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Abstract: Receptor heterogeneity in cancer is a major limitation of molecular targeting for
cancer therapeutics. Single-receptor-targeted treatment exerts selection pressures that result in
treatment escape for low-receptor-expressing tumor subpopulations. To overcome this potential for
heterogeneity-driven resistance to molecular targeted photodynamic therapy (PDT), we present for
the first time a triple-receptor-targeted photoimmuno-nanoconjugate (TR-PIN) platform. TR-PIN
functionalization with cetuximab, holo-transferrin, and trastuzumab conferred specificity for
epidermal growth factor receptor (EGFR), transferrin receptor (TfR), and human epidermal growth
factor receptor 2 (HER-2), respectively. The TR-PINs exhibited up to a 24-fold improvement
in cancer cell binding compared with EGFR-specific cetuximab-targeted PINs (Cet-PINs) in
low-EGFR-expressing cell lines. Photodestruction using TR-PINs was significantly higher than
the monotargeted Cet-PINs in heterocellular 3D in vitro models of heterogeneous pancreatic ductal
adenocarcinoma (PDAC; MIA PaCa-2 cells) and heterogeneous head and neck squamous cell
carcinoma (HNSCC, SCC9 cells) containing low-EGFR-expressing T47D (high TfR) or SKOV-3
(high HER-2) cells. Through their capacity for multiple tumor target recognition, TR-PINs can
serve as a unique and amenable platform for the effective photodynamic eradication of diverse
tumor subpopulations in heterogeneous cancers to mitigate escape for more complete and durable
treatment responses.
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1. Introduction

Photodynamic therapy (PDT) is a unique spatiotemporally controlled treatment modality that
utilizes the simultaneous presence of light, a photosensitizer (PS), and oxygen. PDT is clinically
approved for the treatment of various cancer and non-cancer applications [1]. Even though numerous
PSs are currently approved for cancer treatment and a significant number are in clinical trials [2],
the selectivity and specificity of photodamage in tumor tissues remain a challenge. PDT offers
significant advantages over conventional treatment modalities in that it offers two degrees of selectivity:
partial selectivity of PS tumor accumulation, and spatiotemporal selectivity inactivation. However,
when PDT is applied to tumors at sensitive anatomical sites, such as pancreatic ductal adenocarcinoma
(PDAC) and head and neck squamous cell carcinoma (HNSCC), there becomes a critical need for
molecular precision of photodamage to preserve function, prevent potentially problematic off-target
effects, and maintain aesthetics. Strategies using tumor receptor-targeting combined with PDT have
opened up new possibilities to further improve tumor tissue-specific treatments.

Antibody-targeted PDT (photoimmunotherapy, PIT) is an important light-based treatment that
capitalizes on antibodies specific for tumor-associated receptors [3] which are chemically coupled to
PSs. These antibody-PS conjugates, also referred to as photoimmunoconjugates (PICs), have been
used for PIT of cancer in vitro, in vivo, and in patients [4–8] for over three decades. Our prior work
shows that PIT increases the specificity of tumor tissue accumulation, increases the tolerability to high
doses of PDT, and significantly improves treatment outcomes [9–14]. More recently, Phase 1/2 trials
(ClinicalTrials.gov Identifier: NCT02422979) of PIT using a conjugate of the silicon phthalocyanine PS
derivative IRDye700DX with cetuximab (Cet, anti-EGFR) have been completed for recurrent HNSCC
patients who cannot be effectively treated with chemotherapy, radiation therapy, or surgery. Findings of
the clinical trials have already shown that PIT can be safe, well-tolerated, and effective in recurrent and
untreatable HNSCC patients [15]. However, as with all other single-receptor-targeted therapies, PIT is
not always capable of complete tumor eradication due to intratumoral receptor heterogeneity and the
survival of residual resistant subpopulations.

Intratumoral receptor heterogeneity is a well-known phenomenon in most cancers and often
promotes cancer progression [16–20]. Within a bulk tumor, distinct cellular subpopulations exist,
which are often heterogeneous in their expression of cell surface receptors. This heterogeneity in receptor
expression has been linked to varying degrees of resistance to treatment [21]. Single-receptor-targeted
therapies generally eradicate one subpopulation while the other surviving subpopulations of tumor cells
will potentially remain to proliferate and regrow in an oftentimes more aggressive fashion, promoting
tumor progression. Within different subpopulations in tumors, upregulated and constitutively
activated receptors, proliferation rates, and differentiation can all contribute to treatment resistance.
Thus, the intratumoral response to receptor-targeted therapies can be highly variable and selection
pressures exerted by these therapies often result in residual treatment-resistant tumor subpopulations.
Heterogeneous over-expression of tumor-associated receptors, such as epidermal growth factor receptor
(EGFR), human epidermal growth factor receptor 2 (HER-2), and transferrin receptor (TfR), has been
reported in a wide range of tumors, including pancreatic ductal adenocarcinoma (PDAC) [22–24] and
head and neck squamous cell carcinoma (HNSCC) [25–32], in addition to breast cancers [33–35], ovarian
cancer [36,37], non-small cell lung cancer [38–41], and bladder cancer [42,43]. As such, EGFR and HER-2
in particular are well-established therapeutic targets for a variety of solid tumors [44–50]. For example,
Cet (anti-EGFR mAb) is used for the treatment of colorectal cancer [51] and head and neck cancer [52],
panitumumab (anti-EGFR mAb) has been approved for colorectal cancer [51], and necitumumab
(anti-EGFR mAb) is used to treat squamous cell carcinoma of the lung [53]. Furthermore, trastuzumab
(TZ, anti-HER-2 mAb) is used in the clinic for the treatment of HER-2 positive breast cancer patients [54]
and gastroesophageal junction adenocarcinoma patients [55]. Targeted therapies directed towards TfR
have also established this receptor as a potential target for drug delivery. Some clinical antibodies specific
for TfR have shown significant anti-tumor effects [50,56]. Despite all this progress in receptor-targeted
therapies, responses to single-target treatments, such as Cet, are often short-lived and patients relapse
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exhibiting locally recurrent and metastatic disease [57,58]. Similarly, in the case of treatment with TZ,
tumors with low HER-2 expression levels often respond poorly to treatment [59–61].

High-payload nanoparticle formulations of anti-cancer agents are frequently utilized to enhance
tumor uptake and retention, decrease systemic toxicity, and improve the therapeutic indices as
compared to the free agents [62]. Molecular targeting of nanoparticles can be achieved by surface
modification with targeting ligands, such as antibodies, antibody fragments, peptides, oligonucleotides,
small molecules, lectins, and others [63,64]. Tumor-targeting ligands conjugated to nanoparticles can
selectively bind to over-expressed cancer cell surface receptors, improve specific cancer cell binding,
and result in increased cancer cell-specific uptake of therapeutics into tumor cells via receptor-mediated
endocytosis [65–68].

In the context of PDT, several approaches for molecular tumor targeting employing nanoconstructs
have been used for the photodynamic destruction of tumor cells over-expressing EGFR [65],
HER-2 [69,70], and TfR receptors [71]. The dual- and multi-targeted approach of targeting
receptors on cancer cells [67,68,72–76] holds significantly more potential in facilitating the specific
delivery of therapeutics, such as PSs and chemotherapeutics, in vitro and in vivo, as compared with
more conventional single-receptor-targeted nanoparticle approaches. High-PS payload liposomal
nanoconstructs are attractive platforms for multi-specific targeted PDT due to their ability to incorporate
a high number of various ligands on their surface to achieve specificity for multiple corresponding
receptors [66,72,77].

Our recently published work has established a platform employing a multivariant specificity
tuning approach to engineer EGFR-targeted, NIR-activatable photoimmuno-nanoconjugates (PINs) [65].
These specificity tuned PINs containing high PS payloads demonstrated up to 100-fold cancer cell
binding specificities and efficient photodynamic destruction in tumor cells and nodules over-expressing
cell surface EGFR. Furthermore, we showed that the molecular specificity of photodynamic destruction
was also possible in a desmoplastic heterocellular in vivo model of PDAC, whereby the targeted
approach was more effective at inducing tumor necrosis, and less prone to inducing off-target tissue
photodamage and systemic toxicity than the untargeted controls. However, EGFR over-expression is
not always homogenous in tumors, and a certain degree of cell surface HER-2 and TfR over-expression
is also found in patients with PDAC [24,61] and HNSCC [27,31,78], as described earlier. Hence,
the strategy can be improved by broadening the scope of molecular specificity for the PINs to increase
the success of complete eradication of heterogeneous tumors. Besides, the multi-receptor-targeting
approach can potentially enhance cellular binding and increase PS accumulation in cells over-expressing
more than one target receptor.

In this study, we have developed NIR-activable, triple-receptor-targeted photoimmuno-
nanoconjugates (TR-PINs) with three ligands, cetuximab (anti-EGFR mAb), holo-transferrin (natural
ligand for TfR), and trastuzumab (anti-HER-2 mAb), conjugated to a single photosensitizing
nanoconstruct to simultaneously target heterogeneous tumor cell subpopulations with differential
expression levels of EGFR, TfR, and HER-2. These TR-PINs carrying a lipid-anchored derivative
of the PS benzoporphyrin derivative (BPD-PC) are proposed to increase the specificity and overall
completeness of PDT response in tumors with heterogeneous receptor expression. By targeting
three receptors simultaneously, a diverse range of cancers from multiple tissue origins and genetic
backgrounds may be effectively treated and thus resistance to monotargeted treatments that arise from
receptor heterogeneity can be mitigated.

2. Experimental Section

2.1. Materials

All lipids 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocoline (16:0 Lyso PC), 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOPG),
cholesterol, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000
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(DSPE-mPEG-2000), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[dibenzocyclooctyl
(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000-DBCO) were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA), 4-(dimethylamine) pyridine 1-ethyl-3-(3dimethylaminopropyl)
carbodiimide (EDC), (DMAP), and N, N-Diisopropylethylamine (DIPEA) were from Sigma-Aldrich
(St. Louis, MO, USA), Methanol, Dichloromethane (DCM, ACS Reagent Grade, 99.5%),
N-hydroxysuccinimidyl azido poly ethylene glycol (NHS-PEG4-N3), Alexa Fluor® 488 ((AF488-NHS), and
Chloroform were from Fisher scientific (Waltham, MA, USA) and Verteporfin (Benzoporphyrin; BPD) was
purchased from US Pharmacopeia (Rockville, MD, USA).

2.2. Cell Culture

Cells were cultured in Corning® T75 cell culture flasks (CorningTM, Corning, NY, USA). A431 cells
(ATCC), MIA PaCa-2 cells (ATCC), and SCC-9 cells (ATCC) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM). T47D cells (ATCC) were maintained in Roswell Park Memorial Institute
1640 (RPMI) medium, CHO-WT cells (kindly provided by Dr. T. Heitner at the Department of
Anesthesiology, UCSF, San Francisco, CA, USA) [79] in F-12k medium (Ham’s F-12K Nutrient Mixture,
Kaighn’s Mod), and SKOV-3 cells were cultured in McCoy’s 5A medium. All media were supplemented
with L-glutamine, 10% heat-inactivated Fetal Bovine Serum (FBS, Gibco, ThermoFisher, Waltham, MA,
USA), and 1× Penicillin/Streptomycin (Mediatech, Manassas, VA, USA). Cells were maintained in a
humidified incubator at 37 ◦C in an atmosphere of 5% carbon dioxide, 95% air. All cells were negative
for mycoplasma when tested using the MycoAlert Plus mycoplasma detection kit (Lonza, Portsmouth,
NH, USA).

2.3. NHS-PEG4-N3 and AF488-NHS Conjugation to Cetuximab, Holo-Transferrin, and Trastuzumab

Trastuzumab ((TZ, 145,531.5 g/mol; FASTA sequence analysis); Herceptin®; Genentech,
San Francisco, CA, USA)) and human holo-transferrin (HT, 79,680 g/mol; Sigma-Aldrich, St. Louis, MO,
USA) were modified through the conjugation of N-hydroxysuccinimidyl azido poly-ethylene glycol
(NHS-PEG4-N3, 88.37 g/mol; Thermo Scientific, Waltham MA, USA) to the lysine residues of the proteins,
following our established protocol for the modification of Cetuximab ((Cet, 145,781.6 g/mol FASTA
sequence analysis); ERBITUX®; Ely Lily, Indianapolis, IN, USA) [65]. Briefly, a 5-fold molar excess of
NHS-PEG4-N3 in anhydrous dimethyl sulfoxide (DMSO) was reacted to the protein solution (2 mg/mL
in 1× DPBS) in the presence of 2.5-fold molar excess of N-hydroxysuccinimidyl ester of Alexa Fluor®

488 (AF-NHS; 643.4 g/mol, Fisher scientific, Waltham, MA, USA). The mixture was subjected to orbital
rotation for 24 h at 4 ◦C. AF- and PEG4-N3-conjugated proteins Cet-AF-PEG4-N3, HT-AF-PEG4-N3,
and TZ-AF-PEG4-N3 were purified using a pre-equilibrated (1×DPBS) PD-10 desalting column packed
with Sephadex G-25 resin (GE Healthcare Life Sciences, Chicago, IL, USA) to remove any unreacted
NHS-PEG4-N3 and AF-488. Protein conjugates were further concentrated in Amicon ultrafiltration
tubes (30 kDa molecular weight cut off, EMD Millipore Burlington, MA, USA) by centrifuging at
2500× g at 4 ◦C. The molar concentrations (M) of the purified Cet (ε280 nm = 217,315 M−1cm−1),
HT (ε280 nm = 83,360 M−1cm−1), and TZ (ε280 nm = 225,005 M−1cm−1) and the attached AF
(ε494 nm = 71,000 M−1cm−1) were determined using Nanodrop One (Thermo Scientific, Waltham, MA,
USA) and stored at 4 ◦C in dark.

2.4. Synthesis of Photosensitizing-Nanoconstructs (Untargeted-PSN)

Prior to liposomal preparation, Benzoporphyrin derivative (BPD) photosensitizer was
anchored to the phospholipid 1-palmitoyl-2-hydroxy-sn-glycerol-3-phosphocholine (16:0 Lyso PC)
through Steglich esterification [65,80]. Briefly, 16:0 Lyso PC (495.63 g/mol), BPD (718.79 g/mol),
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl, 191.703 g/mol),
4-dimethylaminopyridine (DMAP, 122.17 g/mol), and N,N-diisopropylethylamine (DIPEA,
129.24 g/mol) were dissolved in dicholoromethane (DCM, 5 mL) at a 1:5:50:25:60 molar ratio, respectively,
and stirred for 72 h in the dark at room temperature. The product 16:0 Lyso PC-BPD (BPD-PC) was
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purified on preparative thin layer chromatography (TLC) silica plates (Sigma-Aldrich, St. Louis,
MO, USA) using a mobile phase of 10% methanol in DCM. Following extraction from the TLC, silica
sedimentation, and removal of insoluble silica precipitates (details described previously) [65,80],
the purified BPD-PC was redissolved in chloroform and stored at −20 ◦C in the dark.

For the preparation of liposomal photosensitizing-nanoconstructs (untargeted-PSNs), all the
lipids including DPPC (734.04 g/mol), DOPG (797.02 g/mol), Cholesterol (386.65 g/mol),
DSPE-mPEG-2000 (2803.79 g/mol), and DSPE-PEG2000-DBCO (3077.80 g/mol) were mixed at a
ratio of 57.6:7.9:28.9:4.5:0.5 mol% with 0.6 mol% of lipidated BPD (BPD-PC) and dried to remove the
chloroform under a gentle nitrogen gas flow to form a thin film. The lipid films were kept under
vacuum for an additional 1 h. Dried lipid films were hydrated with 1 mL of 1× DPBS (without Ca
and Mg) and were subjected to 5 freeze–thaw cycles, consisting of incubation in 45 ◦C water (10 min),
vortexing (30 s), and incubation in ice at 4 ◦C (5 min). Multilamellar vesicles were then sequentially
extruded through polycarbonate membranes (100 nm pore size, Avanti® Polar Lipids, Inc. Alabaster,
AL, USA) using a mini-extruder system (Avanti Polar Lipids, Inc. Alabaster, AL, USA)) for five
extrusion cycles to prepare small unilamellar liposomes.

2.5. Preparation of Photoimmuno-Nanoconjugates (PIN)

All liposomal-based formulations of photoimmuno-nanoconjugates (PIN) were prepared
by reacting AF-PEG4-N3-labeled proteins to untargeted photosensitizing-nanoconstructs
(untargeted-PSN). Untargeted-PSNs were mixed with either Cet-AF-PEG4-N3, HT-AF-PEG4-N3,
or TZ-AF-PEG4-N3 to make Cet-PINs, HT-PINs, or TZ-PINs, respectively. Cet-AF-PEG4-N3 and
TZ-AF-PEG4-N3 were mixed with untargeted-PSNs to make Cet- and TZ-targeted PINs (Cet-TZ-PINs).
Cet-AF-PEG4-N3, HT-AF-PEG4-N3, and TZ-AF-PEG4-N3 were added to untargeted-PSNs to make
triple-receptor-targeted PINs (TR-PINs). The mixtures were incubated at room temperature for 24 h on
rotation, using an orbital mixer to allow the copper-free click conjugation. All PINs were purified to
remove unbound proteins using size exclusion columns packed with Sepharose CL-4B (Sigma-Aldrich,
St. Louis, MO, USA) pre-equilibrated with 1× DPBS. Purified fractions containing protein-conjugated
PINs were collected and stored in the dark at 4 ◦C.

2.6. Physical Characterizations

BPD-PC concentration (nM) within the purified conjugates of 16:0 Lyso PC-BPD or in
liposomal nanoconstructs (untargeted-PSNs or PINs) was determined by diluting in DMSO
and measuring the absorption spectrum using UV–visible absorption spectrophotometry
(ε687 nm = 34,895 M−1 cm−1) [65,80].

The approximations of ligands (Cet, HT, TZ) attached on the surface of untargeted-PSNs were
derived as described previously [65]. Fluorescence emission (Exc = 480 nm, Emi = 517 nm) of all
purified PINs and BPD-PC concentration (nM) within each PINs were used to derive the conjugation
efficiency (%) of the ligand (Cet, HT, TZ) to the untargeted-PSN.

Untargeted-PSNs and PINs were characterized with regards to their hydrodynamic diameter
(nm), polydispersity index (PDI), and ς-potential (mV) using the Zetasizer Nano ZS Dynamic Light
Scattering Instrument (Malvern Instruments, Ltd., Houston, TX, USA). Measurements were performed
in triplicates and values were reported as mean and standard deviation.

2.7. Singlet Oxygen Measurements

Singlet oxygen measurements were performed in a 96-well plate (black wall, transparent bottom)
using Singlet Oxygen Sensor Green (SOSG) (Thermo Fisher Scientific, Waltham, MA, USA) and
diethyl-3-30-(9,10-anthracenediyl) bis Acrylate (DADB; a kind gift from Dr. David Kessel at Wayne
State University) [80]. Briefly, solutions of untargeted-PSNs or PINs in 1× DPBS were mixed with
SOSG (50 uM) or DADB (10 uM). The solutions were then irradiated at 150 mW cm−2 (690 nm laser)
with varying fluences of 0, 5, 10, 20, 40, 60, 80, and 100 J cm−2. The fluorescence intensity for SOSG
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(Exc 460 nm, cut-off filter 515 nm, Emi 525 nm) and DADB (Exc 405 nm, cut-off filter 475 nm, Emi 505 nm) was
measured using a Microplate Reader (Spectra Max M Series Multi-Mode) following each light dose
delivery. The relative rate of 1O2 production with PINs as compared with untargeted-PSNs was
calculated as

Relative rate
=

rate of DADB fluoresecence decay when irradiated in the presence of untargeted PSNs
rate of DADB fluoresecence decay when irradiated in the presence of PINs

(1)

2.8. Cellular Binding of PINs

Single-cell suspensions of 50,000 cells/microcentrifuge tubes were incubated with 250 nM BPD-PC
equivalent of untargeted-PSN or PINs formulations in the respective serum-containing culture media
at 37 ◦C for 30 min in the dark. For the approximation of expression levels of EGFR, TfR, and HER-2,
MIA PaCa-2 and SCC-9 cells were incubated with 10 µg/mL of AF-conjugated proteins (Cet-AF, HT-AF,
or TZ-AF) in the respective serum-containing culture media at 37 ◦C for 30 min in the dark.

Following incubation, the cells were centrifuged at 1000× g for 5 min and the supernatant was
removed. Cell pellets were resuspended in 200 µL of pre-cooled 1× DPBS, agitated 5 times with a
pipette to form single-cell suspensions, and transferred to flow cytometry tubes. The fluorescence
intensity of cell-associated BPD-PC and Alexa Fluor 488 was measured using the BD FACSAriaTM
II flow cytometer (BD Biosciences®, Woburn, MA, USA). Ten thousand events were recorded and
gated for each group using a 405 nm laser and a 610 nm dichroic long-pass filter for BPD and a
450/40 nm filter for AL488. Median BPD-PC emission was quantified using the FlowJo® software (V10,
Franklin Lakes, NJ, USA). Data are presented as mean ± SEM from three biological replicates for each
group. Fold improvement in binding with targeting is defined as the cellular binding of a targeted
nanoconstruct with respect to the cellular binding of untargeted nanoconstructs and is calculated as

Fold improvement =
Cellular binding of PINs

Cellular binding of untargeted PSNs
(2)

2.9. In Vitro PINs Internalization Studies

MIA PaCa-2 and SCC-9 cells at 70–90% confluence were seeded in 24-well, glass-bottom,
black-walled plates at a density of 1 × 105 cells/well. Adherent cells were then incubated for
6 h with Cet-PINs, Cet-TZ-PINs, or TR-PINs formulations at 250 nM BPD-PC equivalent concentration
in the respective serum-containing cell media and kept in the dark at 37 ◦C. Prior to imaging, cells were
washed twice with 1× DPBS and were stained with 50 nM LysoTracker® Red DND-99 (Invitrogen,
Carlsbad, CA, USA) at 37 ◦C in the dark. Hoechst® 33,342 (Invitrogen, Carlsbad, CA, USA) was
used to stain the nuclei of the cells prior to fluorescence imaging. Images were acquired using a
confocal microscope (Olympus FluoView-1000 confocal microscope) through a 60× objective (1.2NA,
Water). The nuclei, lysosomes, and BPD-PC were visualized using 405 (Hoechst and BPD) and 559 nm
(LysoTracker) laser excitation, respectively, with appropriate filters (Hoechst: 425–475 nm; LysoTracker:
580–650 nm; BPD-PC: 655–755 nm).

Flow cytometry was also used for the quantification of intracellular uptake after 6h incubations.
Cells were seeded in 24-well, glass-bottom plates at a density of 2 × 105 cells/well, incubated with
untargeted-PSN or PINs formulations at 250 nM BPD-PC equivalent concentration in media for 6 h,
washed twice in 1× DPBS harvested with trypsin, and transferred to flow cytometry tubes following
subsequent washing with 1× DPBS and pipette agitation as described before. Ten thousand events
were recorded and gated for each group. BPD-PC emission was quantified using the FlowJo® software
(V10, Franklin Lakes, NJ, USA). Data are presented as mean ± SEM from three biological replicates for
each group. An increase in cellular uptake of PINs as compared with untargeted-PSN was calculated as

Fold increase in cellular uptake =
Cellular uptake of PINs

Cellular uptake of untargeted PSNs
(3)
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2.10. Photodynamic Treatment of PDAC and HNSCC Monocellular and Heterocellular 3D Nodules and
Image Analysis

Suspended 3D nodules of MIA PaCa-2 and SCC-9 cells were grown and cultured in 96-well,
black-walled, round-bottom ultralow attachment plates (Corning® Costar®, Corning, NY, USA) at
37 ◦C. MIA PaCa-2 cells were seeded at a density of 2.5 × 103 cells per well and SCC-9 cells were seeded
at a density of 5 × 103 cells per well for 48 h to self-assemble into single 3D nodules. Nodules were then
incubated with untargeted-PSN or PINs formulations at varying concentrations of BPD-PC. After 6 h
of incubation, nodules were washed three times with 100ul of the respective serum-containing cellular
media and irradiated with 40 J/cm2 of 690 nm laser light (Intense, North Brunswick, NJ, USA) at an
irradiance of 150 mW/cm2. At 72 h following photodynamic activation, cells were co-stained with
LIVE (Calcein AM; Invitrogen, Carlsbad, CA, USA) and DEAD (propidium iodide) reagents to analyze
the viability of treated cells. Prior to staining, nodules for total killing control were fixed using a 10%
formalin solution in 1× DPBS (2–4 min) and cell membranes were permeabilized with 0.1% Triton
X-100 incubation (60 min) and washed with 0.1 M Glycine (3 times). Nodules were then incubated
with calcein AM (Invitrogen, Carlsbad, CA, USA) and Propidium Iodide (Sigma-Aldrich, St. Louis,
MO, USA) at standard culture conditions according to the manufacturer’s protocol.

Fluorescence signals were recorded using an Olympus FV-1000 confocal microscope through
a 0.16NA 4x air objective at λexc = 488 nm/λem = 520 nm (calcein) and λex = 559 nm/λem
= 630 nm (PI). Brightfield images were acquired under 559 nm light. The acquisition was
standardized for each nodule. All experimental conditions were performed with an n of 8–12 nodules.
Comprehensive high-throughput image analysis (CALYPSO) was used to generate heat map images
and for quantifying the fractional viability [81].

3. Results

3.1. Design, Preparation, and Characterization of Photoimmuno-Nanoconjugates (PINs)

Untargeted-photosensitizing-nanoconstructs (PSNs) were prepared from anionic DOPG-
containing DPPC liposomes and a lipid-anchored derivative of benzoporphyrin derivative (BPD-PC),
as described previously [65,80]. The anionic charge is required to minimize the variability in
uptake between multiple cell lines [65]. The untargeted-PSNs also contained DSPE-PEG2000 with
a dibenzocyclooctyle (DBCO) functional group to further allow for the covalent conjugation of the
targeting ligands through copper-free click chemistry. Liposomal nanoconstructs hold great promise as
drug delivery vehicles for emerging treatment regimens due to their ability to carry multiple payloads
that can be tuned with regard to their hydrophilicity or hydrophobicity. Furthermore, their ability to
incorporate multiple surface-targeting ligands of varying natures with finely tunable surface densities
is a particularly important attribute required for precision medicine.

The conjugation efficiency of the individual ligands bound to the surface of the untargeted-PSNs
was quantified by labeling cetuximab (Cet) with Alexa Fluor 488, holo-transferrin (HT) with Alexa Fluor
647, and trastuzumab (TZ) with Alexa Fluor 680. Untargeted-PSNs and photoimmuno-nanoconjugates
(PINs), including HT-targeted PINs (HT-PINs), TZ-targeted PINs (TZ-PINs), Cet-targeted PINs
(Cet-PINs), both Cet- and TZ-targeted PINs (Cet-TZ-PINs), and triple-receptor-targeted PINs (TR-PINs)
(Figure 1), exhibit an average hydrodynamic size of 130.57 ± 9.2, and polydispersity index (PDI)
of 0.06 ± 0.01, which is suggestive of a narrow size distribution and monodisperse nanoconstructs.
The constructs all exhibited a ζ-potential between −16.7 and −18.6 mV, demonstrating that an anionic
charge is maintained in all PINs prepared (Table 1). A consistent ζ-potential is important for minimizing
variability in uptake that is not associated with the nature of the targeting ligand or ligands.
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Figure 1. Schematic of the design and selective targeting of heterogeneous cancer cell subpopulations
using triple-receptor-targeted photoimmuno-nanoconjugates (TR-PINs). Representation of (a) the
design of triple-receptor-targeted PINs (TR-PINs). (b) Selective tumor photodestruction using
Cet-targeted PINs (Cet-PINs) leading to incomplete responses, and enhanced specificity tumor
photodestruction using TR-PINs leading to a more complete response within the heterogeneous
tumor mass.

Table 1. Physical characterization of photoimmuno-nanoconjugates (PINs) and untargeted- photosensitizing
nanoconstructs (untargeted-PSNs).

Nanoliposomes Average Diameter (nm) Polydispersity
Index (PDI) ζ-Potential (mV) ** Ligand

Density on PINs

Cet-PIN 123.4 ± 0.2 0.05 ± 0.03 −16.7 ± 0.55 * 27.6 ± 1.6
Cet-TZ-PIN 144.1 ± 1.2 0.06 ± 0.01 −17.4 ± 1.04 36.3 ± 3.5

TR-PIN 126.9 ± 1.7 0.06 ± 0.00 −18.6 ± 1.01 89.6 ± 16.8
Untargeted-PSN 127.9 ± 1.3 0.08 ± 0.03 −18.5 ± 0.95 NA

** Ligand density (number of ligands/PIN) * values are mean ± S.D.
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3.2. Cellular Binding Specificity of Photoimmuno-Nanoconjugates (PINs)

We have recently shown for the first time that our chemically tuned NIR light-activated Cet-PINs
targeted to a single receptor, EGFR, selectively binding, permeating, and destroying tumor cells
in a 3D heterocellular pancreatic ductal adenocarcinoma (PDAC) model more efficiently than
untargeted-PSNs [65]. In this study, we have further modified the design of Cet-PINs to direct
the construct towards additional tumor-associated receptors (HER-2 and TfR) that are over-expressed
in several cancers including PDAC and HNSC. The cellular binding was measured by the quantitation
of the BPD-PC fluorescence intensity from the nanoconstructs. A431 (high EGFR) [82], T47D (high
TfR) [83,84], SKOV-3 (high HER-2) [85,86], and CHO-WT (EGFR null) [87] cells were incubated with
untargeted-PSNs or targeted PINs (Cet-PINs, HT-PINs, TZ-PINs, Cet-TZ-PINs, TR-PINs) to determine
the cellular binding specificity using flow cytometry. Cet-PINs, HT-PINs, and TZ-PINs exhibit higher
cellular association in high-receptor-expressing cancer cells than the untargeted-PSNs (Figure 2).

 
 
 

 
 
 
 
 
 
 

Figure 2. Cellular binding specificity of photoimmuno-nanoconjugates (PINs) to tumor cells
over-expressing EGFR, TfR, and HER-2 receptors. Flow cytometry histograms and bar graphs
representing the specificity of PINs conjugated to the tumor-specific ligands cetuximab (to target EGFR),
holo-transferrin (to target TfR), or trastuzumab (to target HER-2). Binding specificity of (a) Cet-PINs
to A431 cells (high EGFR), (b) HT-PINs to T47D cells (high TfR), and (c) TZ-PINs to SKOV-3 cells
(high HER-2) is presented with respect to the untargeted-PSNs for each cancer cell line and the control
CHO-WT cell line (null for EGFR, TfR, HER-2). (mean ± S.E.M.; unpaired t-test, n = 3 for each cell line;
**** = p ≤ 0.0001).

As is consistent with our previous findings [65], Cet-PINs improved nanoconstruct binding to A431
cells (high EGFR) by 24-fold (Figure 2a), as compared with untargeted-PSNs. Although elegant prior
work has shown that liposomal Foscan® targeted with transferrin exhibited no cellular specificity [71],
our HT-PINs demonstrated an 8-fold improvement in T47D cell (high TfR) binding, as compared
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with untargeted-PSNs (Figure 2b). This discrepancy with the prior work is most likely due to the
nanoconstruct membrane-stabilizing effect that lipid anchoring of BPD has in our studies, that prevents
the non-specific transfer of the photosensitizer when the construct is not targeted [65,80]. TZ targeting
also improved the binding of TZ-PINs to SKOV-3 cells (high HER-2) by 13.5-fold (Figure 2c). As expected,
no significant binding of Cet-PINs, HT-PINs, or TZ-PINs to CHO-WT cells was observed due to the
absence of expression of all three receptors [87,88] (Figure 2a–c).

Cellular binding of Cet-PINs to A431 cells (24-fold improvement with targeting) was higher as
these cells have a higher EGFR expression (2–4 × 106 EGFR/cell) [82] than T47D (7 × 103 EGFR/cell) [89]
or SKOV-3 cells (6.3 × 104 EGFR/cell) [90]. As expected, binding of Cet-PINs in T47D and SKOV-3 cells
which express low levels of EGFR was only improved by 1.5- and 1.8-fold, respectively, with targeting
as compared with untargeted-PSN controls (Figure 3).J. Clin. Med. 2020, 9, x FOR PEER REVIEW 11 of 26 
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Figure 3. Triple-receptor targeting enhances the TR-PIN binding to cells expressing corresponding
receptors. Cellular binding and corresponding BPD-PC emission intensities of PINs using flow
cytometry analysis. Triple-receptor-targeted PINs (TR-PINs) exhibiting a significant improvement in
binding with TR-PINs to (a) A431 cells, (b) T47D cells, and (c) to SKOV-3 cells in comparison with
Cet-targeted PINs (Cet-PINs) or Cet- and TZ-targeted PINs (Cet-TZ-PINs) (mean ± S.E.M.; n = 3;
one-way ANOVA with a Tukey post-test; **** = p ≤ 0.0001; *** = p ≤ 0.001; ** = p ≤ 0.01; * = p ≤ 0.05).

Cellular binding of Cet-PINs to A431 cells (24-fold improvement with targeting) was higher as
these cells have a higher EGFR expression (2–4 × 106 EGFR/cell) [82] than T47D (7 × 103 EGFR/cell) [89]
or SKOV-3 cells (6.3 × 104 EGFR/cell) [90]. As expected, binding of Cet-PINs in T47D and SKOV-3 cells
which express low levels of EGFR was only improved by 1.5- and 1.8-fold, respectively, with targeting
as compared with untargeted-PSN controls (Figure 3).

Cet-TZ-PINs exhibited marked improvements in cellular binding (Figure 3), as compared with
EGFR targeting alone, providing dual specificity in A431 cells (57.1-fold improvement with targeting)
due to the presence of higher HER-2 receptors (1–2× 105 HER-2/cell) [91]. As SKOV-3 cells have elevated
levels of HER-2 (1.6 × 106 HER-2/cell) [86], the dual targeting specificity (19.1-fold improvement with
targeting) was lower than in A431 cells because of the low EGFR (6 × 103 EGFR/cell) expression levels
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in SKOV-3 cells (Table 2). Binding to T47D cells was only improved 3.8-fold with targeting when
compared with the untargeted-PSN, due to fact that both EGFR (7 × 103 EGFR/cell) and HER-2 (3 × 104

HER-2/cell) expression levels are low in that cell line [89] (Figure 3b).

Table 2. Tumor-associated cell surface receptors (EGFR, HER-2, TfR) per cell.

Tumor Cell Lines EGFR/Cell TfR/Cell HER-2/Cell

A431 2–4 × 106 [82] 1.2 × 105 [92] 1–2 × 105 [91]
T47D 7.0 × 103 [89] NA 3 × 104 [89]

SKOV-3 6.3 × 104 5.6 × 105 1.6 × 106 [86]
MIA PaCa-2 1.7 × 105 [93] 3.5 × 106 6.7 × 104

SCC-9 1.8 × 105 3.2 × 106 0.7 × 105

The TR-PINs enhanced the cellular binding, providing significant improvements of up to 111-fold,
43.6-fold, and 9.2-fold binding in A431 cells (Figure 3a), SKOV-3 cells (Figure 3c), and T47D cells
(Figure 3b), respectively, as compared with untargeted-PSNs. The binding of TR-PINs was highest in
A431 cells due to its high over-expression of all three receptors (2–4 × 106 EGFR/cell [82], 1.2 × 105

TfR/cell [92], and 1–2 × 105 HER-2/cell) [91]. The importance of these findings is that they emphasize
how the amenability of the PIN platform can be leveraged to modulate multispecificity that ultimately
targets heterogeneous tumor cell populations, in addition to increasing the receptor-specific uptake of
PS-containing nanoconstructs in cancer cells.

3.3. Triple Receptor Targeting Enhances PIN Binding and Cellular Uptake in MIA PaCa-2 PDAC Cells and
SCC-9 HNSCC Cells

We hypothesize that heterogeneous tumors such as PDAC and HNSCC exhibiting diverse patterns
of tumor-associated cell surface receptors (EGFR, TfR, HER-2) over-expression, can be selectively
targeted using PDT directed against EGFR, TfR, and HER-2 concurrently. TR-PINs would enable
the specific recognition of multiple cell surface targets and would increase the specificity of drug
delivery and treatment efficacy in heterogeneous tumor environments, thereby ultimately mitigating
treatment escape.

Relative cell surface expression levels of EGFR, TfR, and HER-2 in MIA PaCa-2, SCC-9 (Figure 4a)
and SKOV-3 cells (Figure S1) were determined using flow cytometry data. The median emission
intensities (a.u) of the individual ligands (conjugated AF-488) when bound to the cells were corrected
for differences in the brightness of the individual ligand conjugates by normalizing to their respective
fluorescence intensities (a.u)/1 nM ligand. This provided relative expression levels of the corresponding
receptors expressed in each cell line. Using the established EGFR expression levels in MIA PaCa-2
cells (1.7 × 105 EGFR/cell) [93], we approximate that MIA PaCa-2 cells express 3.5 × 106 TfR/cell and
6.7 × 104 HER-2/cell. Similarly, in SCC-9, we approximate that SCC-9 cells express 1.8× 105/EGFR-2/cell,
3.2 × 106 TfR/cell, and 0.7 × 105 HER-2/cell (Table 2).

The advantages of triple-receptor targeting are not limited to only an enhanced diversity of cancer
cell surface binding (Table 3). This strategy also significantly increases the ability of PDAC and HNSCC
tumor cells to internalize TR-PINs in vitro. It was found that the simultaneous targeting of EGFR,
HER-2, and TfR receptors demonstrate significantly higher cellular binding of TR-PINs (Figure 4b),
relative to the EGFR, TfR, and HER-2 over-expression in MIA PaCa-2 and SCC-9 cells. Triple-receptor
targeting resulted in 41-fold (MIA PaCa-2 cells) and 33-fold (SCC-9 cells) improvements in binding
with targeting when compared with the untargeted-PSNs. Furthermore, a 77% (MIA PaCa-2) and 80%
(SCC-9) increase in binding was observed with TR-PINs in comparison with Cet-PINs (Figure 4b).
As expected, no notable changes in cellular binding in CHO-WT cells were observed using TR-PINs
due to the lack of expression of all three receptors (Figure 4b).
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Figure 4. Triple-receptor-targeted PINs (TR-PINs) achieve higher binding specificity in MIA PaCa-2
and SCC-9 cells. (a) Relative receptor expression of EGFR, HER-2, and TfR in MIA PaCa-2 and
SCC-9 cells determined using flow cytometry and represented as median fluorescence emission of
Alexa Fluor 488/1nM ligand, when conjugated to cetuximab, transferrin, or trastuzumab, respectively.
(b) Cellular binding data using Cet-targeted PINs (Cet-PINs), Cet- and TZ-targeted PINs (Cet-TZ-PINs),
and triple-receptor-targeted PINs (TR-PINs) show a significant improvement in binding with TR-PINs,
as compared with Cet-PINs or Cet-TZ-PINs in MIA Paca-2 and SCC-9 cells. No obvious change in
cellular binding in CHO-WT cells was observed with TR-PINs due to the lack of receptor expression.
(mean ± S.E.M.; n = 3–9; one-way ANOVA with a Tukey post-test; **** = p ≤ 0.0001; ** = p ≤ 0.01;
* = p ≤ 0.05).

Table 3. * Fold improvement in the cellular binding of nanoconstructs to the tumor cells.

Tumor Cell
Lines

Fold
Improvement
with Cet-PINs

Fold
Improvement
with TZ-PINs

Fold
Improvement

with Cet-TZ-PINs

Fold
Improvement
with HT-PINs

Fold
Improvement
with TR-PINs

A431 24 1.7 57.1 4.8 111
T47D 1.5 1.7 3.8 8 9.2

SKOV-3 1.8 13.5 19.2 3.08 43.6
MIA PaCa-2 23.2 2.05 29 1.7 41.1

SCC-9 18.2 2.1 18 1.3 33

* (fold improvement in binding with targeting over untargeted-PSNs).

The subcellular localization of PINs in MIA PaCa-2 and SCC-9 cells was observed using confocal
microscopy. Cells were incubated with PINs and nuclei and lysosomes were stained after 6 h of
incubation. All PINs were found to localize to endo-lysosomal compartments, exhibiting punctate
intracellular BPD-PC signals in MIA PaCa-2 (Figure 5a) and SCC-9 cells, respectively (Figure 5b).
This is consistent with our previous findings for BPD-PC nanoconstructs [65,94].

Intracellular uptake of PINs was quantified using flow cytometry following 6 h of incubation with
MIA PaCa-2 and SCC-9 cells. The trend in the uptake levels at 6 h incubation correspond to the cellular
binding of PINs and demonstrate a significant increase in uptake of TR-PINs in MIA PaCa-2 and SCC-9
cells, compared with Cet-PINs and Cet-TZ-PINs. Quantitation of BPD-PC fluorescence intensities
using flow cytometry demonstrate a 1.5-fold (45%) and 1.7-fold (73%) increase in cellular uptake of
Cet-TZ-PINs and TR-PINs, respectively, in MIA PaCa-2 cells, as compared with Cet-PINs. Further,
a 1.2-fold (24%) and 1.4-fold (39%) increase in cellular uptake of DR-PINs and TR-PINs, respectively,
was observed in SCC-9 as compared with Cet-PINs. These results suggest that triple targeting enables
the TR-PINs to bind and internalize in MIA PaCa-2 and SCC-9 cells more efficiently with respect to
Cet-PINs, delivering higher levels of intracellular BPD-PC for molecular-targeted PDT.
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Figure 5. Triple-receptor targeting enhances TR-PIN cellular uptake to MIA PaCa-2 and SCC-9 cells.
Confocal images (60X) demonstrate intracellular uptake of Cet-targeted PINs (Cet-PINs), Cet- and
TZ-targeted PINs (Cet-TZ-PINs), and triple-receptor-targeted PINs (TR-PINs) in MIA PaCa-2 (a) and
SCC-9 (b) cells after 6 h of incubation. PINs localize to lysosomal compartments as shown in the
merged channel images where yellow indicates co-localization of BPD-PC (red) and lysosomes (green).
The nuclei, lysosomes, and BPD-PC were visualized using 405 (Hoechst and BPD-PC) and 559 nm
(LysoTracker) laser excitation. Scale bar = 50 µm. Flow cytometry quantitation of cellular uptake
of PINs (median BPD-PC emission signals) is shown for (c) MIA Paca-2 and (d) SCC-9 cells at 6 h
incubation. (mean ± S.E.M.; n = 6–9 for c–d; one-way ANOVA with a Tukey post-test; **** = p ≤ 0.0001;
*** = p ≤ 0.001; ** = p ≤ 0.01).

3.4. Singlet Oxygen Measurements

As the PINs are nanosystem-designed for effective PDT-mediated killing, they must retain
their ability to generate cytotoxic reactive molecular species, such as singlet oxygen (1O2),
when functionalized with various targeting ligands. 1O2 is the predominant cytotoxic molecular
species produced during the photosensitization of BPD and its lipid-anchored derivatives [1,80].

To monitor photogenerated 1O2 from NIR-activated PINs, two 1O2 probes, SOSG and DADB,
were used in this study. While oxidation of SOSG with 1O2 increases the probe’s fluorescence,
the endoperoxide photooxidation product of DADB is non-fluorescent and exhibits a decay in the
fluorescence intensity upon reaction with 1O2. Further, DADB is lipophilic and partitions in the
phospholipid bilayer of BPD-PC nanoconstructs, probing the immediate production of 1O2 [80,95],
whereas SOSG is a membrane-impermeable probe that measures global 1O2 in the entire solution.
We have confirmed in our previous study that BPD-PC fluorescence is negligible at the wavelengths
used to monitor DADB (505 nm) and SOSG (525 nm) emission signals, confirming that both probes are
appropriate for measuring 1O2 production from BPD-PC nanoconstructs [80].

Figure 6a shows a light dose-dependent increase in the SOSG fluorescence intensity following
laser light irradiation. Fluorescence intensity of the SOSG in the mixture (PINs + SOSG) increased



J. Clin. Med. 2020, 9, 2390 14 of 25

with increasing light doses (0 J/cm2–100 J/cm2), representing the generation of 1O2 and conversion of
SOSG to its photo-oxidized product. No difference in the rate of photogenerated 1O2 (as measured by
increased emission of SOSG) was observed following the irradiation of the untargeted-PSNs, Cet-PINs,
and TR-PINs, (Figure 6a) suggesting that the global average of 1O2 in the solution is unaltered by
the degree of ligand functionalization. However, when 1O2 generation was measured only in the
hydrophobic membrane compartments of the PSNs and PINs using DADB (Figure 6c), differences
were observed. The relative rate of 1O2 production was calculated using the equation described in
Section 2.7. A 1.5-fold higher rate of 1O2 production (DADB fluorescence decay (0.09%/J cm−2)) was
observed with both the untargeted-PSNs and Cet-PINs, as compared with the TR-PINs (0.06%/J cm−2)
(Figure 6d). The TR-PINs have a total of 89.6 ligands per construct, whereas the Cet-PINs have a total
of 27.1 ligands per construct. Given that 1O2 also reacts with aromatic amino acids that are abundant
in the surface-bound targeting ligands [96], this increased number of membrane surface ligands from
Cet-PINs to TR-PINs might explain the 1.5-fold reduction in the rate of 1O2 production in the TR-PIN
membrane, as determined by the DADB measurements.
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Figure 6. Singlet oxygen production monitored using SOSG and DADB. Singlet oxygen production as
monitored using (a–b) SOSG (Exc = 460 nm, cut-off filter = 515 nm, Emi = 525 nm) and (c–d) DADB
(Exc = 405 nm, cut-off filter = 475 nm, Emi = 505 nm) emission with increasing fluences of 690 nm
light irradiation of untargeted-PSN, Cet-targeted PINs (Cet-PINs), and triple-receptor-targeted PINs
(TR-PINs). The irradiance was maintained at 150 mW/cm2 throughout. (mean ± S.E.M.; n = 4–8;
one-way ANOVA with a Tukey post-test; * = p ≤ 0.05).

3.5. NIR Light-Mediated Photodynamic Treatment of PDAC and HNSCC Monocellular and Heterocellular 3D
Models of Heterogeneity

As shown earlier, the TR-PINs exhibit expanded cancer cell binding specificities and enhanced
cellular uptake in MIA PaCa-2 and SCC-9 cells and have the potential for simultaneously targeting
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heterogeneous tumor subpopulations in PDAC and HNSCC. As such, we further evaluated the
NIR phototoxicity of the TR-PINs in PDAC (MIA PaCa-2) and HNSCC (SCC-9) 3D nodules with
varying cell surface receptor expression levels of EGFR, TfR, and HER-2. Considering that EGFR
over-expression is prevalent in PDAC and HNSCC, we compared the NIR phototoxicity of Cet-PINs
with TR-PINs (specific for the additional receptors HER-2 and TfR) in the MIA PaCa-2 and SCC-9
3D nodules. Treatment efficacy was also evaluated in T47D and SKOV-3 3D nodules as a control
for low-EGFR-expressing cells. Furthermore, T47D and SKOV-3 cells (low EGFR) were included
in PDAC (MIA PaCa-2) and HNSCC (SCC-9) 3D nodules to recapitulate heterogeneous tumor cell
subpopulations that would evade EGFR-targeted Cet-PINs. Targeted PDT efficacy was also evaluated
in the heterocellular 3D models of heterogeneity.

Firstly, the NIR phototoxicity of Cet-PINs and TR-PINs was assessed in monocellular 3D nodules
of MIA PaCa-2 and SCC-9. The nodules were incubated for 6 h with untargeted-PSNs, Cet-PINs,
or TR-PINs at 0–2000 nM BPD-PC equivalent, 48 h after seeding in round-bottom ultralow attachment
plates as described in the Experimental Section. The nodules were then irradiated with 40 J/cm2

of 690 nm laser light at an irradiance of 150 mW/cm2. This time point was selected based on our
previous study showing that Cet-PINs exhibited the highest level of specificity in 3D nodules at 6 h
incubation time [65]. At 72 h following PDT treatment, the nodules were co-stained with LIVE (Calcein
AM) and DEAD (propidium iodide) reagents prior to single-plane confocal imaging. For viability
assessment of the 3D nodules in each experimental group, quantitative fractional viability heatmap
images (Figure 7a,c) were generated using a comprehensive image analysis procedure for structurally
complex organotypic cultures (CALYPSO) [81].
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Figure 7. NIR light-mediated photodynamic treatment of 3D monocultures of MIA PaCa-2 and SCC-9
cells. Viability heatmap images of (a) 3D MIA-PaCa-2 and (c) SCC9 nodules following photodynamic
therapy (PDT) with increasing concentrations of BPD-PC equivalent in untargeted-PSNs, Cet-targeted
PINs (Cet-PINs), and triple-receptor-targeted PINs (TR-PINs) (690 nm, 40 J/cm2 at 150 mW/cm2).
The comprehensive image analysis procedure for structurally complex organotypic cultures (CALYPSO)
image analysis framework was used for quantitation of normalized viability following PDT (b,d).
(mean ± S.E.M.; n = 8–12; one-way ANOVA with a Tukey post-test; **** = p ≤ 0.0001; *** = p ≤ 0.001;
** = p ≤ 0.01).

Untargeted-PSNs did not show any significant phototoxicity even at the highest concentration
of 2000 nM of BPD-PC equivalent (Figure 7b,d). However, at a concentration of 2000 nM of BPD-PC
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equivalent, TR-PINs were most effective, and significantly reduced the viability of SCC-9 nodules to
45% and MIA PaCa-2 nodules to 24% (Figure 7b,d). Cet-PINs were equally effective at all concentrations
of BPD-PC equivalent in the MIA PaCa-2 nodules and SCC-9 nodules.

MIA PaCa-2 nodules were more responsive to targeted PDT than the SCC-9 nodules at all
concentrations of BPD-PC equivalent (Figure 7b,d). Importantly, in the absence of photoactivation,
neither Cet-PINs nor TR-PINs exerted any toxic effects on cancer cells (Figure S2) at the concentration
range of 0–2000 nM of BPD-PC equivalent, which is consistent with our previous findings using
Cet-PINs [65].

Triple-targeted PDT using TR-PINs was equally as effective as single-receptor EGFR-targeted
Cet-PINs in the EGFR over-expressing MIA PaCa-2 and SCC-9 nodules. However, in the
low-EGFR-expressing control nodules that over-express TfR (T47D) and HER-2 (SKOV-3), the TR-PINs
were significantly more effective than the EGFR-targeted Cet-PINs (Figure 8a, Figure S3). The T47D
nodule viability decreased by 67% after PDT with the TR-PINs (500 nM of BPD-PC equivalent),
which was significantly more effective than the Cet-PINs. The SKOV-3 nodule viability decreased
by 24% after PDT with the TR-PIN, whereas the Cet-PINs were ineffective at the same concentration
(500 nM of BPD-PC equivalent). These T47D and SKOV-3 nodules represent low-EGFR-expressing
tumors that would typically escape single-receptor EGFR-targeted PDT but would respond to the
TR-PINs we report in this study.

As discussed earlier, tumors comprise of heterogeneous cells with various receptor
expression profiles. Thus, even though a large proportion of tumor cells can be eradicated by
single-receptor-targeted therapy, low-receptor-expressing subpopulations may persist and contribute
to tumor recurrence. As such, we attempted to recapitulate heterogeneous PDAC and HNSCC tumors
in vitro by forming heterocellular 3D models. MIA Paca-2 and SCC-9 nodules were formed with the
addition of low-EGFR-expressing T47D or SKOV-3 cells that represent tumor subpopulations which
we have shown to evade EGFR-targeted PDT using Cet-PINs (Figure 8a). While T47D and SKOV-3
cells express low levels of EGFR, treatment escape can be circumvented using TR-PINs by exploiting
the over-expression of TfR in T47D cells and HER-2 in SKOV-3 cells. PDT treatment response in the
heterogeneous heterocellular 3D nodules was then evaluated using Cet-PINs and TR-PINs (Figure 8c)
and was compared with the treatment response in the monocellular 3D nodules. While the efficacy of
TR-PINs was identical to that of the EGFR-targeted Cet-PINs in EGFR-over-expressing MIA PaCa-2 and
SCC9 nodules, the TR-PINs were significantly more effective than the Cet-PINs in the heterogeneous
heterocellular 3D nodules (Figure 8b,d). In heterocellular MIA PaCa-2 nodules containing SKOV-3 cells,
TR-PINs provided a 17% greater reduction in viability than the Cet-PIN, and a 25% greater reduction
in viability in heterocellular MIA PaCa-2 nodules containing T47D cells (Figure 7b). In heterocellular
SCC9 nodules containing SKOV-3 cells, TR-PINs provided a 34% greater reduction in viability than the
Cet-PIN, and a 14% greater reduction in viability in heterocellular MIA PaCa-2 nodules containing
T47D cells (Figure 8d).
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Figure 8. NIR light-mediated photodynamic treatment of 3D co-cultures of MIA PaCa-2 and SCC-9 cells
with SKOV-3 and T47D cells. The CALYPSO image analysis framework was used for quantitation of
normalized viability of (a) 3D monocultures and (b) co-cultures following PDT with untargeted-PSNs,
Cet-targeted PINs (Cet-PINs), and triple-receptor-targeted TR-PINs, at a concentration of 500 nM of
BPD-PC equivalent, (690 nm, 40 J/cm2 at 150 mW/cm2). (c,d) A comparison of normalized fractional
viability of MIA PaCa-2 and SCC-9 monocultures and co-cultures with T47D and SKOV-3 following
PDT with TR-PINs (690 nm, 40 J/cm2 at 150 mW/cm2). (mean ± S.E.M.; n = 8–12; one-way ANOVA
with a Tukey post-test; **** = p ≤ 0.0001; *** = p ≤ 0.001; ** = p ≤ 0.01; * = p ≤ 0.05).

4. Discussion

Intratumoral heterogeneity can limit the efficacy of therapies directed towards single tumor
cell surface receptors. Diverse patterns of tumor-associated cell surface receptor expression (EGFR,
TfR, HER-2) have been found in PDAC and HNSCC patients. Specifically, studies have reported
the over-expression of EGFR and HER-2 in patient pancreatic cancer tissue (45–95% and 43–69%,
respectively) [60,97] and patient head and neck squamous cell carcinoma tissue (up to 90% and 68%,
respectively) [25,98,99]. Thus, EGFR and HER-2 are both attractive targets for molecular targeted
activatable therapies, such as PDT. However, one study using PDAC patient tissue found that HER-2
over-expression was concurrent with EGFR over-expression in 24% of patients, and in patients with no
EGFR expression, no HER-2 over-expression was observed [100]. These findings emphasize that, in a
clinical setting, targeting EGFR and HER-2 simultaneously using Cet-TZ-PINs may not be sufficient for
effective and complete tumor eradication in all patients, and thus the TR-PINs we present here, with an
expanded specificity for a third tumor receptors are critical. Considering that TfR over-expression has
been found in PDAC [24] and HNSCC [32] and has also been found to play a prominent role in cancer
cell proliferation, it is an important additional target for our TR-PIN-mediated PDT approach [44].
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Thus, targeting three tumor receptors simultaneously may promote complete tumor eradication
using spatiotemporally controlled activatable therapies such as PDT. Moreover, the emerging and
promising use of bi-specific and multi-specific monoclonal antibodies (mAbs) directed towards multiple
receptors is an additional motivation, which we further advance in the field by leveraging high-payload
nanosystems [101,102]. In this study, we have developed NIR-activable triple-receptor-targeted
photoimmuno-nanoconjugates (TR-PINs) with three ligands, conjugated to a single photosensitizing
nanoconstruct to simultaneously target heterogeneous tumor cell subpopulations with differential
expression levels of EGFR, TfR, and HER-2. These TR-PINs are proposed to increase the specificity and
effective photodynamic eradication of tumor subpopulations in heterogeneous cancers with differential
receptor expression levels.

We have assessed the cellular binding of the nanoconstructs by the quantitation of BPD-PC
fluorescence emission using flow cytometry. Our results show that the cellular binding with TR-PINs
was superior to both the Cet-PINs and Cet-TZ-PINs in tumor cells (A431, MIA PaCa-2, SCC-9,
SKOV-3, T47D) with different origins and varying expression levels of tumor cell surface receptors.
TR-PINs exhibit varying binding specificities to tumor cells (Table 3), thus the fold improvement in the
cellular binding of TR-PINs (with respect to untargeted-PSN constructs) was found to be significantly
higher than the calculated sum of the fold-improvements in binding with each PIN, with respect
to untargeted-PSN constructs. This is likely due to the combined effect of the multiple ligands
when conjugated on the surface of a single nanoconstruct to target multiple receptors simultaneously.
This multiplicative increase in binding is likely due to multi-avidity effects, which can be advantageous;
however, multi-target specificity remains to be the priority for targeting heterogeneity in this study.

The advantages of triple-receptor targeting are not only limited to enhanced surface binding to a
greater proportion of heterogenous cancer cell subpopulations. This strategy also significantly increases
the ability of PDAC and HNSCC tumor cells to internalize TR-PINs in vitro. PINs were found to localize
to endo-lysosomal compartments when incubated with cells. Prior work using similar constructs also
shows lysosomal localization of liposomal BPD-PC [94]. The staining with DAPI and lysotracker for
confocal images does not show any membrane-bound constructs. Considering that, by 6 h, most of the
PINs would have been internalized, as receptor-mediated endocytosis occurs from as early as 20 min
following incubation [103], our prior work [65] corroborates the observations in this study whereby
Cet-PINs were observed on the membrane of MIA PaCa-2 cells at 1 h incubation, but no membrane
binding was observed in MIA PaCa-2 or OVCAR-5 cells at 6h following internalization. We also
previously explored the relative binding and penetration of the Cet-PINs through 3D nodules [65].
Binding specificity of the Cet-PINs in 3D nodules of MIA PaCa-2 was quantified at different time points
(1 h, 6 h, 24 h). Cet-PINs exhibited the highest binding specificity (12.5-fold) for the MIA PaCa-2 3D
nodules with respect to untargeted constructs at 6 h after incubation. In the current study, the fold
improvement in binding with Cet-PINs is 23-fold compared with the untargeted-PSN in single-cell
suspensions of MIA PaCa-2 cells. As such, it is apparent that the selectivity in uptake decreases from
2D to 3D cultures. These observations require further investigation before definitive and generalizable
conclusions can be drawn.

We further evaluated the NIR phototoxicity in MIA PaCa-2 and SCC-9 nodules. TR-PINs are
equally as effective as Cet-PINs in the MIA PaCa-2 and SSC-9 monocellular 3D nodules, even though
the TR-PINs exhibit 1.7-fold and 1.4-fold higher cellular uptake, respectively. The absence of further
improved PDT efficacy by triple targeting is likely to be a result of the 1.5-fold quenching of 1O2 in
TR-PINs, as compared with Cet-PINs, when measured using DADB (Figure 6d). The results suggest
that there is a minimum threshold in targeted cellular uptake after which the triple targeting will
become more effective than the single targeting. These findings also suggest that improving the
overall outcome of TR-PINs in heterogeneous tumors, as compared with Cet-PIN, may only become
evident when the differences in the heterogeneous receptor expression exceed the 1.5-fold quenching
of 1O2 observed.
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As described earlier, tumors are heterogeneous masses of cancer cells with differential receptor
expression profiles. Single-receptor-targeted therapies treat tumors with an assumption that they are a
homogenous mass of cancer cells, and thus are generally only able to eradicate a specific proportion
of tumor cells. The residual surviving tumor cells are thus likely to persist, proliferate aggressively,
and promote tumor relapse and progression. Thus, the response to single-receptor-targeted therapies
can be highly variable in these heterogeneous tumors. To address this heterogeneity-driven resistance
to targeted therapies, we attempted to recapitulate heterogeneity in vitro, by forming 3D heterocellular
models of MIA Paca-2 and SCC-9 cells, with the addition of low-EGFR-expressing T47D or SKOV-3
cells, that represent tumor subpopulations which we have shown to evade EGFR-targeted PDT using
Cet-PINs (Figure 8a). While T47D and SKOV-3 cells express low levels of EGFR, treatment escape
can be circumvented using TR-PINs by exploiting the over-expression of TfR in T47D cells and
HER-2 in SKOV-3 cells. PDT treatment response in the heterogeneous heterocellular 3D nodules
was then evaluated using Cet-PINs and TR-PINs (Figure 8c) and was compared with the treatment
response in the monocellular 3D nodules. While the efficacy of TR-PINs was identical to that of
the EGFR-targeted Cet-PINs in EGFR-over-expressing MIA PaCa-2 and SCC9 nodules, the TR-PINs
were significantly more effective than the Cet-PINs in the heterogeneous heterocellular 3D nodules
(Figure 8b,d). In heterocellular MIA PaCa-2 nodules containing SKOV-3 cells, TR-PINs provided
a 17% greater reduction in viability than the Cet-PINs, and a 25% greater reduction in viability in
heterocellular MIA PaCa-2 nodules containing T47D cells (Figure 8b). In heterocellular SCC9 nodules
containing SKOV-3 cells, TR-PINs provided a 34% greater reduction in viability than the Cet-PINs,
and a 14% greater reduction in viability in heterocellular MIA PaCa-2 nodules containing T47D cells
(Figure 7d).

The significance of these findings is that they demonstrate that triple-receptor targeting using
TR-PINs does provide more complete photodestruction of heterogeneous tumor nodules, which would
otherwise partially evade single-receptor EGFR-targeted PDT. More complete PDT responses in
heterogeneous tumors would thereby mitigate treatment escape, recurrence, and resistance to targeted
therapy. Furthermore, TR-PINs would potentially be effective in a broader range of PDAC and HNSCC
patients, in addition to patients with various other cancer indications where EGFR, HER-2, and TfR
over-expression are implicated.

5. Conclusions

In this study, we show for the first time that heterogeneous heterocellular 3D models of PDAC
and HNSCC can be more effectively destroyed using triple-receptor-targeted TR-PINs (EGFR-,
HER-2-, and TfR-specific) that would otherwise partially evade single-receptor EGFR-targeted PDT.
The significance of these findings specifically for PDT is that heterogeneous tumor subpopulations can
also be effectively targeted using the TR-PINs, irrespective of the increase in cellular binding of the
TR-PINs. PDT dosimetry can be modulated by tailoring the light dose applied, and thus, while cellular
delivery is important, molecular specificity towards heterogeneous tumor cell subpopulations and
discrimination between tumor tissue and healthy tissue remains critical.

Future work will further explore the encapsulation of multiple treatment modalities within a single
TR-PIN construct. As such, heterogeneous tumor subpopulations would be simultaneously targeted
with multiple treatment regimens that exhibit non-overlapping modes of cytotoxicity. Furthermore,
PDT-based regimens using the TR-PIN platform will be evaluated in complex heterogeneous in vivo
tumor models, such as patient-derived xenografts, to further mitigate the risk of treatment escape that
often leads to tumor recurrence after an initial response.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/8/2390/s1.
Figure S1: Relative receptor expression of EGFR, HER-2, and TfR in SKOV-3 cells. Figure S2: Dark toxicity of
untargeted-PSN, Cet-PINs, and TR-PINs in (a) MIA PaCa-2 and (b) SCC-9 cells. Figure S3: Normalized viability
of (a) 3D monocellular and (b) heterocellular following PDT with untargeted-PSN, Cet-PINs, and TR-PIN, at a
concentration of 250 nM of BPD-PC equivalent.
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