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Imran Rizvi,2,3 Dana M. Roque,4,5 and Huang-Chiao Huang1,5,6,*

SUMMARY

Circulating drugs in the peritoneal cavity is an effective strategy for advanced
ovarian cancer treatment. Photoimmunotherapy, an emerging modality with
potential for the treatment of ovarian cancer, involves near-infrared light activa-
tion of antibody-photosensitizer conjugates (photoimmunoconjugates) to
generate cytotoxic reactive oxygen species. Here, a microfluidic cell culture
model is used to study how fluid flow-induced shear stress affects photoimmuno-
conjugate delivery to ovarian cancer cells. Photoimmunoconjugates are
composed of the antibody, cetuximab, conjugated to the photosensitizer, and
benzoporphyrin derivative. Longitudinal tracking of photoimmunoconjugate
treatment under flow conditions reveals enhancements in subcellular photosensi-
tizer accumulation. Compared to static conditions, fluid flow-induced shear stress
at 0.5 and 1 dyn/cm2 doubled the cellular delivery of photoimmunoconjugates.
Fluid flow-mediated treatment with three different photosensitizer formulations
(benzoporphyrin derivative, photoimmunoconjugates, and photoimmunoconju-
gate-coated liposomes) led to enhanced phototoxicity compared to static condi-
tions. This study confirms the fundamental role of fluid flow-induced shear stress
in the anti-cancer effects of photoimmunotherapy.

INTRODUCTION

Cancer cells in the abdominal cavity are continuously exposed to fluid shear stress (FSS) from accumulated

malignant fluids (ascites). Patients with advanced stage or recurrent ovarian cancer can present with over

two liters of ascites in the peritoneal cavity.1 The shear stresses conferred by currents of ascitic fluid result-

ing from organ mobility, gravity, breathing, and other bodily movements are estimated to be 5 dyn/cm2 or

less.2–5 To date, most research has been dedicated to exploring the impact of ascitic FSS on cell prolifer-

ation, migration, vitality, metabolism, expression of genes and proteins, and other cellular functions. Over-

all, these studies have found that ‘‘continuous’’ (days or weeks) FSS may induce epithelial-mesenchymal

transition, increasedmotility, morphological changes, or treatment resistance.6–9 On the other hand, ‘‘tran-

sient’’ (minutes to hours) fluid flow is already used medically to distribute the chemotherapy solution in the

abdomen of patients with peritoneal carcinomatosis for improved outcomes.10 With new molecular-tar-

geted theranostic agents and nanomedicines under development for peritoneally disseminated tumors,

there is a need to enhance our basic understanding of transient FSS as a potential tool in the arsenal against

cancer.

An emerging theranostic treatment for peritoneally disseminated ovarian cancer is photoimmunotherapy

(PIT). PIT is a molecular-targeted modality that leverages targeting properties of antibodies for selective

delivery of photosensitizers via their conjugation as photoimmunoconjugates (PICs).11,12 Upon light

absorption by photosensitizers, highly cytotoxic reactive oxygen species are generated for the ablation

of cancer cells and priming of the surviving cells for adjuvant treatments.11 In addition to the cytotoxic

effects of PIT, the fluorescent signal generated from the photosensitizers on the PIC can be used for cancer

imaging.12 PIT was first described by Mew et al. who conjugated myosarcoma-targeted monoclonal anti-

bodies to hematoporphyrin.13 Since then, several antibody-photosensitizer combinations have been

developed for the photochemical treatment and diagnosis of cancer.11
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Much of the preclinical and clinical research on PIT targets the epidermal growth factor receptor (EGFR).14–16

EGFR-targeted PIT was shown to selectively induce killing of EGFR-expressing ovarian cancer cells while miti-

gating EGFR signaling pathways.17 Importantly, these findings highlight that antibodies used in PIT retain

biological functions to achieve multi-pronged anti-cancer effects of both photosensitizer delivery and inhibi-

tion of tumor-promoting cell signaling. Consistent with these dual functions, we and others have shown that

PICs targeting the EGFR can attenuate EGFR and extracellular signal-regulated kinases 1/2 (ERK1/2)

signaling.17,18 Nonetheless, one of themajor challenges associatedwith PIT is limited photosensitizer delivery

to cancer cells.18–20 This can be attributed to several factors including finite antigen numbers per cancer cell,

limited number of photosensitizer-to-antibody payload, and poor tumor accessibility of antibodies.20 This

study overcomes this limitation through the rigorous examination of transient flow as a drug delivery platform

to enhance total cellular PIC delivery and thereby bolster cytotoxic effects.

In addition to total cellular PIC delivery, the subcellular localization is another key determinant of PIT treat-

ment effect.21–24 Upon antibody-EGFR binding in the plasma membrane, the complex rapidly undergoes

receptor-mediated endocytosis followed by localization in the endosome, lysosome, endoplasmic reticu-

lum, and nucleus.25–28 Prior work shows that lysosomal digestion of EGFR-targeted PIC dequenches the

photosensitizer, enabling applications for PIT and imaging.12,29 Despite extensive investigations of subcel-

lular PIC accumulation under static conditions, the role of transient flow as a modulator of these processes

remains largely unknown. Results from this study confirm time- and FSS-dependent effects of transient flow

on PIC subcellular accumulation.

PIT is achieved in this study using US Food and Drug Administration agents: cetuximab, an EGFR-targeted

antibody, and benzoporphyrin derivative (BPD), a photosensitizer. A perfusion system is used to treat

OVCAR8 ovarian cancer cells at varying FSS (0.5–5 dyn/cm2, 1.16–11.55 mL/min; Table S1). Microfluidic

models strike an optimal balance between the simplicity/reductionism of in vitro models with the

complexity/realism of animal models, making them ideal to study the effects of FSS.2,30 Longitudinal

binding studies reveal time-dependent changes in subcellular uptake that vary between static and FSS

conditions. The results also reveal significant effects of FSS in promoting total cellular photosensitizer

uptake while modulating subcellular compartmentalization. Toxicity studies are performed with multiple

photosensitizer formulations including free BPD, PIC, and our published liposomal PIC formulation (PIC-

Nal).19 Across all formulations, FSS-mediated delivery induces heightened cell killing. Results from this

work implicate transient flow as a fundamental property for consideration in the implementation of

photochemical treatments for locally disseminated metastases.

RESULTS

PIC stability and cell viability are maintained under transient FSS, while EGFR expression is

modestly attenuated

A model for the delivery of photodynamic agents under FSS culture was established using the ibidi Pump

System and m-Slide I0.6 Luer chips (ibidi). This model was first implemented for the evaluation of flow-

induced changes in PIC purity and cellular properties (Figures 1A–1C). Purity was evaluated to ensure

that treatment under FSS conditions would not compromise PIC conjugation. In these experiments, PIC

was run through the pump for 30 min at 1 dyn/cm2 in cell culture medium or PBS. Perfusate was then

collected and subjected to gel electrophoresis for imaging of fluorescence (ex/em: 435/700) and total

protein (Figures 1A and 1B). The quantified purity data (Figure 1C) revealed that PICs retained purity

following FSS culture conditions. Next, drug-free experiments were performed to evaluate the cellular

effects of transient FSS (30 min, 1 dyn/cm2). Figure 1D shows that flow conditions did not cause significant

alterations in cell viability (analyzed by neutral red uptake (NRU) assay) compared to static controls. Images

of cells following culture in static and flow conditions showed no significant morphological differences (Fig-

ure 1E). Quantification of cellular EGFR expression revealed a 13% decrease (p < 0.05) following FSS culture

(30 min, 1 dyn/cm2) (Figures 1F and 1G).

Longitudinal binding analysis reveals that transient FSS modulates PIC-based BPD

localization in a time-dependent manner

Next, the role of FSS in longitudinally modulating subcellular photosensitizer compartmentalization was

examined. Data in the plasma membrane and organelle compartments revealed a time-dependent in-

crease in BPD accumulation over time, reaching an observable plateau by 3 h at �0.24 pmol and �0.28

pmol, respectively (Figures 2A and 2B). No significant differences in plasma membrane protein levels
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were observed, though a significant increase from 4.08 to 11.34 mg protein (p < 0.01) was observed for the

organelle compartment at 30 min. Longitudinal data for the nuclear compartment reveal overall more BPD

following FSS culture, with statistically significant increases at 30 min and 300 min (p < 0.01) (Figure 2C).

Nuclear protein remained unchanged longitudinally between static and flow conditions. In the cytosolic

compartment, which contains the most cellular proteins, higher amounts of BPD are observed under

FSS treatment conditions compared to static, with a significant increase at 240 min (p < 0.05) (Figure 2D).

Total BPD was normalized to protein (Figure S2) to analyze changes in BPD with consideration for protein

modulation within each compartment. Fold changes in BPD/protein averaged across all time points from

10 to 300 min revealed that FSS-mediated PIC delivery changes uptake by 1.01-fold, 0.97-fold, 2.52-fold,

and 7.03-fold in the plasma membrane, organelle, nuclear, and cytosol fractions, respectively.

Total cellular uptake varies with FSS

Following PIC treatment under 0, 0.5, 1, or 5 dyn/cm2, total cellular BPD and protein were quantified (Fig-

ure 3). While FSS-mediated PIC treatment did not induce significant changes in total cellular protein,

Figure 1. Transient fluid shear stress-induced effects on PIC purity, cell viability, and EGFR expression

(A–C) Comparison of PIC purity following incubation under static or flow conditions. Cell viability (D), morphology (E and

F), and EGFR expression (G and H) were evaluated following drug-free treatment under static or 1 dyn/cm2 conditions for

30 min. Statistical analysis was performed using one-way ANOVA (C) and t tests (D and H). Error bars represent the

standard error of the mean. *p % 0.05; ns: nonsignificant.
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cellular BPD increased from 0.42 to 0.79 pmol (p < 0.05), 0.74 pmol (p < 0.01), and 0.63 pmol for 0.5, 1, and 5

dyn/cm2, respectively (Figure 3A). Results for total BPD vs. total cellular protein are plotted in Figure 3B.

Groups treated under FSS tend to cluster higher on the graph with respect to the y axis (BPD). Normalized

BPD/protein increased under FSS conditions by 1.95-fold (p < 0.01), 1.71-fold (p < 0.01), and 1.62-fold for

0.5, 1, and 5 dyn/cm2, respectively (Figure 3C). Considering the heterogeneity of ovarian cancers, we next

investigated PIC uptake under static versus FSS conditions (1 dyn/cm2) of a secondary high-grade serous

cell line, OVCAR3 (Figure S3). PIC delivery to OVCAR3 cells, measured in BPD normalized to protein,

increased under FSS by �70%.

Varying FSS modulates subcellular photosensitizer localization and compartmentalization

FSS-dependent variations in subcellular localization (Figure 4) and compartmentalization (Figure 5) were

characterized. For all subcellular compartments, FSS culture during photosensitizer treatment enhanced

BPD accumulation at all flow rates compared to the static control (Figures 4A–4D). BPD localization in

the plasma membrane increased from 0.057 pmol at 0 dyn/cm2 to 0.079, 0.135, and 0.081 pmol for 0.5,

1, and 5 dyn/cm2, respectively. In the organelle compartment, BPD in static groups averaged 0.087

pmol, whereas increases in moles of BPD to 0.125, 0.187 (p < 0.01), and 0.131 pmol were observed at

0.5, 1, and 5 dyn/cm2, respectively. Nuclear BPD localization increased drastically under FSS-mediated

treatment, with 0.037 pmol under static conditions increasing to 0.147 (p < 0.01), 0.191 (p < 0.0001), and

0.113 (p < 0.05) pmoles at 0.5, 1, and 5 dyn/cm2, respectively. Cytosolic BPD was approximately 0 pmol

following PIC incubation under static culture for 30 min but increased to 0.049, 0.152 (p < 0.001), and

0.046 pmol with increasing FSS. Variations in compartmental protein levels were less consistent,

though some significant changes were revealed. In the plasma membrane, protein increased significantly

between 0 and 1 dyn/cm2 (5.22–10.57 mg, p < 0.05). In the organelle compartment, protein increased

from 4.78 to 11.34 mg (p < 0.05) at 0 and 5 dyn/cm2, respectively. No significant changes in nuclear

protein were observed, though cytosolic protein decreased from 65.51 mg at 0 dyn/cm2 to 41.20 mg at 5

dyn/cm2 (p < 0.05).

Figure 2. Longitudinal monitoring of subcellular photosensitizer and protein under transient fluid shear stress

Confluent monolayers of OVCAR8 cells were treated with 1 mM PIC under static or FSS (5 dyn/cm2) conditions for 10, 30,

60, 120, 180, 240, and 300 min. At each time point, cells were fractionated using Minute Plasma Membrane Protein

Isolation and Cell Fractionation Kit (Invent Biotechnologies, Inc.). Longitudinal data for total BPD and protein are plotted

for the plasmamembrane (A), organelle compartment (B), nucleus (C), and cytosol (D). BPD association profiles are shown

for the groups treated under static and FSS conditions with a dotted blue line and a solid blue line, respectively. Statistical

analysis was performed using t tests at each time point. Error bars represent the standard error of the mean. *p % 0.05;

**p % 0.01; ns: nonsignificant.
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Trends in BPD vs. protein were next explored (Figures 4E–4H). Plasma membrane data revealed that FSS

conditions enhanced BPD and protein levels compared to static conditions. In the organelle compartment,

nearly all the FSS-cultured groups showed higher amounts of total protein, and most showed higher

amounts of BPD uptake, with respect to the static controls. Within the nuclear fraction, FSS data are loosely

grouped above static with respect to the y axis, without consistent differences along the x axis (protein). In

the cytosol, there are no clear trends in grouping of protein levels with varied FSS, though BPD is observ-

ably higher for most groups treated under FSS. Next, BPD was normalized to protein (Figures 4I–4L),

revealing notable increases in the nuclear compartment from 0.005 at 0 dyn/cm2 to 0.019, 0.024

(p < 0.01), and 0.019 (p < 0.05) pmoles/mgram at 0.5, 1, and 5 dyn/cm2, respectively. In the cytosol compart-

ment, BPD/protein increased from �4e-5 pmol/mgram at the static condition by 50-fold at 1 dyn/cm2

(p < 0.01) and�20-fold at 0.5 and 5 dyn/cm2. Percentage of total cellular BPD and protein contained within

each subcellular compartment was next investigated (Figure 5). BPD and protein values were summed

across all fractions; then values in each fraction were divided by the sum to determine percentages. Under

flow, percent BPD decreased in the organelle fraction and increased in nuclear and cytosol fractions (Fig-

ure 5A). Organelle-localized percent protein increases from 6% under static treatment to �13% under flow

(Figure 5B). Cytosolic percent protein reveals a concomitant decrease from 80% under static treatment to

an average of 68% under flow. Confocal microscopy was used to further confirm enhanced PIC delivery

under FSS conditions (Figure S4).

Transient flow-mediated delivery enhances cytotoxicity of three photosensitizer

formulations in a light dose-dependent manner

Next, cytotoxicity of photodynamic agents delivered under static or FSS conditions was assessed. Multiple

formulations were included to evaluate variations across free photosensitizer (BPD), antibody-conjugated

photosensitizer (PIC), and liposome-conjugated PIC (PIC-Nal) (Figure S5). The PIC-Nal formulation was

previously developed by us.19 PIC-Nal size, PDI, zeta potential, and stability under FSS were tested

(Table S2; Figure S6). There were no significant differences in size and PDI between FSS-treated and

static-treated PIC-Nal after 30 min or 2 h, indicating overall stability. Photoactivity was quantified for all

formulations (Figure S7), revealing 0.6%, 3.4%, and 10.6% photoactivity for BPD, PIC, and PIC-Nal, respec-

tively. For PIC-treated groups, cell viability decreased with flow treatment from 89% to 74%, 80% to 65.5%

(p < 0.05), 76% to 64.25% (p < 0.001), and 62.7% to 51% (p < 0.05) for 10, 20, 40, and 80 J/cm2, respectively

(Figure 6A). For cells treated with PIC-Nal, flow treatment decreased viability from 88% to 86.3%, 81% to

67.7%, 73% to 65%, and 67.7% to 50% (p < 0.01) at 10, 20, 40, and 80 J/cm2, respectively (Figure 6B).

Free BPD induced the most potent cytotoxicity, which was improved further still by flow-mediated delivery

from 60% to 45%, 47.7% to 27.3% (p < 0.05), 35% to 15.3% (p < 0.01), and 12.7% to 5% at each increasing

light dose (Figure 6C). Next, total cellular photosensitizer uptake profiles were compared between each

photosensitizer formulation (Figures 6D–6F). Consistent with the cytotoxicity data, FSS-mediated delivery

enhanced total cellular uptake across all formulations. Uptake improved under flow by �67% for BPD

(p < 0.001), 60% for PIC (p < 0.001), and �43% for PIC-Nal. We also confirmed, using EGFR-negative cells

(J774), that the FSS-enhanced uptake of PIC is dependent on EGFR expression. While BPD uptake by J774

cells increased significantly under FSS, PIC uptake did not change (Figure S8).

Figure 3. Comparison of total BPD, total protein, and BPD/protein at varying fluid shear stresses

OVCAR8 cell monolayers plated m-Slide I0.6 Luer chips were treated with 1 mM PIC for 30 min under static or FSS (0.5, 1, 5 dyn/cm2) conditions. Total BPD and

protein were quantified by UV-Vis spectrophotometry and BCA, respectively. Averaged data (A) and individual datapoints (B) are shown, as well as the

normalized BPD/protein (C). Statistical analysis was performed using a one-way ANOVA, and FSS data were compared to static controls using post hoc

Dunnet test. Error bars represent the standard error of the mean. *p % 0.05; **p % 0.01; ns: nonsignificant.
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DISCUSSION

Cancers in the peritoneal cavity are currently treated with fluid flow-based drug delivery in the hyperthermic

intraperitoneal chemotherapy (HIPEC) procedure, but the potential of transient flow as an amplifier of

photochemical efficacy remains largely unknown. This paper sheds light on the potential application of

transient flow in PIC delivery and the efficacy of EGFR-targeted PIT. Numerous models of flow-mediated

drug delivery have been examined in previous work.6,8,9,31–39 Recently, using a perfusion model with

adherent 3D ovarian cancer nodules, we found that FSS (3 dyn/cm2) induced resistance to carboplatin,

but not PIT.9 The same study also showed that extended exposure to FSS (7 days) resulted in upregulation

of phosphorylated ERK1/2 and EGFR. In contrast, Figure 1 shows a 13% decrease (p < 0.05) in EGFR expres-

sion following 30min of exposure to FSS. Theremay, therefore, be kinetic variations in the biological effects

of FSS on protein expression, internalization, and degradation. As recently reviewed by López-Hernández

et al.,40 cells may increase cellular endocytosis and subsequent lysosomal degradation of plasma mem-

brane proteins in response to environmental stresses. In support of this, He et al. anchored hairpin-type

fluorescent DNA probes to the cell surface to track the internalization of cell surface proteins under

Figure 4. Fluid shear stress-dependent changes in subcellular BPD and protein compartmentalization

Monolayers of OVCAR8 cells were treated with 1 mM PIC under static or FSS (0.5, 1, 5 dyn/cm2) conditions and then fractionated for subcellular analysis of

BPD, protein, and BPD/protein. FSS-dependent changes in BPD and protein (A–D). Individual datapoints for BPD versus protein (E–H). Normalized BPD/

protein in each compartment (I–L). Statistical analysis was performed using a one-way ANOVA, and FSS data were compared to static controls using post hoc

Dunnet test. Error bars represent the standard error of the mean. *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001; ns: nonsignificant.
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FSS.41 They found that FSS enhanced the endocytosis of plasma membrane proteins, resulting in probe

localization at the mitochondria and lysosomes. Time-dependent effects of FSS on endothelial cell uptake

of platelet endothelial cell adhesion molecule-1 (PECAM)-targeted nanoparticles were previously exam-

ined by Han et al.8 They compared acute (30 min) versus chronic (16 h) FSS and uncovered opposing effects

on uptake. Chronic FSS caused decreased nanoparticle uptake that was linked to morphological cellular

alignment in the direction of flow and the formation of actin stress fibers. Treatment under acute FSS

caused increases in nanoparticle uptake that were dependent on flow rate and number of antibodies

per nanoparticle.

This is the first study, to our knowledge, to evaluate the dynamics of PIC binding and internalization in

EGFR-expressing cancer cells under FSS. (Figures 2 and S1). Previous studies show that cetuximab-EGFR

Figure 5. Percent distribution of BPD and protein among subcellular compartments

Total BPD (A) and total protein (B) values were summed across all compartments; then values in each compartment were

divided by the sum to determine percentage. Circle diameter is equal to the fold change in total BPD or protein

compared to static condition. Fold change is listed inside each circle. Compartment percentages are listed outside each

segment.
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Figure 6. Cytotoxicity and uptake of three photosensitizer formulations following transient flow-mediated

treatment

Confluent monolayers of OVCAR8 cells were treated with 1 mM PIC (A), 1 mM PIC-Nal (B), or 1 mM free BPD (C) for 30 min

under static or FSS (1 dyn/cm2) conditions. Next, medium was exchanged and chips were irradiated with a 690 nm laser at

10, 20, 40, or 80 J/cm2 (100mW/cm2). After 4 h, cell viability was analyzed by NRU. For uptake studies, cells were incubated

under static or FSS conditions with PIC (D), PIC-Nal (E), or BPD (F) and then immediately washed, collected, and analyzed

as described in STAR Methods. Statistical analysis was performed using unpaired t tests. Error bars represent the

standard error of the mean. *p % 0.05; **p % 0.01; ***p % 0.001 ns: nonsignificant.

ll
OPEN ACCESS

8 iScience 26, 107221, August 18, 2023

iScience
Article



binding induces internalization of the cetuximab-EGFR complex, followed by trafficking to intracellular

compartments including the endosome, lysosome, endoplasmic reticulum, and nucleus.25–28Work by Patel

et al. found that when cetuximab binds to the EGFR-expressing cell surface, it begins internalization within

minutes.27 Localization increases gradually over the course of 4 h. Similarly, we showed that photosensitizer

localization was detectable in the plasma membrane and organelles in as early as 10 min after incubation/

treatment, and accumulation plateaued after roughly 3 h (Figure 2). Our studies also revealed rapid nuclear

localization, which was significantly enhanced under FSS culture after 30-min incubation. Consistent with

these findings, Liao et al. showed, by western blot, that EGFR localizes to the nucleus as early as 30 min

following incubation of MDA-MB-468 cells with cetuximab.

We next evaluated the effect of varying FSS (0.5, 1, 5 dyn/cm2; 1.16, 2.31, 11.55 mL/min) on the total cellular

(Figure 3) and subcellular (Figures 4 and 5) BPD, protein, and BPD/protein. The total cellular BPD and BPD/

protein increased significantly under 0.5 and 1 dyn/cm2 compared to the static control (Figure 3). The total

BPD and BPD/protein also increased at 5 dyn/cm2; however, these changes did not reach statistical signif-

icance. Similar trends are seen within all subcellular compartments (Figure 4), where pmoles BPD increased

at 0.5 and 1 dyn/cm2 compared to the static condition and then began to decrease at 5 dyn/cm2. This high-

lights a phenomenon previously shown in the literature in which an FSS ‘‘sweet spot’’ is achieved. Samuel

et al. examined the effects of varying flow rate on the human umbilical vein endothelial cells (HUVEC) up-

take of 2.7 nm quantum dots, 4.5 nm quantum dots, and 50 nm silica particles.31 Uptake was most notably

enhanced at moderate flow rates (0.05, 0.1 Pa), but the increase in uptake was less pronounced at the high-

est flow rate (0.5 Pa). Han et al. investigated the role of varying flow rate in the internalization of PECAM-

targeted nanocarriers.8 It was found that for particles with 50 antibodies per nanocarrier, uptake increased

significantly between 1 and 4 dyn/cm2 but not below 0.5 dyn/cm2 or above 8 dyn/cm2. Recently, Charwat

et al. leveraged a complementary in silico and in vitro approach to evaluate the dynamic changes in uptake

of 249 nm nanoparticles by endothelial cells under varying FSSs. They identified 1.8 dyn/cm2 as the critical

rate at which uptake is at a maximum. Above this rate, nanoparticle uptake decreased despite an increasing

number of nanoparticles entering the system.

With increasing global use of HIPEC for intraperitoneal malignancies, FSS-based cancer treatment is a

growing field of study. However, despite prior clinical use of photodynamic therapy for peritoneally

disseminated cancers, the impact of FSS on photochemical treatments is largely unknown. In this study,

three photosensitizer formulations were tested under FSS for the treatment of ovarian cancer in vitro.

Multiple light doses were evaluated to account for light dose-dependent changes. All formulations ex-

hibited trends toward greater cytotoxicity under FSS, with free BPD inducing themost cell killing compared

to PIC and PIC-Nal (Figure 6). This is attributed to greatly enhanced uptake of free BPD compared to the

antibody-based formulations. This is consistent with previous work that has shown enhanced uptake and

anti-cancer effects of free photosensitizer compared to antibody-conjugated photosensitizer, though

with the trade-off of poor cancer selectivity.17–20,29 Additionally, unlike BPD and PIC, PIC-Nal uptake is

not significantly enhanced under FSS-based treatment, though it trends toward an increase. Consistent

with these observations, changes in toxicity under FSS are more modest for PIC-Nal compared to the other

formulations. These formulation-based variations in uptake and cell killing are expected. As recently re-

viewed by Shurbaji et al., the effects of FSS on drug delivery and treatment effect are variable and depend

onmultiple factors including particle size, shape, charge, and elasticity.2 Antibody-functionalized nanopar-

ticles also vary in binding under FSS based on the number of antibodies per nanoparticle.8 Based on these

data, the clinical implementation of FSS-based photodynamic treatment will require careful consideration

of nanoparticle properties and treatment parameters to enhance treatment outcomes.

In conclusion, this study examines the role of transient FSS as mediator of PIC delivery and interrogates the

subsequent treatment effects with three photosensitizer formulations.We first confirm that the conjugation

of the PIC remains stable and cell viability is not altered during treatment under transient FSS (Figure 1).

Next, kinetic variations in photosensitizer delivery to subcellular compartments under static versus flow

conditions are examined, revealing time-dependent changes in the BPD accumulation at the nucleus

and cytosol (Figure 2). In contrast, BPD at the plasmamembrane and organelles remains largely unchanged

by treatment under FSS. FSS-dependent changes in total and subcellular BPD and protein are next

evaluated, demonstrating the most significant increases in BPD accumulation at 0.5 and 1 dyn/cm2 (Fig-

ures 3 and 4). We next evaluated subcellular compartmentalization of BPD and protein, revealing FSS-

induced trends toward lower percent BPD at the organelles and higher percent BPD at the nucleus and
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cytosol fractions (Figure 5). Total protein values do not change significantly in flow-treated cells; however,

the compartmentalization of protein decreases at the cytosol by up to 16% and increases at the organelles

by up to 12% between static and FSS conditions. Figure 6 shows the enhancement in phototoxicity of three

photosensitizer formulations when treated under FSS compared to static conditions. Free photosensitizer,

PIC, and PIC-coated liposomes all enhanced cell killing when administered at 1 dyne/cm2. Overall, these

preclinical data implicate flow-based treatment as a powerful parameter in the use of PIT for the treatment

of peritoneally metastasized cancers.

Limitations of the study

It is critical to acknowledge several limitations of this study. One such consideration is that the clinical

relevance of EGFR-targeted therapies for ovarian cancer remains ambiguous. Overexpression of the

EGFR protein by ovarian cancers ranges widely from 9% to 62%.42 Furthermore, efficacy of EGFR-targeted

therapies for ovarian cancer has been limited.43 As expertly reviewed by Bhandari et al.,44 previous work

shows that while the binding of EGFR-targeted PICs correlates with cellular EGFR expression, phototoxicity

does not correlate with EGFR expression. This suggests that more factors are at play, such as the sensitivity

of individual cancer cell lines. Still, EGFR-targeted PICs are at the forefront of clinical PIT, with one clinically

used formulation in Japan and four clinical trials in the United States. Additionally, PIT is a platform tech-

nology, where various photosensitizers and antibodies can be conjugated to target specific tumor antigens

that are relevant for different cancers. Therefore, information from this study could help to advance the

development of PICs that target non-EGFR antigens for the treatment of ovarian cancer. Another limitation

of this study is the variation between our flow model and physiological intraperitoneal flow. In this study,

experiments are conducted under carefully controlled laminar flow, whereas flow in the peritoneal cavity

is expected to be more turbulent. Further in vivo work is warranted to evaluate more physiologically

relevant flow as a carrier for PICs.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Huang-Chiao Huang (hchuang@umd.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

OVCAR3 cells were obtained courtesy of Dr. Jocelyn Reader (University of Maryland School of Medicine),

and OVCAR8 cells were obtained from Dr. Michael M. Gottesman (National Cancer Institute, National In-

stitutes of Health). OVCAR8 and OVCAR3 cells were maintained in RPMI-1640 medium with L-glutamine

(Corning) supplemented with 10% (OVCAR8) or 20% (OVCAR3) fetal bovine serum (Gibco), 100 U/mL

penicillin and 100 mg/mL streptomycin (Lonza). J774 cells (ATCC) were maintained in DMEM (ATCC)

supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin. Cells

were maintained at 37�C, 5% CO2 incubator and subcultured at 80-90% confluence for less than 30

passages. Cells were confirmed free of mycoplasma using MycoAlertTM PLUS Mycoplasma Detection Kit

(Lonza). Cell line biological identities were verified using STR profiling.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-EGFR Cell Signaling Technology Cat# 4267; RRID: AB_2246311

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat# 2118; RRID: AB_561053

Chemicals, peptides, and recombinant proteins

Verteporfin Millipore Sigma Cat# 1711461

Critical commercial assays

Minute� Plasma Membrane Protein Isolation

and Cell Fractionation Kit

Invent Biotechnologies, Inc. Cat# SM-005

Experimental models: Cell lines

OVCAR8 Dr. Michael M. Gottesman RRID: CVCL_1629

OVCAR3 Dr. Jocelyn Reader RRID: CVCL_0465

J774 ATCC RRID: CVCL_4692

Software and algorithms

Graphpad Prism GraphPad N/A

Adobe Illustrator Adobe N/A

ImageJ https://imagej.net/ij/index.html N/A
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METHOD DETAILS

Photosensitizer delivery under laminar flow

The in vitro laminar flow model parameters are summarized in Table S1, and experimental workflow is

shown in Figure S1. OVCAR8 cells were plated in the m-Slide I0.6 Luer chips at 250,000 cells/chip and

incubated overnight. The following day, 1 mM photosensitizer was administered under flow using the

Fluidic Unit Quad pump system and Pump Control Software (ibidi). The Fluidic Unit Quad pump system

contains 4 perfusion sets, each accommodating one chip. Next, chips were either immediately collected

for photosensitizer uptake analysis or light-activated for subsequent viability experiments. Static controls

were collected by pipetting 200 mL treated medium directly into the chip. All treatments were conducted at

37�C, 5% CO2, and dark controls were shielded from light throughout the treatment process. For each

replicate in subcellular uptake studies, two chips were combined to accrue quantifiable amounts of BPD

and protein within each fraction. Chips were not combined for total cellular uptake and cytotoxicity

analyses.

Total and subcellular photosensitizer delivery analysis

Following photosensitizer treatment in static or flow conditions as described above, cells were lysed in

radioimmunoprecipitation assay buffer (RIPA) (ThermoFisher) for total cellular analyses. For isolation of

subcellular compartments (plasma membrane, organelle, cytosol, and nucleus) cell pellets were fraction-

ated using the Minute� Plasma Membrane Protein Isolation and Cell Fractionation Kit (Invent Biotechnol-

ogies, Inc.). Fluorescence (Ex/Em: 435 nm/700 nm; gain: 150) was measured using the synergy Neo2

(Biotek), and fluorescence values were compared to a standard curve to quantify BPD concentration in units

of pmoles/L. Next, the Pierce�BCA Protein Assay Kit (ThermoFisher Scientific) was used to quantify protein

content in units of mgrams/L. Concentrations of BPD and protein were divided to determine pmoles BPD/

mgrams protein. All fluorescence measurements were performed in black 96-well plates. The purity of the

plasma membrane and organelle fractions has been previously characterized by Vázquez-Medina, et al.

who showed that the plasma membrane fraction is enriched with plasma membrane markers such as

Na+/K+-ATPase and flotillin, whereas the organelle fraction is enriched with markers for the mitochondria,

Golgi, and endoplasmic reticulum.45 Additionally, work by Kutluay et al. demonstrated that the cytosol

fraction is enriched with cytosol marker LC3A/B.46

Cytotoxicity analysis

Following photosensitizer treatment, cells were irradiated using a 690-nanometer laser (10-80 J/cm2, 100

mW/cm2; Modulight, Inc.) and incubated for 4 hours prior to cytotoxicity analysis by Neutral Red Assay

Kit (abcam). Briefly, after washing each chip with PBS, neutral red staining solution (prepared at 1x in cell

culture media) was added to the chips and incubated for 2 hours at 37�C. The staining solution was then

aspirated, and cells were washed and solubilized using buffers provided in the kit. The solubilized product

was transferred to a 96 well plate, and absorbance at 540 nm was measured using the Synergy Neo2

(Biotek). Background-subtracted values were normalized to the untreated control to quantify lysosomal

integrity.

Synthesis and characterization of photoimmunoconjugates

PICs were synthesized using carbodiimide chemistry as previously described.19 10kDa methoxy PEG

succinimidyl carboxymethyl ester (mPEG-NHS; JenKem Technology) was reacted with cetuximab, BPD

N-hydroxysuccinimidyl ester (BPD-NHS), and azide-PEG4-N-hydroxysuccinimidyl ester (azide-PEG-NHS)

at a 3:1:6:2.5 molar ratio. Purification and buffer exchange were performed with 7 kDa MWCO Zeba�
spin desalting column (ThermoFisher) and 30 kDa MWCO Amicon� Ultra-15 Centrifugal Filter (Millipore

Sigma), respectively. Final antibody and BPD concentrations were determined using Pierce� BCA Protein

Assay Kit (ThermoFisher Scientific) and UV-Vis spectroscopy. SDS-PAGE was used to measure purity. Final

BPD:Cetuximab ratio was�3:1, representing between 3- to 5-fold quenching.12,47 To measure PIC stability

under flow, PICs were flowed through cell-free chips for 30 minutes at 1 dynes/cm2. The perfusate was

collected for purity analysis via SDS-PAGE. Photoactivity was determined by dividing themaximum fluores-

cence intensity of PIC in PBS by the maximum fluorescence intensity of PIC in DMSO following excitation at

435 nm (Synergy Neo2, Biotek).
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Synthesis and characterization of Nanoliposomes (Nal) and photoimmunoconjugate-

Nanoliposomes (PIC-Nal)

For Nal synthesis, a mixture of dipalmitoylphosphatidylcholine (DPPC), dioleoylglycerophosphoglycerol

(DOPG), cholesterol, distearoyl-phosphatidylethanolamine-methoxy polyethylene glycol (DSPE-mPEG2000),

and distearoyl-glycerophosphoethanolamine-N-dibenzocyclooctyl polyethylene glycol (DSPE-mPEG2000-

DBCO) was prepared at a 5.9:0.7:2.9:0.5:0.05 molar ratio in chloroform. All liposome components were

purchased fromAvanti. Chloroformwas removedby rotaryevaporation, then thedry lipidfilmswere rehydrated

in UltraPure�DNase/RNase-FreeDistilledWater (InvitrogenTM). For liposome sizing, extrusion was performed

through a 0.1 mm Nuclepore� Track-Etched Polycarbonate Membrane Filter (Whatman). Copper-free click

chemistry was used to generate PIC-Nal. PIC (containing azide) and Nal (containing DBCO) were mixed at a

90:1 molar ratio then purified using Sepharose CL-4B size exclusion chromatography. Size and zeta potential

were quantified using the Nanobrook Omni (Brookhaven Instruments). PIC-Nal stability under flow and

photoactivity were analyzed using the same methods as PIC.

Lysate collection and western blotting

Cellular proteins for western blotting were extracted as described previously.18 Briefly, pelleted cells were

lysed in radioimmunoprecipitation buffer (Thermo Fisher) supplemented with protease and phosphatase

inhibitors (Thermo Fisher). Proteins were separated on NuPAGE� 4 to 12% Bis-Tris gels (Invitrogen)

then transferred to PVDF membranes (Thermo Scientific). Membranes were blocked in milk at room tem-

perature for one hour, then probed overnight for epidermal growth factor receptor (EGFR) (1:1000, Cell

Signaling #4267) and GAPDH (1:1000, Cell Signaling #2118). Primary antibody solutions were prepared

in 5% bovine serum albumin (Fisher Scientific) dissolved in Pierce� TBS Tween� 20 Buffer (Thermo Fisher).

Chemiluminescence was generated using SuperSignal� West Pico PLUS Chemiluminescent Substrate

(Thermo Fisher), then detected using the Azure 500 imager (Azure Biosystems). Image analysis was

performed using imageJ. Background-subtracted EGFR band intensity was normalized first to GAPDH,

then to the static control for quantification of relative protein expression.

Confocal microscopy

OVCAR8 cells were seeded in m-Slide I0.6 Luer chips (ibidi) at 250,000 cells/chip and incubated overnight for

attachment. Next, 5 mM PIC treatment was administered under static or flow (1 dyne/cm2) conditions for 5

hours. Cells were immediately fixed in 10% neutral buffered formalin (Millipore Sigma) for 15 minutes then

stained with NucBlue� Live ReadyProbes� Reagent (Invitrogen). Confocal images were collected using a

405 nm laser with emission windows of 430-470 nm (nuclei) and 650-750 (BPD).

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, PRISM version 9.0.2 for MacOS was used for statistical analysis. ImageJ was used for quanti-

fication of photoimmunoconjugate purity and western blotting. Data were analyzed using unpaired t-test

(where two groups are compared) and one-way ANOVA (where three or more groups are compared).

Post-hoc tests used within each figure are specified in the figure captions. P values% 0.05 were considered

statistically significant, where * p % 0.05; ** p % 0.01; *** p % 0.001; **** p % 0.0001; ns: nonsignificant.
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