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A B S T R A C T   

This first-in-its-class proof-of-concept study explored the use of bionanovesicles for the delivery of photosensi-
tizer into cultured cholangiocarcinoma cells and subsequent treatment by photodynamic therapy (PDT). Two 
types of bionanovesicles were prepared: cellular vesicles (CVs) were fabricated by sonication-mediated nano-
sizing of cholangiocarcinoma (TFK-1) cells, whereas cell membrane vesicles (CMVs) were produced by TFK-1 cell 
and organelle membrane isolation and subsequent nanovesicularization by sonication. The bionanovesicles were 
loaded with zinc phthalocyanine (ZnPC). The CVs and CMVs were characterized (size, polydispersity index, zeta 
potential, stability, ZnPC encapsulation efficiency, spectral properties) and assayed for tumor (TFK-1) cell as-
sociation and uptake (flow cytometry, confocal microscopy), intracellular ZnPC distribution (confocal micro-
scopy), dark toxicity (MTS assay), and PDT efficacy (MTS assay). The mean ± SD diameter, polydispersity index, 
and zeta potential were 134 ± 1 nm, − 16.1 ± 0.9, and 0.220 ± 0.013, respectively, for CVs and 172 ± 3 nm, 
− 16.4 ± 1.1, and 0.167 ± 0.022, respectively, for CMVs. Cold storage for 1 wk and incorporation of ZnPC 
increased bionanovesicular diameter slightly but size remained within the recommended range for in vivo 
application (136–220 nm). ZnPC was incorporated into CVs and CMVs at an optimal photosensitizer:lipid molar 
ratio of 0.006 and 0.01, respectively. Both bionanovesicles were avidly taken up by TFK-1 cells, resulting in 
homogenous intracellular ZnPC dispersion. Photosensitization of TFK-1 cells did not cause dark toxicity, while 
illumination at 671 nm (35.3 J/cm2) produced LC50 values of 1.11 μM (CVs) and 0.51 μM (CMVs) at 24 h post- 
PDT, which is superior to most LC50 values generated in tumor cells photosensitized with liposomal ZnPC. In 
conclusion, CVs and CMVs constitute a potent photosensitizer platform with no inherent cytotoxicity and high 
PDT efficacy in vitro.   
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1. Introduction 

Conventional treatment modalities for cancer include chemo-
therapy, radiotherapy, and surgery and their implementation depends 
on the primary origin, stage, and metastasis state of the tumor. The 
treatments are associated with various complications, including 
morbidity, adverse systemic effects, toxicity, and multidrug resistance. 
Alternative and experimental approaches such as cell therapy, gene 
therapy, immunotherapy, and targeted therapy have yielded promising 
results [1–5] but also come with drawbacks that include high costs, 
toxicity, low efficacy in non-indicated cancer types, and the risk of 
failure in advanced clinical trials. It is therefore important to keep 
developing novel interventions that are non-to-minimally invasive, 
tumor-specific, non-toxic, and affordable for patients regardless of 
economic class. These experimental therapies could be deployed in a 
substitutive or complementary manner to currently used modalities. 

Photodynamic therapy (PDT, Fig. 1) is such a treatment strategy that 
is explored for numerous types of solid tumors that arise in internal 
organs and organ structures [6], including non-resectable extrahepatic 
cholangiocarcinoma [7–12]. Non-resectable extrahepatic chol-
angiocarcinoma is currently incurable and responds poorly to chemo-
therapy [13]. PDT has shown promise for this malignancy [14–18] but 
widespread clinical implementation has stalled in part due to the 
following reasons. Clinical caveats of PDT with approved PSs entail 
long-term skin photosensitivity that could lead to (severe) photoallergic 
reactions [12] and corollary ethical concerns over indoors-ridden pa-
tients who only have a few months to live [19,20]. Moreover, there are 
noncircumventable photophysical restrictions that dictate outcome. 
Insufficient optical penetration of laser light precludes efficient photo-
killing across the entire tumor volume, especially in bulkier tumors [21]. 
Consequently, distally located tumor cells are sublethally afflicted by 
PDT [9] and in response activate survival mechanisms to remedy the 
hyperoxidative stress and cell damage [11,21–23], which enables the 
tumor cells to cope and ultimately accounts for tumor regrowth [24,25]. 
Nonetheless, PDT has several advantages over aforementioned treat-
ments that warrant continued research, namely (1) the doubly selective 
nature of the treatment [12]; (2) general lack of systemic toxicity of 
photosensitizers [20]; (3) no development of drug resistance by tumor 
cells (applies to some PSs) [26,27]; (4) abscopal removal of residually 
viable tumor cells and metastases as secondary treatment effect [28,29], 
and (5) relatively low cost [20]. 

Our group has instituted measures to counter these PDT-specific 
clinical bottlenecks through the use of third-generation [20] and 
fourth-generation metallated phthalocyanine-based PSs [8,10,30] that 

are targeted to pharmacologically relevant locations in the tumor: the 
tumor microenvironment [7,9,12,19], the tumor endothelium 
[8,10,11,30,31], and the tumor parenchyma [32]. Liposomes are used to 
solubilize the lipophilic phthalocyanines and to encapsulate the PS 
molecules so as to sterically deter PS extravasation through the cuta-
neous microcirculation and minimize skin photosensitization. The 
simplest formulation – the interstitially targeted liposomes (ITLs) – 
encapsulating the PS zinc phthalocyanine (ZnPC) at a 0.003 PS:lipid 
ratio was shown to be taken up by all relevant cell types in vitro, 
including tumor cells (A431 [19], SK-ChA-1 [12]), endothelial cells 
(HUVECs) [12], fibroblasts (NIH-3T3) [12], and macrophages (RAW 
264.7) [12], despite the PEGylation. The extensive cell photosensitiza-
tion yielded a 50% lethal concentration (LC50) range from 0.16 μM (SK- 
ChA-1 cells) to 2.03 μM (fibroblasts) 24 h after PDT of cell monolayers 
[12]. This formulation, consisting of DPPC and DSPE-PEG at a 
96:4 molar ratio, did not confer notable dark toxicity in multiple species 
(human and murine cell lines, zebrafish, chicken embryos, and mice) 
and was associated with moderate skin phototoxicity in vivo under 
exaggerated light conditions [12]. In mice bearing human triple nega-
tive breast cancer (MDA-MB-231) xenografts, the ZnPC-ITLs caused a 4- 
day (33%) delay in tumors reaching the human endpoint (tumor volume 
of ≥1800 mm3) after a single PDT session (starting tumor volume of 
100–200 mm3, single i.v. bolus of 6 nmol ZnPC/animal, 24-h drug-light 
interval, 671-nm diode laser, cumulative radiant exposure of 200 J/cm2) 
compared to untreated tumor controls. At an administered PS dose that 
was 2 orders of magnitude lower than used in other comparable studies 
[33–35], the therapeutic efficacy in breast cancer xenografts was non- 
inferior in terms of tumor volume reduction [12]. 

Although the in vivo results with the ZnPC-ITLs provided satisfactory 
proof-of-concept at non-optimized conditions [12], a moderate degree 
of skin phototoxicity and semi-synthetic make-up of PEGylated lipo-
somes are unacceptable and clinically risk-laden, respectively. In terms 
of the latter, liposomes can activate the complement system [36,37] and 
PEGylated liposomes can trigger accelerated blood clearance [38] due to 
a humoral immune response against PEG (anti-PEG IgM) after the first 
injection [39] and hepatic and splenic clearance of PEGylated particles 
in subsequent exposures [38,40]. This issue should not be under-
estimated in the wake of the recently developed mRNA vaccines, which 
contain both phospholipids and PEG [41]. Liposomes may also be 
cleared from the circulation by cells of the reticuloendothelial system 
(RES), reducing the effective dosage at the target site to therapeutically 
moot levels [42,43]. The accumulation of liposomes in macrophages, 
especially at higher doses, can influence the phagocytic activity, leading 
to immune suppression and hampered pathogen clearance [42,44,45] as 

Fig. 1. Mechanistic overview of photodynamic therapy (PDT) of solid tumors, the anatomy of which is schematically depicted in (A). (B) After systemic admin-
istration of the photosensitizer (PS), the PS targets to the malignancy via the circulation and gradually accumulates in the tumor (encircled) as a result of the 
enhanced permeability and retention (EPR) effect. (C) Following PS accumulation in the tumor, the tumor tissue is illuminated (“λ”) to activate the PS. Activated PSs 
produce reactive oxygen species (ROS). (D) The ROS subsequently cause oxidation of biomolecules and oxidative damage to cells in the PS-containing illuminated 
region, resulting in tumor cell death, thrombosis-mediated vascular shutdown and consequent hypoxia, and an anti-tumor immune response that mediates immu-
nological cell death, altogether accounting for the removal of the tumor [20]. 
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well as reduced anti-tumor immune responsiveness [46]. Furthermore, 
the liposome preparation process requires organic solvents and chem-
icals [47–50] that may not be biocompatible or GMP-compliant, and the 
production process itself may not be scalable to desired output levels. 

Notwithstanding the availability of immunocompetent polymers for 
nanoparticle surface modification aimed at prolonging circulation time 
[51], there may be more effective and more practical routes to (targeted) 
PS delivery that are clinically feasible. In this study, bionanovesicles 
were prepared from tumor cells by simple sonication and loaded with 
ZnPC for PDT of cultured human extrahepatic cholangiocarcinoma 
(TFK-1) cells. The bionanovesicles were termed cellular vesicles (CVs; 
vesicles prepared by sonication of tumor cells without prior cell content 
removal) and cell membrane vesicles (CMVs; vesicles prepared by son-
ication of tumor cells with prior cell content removal). The CVs and 
CMVs are fundamentally distinct from secreted or actively formed 
extracellular vesicles, which entail exosomes, microvesicles, and 
apoptotic bodies, that have been widely studied for purposes of drug 
delivery [52] and to some degree for PS delivery [53]. In contrast, the 
bionanovesicles were prepared by physically perturbing cells and 
structurally rearranging the cellular constituents, yielding nanovesicles 
with different intravesicular content, bilayer composition, and mem-
brane surface architecture. This approach has not been investigated in 
the context of PS delivery and PDT. The CVs and CMVs were therefore 
studied in terms of ZnPC encapsulation efficacy, photosensitization 
potential of TFK-1 cells, dark toxicity, and photodynamic potency in 
TFK-1 cell monolayers. The main objectives of this first-in-its-class 
proof-of-concept study were to rule out cytotoxicity of the PS- 
encapsulating bionanovesicles and assess the level of phototoxicity in 
comparison to liposomal photonanomedicines. 

2. Results and Discussion 

Supplemental material is designated with prefix ‘S’ and the section 
numbering in the supplemental material corresponds to that in the main 
text. A list of abbreviations is also provided in the supplemental mate-
rial. Sample sizes are provided in the figure legends. 

2.1. Rationale for Using CVs and CMVs for ZnPC Delivery into Tumor 
Cells 

Inasmuch as extracellular vesicles play an important role in inter-
cellular signaling [54], and as such these vesicles are taken up by cancer 
cells, our initial efforts were directed towards exosomes as vehicles for 
ZnPC delivery into cholangiocarcinoma cells. ZnPC was chosen to 
enable comparison to our previous studies with liposomal formulations 
[7–9,11,12,19,30,32]. Conceptual validation in regard to loading of 
different PSs into exosomes had already been performed with ZnPC 
[55,56], chlorin e6 [57–59], tetrasulfonated aluminum phthalocyanine 
[60], protoporphyrin IX [61], DCPy [62], and Rose Bengal [63]. Also, a 
plethora of exosome sources had been explored, such as blood [61], 
urine [57], milk [56], immune cell subsets [56,59,64,65], tumor cells 
[55,56,58,60,62], and immortalized primary cells [63]. It was opted to 
use TFK-1 cells as the source of exosomes, which were enumerated via 
ultracentrifugation [66] and by means of a commercial kit (ExoSpin, 
Cell Guidance Systems, St. Louis, MO, USA) [55,67–69]. 

The yield of exosomes relative to the number of cells required was 
roughly 4 orders of magnitude lower than that of bionanovesicles. A 
batch of 107 TFK-1 cells (roughly 1 T175 cell culture flask) produced 
127 ng of exosomes versus 0.8 mg of CMVs based on protein content, 
with EVs and CMVs being comprised of approximately the same amount 
of protein per unit phospholipids (0.7 μmol phospholipids/mg protein 
and 1.7 μmol phospholipids/mg protein, respectively). CV quantitation 
was omitted in these measurements because TFK-1 intracellular proteins 
were not removed from the suspension. Compared with CMVs and 
especially CVs, the preparation and isolation methods for extracellular 
vesicles are considerably more tedious [53] and less cost-effective and 

likely constitute a hurdle to eventual large scale GMP production. 
For these reasons, and the fact that native cell membrane-based 

nanoparticulate drug delivery systems were shown to benefit tumor 
cell targeting [55,70–73], it was decided to develop and test a new 
biomimetic PS delivery system. 

2.2. CVs and CMVs Exhibit Useful Physicochemical Properties for PS 
Delivery 

The mean ± SD particle size of CVs and CMVs was 134.3 ± 0.9 nm 
and 172.1 ± 3.2 nm, respectively (Fig. 2A). These dimension are com-
parable to ZnPC-encapsulating ITLs [7,12,19], endothelium-targeting 
liposomes (ETLs) [10], and tumor cell-targeting liposomes [32]. 
Compared with larger particles, this size range was shown to be most 
abundantly taken up by tumor cells in regard to PEGylated liposomes 
[7]. The particle diameters are also ideal for in vivo applications in terms 
of circulation time, at least if the CVs and CMVs conform to the phar-
macokinetics of PEGylated liposomes, which should be between 136 and 
220 nm for minimal hepatic clearance, moderate splenic uptake, and 
maximal circulation time [74]. PEG mimicry by bionanovescicles ema-
nates from the tumor cell glycocalyx, a layer of multifunctional glycans 
that covers the surfaces of cancer cells [75,76], which was retained in 
CVs and CMVs. The glycocalyx functions as a steric barrier to cell-cell 
interactions [77] and hence emulates the properties of liposome 
surface-grafted PEG [78,79]. The mean ± SD polydispersity index (PDI) 
values for CVs and CMVs were 0.220 ± 0.013 and 0.167 ± 0.022, 
respectively, and reflect a diametrically homogeneous population of 
vesicles (cutoff at <0.3) [80]. The zeta potentials were − 16.1 ± 0.9 mV 
and − 16.4 ± 1.1 mV for CVs and CMVs, respectively (Fig. 2A). The 
anionic surface probably stems from particular glycocalyx constituents, 
namely the sialic acid-rich glycans, replete on the tumor cell membrane 
[76]. A negative surface charge is typically associated with accelerated 
nanoparticle internalization by tumor cells [7,81]. However, since 
endocytic cells such as macrophages also have a predilection for anionic 
particles [82], particularly when the surface meshwork also contains 
embedded opsonins [83], the balance between RES clearance and tumor 
targeting will have to be appraised in an in vivo setting. 

Further investigation involved the stability of CVs and CMVs during 
a 1-wk storage period and in the presence of various organic solvents, 
including DMSO, methanol, ethanol, and pyridine. The latter experi-
ments were performed in anticipation of loading drugs, including ZnPC, 
into the bionanovesicles. The presence of organic solvent molecules may 
perturb biomembrane stability and cargo retention. Stability was 
gauged by size and PDI determination using photon correlation spec-
troscopy. It should be noted that these experiments centered on early- 
phase development and testing, as the use of organic solvents such as 
pyridine will be removed from the bionanovesicle production process 
for the in vivo testing stage [84]. 

During cold storage for 1 wk, the CVs and CMVs increased in 
diameter to 178 ± 4 nm (PDI = 0.176 ± 0.002) and 250 ± 10 nm 
(PDI = 0.355 ± 0.178), respectively (data not shown), corresponding to 
a relative size increase of 33% and 45%, respectively. The measurements 
indicate that the bionanovesicles mildly aggregate, which was not 
observed for e.g., PEGylated third-generation ZnPC-ETLs and fourth- 
generation ZnPC-ETLs that co-encapsulate the HIF-1α and topoisomer-
ase inhibitor acriflavine during the course of 14 d [10]. 

The addition of 1–30% v/v pyridine, which has been our standard 
solvent for ZnPC [7–12,19], exerted no notable effect on bionanovesicle 
diameter but caused a gradual increase in PDI with concentration 
(Fig. 2C, D). The effect of DMSO, ethanol, and methanol was also 
determined given that these solvents are often used to dissolve drugs. 
CMVs were more susceptible to the solvents than CVs, and both types of 
bionanovesicles exhibited the highest sensitivity towards ethanol and 
more or less equal sensitivity towards DMSO and methanol. Destabili-
zation effects were generally solvent concentration-dependent. 
Accordingly, the solvent system should be taken into consideration 
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during the drug loading process in cases where the aqueous and organic 
solvent systems are mixed and desiccation (e.g., lyophilization, evapo-
ration [7,12,19]) is not part of the preparation protocol, as was the case 
in this study to preserve tumor cell membrane integrity. We have shown 
previously that DMSO, ethanol, and methanol become toxic to cultured 
hepatocytes (AML-12, HepG2, and HepaRG) at a concentration of ≥3% 
(v/v) [85], which should also be accounted for in the experimental 
design. 

2.3. ZnPC Is Effectively Loaded into Bionanovesicles by Solvent Mixing 
and Sonication, but Only up to a Maximum ZnPC:Phospholipid Ratio 

The next step was to load ZnPC into bionanovesicles by addition of 
ZnPC in pyridine to the CVs in 10 mM HEPES, pH = 7.5, solution and the 
CMVs in MilliQ water, followed by tip sonication to facilitate ZnPC entry 
into the biomembranes. There was a PS concentration-dependent 
moderate increase in ZnPC-CV and ZnPC-CMV diameter and PDI 
(Fig. 3A and B), of which the former was likely caused by the ZnPC 
instead of the pyridine when juxtaposed to Fig. 2B and C. Nevertheless, 
even at the highest ZnPC loading ratio the particle diameter remained 
within the ideal range for in vivo applications (section 2.2). However, 
when the amount of added ZnPC was compared to actual (measured) 

ZnPC using Bland-Altman analysis [86], a divergence was observed 
when >2.7 μM of ZnPC was added to CVs composed of 500 μM phos-
pholipids (0.006 PS:phospholipid ratio) (Fig. 3C) and when >4.5 μM of 
ZnPC was added to CMVs standardized to 500 μM phospholipids (0.01 
PS:phospholipid ratio) (Fig. 3D). The loss of PS was attributed to ZnPC 
aggregation and segregation from the bionanovesicle membrane after 
solvent mixing to a predominantly aqueous environment and subse-
quent removal of the ZnPC aggregates from the batch during prepara-
tion; a phenomenon that was also observed for ZnPC-ITLs [7]. 
Sedimentation of blue aggregates was confirmed by visual inspection 
(not shown). In practice this translates to plateauing of the photosensi-
tization potential of the nanocarrier system because it caps the amount 
of PS molecules that can be delivered to tumor cells per nanoparticle, 
which places some restrictions on PDT efficacy. 

Based on the absorption spectra of ZnPC-CVs (Fig. 3E) and ZnPC- 
CMVs (Fig. 3F), it became clear that extrananoparticulate ZnPC aggre-
gation and intramembrane dimer-/multimerization are not mutually 
exclusive and concurred at similar PS:phospholipid ratios. ZnPC dimer-/ 
multimerization has been spectroscopically demonstrated in liposomal 
formulations at ZnPC:lipid ratios above 0.003 (DPPC) [7], 0.007 
(DMPC) [87], and 0.013 (POPC:DOPS) [84,88]. Interactions with the 
chemical milieu (solvent molecules, pH, phospholipid acyl chains, 

Fig. 2. Physicochemical characterization of CVs and CMVs and the effect of various solvents on nanoparticle stability. (A) Bionanovesicle diameter (top row) and 
zeta potential (bottom row). Size-related values represent mean ± SD of 3 repeated measurements (traces top row). The inserts show representative TEM images of a 
CV and CMV (scale bar, 100 nm). Influence of increasing concentrations of DMSO, ethanol, methanol, and pyridine on CV (B) and CMV stability (C) as measured by 
photon correlation spectroscopy and expressed as mean ± SD size (left y-axis, bars) and polydispersity index (PDI; right y-axis, dots). Data represent N = 3/group. 
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transmembrane proteins, etc.) as well as any form of bonding (e.g., 
dimerization) affects the ground states within the delocalized system of 
metallated phthalocyanines, which manifests spectroscopically as peak 
shifts, appearance of shoulders [89], and Q-band splitting [90–92]. In 
terms of the type of aggregation, it is believed that ZnPC forms H-ag-
gregates in biomembranes as opposed to J-aggregates. H-aggregates are 
formed by molecular face-to-face stacking, while J-aggregates form by 
molecular head-to-tail arrangement [93]. Our unpublished molecular 
dynamics studies on the orientation of ZnPC in biomembranes revealed 
that ZnPC inserts iteself parallel to the bilayer normal, a configuration 
that would preclude J-aggregate formation due to the increased polarity 
at the phospholipid backbone and head group surface on both ends of 
phospholipid bilayer [94]. 

With respect to CVs, shifts from the 674-nm Q-band peak [95] only 
occurred in ZnPC-CVs at a 0.03 ZnPC:phospholipid ratio (at fixed 
phospholipid concentration, bathochromic shift to 685 nm; at fixed 
ZnPC concentration, bathochromic shift to 684 nm; Fig. 3E and G, 
respectively). Q-band splitting in the absorption peak and shoulder 
development was exacerbated in CVs formulated at a 0.03 ZnPC:phos-
pholipid molar ratio (Fig. 3E). Spectral deformation started with the 
appearance of a red shoulder around 710 nm (0.006 ZnPC:phospholipid 
molar ratio) and the convergence of the two minor Q-bands at ~610 
and ~ 650 nm into a new minor Q-band at ~630 nm (0.009 ZnPC: 
phospholipid molar ratio) (Fig. 3E). 

In regard to CMVs, a bathochromic drift from the Q-band maximum 
was observed at increasing ZnPC:phospholipid ratios in both instances 
(at fixed phospholipid concentration, main Q-band absorption peaks at 
674 nm (ZnPC:phospholipid ratio of 0.001 and 0.003), 676 nm (0.006), 
681 nm (0.009), and 685 nm (0.03); at fixed ZnPC concentration, ab-
sorption peaks at 674 nm (ZnPC:phospholipid ratio of 0.001 and 0.003), 
675 nm (0.006), 684 nm (0.009), and 687 nm (0.03); Fig. 3F and H, 
respectively). The absorption spectra were structureless at all ZnPC: 
phospholipid ratios, particularly at the higher ratios, indicating strong 
chemical effects of the biomembrane environment on ZnPC electronic 
states. 

ZnPC absorption spectra were restored in both CVs and to some 
extent CMVs to their ‘native’ ground state absorption spectra (both in 
organic solvent and liposomal membranes [7,12,19,20]) when the 
phospholipid concentration was increased at constant ZnPC content 
(5 μM; Fig. 3G and H, respectively), suggesting that intramembrane 
ZnPC aggregation is a factor at higher ZnPC:phospholipid ratios. Despite 
the deleterious effects of intramembrane PS aggregation on ROS pro-
duction and (bio)molecule oxidation in nanoparticles [7], dimer/mul-
timerization inside the CVs and CMVs is inconsequential to PDT efficacy 
inasmuch as nanoparticle-delivered ZnPC is homogenously dispersed 
throughout the lipophilic compartments of a (tumor) cell after inter-
nalization [12,19] and resides in monomeric state due to dilution 
effects. 

Finally, the fluorescence emission and excitation spectra were 
recorded of ZnPC-CVs (Fig. 3I) and ZnPC-CMVs (Fig. 3J) at a ZnPC: 
phospholipid ratio of 0.003 and juxtaposed to ZnPC in pyridine. ZnPC in 
pyridine exhibited an emission maximum at 679 nm and an excitation 
maximum at 674 nm, which are consistent with previously published 
data [7,19]. The fluorescence emission maxima of CV- and CMV- 
encapsulated ZnPC were hypsochromically shifted, but not to a 

significant extent (2 nm for ZnPC in CVs; 1 nm in ZnPC in CMVs). The 
excitation spectrum of CV-encapsulated ZnPC did not differ notably 
from that of ZnPC (Fig. 3I) and was superimposable on the absorption 
spectrum of free ZnPC in pyridine [7,95] and CV-encapsulated ZnPC up 
to a ZnPC:phospholipid ratio of 0.003 (Fig. 3G). The same applied to the 
excitation spectrum of ZnPC in CMVs. 

Taken together, fluorescence-based assays with ZnPC-containing CVs 
and CMVs are not expected to be affected spectrally despite the anom-
alous absorption spectra indicative of quantum-level perturbations. 
However, the spectral shifts as well as the intramembrane aggregation 
make quantitative spectroscopic analysis impossible for intact CVs and 
CMVs. Equally, in vitro investigations on the extent of ROS production 
by the bionanovesicles created at higher ZnPC:phospholipid ratios will 
skew the results in that ROS production is dampened by the PS stacking. 
This does not preclude the fabrication of CVs and CMVs at higher ZnPC: 
phospholipid ratios for in vitro and in vivo PDT applications on the 
condition that the PS disperses throughout the cell (Fig. S1) following 
bionanovesicle internalization [10]. Of note, internalization of 
nanoparticle-delivered ZnPC does not always concur with homogenous 
PS dispersion throughout the cell following uptake; a phenomenon that 
may affect PDT efficacy [96]. 

2.4. Bionanovesicles Improve Delivery of ZnPC into Cultured 
Cholangiocarcinoma Cells, which Become Homogeneously Photosensitized 

For proper photosensitization, the delivery vehicle carrying the PS 
must be internalized by the target cells. To that end, association between 
bionanovesicles and cells was tested first by flow cytometry as a pre-
liminary screening method. TFK-1 cells were incubated with ZnPC-CVs, 
ZnPC-CMVs, or an equimolar concentration of free ZnPC and association 
was probed by exploiting ZnPC’s intrinsic fluorescence (Fig. 3I and J). As 
shown in Fig. 4A, ZnPC-CVs and ZnPC-CMVs associated with TFK-1 
cells, the extent of which correlated positively with incubation time. 
Based on fluorescence intensity, the association was stronger when ZnPC 
was introduced to cells in bionanovesicles rather than in non- 
encapsulated form. Given that free ZnPC enters the cell membrane, 
which is similar to its location in TFK-1 cell-derived CVs and CMVs, the 
fluorescence intensities can be compared across platforms. The level of 
nanoparticle-cell association was indiscriminate between CVs and CMVs 
and directly proportional to the ZnPC:phospholipid ratio (Fig. 4B and C). 

Following flow cytometry, confocal microscopy was performed to 
determine whether the association comprised uptake and to investigate 
the temporal kinetics of intracellular distribution of ZnPC. Whereas free 
ZnPC became visible at the 30-min incubation time point (Fig. 4D), TFK- 
1 cells were replete with ZnPC delivered by CVs (Fig. 4E) and CMVs 
(Fig. 4F) already after 15-min incubation. The fluorescence intensity in 
the red channel (ZnPC) did not remarkably increase at subsequent time 
points, indicating that a saturation level was reached rapidly ensuing 
cell exposure to the bionanovesicles. Rapid uptake of CVs and CMVs may 
be related to their surface properties and structural mimicry of EVs [97] 
and apoptotic bodies [98], which are designed to be taken up to facili-
tate intercellular signaling [99] and expose phosphatidylserine on the 
outer membrane leaflet that serves as an ‘eat me’ signal [100], respec-
tively. The sonication step rearranges the (phospho)lipid packing order 
in biomembranes, which may for instance abet the exposure of 

Fig. 3. Spectral and physicochemical properties of ZnPC-CVs and ZnPC-CMVs. (A, B) Particle sizes of ZnPC-CVs and ZnPC-CMVs at a fixed 500-μM phospholipid 
concentration and 0.001–0.03 ZnPC:phospholipid molar ratios. Data represent mean ± SD of N = 3 measurements per group. The pyridine volume fraction was 10% 
for bionanovesicles with a ZnPC:phospholipid ratio range of 0.001–0.009 and 15% for bionanovesicles with a ZnPC:phospholipid molar ratio of 0.03. Bland-Altman 
plot of the nominal differences (y-axis, in μM) between the measured amount of ZnPC and the added amount of ZnPC in CVs (C) and CMVs (D) at 500-μM phos-
pholipid concentration and 0.001–0.03 ZnPC:phospholipid molar ratios. The difference was calculated by (measured ZnPC - added ZnPC) and plotted per added ZnPC 
amount in pyridine (μM) to the bionanovesicle mixture (x-axis). Bionanovesicular ZnPC concentrations were determined spectrophotometrically against a standard 
curve. Absorption spectra of ZnPC-CVs (E) and ZnPC-CMVs (F) at a fixed 500-μM final phospholipid concentration and 0.001–0.03 ZnPC:phospholipid molar ratios. 
(G, H) Absorption spectra of ZnPC-CVs and ZnPC-CMVs at a fixed 0.5-μM ZnPC concentration and increasing ZnPC:phospholipid molar ratios (0.001–0.03). 
Normalized fluorescence excitation (Ex) and emission (Em) spectra of 1.5 μM ZnPC in pyridine and an equimolar amount of ZnPC encapsulated in CVs (I) and CMVs 
(J) (0.003 ZnPC:phospholipid ratio, 500-μM final phospholipid concentration). 
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phosphatidylserine and aid in the accessibility of transmembrane- or 
membrane-anchored proteins that mediate cellular uptake [101–104]. 
Future in vivo investigations will reveal whether the use of these bio-
nanovesicles is favorable in terms of pharmacokinetics and tumor 

targeting. 
ZnPC distributed homogenously throughout the cell but without 

entering the nucleus (Fig. S1), which is comparable to free ZnPC in other 
cell lines (e.g., A549 [105] and PC3 [106]) as well as protein-delivered 

Fig. 4. Association, uptake, and intracellular distribution of free ZnPC, CV-delivered ZnPC, and CMV-delivered ZnPC in TFK-1 cells. (A) TFK-1 cells were incubated 
with 0.3 μM ZnPC in pyridine or an equimolar amount of ZnPC encapsulated in CVs and CMVs (0.003 ZnPC:phospholipid ratio) for 1–120 min and analyzed by flow 
cytometry. The mean ZnPC autofluorescence intensity is plotted as a function of incubation time (N = 3 per time point). (B, C) TFK-1 cells were incubated with ZnPC- 
CVs or ZnPC-CMVs at a fixed 100-μM final phospholipid concentration and 0.001–0.03 ZnPC:phospholipid molar ratios for 1–120 min and analyzed by flow 
cytometry. The mean ZnPC autofluorescence intensity is plotted as a function of incubation time (N = 3 per time point). (D, E, and F) TFK-1 cells were incubated with 
3 μM ZnPC in pyridine or an equimolar amount of ZnPC encapsulated in CVs and CMVs (0.003 ZnPC:phospholipid ratio) for 15–60 min and imaged by confocal 
microscopy (ZnPC, red fluorescence). Hoechst 33342 (blue fluorescence) was used to stain DNA. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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ZnPC in PC3 cells [106], liposome-delivered ZnPC in various cell lines 
(A431, SK-ChA-1, RAW 264.7, NIH-3 T3, and HUVECs) [12,19], and 
micelle-delivered ZnPC in MCF-7 cells [107]. With this pattern of 
localization across numerous organelles, it is expected that PDT will 
trigger multiple modes of cell death executed through a number of 
different pathways and therefore increase relative lethality [20] and 
minimize chances of recovery [22]. 

2.5. ZnPC-CVs and ZnPC-CMVs Are Not Toxic to Cultured 
Cholangiocarcinoma Cells 

A key criterion for clinically safe PDT is that the PS as well as its 
delivery vehicle are inherently non-toxic [108], which is why dark 
toxicity experiments were conducted where TFK-1 cells were incubated 
with bare and PS-loaded CVs and CMVs in the absence of illumination. 
Viability was assessed over a time span of 3 d [12,19] using the MTS 
assay. 

Neither CVs nor CMVs induced any toxicity in TFK-1 cells up to a 
final phosphospholipid concentration of 500 μM and 3-d exposure 
(Fig. 5A), although 3-d incubation with CMVs had a slight toxic ten-
dency. TFK-1 cells exposed to free ZnPC (0–1.5 μM final concentration) 
exhibited no dark toxicity regardless of incubation time (Fig. 5B, green 
bars), which is consistent with earlier reports on DPPC liposome- 
delivered ZnPC in other cell lines [7,9,12,19]. TFK-1 cells subjected to 
up to 1.5 μM ZnPC in CVs (Fig. 5B, blue bars) and CMVs (Fig. 5B, red 
bars) (500-μM final phospholipid concentration) exhibited no notable 
consequences on viability. These data attest to an absence of dark 
toxicity from the ZnPC as well as ZnPC-CVs and ZnPC-CMVs, at least in 
tumor cell monolayer cultures. 

2.6. PDT of CV- and CMV-Photosensitized Cultured Cholangiocarcinoma 
Cells Exacts Nanomolar-Range ZnPC Concentrations to Achieve Half- 
Maximum Lethality 

In the final analysis, TFK-1 cells photosensitized with ZnPC, ZnPC- 
CVs, and ZnPC-CMVs were subjected to PDT and screened for viability 
at 24 h, 48 h, and 72 h after treatment using the MTS assay. In the first 
test arm, cells were primed with ZnPC up to a final concentration of 
1.5 μM (at a fixed ZnPC:phospholipid ratio of 0.003). In the second test 
arm, the phospholipid concentration in medium was fixed at 100 μM 
while bionanovesicular ZnPC content was varied (0, 0.1, 0.6, 0.9, and 
3 μM). 

The most important findings were that (1) PDT efficacy proceeded in 
the order of ZnPC-CMVs > ZnPC-CVs > ZnPC for all time points and that 
(2) PDT-mediated cytotoxicity increased with incubation time for ZnPC 
and ZnPC-CVs but not ZnPC-CMVs (Fig. 6A-C). Both phenomena are 
reflected in the LC50 values derived from the fit functions (Fig. 6D), 
which show a decreasing trend with incubation time for free and CV- 
encapsulated ZnPC. In terms of ZnPC-CMVs, it is currently not known 
why cell death is already profound at the earliest measurement time 
(24 h post-PDT) while the execution of cell death pathways continues 
during a longer time course for free and CV-delivered ZnPC and ulti-
mately results in less toxicity. CMVs may saturate cells with oxidation- 
prone phospholipids that, at physiologically precarious locations (cell 
and subcellular membranes) for which cells do not possess enzymatic 
redox protection [109], facilitate cascading membrane damage that 
leads to perturbation of cellular homeostasis that in turn culminates in 
various forms of cell death [110]. This is particularly important for 
membrane-intercalating PSs such as ZnPC (logP of 8.5) that generates 
predominantly singlet oxygen [20], which is very reactive towards 
olefinic bonds in the phospholipid acyl chains [111]. CVs, on the other 
hand, may deliver protective components to tumor cells insofar as these 
bionanovesicles still embody cellular content, possibly offsetting the 
exacerbated PDT-induced membrane damage facilitated by CMVs. 

Fig. 5. (A) In vitro dark toxicity of free ZnPC, ZnPC-CVs, and ZnPC-CMVs and (B) toxicity of CVs and CMVs in TFK-1 cells. TFK-1 cells were incubated with free ZnPC, 
ZnPC-CVs, and ZnPC-CMVs (0–1.5 μM final concentration) in RPMI− /− medium and maintained under standard culture conditions for 24 h, 48 h, and 72 h. Cell were 
assayed by the CellTiter-96 AQ ONE assay. Data (N = 8 per concentration per time point) were normalized to the control group mean. 
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It was further demonstrated that the ZnPC concentration range in 
which temporal differences in the degree of cell death are manifest lies 
between a ZnPC:phospholipid ratio of 0.001 (lower bound) and 0.009 
(upper bound) in cultured cell monolayers (Fig. 6E and F). At the lower 
bound there was 100% viability after PDT whilst beyond the upper 
bound there was 100% cell death. Based on phospholipid measurements 

and confluence level at the point that cells were subjected to PDT, each 
well contained roughly 9.5 × 10− 4 μg of cellular phospholipids 
(~3.8 × 10− 8 μg/cell) and received 7.44 μg of phospholipids from CVs/ 
CMVs. Correspondingly, the amount of CV/CMV-delivered ZnPC added 
to a well at 0.001 ZnPC:phospholipid ratio (lower bound) was 
2.9 × 10− 4 μg, accounting for a ZnPC:TFK-1 phospholipid ratio of 

Fig. 6. PDT-induced cell death as a function of ZnPC concentration. TFK-1 cells were incubated for 1 h with free ZnPC (A), ZnPC-CVs (B), or ZnPC-CMVs (C) (ZnPC: 
phospholipid ratio of 0.003) and washed directly before PDT, which was performed at a cumulative radiant exposure of 35.3 J/cm2. Cell viability of TFK-1 cells 
treated with free ZnPC was assessed by the CellTiter-96 AQ ONE assay at 24 h, 48 h, and 72 h post-PDT (N = 8 per PS concentration). PS incubation and post-PDT cell 
culture were performed in RPMI− /− medium under standard culture conditions. Results were normalized to the mean value of the control group (medium only, 
cumulative radiant exposure of 35.3 J/cm2). (D) Calculated LC50 values classified per PS group and per post-PDT incubation time. Cell viability of TFK-1 cells 
photosensitized with ZnPC-CVs (E) and ZnPC-CMVs (F) at different ZnPC:phospholipid ratios and 100-μM final phospholipid concentration. Viability was assessed as 
described above (cumulative radiant exposure of 35.3 J/cm2; N = 8 per group). PS incubation and post-PDT recovery were performed in RPMI− /− medium under 
standard culture conditions. Results were normalized to the mean value of the control group (medium only + illumination). 

M. Li et al.                                                                                                                                                                                                                                       



Journal of Photochemistry & Photobiology, B: Biology 254 (2024) 112903

10

approximately 0.3. This ratio discounts the CV/CMV phospholipids 
taken up by cells along with the PS. At the upper bound, i.e., a ZnPC: 
phospholipid ratio of 0.009, the amount of delivered ZnPC was 
2.6 × 10− 3 μg, which accounted for a ZnPC:TFK-1 phospholipid ratio of 
approximately 2.7. Given that at a ZnPC:phospholipid ratio of 0.003 the 
extent of redox probe and biomolecule oxidation plateaus due to triplet 
state deactivation following ZnPC dimer-/multimerization in bio-
membranes [7], it may be assumed that at a ZnPC:bionanovesicular 
phospholipid ratio of 0.009 (Fig. 6E and F) a state of maximum ROS 
production and destruction had been reached. Following that assump-
tion and the fact that the degree of cell death is proportional to ROS 
production, which in turn is proportional to the amount of intracellular 
PS levels, a ZnPC:bionanovesicular phospholipid ratio of 0.006 that 
yielded about 55–85% cell death (Fig. 6E and F) is most likely associated 
with ZnPC residing in monomeric state after TFK-1 cell entry. This 
supposition therefore implies that, of the total amount of added ZnPC 
(1.7 × 10− 3 μg for the 0.006 ZnPC: bionanovesicular phospholipid ratio) 
to a total of 9.5 × 10− 4 μg of cellular phospholipids, approximately 
2.9 × 10− 6 μg of ZnPC molecules had entered the TFK-1 cells. Taken 
together, these calculations imply that slightly >1‰ of CVs/CMVs are 
endocytosed during the 1-h incubation period at standard culture 
conditions. 

Finally, the LC50 values obtained in this study were compared to 
results obtained in other studies on ZnPC-encapsulating liposomes 
(Table 1). The ZnPC LC50 values range from 0.03 μM [11] to >16 μM 
[112] (mean ± SD of 3.2 ± 4.4 μM) regardless of post-PDT incubation 
time and from 0.13 μM [19] to >16 μM [112] (mean ± SD of 
4.1 ± 5.1 μM) for the 24-h post-PDT time point. The LC50 values ob-
tained with ZnPC-CVs (1.11 μM, 24 h) and ZnPC-CMVs (0.51 μM, 24 h) 
mark the lower end of the LC50 spectrum and attest to the potent 
phototoxicity of the ZnPC-loaded bionanovesicles compared to lipo-
somal PS delivery systems, at least when predicated on in vitro data. 
Naturally, the LC50 values in this comparison framework should be 
properly contextualized insofar as these values are impacted by factors 
such as cumulative radiant exposure, cell line, and culture conditions 
that have not been standardized across the included studies. Neverthe-
less, ZnPC-encapsulating bionanovesicles as PS delivery system consti-
tute an appealing approach that warrants further testing beyond in vitro 
conditions. 

2.7. Caveats and Future Directions 

Although the data presented are encouraging, several important 
caveats should be mentioned. First, the study concerns in vitro work 
only, and the translation to the ultimate application (in patients) may be 
lost due to the inherent obstacles often encountered during the transit to 
animal studies (e.g., pharmacokinetics, immune system, physiology) 
and subsequently humans (fundamental interspecies differences) [113]. 
Second, it is difficult to anticipate how a living organism’s immune 
system will respond to nanoparticles composed of membranes and 
associated surface structures derived from cultured cancer cell lines. 
Normally, innate and adaptive immune system cells have sensitive 
detection and elimination machinery that will lead to nanoparticle 
clearance and hence suboptimal tumor photosensitization. Third, a 
protocol will need to be developed for the loading of ZnPC into bio-
nanovesicles that does not involve potentially harmful organic solvents 
(e.g., pyridine) for living organisms. Fourth, oxygenation is no issue in 
cell culture monolayers while in three-dimensional tumors with pe-
ripheral cell hyperproliferation and hypovascularization matters such as 
PS delivery (particularly in case of highly hydrophobic PSs) and hypoxia 
may be problematic and deleterious to therapeutic efficacy. The next 
steps should therefore focus on formulating physiologically compatible 
PS-carrying bionanovesicles and providing in vivo proof-of-concept with 
strong emphasis on pharmacodynamics (PDT efficacy) as well as sys-
temic and skin phototoxicity [12]. 

3. Conclusions 

This first-in-its-class study showcased the utility of tumor cell- 
derived bionanovesicles for the encapsulation of a hydrophobic PS and 
subsequent PS delivery into the same cells that had been used as source 
material for the bionanovesicles. Two types of bionanovesicles were 
formulated; CVs composed of whole cell material and CMVs comprising 
isolated cell membranes, and loaded with ZnPC. Both CVs and CMVs 
conformed to physicochemical properties aspired for optimal in vivo 
drug delivery. The bionanovesicles exhibited no dark toxicity in cultured 
tumor cells and were taken up to photosensitize target cells in a 
homogenously dispersive manner. PDT yielded low-to-subnanomolar 
range LC50 values that easily compete with liposomal ZnPC delivery 
systems. Follow-up studies will need to evince in vivo suitability, 
absence of toxicity, and effective tumor targeting as well as therapeutic 
potency. 

4. Materials and Methods 

The chemicals/compounds, buffers, and reagents/kits are summa-
rized in Table S1. Equipment and materials/disposables are listed in 
Table S2. Cells and cell culture-associated paraphernalia are summa-
rized in Table S3. The concentrations listed are final unless specified 
otherwise. All procedures involving PSs were performed under dim light 
conditions. 

4.1. Photosensitizer, Phospholipids, and Buffers 

For the loading of exosomes and bionanovesicles, ZnPC was dis-
solved in pyridine at a 100-μM stock concentration. ZnPC stock solutions 
were stored under a nitrogen atmosphere at room temperature (RT) in 
the dark. Phospholipids (Table S1) were dissolved in chloroform and 
stored under a nitrogen atmosphere at − 20 ◦C. 

4.2. Cell Culture 

Cell lines are routinely screened (every 3 m) for mycoplasma infec-
tion (MycoAlert Mycoplasma Detection Assay, Lonza) at the Department 
of Pharmaceutics, Utrecht University, where this work was performed. 
The cells described in this study were mycoplasma-free and cultured in a 
dedicated mycoplasma-free facility. 

4.2.1. Cell Culture for CV and CMV Production 
TFK-1 cells (human extrahepatic biliary adenocarcinoma) were 

cultured in T75 flasks and subsequently in T175 flasks in phenol red- 
containing RPMI 1640 medium supplemented with 10% fetal bovine 
serum (FBS) but without antibiotics or addition L-glutamine. The cells 
were grown under standard culture conditions (dark, 37 ◦C, humidified 
atmosphere composed of 5% CO2 and 95% air) and subcultured twice 
per week at a ratio of 1:14 to maintain a logarithmic growth phase at all 
stages. Subculturing was performed before reaching 90–95% conflu-
ence, assessed with a brightfield microscope. 

For subculturing and collection, cells were washed twice with PBS 
(RT, 10 mL/T75 flask and 25 mL/T175 flask) prior to detachment using 
vacuum aspiration and incubated with trypsin (1.5 mL/T75 flask, 5 mL/ 
T175 flask) for 5 min under standard culture conditions. Cells were 
harvested by the addition of fully supplemented RPMI 1640 medium and 
subsequent transfer to a new T75 (2.5 mL of medium for cell collection) 
or T175 culture flask (7.5 mL of medium for cell collection) and further 
culturing. Cells were passaged at a 1:6 ratio. After reaching the desired 
number of cells, cells were harvested as described before and processed 
for bionanovesicles production as described in section 4.3. 

4.2.2. Cell Culture for Cell-Based Assays 
Cells, detached as described above, were collected into a sterile 50- 

mL polypropylene centrifuge tube and washed once (400 ×g, 5 min, 
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Table 1 
Summary of liposomal and lipid-based ZnPC delivery systems for in vitro PDT studies.  

Liposome composition ZnPC:lipid molar 
ratio 

Cell line Tissue origin of cell line 
(species) 

Light source and 
wavelength (nm) 

Irradiance 
(W/cm2) 

Cumulative 
radiant exposure 
(J/cm2) 

NP concentrations 
investigated (ZnPC and 
lipid) (μM) 

LC50 value 
(μM) 
(post-PDT 
measurement time) 

Assay 
used 

Ref. 

TFK-1 cell-derived 
bionanovesicles 
(this study) 

0.003 TFK-1 Extrahepatic 
cholangiocarcinoma 
(human) 

Custom-made LED 
illumination device 
(650 ± 20 nm) 

0.013 35.3 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

CVs: 
1.11 (24 h), 0.70 
(48 h), 0.55 (72 h) 
CMVs: 
0.51 (24 h), 0.30 
(48 h), 0.37 (72 h) 

MTS – 

DPPC:cholesterol:DSPE-PEG 
(66:30:4) 

0.003 SK-ChA-1 Extrahepatic 
cholangiocarcinoma 
(human) 

Diode laser, 671 nm 0.263 (24- 
wells plate) 
0.053 (6- 
wells plate) 

15 0, 0.15, 0.3, 0.6, 1.5 
0, 50, 100, 250, 500 

0.75 (2 and 4 h) WST-1 [7] 

DPPC:DC-cholesterol: 
cholesterol:DSPE-PEG 
(66:25:5:4) 

0.003 HUVECs Human umbilical vein 
endothelial cells 

Diode laser, 671 nm 0.263 (24- 
wells plate) 
0.053 (6- 
wells plate) 

15 0, 0.03, 0.15 
0, 10, 50 

0.03 (4 h) WST-1 [11] 

DPPC:DC-cholesterol: 
cholesterol:DSPE-PEG 
(66:25:5:4) 

0.003 SK-ChA-1 Extrahepatic 
cholangiocarcinoma 
(human) 

Diode laser, 671 nm 0.263 (24- 
wells plate) 
0.053 (6- 
wells splate) 

15 0, 0.075, 0.24 
0, 25, 80 

0.075 (4 h) WST-1 [11] 

DPPC:DC-cholesterol: 
cholesterol:DSPE-PEG 
(66:25:5:4) 

0.003 A431 Epidermoid carcinoma 
(human) 

Diode laser, 671 nm 0.263 (24- 
wells plate) 
0.053 (6- 
wells plate) 

15 0, 0.195, 0.75 
0, 65, 250 

0.195 (4 h) WST-1 [11] 

DPPC:DC-cholesterol: 
cholesterol:DSPE-PEG 
(66:25:5:4) 

0.003 RAW 
264.7 

Monocyte/macrophage- 
like cells (murine) 

Diode laser, 671 nm 0.263 (24- 
wells plate) 
0.053 (6- 
wells plate) 

15 0, 0.09, 0.225 
0, 30, 75 

0.09 (4 h) WST-1 [11] 

DPPC:DSPE-PEG (96:4) 0.003 A431 Epidermoid carcinoma 
(human) 

Diode laser, 671 nm 0.263 15 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

0.82 (4 h), 0.37 (24 h) 
0.51 (4 h), 0.13 (24 h) 

WST-1 
SRB 

[19] 

DPPC:DC-cholesterol: 
cholesterol:DSPE-PEG 
(66:25:5:4) 

0.003 A431 Epidermoid carcinoma 
(human) 

Diode laser, 671 nm 0.263 15 0, 5, 10, 25 
0; 1667; 3333; 8333 

10 (normoxic 
conditions), 5 (hypoxic 
conditions) (24 h) 

WST-1 [10] 

SPC:C22PEG900GlcNAc 
(70:30); 
SPC consisted of DSPC 
(75%), DOPC (12%), and 
DPPC (8%) 

0.0217 
(w/w) 

MDA- 
MB-231 

Metastatic mammary 
adenocarcinoma (human) 

Photon Laser, 675 nm NR 8 1.7, 3.4, 6.9, 13.8 
46, 92, 184, 369 

~7 (24 h) MTT [118] 
1 

DPPC:DSPE-PEG (96:4) 0.003 SK-ChA-1 Extrahepatic 
cholangiocarcinoma 
(human) 

Diode laser, 671 nm 0.263 15 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

WST-1: 0.22 (4 h), 0.25 
(24 h) 
SRB: 1.14 (4 h), 
0.16 (24 h) 

WST-1, 
SRB 

[12] 

DPPC:DSPE-PEG (96:4) 0.003 HUVECs Human umbilical vein 
endothelial cells 

Diode laser, 671 nm 0.263 15 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

WST-1: 3.93 (4 h), 
4.04 (24 h) 
SRB: 2.27 (4 h), 
1.87 (24 h) 

WST-1, 
SRB 

[12] 

DPPC:DSPE-PEG (96:4) 0.003 NIH-3T3 Embryonic fibroblast 
(murine) 

Diode laser, 671 nm 0.263 15 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

WST-1: 5.72 (4 h), 
0.60 (24 h) 
SRB: 3.17 (4 h), 
2.03 (24 h) 

WST-1, 
SRB 

[12] 

(continued on next page) 
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Table 1 (continued ) 

Liposome composition ZnPC:lipid molar 
ratio 

Cell line Tissue origin of cell line 
(species) 

Light source and 
wavelength (nm) 

Irradiance 
(W/cm2) 

Cumulative 
radiant exposure 
(J/cm2) 

NP concentrations 
investigated (ZnPC and 
lipid) (μM) 

LC50 value 
(μM) 
(post-PDT 
measurement time) 

Assay 
used 

Ref. 

DPPC:DSPE-PEG (96:4) 0.003 RAW 
264.7 

Monocyte/macrophage- 
like cells (murine) 

Diode laser, 671 nm 0.263 15 0.15, 0.3, 0.75, 1.05, 
1.5 
50, 100, 250, 350, 500 

WST-1: 0.62 (4 h), 
0.48 (24 h) 
SRB: 1.12 (4 h), 
0.91 (24 h) 

WST-1, 
SRB 

[12] 

SPC:DSPE-PEG (14:1 w/w) 0.13 (weight 
ratio) 

HeLa Cervical adenocarcinoma 
(human) 

638 nm NR NR 1.1, 2.2, 4.3, 8.7, 17.3 
8.5, 16.9, 33.8, 67.7, 
135.4 

2.3 (6 h) MTT [119] 
2 

Lecithin:cholesterol (35:22) 0.018; lecithin: 
cholesterol: 
ZnPC*: 35:22:1 

HepG2 Hepatocellular carcinoma 
(human) 

> 610 nm 0.015 27 NR 0.16 (24 h) MTT [120] 
3 

DMPC:DOTAP:DSPE- 
PEG2000 (78.3:20:0 and 
74.5:20:3.8) 

0.017 H460 Non-small cell lung cancer 
(human) 

Laser, 660 nm NR NR 
(10 J cumulative 
energy) 

0, 0.4, 1.4, 5.2, 15.6 ~1.5 (78.3:20:0) 
and > 5.2 (74.5:20:3.8) 
(24 h) 

MTT [112] 

DMPC:DOTAP:DSPE- 
PEG2000 (78.3:20:0 and 
74.5:20:3.8) 

0.017 CT26 Undifferentiated colon 
carcinoma (murine origin) 

Laser, 660 nm NR NR 
(10 J cumulative 
energy) 

0, 0.4, 1.4, 5.2, 15.6 16 (78.3:20:0) 
and > 16 (74.5:20:3.8) 
(24 h) 

MTT [112] 

DMPC:DOTAP:DSPE- 
PEG2000 (78.3:20:0 and 
74.5:20:3.8) 

0.017 U-87 MG Human glioblastoma 
(human) 

Laser, 660 nm NR NR 
(10 J cumulative 
energy) 

0, 0.4, 1.4, 5.2, 15.6 ~5 (78.3:20:0) and 16 
(74.5:20:3.8) 

MTT [112] 

SPC:DSPE-PEG (14:1 w/w) 0.13 (weight 
ratio) 

HeLa Cervical adenocarcinoma 
(human) 

630 nm NR NR 1.1, 2.2, 4.3, 8.7, 17.3 
8.5, 16.9, 33.8, 67.7, 
135.4 

~2 (6 h) MTT [121] 
4 

SPC:C22PEG900GlcNAc 
(70:30) 
SPC composition: 75% 
DSPC, 12% DOPC, 8% 
DPPC 

21.7 (weight 
ratio) 

MDA- 
MB-231 

Metastatic mammary 
adenocarcinoma (human) 

Photon Lase I system, 
675 nm 

NR 8 1.7, 3.5, 6.9, 13.8 
46, 92, 184, 369 

6.9 (24 h) MTT [122] 
5 

Abbreviations: NP, nanoparticle, ZnPC; zinc phthalocyanine; ZnPC*, monosubstituted ZnPC (ZnPC-S(CH2)3SO3 and ZnPC-O(CH2)3SO3); SRB, sulforhodamine B; CV, cell-derived vesicle; CMV, cell membrane-derived 
vesicle; WST-1, water-soluble tetrazolium salt (mitochondrial redox); NR, not reported; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DSPE-PEG,distearoylphosphatidylethanolamine-poly(ethylene glycol); 
DOPC, dioleoylphosphatidylcholine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SPC, soybean phosphatidylcholine; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium; C22PEG900GlcNAc, glycosylated polymeric amphiphile N-acetyl-β-d-glucosaminyl-PEG900-docosanate conjugate; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane. 
Notes: 1 Liposomes co-encapsulated diethyldithiocarbamate, a chelating agent (clinically used for the treatment of acute nickel carbonyl poisoning); 2 ZnPC-phospholipid complex co-encapsulated methotrexate for 
PDT + chemotherapy; 3 authors synthesized zinc (II) phthalocyanines monosubstituted with a sulphonate group in the alpha position with “O bridge” and “S bridge” as bonds; 4 ZnPC-phospholipid complex co- 
encapsulated doxorubicin for PDT + chemotherapy; 5 phospholipid complex self-assembled nanoparticles with surface-grafted methotrexate-DSPE-PEG. 
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RT) and resuspended in fresh, fully supplemented RPMI 1640 medium. 
Cells were counted using a hemocytometer (aliquot of 10 μL). Next, cells 
were seeded into 48-wells plates (flow cytometry) or 96-wells plates 
(confocal microscopy, dark toxicity, PDT efficacy) 24 h prior to an 
experiment unless stated otherwise. A seeding density of 3.5 × 104 cells/ 
well (48-wells plates, 200 μL/well) and 1.5 × 104 cells/well (96-wells 
plates, 100 μL/well), yielding a confluence of 60–70%, was used to 
achieve ~90% confluence at the time of the experiment. During the 
experiments, RPMI 1640 medium without FBS, additional L-glutamine, 
and phenol red but with antibiotics (final concentration of 100 U/mL 
penicillin, 100 μg/mL streptomycin), referred to as RPMI− /− , was used 
when cells were incubated with PS. 

4.3. Preparation and Characterization of Bionanovesicles 

TFK-1 cells were cultured and harvested as described in section 
4.2.1. After harvesting, cells derived from four T175 flasks were pooled 
in two 50-mL polypropylene centrifuge tubes and washed twice 
(centrifugation at 300 ×g, 5 min, RT) with 20 mL of 0.22-μm filter- 
sterilized physiological saline. Cell pellets were gently resuspended in 
10 mL of 10 mM HEPES buffer, pH = 7.5 (for CV preparation; section 
4.3.1), or fractionation medium (for CMV preparation; section 4.3.2) 
and processed as illustrated in Fig. 7. 

4.3.1. Preparation of Cellular Vesicles (CVs) 
Cells from two T175 flasks were suspended in 10 mL of 10 mM 

HEPES buffer, pH = 7.5, and sonicated with a 12.8-mm tip at 10% power 
(40 W) for 2 min (10 s on and 10 s off) on ice and filtered once through a 
0.2-μm polyethersulfone (PES) membrane filter. The CVs were stored in 
sterile 15-mL or 50-mL polypropylene centrifuge tubes at 4 ◦C in the 
dark under a nitrogen atmosphere for a maximum of 1 wk. Dilutions of 
the stock were performed with 10 mM HEPES buffer, pH = 7.5. 

4.3.2. Preparation of Cell Membrane Vesicles (CMVs) 
Cells from two T175 flasks were suspended with 10 mL fractionation 

medium (0.25 M sucrose, 1 mM EDTA, 20 mM HEPES, and protease 
inhibitor cocktail (pH = 7.4) [114,115]) and incubated on ice for 1 h. 
The cell suspension was sonicated using a tip sonicator for 30 rounds on 
ice (ton = 3 s, toff = 7 s) at 10% power (40 W). The solution was 
centrifuged at 3000 ×g for 10 min at 4 ◦C and the supernatant was 
collected and centrifuged at 13,500 ×g for 20 min at 4 ◦C. The pellets 
were washed twice with 10 mM HEPES solution, pH = 7.5 (13,500 ×g, 
20 min, 4 ◦C) and resuspended in 10 mL MilliQ water. The cell mem-
brane mixture was bath-sonicated under ice-cold conditions (to avoid 
thermal denaturation of protein) for 15 min until the mixture solution 
became semi-opaque. Finally, the suspension was filtered once through 
a 0.2-μm PES membrane filter. The CMVs were stored in sterile 15-mL or 

Fig. 7. Schematic overview of the cellular vesicle (CV) and cell membrane vesicle (CMV) preparation method.  
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50-mL polypropylene centrifuge tubes at 4 ◦C in the dark under a ni-
trogen atmosphere for a maximum of 1 wk. Dilutions of the stock were 
done with MilliQ water. 

4.3.3. Characterization of CVs and CMVs 
Phospholipid concentration of CVs and CMVs derived from 4 T175 

flasks according to Fig. 7 was determined by a modified inorganic 
phosphate assay [116] developed by Rouser et al. [117]. An aliquot 
(10 μL) of CVs or CMVs (N = 3 per sample) was transferred into a 10-mL 
round-bottom borosilicate glass tube. Simultaneously, aliquots of inor-
ganic phosphate standard were loaded into a glass tube (10 mM sodium 
dihydrogen phosphate stock solution; NaH2PO4 in MilliQ water) in the 
0–100 nmol range. Samples were desiccated in a heating block (180 ◦C) 
for 30 min and allowed to cool down at RT. Next, 300 μL of 70% HClO4 
was deposited into each tube using a bottle-top dispenser and tubes were 
topped off with pre-washed and dried glass marbles. The samples were 
digested in a heating block (180 ◦C) for at least 1 h and at most 3 h. 
Following cooling at RT, 1 mL of MilliQ water, 500 μL of 1.2% w/v 
ammonium molybdate, and 500 μL of freshly prepared 5% w/v ascorbic 
acid were sequentially added to each tube with intermittent vortexing of 
the mixtures. Finally, the samples were placed in boiling water for 
5 min, allowed to cool at RT, and transferred (100 μL) to a 96-well plate. 
Absorbance was measured at 797 nm using a plate reader and the 
sample concentration was calculated by solving the linear fit equation of 
the standard curve. 

CV and CMV size and polydispersity index (PDI) were determined by 
photon correlation spectroscopy (Zetasizer Nano, Malvern Instruments, 
Malvern, UK) from 10 × 10 measurements per sample using the 
following settings: unimodal analysis, refractive index (RI) 
dispersant = 1.331, viscosity = 0.8872, temperature = 25 ◦C, scattering 
angle = 175◦, measure position at 4.65 mm from the cell wall, diffusion 
coefficient = 1.61. The zeta potential, which is a rough indication of the 
surface charge of the particle, was measured using electrophoretic light 
scattering (Zetasizer Nano, Malvern Instruments). The zeta potential of 
CVs and CMVs was corrected for the zeta potential of the equilibration 
buffer. 

The morphology of CVs and CMVs was determined by transmission 
electron microscopy (TEM). Ten μL of sample was applied to a 300-mesh 
copper grid coated with formvar and carbon and allowed to interact for 
2 min. Excess liquid was absorbed using ashless filter paper positioned at 
the grid’s periphery. Subsequently, 5 μL of a 2% (w/v) uranyl acetate 
staining solution (pH = 4.5) was immediately added to the grid, fol-
lowed by a 1-min incubation period. Excess staining solution was 
carefully removed and the grid was left to air-dry. The prepared samples 
were examined using TEM on a Tecnai 20 TOMO instrument (FEI 
Company, Hillsboro, OR, USA). 

4.3.4. Preparation and Characterization of ZnPC-CVs and ZnPC-CMVs 
CVs and CMVs were prepared as described in sections 4.3.1 and 

4.3.2, respectively, and characterized for phospholipid content as 
described in section 4.3.3. ZnPC in pyridine was added to the bio-
nanovesicle suspension at the desired PS:phospholipid ratio. ZnPC was 
diluted with pyridine where applicable, whereas the bionanovesicles 
were diluted in the respective carrier solutions (sections 4.3.1 and 
4.3.2). 

For the loading efficiency, physicochemical characterization, and 
absorption spectroscopy experiments, 5–100 μM of ZnPC in 50 μL of 
pyridine was added to CVs and CMVs at a fixed phospholipid concen-
tration (500 μM final phospholipid concentration (section 4.3.3), 
0.45 mL volume), accounting for a ZnPC:phospholipid ratio of 
0.001–0.02. The pyridine concentration was kept constant at 10% (v/v). 
To prepare bionanovesicles at a 0.03 ZnPC:phospholipid molar ratio 
(15 μM of ZnPC), 75 μL of 100 μM ZnPC in pyridine was added to 425 μL 
of CV/CMV suspension, accounting for a final phospholipid concentra-
tion of 500 μM and a 15% (v/v) pyridine concentration. In a separate 
absorption spectroscopy experiment, where the phospholipid content 

was increased while holding the PS concentration constant, bio-
nanovesicles containing 0.5 μM ZnPC were prepared by adding 50 μL of 
5 μM ZnPC in pyridine to 450 μL of CVs/CMVs at varying phospholipid 
concentrations. 

For fluorescence spectroscopy experiments, bionanovesicles con-
taining 1.5 μM ZnPC were prepared by adding 50 μL of 15 μM ZnPC in 
pyridine to 450 μL CVs/CMVs (500 μM phospholipid concentration), 
accounting for a ZnPC:phospholipid molar ratio of 0.003. 

The mixtures were sonicated using a sonic dismembrator (Qsonica, 
Newtown, CT, USA) with a 1/16-in. (1.6-mm) tip at the following set-
tings: 25% amplitude and 3 cycles of 10 s on/off for 1 min with a 2-min 
cooling period between each cycle. The PS-containing bionanovesicles 
were subsequently incubated on a roller for 2 h at RT. ZnPC-CVs and 
ZnPC-CMVs were stored at 4 ◦C under a nitrogen atmosphere in the dark 
for up to 1 wk. We have demonstrated previously that biomembrane- 
embedded ZnPC remains stable and intact under these conditions for 
up to 8 wk [10]. 

Determination of diameter and PDI was performed as described in 
section 2.3.3. Since ZnPC has no expected effect on biomembrane sur-
face charge due to its inner membrane localization, zeta potential 
measurements were omitted for ZnPC-CVs and ZnPC-CMVs. 

The amount of ZnPC intercalated into the bionanovesicle membrane 
was determined by Bland-Altman analysis [86] using absorption spec-
troscopy. CVs and CMVs were loaded with ZnPC at a PS:phospholipid 
ratio of 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009, 
0.01, 0.02, and 0.03 as described above. A 40-μL aliquot of ZnPC-CVs in 
10 mM HEPES buffer, pH = 7.5, or ZnPC-CMVs in MilliQ was transferred 
into an Eppendorf tube containing 360 μL of pyridine (N = 3/ZnPC: 
phospholipid ratio), briefly bath-sonicated, and centrifuged at 1000 ×g 
for 5 min at RT. Eppendorf tubes are composed of polypropylene, which 
has excellent chemical compatibility with pyridine [https://www.duts 
cher.com/data/pdf_guides/en/CCTPPA.pdf, accessed 11 December 
2023]. ZnPC standards were prepared in 10 mM HEPES, pH = 7.5/ 
pyridine (CVs) and MilliQ water/pyridine (CMVs) at the same volume 
ratios (1:9, respectively) in a 0.1–0.8 μM ZnPC concentration range and 
a 100-μL aliquot was transferred to a medical grade polystyrene clear 
bottom black 96-wells microplate. Polystyrene and pyridine also have 
excellent chemical compatibility [https://www.dutscher.com/data/ 
pdf_guides/en/CCTPPA.pdf, accessed 11 December 2023]. Finally, 
100 μL of the sample supernatant was transferred to the microplate and 
the absorbance was read in a microplate reader at 674 nm [7]. Analyte 
concentrations were calculated from the linear fit function of the stan-
dard curve, averaged, and presented in Bland-Altman plots (GraphPad 
Prism) as the nominal concentration difference (in μM) between 
(measured ZnPC- added ZnPC). This method measures actual intra-
membrane ZnPC content and does not suffer from quantum chemical 
effects associated with ZnPC dimer-/multimerization in biomembranes 
at higher PS:phospholipid ratios [7,87]. 

4.4. Spectral Properties of ZnPC-CVs and ZnPC-CMVs 

The ZnPC-CVs and ZnPC-CMVs used were prepared as described in 
section 4.3.4. The absorption spectra of ZnPC in pyridine (1.5 μM) and 
ZnPC-CVs and ZnPC-CMVs (ZnPC:phospholipid molar ratio of 0.003) in 
their respective carrier solutions (sections 4.3.1 and 4.3.2) were ac-
quired with a UV 2450 spectrophotometer (Shimadzu, Kyoto, Japan) at 
a scan rate of 100 nm/min. Before spectral acquisition the samples were 
blanked with 10 mM HEPES solution, pH = 7.5 (CVs) and MilliQ water 
(CMVs). 

ZnPC, ZnPC-CVs, and ZnPC-CMVs fluorescence emission and exci-
tation spectra were measured with a spectrofluorometer (model FP- 
8300, Jasco, Tokyo, Japan) at λex = 650 ± 5 nm and 
λem = 695 ± 5 nm, respectively. Gain was set at 390 V and the scan rate 
was 100 nm/min. Fluorescence emission and excitation spectra were 
background-corrected and normalized to maximum value. 
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4.5. Analysis of Bionanovesicle-Tumor Cell Interactions 

4.5.1. ZnPC-CV and ZnPC-CMV Association with Tumor Cells (Flow 
Cytometry) 

The interaction between PSs and TFK-1 cells was studied by flow 
cytometry. Cells were seeded in 48 wells plates at a density of 3.5 × 104 

cells/well (200 μL/well) and incubated overnight. Cells were subse-
quently incubated with PSs (200 μL/well) in RPMI− /− for 1-, 30-, 60-, 
and 120 min at standard culture conditions. The final PS concentration 
was 0.3 μM for free ZnPC, ZnPC-CVs and ZnPC-CMVs (ZnPC:phospho-
lipid molar ratio of 0.003). Two hundred μL of PSs at different ZnPC: 
phospholipid molar ratios (0.001, 0.009, 0.03) and 500-μM lipid con-
centration (CVs/CMVs) were also used to assay association with cells as 
described above. After harvesting with 100 μL of accutase for 10 min at 
standard culture conditions, cells were collected and transferred from 
each well to 96 well plates, and the samples were analyzed by flow 
cytometry. Viable cells were gated based on their preset forward-scatter 
and side-scatter properties. PS autofluorescence was measured at 
λex = 633 nm and λem = 661 ± 20 nm and a fixed detector voltage 
(625 V). The excitation wavelength coincides with the blue Q-band 
absorption shoulder of the photosensitizers and causes autofluorescence 
as a result of radiative S1 → S0 state decay of a small fraction of the 
excited state electrons. Ten thousand events were collected in the gated 
region. Association was calculated from the difference between the 
mean fluorescence intensity of photosensitized cells relative to the mean 
fluorescence intensity of non-photosensitized cells (N = 3 independent 
experiments per incubation time). Data were processed in FlowJo soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA). 

4.5.2. ZnPC-CV and ZnPC-CMV Uptake and Intracellular Distribution in 
Tumor Cells (Confocal Microscopy) 

ZnPC uptake was assessed by confocal laser scanning microscopy 
with a Yokogawa High Content Imaging Platform (model CV7000S, 
Yokogawa, Tokyo, Japan) using a 40 × objective. TFK-1 cells (100 μL) 
were seeded in 96 wells plates (flat bottom clear, black polypropylene) 
at a density of 1.5 × 104 cells per well. The cells were incubated over-
night until 60–70% confluence. Upon reaching the target confluence, 
cells were incubated with the ZnPC (100 μL/well) in RPMI− /− for 
15 min, 30 min, and 60 min at standard culture conditions. The final PS 
concentrations were 3 μM for free ZnPC, ZnPC-CVs, and ZnPC-CMVs. 
Next, cells were washed with PBS (RT, 100 μL/well) prior to fixation 
with 2% paraformaldehyde (PFA, 100 μL/well) in PBS (RT) for 15 min in 
the dark. The fixative solution was decanted and wells were washed 
once with PBS (RT) and submersed in 100 μL of ice-cold PBS for storage 
at 4 ◦C until confocal microscopy imaging (typically within 24 h). 
Directly before imaging, 100 μL of diluted Hoechst 33342 (10 μg/mL in 
PBS) was added to each sample and incubated for 3 min at RT to stain 
nuclear DNA. Next, Hoechst 33342 was decanted, wells were washed 
twice with PBS (RT), and 100 μL of PBS (RT) was added to each well. 
Imaging was performed at the following settings: Hoechst, λex = 405 nm, 
λem = 479 nm; ZnPC-CVs and ZnPC-CMVs, λex = 660 nm, λem = 790 nm. 

4.6. Dark Toxicity 

The dark toxicity of ZnPC-CVs and ZnPC-CMVs was assessed in TFK-1 
cells in the absence of illumination. Cells seeded in 96-wells plates were 
cultured as described in section 4.2.2. The cells were incubated over-
night until ~90% confluence. Upon reaching the target confluence, cells 
were washed with PBS at RT, and PS in RPMI− /− was added at con-
centrations ranging from 0 to 1.5 μM for free ZnPC, ZnPC-CVs, and 
ZnPC-CMVs (0–500 μM phospholipid concentration). Medium contain-
ing 1% Triton X-100 was used as positive control for complete cell death 
and RPMI− /− as negative control. After 24-h, 48-h, and 72-h incubation 
with the ZnPC at standard culture conditions, the MTS assay was per-
formed according to the manufacturer’s instructions. In short, 20 μL/ 
well of CellTiter 96 Aqueous One Solution (Promega) was added and 

plates were incubated at standard culture conditions for 1 h. Cell 
viability was determined by measuring absorbance at 490 nm with 
GloMax Discover Microplate Reader (Promega) and reported as per-
centage viability relative to negative control cells. 

4.7. Photodynamic Therapy 

For PDT efficacy experiments, TFK-1 cells were cultured and seeded 
in 96-wells plates as described in section 4.2.1 and 4.2.2. The cells were 
incubated overnight until 90% confluence. Upon reaching the target 
confluence, cells were washed with PBS (RT). In a first test arm, PS (free 
ZnPC, ZnPC-CVs, or ZnPC-CMVs) in RPMI− /− was added at concentra-
tions ranging from 0 to 1.5 μM at a fixed 0.003 ZnPC:phospholipid ratio. 
In a second test arm, ZnPC-CVs and ZnPC-CMVs were added to cells at 
increasing ZnPC:phospholipid ratios and fixed phospholipid concentra-
tion (100 μM; 5 μL of CVs/CMVs in 95 μL medium per well). Medium 
containing 1% Triton X-100 was used as positive control for complete 
cell death and RPMI− /− medium was used as negative control. Empty 
CVs and CMVs were employed for the 0 μM ZnPC group. Cells were 
incubated with bionanovesicles for 1 h under standard culture condi-
tions and washed twice with RPMI− /− and once with PBS (RT). Next, 
100 μL of fresh RPMI− /− (37 ◦C) was added to each well and cells were 
illuminated with a custom-made LED device (1 LED per well, 
λ = 650 ± 20 nm) at 5 mW for 40 min (the beam diameter was com-
parable to the well diameter; i.e., 6.58 mm inner diameter), equating to 
a total incident energy of 12 J/well and a cumulative radiant exposure of 
35.3 J/cm2. The radiant exposure was measured with an optometer. Cell 
viability assays were performed at 24 h, 48 h, and 72 h after PDT using 
the MTS assay. Data points were fitted in GraphPad Prism using 
nonlinear regression curve fitting (inhibitor vs. normalized response – 
variable slope) to derive LC50 values. 
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