to fluorescein isothiocyanate–dextran (FITC-dextran) or rhodamine-loaded 

nanoliposomes (rhodamine-nanoliposome) can be precisely controlled via light activation.

II. Materials and Methods

A. Cell Culture

Primary HBMECs were purchased from Cell Systems (ACBRI 376) and cultured as 

previously described [40]. Briefly, cells were cultured in flasks coated with 0.1% gelatin and 

grown in RPMI-1640 medium supplemented with 20% fetal bovine serum, 1% penicillin-

streptomvcin, 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA), 30 μg/mL 

endothelial cell growth supplement (ECGS) (Millipore Sigma, Burlington, MA), and 100 

μg/mL heparin (Millipore Sigma) at 37 °C, with 5% CO2. Cells were used for experiments 

within 7–10 passages. Cells arrived mycoplasma-free and were tested and found to be 

mycoplasma-free approximately 6 months later using the MycoAlert PLUS Mycoplasma 

Detection Kit (Lonza, LT07–701).

B. Substrate Coating and Experimental Conditions

On day 1 of experiments, glass bottom 24-well plates (662892, Greiner Bio-One, 

Kremsmünster, Austria) or transwell inserts (24 well format, 1.0 μm pore size, Falcon, 

Abilene, TX) were respectively coated with 175 μL or 35 μL of 100 μg/mL fibronectin 

(F2006, Sigma Aldrich, St. Louis, MO) for 30 minutes at 37 °C. After coating, the excess 

fibronectin was removed, and the surfaces were rinsed with 37 °C phosphate-buffered saline 

(PBS). Cells were seeded at a density of 5×104 cells/cm2 and then cultured for 5–9 days. On 

days 2–10, cells were treated with medium containing cAMP supplements: 250 μM of 8-

CPT-cAMP (Abcam, ab120424) and 17.5 μM of RO-20-1724 (0415, Tocris Bioscience, 

Bristol, United Kingdom). Once supplemented medium was introduced to the cells, all of 

the following medium changes contained the supplements.

C. Cell Viability and Metabolic Activity Assays, and Immunostaining

Briefly, on day 1 of experiments, HBMECs were plated at 5×104 cells/cm2 within 

fibronectin-coated glass-bottom plates. The following day, the cAMP supplemented medium 

was introduced to the system and cells were grown for 48 hours to confluency. On day 4, 

cells were incubated with 0.25 μM of photosensitizer benzoporphyrin derivative (BPD, U.S. 

Pharmacopeia, Rockville, MD) in the supplemented medium for 24 hours. On day 5, prior to 

PDP, cells were washed twice with PBS and the fresh supplemented medium was added to 

each well. For PDP, cells were irradiated with 690 nm red light (0–5 J/cm2, 6 mW/cm2, 

bottom illumination). Light activation was performed using the ML6600 series laser system 

(690±5 nm; 1.5 W max output power; SMA fiber output with SMA905 connector, 

Modulight, Tampere, Finland). Cell metabolic activity and cell viability were determined via 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and LIVE/

DEAD® staining, respectively, at 24 hours or 72 hours after PDP. Surviving cells for PDP 

treated samples were normalized to a no treatment control. Cell confluency is defined as the 

number of cells stained with Calcein AM per frame, normalized to the no treatment control. 

Cell morphology was assessed 90 minutes after PDP (see Junction analysis).
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D. Immunostaining of Junction Proteins

At 90 minutes after PDP, HBMECs were rinsed with 37 °C PBS and fixed with 1% 

formaldehyde in PBS (Thermo Fisher Scientific) for 20 minutes. Prior to permeabilizing the 

cell membrane for 5 minutes with 0.25% TritonX-100 (Sigma-Aldrich) in PBS, cells were 

washed three times for 5 minutes each, with room temperature PBS. After permeabilization, 

the PBS wash steps were repeated and the samples were blocked for 1 hour at room 

temperature with 2% goat serum (Abcam, Cambridge, United Kingdom) in PBS. Cells were 

incubated with primary antibodies against ZO-1 (rabbit polyclonal IgG, Thermo Fisher 

Scientific, 61–7300, 1:500) and VE-cadherin (mouse monoclonal IgG, Santa Cruz, sc-9989, 

1:50) in 2% goat serum overnight at 4°C. The following day, cells were washed and blocked 

in 2% goat serum for 1 hour. Cells were incubated with secondary antibodies goat anti-rabbit 

Alexa Fluor 488 (Abcam, ab150077, 1:100) or goat anti-mouse Alexa Fluor 568 (Thermo 

Fisher Scientific, A-11004, 1:100), and Hoechst (Thermo Fisher Scientific, H3570, 1:2500 

or 4 μg/mL), in PBS for 1 hour at room temperature. Cells were washed prior to imaging. 

Note that all steps were performed under gentle rocking.

E. Microscopy

For the LIVE/DEAD® assay, samples were imaged using the Lionheart (BioTek) at 20X. 

For cell-cell junction experiments (fixed-cell), samples were imaged using a 60X oil 

objective on an inverted microscope (IX83 Olympus microscope, Olympus cellSens 

Software). Images were captured using the red, green, and blue filters. Images shown within 

the manuscript were enhanced via ImageJ for better visualization of the cell-cell junction.

F. Junction Analysis

Cell morphology and cell-cell junction organization were quantified using the Junction 

Analyzer Program, available for download at https://github.com/StrokaLab/JAnaP. Briefly, 

the cell perimeter was traced via “waypointing” for ZO-1 images (green fluorescent channel, 

A488) which were then projected onto the images of VE-cadherin (red fluorescent channel, 

A568), as previously described in [41]. To isolate ZO-1 and VE-cadherin, threshold values 

of 15 and 5 were applied, respectively. Further guidance on how to identify threshold values 

can be found in the supplement of [37] and in the Junction Analyzer Program User-Guide 

available using the link above. Next, the cell morphological parameters, including area, 

solidity, and circularity, were calculated. Specifically, solidity equals the area of the cell 

divided by the area of the convex (Supplementary Fig. 1a). Circularity equals 4π times the 

cell area divided by the cell perimeter squared (Supplementary Fig. 1b). Junction 

morphology was quantified by calculating the percent of the cell edge presenting continuous 

or perpendicular junction [41]. The specific phenotypes were classified based on the length 

of the junction that overlapped the cell edge (> 15 pixels for continuous junction) and the 

relative aspect ratio with respect to the cell edge (> 1.2 pixels for perpendicular junction, 

otherwise punctate). These values served as constant parameters when using the Junction 

Analyzer Program.
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G. Western Blot Analysis

VE-cadherin expression was analyzed using a standard Western blot analysis protocol (Bio-

Rad). Briefly, HBMECs were seeded at a density of 5×104 cells/cm2 within fibronectin-

coated 35 mm petri dishes and grown to confluency. On day 2, cAMP supplemented 

medium was added to the cells. On day 4, cells were incubated with 0.25 μM BPD in the 

supplemented medium for 24 hours. On day 5, prior to PDP, cells were washed twice with 

PBS and the fresh supplemented medium was added to wells. For PDP, cells were irradiated 

with 690 nm red light (0 J/cm2 or 1.2 J/cm2, 6 mW/cm2). Prior to collection, cells were 

washed thrice with cold PBS. Lysates were collected 90- and 24-hours post PDP by 

scrapping the cells off the petri dish within cold PBS. After centrifugation, cells were lysed 

with cold radioimmunoprecipitation assay (RIPA) buffer containing IX protease and 

phosphatase inhibitor cocktail (Thermo Fisher Scientific). The total protein from cell lysates 

was quantified using a Bichoninic acid (BCA) protein assay (Thermo Fisher Scientific). Cell 

lysates (20 μg) were separated on precast 4–12% Bis-Tris protein gels (NuPAGE) and 

electrotransferred onto PVDF membrane (Thermo Fisher Scientific). Membranes were 

blocked either with 5% milk/TBST or 5% BSA/TBST solution, for VE-cadherin and 

GAPDH, respectively. Proteins were sequentially detected using an anti-VE-cadherin 

antibody (1:1000, Santa Cruz sc-9989) according to the manufacturer’s guidelines. GAPDH 

(1:500, Cell Signaling #2118) was used as the loading control. Visualization of protein 

bands was achieved using chemiluminescence (SuperSignal, Thermo Fisher Scientific). The 

membranes were imaged with the FluorChem E System (ProteinSimple, San Jose, CA). 

Quantitative analysis of protein expression was done using ImageJ software.

H. Liposome Synthesis and Characterization

Nanoliposomes, fluorescently labeled with rhodamine, were synthesized via freeze-thaw 

extrusion as described previously [32], [34]. Briefly, dipalmitoylphosphatidylcholine 

(DPPC), cholesterol, distearoylphosphatidylethanolamgureinemethoxy polyethylene glycol 

(DSPE-PEG) and 1,2-dioleoylsn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) (Avanti Polar 

Lipids, Alabaster, AL, USA) were codissolved with 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (16:0 Liss Rhod PE) in 

chloroform. A thin film was created via rotary evaporator overnight. The film 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 rhodamine was 

checked using a fluorescence standard curve measured using a BioTek Synergy Neo2 plate 

reader (Excitation/Emission: 560/596 nm). The Omni (Brookhaven, Holtsville, NY, USA) 

measured particle size of monodispersed rhodamine-nanoliposomes to be ~100 nm in 

diameter (Supplementary Table 1).

I. Transwell Permeability Assay

For permeability studies, HBMECs (5×104 cells/cm2) were seeded on transwell inserts that 

had been pre-coated with fibronectin. On the next day, cAMP supplemented medium was 

added, and cells were allowed to grow to confluency. On day 2 or 4, BPD (0.25 μM)-

containing medium was added to the upper chamber for 24 hours of incubation. Following 
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this, cells were washed twice with PBS, fresh medium was added, and light was delivered to 

initiate PDP (690 nm, 0.6 J/cm2 or 1.2 J/cm2, 6 mW/cm2, bottom illumination). Immediately 

following PDP, 400 μL of FITC-Dextran (1 mg/mL, 70 kDa, Sigma-Aldrich) or rhodamine-

loaded liposomes (5 μM) was added to the upper (apical) chamber and allowed to diffuse 

across the membrane into the lower (basolateral) chamber. At different time points, the 

medium in the lower chamber was collected and the fluorescence signal was measured using 

a BioTek Synergy Neo2 plate reader (Excitation/Emission: 492/518 nm for FITC, or 

560/596 nm for rhodamine). When evaluating the permeability of FITC-Dextran, on each of 

the following time points, the upper chamber was replenished with 400 μL of fresh FITC-

dextran solution (1 mg/mL) and the lower chamber was also replenished with fresh medium 

(800 μL), in order to continue daily permeability evaluation. When evaluating the 

permeability of rhodamine-loaded liposomes, 30 minutes prior to collection, the upper 

chamber was replenished with 400 μL of fresh rhodamine-loaded liposomes (5 μM) and the 

lower chamber was replenished with fresh medium (800 μL). The apparent permeability 

coefficients (Papp, cm/min) of FITC-dextran solution (1 mg/mL) or rhodamine-loaded 

liposomes (5 μM) were from the following equation:

Papp = Vr × dC/dt / C0 × A (1)

Vr is the volume of the basolateral chamber (cm3). dQ/dt is the slope of the cumulative 

concentration of the FITC-dextran (or rhodamine-nanoliposome) in the basolateral chamber 

over time (μmol/L/min). C0 is the initial concentration of FITC-dextran (or rhodamine-

nanoliposome) in the apical chamber (μmol/L). A is the membrane surface area of the inserts 

(cm2).

III. Results and Discussions

A. Sub-Cytotoxicity of PDP in HBMECs

For safe and effective drug delivery to the brain, it is of paramount importance to disrupt the 

BBB locally and transiently without causing endothelial cell death or vascular shutdown. 

Typically, photodynamic therapy involves the high optical energy (e.g., 80–300 J/cm2) 

activation of photosensitizers in order to produce sufficient 1O2 that can collapse the 

vasculature and induce cell apoptosis or necrosis [23], [43]-[48]. Recently, we have shown 

that PDP, with slightly lower optical energy (75 J/cm2) and BPD photosensitizer, can 

improve vasculature permeability to nanomedicine in pancreatic tumors without causing 

normal tissue damage [32]-[35]. Other groups have shown the ability to permeabilize the 

BBB within mice using lower optical energies (10–40 J/cm2) and the prodrug 5-

aminolevulinic acid, however, vascular damage and edema often occur [28], [49], [50]. In 

this study, we used LIVE/DEAD® assay and MTT (metabolic-based) assay to determine the 

threshold of PDP in HBMECs in vitro. To recapitulate the in vivo basement membrane and 

enhance the brain endothelial phenotype, HBMECs were plated on fibronectin and treated 

with 8-(4-chlorophenylthio) adenosine-3’,5’-cyclic monophosphate sodium salt (CPT-

cAMP) and 4-(3-butoxy-4-methoxybenzyl) imidazolidin-2-one (RO-20-1724). The basal 

lamina fibronectin protein was selected over 7 other extracellular matrix components based 

on our prior work that showed fibronectin-coating results in the greatest HBMEC cell-cell 
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junction expression [40], [51]. cAMP and RO-20-1724 were introduced to enhance the 

junction phenotype, inhibit Rho/ROCK signaling in endothelial cells, and limit the 

formation of stress fibers by blocking myosin light chain phosphorylation [37], [40], [52].

Here, freeform BPD was incubated with HBMECs at a concentration of 0.25 μM for 24 

hours prior to 690 nm light activation (0–5 J/cm2, 6 mW/cm2). At 24 hours post-PDP, the 

viability of HBMECs was assessed by LIVE/DEAD® assay. In a separate study, 72 hours 

post-PDP, mitochondrial activity was determined via MTT assay. Fig. 1 shows that PDP at 

light doses of ≤ 2.5 J/cm2 had minimal effects on the viability and metabolic activity of 

HBMECs. At 5 J/cm2, PDP significantly decreased the mitochondrial activity by 35.7±6.4% 

(Fig. 1a), induced 17.7±6% cell death (Fig. 1b), and reduced the confluency of HBMECs by 

63.6% (Fig. 1c, Supplementary Fig. 2). It is well established that BPD localizes to the 

mitochondria and induces depolarization of mitochondrial membrane potential efficiently 

upon light illumination in cells [53]-[55]. Therefore, it is not surprising that PDP-treated 

HBMECs experience a larger loss in mitochondrial activity (by MTT assay) than cell 

membrane integrity (by LIVE/DEAD®). Based on these results, optical energies of 0.06, 

0.3, 0.6, and 1.2 J/cm2 (at a fixed irradiance of 6 mW/cm2) were selected for the following 

experiments, while the concentration of BPD is fixed at 0.25 μM.

B. PDP Slightly Alters Cell Morphology and F-actin Organization

To better understand how PDP impacts the brain endothelium, we first examined the impact 

of PDP on HBMEC morphology (i.e., area, solidity, and circularity) and F-actin organization 

using the well-established Junction Analyzer Program. We observed that PDP (0.06–1.2 

J/cm2) moderately increases the circularity and solidity of HBMECs by 3–13%, suggesting 

cells were under stress (Fig. 2a,b). However, this increase is modest compared to dying cells 

(cells treated with 5 J/cm2) that had on average a 23.5% increase in circularity (data not 

shown). PDP did not impact the HBMECs area (Fig. 2c) nor perimeter (Supplementary Fig. 

3). At the higher light doses of 0.6 and 1.2 J/cm2, PDP induced F-actin reorganization from 

cortical bands near the cell edge to stress fibers throughout the HBMECs (Fig. 2d). It 

appeared VE-cadherin also showed a change in morphology, which motivated us to 

investigate further. Our new findings agree with previous observations by Ota et al. and 

others, which showed that the reactive oxygen species produced by photodynamic therapy 

can induce morphological changes and actin stress fiber formation in human umbilical vein 

endothelial cells [36], [56], [57]. Further, these reports showed that actin stress fiber 

reorganization from cortical bands to stress fibers in human umbilical vein endothelial cells 

was also accompanied by the mislocalization of VE-cadherin [36].

C. PDP Alters the Endothelial Cell-Cell Junction Morphology

Among the 40 different transmembrane and scaffold proteins that form an endothelial cell-

cell junction in the brain, VE-cadherin and ZO-1 are two of the important and foundational 

proteins that regulate BBB permeability. VE-cadherin is the primary transmembrane 

structural adhesive protein present in adherens junctions of HBMECs, prior to the formation 

of tight junctions, thus deeming it the junctional backbone [58]-[60]. ZO-1 is a scaffolding 

protein that regulates the recruitment and assembly of tight junction proteins (e.g., occludens 

and claudins) at the cytoplasmic surface of intercellular junctions [61]. It is also well 
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established that rearrangement of VE-cadherin and ZO-1 regulates vascular permeability 

[62]-[66]. As cell-cell junctions mature, VE-cadherin and ZO-1 reorganize from a serrated 

perpendicular geometry to a continuous strand linear to the cell edge [39], [40], [67].

We next investigated whether PDP could reverse the maturity of endothelial cell-cell 

junction through the rearrangement of VE-cadherin and ZO-1. Similar to the previous 

experiments, HBMECs were seeded in fibronectin-coated wells and treated with cAMP to 

start with mature cell-cell junctions [40]. Specifically, we examined the percentage of 

junction coverage per cell, as well as the pattern of junctions present at the cell edge (i.e., 

continuous mature junctions, perpendicular immature junctions, or punctate immature 

junctions) (Fig. 3a). Representative fluorescence images (Fig. 3b) show that PDP can reduce 

junctional coverage at the edge of the cell and significantly alter junction morphology. The 

changes in the HBMEC junction phenotype in response to PDP at various light energy 

densities (fluences) were further quantified using Junction Analyzer Program as described 

by us previously (Fig. 4). Junction Analyzer Program analysis revealed that PDP modestly 

reduced the coverage of VE-cadherin (72.4±0.8%) and ZO-1 (64.6±0.7%) at the cell edge by 

10–20% in a light dose-dependent manner (Fig. 4a, b). This decrease in junctional coverage 

induced by PDP was accompanied by changes in junction morphology. We found that PDP 

not only decreases the mature VE-cadherin continuous junctions by ~17% (from 

56.58±1.13% to 46.71±1.33%) (Fig. 4c) but also increases the immature VE-cadherin 

perpendicular junctions by ~46% (from 7.91±0.26% to 11.61±0.38%) in a light dose-

dependent manner (Fig. 4e). Similar trends were observed with ZO-1, where PDP decreases 

the mature ZO-1 continuous junctions by ~27% (Fig. 4d) and increases the immature ZO-1 

perpendicular junctions by ~38% at 1.2 J/cm2 (Fig. 4f). Further analysis revealed that PDP 

(0.3–1.2 J/cm2) increases the protrusion length (e.g., tip-to-tip distance [41]) of ZO-1 

perpendicular junction, but not VE-cadherin perpendicular junction (Supplementary Fig. 4). 

The changes in perpendicular junction protrusion could be a result of F-actin stress fibers 

pulling on the connected tight junction proteins (ZO-1), but not adherens junction proteins 

(VE-cadherin). It has been reported by others that photodynamic therapy could cause the 

internalization of VE-cadherin and intercellular gaps, resulting in the disappearance and 

discontinuous junctions at the cell edge [36]. Interestingly, PDP did not significantly alter 

the amount of punctate, or dotted, junctions for VE-cadherin and ZO-1 (p > 0.05) (Fig. 4g, 

h). The number of punctate junctions was most likely unchanged after PDP, as cells were 

able to remain in constant contact with each other.

Previous reports have shown that endothelial monolayer confluency impacts VE-cadherin 

expression and pattern [68]-[70]. Zhang et al. also showed that photodynamic therapy 

downregulates the expression of VE-cadherin at the BBB in mice [50]. If PDP induced large 

gaps in the cell monolayer, as a result of cell death, it is speculated that the downregulation 

of VE-cadherin would occur via clathrin-coated endosomal internalization [71]. Here, 

western blot analysis shows that PDP did not significantly alter the expression of VE-

cadherin in HBMECs (Supplementary Fig. 5). The above results demonstrate that PDP not 

only induces cellular stresses as evident by increased stress fiber formation, roundness, and 

solidity, but also promotes morphological changes to junction proteins. Most importantly, 

PDP can shift a stable endothelial monolayer into an immature state while maintaining 

HBMEC viability.
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D. PDP Induces HBMEC Permeability to FITC-dextran

We have previously demonstrated that the number of discontinuous VE-cadherin and ZO-1 

junctions correlates positively with HBMEC permeability [40]. Similarly, Li et al. showed 

that a change in the pattern of ZO-1 (from “linear” junction to a “discontinuous, segmented 

and dotted” phenotype) is associated with increased permeability in HBMECs [52]. 

Knowing that PDP can modulate the morphology of cell-cell junctions (Fig. 3 and 4), we 

next examined the ability of PDP to improve HBMEC permeability to FITC-dextran or 

rhodamine-nanoliposomes using a transwell model. At different time points after PDP, the 

amount of FITC-dextran (or rhodamine-nanoliposome) that diffuses from the apical chamber 

into the basolateral chamber was quantified using a plate reader and the apparent 

permeability coefficient (Papp, cm/min) was calculated.

Without PDP (0 J/cm2), a baseline diffusion of FITC-dextran into the basolateral chamber 

was observed (Fig. 5a). The average Papp of FITC-dextran is ~7.5×10−5 cm/min, similar to 

that observed by others (Fig. 5b) [72], [73]. By day 7, the Papp of FITC-dextran in the 

untreated HBMECs control group began to increase. This observation is consistent with 

other’s reports showing that prolonged activation of cAMP may cause a delay in the 

repression of Ras-related protein (R-Ras), resulting in the disruption of VE-cadherin and 

endothelial cell barriers [74]. PDP at 0.6 J/cm2 and 1.2 J/cm2 significantly improved the 

diffusion of FITC-dextran across the HBMEC monolayer by ~2.6-fold and 4-fold, 

respectively, in a dose-dependent manner (Fig. 5a). The Papp of FITC-dextran was found to 

be the highest at 2–3 days post-PDP. On day 2, transwells primed with 1.2 J/cm2 had 

approximately 40.86% of their starting FITC-dextran diffuse into the basolateral chamber. 

By days 6 and 9, the Papp of FITC-dextran in the PDP groups (0.6 and 1.2 J/cm2) were found 

to be similar to that of the control group (0 J/cm2). The transwell models that received the 

higher optical energy (1.2 J/cm2) took an additional 3 days to recover presumably due to 

increased cell contractility and number of immature junctions. Although this was an in vitro 
model, our findings are consistent with previous in vivo findings showing that PDP-assisted 

endothelial opening persists at least up to 3 days [32]. These results also suggest that PDP 

dose can be customized to control the degree and duration of endothelium permeabilization.

We have previously shown that PDP can improve the permeability of ‘leaky’ tumor 

vasculature to nanoliposomes by 11-fold in vivo [32]. We next tested if PDP also improved 

rhodamine-nanoliposomes, ~100 nm in diameter (Supplementary Table 1), penetration 

across the HBMEC monolayer cultures that have a particularly high degree of junctional 

tightness. The permeability of rhodamine-nanoliposomes was monitored up to ~48 hours 

(Fig. 6), as the clinically relevant nanoliposomes typically have a circulation half-life of 24–

48 hours [75], [76]. Without PDP (0 J/cm2), the average Papp of rhodamine-nanoliposomes is 

~1.1×10−7 cm/min. PDP at 0.6 J/cm2 significantly improved the Papp of rhodamine-

nanoliposomes by 14.6-, 9.8-, and 5.0-fold at 1, 25, and 49 hours, respectively, compared to 

the control (0 J/cm2). This improvement in the Papp of rhodamine-nanoliposomes was even 

more pronounced when using PDP and 1.2 J/cm2 (38.5-, 18.1-, and 11.5-fold at 1, 25 and 49 

hours, respectively). We observed that only less than 0.09% of the rhodamine-liposomes 

diffused into the basolateral chamber. This tightness properties displayed in our model was 

found similar to others in vitro model [77]. At 1.2 J/cm2, PDP facilitated the leakage of up to 

Inglut et al. Page 10

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.43% of the liposomes into the basolateral chamber over a 30-minute incubation period. 

This significant (30-fold) improvement in drug penetration across the endothelial barrier 

suggests that PDP is a promising modality for enhancing drug devilry across the BBB in 
vivo, where less than 0.14%ID/g of the injected liposomes can cross the rat BBB [78]-[82]. 

While 5-aminolevulinic acid-mediated photodynamic therapy and focused ultrasound [36], 

[83], [84] can also improve the drug delivery across the endothelial monolayer by 2- to 5.3-

fold, these modalities are often cytotoxic and can potentially lead to undesired normal tissue 

destruction.

This is the first study to demonstrate that PDP can significantly improve endothelial 

permeability to both macromolecules and nanoparticles in a transwell model. The 

uniqueness of PDP lies in its spatiotemporal selectivity, which offers the opportunity to 

confine endothelial permeabilization to the site where the light is directed. This 

spatiotemporal control of PDP may further reduce normal brain tissue damages and warrants 

further investigation in animals. In the clinic, we believe the most advantageous and safe 

initial application of PDP is following brain tumor resection while patients are in the 

operating room. In this context, patients will receive PDP intraoperatively via fiber optic 

light conduits placed within the resection cavity [25], [26]. The forward-looking goal of 

photodvnamic therapy is to reversibly open the BBB for enhanced drug delivery and to 

sterilize unresectable tumor cells during open surgery, while sparing normal brain tissue and 

the healthy vasculature. These unresectable infiltrating glioblastoma cells have been shown 

to cause an 80% recurrence within 1–2 cm of the original tumor edge [85], [86]. While it is 

true that light penetration depth (i.e., the depth at which the incident optical energy drops to 

37%, 1/e) is typically 1–4 mm in the brain, we have recently shown that diffused red light 

(i.e., the remaining 37% optical energy) can reach up to 1.5–2 cm deep in rat brains to 

activate BPD for PDP [87]. This suggests that intraoperative PDP is sufficient to manage 

brain diseases that are 1–2 cm in depth (e.g., the unresectable, invasive margin of most brain 

cancers). For deeper brain tissues, light can be delivered to the entire target using 

stereotactically placed fibers in the clinic (similar to laser probes currently used for 

interstitial thermotherapy) [88]-[92]. In this study, the clinically relevant, longer wavelength 

photosensitizer, BPD, (690 nm, deeper light penetration) was selected for PDP. This is an 

alternative to 5-aminolevulinic acid (Gliolan®)-induced protoporphyrin IX (635 nm), which 

is currently approved for fluorescence-guided surgery of brain tumors [93], [94] and is 

generally reserved for treating topical lesions [23], [95]. In fact, we have shown that 690 nm 

light activation of BPD induces PDP effects at further depths in rat brain (1.5–2 cm), 

compared to 635 nm light activation of protoporphyrin IX (≤ 1 cm) [87]. Therefore, an 

immediate future direction would be to compare the efficacy of PDP for BBB opening using 

both FDA-approved BPD and Gliolan® in vivo.

IV. Conclusion

In summary, the complexities of the brain necessitate the innovation of a drug delivery 

strategy capable of overcoming the neurovascular unit while leaving normal brain cells 

undamaged. An emerging paradigm in brain drug delivery suggests that stimuli-responsive 

strategies can more accurately control BBB permeability at the right time, right place, and 

for the appropriate duration. Both photodynamic therapy and focused ultrasound hold great 
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clinical promise for overcoming the BBB. However, their cytotoxic nature and associated 

adverse events limit the clinical application and efficacy of drug delivery. To address these 

challenges, we applied a sub-lethal, photodynamic priming modality to reverse the mature 

brain endothelial cell–cell junction. The photodynamic priming approach is inspired by 

recent advances in tumor vascular permeabilization, which improves drug delivery to 

pancreatic tumors. Here, for the first time, we showed that PDP could significantly alter the 

endothelial cell–cell junction phenotype (i.e., continuous, punctate, or perpendicular), and 

improve nanoparticle penetration across the tight endothelium by up to 30-fold. Future work 

will involve further characterization of multi-cycle PDP in cells and in animal models and 

will address the benefit of using a longer wavelength photosensitizer. The impact of PDP on 

other components of the neurovascular unit (e.g., pericytes, neurons), as well as the 

photosensitizer-light interval, will also be the subject of future studies. Building on our 

successes using PDP for pancreatic cancer treatment, this study opens up new avenues for 

developing brain targeting drug delivery systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PDP is sub-cytotoxic to human brain microvascular endothelial cells (HBMECs). HBMECs 

were incubation with BPD (0.25 μM) for 24 hours followed by light activation (690 nm, 0–5 

J/cm2, 6 mW/cm2). The metabolic activity and viability of HBMECs were examined via (a) 

MTT assay (b) Live/Dead® imaging at 72 hours and 24 hours post-PDP, respectively. Cells 

incubated with 70% methanol for 30 minutes prior to the addition of Live/Dead® reagents 

served as the dead control (assay manufacture recommendation), (c) Representative images 

from the Live/Dead® assay (green channel: Calcein AM, red channel: ethidium 

homodimer-1, EthD-1) show a confluent monolayer up to a PDP dose of 1.2 J/cm2 (scale 

bars = 100 μm). Cell viability and metabolic activity were only significantly reduced by the 

5.0 J/cm2 PDP dose. For Live/Dead® analysis, a One-Way ANOVA with multiple 

comparisons was used to calculate significant differences, where n.s. indicates not 

significant (p > 0.05), * p < 0.05. N=3, where N equals the number of trials performed. For 
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MTT analysis, the Kruskal-Wallis test with a Dunn’s multiple comparison test was used to 

calculate significant differences, where n.s. indicates not significant (p > 0.05), * p < 0.05. 

N=6, where N equals the number of wells assessed over 3 trials. Box plots show the mean 

and the likely range of variation. Error bars show the maximum and minimum values.
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Fig. 2. 
PDP alters cell morphology and the organization of F-actin. HBMECs were grown to 

confluency and primed with 690nm red light (0–1.2 J/cm2, 6 mW/cm2). At 90 minutes post 

priming, cells were fixed and stained for F-actin and VE-cadherin. (a-c) Cell shape factors. 

All PDP light doses modestly increase HBMEC (a) circularity and (b) solidity. (c) PDP had 

no impact on HBMEC area. (d) Representative fluorescence images of F-actin (green) 

organization. VE-cadherin (red) staining is used to show the cell edge. PDP light doses ≥ 0.6 

J/cm2 resulted in the rearrangement of F-actin from cortical bands near the cell boundary to 

stress fibers throughout the cell. All scale bars are 25 μm. The Kruskal-Wallis test with a 

Dunn’s multiple comparison test was used to calculate significant differences, where n.s. 

indicates not significant (p > 0.05), ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The 

significance between the experiment group and the control is presented. N > 105, where N is 

the number of cells, from 3 different trials. Box plots show the mean and the likely range of 

variation. Error bars show the maximum and minimum values.
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Fig. 3. 
PDP modulates endothelial cell-cell junction phenotype. At 90 minutes post-priming, cells 

were fixed, stained, and imaged, (a) Representative fluorescence image of PDP modulated 

HBMEC with stained nuclei (blue), ZO-1 (green), and VE-cadherin (red). White arrows 

show regions of different cell-cell junction phenotypes: continuous linear junctions, 

perpendicular junctions, and dotted punctate junctions. (b) Representative fluorescence 

images of non-treated cells (0 J/cm2) and photodynamic primed cells (0.06–1.2 J/cm2). PDP 

generates immature HBMEC monolayers by decreasing linear continuous junctions and 

increasing perpendicular junctions, in a light dose-dependent manner. All scale bars are 20 

μm.
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Fig. 4. 
Quantitative analysis of junction phenotype. At 90 minutes post-priming (0–1.2 J/cm2, 6 

mW/cm2), cells were fixed, stained, and analyzed with the Junction Analyzer Program. (a, b) 

The percent of the cell edge that is covered by a junction, for VE-cadherin and ZO-1, 

respectively. Edge presentation of continuous (c, d), perpendicular (e, f), and punctate (g, h) 

junctions for VE-cadherin and ZO-1, respectively. PDP resulted in a light dose-dependent 

decrease in mature junctions and an increase in unstable junctions. The Kruskal-Wallis test 

with a Dunn’s multiple comparison test was used to calculate significant differences, where 
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n.s. indicates not significant (p > 0.05), ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 

Please note that not all figure Y- axes are the same magnitude (a-d, 0–100%, e-f, 0–25%, g-

h, 0–40%). The significance between the experiment group and the control is presented. N > 

105, where N is the number of cells assessed over 3 trials. Box plots show the mean and the 

likely range of variation. Error bars show the maximum and minimum values.
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Fig. 5. 
PDP improves HBMEC monolayer permeability to FITC-dextran. (a) Cumulative FITC-

dextran that traversed the HBMEC transwell model. Over 9 consecutive days, PDP (0.6–1.2 

J/cm2, 6 mW/cm2) resulted in 2.6–4-fold more FITC-dextran crossing into the bottom 

transwell chamber. (b) Apparent permeability coefficient, Papp. PDP temporarily and 

reversibly induced a relatively high degree of permeability in HBMECs. By day 6 and 9, the 

integrity of the monolayers recovered. A two-way ANOVA with multiple comparisons was 

used to determine significance, where n.s. indicates not significant (p > 0.05), * p < 0.05, ** 

p < 0.01, *** p < 0.001, and **** p < 0.0001. The significance between the experiment 

group and the control is presented. N ≥ 5, where N is the number of inserts measured over 3 

trials. Error bars show standard error of the mean.
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Fig. 6. 
PDP improves HBMEC monolayer permeability to rhodamine-nanoliposomes. Priming 

(0.6–1.2 J/cm2, 6 mW/cm2) the transwells resulted in the apparent permeability coefficient, 

Papp, of the HBMECs to increase by as much as 38.5-fold, allowing rhodamine-

nanoliposomes to diffuse into the basolateral chamber. A two-way ANOVA with multiple 

comparisons was used to determine significance, where n.s. indicates not significant (p > 

0.05), * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The significance 

between the experiment group and the control is presented. N ≥ 5, where N is the number of 

inserts measured over 3 trials. Error bars show standard error of the mean.
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