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Abstract

Despite untiring efforts to develop therapies for pancreatic ductal adenocarcinoma (PDAC), 

survival statistics remain dismal, necessitating distinct approaches. Photodynamic priming (PDP), 

which improves drug delivery and combination regimens, as well as tumor photodestruction are 

key attributes of photodynamic therapy (PDT), making it a distinctive clinical option for PDAC. 

Localized, high-payload nanomedicine-assisted delivery of photosensitizers (PSs), with molecular 

specificity and controlled photoactivation, thus becomes critical in order to reduce collateral 

toxicity during more expansive photodynamic activation procedures with curative intent. As such, 

targeted photoactivable lipid-based nanomedicines are an ideal candidate but have failed to 

provide greater than two-fold cancer cell selectivity, if at all, due to their extensive multivariant 

physical, optical, and chemical complexity. Here, we report (1) a systematic multivariant tuning 

approach to engineer (Cet, anti-EGFR mAb) photoimmunonanoconjugates (PINs), and (2) stroma-

rich heterotypic PDAC in vitro and in vivo models incorporating patient-derived pancreatic cancer-

associated fibroblasts (PCAFs) that recapitulate the desmoplasia observed in the clinic. These offer 

a comprehensive, disease-specific framework for the development of Cet-PINs. Specificity-tuning 

of the PINs, in terms of PS lipid anchoring, electrostatic modulation, Cet orientation, and Cet 

surface densities, achieved ~16-fold binding specificities and rapid penetration of the heterotypic 
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organoids within 1 h, thereby providing a ~16-fold enhancement in molecular targeted NIR 

photodestruction. As a demonstration of their inherent amenability for multifunctionality, 

encapsulation of high payloads of gemcitabine hydrochloride, 5-fluorouracil, and oxaliplatin 

within the Cet-PINs further improved their antitumor efficacy in the heterotypic organoids. In 

heterotypic desmoplastic tumors, the Cet-PINs efficiently penetrated up to 470 μm away from 

blood vessels, and photodynamic activation resulted in substantial tumor necrosis, which was not 

elicited in T47D tumors (low EGFR) or when using untargeted constructs in both tumor types. 

Photodynamic activation of the Cet-PINs in the heterotypic desmoplastic tumors resulted in 

collagen photomodulation, with a 1.5-fold reduction in collagen density, suggesting that PDP may 

also hold potential for conquering desmoplasia. The in vivo safety profile of photodynamic 

activation of the Cet-PINs was also substantially improved, as compared to the untargeted 

constructs. While treatment using the Cet-PINs did not cause any detriment to the mice’s health or 

to healthy proximal tissue, photodynamic activation of untargeted constructs induced severe acute 

cachexia and weight loss in all treated mice, with substantial peripheral skin necrosis, muscle 

necrosis, and bowel perforation. This study is the first report demonstrating the true value of 

molecular targeting for NIR-activable PINs. These constructs integrate high payload delivery, 

efficient photodestruction, molecular precision, and collagen photomodulation in desmoplastic 

PDAC tumors in a single treatment using a single construct. Such combined PIN platforms and 

heterocellular models open up an array of further multiplexed combination therapies to 

synergistically control desmoplastic tumor progression and extend PDAC patient survival.
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Pancreatic ductal adenocarcinoma (PDAC) is a particularly stubborn malignancy with 

dismal prognoses. Five-year patient survival rates are less than 5%, and even with the most 

aggressive and toxic treatment regimens, such as FOLFIRINOX, median survival does not 

exceed 11.1 months.1,2 PDAC is characterized by desmoplasia, a reaction leading to dense 

stromal deposition of collagen-rich extracellular matrix, predominantly by activated 

pancreatic cancer-associated fibroblasts (PCAFs).3–5 Desmoplasia limits the delivery of 

therapeutic agents, including nanomedicines, contributing to treatment resistance.6 Ideally, 

the preclinical models used to evaluate novel therapeutics for PDAC must capture and 

present features of desmoplasia. We demonstrate in this study that this is made feasible by 

heterotypic PDAC models that incorporate patient-derived PCAFs.

Photodynamic activation of photosensitizers (PSs) is capable of inducing significant and 

light dose-dependent tumor necrosis in PDAC patients using current clinical regimens for 
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photodynamic therapy (PDT).7 In addition, a cooperative mechanistic photodynamic 

priming (PDP) of the tumor microenvironment improves the outcomes of subsequent 

combination therapies.7–11 The priming role of PDT has not been studied in depth, although 

it holds considerable promise for microenvironmental modulation such as increased drug 

permeability.11–13 This becomes critical as nanomedicines evolve, with prior evidence that 

PDP improves the delivery of Doxil and liposomal irinotecan to tumors.11,12 The ideal 

photoactivable nanomedicine would therefore combine features of PDAC tumor destruction 

with photodynamic priming using a single construct and a single near-infrared (NIR) 

photodynamic activation procedure.

PDT regimens in current early phase clinical trials achieve controllable zones of tumor 

necrosis but exhibit some adverse toxicities including prolonged skin phototoxicity, nausea, 

photosensitivity, skin hyperpigmentation, and higher healthy tissue accumulation of the PS 

that increases the risk of off-target photodamage. However, as clinical procedures evolve 

towards curative PDT regimens, higher PS doses and expansive regions of irradiation are 

required. Administration of higher PS doses has resulted in cases of hepatotoxicity resulting 

from hemolysis, dysregulated blood pressure and heart rate, and cardiorespiratory events 

leading to fatalities.15,16 Furthermore, expansive illumination protocols around critical 

anatomical sites have led to collateral phototoxicity. For example, PDT of PDAC tumors 

involving the gastroduodenal artery resulted in cases of gastrointestinal bleeds. If expansive 

and complete PDAC treatment is to be achieved safely, higher PS payload delivery to tumors 

is critically needed in addition to molecular precision of photodamage. Molecular targeted 

photodynamic activation can enhance the tolerability to higher light doses during PDT,17 

thereby maximizing the extent of PDAC tumor damage while sparing critical healthy vicinal 

tissue.

Nanomedicines are an attractive and clinically proven strategy to reduce the systemic 

toxicity of chemotherapeutics while increasing localized tumor delivery.18 

Photonanomedicines, light-activable nanotherapeutics, combine the attractive tumor-delivery 

and anticancer agent tolerability properties of nanomedicines with the potent antitumor 

potential of PDT.7,19 Considering the toxicities associated with high PS administration, 

localized high-payload delivery within desmoplastic PDAC tumors using 

photonanomedicines thus becomes critical, as well as spatiotemporally controlled 

photoactivation, to reduce collateral toxicity. Ideally, the highest-payload nanoparticle PS 

carrier would be constituted of the photodynamic agent itself. This simplified nanoparticle 

approach is also advantageous in that it circumvents issues related to complex nanosystems 

and thus simplicity has been correlated with impact.20 An elegant example of such high-

payload photonanomedicines includes metal–organic frameworks, which are ordered in a 

conformation that preserves the photochemistry of the photosensitizer.21 However, 

introducing functionality to photonanomedicines naturally increases the complexity of the 

nanosystem, and a balance between rigorous and reproducible fabrication, functionality, and 

simplicity becomes critical.22 Furthermore, the clinical relevance of multifunctional 

photonanomedicines is of paramount importance for expediting the translation of critically 

needed PDAC treatments. Visudyne is the first clinically approved lipid-based 

photonanomedicine formulation of benzoporphyrin derivative (BPD) that has already shown 

superior performance in PDAC patients.7 Given that 80% of pancreatic cancers are 
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unresectable,23 Visudyne-PDT has been shown to be particularly powerful in PDAC clinical 

trials, with one instance of converting an unresectable PDAC tumor into one that underwent 

R0 Whipple’s pancreaticoduodenectomy.7

The ultimate goal and challenge is to thus strike a balance between efficacy and toxicity. 

This study is a significant stride toward that goal by presenting photoimmunonanoconjugates 

(PINs) that can efficiently destroy desmoplastic PDAC tumors with the molecular precision 

of antibody therapeutics while also modulating the tumor stroma by reducing collagen 

density (Scheme 1). A number of agents that modulate the stroma in PDAC are currently 

being tested in clinical trials, such as the angiotensin inhibitor losartan, the micropinocytosis 

inhibitor hydroxychloroquinine, enzymes that digest hyaluronic acid and agonists of the 

retinoic acid receptor and the vitamin D receptor.5,24 In this paper, we present a single 

therapeutic NIR-activable nanoconjugate with collagen-modulating characteristics, high-

payload drug delivery, and molecular targeted tumor killing potential that promises to 

enhance the safety of curative clinical PDT procedures.

Particularly in the case of problematic diseases such as desmoplastic PDAC, the high-

throughput in vitro testing routines used to guide the development of these specify-tuned 

PINs must be able to recapitulate the physical and biochemical barriers presented by clinical 

manifestations of the disease. Not only must there be intelligence in the design of such 

complex nanomedicines but there must also be creativity in the design of disease-

recapitulating, high-throughput testing platforms to provide a meaningful framework for 

comprehensive evaluation. In this study, we develop heterotypic PDAC organoids and in 
vivo tumors using MIA PaCa-2 cancer cells and patient-derived PCAFs as an intelligent, 

disease-specific model to guide the engineering and evaluation of molecular targeted, NIR 

activable PINs.

Such complex molecular targeted, NIR-activable PINs require diligence in their fabrication 

and strategic modulation of their codependent constituents to simultaneously capture and 

retain the following salient features of optimal PINs: molecular specificity, high-payload 

delivery, and potent photochemical activity. Although previous attempts to provide 

molecular specificity for lipidic nanoconstructs carrying PSs have shown up to two-fold 

improvements in binding specificities and phototoxicity in cell cultures, many have failed, 

and little evidence of in vivo efficacy in solid tumors has been demonstrated to date.28–36 

This is a direct result of the complexity of preparing functionalized nanoconjugates that 

incorporate light-activable features. To encompass the intricacies of fabricating molecular 

targeted PINs that retain the motivating features described above, we adopt a rational 

multivariant engineering approach to engineer specificity-tuned, Cetuximab (Cet; anti-EGFR 

mAb) targeted nanolipid formulations of BPD. These PINs are inspired by the promising 

high-payload clinical formulation of BPD, Visudyne, and the molecular targeted clinical 

antibody Cet. With EGFR expression observed in up to 85% of patients with PDAC,37 and 

anti-EGFR antibodies currently being used for image-guided surgical resection of PDAC in 

the clinic,38 Cet becomes an ideal and opportune candidate for molecular targeted NIR 

photodynamic activation.
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The interdependent factors of the optimal Cet-PIN that we show to be critical, and have 

modulated for maximal specificity, include the lipidation and stable membrane-anchoring of 

BPD, tuning the surface electrostatics to minimize heterogeneity in cellular uptake, and 

controlling Cet surface orientations and densities using either site-specific Protein Z-

mediated, or stochastic copper-free click chemistry. We show in this study that the 

specificity-tuned Cet-PINs that are capable of destroying desmoplastic heterotypic PDAC 

organoids and xenografted tumors in vivo combine a lysophospholipidanchored variant of 

BPD, an anionic ζ-potential of ‒20.7 ± 1.6 mV, and a surface density of 517.5 ± 138.6 Cet 

per μm2 of stochastically oriented Cet. As compared to direct BPD-Cet 

photoimmunoconjugates (PICs) with a maximum payload of 10 BPD molecules per Cet,39 

the specificity-tuned Cet-PINs engineered in this study retained a striking 60% of the 

hydrophobic PS’s photodynamic activity and remained tumor-specific and colloidally stable 

at a high payload of ~600 BPD molecules per construct. Although recent elegant efforts to 

maximize the PS payloads of PICs have achieved up to 15 PS molecules per antibody,40 the 

Cet-PINs offer higher PS payloads and offer the potential of multiagent delivery. Our 

specificity-tuned Cet-PINs demonstrated the highest ever reported cancer cell binding 

specificities of all targeted photoactivable nanoconstructs, with up to 100-fold preferential 

binding, and up to 30-fold improvements in EGFR-specific photokilling of MIA PaCa-2 

cells in monolayer. More importantly, the specificity-tuned Cet-PIN demonstrated up to 

16.9-fold binding specificities in the heterotypic PDAC organoids containing PCAFs and 

rapidly permeated the organoids within 1 h of incubation. This translated to a remarkable 

~16-fold enhancement in molecular targeted photodynamic destruction that was agnostic to 

PCAF-induced treatment resistance in the heterotypic organoids.

Using non-invasive in vivo photoacoustic imaging, we further show that the perivascular 

tumor penetration of the optimized Cet-PINs ranged from 174–473 μm within heterotypic 

desmoplastic MIA PaCa-2 + PCAF tumors. In this first report of a specificity-tuned Cet-PIN 

for molecular targeted NIR photodynamic activation in desmoplastic heterotypic PDAC 

tumors, we show that treatment induces substantial tumor necrosis throughout the entirety of 

the tumor cross-section at an administered BPD equivalent dose that is 10-fold lower than 

the human equivalent dose required.7 Interestingly, molecular targeted NIR photodynamic 

activation also resulted in the photomodulation of tumor collagen, reducing the fractional 

collagen area by 1.5-fold.

The significance of this desmoplasia-modulating, molecular targeted NIR photodynamic 

activation approach lies in that it accelerates the conceptual shift in light-activation for drug 

delivery and therapeutic combinations. Recent work by our group9,11 and others41–43 

demonstrated that combination therapies using light-activated nanoconstructs synergistically 

enhance efficacy. These, along with ongoing clinical efforts to introduce molecular 

specificity to chemotherapy-encapsulating nanomedicines for PDAC and other cancers 

(MM-310, Ephrin A2 targeted liposomal docetaxel),44 accentuate the high translational 

potential of our Cet-PINs. As a proof of concept, we also show that encapsulation of the 

front-line PDAC chemotherapeutics gemcitabine hydrochloride, 5-fluorouracil, and 

oxaliplatin, within the Cet-PINs, yields chemo-per-Cet payloads that are not achievable with 

direct antibody conjugates. We show that the Cet-PIN-Gemcitabine (41 chemo per Cet 

payload), the Cet-PIN-5-fluorouracil (1200 chemo per Cet payload), and the Cet-PIN-
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Oxaliplatin (20 chemo per Cet payload) all improve treatment response in heterotypic MIA 

PaCa-2 + PCAF organoids following photodynamic activation. They do so by combining 

photodynamic therapy with chemotherapy in a single construct at payloads that are not 

achievable in direct antibody conjugates without impairing binding specificity. The release 

of the entrapped, water-soluble agents is also regulated by NIR photochemical activation of 

the BPD-PC, as the presence of sodium azide can inhibit the release of calcein disodium salt, 

a fluorescent surrogate for entrapped chemotherapeutics (Figure S5f).

We here present a uniquely powerful modality with spatiotemporally controlled light-

activable features, molecular specificity, and desmoplasia-modulating characteristics. Being 

a key critical barrier to drug delivery in PDAC, we envisage that the photomodulation of 

collagen by a single targeted nanoconjugate will also have a marked impact on subsequent 

Cet-PIN delivery for repeated cycles of NIR photodynamic activation.

With existing treatments currently falling short of providing effective control of PDAC 

progression, in addition to inducing significant dose-limiting comorbidities, there is a critical 

unmet need for a paradigm shift in therapeutic strategies. With the capacity to provide safer 

photodynamic illumination protocols and multiagent delivery, the integrated molecular 

targeted NIR photodynamic activation modality using specificity-tuned Cet-PINs that we 

present here is a significant stride forward in the pursuit for rationally designed treatments 

with improved patient outcomes.

Results and Discussion.

Although a few prior examples of targeted photoactivable lipid-based nanomedicines have 

shown some promise in vitro, most have often failed to demonstrate more than two-fold 

selectivity of binding and phototoxicity, if at all.28–36 In vivo, little evidence exists in the 

literature that solid tumors can be effectively destroyed using such molecular targeted lipid-

based constructs.36 These failures underscore a fundamental, multiparametric complexity in 

developing and optimizing targeted photoactivable lipid-based nanomedicines, which have 

been generally overlooked and unaddressed in the literature. These complexities are either 

PDT-related, nanoconstruct-related, or combinations of both. Using the following systematic 

specificity-tuning process to engineer optimal Cet-PINs, we identify and modulate key 

nanoconstruct parameters to deliver the highest degrees of molecular specificity, tumor 

tissue penetration, and targeted photokilling in monotypic and heterotypic PDAC organoids 

and in vivo xenograft tumors.

Chemical Modulation of Benzoporphyrin Derivate Membrane Stability by Lipidation.

In addition to the existing challenges facing the fabrication of ligand targeted 

nanoconstructs,45 the NIR light-activable component of PINs introduces significant 

variability in the physicochemical properties of the plethora of promising clinical PSs 

available and variability in the stability within their nanoconstruct carriers. Here, we show 

that PS-nanoconstruct stability is non-trivial, yet it is of paramount importance for their 

molecular targeting specificity.28–34 One example of this variability is reported in our 

previous study, which shows that non-covalent antibody-associated liposomal BPD 

constructs exhibit some degree of binding specificity but suffer from substantial PS leakage 
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as the extent of antibody adsorption increases.46 Similarly, another study found that 

transferrin targeted liposomal hypericin was ineffective in vivo due to substantial leakage of 

the PS.36 This relationship between PS hydrophobicity and liposomal association has also 

been a focal point of interest in the literature.47 As such, we have adopted a lipid anchoring 

strategy for BPD to modulate its membrane stability and promote nanoconstruct integrity.48 

In this study, we found that BPD hydrophobically entrapped in a liposomal membrane 

rapidly and non-specifically leeches into OVCAR-5 cells that were used as a model high-

EGFR expressing cell line, unlike a lipidated fluorophore (DSPE-Liss Rhod B) membrane 

anchored to the same construct (Figure S1a,b). Without the stable membrane insertion of 

BPD into the nanoconstruct, attempts at antibody targeted delivery of BPD become futile. 

Lipidic bilayered nanovesicles formed of lipidated porphyrins, first reported in 2002,49 have 

been previously prepared by the conjugation of porphyrins to phospholipid acyl chains,49 

glycerol moieties,48,50,51 phosphate head groups,52,53 and PEG chains.48,54 Recent studies 

by Zheng and Lovell have demonstrated the unique properties of lipidated porphyrin 

constituents of nanomedicines and nanotheranostics.43,50 We thus synthesized a panel of 

liposomal nanoformulations of BPD and its lipidated variants conjugated to 16:0 lyso PC, 

20:0 lyso PC, and cholesterol through Steglich esterification or to DSPE-PEG2000-NH2 by 

EDC-amide coupling.48 Cholesterol was selected as a classical membrane anchor,55 16:0 

lyso PC and 20 lyso PC were compared for their varying acyl chain length, and DSPE-

PEG2000-NH2 was selected for its double acyl chain membrane anchors. The chemical 

structures of BPD and its lipidated variants used in this study are shown in Figure 1a. 

Lipidation of BPD had no impact on its absorption properties, as determined by the lack of 

spectral shifts in the Soret or Q-band maxima of BPD (Figure S1c) or the Q-band full-width 

half maxima.48 Our prior work has shown that the photochemistry of BPD is also not 

impaired following conjugation to lipids, making them suitable alternative NIR-

photoactivable agents for the specificity-tuned constructs engineered here.48 Conjugation of 

BPD to cholesterol resulted in the loss of its membrane-inserting properties and was not 

used further. DSPE-PEG2000-BPD nanoconstructs were unstable, exhibiting a polydispersity 

index (P.D.I.) greater than 0.2, possibly due to the terminal extension of the hydrophobic 

BPD molecules into the external aqueous phase. However, the 16:0 BPD-PC and 20:0 BPD-

PC nanoconstructs remained colloidally stable with the BPD inserted into the hydrophobic 

bilayer (Figure S1d). When incubated with OVCAR-5 cells for 30 min, 16:0 and 20:0 BPD-

PC nanoconstructs demonstrated no PS leaching at up to 500 μM BPD equivalent and 

reduced non-specific uptake over 24 h (Figure 1b; Figure S1e). The 16:0 BPD-PC variant, 

referred to as BPD-PC from hereon, was selected for the remaining studies as its membrane 

stability was equal to that of the 20:0 PC variant and as its acyl chain length matched that of 

DPPC, the main phospholipid constituent used for the Cet-PINs. Nanoformulation of BPD-

PC preserved 60% of the fluorescence and photodynamic activity of the hydrophobic PS in 

PBS, which was 21% greater than that of the BPD nanoconstructs (Figure S1f). This 

favorable opto-chemical superiority of the high-payload BPD-PC nanoconstructs is 

attributed to the steric prevention of BPD aggregates in the bilayer when lipidated and 

further motivated its selection as the PS variant for the specificity-tuned Cet-PINs.
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Steric and Electrostatic Tuning To Regulate Specificity.

To conjugate Cet site-specifically or stochastically to the PINs using bioorthogonal and 

chemoorthogonal copper-free click chemistry, a strained dibenzocyclooctyl (DBCO) moiety 

was needed at the BPD-PC nanoconstruct surface. However, DBCO functional groups are 

hydrophobic and promote nanoconstruct aggregation. The stability of BPD-PC 

nanoconstructs doped with a total of 5 mol % DSPE-PEG2000 was increasingly 

compromised by incorporating small amounts of DSPE- PEG2000-DBCO. BPD-PC 

nanoconstructs doped with 2 mol % DSPE-PEG2000-DBCO and 3 mol % DSPE-mPEG2000 

were immediately unstable following extrusion (Figure S1h). Although the nanoconstructs 

with 1% DSPE-PEG2000-DBCO and 4% DSPE-mPEG2000 were stable following 

preparation, they precipitated overnight. Colloidal stability was only achieved at 0.5 mol % 

DSPE-PEG2000-DBCO doping when counter-stabilized with 4.5 mol % DSPE-mPEG2000 

(Figure S1h). Not only was the modulation of DSPE-PEG2000-DBCO doping critical for 

stability, electrostatic repulsion of nanoconstructs was also needed and was achieved by the 

incorporation of 7.9 mol % of either DOTAP (cationic lipid) or DOPG (anionic lipid) 

(Figure 1c,d).

Electrostatic charge is a prime example of a biochemical PIN variable that has not been 

investigated in the context of antibody targeting of nanoconstructs in general, let alone for 

NIR activable PINs. Electrostatics have long been assumed to play a binary role in 

nanoparticle delivery: cationic nanoparticles promote cell membrane association,56 while 

anionic nanoparticles exhibit more favorable pharmacokinetics in vivo.57 Here, we show that 

the tuning of electrostatic charge to an anionic ζ-potential plays a critical role in achieving 

consistent cellular interactions within a heterogeneous EGFR-expressing population. We 

found that the electrostatic charge of the constructs influenced the intercellular variability of 

uptake rates before targeting between A431, OVCAR-5, and T47D cells that have varying 

degrees of EGFR expression (Figure S1i). Variability in intercellular uptake (prior to Cet 

conjugation) is a critical barrier for consistent cellular binding and uptake after targeting. 

This has negative consequences when attempting to maintain a consistent degree of 

specificity in heterogeneous tumor populations. The mean pooled cellular uptake rates of 

cationic and anionic BPD-PC nanoconstructs before targeting were similar; however, we 

found that the intercellular variance was significantly lower with the anionic DOPG-doped 

nanoconstructs (two-tailed unpaired t test, F test P < 0.0001, Figure 1e). Considering that the 

degree of variability in uptake rates of the anionic BPD nanoconstructs (prior to Cet 

conjugation) between the different cell lines tested was lower than that of the cationic 

nanoconstructs, the anionic constructs were selected as the platform for antibody 

conjugation and further PIN tuning and evaluation.

Modulating Antibody Orientation and Density of Surface Grafting Using Copper-Free Click 
Chemistry.

Antibody targeting of nanoconstructs in general often suffers from complexities in 

conjugation that are centered around perturbative, inconsistent chemical coupling, and 

antibody disorientation.58 Recent work has demonstrated the critical need for fine-tuning 

antibody targeted nanotherapeutics, as the molecular specificity can be markedly impaired 

when an one-size-fits all approach to nanoengineering is adopted.45 To circumvent issues 
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pertaining to structurally perturbative anti-body conjugation techniques that are common to 

PINs, such as amine-sulfhydryl cross-linkers29,30,34 and thiol-maleimide chemistry,32,59,60 

we adopted chemoorthogonal and bioorthogonal copper-free click chemistry61–66 to couple 

Cet to BPD-PC nanoconstructs. Following promising findings of an Fc-specific photo-cross-

linked Protein Z (Pz) intermediary,67,68 we site-specifically conjugated Cet to BPD-PC 

nanoconstructs and compared their efficiencies with stochastically conjugated Cet constructs 

to determine the optimal antibody orientation for maximal PIN specificity.32,69–72

Cet was site-specifically modified with an azido-Protein Z intermediary, photo-cross-linked 

to the Fc fragment (Cet-Pz), or stochastically modified with a single azido-PEG moiety 

(validated by Cy5-DBCO labeling; Figure S2a–c). At all lipid/Cet mass ratios greater than 

1:0.05, site-specific conjugation of Cet-Pz was more efficient than stochastic conjugation of 

Cet, suggesting that the constant site-specific availability of the azido linker offers superior 

control over conjugation (Figure 1f).

As with other bioconjugate systems, the tendency for adsorption and non-covalent 

interactions compromises the integrity of the nanoconstructs in biological milieu and can 

impair molecular specificity. Thus, we validated the chemical conjugation of site-specific 

Cet-Pz and stochastic Cet to the nanoconstructs using two methods. The first was by 

preinactivating the nanoconstruct surface DBCO by incubation with 0.1 M sodium azide for 

24 h (Figure S2d). Both stochastic and site-specific conjugation of Cet to DBCO-inactivated 

PINs were significantly decreased (Figure S2e,f). Second, the degree of non-covalent Cet 

adsorption was also assessed by incubating site-specific Cet-Pz and stochastic Cet with 

nanoconstructs containing non-reactive DSPE-PEG-NH2 in place of the DBCO lipid. Cet 

adsorption was found to be negligible in both Cet preparations (Figure S2e,f).

Table S1 provides details of the full physical characterization of the site-specific Cet-Pz-

PINs and stochastic Cet-PINs prepared, where the polydispersity indices of the Cet-Pz-PINs 

are greater than those of the Cet-PINs, suggesting a greater disparity in size distribution. 

However, the anionic charge is maintained in all PINs prepared, which is crucial to minimize 

variations in nanoconstruct–cell interactions at the various antibody surface densities tested.

Tuned Cellular Binding Specificity and Targeted Phototoxicity in 2D Monolayer Cultures.

To tune the surface grafting of site-specific Cet-Pz (Figure 2a) and stochastic Cet (Figure 2b) 

to PINs, the binding specificity at different surface densities was measured in A431 ((2–4) × 

106 EGFR/cell),73 OVCAR-5 (4 × 105 EGFR/cell),74 T47D (7 × 103 EGFR/cell),75 and 

CHO-WT (EGFR null)76 cells using flow cytometry following a 30 min incubation period in 

serum-containing media at 37 °C. The most efficient Cet-Pz surface density was found to be 

1129.1 ± 66.6 Cet-Pz per μm2, which equates to ~100 Cet-Pz molecules per PIN. This site-

specific Cet-Pz-PIN exhibited 36.2-fold preferential binding to A431 cells over CHO-WT 

cells (Figures 2a and S3a). The most efficient stochastic Cet density was found to be only 

517.5 ± 138.6 Cet per μm2, which equates to ~30 Cet molecules per PIN. Surprisingly, the 

stochastic Cet-PIN was found to exhibit unprecedented preferential binding specificities to 

A431 cells (97.3-fold), OVCAR-5 cells (10.5- fold), and T47D cells (2.2-fold), as compared 

to CHO-WT cells (Figures 2b and S3a). The site-specific or stochastic nanoconjugate 

demonstrating the highest specificity, ~100 Cet-Pz per PIN (referred to as Cet-Pz-PIN from 
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hereon) or ~30 Cet per PIN (referred to as Cet-PIN from hereon), respectively, was used for 

the remainder of the studies. Although optimal specificity would ultimately confer the 

greatest degree of preference of PINs for high-EGFR-expressing cancer tissue over low-

EGFR-expressing healthy tissue, the specificity of PINs can also be represented as the 

binding efficiencies to EGFR-expressing cells, with respect to untargeted constructs. As 

such, we have also compared the binding specificity of the Cet-Pz-PINs and the Cet-PINs 

(with respect to untargeted constructs) in A431 cells, OVCAR-5 cells, T47D cells, and 

CHO-WT cells. The highest degree of specificity of 26-fold with respect to untargeted 

constructs was found to be for the A431 cells when using the Cet-PIN formulation. Overall, 

we found that the binding of the Cet-Pz-PINs and the Cet-PINs correlated positively with the 

EGFR expression levels in all the cell lines tested (Figure 2d; Pearson’s r = 0.9918 and P = 

0.0082 for the Cet-Pz-PINs; r = 0.9992 and P = 0.0008 for the Cet-PINs). However, upon 

quantifying the area-under-the-curve of the correlation, the Cet-PINs were found to be 2.72-

fold more efficient at EGFR binding than the Cet-Pz-PINs (1.50 × 1010 vs 4.74 × 109, 

respectively). Furthermore, we found that targeting using the stochastic Cet-PIN increased 

the rates of cancer-cell specific (OVCAR-5) internalization in a manner that was dependent 

on the stochastic Cet surface density (Figure S6e). In addition to providing the highest 

degree of molecular specificity, the ~30 Cet surface density per PIN provided the highest 

rate of cellular internalization, expediting the uptake of the therapeutic photosensitizing 

entities. This optimal stochastic Cet-PIN was therefore used for all further molecular 

targeted NIR photodynamic activation studies.

To further authenticate the binding specificity of the optimal specificity-tuned Cet-PIN, 

binding to OVCAR-5 cells was competitively inhibited by the presence of free Cet at a 100-

fold molar excess to the concentration of Cet conjugated to the PINs. Free 100× Cet resulted 

in greater than 80% inhibition in cellular binding, whereas the presence of 100× molar 

excess of free Trastuzumab or human IgG sham had no inhibitory effect, thereby further 

confirming the true molecular specificity of the optimal specificity-tuned Cet-PINs (Figure 

S3c).

It was interesting to find that at all Cet densities, cancer cell binding of the optimal 

stochastic Cet-PIN was superior to the site-specific Cet-Pz-PIN, suggesting that the 

stochastic Cet orientation at the PIN surface may offer the conformational freedom with the 

potential for optimal EGFR epitope binding. The elegant Pz approach was leveraged here to 

achieve a tightly regulated conjugation with high yields (Figure 1f).67 Despite its inferior 

conjugation efficiency, the stochastic conjugation, which is simpler and less expensive than 

the site-specific conjugation, was 2.72-fold more efficient. This further points to the 

complexity of conjugation of targeting moieties to nanoconstructs and the importance of the 

robust specificity tuning we perform here.

The efficacy of molecular targeted NIR photodynamic activation using the specificity-tuned 

Cet-PIN was then compared with an untargeted BPD-PC nanoconstruct in a panel of cell 

lines with varying degrees of EGFR expression using 690 nm NIR light irradiation at 

irradiance of 150 mW/cm2 and a fluence of 20 J/cm2. In the MIA PaCa-2 cells, targeting 

improved the efficacy of photodestruction by 32.7-fold, reducing the IC50 from 271.4 nM to 

9.3 nM (Figure 2e,f,g; Table S2). As an ultimate control, molecular targeted NIR 
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photodynamic activation was tested in CHO-WT (EGFR-null) and CHO-EGFR cells stably 

transfected with full-length EGFR.77 Cet-PINs did not reduce the IC50 of photodestruction 

in CHO-WT cells, as compared to untargeted constructs, whereas a remarkable 688.5-fold 

reduction in IC50 was observed with Cet-PINs in CHO-EGFR cells, reducing the IC50 from 

3717.7 nM to 5.4 nM (Figure 2e–h, Table S2). Similar EGFR- dependent trends of 

photodestruction were observed for A431, OVCAR-5, and T47D cells (Figure 2h; Figure 

S3; Table S2). Molecular targeted phototoxicity of the Cet-PINs was found to be 

significantly higher than that of Cet-Pz-PINs following NIR photodynamic activation, which 

is consistent with its superior binding efficiencies (Figure S 3d).

The findings of the 2D in vitro testing rigorously confirm that the specificity-tuned Cet-PINs 

mediate an EGFR-dependent, molecular targeted NIR photodynamic destruction of cancer 

cells. As is consistent with other antibody-targeted therapies, Cet-PINs and Cet-Pz-PINs 

were found to be internalized through the endolysosomal pathway and remained in 

lysosomes up to 24 h of incubation (Figure S4).29,78–81 It is worth noting that for all the PIN 

concentrations tested, no dark toxicity was observed (Figure S5), as is ideal for an NIR 

activable therapeutic nanosystem.

Heterotypic Binding Specificity and Penetration.

In light of the evident complexity of optimal PIN preparation, a critical need also exists for 

disease-recapitulating in vitro high-throughput screening platforms to rapidly validate their 

specificity and ability to penetrate desmoplastic PDAC tumor tissue. 3D organoid tumor 

models have been previously used to evaluate liposome82 and nanoparticle penetration,83,84 

PIC selectivity,85 and evaluation of PDT-based treatment regimens. 86–88

This is the first report of the binding specificity, penetration, and targeted phototoxicity of 

specificity-tuned Cet-PINs in both monotypic and heterotypic MIA PaCa-2 PDAC organoids 

cultured in the presence of PCAFs.89 The PCAFs are interspersed throughout the heterotypic 

organoids 48 h after seeding and represent 52.8% of the organoid cell population (Figure 3c; 

6.8% intensity thresholding and 3-infinity pixel inclusion). PCAFs are critical stromal 

partners that are responsible for desmoplasia, in addition to paracrine signaling that is 

involved in treatment resistance in PDAC. The desmoplastic reaction results in stromal 

matrix deposition that constitutes up to 90% of the total PDAC tumor volumes.3,4 

Desmoplasia, as discussed earlier, is a critical barrier that often prevents the penetration of 

therapeutics through PDAC tumor tissue. Given that PCAFs are supportive of PDAC 

progression and treatment resistance, it is also important that the PCAF component of 

tumors is also simultaneously destroyed following molecular targeted NIR photodynamic 

activation. However, depletion of the stroma alone must be avoided, as it can promote tumor 

metastasis. Recent work has shown that cancer-associated fibroblasts significantly 

overexpress and upregulate EGFR upon activation by vicinal cancer cells, as compared to 

normal fibroblasts residing in healthy tissue.90,91 This makes the PCAFs viable targets for 

the Cet-PINs in addition to the EGFR-overexpressing PDAC cells. Considering that MIA-

PaCa-2 cells express 1.7 × 105 EGFR/cell,92 we calculated the approximate EGFR 

expression of PCAF cells to be 3.5 × 104 EGFR/cell based on the relative receptor 

expression levels of the two cell lines (Figure S6a). This is consistent with the relative Cet-
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PIN binding efficiencies to the two cell lines (Figure S6b–d). Importantly, no statistically 

significant difference was observed between the Cet-PIN binding patterns and the respective 

EGFR expression patterns in the two cell lines (Figure S6d; one-way ANOVA with Tukey 

post-test), further validating the molecular specificity of the Cet-PINs.

Using two-photon microscopy, we assessed the penetration of the specificity-tuned Cet-PINs 

through monotypic and heterotypic MIA PaCa-2 organoids that include PCAFs, which are 

usually responsible for desmoplasia-limited drug penetration in PDAC. Cet-PINs tagged 

with Alexa Fluor 680 were incubated with the monotypic and heterotypic organoids for 1, 6, 

and 24 h. Representative images of the heterotypic heterotypic MIA PaCa-2 + PCAF 

organoids reveal that the Cet-PINs tagged with Alexa Fluor 680 exhibit a considerably 

higher binding affinity for the organoids at all time points than the untargeted constructs 

(Figure 3a). Image analysis of the optical z-stacks using a brightfield mask revealed that the 

highest specificity of 12.5-fold and 16.9-fold was observed for the monotypic MIA PaCa-2 

and heterotypic MIA PaCa-2 + PCAF organoids at 6 h of incubation, resepectively (Figure 

3b). At 50% optical sections through the organoid z-planes, we show that the Cet-PINs 

efficiently penetrated the organoids even at only 1 h of incubation. We then quantified the 

binding specificity of the Cet-PINs to the monotypic MIA PaCa-2 and heterotypic MIA 

PaCa-2 + PCAF organoids at 1 h, 6 h, and 24 h of incubation, with respect to untargeted 

construct controls. The three-dimensional distribution of Alexa Fluor 680 tagged Cet-PINs 

within the organoids was imaged using two photon microscopy, and 3D reconstructions of 

the Cet-PIN-bound organoids were generated (Figure 3d).

Molecular Targeted NIR Photodynamic Activation in Monotypic and Heterotypic PDAC 
Organoids.

After 48 h of seeding, targeted NIR photodynamic activation experiments were performed 

using a 6 h incubation time, which was determined to result in maximal binding specificity 

and efficient Cet-PIN penetration in the monotypic and heterotypic PDAC organoids (Figure 

4a). Considering that one of the motivating factors for developing such complex molecular 

targeted PINs for desmoplastic PDAC is to increase the payload of PS delivery in PDAC 

tissue, we compared the efficacy of high-payload delivery of the specificity-tuned Cet-PINs 

with lower-payload direct Cet-BPD photoimmunoconjugates (PICs)39 and treated the 

organoids with them at equivalent Cet concentrations. The specificity-tuned Cet-PINs, 

untargeted constructs, and PICs were incubated for 6 h with increasing concentrations of 

BPD equivalent that were normalized to the concentration of Cet equivalent. The monotypic 

and heterotypic PDAC organoids were then irradiated with 40 J/cm2 of 690 nm light at 150 

mW/ cm2. Seventy-two hours following treatment, the LIVE/DEAD viability assay was 

performed on the organoids. The Comprehensive Image Analysis Procedure for Structurally 

complex Organotypic cultures (CALYPSO)86 was used to generate viability heatmap images 

(Figure 4b; Figure S6g) and to quantify the fractional viability (Figure 4c) of the PDAC 

organoids. The IC20 of NIR photodestruction using the Cet-PINs in the heterotypic MIA 

PaCa-2 + PCAF organoids was 105.4 nM BPD equivalent, which was almost identical to 

that of monotypic MIA PaCa-2 organoids (103.4 nM BPD equivalent). Furthermore, we 

found that the Cet-PINs improved the NIR photodestruction efficacy by reducing IC20 

values 16.8-fold in the monotypic MIA PaCa-2 organoids and 16.3-fold in the heterotypic 
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MIA PaCa-2 + PCAF organoids, as compared to the untargeted construct (Figure 4c). The 

importance of these results lies in the fact that the specificity-tuned Cet-PINs were capable 

of circumventing any treatment resistance that is typically conferred by the presence of 

cancer-associated fibroblasts. It must be noted, ss however, that at the highest concentration 

of 2000 nM BPD equivalent, the mean heterotypic organoid viability was found to be 

15.19% greater than the mean monotypic organoid viability. This is consistent with the 

residual viable cells that are observed following treatment with the highest concentration of 

2000 nM BPD equivalent of Cet-PINs, which are not observed to the same extent in the 

monotypic organoids. Resistance to NIR photodynamic activation is a complex and 

multifaceted phenomenon. Factors that influence resistance in heterotypic three-dimensional 

organoids include microscale differences in light distribution and oxygen saturation, 

mechanistic cellular resistance to NIR photodynamic activation, PCAF activation status 

following treatment, and dynamic changes to EGFR expression in response to therapy. 

Understanding the mechanisms for the marginal residual disease following treatment in the 

heterotypic organoids is critical for designing appropriate dose-parameters for photodynamic 

activation and serve as the focus of future studies.

Importantly, we found that the PIC exerted no phototoxic effects on the monotypic and 

heterotypic PDAC organoids at the Cet concentration equivalents used in this study, and as 

such, no IC20 values were derived. The PIC represents the current state of the art for 

molecular targeted photodynamic activation in the clinic,93 and due to its limited payload 

efficiency, the treatment will remain mostly as a monotherapy. To exemplify the 

multifunctionality of our Cet-PIN platforms, the PDAC front line chemotherapeutics 

oxaliplatin, gemcitabine hydrochloride, and 5-fluorouracil were entrapped within the 

specificity tuned Cet-PINs (Cet-PIN-OxPt, Cet-PIN-Gem, and Cet-PIN-5-FU, respectively). 

The chemotherapy loaded Cet-PINs all provide Cet payloads that are not achievable with 

direct antibody conjugates, especially with regard to PICs that are already modified with up 

to eight PS molecules (Cet-PIN-OxPt, 20 molecules per Cet payload; Cet-PIN-Gem, 41 

molecules per Cet payload; Cet-PIN-5-FU, 1200 molecules per Cet payload). Following 

incubation and NIR photodynamic activation within the heterotypic PDAC organoids, the 

Cet-PIN-OxPt, Cet-PIN-Gem, and Cet-PIN-5-FU all significantly increased the antitumor 

efficacy of the treatment, with respect to the chemotherapy-free Cet-PINs at both 1 μM and 2 

μM BPD-PC equivalent of nanoconstructs (Figure 4d).

Our findings underscore the value of using such high-payload PINs with the amenability for 

multimodal therapy, given that their biochemical tuning is diligent and rigorous to confer 

both sufficient tumor organoid tissue penetration and optimal binding specificity.

In Vivo Molecular Targeted NIR Photodynamic Activation of Desmoplastic Heterotypic 
PDAC Tumors.

As the ultimate utility of our tuned Cet-PINs is for in vivo NIR photodynamic activation 

regimens, we performed acute in vivo evaluation of the perivascular penetration and 

molecular targeted NIR photodestruction of desmoplastic PDAC using the specificity-tuned 

Cet-PINs, as outlined in Figure 5a. In a subcutaneous heterotypic murine xenograft model of 

pancreatic cancer consisting of MIA PaCa-2 and PCAF cells, we first quantified the degree 
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of Cet-PIN tumor penetration using photoacoustic imaging. The tumors were imaged prior 

to the administration of the Cet-PIN labeled with IRDye800CW (Cet-PIN-IRDye800) to 

generate 2D and 3D baseline mapping of tumor blood vessels and imaged again 12 h after 

intravenous administration of the Cet-PIN-IRDye800 to generate 2D and 3D mapping of the 

tumoral distribution of the construct (Figure 5b). The validity of the photoacoustic signals 

arising from the Cet-PIN-IRDye800 was confirmed by quantitation of the photoacoustic 

tumor images before and after administration (Figure 5c). Using 15 randomly selected 

vessels from 2D cross-sectional images from three different mice, the perivascular distance 

of Cet-PIN penetration was quantified and found to range from 174–473 μm(Figure 5d).

To evaluate the efficacy of the specificity-tuned Cet-PINs in desmoplastic PDAC tumors in 
vivo, we administered 0.5 mg/kg BPD equivalent of the constructs into mice bearing MIA 

PaCa-2 + PCAF xenograft tumors. Notably, this administered dose is ~10-fold lower than 

the Visudyne dose administered to patients undergoing PDT for PDAC, underscoring the 

efficiency of molecular targeted PS delivery with our specificity-tuned Cet-PIN formulation.
7 This further highlights the power of intelligently engineering high-payload 

photonanomedicine systems to reduce the adverse effects associated with high PS 

administrations. NIR photodynamic activation was performed 12 h following intravenous 

administration of the Cet-PINs. Seventy-two hours following in vivo molecular targeted NIR 

photodynamic activation, the heterotypic PDAC tumors were harvested, sectioned, and 

stained using hematoxylin and eosin (HE) to evaluate tissue necrosis and Masson’s 

Trichrome stain to evaluate the collagen content in the tumors with and without therapy. It 

was found that only molecular targeted NIR photodynamic activation induced substantial 

necrosis throughout the entire cross-section of the tumors, as treatment using the untargeted 

constructs failed to induce significant tumor necrosis (Figure 5e). This was also quantified 

using image analysis, showing a statistically significant ~3-fold increase in fractional 

necrotic area 72 h following molecular targeted NIR photodynamic activation, with a 

neglible and non-statistically significant increase in necrosis following treatment using the 

untargeted constructs (Figure 5f).

Of considerable significance, we show that molecular targeted NIR photodynamic activation 

using the specificity-tuned Cet-PINs directly reduced the density of tumor collagen by 1.5-

fold (Figure 5g,h; blue). The photomodulation of tumor collagen, which is produced by the 

activated PCAF cells within the tumor, is of paramount importance, as it demonstrates the 

potential for using our optimized Cet-PIN and NIR photodynamic activation to improve the 

tumor delivery and permeability of Cet-PINs during repeated treatment cycles that are 

known to be significantly limited by desmoplastic tumor stroma.

Molecular targeting of nanomedicines has also been reported to increase the antitumor 

efficacy of anticancer treatments, and thus, we have shown this to be the case for the Cet-

PINs here. However, the ultimate goal of molecular targeting of such high-payload systems 

such as the Cet-PINs we present here is to allow for expansive and unrestricted illumination 

protocols during photodynamic treatment of in vivo pancreatic tumors. This is achieved by 

restricting phototoxicity to the receptor-overexpressing tumor tissue, thereby maximizing the 

safety of the illumination protocol. With regards to the molecular specificity of photodamage 

induced by NIR photodynamic activation of the Cet-PINs, we show that treatment of low 
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EGFR-expressing T47D tumors using Cet-PINs did not significantly increase tumor necrosis 

(Figure S6d). In addition, there was no significant difference in fractional tumor necrosis 

between treatment using the Cet-PINs and the untargeted constructs. As improving the 

safety of photodynamic therapy protocols using molecular targeting is the priority, we 

evaluated the health of the mice following NIR photodynamic activation with either the Cet-

PINs or untargeted constructs.

Within 72 h following NIR photodynamic activation in mice administered with untargeted 

constructs, all mice had developed severe cachexia and moribundity (Figure S7a), whereas 

all mice treated with Cet-PINs remained healthy following NIR photodynamic activation 

(Figure 5i). Mice treated with untargeted constructs also exhibited significant acute weight 

loss from as early as 48 h following NIR photodynamic activation, whereas mice treated 

with Cet-PINs experienced no change in body mass following NIR photodynamic activation 

(Figure S7b). The most common cause of toxicity in patients undergoing PDT within the 

vicinity of the peritoneum is bowel perforation.94 As is consistent with the clinical 

observations, we found that the mice with cachexia following treatment with untargeted 

constructs had visible signs of bowel photodamage and ulceration, in addition to bowel 

perforation that is visible in histological tissue sections (Figure S7c). Unlike treatment with 

the Cet-PINs, in the mice treated with untargeted constructs, there was substantial blistering 

in the skin covering the irradiated tumor, which was corroborated by necrosis in the 

epidermis that was visualized using HE staining (Figure S8). Furthermore, the muscle tissue 

surrounding the tumor that was also exposed to the NIR irradiation following administration 

of untargeted constructs exhibited visible signs of bruising, with one instance of a mouse 

losing function of the respective limb. HE staining of sections of vicinal muscle surrounding 

the irradiated tumors also showed significant necrosis and tissue damage following treatment 

using untargeted constructs. Liver segments beneath the irradiated tumors, however, 

appeared mostly unaffected. Unlike treatment using the untargeted constructs in this study in 

addition to untargeted BPD nanoformulations previously reported,95 only very mild 

erythema in the skin directly illuminated with NIR light was observed, which was resolved 

within 3 days. As such, our study concludes that molecular targeting using the specificity 

tuned Cet-PINs preserved the health of the mice, protected them from any signs of toxicity, 

morbidity, or moribundity, and spared all off-target tissue from non-specific phototoxicity, 

all while concomitantly improving anti-tumor efficacy.

Conclusions.

The dismal nature of PDAC therapy is attributed to a number of limiting factors including 

drug delivery and microenvironmental effects. While there is no shortage of highly potent, 

and likewise toxic, therapeutic agents to treat PDAC, systemic and dose-limiting toxicities in 

up to 40% of patients frequently result in termination of treatment.96 As such, there is a 

critical need for a distinct treatment modality that addresses these limitations, in addition to 

providing direct, controlled damage to the tumor. PDT is an example of such a distinctive 

modality, whereby photodynamic activation results in photodynamic priming of the tumor, 

improving delivery and sensitizing the tumor to subsequent combination therapies.
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Our study presents a unique demonstration of how a single, specificity-tuned 

photoimmunonanoconjugate (PIN) offers a distinct NIR-activable therapeutic regimen for 

desmoplastic PDAC with unprecedented molecular specificities of binding and targeted 

phototoxicities. Using a single clinically inspired nanoconjugate rigorously tuned for 

optimal specificity, we present the simultaneous EGFR molecular targeted photodynamic 

tumor destruction and photomodulation of tumor collagen. Considering that there is no 

shortage of toxic PDAC agents, the power of the PIN approach does not lie solely in its 

capacity to destroy tumor tissue. Improving the efficacy of targeted photosensitizer 

conjugates, such as low-payload photoimmunoconjugates (PICs), can be achieved by 

tethering to charged polymers and polymeric nanoparticles.97–100 However, the value of the 

PIN approach we present here lies in its capacity to integrate the following important facets 

in a single construct and a single treatment application: high-payload photosensitizer 

delivery, multiagent entrapment for multimodal therapy, molecular specificity, 

spatiotemporal control over photoinduced tumor necrosis, and photomodulatory effects of 

the desmoplastic tumor stroma. Furthermore, it is evident that NIR photodynamic activation 

of the specificity-tuned PINs in vivo results in previously unreported photomodulatory 

effects in desmoplastic PDAC tumors, which has implications in alleviating stroma-induced 

treatment resistance.

Given that PDAC is particularly challenging to treat due to the dense stromal deposition 

arising from activated PCAFs, the high throughput in vitro screening models used must be 

appropriate to recapitulate elements of these stromal barriers. Motivated by this necessity, 

we developed heterotypic PDAC organoids that contain MIA PaCa-2 cancer cells and 

patient-derived PCAF cells in this study. Using this platform, we evaluated our high payload 

BPD-entrapping, specificity-tuned Cet-PINs. We show that the Cet-PINs rapidly penetrate 

the heterotypic PDAC organoids in under 1 h, exhibit binding specificities of up to ~16.9-

fold, and improve molecular targeted NIR photodynamic killing efficacy by up to ~16-fold. 

Cet-PINs, encapsulated with the front-line PDAC chemotherapeutics oxaliplatin, 

gemcitabine hydrochloride, and 5-fluorouracil, further improved the antitumor efficacy in 

the heterotypic PDAC organoids, demonstrating a clear technical advance as compared to 

PICs.

For the first time, we here show that specificity-tuned Cet-PINs provide molecular targeted 

NIR photodynamic activation with excellent efficiencies of photodestruction in desmoplastic 

heterotypic PDAC tumors in vivo using a photosensitizer dose-equivalent that is 10-fold 

lower than the human equivalent dose needed for inducing effective PDAC necrosis in the 

clinic. At Cet-PIN doses and NIR light doses capable of inducing substantial PDAC tumor 

necrosis, vicinal healthy muscle tissue and skin covering the tumor that was exposed to the 

NIR beam were entirely unaffected. Conversely, equivalent doses of untargeted construct 

and NIR photodynamic activation were not capable of inducing similar tumor photodamage 

but did induce severe necrosis of the overlying skin, proximal muscle, and underlying bowel 

tissue that became perforated. Unlike the Cet-PINs, the untargeted constructs induced 

extreme weight loss, moribundity and cachexia in all treated mice. The findings were present 

here are the first to emphasize the criticality of imparting molecular specificity for light-

activable nanomedicines. This ultimately allows for increased tolerability to photodynamic 

activation, allowing the field to move forward from the current accomplishment of 
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controlled zones of tumor necrosis in patients, toward expansive curative illumination 

protocols that also spare healthy pancreatic tissue and vasculature. Furthermore, molecular 

targeted NIR photodynamic activation resulted in photomodulation of the desmoplastic 

tumor stroma, significantly reducing tumor collagen by 1.5-fold. The benefits of the 

treatment regimen provided by a single nanoconstruct with a single NIRphotodynamic 

activation process have significant implications in targeted drug delivery, whereby 

photomodulation of collagen can improve PDAC response to subsequent rounds of 

treatment. By modulating the tumor biology to provide favorable microenvironments, 

photodynamic priming using specificity-tuned PINs paves the way for critically needed 

multimodal therapies in the pursuit of paradigm-shifting PDAC treatment regimens. The 

findings we present here warrant critical further investigation into the molecular basis for the 

photomodulation of desmoplastic collagen within the heterotypic PDAC tumors provided by 

NIR photodynamic activation of the specificity-tuned Cet-PIN. Future avenues of 

investigation include elucidating the effect of NIR photodynamic activation on the 

photooxidation of collagen, collagen order and tortuosity, desmoplastic tumor elasticity, 

autocrine and paracrine signaling pathways in PDAC and PCAF cells, and the PCAF 

activation status following treatment.

PDACs are also characterized by high rates of KRAS mutations (70–90%), rendering them 

resistant to Cet (Erbitux) therapy for EGFR blockade,101 irrespective of the high rates of 

EGFR expression in patients with PDAC (85%).37 This has led to the failure of Cet (Erbitux) 

as part of a combination treatment for PDAC. As such, Cet is currently used for clinical 

tumor imaging only.38 Our prior work has shown that photodynamic priming of KRAS 

mutant ovarian cancers resensitizes the tumor cells to EGFR blockade using Cet, making the 

synergistic outcome superior to single treatments, which are both minimal and modest.102 

With the capacity to also prime KRAS mutant PDAC cells for EGFR blockade using Cet, 

photodynamic priming by the NIR photoactivation of the specificity-tuned Cet-PIN is also 

expected to exert molecular synergy in the most resistant of PDAC subtypes, further 

enhancing outcomes.

This study forms the basis of integrating multimodal mechanistically inspired combination 

therapies within the Cet-PIN framework to reduce the toxicities associated with current 

PDAC treatments and high PS doses, to enhance their delivery to desmoplastic tumors, and 

to promote synergistic, spatiotemporally controlled therapies. These strategies that are 

designed to simultaneously mitigate multiple hurdles to effective PDAC management 

promise to push current clinical PDT regimens toward more complete, curative NIR-

activated photodynamic treatment protocols while sparing healthy vicinal tissue and organ 

function to extend patient survival and maximize patient quality of life.
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ABBREVIATIONS

PINs photoimmunonanoconjugates

BPD benzoporphyrin derivative

BPD-PC 16:0 lysophosphocholine BPD conjugate

TLC thin layer chromatography

NIR near-infrared

Cet cetuximab

PCAF pancreatic cancer-associated fibroblasts

Pz protein Z
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Figure 1. 
Varying lipid anchors for BPD stabilization: (a) chemical structures of BPD and its lipidated 

variants conjugated to cholesterol, 20:0 lyso PC, 16:0 lyso PC, and DSPE-PEG2000-NH2 as 

anchors to promote membrane stability and eventually specificity when targeted with Cet. 

(b) Flow cytometry analysis reveals that the nanoconstructs formulated with 16:0 and 20:0 

BPD-PC variants prevent non-specific PS leeching into OVCAR-5 cells, as compared to 

non-lipidated BPD nanoconstructs. Tuning nanoconstruct ζ-potential: (c) BPD-PC 

nanoconstructs doped with 0.5 mol % DSPE- PEG2000-DBCO for copper-free click 

conjugation to Cet aggregate in the absence of cationic DOTAP or anionic DOPG lipid 

dopants. (d) ζ-Potential of DOTAP and DOPG-containing BPD-PC nanoconstructs. (e) Min-

max box plots of pooled BPD-PC nanoconstruct uptake rates in cancer cells expressing 

varying degrees of EGFR reveal that the anionic nanoconstructs have a favorable, lower 

variance in uptake rates before Cet conjugation (two-tailed t test, F test of variance). Tuning 

surface Cet grafting: (f) Degree of conjugation of site-specific Cet-Pz is more efficient than 

the conjugation of stochastic Cet at all the lipid:Cet mass ratios tested (mean ± S.E., one-

way ANOVA with a Tukey post-test; n = 3 for b, c, d, and f; n = 6 for each cell line x rates 

from three cell lines pooled for each construct).
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Figure 2. 
Binding of PINs conjugated to various densities of (a) site-specific Cet-Pz and (b) stochastic 

Cet to A431 (2–4 × 106 EGFR/cell), OVCAR-5(4 × 105 EGFR/cell), T47D (7 × 103 EGFR/

cell), and CHO-WT (0 EGFR/cell) cell lines. (c) Binding specificity of the most efficient 

site-specific 100 Cet-Pz PINs and the stochastic 30 Cet-PINs is also presented with respect 

to the untargeted nanoconstructs (0 Cet per PIN molecule) for each cell line. (d) Pearson’s r 

correlation between Cet-Pz-PIN and Cet-PIN binding, and cellular expression levels of 

EGFR revealed that the binding of both constructs positively correlates with EGFR 

Obaid et al. Page 24

Nano Lett. Author manuscript; available in PMC 2020 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression, but the Cet-PIN binding is more efficient (mean ± S.E., two-tailed t test). 

Representative phototoxicity dose-response curves of the untargeted construct and the 

specificity-tuned Cet-PIN in (e) MIA PaCa-2, (f) healthy CHO-WT, and (g) healthy CHO-

EGFR cells demonstrate the EGFR-dependence of phototoxicity. (h) Molecular targeted 

phototoxicity was evaluated in a panel of cell lines expressing varying degrees of EGFR, and 

the differences in IC50 values between NIR photodestruction using untargeted constructs and 

the optimal specificity-tuned Cet-PINs are presented. The NIR photodynamic activation 

regimen used was 690 nm light irradiation with 20 J/cm2 at 150 mW/cm2 (mean ± S.E.; n = 

3 for a–d and n = 8 for e–h; one-way ANOVA with a Tukey post-test; *** = P ≤ 0.001; ** = 

P ≤ 0.01; * = P ≤ 0.05).
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Figure 3. 
(a) Representative white light and sum-of all-slices two photon fluorescent image 

composites of heterotypic PDAC organoids at 1 h, 6 h, and 24 h incubation with untargeted 

constructs or Cet-PINs both labeled with Alexa Fluor 680. The organoids with the highest 

signals for each time point were used to establish the image acquisition parameters. (b) 

Organoid images were used to quantify the Cet-PIN binding specificity toward the 

monotypic and heterotypic PDAC organoids at 1 h, 6 h, and 24 h incubation, with respect to 

the untargeted construct. The highest specificity of Cet-PINs in both types of organoids was 
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found to be at 6 h of incubation. (c) Characterization of spatial distribution of MIA PaCa-2 

cells (blue, DiD labeled) in monotypic and heterotypic PDAC organoids containing PCAFs 

(orange; DiO labeled). (d) Two-photon images of Cet-PIN distribution throughout the 

monotypic and heterotypic PDAC organoids at 1 h, 6 h, and 24 h incubation. 3D renders of 

the PINs bound to the organoids are in orange and penetration in 2D cross-sections through 

50% of the organoid’s z-plane are shown in cyan, revealing efficient penetration through the 

organoids as early as 1 h incubation (scale bars in all images are 200 μm, specific 200 μm 

dimensions in (d) are highlighted, mean ± S.E., one-way ANOVA with a Tukey post-test; 

∗∗∗ = P ≤ 0.001; ∗∗ = P ≤ 0.01; significance with regards to respective organoids at all time 

points; n = 3 organoids per condition).
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Figure 4. 
(a) Schematic representation of the culturing procedures and treatment regimen of 

monotypic and heterotypic PDAC organoids followed by imaging-based CALYPSO analysis 

of treatment response. (b) Viability heatmap images of heterotypic PDAC organoids 

following molecular targeted NIR photodynamic activation with increasing concentrations 

of PIC, untargeted construct, and the specificity-tuned Cet-PIN. (c) CALYPSO image 

analysis framework was used for the quantitation of monotypic and heterotypic PDAC 

organoid fractional viability following molecular targeted NIR photodynamic activation, 

comparing both monotypic and heterotypic PDAC organoids treated using the PIC, an 

untargeted construct and the specificity-tuned Cet-PIN. (d) Heterotypic PDAC organoids 

treated using Cet-PINs, Cet-PIN-OxPt, Cet-PIN-Gem, and Cet-PIN-5-FU with NIR 

photodynamic activation. The NIR photodynamic activation regimen used was 690 nm light 

irradiation with 40 J/cm2 at 150 mW/cm2 (scale bars are 1 mm, box plots with min–max 

data presentation, one-way ANOVA with a Tukey post-test for PIC and Cet-PIN, * = P ≤ 

0.05, *** = P ≤ 0.001, **** = P ≤ 0.0001; mean ± S.E.M., n = 4–8 organoids per condition).
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Figure 5. 
(a) Schematic representation of the time-scale of in vivo heterotypic tumor implantation, 

Cet-PIN administration, photoacoustic imaging, or molecular targeted NIR photodynamic 

activation and histological analyses of tumor responses to therapy. (b) Two-dimensional 

cross-sections and three-dimensional renders of heterotypic MIA PaCa-2 + PCAF tumors in 
vivo before and after intravenous administration of the Cet-PIN tagged with the 

photoacoustic contrast agent IRDye800CW (Cet-PIN-IRDye800). (c) Quantitation of 

photoacoustic signals before and after intravenous administration of the Cet-PIN-IRDye800 
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validates that the detected photoacoustic signal is arising from the administered construct. 

(d) Quantitation of perivascular tumor penetration of the Cet-PIN-IRDye800 shows that the 

constructs exhibit efficient tumor penetration in vivo. (e) HE stains of untreated tumors and 

tumors treated with NIRphotodynamic activation of the Cet-PIN or the untargeted 

constructs. Significant necrosis throughout the tumor cross-section is only observed in the 

tumors treated with the Cet-PIN at72h following therapy. (f) Quantitation of HE images in 

(e) reveals a significant increase in necrotic area following NIR photodynamic activation 

using the Cet-PIN, which is not the case following NIR photodynamic activation of tumors 

in mice treated with the untargeted construct. (g) Masson’s trichrome stains of tumor 

sections with and without NIR photodynamic activation using the Cet-PIN reveal a 

significant reduction in collagen content (blue), following therapy. This is quantified in (h). 

(i) Incidence of acute mouse cachexia during the 72 h following treatment. Cachexia was 

observed in 100% of mice 72 h following NIRphotodynamic activation of untargeted 

constructs, whereas untreated mice and mice treated with NIR photodynamic activation of 

Cet-PINs remained healthy (means ± S.E., two-tailed t test, ** = P ≤ 0.01; n = 3 mice × 3 z-

planes for b and c; n = 6 mice × 6 slices per tumor for e and f, n = 3 mice (9 total untreated 

tumor slices) in g and h; n =4 mice (8 total PDT-treated tumor slices) in g and h.; Logrank 

test, *= P ≤ 0.05, n = 6–9 in d).
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Scheme 1. 
Molecular Targeted NIR Photodynamic Activation in Heterotypic Desmoplastic PDAC using 

Specificity-Tuned Photoimmunonanoconjugatesa,b

a(a) Conceptual representation of EGFR-specific, molecular targeted NIR photodynamic 

activation in heterotypic desmoplastic PDAC that results in nanoconjugate disintegration, 

targeted necrosis of desmoplastic tumor tissue, and photomodulation of collagen; (b) 

Effective targeted photodestruction of desmoplastic PDAC tissue is achieved by high-

payload, cetuximab directed photoimmunonanoconjugates (PINs), which have been tuned to 

achieve the highest degree of molecular specificity. b Three-dimensional (3D) 

representations of Cetuximab (IgG2a, Protein Data Bank (PDB) ID: 1IGT)25 and Protein Z 

(Z domain, Protein A from Staph. Aureus, PDB ID: 2SPZ)26 were projected using Jmol: an 

open-source Java viewer for chemical structures in 3D.27
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