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ARTICLE INFO ABSTRACT

Keywords: The development of new tumor models for anticancer drug screening is a challenge for preclinical research.
PLGA-nanoparticles Conventional cell-based in vitro models such as 2D monolayer cell cultures or 3D spheroids allow an initial
Liposomes

assessment of the efficacy of drugs but they have a limited prediction to the in vivo effectiveness. In contrast, in
vivo animal models capture the complexity of systemic distribution, accumulation, and degradation of drugs, but
visualization of the individual steps is challenging and extracting quantitative data is usually very difficult.
Furthermore, there are a variety of ethical concerns related to animal tests. In accordance with the 3Rs principles
of Replacement, Reduction and Refinement, alternative test systems should therefore be developed and applied
in preclinical research. The Hen’s egg test on chorioallantoic membrane (HET-CAM) model provides the gen-
eration of vascularized tumor spheroids and therefore, is an ideal test platform which can be used as an inter-
mediate step between in vitro analysis and preclinical evaluation in vivo. We developed a HET-CAM based
intestine tumor model to investigate the accumulation and efficacy of nano-formulated photosensitizers. Irra-
diation is necessary to activate the phototoxic effect. Due to the good accessibility of the vascularized tumor on
the CAM, we have developed a laser irradiation setup to simulate an in vivo endoscopic irradiation. The study
presents quantitative as well as qualitative data on the accumulation and efficacy of the nano-formulated pho-
tosensitizers in a vascularized intestine tumor model.

Pharmaceutical test system
Simulated endoscopic irradiation, Angiogenesis

1. Introduction comprehensive evidence of their efficacy and toxicological safety to

conduct in vivo studies. The choice of the appropriate test models de-

Photosensitizers combined with advanced nanotechnology have a
great potential for effective cancer treatment (Park et al., 2018). The
incorporation of photosensitizers into nanoparticles can help to over-
come their major limitations: poor water solubility, long-term photo-
toxicity and low tumor targeting efficacy (Bae and Na, 2012; Castano
et al., 2005; Debele et al., 2015; Park et al., 2018; Zhang et al., 2018). To
date, various nanoparticulate incorporated photosensitizers are under
development (Beeuf-Muraille et al., 2019; Dinakaran et al., 2020; Mok-
wena et al., 2018; Shu et al., 2021; Yakavets et al., 2019). Potential new
drugs and their formulations are examined in preclinical research for
their efficacy and toxicological properties. The aim of preclinical studies
is to identify one or more promising drug candidates and provide
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pends on the disease to be treated and the research question to be
investigated. Due to the high number of potential new drugs, screening
models are needed which enable a fast and cost-effective investigation of
their efficacy and toxicity. Cell-based test systems are an essential
element in drug development. Compared to cost-intensive animal
models, cell culture-based tests are simple, fast, inexpensive, versatile,
and easily to reproduce (Langhans, 2018). Cell cultures with cell lines
originating from tumors are most suitable for the development of new
cancer drugs. Many cell culture tests used in drug research are 2D
monolayer cell cultures where cells are cultivated on flat and inflexible
plastic surfaces (Mohs and Greig, 2017). The compound can be incu-
bated for a defined period of time and its biological and toxic effects can
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be investigated using standardized tests. These 2D monolayer cell cul-
ture systems are suitable for automated high-throughput screening
procedures, which enable the initial identification of potential drugs
(Lovitt et al., 2014). A disadvantage of 2D monolayer cell cultures are
their inability to reproduce the complex physiological conditions of an in
vivo tumor. Therefore, conclusions about the in vivo behavior are diffi-
cult to make. With 3D tumor spheroids, the tissue-specific structure of in
vivo tumors and the resulting physiological conditions can be reflected
more realistically (Lovitt et al., 2014). Similar to micro metastases,
tumor spheroids with a diameter of more than 500 pm exhibit a physi-
cochemical gradient (Nath and Devi, 2016). This leads to a decrease in
the supply of nutrients and oxygen from the surface to the center of the
tumor spheroid, while at the same time carbon dioxide and waste
products accumulate inside the tumor spheroid. This results in different
cell layers within the tumor spheroid, a vital boundary layer with
proliferating cells and a nucleus with necrotic cells. Between these layers
there is an additional cell layer with cells that are in the quiescent phase
and therefore do not proliferate but can be reactivated. The reduced
penetration of the drug into the tumor spheroid results in a reduced
accessibility of these cells compared to monolayer cell cultures (Lovitt
et al., 2014). Studies with 3D tumor spheroids are used in the devel-
opment of new cancer drugs for selection of effective drugs. Moreover,
due to their ability to simulate micro metastases in vitro, they can make a
contribution to reducing the number of animal experiments (Friedrich
et al.,, 2009). Overall, 3D tumor spheroids can be regarded as an
extension to investigations with 2D monolayer cell cultures. However,
there are limitations to the transferability of in vitro studies to clinical
applications (Sausville and Newell, 2004). A major limitation of in vitro
test systems is the lack of vascularization. The growth of a tumor in vivo
leads to angiogenesis and thus to a connection to the systemic circula-
tion of the body, which enables the tumor to be provided with nutrients
and oxygen (Li et al., 2012). This can have effects on the systemic dis-
tribution of drugs or formulations which are scarcely reflected by in vitro
models. Animal models are usually used to investigate this issue (Lok-
man et al., 2012; Sausville and Newell, 2004). The use of mice or rats
allows the breeding of vascularized in vivo tumors. However, the per-
formance of animal experiments is very controversial. In vivo studies
usually require special skills, approval by the ethics committee, and they
are time and cost intensive (Nowak-Sliwinska et al., 2014). In addition,
the animal is harmed, and considerable suffering is done, often up to
death. In accordance with the 3Rs principles of Replacement, Reduction
and Refinement (Russell and Burch, 1959), alternative test systems
should therefore be developed and applied in preclinical research
(Graham and Prescott, 2015). A promising approach for the investiga-
tion of vascularized tumors is the use of the chicken egg test on the
chorioallantoic membrane (HET-CAM). The CAM is a highly vascular-
ized membrane responsible for the arterial supply of the embryo.
Additionally, immunodeficiency of the chicken embryos allows the
application of cells from other species without a reaction of the immune
system (Cimpean et al., 2008). After the application of tumor cells to the
CAM, angiogenesis and growth of the cell population occurs. The tissue
composition and accessibility of CAM for experimental manipulation
makes it an excellent preclinical in ovo model for drug screening or
vascular growth studies (Subauste et al., 2009; Demir et al., 2009;
Nowak-Sliwinska et al., 2014). Starting point of the present work was
the use of photodynamic therapy (PDT) for the treatment of small in-
testine carcinomas. The photosensitizer meso-tetra(3-hydroxyphenyl)
chlorin (mTHPC) and the newly synthesized photosensitizers BLC 2175
and BLC 5152 were used as drug compounds. Due to the fact, that
anti-tumor photosensitizers in general have highly hydrophobic prop-
erties, which lead to poor bioavailability and high side effects caused by
unspecific systemic accumulation, new formulations based on nano-
particulate drug carrier systems have been developed. The function of
the nanoparticle is the transport and release of the photosensitizer at the
target site, whereby the specific accumulation at the target site should
result in a reduction of side effects at the same time. To study the
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accumulation and induced phototoxic effects in a vascularized tumor
model the HET-CAM assay was used.

2. Methods
2.1. Synthesis and characterization of nanoparticles

2.1.1. Synthesis of photosensitizers blc 2175 and blc 5152

Photosensitizers BLC 2175 and BLC 5152 were synthesized by
nucleophilic aromatic substitution on 5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrin with two amines, 1,3-dihydroxyprop-2-ylamine and
(R)—2,3-dihydroxyprop-1-ylamine, respectively. 5,10,15,20-Tetrakis
(pentafluorophenyl)porphyrin itself was synthesized according to the
literature with slight modifications, starting from pyrrole and penta-
fluorobenzaldehyde using boron trifluoride etherate as the acid catalyst
(Geier and Lindsey, 2004; Lindsey et al., 1987).

General procedure for the functionalization of 5,10,15,20-tetrakis
(pentafluorophenyl)porphyrin with amines: First, the porphyrin was
dissolved in dry DMSO in a three-necked round bottom flask equipped
with argon gas inlet and magnetic stirrer. Then, the respective amine
was added, and the reaction was stirred for 4 h at 100 °C. After
extraction with ethyl acetate and aqueous workup, the organic phase
was dried with sodium sulfate, filtered and the solvent evaporated. The
crude product was purified by column chromatography (silica gel,
DCM/MeOH, 85:15 - 8:2). The product fraction was evaporated to
dryness, treated with dichloromethane and suction filtered.

5,10,15,20-Tetrakis-[2,3,5,6-tetrafluor-4-(1,3-dihydroxyprop-2-yla-
mino)phenyllporphyrin (BLC 2175): Referring to the procedure above,
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (222 mg, 0.23 mmol)
was functionalized with 1,3-dihydroxyprop-2-ylamine (562 mg, 6.17
mmol). The product BLC 2175 was obtained as purple crystals (243 mg,
0.19 mmol, 84%). m. p. 210 °C. 1H NMR (500 MHz, Dg-acetone): & =
9.25 (s, 8H, p-H), 5.29 (s, 4H, NH), 4.28 (d, J = 61.2 Hz, 8H, OH), 4.16 (t,
J = 5.4 Hz, 4H, NHCH), 4.09 - 3.93 (m, 16H, OCH), —2.82 (s, 4H,
NHpyrrole) ppm. *C NMR (126 MHz, Dg-Acetone): 5 = 147.8 (d, \Jc.r =
238.8 Hz, Arp-Cortho), 138.3 (dd, “2Jcr = 238.8, 16.0 Hz, Arg-Cmeta)
132.7 (B-Cpyrrole), 130.5 (t, J = 11.5 Hz, Arg-Cpara), 107.2 (t, 2Jer=20.1
Hz, Arp-Cipso), 106.0 (Arp-Cpeso), 62.8 (OCH), 62.7 (OCHy), 58.8
(NH—CH) ppm. '°F NMR (471 MHz, Dg-acetone): 5 = —143.38 (d, J =
16.2 Hz, 4F, Ar-Formo), —161.31 (d, J = 16.9 Hz, 4F, Ar-Feta) ppm.
HRMS (ESI-TOF): m/z calc. for CsgH43F16NgOs™ [M + H]": 1259.2948;
found: 1259.3045. UV/Vis (MeOH): Amax [log € (L e mol ™! o cm™1)] =
417 (5.42), 509 (4.38), 544 (3.82), 586 (3.88), 648 (3.07) nm.

5,10,15,20-Tetrakis-[2,3,5,6-tetrafluor-4-((R)—2,3-dihydroxyprop-1-

ylamino)-phenyl]-porphyrin (BLC 5152): Referring to the procedure
above, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (262 mg, 0.27
mmol) was functionalized with (R)—2,3-dihydroxyprop-1-ylamine (529
mg, 5.81 mmol). The product BLC 5152 was obtained as purple crystals
(155 mg, 0.12 mmol, 45%). m. p. 298-301 °C. 'H NMR (500 MHz, De-
acetone): 8 = 9.27 (s, 8H, -H), 5.59 (s, 4H, NH), 4.40 (s, 4H, OH), 4.13
(t,J = 5.8 Hz, 4H, OCH), 4.04 (s, 4H, OH), 3.95 (dd, J = 12.9, 6.8 Hz, 4H,
NHCH), 3.78 (d, J = 5.3 Hz, 8H, OCHy), 3.71 (dt, J = 12.7, 6.3 Hz, 4H,
NHCH), —2.80 (s, 2H, NHpyrrole) ppm. *3C NMR (126 MHz, Dg-acetone):
8 = 147.04 (dd, Jc.r = 247.6, 9.2 Hz, Arp-Cortho), 137.45 (dd, Jer =
239.8, 17.2 Hz, Arp-Creta), 130.37 (t, J = 11.4 Hz, Arg-Cpara), 106.25 (4,
J = 20.2 Hz, Arg-Cipso), 105.28 (s, Arp-Cpeso), 71.27 (d, OCH), 64.54 (t,
OCH,), 48.66 (t, J = 13.9 Hz, NHCH,) ppm. '°F NMR (471 MHz, D¢-
acetone): 6 = —143.50 (d, J = 18.7 Hz, 4F, Ar-Foiho), —161.91 (d, J =
19.8 Hz, 4F, Ar-Fpew) ppm. HRMS (ESI-TOF): m/z calc. for
CseH43F16NgOg™ [M + H]™: 1259.2948; found: 1259.2946. UV/Vis
(MeOH): Amax [log e (L @ mol ! e cm V)] =417 (5.27), 510 (4.23), 543
(3.75), 586 (3.78), 648 (3.16).

2.1.2. Liposome based nanoparticles
Liposomes were prepared by the conventional film method as a 9:1
mixture of dipalmitoylphosphatidylcholine (DPPC) and
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dipalmitoylphosphatidylglycerol (DPPG). The photosensitizer was dis-
solved in an organic solution of phospholipids (chloroform/methanol
3:2 (v/v)). This mixture was dried to a thin film at 50 °C using the rotary
evaporator. The obtained film was kept under vacuum (1 mbar) for 2 h
at room temperature. The film was then hydrated for 30 min. Afterwards
the liposome dispersion was extruded through polycarbonate mem-
branes of different pore sizes (400 nm, 200 nm, 100 nm). Liposomal size
was measured by Photon Correlation Spectroscopy (PCS) with a Zeta-
sizer Nano S90 from Malvern Instruments GmbH (Herrenberg, Ger-
many). Photosensitizer concentration was determined by UV-Vis
spectroscopy.

2.1.3. PLGA based nanoparticles

Two kinds of nanoparticles with muco-adhesion and —permeating
properties have been produced by the modification of the nanoparticle
surface as previously described (Elberskirch et al., 2021). The first
particle system, termed as NP-PLGA-mTHPC—CP (poly(lactide-co-gly-
colide)-Carbopol®), was produced by means of solvent evaporation. The
protocols according to Rojnik et al. (Rojnik et al., 2012) and Niu et al.
(Niu et al., 2009) served as the basis for the development of the synthesis
protocol. For the aqueous phase, a 0.1% Carbopol® (Lubrizol, Hamburg,
Germany) stock solution was prepared with ultrapure water and left to
swell overnight. The stock solution was then adjusted to pH 7 using 2 M
sodium hydroxide (Sigma-Aldrich GmbH, Steinheim, Germany). Then,
100 pL of 10% hydrochloric acid (Sigma-Aldrich GmbH, Steinheim,
Germany) were added to reduce the increased viscosity of the mixture.
The pH value was then adjusted for neutralization by adding 2 M sodium
hydroxide solution and autoclaved. To prepare the organic phase, 20 mg
resomer RG 503 H (Sigma-Aldrich GmbH, Steinheim, Germany) was
dissolved in 1 ml DMSO (Sigma-Aldrich GmbH, Steinheim, Germany).
The organic solution was added dropwise at a rate of 0.5 ml min~! into a
0.04% carbopol-water phase while stirring at 600 rpm. To produce the
mTHPC incorporated nanoparticles, the photosensitizer mTHPC was
dissolved in the organic phase at a concentration of 0.25 mg ml~. To
evaporate the solvent, the emulsion was stirred for at least 5 h. The
nanoparticles were purified by centrifugation for 30 min at 21,000 x g
and a temperature of 4 °C. The supernatants were discarded, and the
pellet resuspended in PBS. The second particle system called
NP-PLGA-mTHPC-F127 (poly(lactide-co-glycolide)-Polaxamer 407) was
synthesized according to a modified protocol of Xu et al. (Xu et al.,
2013). The method is described as W/O/W double emulsion solvent
evaporation process. An oil phase consisting of a mixture of 1 ml acetone
(Sigma-Aldrich GmbH, Steinheim, Germany), 3 ml dichloromethane
(DCM) (Sigma-Aldrich GmbH, Steinheim, Germany) and 50 mg PLGA
was prepared. For the incorporation of the photosensitizer an additional
0.5 mg mTHPC was dissolved in the oil phase. This solution was ho-
mogenized by using an ultrasonic homogenizer at an amplitude of 30%
for 30 s. A second solution of 10 ml 1% saponin solution (Sigma-Aldrich
GmbH, Steinheim, Germany) was added as an aqueous phase and the oil
phase was pipetted in rapidly dropwise. The resulting double emulsion
was further homogenized at an amplitude of 70% for 5 min. This was
pipetted dropwise while stirring at 800 rpm to a further 1% saponin
solution with a volume of 30 ml. The containing dichloromethane and
acetone were evaporated for three hours while stirring at 800 rpm and
then placed in a desiccator under vacuum overnight. The nanoparticles
were purified by centrifugation at 21,000 x g for 30 min. The superna-
tant was discarded, and the pellet resuspended in sterile ultrapure water.
Purification was repeated twice. To modify the nanoparticles, a 0.1%
F127 (Sigma-Aldrich GmbH, Steinheim, Germany) solution was used to
resuspend the pellets during purification. The adsorption is achieved by
hydrophobic interactions that form between the poly(propylene oxide)
block (PPO block) of F127 and PLGA. Nanoparticles were stored at 4 °C
until usage. Nanoparticle size, polydispersity index and zeta potential
were determined using a Zetasizer Nano ZS (Malvern Panalytical GmbH,
Herrenberg, Germany) and photosensitizer concentration was quanti-
fied by HPLC analysis.
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2.2. Preclinical studies

2.2.1. Tumor spheroid generation

The generation of the tumor spheroids was done by following a
previously described protocol (Elberskirch et al., 2021). The duodenum
adenocarcinoma cell line HuTu-80 (CLS Cell Lines Service GmbH,
Eppelheim, Germany) and the human colon cancer cell line
HT29-MTX-E12 (European Collection of Cell Cultures (ECACC)) were
used for the generation of the tumor spheroids. The cells were cultured
at 37 °C, 5% COy and 95% relative humidity in an incubator. The
HuTu-80 culture medium EMEM (CLS Cell Lines Service GmbH, Eppel-
heim, Germany) was supplemented with 10% foetal bovine serum
(Sigma-Aldrich GmbH, Steinheim, Germany) and antibiotics (1%
Penicillin-Streptomycin, 10,000 U ml~}, Invitrogen GmbH). The used
culture medium DMEM for the HT29-MTX-E12 cells was supplemented
with 2 mM glutamine, 1% non-essential amino acids (all purchased from
Life Technologies GmbH, Darmstadt, Germany), antibiotics (1%
Penicillin-Streptomycin, 10,000 U ml~?, Invitrogen GmbH) and 10%
foetal bovine serum (Sigma-Aldrich GmbH, Steinheim, Germany) and
the cells were grown until 70-80% confluence. For the generation of the
tumor spheroids, 4500 cells per well were seeded in corning spheroid
microplate (Corning, Wiesbaden, Germany) and cultured over five days
with changing of medium every second day. On day five, the spheroids
were transferred to a Cero cell culture tube and cultured under rotating
conditions in a Cero (both purchased from OLS OMNI Life Science,
Bremen, Germany). On day ten, batches of five spheroids were trans-
ferred to a 24-well cell suspension multiwell plate (Greiner Bio-One,
Frickenhausen, Germany) and cultured under static conditions for two
days until they build out a necrotic core. The resulting tumor spheroids
were applied to the CAM within three days.

2.2.2. HET-CAM

Fertilized chicken eggs (LSL Rhein-Main GmbH & Co. KG, Dieburg,
Germany) were used for the HET-CAM test. They were stored at 16 °C for
three days after delivery to recover from the shocks of transport. As a
basis for establishing the method, the protocol of Zabielska-Koczywas
et al. (Zabielska-Koczywas et al., 2017) was used and modified
(Fig. 1). The incubation of the eggs was started by transferring them to
an incubator. The eggs were incubated with the blunt end pointing
upwards for three days at 37.5 °C, 65% humidity and an inclination of
120° Additionally, they were turned 3 times a day to simulate natural
incubation conditions. On the third day of incubation a hole was drilled
into the blunt end of each egg and covered with adhesive tape. The eggs
were further incubated for two days (37.5 °C, 65% humidity, inclination
11° every 2 h) with the blunt ends pointing downwards. On the 5th day
of incubation, a second hole was drilled into the pointed end of each egg.
To move the air bubble from the blunt end to the pointed end, the tape
was taken off the blunt end. By slightly tilting the egg, the CAM detaches
from the shell and shell skin in the area of the pointed end through
pressure equalization and air inflow. This allows the egg to be opened
without risk of damaging the CAM. A circular window with a diameter of
about 1 cm was carefully drilled into the pointed end of the eggs with a
circular saw without damaging the shell membrane. The eggshell and
the shell membrane were removed from the window with tweezers. The
opened eggs were sealed with a plastic foil and incubated for 24 h in an
incubator (37.5 °C, 65% humidity) without tilting. On the 6th day of
incubation, the HuTu-80 and HT29-MTX-E12 tumor spheroids were
applied to the CAM. In this step, five tumor spheroids per CAM were
applied to the CAM using a pipette. The vitality and the development of
the chick embryos as well as the angiogenesis of the tumor spheroids was
monitored with a microscope (SZX16, Olympus Europa SE & Co. KG,
Germany). About 70% of the eggs showed successful angiogenesis and
growth of the applied tumor spheroids. These were treated with the free
and nanoparticulate photosensitizers on day 12. These were previously
diluted to a concentration of 5 pmol I ~ ! in cell-specific medium. A
volume of 100 pl of the sample solutions were slowly dropped with a
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Fig. 1. Schematic drawing of the HET-CAM assay procedure The schematic drawing of an incubated chicken egg shows the air chamber, the chorioallantoic
membrane (CAM), the embryo, the yolk and protein. The egg was opened on day 5 to expose the CAM. Application of the tumor spheroids was done on day 6 by
direct application onto CAM. After application of tumor spheroids follows angiogenesis and vascularization (day 7-11). The PS or nanoparticular formulations were
applied on day 12 followed by quantification of the accumulated PS on day 13 and 14 or light irradiation and quantification of the phototoxic effect by cell counting

or detection of vital, apoptotic, and necrotic cells on day 17.

pipette onto the surface of the tumor spheroid. After an incubation
period of 24 h or 48 h, respectively, the amount of the accumulated
photosensitizers in the tumor spheroid and the induced phototoxic effect
were investigated in different experimental approaches. On the 17th day
of development, the experiments were stopped by decapitation of the
embryos.

2.2.3. Evaluation of dark toxicity

To evaluate the dark toxic effects of the photosensitizer in the HET-
CAM assay, studies on the dark toxic effects of the photosensitizer with
mTHPC were performed. For this purpose, vascularized tumor spheroids
of the cell lines HuTu-80 an HT29-MTX-E12 were incubated with 5
pmol [ ~ ! of the free photosensitizer mTHPC for 48 h on day 12 and not
irradiated. An optical control was performed on day 17. Regarding the
conversation of the fertilized chicken eggs, the dark toxicity of the
photosensitizers BLC 2175, BLC 5152 and nanoparticulate formulations
of the photosensitizer LP-BLC 2175, LP-BLC 5152, NP-PLGA-
mTHPC—CP and NP-PLGA-mTHPC-F127 was investigated in pre-
liminary studies using tumor spheroids of the cell lines HuTu-80 an
HT29-MTX-E12, which were incubated with 5 pmol I ~ ! of the corre-
sponding photosensitizer in 96-well plates. The viability was measured
by the alamarBlue™ (Invitrogen GmbH, Karlsruhe, Germany) assay and
the effect of the photosensitizers and nanoparticulate formulations of
the photosensitizer was compared to untreated tumor spheroids.

2.2.4. Scanning electron microscope images

To characterize the morphology and surface of the tumor spheroids,
these were prepared for scanning electron microscopy in accordance to
the protocol of Katsen et al. (Katsen-Globa et al., 2016; Katsen et al.,
1998). Therefore, untreated tumor spheroids were transferred to
Transwell® cell culture inserts (Corning, Germany), washed in PBS and
were fixed overnight in 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer. A post fixation followed by using a 2% osmium tetroxide solution

prepared in sodium cacodylate buffer. The samples were dehydrated by
using an increasing series of ethanol solutions (10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, and 100%). The samples were coated with
carbon and examined with a scanning electron microscope (EVO MA 10,
Zeiss).

2.2.5. Construction of the light irradiation setup

A specific irradiation unit was built for the irradiation of vascularized
tumor spheroids. For this purpose, a cost-effective compact (@ 5.6 mm
TO can) continuously wave (CW) stable laser diode with a wavelength of
635 nm and 30 mW output power was used (Laser components GmbH,
Germany). An aspherical lens with an effective focus length of 9 mm was
used to collimate and slightly focus the laser beam and hence reduce the
high divergence and spherical aberrations of such a laser diode. An iris
diaphragm was introduced in the laser beam pathway to control and
vary the irradiation area and the amount of laser power as well. The
distance can be varied to refine the size of the laser spot on the irradi-
ation area. A portable laser beam and spectral measurement device
(LaserCheck™, Melles Griot GmbH, Germany) was used to measure the
emitted light power (mW) and thus deduce the time required to reach a
desired irradiation dose (J cm™2) depending on the size of the irradiated
area.

2.2.6. Cell separation and counting of vascularized tumor spheroids

After treatment of the vascularized tumor spheroids, they were
extracted from the CAM on day 17 and transferred to sampling tubes
(Eppendorf AG, Hamburg, Germany). The cells were separated by add-
ing 1 ml trypsin/EDTA (Invitrogen GmbH, Karlsruhe, Germany) within 5
to 30 min on a thermo mixer (Eppendorf AG, Hamburg, Germany) at
37 °C, followed by centrifugation for 5 min at 115 x g and resuspension
of the cell pellets in 1 ml PBS (Invitrogen GmbH, Karlsruhe, Germany).
Further steps were performed according to the manufacturer’s in-
structions. After the washing steps, the cells were counted using CASY®
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TT cell counter (OLS OMNI Life Science GmbH & Co KG, Bremen,
Germany).

2.2.7. Quantification of the photosensitizers

The analysis of the photosensitizers mTHPC and the newly synthe-
sized photosensitizers BLC 2175 and BLC 5152 was performed with an
Agilent 1260 Infinity Quarternary liquid chromatography (LC) System
(Agilent Technologies, Germany), equipped with a diode array detector
(DAD). The separation was carried out at 60 °C on a reversed-phase
column (Agilent InfinityLab Poroshell 120 EC—C18, 2,1 x 100 mm,
2,7 um LC-column), which was connected with a guard column (Agilent
InfinityLab Poroshell 120 EC—C18, 2.1 x 5 mm, particle size 2.7 pm).
The elution was performed with a gradient of solvent A (water), solvent
B (acetonitrile) and solvent C (0.1% trifluoracetic acid in water) as fol-
lows: 0-0.5 min, 76.5% of A, 8.5% of B, 15% of C; 0.5-2.5 min, 42.0% of
A, 38.0% of B, 20.0% of C; 2.5-4 min, 0% of A, 57.5% of B, 42.5% of C;
4-10 min 0% of A, 57.5% of B, 42.5% of C and 10-14 min 76.5% of A,
8.5% of B, 15% of C. The flow rate was 0.4 ml min~!, the injection
volume was 2 ul and the measurement was performed at a wavelength of
415 nm.

2.2.8. Detection of apoptotic and necrotic events

The main reactions triggered by PDT in tumor cells are apoptosis and
necrosis. Detecting these provides information about the cellular
composition of vascularized tumor spheroids according to the induced
phototoxicity. Detection was performed with the eBioscience™ Annexin
V Apoptosis Detection Kit (Thermo Fisher Scientific GmbH, Dreieich,
Germany) in combination with flow cytometric measurements. Mea-
surements were performed with vascularized HuTu-80 and HT29-MTX-
E12 tumor spheroids treated with 5 pmol I ~ ! mTHPC and 5 pmol I ~ !
nanoparticulate formulations. After 48 h incubation time the vascular-
ized tumor spheroids were irradiated with about 50 J cm 2. An un-
treated cell control was included in each examination. 72 h after
irradiation, the vascularized tumor spheroids were extracted from the
CAM and separated following section 2.3.5. The separated cell were
diluted to a concentration of 5 x 10 cells m1~! in the binding buffer of
the kit. 5 pl were added to the FITC-conjugated Annexin V solution per
100 pl cell suspension and incubated for 15 min at room temperature.
The cells were then washed and resuspended again with 200 pl binding
buffer. Then 5 pl propidium iodide solution was added. The samples
were transferred to sample tubes (Becton Dickinson GmbH, Heidelberg,
Germany) and measured within 4 h by flow cytometry FACSCalibur™
(Becton Dickinson GmbH, Heidelberg, Germany). Per sample 10,000
cells were counted, analyzed, and evaluated with the CellQuest™ Pro-
software (Becton Dickinson GmbH, Heidelberg, Germany). Apoptotic
cells were identified by green fluorescence, necrotic cells by red fluo-
rescence and vital cells were evaluated as non-fluorescent cells.

2.4. Statistical analysis

The results were presented as mean + standard deviation. A com-
parison of the quantified free mTHPC and photosensitizer incorporated
into the nanoparticles was performed using the Welch t-test. P values <
0.05 were considered as statistically significant.

3. Results and discussion
3.1. Characterization of liposome and plga based nanoparticles

Liposome size and polydispersity index (PDI) were measured for
characterization. The liposomes LP-BLC 2175 had a mean size of 151.6
+ 2.3 nm with a PDI of 0.189 + 0.03 and liposomes LP-BLC 5152 144.3
+ 1.9 nm with a PDI of 0.175 + 0.02. Two synthesis methods were used
for the preparation of PLGA based nanoparticles, the nanoprecipitation
and double emulsion solvent evaporation. The particle size, PDI and zeta
potential were measured for characterization. The PLGA based
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nanoparticles NP-PLGA-mTHPC—CP had a mean size of 124.1 + 2.8 nm,
a PDI of 0.03 + 0.01 and a zeta potential of - 52.8 + 1.5 mV. The F127-
mTHPC-PLGA had a mean size of 115,4 4 0,8 nm, a PDI of 0,09 4- 0,01 a
zeta potential of - 46,5 + 4,5 mV.

3.2. Vascularized tumor spheroid model

The process of tumor spheroid angiogenesis was monitored with
microscopic investigation. After the application of five tumor spheroids
on day six, the tumor spheroids grow together, and form one tumor
spheroid followed by vascularization on day seven to ten (Fig. 2). To
visualize the tumor spheroid vascularization scanning electron micro-
scopic images of a vascularized HuTu-80 tumor spheroid were done on
day 17 (Fig. 3). The in ovo brightfield image showed a white tumor
spheroid surrounded by large and small blood vessels with a diameter of
approximately 4 mm (Fig. 3, A). The scanning electron microscopic
images of the CAM make the vascularization visible. A large blood vessel
could be seen from which several blood vessels of different sizes
branched off (Fig. 3, B and C). On the tumor spheroid itself, both blood
vessels surrounded by the cells of the tumor spheroid and blood vessels
growing into the tumor spheroid from the outside could be detected
(Fig. 3, D and E).

Tumor angiogenesis represents a critical step in the development of a
tumor. Before the development of blood vessels, the tumor is in a resting
stage where there is a balance between cell proliferation and cell death.
In this stage, the tumor cannot grow and is micro-sized. Angiogenesis
leads to the formation of blood vessels that supply the tumor with ox-
ygen and nutrients, which results in growth of the tumor (Lebelt et al.,
2008). The influence of a systemic circulation on the accumulation of a
drug cannot be investigated with standardized in vitro models, therefore
animal models are usually used to answer this question. However, these
models are very time-consuming, costly and should be critically
reviewed with regards to animal welfare (Langhans, 2018). The hen’s
egg test on the chorioallantoic membrane (HET-CAM) or the tumor
chorioallantoic membrane model can be regarded as a link between
standardized screening models and animal models. The HET-CAM
model is often used to study the angiogenesis of tumor cells and the
effectiveness of anticancer drugs (Manjunathan and Ragunathan, 2015;
Nowak-Sliwinska et al., 2014; Ribatti et al., 1997; Swadi et al., 2018; Vu
et al.,, 2018; Xiao et al., 2015). The model has several advantages,
including a highly vascularized membrane that promotes tumor cell
angiogenesis, high reproducibility, and simple and cost-effective
experimental design.

3.3. Quantification of the accumulated photosensitizer

An important factor for the effectiveness of PDT is the accumulation
of the photosensitizer in the tumor tissue. For this purpose, 100 pl so-
lution (5 pmol I ~ 1) of the photosensitizer as free compound or incor-
porated in nanoparticle were pipetted directly onto the vascularized
tumor spheroids. After an incubation period of 24 h or 48 h, the tumor
spheroids were removed from the CAM, the photosensitizer was purified
from the cell lysate and measured by HPLC. For calculation of the
accumulated amount of the photosensitizer, the mean value from four
independent HET-CAM experiments was used, which in turn correspond
to four individual vascularized tumor spheroids. The accumulation of
mTHPC and the nanoparticular formulations were compared by statis-
tical analysis. The nanoparticular formulations LP-BLC 2175, LP-BLC
5152 and NP-PLGA-mTHPC—CP show a comparable accumulation to
mTHPC. The accumulation of the nanoparticular formulation F127-
mTHPC-PLGA is significantly higher compared to the free compound
mTHPC. A comparison of the 24 h and 48 h incubation time of the free
and nanoparticulate incorporated photosensitizers showed for the vas-
cularized tumor spheroids of the cell line HuTu-80 after 48 h an
increased accumulation of 97% for mTHPC, 56% for LP-BLC 2175, 46%
for LP-BLC 5152, 50% for NP-PLGA-mTHPC—CP and 20% for NP-PLGA-
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Fig. 2. Microscopic investigation of the tumor spheroid application The different stages of the HET-CAM tumor spheroid model are presented by tumor spheroids of
the HuTu-80 cell line. On day 5 (D5), the egg is opened and on day 6 (D6), five tumor spheroids were applied. The fusion and vascularization of the individual tumor
spheroids occurs in the period between day 7 - 10 (D7 - D10). The resulting study period was 7 days (D12 - D17). On day 17 (T17) the experimental period ends.

(Scale bar 2 mm).

Fig. 3. Microscopic images of a vascularized tumor spheroid on CAM Figure A) Shown is a HuTu-80 tumor spheroid on day 17 in the egg visualized by light mi-
croscopy. The tumor spheroid was extracted from the egg and examined by scanning electron microscopy. Figure B) and C) show the vascularized CAM by scanning
electron microscopy. Figure D) shows a blood vessel surrounded by the cells of the tumor spheroid by scanning electron microscopy. Figure E) shows a blood vessel

that has grown into the tumor from the outside by scanning electron microscopy.

mTHPC-F127 (Fig. 4, A). The vascularized tumor spheroids of the cell
line HT29-MTX-E12 also showed an increased accumulation for the
nanoparticulate formulations after 48 h compared to the 24 h incubation
of 26% for LP-BLC 2175, 46% for LP-BLC 5152, 39% for NP-PLGA-
mTHPC—CP and 18% for NP-PLGA-mTHPC-F127 (Fig. 4, B). Overall, a
48 h incubation period of free and nanoparticulate formulations of the
photosensitizers caused an increased accumulation inside the tumor
spheroids. Therefore, an incubation period of 48 h was used for the
investigation of the phototoxic effect.

A crucial factor for the effectiveness of the photodynamic therapy is

the accumulation of the photosensitizer in the tumor tissue (Castano
etal., 2004). Effective transport is closely related to the angiogenesis of a
tumor to the vascular system of the body. (Dewhirst and Secomb, 2017).
In vitro assays provide an initial platform for cancer drug discovery ap-
proaches nevertheless they are limited by the inability of vasculariza-
tion. Therefore, the HET-CAM model combined with tumor spheroids is
an excellent test system to study the accumulation of drugs into vascu-
larized tumor spheroids (Vargas et al., 2007). Considering the procedure
in the clinical application of PDT, radiation is performed 24 h to 96 h
after the administration of the photosensitizer. This time period is
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Fig. 4. Quantification of the accumulated photosensitizer in
vascularized tumor spheroids of the cell line HuTu-80 and
HT29-MTX-E12 after 24 h or 48 h incubation The free com-
pound mTHPC and the nanoparticulate formulations LP-BLC
2175, LP-BLC 5152, NP-PLGA-mTHPC—CP and NP-PLGA-
mTHPC-F127 were incubated on vascularized tumor spher-
oids of the cell line (A) HuTu-80 and (B) HT29-mTX-E12 for 24
h and 48 h respectively. Afterwards, the tumor spheroids were
lysed and the photosensitizer was extracted. The amount of the
photosensitizer in the vascularized tumor spheroids was
detected by HPLC analysis. The results are presented as mean
value + standard deviation. *Significant deviation of the
measured values of the liposomal and nanoparticulate formu-
lations compared to the free photosensitizer mTHPC according
to the Welch-Test with a significance level of 5% (n = 4; k = 4).
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related to the specific accumulation of the photosensitizer in the tumor
tissue (Cramers et al., 2003). Analogous to the clinical application of
PDT the investigation of free mTHPC and nanoparticulate photosensi-
tizers also revealed a correlation between the accumulated amount of
compound and the incubation time in the vascularized tumor spheroid.
In contrast, in a study by Kiesslich et al. with mTHPC a solvent-based
formulation (Foscan®) and a liposomal formulation (Foslip®) were
incubated on monolayer cell culture of a human gall bladder cancer cell
line and a human bile duct cancer cell line until 36 h. After an incubation
period of 20 h the accumulation of the photosensitizers approaches a
plateau phase (Kiesslich et al., 2007). The result of this study is not
consistent with the situation in vivo and may lead to a misinterpretation
of the necessary incubation time of drugs for following in vivo studies or
further clinical applications. The example demonstrates that an
advanced test system like the HET-CAM model is necessary and appro-
priate to improve the predictability and transferability of results to the in
vivo situation.

3.4. Evaluation of dark toxicity

The vascularized tumor spheroids of the cell lines HuTu-80 and
HT29-MTX-E12 incubated with the free mTHPC showed no optical
changes compared with the untreated and non-irradiated control. It was
concluded that no dark toxic effect occurred when the free photosensi-
tizer was used for incubation at a concentration of 5 pmol [ ~ ! for 48 h.
The dark toxicity of the photosensitizers BLC 2175, BLC 5152 and
nanoparticulate formulations of the photosensitizer LP-BLC 2175, LP-
BLC 5152, NP-PLGA-mTHPC—CP and NP-PLGA-mTHPC-F127 was
investigated in preliminary studies using tumor spheroids of the cell
lines HuTu-80 an HT29-MTX-E12. The measurement of the viability

showed no effect compared to the untreated control (data not shown). It
was concluded that the photosensitizers BLC 2175, BLC 5152 and
nanoparticulate formulations of the photosensitizer LP-BLC 2175, LP-
BLC 5152, NP-PLGA-mTHPC—CP and NP-PLGA-mTHPC-F127 have no
dark toxic effect.

3.5. Light irradiation unit and parameters

In order to activate the photosensitizer, an irradiation unit was built,
which enabled the focused irradiation of the vascularized tumor
spheroid on the CAM of the incubated chicken egg (Fig. 5). Determi-
nation of the phototoxic effect of free and particulate formulations re-
quires irradiation with light of a suitable wavelength. The used
photosensitizer mTHPC has a main absorption peak at ~415 nm (Soret
band) and multiple absorption peaks between 500 and 700 nm Q-bands)
(Bonnett et al., 1989; Ma et al., 1994). For clinical applications, a longer
wavelength light source is preferred due to the deeper penetration depth
of this light in tissue ( Ana P Castano et al., 2004). Results of in vitro and
in vivo studies have shown that mTHPC absorbs significantly at 652 nm
which is therefore the commonly used wavelength for the induction of
the phototoxic effect. Based on this, a laser diode with a main peak of
635 nm was chosen for the customized light irradiation unit. Based on
internal experience and literature data (Betz et al., 2008; Hornung et al.,
2004), an irradiation dose of about 50 J cm™2 has to be reached. The
vascularized tumor spheroids were continuously irradiated with a laser
power of 10 mW on a surface area of 0.3 cm? during 8 to 9 min, which
corresponds thereby to a fluence between 48 J cm ™2 and 54 J cm 2. The
following results obtained here suggest that sufficient effectiveness was
achieved with the customized irradiation unit and the parameters
chosen.
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Fig. 5. Experimental setup schematic drawing of the irradiation unit for the vascularized tumor spheroids The developed irradiation unit enables the irradiation of
vascularized tumor spheroids in ovo at a wavelength of 635 nm. The main components of the irradiation unit are a laser diode, a collimation lens, and an

iris diaphragm.
3.6. Quantification of the phototoxic effect by cell counting

The tumor size after treatment was determined to quantify the anti-
tumor phototoxic effect of the free and nanoparticulate formulations of
the photosensitizer. This was done by cell counting of the tumor
spheroids on day 17 of the HET-CAM test. Vascularized tumor spheroids
of the cell lines HuTu-80 and HT29-MTX-E12 on day 12 were incubated
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with 5 pmol I ~ ! of free mTHPC and the nanoparticulate formulations
for 48 h. On day 14, irradiation of the vascularized tumor spheroids was
performed. Afterwards the vascularized tumor spheroids were extracted
by the CAM on day 17 and the cells were separated and counted. An
untreated tumor spheroid control was included as reference value and
cell count was normalized to 100%. For the cell line HuTu-80 the cell
count of 1.97 x 10° = 0.31 x 10° was normalized to 100 + 16% and for

Fig. 6. Quantification of the cell number of the vascularized
tumor spheroids of the cell line HuTu-80 and HT29-MTX-E12
after incubation and irradiation The diagram shows the
measured cell number (%) of the vascularized tumor spheroids
of the cell line HuTu-80 (A) and HT29-MTX-E12 (B) after 48 h
incubation with the free photosensitizer mTHPC, the liposome-
based nanoparticles LP-BLC 2175 and LP-BLC 5152, and the
PLGA-based nanoparticles NP-PLGA-mTHPC—CP and NP-
PLGA-mTHPC-F127 compared to the untreated tumor
spheroid control, which was also irradiated. The concentration
of the photosensitizers was 5 umol I ~ . The results are given as
mean value + standard deviation is represented. *Significant
deviation of the relative values of the liposomal and nano-
particulate formulations compared to the free photosensitizer
mTHPC according to the Welch-Test with a significance level of
5% (n = 4; k = 4).
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the cell line HT29-MTX-E12 the cell count of 2.28 x 10° + 0.41 x 10°
was normalized to 100 + 18%. Accordingly, the determined cell counts
of the vascularized tumor spheroids treated with free and nano-
particulate photosensitizer were calculated in percentage for compari-
son. After the treatment of the vascularized HuTu-80 tumor spheroids
with the free photosensitizer mTHPC no more tumor cells could be
detected on the CAM. The treatment with the nanoparticulate formu-
lations of the photosensitizer resulted in a reduction of the cell count to
33 + 6% for LP-BLC 2175, to 29 + 8% for LP-BLC 5152, to 23 + 9% for
NP-PLGA-mTHPC—CP, and to 6 + 3% for NP-PLGA-mTHPC-F127
(Fig. 6) compared to the cell control. Correspondingly, a reduction of
the cell number of the vascularized HT29-MTX-E12 tumor spheroids to
25 + 13% for the free photosensitizer mTHPC was observed. For the
liposome-based nanoparticles the values were 49 + 6% for LP-BLC 2175
and 38 + 8% for LP-BLC 5152. The PLGA-based nanoparticles were
observed to reduce the size of the tumor spheroid after treatment to 48
+ 12% for NP-PLGA-mTHPC—CP and to 18 + 5% for NP-PLGA-mTHPC-
F127. Comparing the number of counted cells after treatment of the
vascularized tumor spheroids with the nanoparticular formulations of
the PS, the cell numbers of the cell line HuTu-80 differ significantly. The
vascularized tumor spheroids HT29-MTX-E12, treated with the nano-
particulate formulations LP-BLC 2175 and NP-PLGA-mTHPC—CP, show
a significantly higher cell number compared to the free photosensitizer
mTHPC. This result indicates that the effectiveness in terms of reduced
number of tumor cells with the nanoparticulate formulations LP-BLC
5152 and NP-PLGA-mTHPC-F127 was comparable to the free photo-
sensitizer mTHPC.

A reduction in tumor size could be demonstrated after treatment
with the free photosensitizer mTHPC and the nanoparticulate formula-
tions. In clinical application, tumor size is an important factor in
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assessing the effectiveness of treatment. For example, in the routine
treatment of head and neck tumors with PDT, a reduction of the tumor
between 85% and 96% is expected after two applications (Biel, 2010;
Lou et al., 2003). After treatment of the vascularized tumor spheroids of
the HuTu-80 cell line and HT29-MTX-E12 a considerable reduction
could also be observed.

3.7. Detection of vital, apoptotic, and necrotic cells

Tumor spheroids of the cell lines HuTu-80 and HT29-MTX-E12 were
examined with regard to apoptotic and necrotic effects using FACS
analysis. The main reactions triggered by PDT in tumor cells are
apoptosis and necrosis. Detection of these events provides information
about the cellular composition of vascularized tumor spheroids ac-
cording to induced phototoxicity. For this purpose, the vascularized
tumor spheroids of cell lines HuTu-80 and HT29-MTX-E12 were incu-
bated with free and nanoparticulate photosensitizers on day 12 and the
phototoxic effect was induced by irradiation on day 14. On day 17,
tumor spheroids were extracted from the CAM, the cells were separated,
counted (see 3.6), stained, and measured by FACS analysis. For control
purposes, untreated vascularized tumor spheroids were analyzed. The
vascularized tumor spheroids of the HuTu-80 cell line had a composition
of 90 + 2% vital, 8 + 1% apoptotic and 2 + 0.2% necrotic cells (Fig. 7,
A). After the treatment of the tumor spheroids with the free photosen-
sitizer mTHPC, no cells could be detected on the CAM and therefore, no
cells were analyzed by FACS. The vascularized tumor spheroids treated
with the liposomal formulations show a composition of 85 + 12% vital,
7 + 1% apoptotic and 8 + 6% necrotic cells for LP-BLC 2175 and 25 +
10% vital, 3 + 1% apoptotic and 72 + 11% necrotic cells for LP-BLC
5152. The use of the PLGA-based nanoparticles resulted in 46 + 9%
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Fig. 7. Detection of apoptosis and necrosis of treated vascularized tumor spheroids of the cell line HuTu-80 and HT29-MTX-E12 Vascularized tumor spheroids of the
cell lines (A) HuTu-80 and (B) HT29-MTX-E12 were incubated with the free photosensitizer mTHPC, the liposome-based nanoparticles LP-BLC 2175 and LP-BLC
5152, and the PLGA-based nanoparticles NP-PLGA-mTHPC—CP and NP-PLGA-mTHPC-F127 for 48 h followed by light irradiation. The percentage of vital,
apoptotic, and necrotic cells was determined by FACS analysis. The results are presented as mean value. (n = 4; k = 4).
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vital, 2 + 1% apoptotic and 52 + 8% necrotic cells for NP-PLGA-
mTHPC—CP. We could not extract enough cells for FACS analysis after
the treatment of tumor spheroids from the cell line HuTu-80 with NP-
PLGA-mTHPC-F127. Analogous to the treatment of vascularized tumor
spheroids of cell line HuTu-80, measurements of apoptotic and necrotic
events were performed with treated vascularized tumor spheroids of cell
line HT29-MTX-E12 (Fig. 7, B). Cell control measurements revealed a
cellular composition of 90 + 3% vital, 6 + 1% apoptotic and 4 + 1%
necrotic cells and treatment with the photosensitizer mTHPC resulted in
41 + 16% vital, 4 + 1% apoptotic and 56 + 2% necrotic cells. For the
liposomal formulations, a composition of 65 + 12% vital, 5 + 1%
apoptotic and 30 + 6% necrotic cells could be detected for LP-BLC 2175
and 20 + 9% vital, 2 4+ 1% apoptotic and 78 + 10% necrotic cells for LP-
BLC 5152. The PLGA-based nanoparticles revealed a cellular composi-
tion of tumor spheroids for NP-PLGA-mTHPC—CP of 62 + 11% vital, 2
+ 1% apoptotic and 36 + 9% necrotic cells and for NP-PLGA-mTHPC-
F127 of 27 + 9% vital, 4 + 1% apoptotic and 69 + 5% necrotic cells.
Overall, the results of the investigation of apoptotic and necrotic events
of vascularized tumor spheroids of cell lines HuTu-80 and HT29-MTX-
E12 showed an increase in necrotic cells after treatment with the free
mTHPC and the nanoparticulate formulations of the photosensitizers.
This increase is 8 to 72% for the vascularized tumor spheroids of the cell
line HuTu-80 and 30 to 69% for the cell line HT29-MTX-E12. As a result,
a phototoxic effect, which triggered apoptotic and necrotic events in the
vascularized tumor spheroids, was determined.

In PDT, the destruction of tumor cells is accomplished by apoptosis
as well as necrosis. Apoptosis is induced in this process by destruction of
the mitochondria and the cytoplasm, or by a local undersupply due to
damage of blood vessels in the tumor. Necrosis is primarily triggered by
destruction of the cell membrane (Mroz et al., 2011). In a study inves-
tigating the effect of PDT on P388 and L1210 cells (leukemic cell lines), a
concentration-dependent relationship to necrotic and apoptotic pro-
cesses was established. A low concentration triggered increased cell
apoptosis and high concentrations activated necrotic processes (Kessel
and Luo, 1998). Based on the present results, it can therefore be assumed
that the amount of photosensitizer accumulated in vascularized tumor
spheroids was high enough to achieve a notable anti-tumor effect.

The results show that the free photosensitizer mTHPC is a highly
effective anti-cancer agent. Direct application of the free photosensitizer
to the vascularized tumor spheroids and followed irradiation resulted in
complete elimination of tumor cells. Nevertheless, the search for nano-
particulate formulations for effective transport of photosensitizers is an
important challenge, due to the limitations of photosensitizers with
respect to poor water solubility, long-term phototoxicity and low tumor
targeting efficacy (Bae and Na, 2012; Castano et al., 2005; Debele et al.,
2015; Park et al., 2018; Zhang et al., 2018). A potential target side for
nanoparticulate formulations is the mucus layer which is lining the
gastrointestinal tract and the intestine tumors (Bose and Mukherjee,
2020; Hattrup and Gendler, 2008; Kufe, 2009). Modification of the
nanoparticulate formulations with Carbopol® should result in improved
adhesion of the nanoparticles to the mucus layer of the tumor. Modifi-
cation with Pluronic® F127 and the use of liposomal formulations
should allow permeation across the mucus layer. The duodenum
adenocarcinoma cell line HuTu-80 and the human colon cancer cell line
HT29-MTX-E12 were used for the generation of tumor spheroids. The
HT29-MTX-E12 cell have the specific property to produce mucus (Loz-
oya-Agullo et al., 2017). In a previous publication we could show that a
mucus layer formed on the surface during the generation of the tumor
spheroids due to the innovative generation method combining static and
dynamic culture conditions. We detected this layer by histological
staining with nuclear fast red for the cell nucleus and alcian blue for the
acid muco-substances and acetic mucins (Elberskirch et al., 2021).
Therefore, adhesion and permeation via the mucus layer into the tumor
could be simulated. Comparing the values of the quantification of the
accumulated amount of the photosensitizer mTHPC, it is increased by
6% in the tumor spheroids of the cell line HuTu-80 compared to the cell
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line HT29-MTX-E12. This suggests that the permeation of the photo-
sensitizer through the mucosal barrier of the HT29-MTX-E12 tumor
spheroids is reduced. An effective reduction of the tumor cell number
could be determined for the free photosensitizer mTHPC as well as for all
investigated nanoparticulate formulations. However, the highest
reduction of the absolute cell number could be measured after treatment
of vascularized tumor spheroids of cell lines HuTu-80 and
HT29-MTX-E12 with free photosensitizer mTHPC and the nano-
particulate  formulation = NP-PLGA-mTHPC-F127. Overall, the
NP-PLGA-mTHPC-F127 nanoparticulate formulation exhibits the high-
est transported amount of photosensitizer to the vascularized tumor
spheroid and therefore, could be identified as the most effective trans-
port system in this study.

Both newly synthesized BLCs show a photodynamic activity com-
parable to that of mTHPC but with different effects. This may be due to
their liposomal formulation. The incorporation into a liposomal mem-
brane will change the availability of the substances by rendering their
release behavior from the vehicle. PDT with BLC2175 is less effective in
HuTu-80 cells compared to HT29-MTX-E12 cells. Further, in HuTu-80
cells the number of apoptotic cells is remarkably high after incubation
with liposomal BLC5152, whereas with BLC2175 almost all cells are
resistant to PDT-treatment. However, the BLC-substances clearly show
different effects, thereby demonstrating the suitability of the test system
to differentiate between the substance properties.

4. Conclusion

The need and relevance of new tumor models for anticancer drug
screening to overcome the limitations of conventional 2D and 3D culture
models have been widely acknowledged. The results presented for the
developed HET-CAM assay to study the efficacy of photosensitizers and
their nanoparticulate formulations indicate that this assay could func-
tion as a link between standardized in vitro models and animal models. It
is particularly suitable for the study of PDT, as focused irradiation of the
tumor is possible, which can reflect endoscopic irradiation in ovo. We
have shown the possibility to study the accumulation and efficacy of free
photosensitizers and their nanoparticulate formulations. The knowledge
obtained from these investigations can lead to a reduction or even
replacement of animal testing for the investigation of photosensitizers
and their nanoparticulate formulations for PDT. Furthermore, the
developed vascularized intestinal tumor model is not limited to the use
of intestinal tumors, other tumor spheroids or organoids can also be
used. Another important aspect is the opportunity for interdisciplinary
use involving toxicological pharmaceutical research, tissue engineering
and material sciences. Thus, the vascularized intestinal tumor model
based on the HET-CAM test presented here opens new possibilities to
improve conventional 2D and 3D culture models.
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