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ABSTRACT

A perylene bisimide (PBI) derivative was utilized as photosensitizer for photodynamic therapy (PDT)
applications, due to its high efficiency in singlet oxygen generation upon photoexcitation. It was immo-
bilized onto a hydrophobized solid support, by means of the Langmuir-Schaefer (LS) technique, to achieve
a preliminary medical device able to induce death of cancer cells in vitro. First, PBI derivative solutions, at
two different concentrations (4.2 x 10~ and 1.5 x 107* M) were chosen, based on the different PBI
aggregation state, to be spread onto a water subphase in a Langmuir trough. Physico-chemical and mor-
phological characterizations of the floating films were performed. Then the floating layers were trans-
ferred onto quartz substrates. The resulting multilayer LS films were characterized by spectroscopic
measurements showing that the photochemical properties of the PBI derivative were well preserved even
when immobilized. The LS film that exhibited the highest efficiency in the singlet oxygen production
under light excitation was assessed in in vitro tests on human cervical carcinoma C13 cell line and the
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photo-toxicity was measured. This study revealed absence of cytotoxicity in dark conditions and a high
photo-cytotoxicity toward cancer cells, making it a promising photoactive device.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Perylene bisimide (PBI) derivatives constitute a class of dyes
with outstanding optoelectronic properties which have been
examined in a very large scale last years [1]. These compounds
are intensively used for different applications [1,2], due to their
high chemical and thermal stability, high fluorescence quantum
yield and large absorption coefficient [3,4]. They have been, indeed,
already used for organic electronic employments [5-7], such as
photovoltaic cells [8,9], as selective sensing devices for aromatic
amines [10,11] or toxic gases [12,13] and as probes for biological
macromolecules, such as proteins, DNA or RNA [1,14].

Due to triplet state formation of many PBI derivatives, upon
photo-excitation process [15], these compounds are demonstrated
to have high efficiency in the generation of singlet oxygen (10,)
[16,17]. In the presence of molecular oxygen, the energy stored
in PBI excited states could be transferred to the ground state of
molecular oxygen, leading to '0,, a highly reactive species [18-20].

These peculiarities of PBI derivatives make them interesting and
promising candidates for the development of highly efficient and
photo-stable photosensitizers (PSs) for Photodynamic Therapy
(PDT) applications [21-23].

In recent years, PDT is becoming an important clinically
approved treatment for various pathologies such as skin and infec-
tious diseases, autoimmune disorders, and several tumors [24-26].

During PDT treatments, PS is so photo-activated by light irradi-
ation at an appropriate wavelength, then the PS excited state
returns to its ground state reacting with environmental molecular
oxygen inducing the production of toxic Reactive Oxygen Species
(ROS), such as H,0,, '0,, *OH and °*0; [24,25,27]. The generated
ROS thus can explicate the photodynamic action causing the death
of pathogen cells through apoptosis, necrosis or autophagia [28-
30].

PBI derivatives employment as PSs for PDT is widely desirable
due to their low dark toxicity [16,31] and their ability to absorb
light in the photo-therapeutic range, the so-called PDT window,
in the wavelengths range corresponding between the red and the
near infrared region [31], since it penetrates deeper into living
tissues.

However, one of the main drawbacks of these dyes are their
very low solubility in biological media (aqueous solutions) and
their low selectivity towards unhealthy cells. To overcome these
limitations and to enhance the therapeutic effect of the PBI deriva-
tives, the perylene bisimide can be functionalized either in the
imide position or in the core with different groups that can
increase their hydrophilicity and selectivity toward specific biolog-
ical targets [31,32].

Furthermore, the elaboration of delivery systems capable to
transport photosensitizers preferentially toward target sites [33]
and the design of medical devices for direct localized treatments
[34] are recently developing in biological and medical fields.

In this work, we propose a solid PBI-based thin film, as a med-
ical device for possible therapeutic applications. The film was
obtained immobilizing multilayers of an amphiphilic-asymmetric
PBI derivative, the 2-(2-methoxyethoxy)ethyl)-9-(tridecan-7-yl)
perylene bisimide derivative, onto a solid support, by means of
the Langmuir-Schaefer (LS) technique [35-37], that allows to fab-
ricate monolayer and/or multilayer films with controllable archi-
tecture, morphology, and preferential molecular orientations. In

addition, the asymmetry of the side chains of this dye was also
exploited to prompt peculiar aggregation and stacking phenomena
among deposited molecules permitting to reach the final goal, that
is singlet oxygen generation. We have prepared and tested differ-
ent PBI concentrations for the preparation of the LS films and the
different behaviors were analyzed, by varying the number of PBI
layers to investigate the aggregation state of the PS within the film
and to determine the most active film.

Then, the most performing PBI LS film was used to achieve mea-
surements on human gynecological cancer C13 cell line. First, total
absence of toxicity in the dark was demonstrated, subsequently
the film was irradiated to induce the singlet oxygen production
and cell killing.

The advantage of the LS technique for the preparation of photo-
active devices is mainly related to the possibility to control the
molecular organization within the film, a key factor for the
photo-activation process [38]. Moreover, it is worth mentioning
that the LS approach is a versatile method that guarantees the
deposition of the compound of interest onto different kinds of solid
supports, opening an important scenario in this case. PBI derivative
could be deposited in the desired aggregation state onto biomedi-
cal support, such as plasters, or directly on the end of an optical
fiber to reach inner tissues, even during a surgery.

2. Experimental section
2.1. Materials

The chemical structure of the amphiphilic and asymmetric PBI
derivative, (2-(2-methoxyethoxy)ethyl)-9-(tridecan-7-yl) perylene
bisimide derivative, (C42H43N,06; FW: 676.8403) is reported in
Fig. 1 (General Synthetic Scheme and Experimental Procedure are
described in Supplementary Information). 1-Hexylheptylamine
was synthesized following a reported method [39,40].

Uric acid (UA), chloroform (HPLC grade, >99.9%), hexamethyld-
isilazane (purity > 99%), quartz slides (solid substrates), Roswell
Park Memorial Institute (RPMI)-1640, trypsin, L-glutamine, peni-
cillin-streptomycin (pen-strep), Fetal Bovine Serum (FBS), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide),
dimethyl formamide (DMF), 1,8-diazabicycloundec-7-ene, 1-
butanol, 1-butyl bromide, dichloromethane, sodium sulfate, HCI,
CH3CN, methanol, glacial acetic acid, sulfuric acid zinc acetate
dihydrate and 2-(2-Aminoethoxy)ethanol were purchased from
Sigma-Aldrich. D,0 (99.96% of D) was purchased from VWR Chem-
icals. The water used in this work was purified from a Millipore
Milli-Q system (18.2 MQ cm).

2.2. Methods

The PBI derivative was dissolved in chloroform and solutions, at
different concentrations, were characterized to study the possible
formation of aggregate states. UV-Vis absorption spectroscopy
was performed by means of a Varian Cary 5000 UV-Vis-NIR Spec-
trophotometer (Agilent) and a Fluorolog Jobin Yvon (Horiba)
instrument, equipped with a NIR-sensitive liquid nitrogen cooled
photomultiplier, was used to record fluorescence spectra.

The Langmuir curves were obtained by means of a NIMA 650
Langmuir trough spreading drop by drop 180 pL of chloroform
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Fig. 1. Chemical structure of PBI derivative.

solution of the PBI derivative (at concentrations of 4.2 x 107> M
and 1.5 x10™* M) onto a Milli-Q water subphase, at room
temperature.

After chloroform evaporation, the floating layer was com-
pressed using a constant barrier speed of 5 mm/min, and the sur-
face pressure (IT) was recorded as a function of Area per
molecule (A?/molecule) during the barrier motion.

The floating layer was further investigated by means of UV-Vis
Reflection Spectroscopy (RefSpec) and Brewster Angle Microscopy
(BAM) using the NIMA 650 Langmuir trough and a NFT BAM2plus
system with a lateral resolution of 2 pm.

Then, the floating film was transferred onto hydrophobic quartz
substrates by means of the Langmuir Schaefer (LS) deposition
method [41], at a surface pressure of 16 mN/m. LS films with differ-
ent numbers of PBI layers were prepared and UV-Vis spectroscopy,
quartz crystal microbalance (QCM) measurements, Polarization-
Modulation Infrared Reflection-Absorption Spectroscopy (PM-
IRRAS), Steady State Fluorescence Spectroscopy and FTIR-ATR spec-
troscopy measurements [42] were performed to evaluate the
arrangement of the PBI molecules on the solid support.

The Langmuir-Schaefer transfer process was monitored by
means of an openQCM device (Novatech S.r.l.) [43]. An AT-cut
quartz crystal (with a resonant frequency of 10 MHz) was used
as a microbalance (frequency standard deviation of 0.4 Hz). The
frequency variation measurements after each LS run were repeated
on three different quartz crystal microbalances (QCMs) and
averaged.

PM-IRRAS investigations were carried out by means of a KSV
NIMA instrument and FTIR-ATR spectroscopy was carried out in
Attenuated Total Reflection (ATR) mode by means a FTIR Spectrum
One (PerkinElmer) instrument. In Figure S1 of the Supplementary
Information, a photograph of a PBI LS film obtained with 15 layers
of PBI at concentration of 1.5 x 10~* M on quartz substrate is
showed.

The ability of the PBI LS films to produce singlet oxygen after
photo-excitation was performed by means of an indirect method,
the uric acid (UA) test [27,44,45], and a direct method, the
steady-state emission of '0, in the NIR region [46].

The UA measurements were performed placing the PBI LS films
on the bottom of a vial filled with 2 mL of uric acid solution at con-
centration of 10~* M in phosphate buffer (KH,PO,4/K;HPO4, 1072 M,
pH 7.5). Then, to induce the photo-activation of PBI, the system
was irradiated by a LOT-Oriel Solar S class A (100 mW cm 2 light
intensity) halogen lamp maintaining a constant distance (about
10 cm) between the lamp and the samples. The concentration of
UA, in the supernatant solution, was analyzed by UV-Vis absorp-
tion spectra in the 250-600 nm range. Since this test is based on
the fast reaction between UA and '0, with the formation of allan-
toin [25,46], the decrease of the UA absorption intensity in buffer
solution, at 290 nm, was continuously monitored for two hours
and the values of UA absorption were recorded every 15 min.

In the case of direct detection of '0,, the PBI LS films were
placed in a quartz cuvette at 45° with respect to the excitation

beam. The cuvette was filled with 2 mL of D,O and the system
was irradiated with both a laser at 532 nm (50 mW) and the fluo-
rimeter lamp set at the same wavelength. The use of D,0 as solvent
for luminescence measurements evidences the advantage of the
larger radiative constant and longer lifetime than in the case of
H,0. The measurements were performed using a Fluorolog-2
(Model, F111) spectrofluorimeter equipped with a NIR-sensitive
liquid nitrogen cooled photomultiplier. The steady-state emission
of '0, was registered every 5nm from 1220 to 1370 nm (slit:
58.8 nm, integration time: 2 s, 1 scan).

2.3. Cells lines and cell viability measurements

C13 (cervical cancer cells) were maintained in RPMI-1640 med-
ium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml peni-
cillin and 10 mg/ml streptomycin. Cells were grown in a 5% CO,
incubator at 37 °C. C13 cells were a kind gift of Dr. G. Marverti,
University of Modena and Reggio Emilia.

Cell viability was assayed by MTT (3-(4,5-dimethylthiazol-2-y
1)-2,5-diphenol tetrazolium bromide). Briefly, the PBI LS films were
transferred in 12-well plate and C13 cells were seeded at a density
of 2.0 x 10° cells/well and incubated for 24, 48 and 72 h to evalu-
ate toxicity in the dark.

To analyze the phototoxic activity of PBI, cells were seeded as
before and, after 24 h incubation, exposed to light for 30 min and
2 h. Measurements of toxicity were performed using a lamp emit-
ting white light (400-700 nm) with a power surface density of
50 mW/cm?.

Then, the medium was changed and after 24 h, 2 mL of MTT
stock solution (5 mgmL~" in PBS) were added to each well and
cells were cultured for further 4 h. Subsequently, the formazan
blue crystal was dissolved by replacing the medium with 2 mL of
DMSO. The absorbance of the solutions was measured at 570 nm
using a microplate reader Multilabel Plate Reader (Victor X5, Perki-
nElmer, USA). Conversion of MTT by mitochondrial succinate dehy-
drogenase was used as an indicator of cell viability [47,48].

No temperature variation was recorded under lamp irradiation
in the experimental setup used for cell viability assay.

3. Results and discussion

3.1. Absorption and fluorescence measurements of PBI derivative
solutions

PBI solutions in chloroform, in the concentration range between
7.0 x 1078 to 4.2 x 10> M, were analyzed by means of UV-Vis
absorption and fluorescence spectroscopy. It was not possible to
show spectra of the most concentrated solutions due to detector
saturation.

As reported in Fig. 2A, the steady-state UV-Vis absorption spec-
tra exhibit the typical spectral features of perylene bisimide
derivatives with two main absorption peaks at 527 nm and



P. Semeraro et al./Journal of Colloid and Interface Science 553 (2019) 390-401

1-8_ —4.2x10° M
16] . ——3.8x10°M
14\ SEL T . -- 3.4x10':M
1< <. --29x10°M
12 L —-—25x10°M
. Concontration (M) A ~--=2.0x10°M

| ~--- 1.3x10°M

Abs

—7.0x10°M

Y T T
550 600 650

500
Wavelength (nm)

350 700

Intensity (a.u.)

393
4.5x10°
1 4 —42x10°M
4.0x10" i;:: . ——38x10°M
3.5x10° " <. -3.4x10°M
—-—29x10°M
\ 4
3.0x10 ) " ane!en':lh(nm)w " —=--=25Xx 10.5 M
2.5x10° - ----20x10°M
2.0x10° <
1.5x10°
1.0x10°
5.0x10°
0.0 T T T T T B
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 2. Steady-state spectroscopic measurements of PBI in chloroform, from 7.0 x 1076 to 4.2 x 107> M. (A) Absorption spectra at increasing concentrations. Inset:
concentration-dependent absorption ratio (Ag_0/Ao_1) trend. (B) Emission spectra at increasing concentrations. Inset: Fluorescence spectra comparison between solutions at

7.0 x 107¢ and 1.5 x 10~* M concentrations.

491 nm, corresponding respectively to the 0 - 0 and the 0 - 1
vibronic band of Sg — S; transitions and characterized by the ratio
Ao_.0/Ao_1[2] equal to about 1.6 (Fig. 2A inset) [1,49,50]. This value
undergoes small variations by increasing the concentration from
7.0x10°° M to 4.2 x 10> M. At higher concentrations the
increase of the 0 — 0 transition at 527 nm was more pronounced
than the high-energy 0 — 1 band at 491 nm indicating a weakly
aggregated state (Fig. 2A) [51].

The presence of molecular aggregates in more concentrated
solution was also pointed out by steady-state fluorescence mea-
surements, showed in Fig. 2B. At diluted concentrations, the emis-
sion spectra of the PBI are mirror images of the absorption spectra
with two main emission peaks respectively at 538 nm and 576 nm.
However, regular changes in the fluorescence spectra of PBI were
observed as the concentration was increased. It is possible to note
a gradual bathochromic shift of the higher emission peak, and a
gradual change in the ratio of the intensity of the two main emis-
sion peaks up to a total inversion of the two peaks intensities at
concentration of 1.5 x 10~% M, as shown in the inset of Fig. 2B.
Indeed, the spectrum of this solution presents a light hypochromic
effect of the 576 nm emission peak, typically reported in the case
of formation of supramolecular aggregates [2]. This behavior is
characteristic of PDI excimer formation [3,52]. Furthermore, the
spectra of higher concentrated solutions are characterized by a
broad and structure-less emission, which is a typical feature of
the PBI aggregate emission spectra [53].

These measurements suggest that, in the cases of higher con-
centrations, there is the coexistence of monomeric and aggregate
states. Numerous studies regarding the self-assembly of PBIs
derivatives reported that, in solution, the aggregation process of
PBIs can be considered as the result of an equilibrium between
monomeric and aggregate species [1,51,54].

3.2. Time resolved fluorescence spectroscopy

The fluorescence decay of three PBI solutions in chloroform at
different molar concentrations (7.0 x 1076, 4.2 x 107>, and
1.5 x 10~ M) was investigated upon 455 nm excitation. Table 1
reports the decay constants (1, ns), the relative amplitude factors
(%), the %2 parameter for each fluorescence decays fittings and
the emission wavelengths. Moreover, the fluorescence decay spec-
trum and the residue distribution, obtained respectively for each
PBI solution, are reported in Figs S2, S3 and S4 of the Supplemen-
tary Information. The measurements show that the lifetime values
increased with increasing in concentrations.

The fluorescence decay profiles of the two most diluted solu-
tions were fitted by mono-exponential functions; comparable
decay times of 3.41 and 4.06 ns for the solution at 7.0 x 10~° and
4.2 x 107> M, respectively, were found. This lifetime could be
imputable to the monomeric form of the compound according to
the literature [55]. Nonetheless, a small increase of the lifetime
in the 4.2 x 107> M solution could be ascribable to some (even
small) aggregation phenomena, according to the previous spectro-
scopic characterization. Authors reported that the increasing of flu-
orescence lifetime is due to the reduced transition probability of an
S; to Sp transition commonly observed in H type aggregates [1].
This was also evidenced by recording a bathochromic shift in the
steady state fluorescence spectrum (Fig. 2B).

The fluorescence decay of the 1.5 x 10~ M solution, instead,
was fitted by a bi-exponential function, and two lifetimes were
monitored. The longer one (4.58 ns), characterized by the higher
relative amplitude of about 70% and by a further increase, should
be due to more pronounced aggregation phenomena, in agreement
with the partial formation of excimer state [3], according again to
the recorded red shift in the relative fluorescence spectrum

Table 1

Decay profiles of PBI solutions at different concentrations.
Concentration (M) 71 (ns) Amplitude (%) T, (ns) Amplitude (%) x2 Aem (NM)
7.0 x 107 3.41 100 - - 1.32 520
42 x107° 4.06 100 - - 1.59 550
15x 107 4.52 70.49 0.62 29.51 141 590
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(Fig. 2B). The shorter lifetime of 0.62 ns further confirmed the
strong aggregation characterizing the PBI at this concentration. In
fact, this can be attributed to very fast non-radiative decay pro-
cesses already reported in presence of PBI aggregates in aqueous
media [56].

However, despite the PBI solution at lower concentration does
not present aggregate forms, it is very diluted to form appreciable
floating film at the air/water interface to be then deposited onto
solid supports. Consequently, with this aim, the 4.2 x 107> and
1.5 x 10~* M solutions were chosen and utilized to fabricate LS
films; the molecular arrangements and photo-responsivity of PBI-
based films were so studied.

3.3. Characterization at the air/water interface

The two PBI chloroform solutions at concentrations of
42 %10 M and 1.5 x 100* M were spread at the air-Milli-Q
water interface and characterized by means of different
techniques.

In Fig. 3 are reported the Surface Pressure IT (mN/m) vs Area per
Molecule (A%/mol) curves.

For both solutions, the I1-Area isotherms showed initial long
pseudo-gaseous phases which indicate small interactions between
the PBI molecules spread on the subphase, followed by a rise of
surface pressure at about 300A%/mol for the solution at
4.2 x 107> M concentration, and about 86 A%/mol for the solution
at 1.5 x 10* M concentration. The values of limiting area per
repeat unit were about 200 A%/mol and 65 A%/mol, respectively.
Considering that the average area occupied by the rigid skeleton
of perylene is about 104 A% [57], the limiting area value found for
the lower concentration (200 A%2/mol) evidences a lack of aggrega-
tion upon barriers motion and the presence of uncovered portions
of the water subphase. Instead the value of limiting area calculated
in the case of the higher concentration (86 A%/mol) suggests the
presence of aggregates at the air-liquid interface. Moreover, the
rigid cores of PBI cannot be supposed totally prone onto the water
surface but slightly tilted, as already reported in the literature for
other perylene derivatives LS films [57,58] and other compounds
such as porphyrins [59]. In this configuration, it is possible to sup-
pose that the aromatic cores are densely m-n packed into tubular
aggregates almost parallel to the water surface whereas the flexi-
ble hydrophobic chains are directed towards air. The collapse point
appears more evident in this curve (Fig. 3B) supporting the forma-

-5
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tion of a dense molecular packing with greater rigidity if compared
with the floating layer obtained with the lower PBI concentration.
The limiting area value found in this case, 200 A%/mol, evidences
instead a reduced aggregation upon barriers motion, due also to
uncovered portions of the water subphase.

The molecular organization of PBI floating layers at the air/
water interface was also investigated by means of Reflection Spec-
troscopy measurements (RefSpec). Since the reflection variations
of light under normal incidence between the PBI floating layer on
the subphase and the bare subphase surface have been demon-
strated to be proportional to the absorbance of the floating layer,
it is possible to consider the reflection spectra as absorption spec-
tra [36,60]. The reflection profiles of the PBI floating layers on
water subphase were registered at low surface pressure (IT=2
mN/m) and at the deposition surface pressure (IT=16 mN/m),
using the two PBI solutions at concentrations of 4.2 x 107> M
and 1.5 x 10~* M (Fig. 4). All the spectra reported in Fig. 4 highlight
the presence of a more intense peak, which corresponds to the 0 —
0 vibronic band, at about 498 nm, and another less intense peak
corresponding to the O — 1 vibronic band, at about 476 nm. These
peaks exhibit blue shifts, decrease in the absorbance peaks

——11=2mN/m (4.2 x10° M)
——11=2mN/m (1.5 x10* M)
——11=16 mN/m (4.2 x10° M)
——11=16 mN/m (1.5 x10™ M)

AR (%)

) ) ) ) v
350 400 450 500 550 600 650

Wavelength (nm)

Fig. 4. Reflection spectra of floating layers of PBI at 4.2 x 107> M and 1.5 x 1074 M
concentrations on ultrapure water subphase registered at two surface pressures I1
(2 mN/m and 16 mN/m).
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Fig. 3. IT-Area curves of the floating layers of PBI at 4.2 x 107> M (A) and 1.5 x 10~* M (B) at the air/water interface.
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Ao_o/Ao_1 ratio and broadening of the bands if compared to the
absorption spectra registered in chloroform solution (Fig. 2A).
These behaviors are indicative of self-aggregates formation of PBI
molecules [57] at the air/water interface.

The floating layers reflection spectra registered at deposition
surface pressure of 16 mN/m, for both concentrations, showed a
clear enhancement of the absolute reflection due to the increase
of the molecular surface density. However, in the case of the most
concentrated solution (1.5 x 1074 M) the curve (Fig. 4, green line)
revealed a considerable inversion of peaks intensities, suggesting
the presence of PBI aggregates and a closer packing of molecules,
according to the behavior of the IT -Area curve.

4.2x10°5M

430 pm
— >

Spreading

4 mN/m

I1

16 mN/m

II=

22 mN/m

II=

Hypsochromic effect and inversion of the principal peaks of
absorption spectra might be related to the formation of m-m
stacked aggregates, reported as H aggregates for similar systems
[61] and for other Langmuir films of aromatic compounds [62].

Brewster Angle Microscopy (BAM) was performed to investigate
the PBI floating films and the relative pictures are reported in Fig. 5.
BAM is a technique utilized to monitor directly the morphology of
floating layers at the air/water interface during the motion of the
barriers. Indeed, the BAM images give information about thickness
and roughness of floating layers and the presence of three-
dimensional aggregates. The floating layer obtained by spreading
the lower concentration of PBI, after the solvent evaporation, is

1.5x10“* M

Fig. 5. BAM images of floating layers of PBI 4.2 x 107> M (left strip) and 1.5 x 10~* M (right strip) taken at different surface pressure.
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characterized by the co-existence of uncovered areas of subphase
and three-dimensional aggregates. Upon barrier motion, at low
surface pressure values, the layer appears constituted by a very
thin homogenous floating layer and by the presence of small and
few brilliant 3D aggregates. By increasing the surface pressure up
to 16 mN/m, such a thin layer becomes lighter in accordance with
the increased thickness and to reflection spectroscopy investiga-
tions. At high pressure values, the 3D aggregates strongly increase
both in number and dimension. In the other case, when the higher
concentration of PBI was spread onto water subphase, the presence
of coalescent domains, particularly larger and denser than in the
case of 4.2 x 107> M concentration, is clear. During compression
of the floating layer, there is a gradual increase in both the thick-
ness of the film and the number of bright domains up to 16 mN/
m where the density of the 3D bright aggregates is very significant.
Finally, at high surface pressure values, according to the Langmuir
curve, the floating layer presents a dense molecular packing with
irregular multilayers.

3.4. Characterization of PBI LS films
To study the molecular organization of PBI onto solid supports,

UV-Vis absorption and fluorescence measurements were per-
formed and the relative spectra are showed in Fig. 6. The films
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were realized transferring 5, 10 and 15 floating layers of PBI, at
starting concentrations of 4.2 x 107> M and 1.5 x 10~* M, onto
quartz substrates by the LS technique. The absorption spectra of
PBI LS films (Fig. 6A and C) preserve almost completely the shape
of the spectra of PBI floating layers at the same concentration
(Fig. 4). The two main bands, corresponding to the 0 — 0 and
0 — 1 vibronic bands, present indeed blue shifts and changes of
the absorption peaks ratio in comparison to the spectra of PBI in
chloroform solution. These behaviors confirm the presence of par-
tial aggregative phenomena among PBI molecules also within the
LS films. Moreover, in the case of the LS film obtained with the
higher concentration of PBI, a considerable inversion of the absorp-
tion peaks was again observed (Fig. 6C) confirming the presence of
more aggregates and of a denser packing of PBI molecules within
the film. It was also demonstrated that by increasing the PBI con-
centration, aggregation phenomena raise as well. These results fur-
ther confirm the rationale from the RefSpec investigations, i.e. that
the deposition technique retains in both cases onto solid substrates
the molecular organization already observed at the air-water
interface. It is worth noting that for both concentrations, the max-
imum absorption intensity located at 497 nm and 467 nm, respec-
tively, linearly increased with the number of layers, indicating the
reproducibility of the deposition process [63] up to at least 15 LS
runs (inset in Fig. 6A and C). According to these evidences, the
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Fig. 6. UV-Vis adsorption spectra of PBI LS films with 5, 10 and 15 layers of PBI at concentration of 4.2 x 107> M (A) and 1.5 x 10~* M (C) on quartz substrate. In the inset are
reported the maximum adsorption vs the number of layers. Fluorescence spectra of PBI LS films with 5, 10 and 15 layers of PBI at concentration of 4.2 x 10~> M (B) and

1.5 x 10~* M (D) on quartz substrate.
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fluorescence intensity of the films improved by increasing the PBI
layer number (Fig. 6B and D). This behavior can be rationalized also
considering that the deposition process ensured the absence of
self-absorption of PBI [53].

A very high reproducibility of the transfer process in the case of
1.5 x 107* M and of 4.2 x 10> spreading solution was also con-
firmed by quartz crystal microbalance (QCM) measurements. In
fact, the linear relation between the resonant frequency variation
of the quartz crystal microbalance and the number of LS layers
transferred (Fig S5 of Supplementary Information) suggests that
the same amount of active molecules are transferred from the
floating film to the solid support at each LS run. In agreement with
the Sauerbrey equation [64], the resonant frequency of a piezoelec-
tric transductor is directly proportional to the mass present on the
resonator [42,65,66], so it can be concluded that the deposition
method adopted appears particularly suitable for the PBI deriva-
tives here used.

Furthermore, frequency variation induced on the microbalance
when 15 LS runs were transferred on the QCM support by spread-
ing 180 UL of 4.2 x 10> M and 1.5 x 107* M are 984 Hz and
896 Hz, respectively. These two values appear very similar, sug-
gesting that a comparable amount of perylene molecules are trans-
ferred in the two cases.

In order to better understand the organization of the PBI within
the LS films, FT-IR spectroscopy and PM-IRRAS characterizations
were carried out. PM-IRRAS, in fact, is a powerful technique to pre-
dict the spatial disposition of a chemical group at an interface [67].
Fig. 7A reports PM-IRRAS spectra of PBI LS films obtained with 15
LS layers of the less concentrated starting solution of PBI (grey line)
and the more concentrated one (black line), in the 1750-
1000 cm™! range. The spectrum of a PBI chloroform solution casted
directly on the ATR plate is depicted too (green line, Fig. 7B) to
make easier peaks attribution. The green spectrum is dominated
by the signals comprised between 1720 and 1640 cm~! which
are assigned to imidic C=0 stretching modes; then the signals typ-
ical of aromatic compounds are visible in the 1600-1560 cm™!
range (C=C stretching modes). The signals located at about 1399,
1344, 1248, 1177, 1125 and 1160 cm™' can be mainly attributed
to CHs (asymmetric and symmetric stretching) and CH, (scissor-
ing) vibrations, tertiary and amidic CN stretching and C—O stretch-
ing modes respectively [68]. By observing the PM-IRRAS spectra
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reported in Fig. 7A for the two different films, it is possible to claim
that, in both cases, a preferential organization on the solid support
is induced. In the film obtained with the more concentrated solu-
tion, the PBI molecules could assume a partial prone conformation
on the solid support, with the aromatic core just slightly tilted; in
fact, the contribution at 1593 cm~! in the case of the black line
almost disappears, as indicated by the red arrow. Instead, the
two flexible chains vibrations C—N modes and both C=0 modes
are still visible, indicating that the chains are not-parallel to the
substrate. On the other hand, the situation resulted different for
the other film (grey line, Fig. 7A). In fact, the PBI moieties appear
vertically oriented with respect to the substrate surface. The aro-
matic C=C mode is well visible (black arrow, Fig. 7A) as well as
the C=0, C—N and even the C—H modes. In this case, an edge-on
organization of the PBI aromatic core upon barrier motions could
be hypothesized. These results are in very good agreement with
both Langmuir through experiments and UV-Vis and Fluorescence
spectroscopy characterization. In fact, by changing the starting
concentration of PBI solution, the aggregate number and size
within the LS film obtained onto the solid support can be tuned
and consequently the optical properties of the PBI films as well.

3.5. Singlet oxygen production

Energy transfer from the excited state of PBI molecules, depos-
ited onto solid supports, to molecular oxygen present in the system
inducing the production of '0, was assessed by uric acid (UA) test
and by near-infrared luminescence investigations. Fig. 8 reports on
the normalized absorbance intensity at 290 nm versus the illumi-
nation time of UA in buffer solution in presence of PBI LS film upon
solar simulator (100 mV/cm?) irradiation. The decreasing of UA
absorbance values, due to the reaction between UA and '0, with
a consequent formation of allantoin [25], was showed. In Fig. 8A
the effect of the two PBI LS films obtained with 15 layers of PBI
from 1.5 x 10~* M (black squares) and 4.2 x 107> M spreading
solution concentrations (red squares) have been compared. The
15 LS runs film prepared with the less concentrated PBI starting
solution showed a greater efficiency in the '0, production than
the LS film prepared with the same number of layers from PBI
spreading solution at higher concentration. In fact, an almost 70%
reduction of the UA maximum absorption could be monitored in
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Fig. 7. PM-IRRAS spectra of PBI LS films (15 layers) obtained with PBI solutions at initial concentrations of 4.2 x 10> and 1.5 x 10~* M (grey and black lines, respectively)
compared to FT-IR spectrum of PBI solution (green line) in the range 1750-1000 cm™' (A) and 1730-1560 cm~' (B). (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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Fig. 8. Time decrease of normalized absorption peak at 290 nm of UA 10~* M in buffer solution in the presence of PBI LS films under illumination. (A) PBI LS films obtained
with 15 layers of PBI at initial concentration of 1.5 x 10~* M and 4.2 x 10> M, respectively. (B) PBI LS films obtained with 15 and 30 layers of PBI at initial concentration of

42 x107° M.

the first case, whilst the second film induced a reduction of just
40%. These results are in good agreement with the previous charac-
terization of both films. When a 1.5 x 10~* M concentration of PBI
solution was used, a strong aggregated PBI molecules organization
within the LS film was observed and thus, despite a quite high flu-
orescence emission intensity was preserved (Fig. 6D), a reduction
of the photo-production of singlet oxygen was induced. The
edge-on configuration of the PBI aromatic core, in the case of the
4.2 x 107> M concentration, clearly avoided random aggregation
phenomena, ensuring singlet oxygen production with good effi-
ciency [15].

Furthermore, it was verified whether an additional increase of
PBI layers could improve the efficiency of the system obtained
using the less concentrated PBI solution (4.2 x 107> M). The values
of UA absorption intensity in the presence of 15- and 30-layered
PBI films (black squares and red circles, respectively), during the
illumination time, are reported in Fig. 8B. The measurement
clearly evidences that by transferring thicker films than 15 layers,
a loss in photo-responsiveness has been recorded, due to a
reduced reproducibility of the deposition process, according to
self-aggregation phenomena within a layer and aggregation phe-
nomena between different layers. Moreover, the UV-Vis adsorp-
tion spectra of PBI LS films made by 15 layers of PBI at
42 x 10> M and 1.5 x 107* M were also recorded before and
after 2 h of illumination to investigate the photochemical stability
of the photosensitizer in the experimental conditions used. These
measurements, shown in Fig S6 of Supplementary Information,
allow to verify a high photo-stability and no dye degradation upon
illumination.

The production of 10, by the PBI LS films made up by 15 and 30
layers of PBI at a starting concentration of 4.2 x 10~> M was also
tested by near-infrared luminescence spectroscopy. The typical
luminescence of this transient species, in the NIR region, was mea-
sured after photo-excitation. Fig. 9 shows a clearly visible signal of
10, photo-generation from LS film with 15 layers of PBI, whereas
the signal was not observable using this technique in the case of
LS film with 30 layers of PBI (Fig S7 in Supplementary Information).
These data are in very good agreement with the previous UA test
measurements.
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Fig. 9. Singlet oxygen luminescence of PBI LS films obtained with 15 layers of PBI at
initial concentration of 4.2 x 10~> M. The films were immersed in 2 mL of D,0 and
irradiated with 532 nm laser excitation (50 mW).

3.6. Cytotoxicity and photo-cytotoxicity test

Due to its ability to generate '0,, the PBI LS film obtained with
15 layers of PBI at a starting concentration of 4.2 x 10™> M was
then tested onto human cervical carcinoma C13 cell line to propose
it for Photodynamic Therapy (PDT) applications.

MTT assay was utilized to evaluate cytotoxicity of the PBI LS
film in the absence or presence of light. The low toxicity in the dark
of photosensitizer is the first prerequisite for successful cancer PDT
[24]. Thus, the cells were seeded onto the PBI LS films and were
incubated at different times (24, 48 and 72 h) to evaluate cells via-
bility in dark conditions. As shown in Fig. 10A, C13 cells did grow in
these conditions, doubling at 72 h compared to 24 h. These results
demonstrated that PBI LS films did not affect cell viability in the
dark. Then, we have tested if photo-activation of PS LS films deter-
mined alterations in cell viability. Cells were seeded onto the film
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and after 24 h of incubation were exposed to white light for 30 min
and 2 h, and cell viability was evaluated by means of MTT assay. As
showed in Fig. 10B, a significant photo-toxicity for both illumina-
tion times was recorded compared to cells at t, (time zero), corre-
sponding to the non-illuminated film and used as control.

These results suggest an interesting photo-toxicity of PBILS film,
resulting from generation of singlet oxygen under light irradiation
that has been demonstrated to efficiently induce cancer cells death.
Also, cell mortality increases with the illumination time, confirming
the quality of the external trigger, i.e. light. For these reasons, this
system could represent an excellent model device to understand
the mechanism of cell death activated by singlet oxygen (and other
eventual produced ROS) and for future studies on PDT.

4. Conclusions

The (2-(2-methoxyethoxy)ethyl)-9-(tridecan-7-yl) PBI deriva-
tive was previously characterized in solution to determine the
appropriate conditions for its deposition onto quartz supports by
means of Langmuir-Schaefer (LS) technique. Before deposition,
the floating layers of PBl at 4.2 x 10™> M and 1.5 x 10~* M concen-
tration were investigated at the air/water interface by Surface Pres-
sure vs Area per Molecule curves, Reflection Spectroscopy and
Brewster Angle Microscopy.

These three techniques have allowed to observe the presence of
m-1 aggregates within the floating layers which tend to grow as PBI
concentration increases.

The same trend was proved by UV-Vis absorption and fluores-
cence measurements also in the case of solid LS films of PBI.
Moreover, the PM-IRRAS characterization was performed to
understand the spatial organization of the PBI molecules within
the LS films. It is possible to note that, in the case of PBI LS films
obtained with 15 PBI layers of the less concentrated solution, the
PBI molecules appear to be vertically oriented with respect to the
substrate surface with an edge on organization. On the contrary,
in the PBI LS films obtained with the more concentrated solution,
the PBI molecules could assume a partial prone conformation on
the solid support. Their aromatic core can be hypothesized as lit-
tle bit tilted forming several aggregates packed into 3D tubular
arrangements.

Subsequently, singlet oxygen production by photo-excitation of
PBI LS films was studied. Since it is known that the chemical envi-
ronment, in which the chromophore is dispersed, plays a crucial
role influencing the absorption features, in particular in biological
systems, in this work all photo-excitation experiments were per-
formed using a light source with a broad emission range.

The best efficiency in the '0, production was observed for the
PBI LS films made up by 15 layers of PBI at a starting concentration
of 42 x 107> M. Then, this film was used to perform photo-
toxicity tests onto human cervical carcinoma C13 cell line reveal-
ing absence of cytotoxicity in dark conditions and a high photo-
cytotoxicity. Furthermore, the toxic effect was demonstrated to
be dependent on the illumination time. Indeed, after 2 h of illumi-
nation cell viability was less than 20% due to cell damage induced
by ]Oz.

In conclusion, the chemical physical characteristics of PBI LS
films were systematically studied and non-toxicity in dark condi-
tions but very remarkable photo-toxicity towards C13 cells were
successfully demonstrated. The results suggest that the studied
PBI LS film may be a promising candidate as photoactive device
for PDT applications. In fact, this film can be considered as a reser-
voir of singlet oxygen precursor, able to release '0, on demand,
in situ and at controlled concentration upon illumination. The cho-
sen trigger, the light, can be considered as a very elegant external
trigger in biomedical applications due to the low cytotoxicity and
the possibility to tune both the intensity and the time of exposi-
tion, allowing a high control on the release process. It is also very
important to underline that the LS deposition technique is a very
versatile approach which has even the advantage to require very
low quantities of dye (a few hundred of microliters of very diluted
solutions). In fact, by means of LS technique, it is possible to trans-
fer the PBI on different supports, such as plasters, bandage, oint-
ments or optical fibers to realize various medical devices.
Besides, the realization of low-cost photodynamic therapy devices
would allow the direct action of the photosensitizer in loco avoid-
ing the use of drug delivery systems [24,69].

However, the influence of exciting wavelength and of the light
intensity on different PBI derivatives, the photo-toxicity effect
toward other cancer cell lines will be investigated in following
studies. In fact, it will be interesting to investigate in the future
the molecular mechanisms activated by this device and the poten-
tial of this technique comparing chemoresistant and chemosensi-
tive cancer cells in order to establish its therapeutical power
using both 2D- and 3D- cell culture.
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