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ABSTRACT

Polydopamine (PDA) nanoparticles (NPs) have recently acquired considerable
attention for the development of nanoplatforms with multifunctional properties including
photothermal and photodynamic activities. In addition, to their high photothermal
performance, they can be easily conjugated to different types of photosensitizers (PSs) to
acquire photodynamic activity. However, because of PDA free radicals scavenging properties,
grafting the PSs directly to PDA surfaces may lead to inefficient photodynamic outcome.
Thus, the present work aims at synthesizing and characterizing a new PEGylated
polydopamine-based nanoplatform with bifunctionnal photothermal (PTT) and photodynamic
(PDT) properties which allows a bimodal cancer therapy with the possibility to release the PS
on demand in a spatiotemporal fashion. To do so, PDA nanoparticles with well defined size

and shape were prepared by the auto-oxidative self-polymerization process of dopamine
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hydrochloride in mild alkaline solution. The impact of size on the photothermal conversion
efficiency was then determined. This allowed us to choose the optimal PDA nanoparticle size
for photothermal applications. Next, PDA NPs were decorated with SH-PEG polymers that
bear at their extremity thioketal (TK) ROS-cleavable linker coupled to trisulfonated-
tetraphenylporphyrin (TPPS3) was chosen as a hydrophilic photosensitizer. The grafting
efficiency of the PS conjugated PEG on PDA was demonstrated in situ using Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D). In addition the photo-induced release of
the PS was demonstrated by *H NMR. Finally, the PTT/PDT bimodal therapy was assessed in
vitro on human squamous esophageal cells by illuminating the PDA NPs at two different
wavelengths and showed a strong synergistic effect of combining PTT and PDT within this

nanoplatform.

KEYWORDS: Polydopamine, photodynamic therapy, photothermal therapy, thioketal, ROS-

responsive release.

1. INTRODUCTION

During the last few years, phototherapeutics including photodynamic therapy (PDT)
and photothermal therapy (PTT) have emerged as alternative treatment modalities to tackle
tumor drug resistance and conventional chemotherapy toxicity problems 2. Such
phototherapeutic approaches consist in the administration of photosensitizing agents (i.e.,
either photosensitizers or photothermal agents) that can generate upon illumination at specific
wavelengths either reactive oxygen species (ROS) or heat for PDT and PTT respectively.
PDT efficiency depends on the presence of oxygen in the treated tissue which limits its

efficiency in the treatment of hypoxic tumors, while PTT does not require oxygen °.

Interestingly, several recently reported studies have demonstrated that associating
photothermal (PTT) and photodynamic (PDT) treatments through the combination of
photothermal nanoconstructs and photodynamic agents can achieve a synergistic effect for
tumor therapy “°. Indeed, added to the direct cytotoxic effect of PTT, it also induces
vasodilation and thus enhances the intratumoral blood flow for oxygen supply which is an
essential element for the success of PDT. Thus, combining PDT and PTT in a bimodal fashion
within a unique organic nanocomposite would allow synergistic effects that will enhance the

therapeutic efficiencies of both treatment modalities.

However, given that the PDT efficiency is limited by the very short lifetime and the diffusion
volume of singlet oxygen, controlling the release of the photosensitizer (PS) at the tumor site



has attracted tremendous attention for improving photodynamic treatment outcomes ***. In

fact, the controlled release of the PS at the tumor site can be achieved by linking the PS to
sensitive materials that can be cleaved by (i) internal triggers found in the tumor
microenvironment due to the change in the normal physiological conditions such as acidic
pH, oxidative stress or enzymatic reaction but also by (ii) external energy sources such as
light. Among these sensitive materials, ROS-responsive ones hold great promise for the
design of nanoplatforms with the capacity to release the PS in a controlled fashion after their
exposition to an external trigger such as light. ROS-responsive linkers such as, those with a
thioketal (TK) group have attracted considerable attention for the release of the PS and other
drugs when exposed to endogenous ROS or those generated with an external trigger ***°.
Hence, simultaneous use of a PS with a ROS-responsive linker offers an interesting approach

to provide light-triggered delivery of the PS in theoretically any site of interest.

Polydopamine (PDA) nanoparticles (NPs) also known as melanin-like NPs have recently
gained high interest for the design of multifunctional nanoplatforms for cancer therapy. PDA
NPs possess multiple fascinating features including simple preparation protocols,
biocompatibility, simple functionalization procedures, free radicals scavenging and
photothermal / photoacoustic properties * 8. In addition, compared to other developed
nanomedicines and especially those with photothermal activity based on non-organic
materials such as metallic nanoparticles (Au, Pd, Ag, Fe, Cu...), PDA NPs are non-toxic,

biodegradable and can be synthesized at large scale.

Several PDA-based nanosystems associated with photosensitizers with both photothermal and
photodynamic functionalities have been described previously, however in all these
nanoplatforms, the PSs are directly coupled to the surface of PDA nanoparticles through
either physical adsorption through hydrophobic interactions or covalent bonds . While
physically adsorbed PSs on PDA NPs demonstrated their anticancer efficacy in vitro and in
vivo, they may suffer from PS burst release following their injection into the blood
circulation. Coupling the PSs to the PDA NPs via covalently bound may overcome this
problem, however this is not without issues due to the ROS scavenging properties of PDA **
2% materials because they are rich in reductive functional groups such as catechol and imine?*
2 Thus, in the aim to tackle such problems, we propose a multifunctional smart nanosystem
which allows subsequent photothermal properties and light-triggered release of the PS for
controlled PDT. This nanosystem consists of a new bimodal PTT/PDT PDA-based

nanoplatform which is decorated with hydrophilic PEG chains and bearing at their extremity
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thioketal as ROS-cleavable linker that is bound to a PS. Trisulfonated-tetraphenylporphyrin
(TPPS3) was chosen as the PS due to its acceptable water solubility. The thioketal ROS-
responsive linker should allow the release of the PS in a spatial, temporal, and dose-controlled
fashion following the illumination of the tumor to exert their photodynamic activity on a
selected tissue depending on the releasing site of the PS. Added to the anti-fouling properties
of the PEG chains against proteins enabling longer blood circulation times, they play the role
of the spacer between the PDA NPs and the photosensitizers. These NPs can be used for the
treatment of tumors that do not require near infrared absorbing PSs and can be accessed by
light without any surgical operation such as esophageal cancer. Upon appropriate light
excitation of the PS, the ROS/*O, generated in-situ via the photodynamic process would serve
as a trigger leading to the delivery of the PS and the photodynamic activity in a
spatiotemporally and dose-controlled manner. Non-ROS responsive PDA-based NPs were

also prepared and served as control.

In previous work, we established tightly controlled experimental conditions to synthesize and
PEGylate PDA NPs with well-defined and reproducible physicochemical properties including
size, yield and nanomechanical properties * °. Herein, we examined quantitatively for the
first time the impact of PDA NPs size on their photothermal conversion efficiency.
Afterwards, we described the functionalization steps adopted for the development of the
bimodal PTT/PDT PDA-based nanoplatform proposed in this work. Finally, as proof of
concept, the bimodal therapy PTT/PDT efficiency of these nanosystems was assessed in vitro

on human esophageal squamous cell lines.

2. MATERIALS AND METHODS
2.1. Chemicals

2,2’-(propane-2,2-diylbis(sulfanediyl)diethanamine (thioketal linker (TK), M,, = 194.38
g/mol, d = 1.083 g/ml) was obtained from Fluorochem (Derbyshire, United Kingdom),
dopamine hydrochloride (DA, 98%, M,, = 189.64 g/mol), fluorescein isothiocyanate isomer |
(FITC, > 99%, M,, = 389.38 g/mol), thionyl chloride (SOClI,, > 99%, M, = 118.97 g/mol, d =
1.64 g/ml), poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (SH-PEG,00;-COOH, n =
45, M, = 2100 g/mol), tris(2-caroxyethyl)phosphine hydrochloride (TCEP, M,, = 286.65
g/mol), Sodium iodide (Nal, > 99%, M,, = 149.89 g/mol), tris(hydroxymethyl)aminomethane
(Tris buffer, > 99.8%, My, = 121.14 g/mol), and anhydrous pyridine were purchased from

Sigma Aldrich (St. Louis, MO, United States), hydrogen peroxide (H,O,, 30% (w/w)) and



ammonium hydroxide (25% NH3) from Merck (Germany), 5-(4-
carboxypropylcarbamoylphenyl)-10,15,20-(tri-4-sulfonatophenyl)porphyrin triammonium
(TPPS3-COOH, > 95%, M,, = 1034.24 g/mol), 5-(4-aminophenyl)-10,15,20-(tri-4-
sulfonatophenyl)porphyrin triammonium (TPPS3-NH;, > 95%, M,, = 921.03 g/mol ) and 5-
(4-carboxypropylcarbamoylphenyl)-10,15,20-(tri-4-sulfonatophenyl)porphyrin  triammonium
2,2'-(propane-2,2-diylbis(sulfanediyl)diethanamine conjugate (TPPS;-TK-NH,, M,, = 1211.35
g/mol) were provided by PorphyChem (Dijon, France), CDCl; and DMSO-ds were provided
from Eurisotop (Saint-Aubin, France), HPLC-grade methanol (MeOH) and pyridine were
purchased from VWR Chemicals (Radnor, PA, USA), Fetal bovine serum (FBS) was
provided from Gibco (Invitrogen, Carlsbad, California, United States), 1 kDa dialysis
membrane was purchased from Spectrum labs (California, United States), Ultrapure water
was produced by a Millipore MilliQ Direct 8 water purification system with a resistivity of
18.2 MQ cm at 25 °C.

2.2. Synthesis of polydopamine nanoparticles
The PDA NPs were synthesized following the same procedure detailed in our previous work
'8 In brief, ultrapure water was mixed with ethanol (70/30 % v/v) and an aqueous solution of
ammonia (25% NHs). Dopamine hydrochloride was pre-dissolved in water and added to the
aforementioned mixture under mild stirring for 24 hours at 25°C. The final concentration of
dopamine was 3.2 mg/ml. The NPs were purified by centrifugal filtration in 30 kDa MWCO
Amicon filters and subsequently washed with water three times (3 x 10 ml). Centrifugations
were carried out at ~2000 g, 4°C for 20 min using SL-200 RFID rotor (NuAir Awel, UK).
The volumes retained were redispersed in either ultrapure water or Tris buffer and then stored

at 4°C.

To study the impact of the NPs size on their photothermal efficiency, different molar ratios of
ammonia/dopamine (10, 20, 25 and 30) were used while maintaining the dopamine

concentration unchanged. All PDA NPs formulations were reproduced three times.



2.3. Study of the photothermal conversion efficiency of PDA NPs in solution

1 ml of PDA NPs suspension at different concentrations ranging from 50ug/ml to 400ug/ml,
in Tris buffer (10mM, pH= 7.4) was loaded in a quartz cell and placed 1 cm away from the
laser diode. The suspension was then illuminated by the means of a laser diode module
equipped with a laser diode driver and a temperature controller (LDM90, LDC220C,
TED200C from Thorlabs Inc. Newton, New Jersey, United States) at a wavelength of 808 nm
and an output power of 250 mW, 500 mW, 750 mW or 1000 mW. At 1000 mW power, the
fluence at this distance was estimated using an optical power meter (PM160T Optical Power
Meter, from Thorlabs Inc. Newton, New Jersey, United States) to be 2 W/cm?® The
temperature increase inside the suspension upon illumination was recorded using two K-type
thermocouples that were placed in two opposite corners of the quartz cell while a small

magnetic stirrer is placed inside to get a uniform temperature (Figure S1).

The process of nanoparticles-mediated photothermal hyperthermia can be described as a
collective heating model ?*. The calculation of the photothermal conversion efficiency (1) can
be calculated following the same method already described by Roper et al. % and reproduced
by many other authors 2% The full description of the calculation method we adopted in

this work is detailed in the supporting information section and Figure S2.
2.4. Evaluation of the photo-induced degradation of ROS-cleavable linkers

In the case of thioketal, acetone would be produced following the ROS-sensitive bond rupture
1231 "\which could be monitored by *H NMR. The cleavage of the thioketal group under
illumination was assessed as follows: The TPPS3;-TK-NH, conjugate was dissolved in
DMSO-dg at a concentration of 70 mM, in presence of 70 mM 1,3,5-trimethoxybenzene
(TMB) used as an internal standard. The solution mixture was placed in a 3 mm NMR tube
and illuminated at different time intervals using a 642 nm diode laser (Thorlabs Inc. Newton,
New Jersey, United States) at 200 mW.cm™. *H NMR (400 MHz) spectrum was recorded
after each illumination and signals intensity of the characteristic peak of thioketal (-CCHs, 6 =
1.59 ppm) and of the potentially formed acetone (6 = 2.09 ppm) was integrated relatively to

those of TMB, which allowed us to study the degradation kinetics of the thioketal linker.



2.5. Synthesis of TPPS;-conjugated PEG polymers

In order to prepare ROS-responsive and non-ROS responsive PDA-based nanoparticles, first
we synthesized two different TPPS3-conjugated PEG polymers through covalent binding of
either TPPS3-TK-NH; or TPPS3-NH, to SH-PEG-COOH, respectively.

The synthetic procedure the TPPS3-conjugated PEG polymers can be summarized as follows:
2.5.1. Dimerization of SH-PEG;p00-COOH chains

This step aims at blocking the thiol groups of the polymer to avoid its intra- or inter-
molecular interactions with the carboxylic group of PEG chains. For that, SH-PEG2p00-COOH
(100 mg, 47.6 umol, 1 equiv.) was dissolved in deionized water (5 ml), 0.5 ml of a 10 mM
Nal solution (0.1 equiv.) and 60 pl of a 3% H,0, (1.1 equiv.) were added and the mixture was
incubated overnight at room temperature. The reaction crude was dialyzed in deionized water
through a 1 kDa dialysis membrane. The separated product (white powder, yield = 91%) was
characterized using 'H NMR (CDCl3, 300 MHz) in comparison to SH-PEG2q-COOH
(Figure S3 A-B). Although the integration of the signals, for both products, did not lead to a
correct number of protons between the broad signal of ethylene glycol pattern and the signals
of the terminal chains, the successful dimerization of PEG was evidenced by the following
elements: (i) the absence of the signal at 6 = 1.59 ppm present in the spectrum of the SH-
PEG2000-COOH and corresponding to the -SH group, (ii) the shift in the signal corresponding
to -CH,-SH, from & = 2.73-2.66 ppm to 6 = 2.90-2.86 ppm for SH-PEG20-COOH and
COOH-PEG00-S-S-PEG2000-COOH respectively, due to the changes in the chemical
environment after disulfide formation, and (iii) the difference in the marginal peaks of the
broad signal at & = 4.06-3.38 ppm and & = 4.03-3.32 ppm for SH-PEG2000-COOH and
COOH-PEG2000-S-S-PEG2000-COOH respectively, due to differences in the coupling of the

terminal chains protons.
2.5.2. Acyl chloride formation

The carboxylic acid functions of the dimerized PEG chains (90 mg, 21.4 umol) were activated
in pure anhydrous SOCI, (2 ml) under inert atmosphere (Ar) and ambient temperature, to
form acyl chloride moieties. The reaction mixture was stirred for 3 h and the solvent was then
carefully evaporated. Due its high sensitivity, the product obtained was directly engaged in

the next step with no further characterization.



2.5.3. Coupling of the activated PEG chains to the TPPS3-TK-NH, or TPPS3-NH,

TPPS3-TK-NH; or TPPS3-NH; (13 mg or 9.9 mg respectively, 10.7 pumol, 1 equiv.) were
added to the SOClI,-activated PEG dimer (90 mg, 21.4 pmol, 2 equiv.) and dissolved in
anhydrous pyridine. The mixture was heated at 115 °C under reflux and stirred overnight
under Arg. Pyridine was then removed under vacuum and the crude was purified using
preparative TLC with Methanol/Water/Pyridine 70/30/0.2% as eluant. The products (TPPSs-
TK-NH-PEG-S), (yield 55%) and (TPPS3-NH-PEG-S), (yield 50% ) were isolated as dark
purple-brown solids. The dimmers were then reduced using TCEP in Tris buffer (10 mM, pH
8.5) in order to regenerate the thiol group on the extremity of PEG chains, crucial for their
conjugation to the surface of PDA NPs. The products obtained were dialyzed against
deionized water using a 1 kDa dialysis membrane and characterized by *H NMR (DMSO-dg,
400 MHz) (Figure S4 A-B). For TPPS3-TK-PEG000-SH conjugate: & (ppm) 9.04, 8.78, 8.64,
8.17, 8.02, 7.84, 7.35, 7.23, 6.85 and 6.68 (Aromatic protons of TPPS3-TK-NH>), 5.33, 5.09,
4.80, 2.68-2.67, 2.37, 2.33, 2.18, 2.11, 1.98 and 1.61 (Aliphatic protons of TPPS3-TK-NH),
3.93-3.40 and 2.91-2.88 (protons of PEG chains). For TPPS3-NH-PEGy00-SH conjugate: 6
(ppm) 9.02-9.01, 8.85, 8.65-8.61, 8.18-8.15, 8.07, 7.79, 7.19, 7.13, 6.96 and 6.84 (Aromatic
protons of TPPS3-NH,), 3.85-3.42 and 2,72-2.68 (protons of PEG chains). In fact, due to the
limited quantity of products available for analysis, the NMR spectra of the synthesized
Porphyrin-PEG conjugates were not well-resolved. The presence of the intense broad signal
related to PEG chains renders the interpretation of the other peaks more difficult. A detailed
peaks attribution could not hence be performed. However, by referring to the NMR spectra of
free TPPS3-(TK)-NH; and SH-PEG,000-COOH in DMSO-dg, we could clearly distinguish the
presence of the characteristic peaks of the porphyrin which are present in the region of 3
comprised between 9.04 — 6.68 ppm and relative to the pyrrole and the phenyl groups,
together with the broad peak relative to the ethylene glycol pattern of PEG centered at 6 3.51
ppm. The presence of peaks in the range of 6 comprised between 3.20 and 1.10 ppm is
attributed to the protons present on the aliphatic chain of TPPS3-TK-NH, and PEG terminal
chains for the TPPS3-TK-PEG,000-SH conjugate and of the PEG terminal chains for the
TPPS3-NH-PEG000-SH.



2.6. Evaluation of the TPPS;3-TK-PEG,0-SH grafting efficiency on PDA film using
Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

The ability of the synthesized polymeric conjugates to be efficiently grafted on a PDA surface
was verified in situ on planar geometry using QCM-D. This experiment was performed at 25
°C using QCM-D-E4 (Q-Sense, Gothenburg, Sweden) as previously described®. In brief, the
SiO,-coated quartz sensor was sonicated in SDS 10% for 5 minutes, rinsed thoroughly with
ultrapure water and dried under nitrogen, then treated with UV/Ozone for 40 minutes. QCM-
D channels were also cleaned prior to use, using Hellmanex solution at 2% (% m/m).
Frequency and dissipation shifts (Af and AD) were monitored for the overtonesn =3, 5,7, 9
and 11. First, a PDA film was formed on the SiO,-coated quartz sensor by injecting a 2 mg/ml
dopamine solution in Tris buffer (10 mM, pH 8.5) at 250 pl/min, until the frequency shifts
reached the values fixed previously in order to obtain a similar layer thickness (Afs ~ -100 Hz,
reached after ~ 2 h). After rinsing and buffer switch, a 1.55 mg/ml solution of TPPS;-
thioketal-PEG,000-SH was injected in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) as
optimized previously *°. Af and AD were monitored until saturation was reached and an
excessive rinsing was performed at the end of the experiment in order to remove the loosely

grafted chains.
2.7. Preparation and characterization of PTT/PDT bimodal PDA-based NPs

A mixture of COOH-PEG2p00-SH and TPPS3-(TK)-PEG2000-SH at an equal molar ratio was
used to functionalize bare PDA NPs of ~130 nm in Tris buffer (10 mM, 150 mM NaCl, pH
8.5). The final concentrations were 1 mg/ml for PDA NPs, 5 mg/ml for COOH-PEG3q00-SH,
and 7.8 mg/ml or 7.1 mg/ml for TPPS3-TK-PEGy-SH or TPPS3-NH-PEG,q00-SH,
respectively. The mixtures were incubated for 24 h under mild stirring at 25 °C. The NPs
were then purified by centrifugal filtration in Amicon tubes (MWCO 50 kDa) using a SL-200
RFID rotor (NuAir Awel, UK) at ~2000 g and thoroughly washed until the supernatants

became clear.

The synthesized nanoparticles were characterized in terms of hydrodynamic diameter, zeta
potential and absorbance spectrophotometry for the quantification of the TPPS; grafting

efficiency.
2.7.1. Dynamic light scattering (DLS) and zeta potential measurements

The size distribution and surface charge of PDA NPs before and after functionalization were

determined using a Zetasizer (Nano-ZS 90, Malvern Instruments, UK) with a detection angle
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of 90 °. NPs were dispersed in Tris buffer (10 mM, pH 7.4) and zeta potential was measured
in presence of low ionic strength (5 mM NaCl). All measurements were carried out in
triplicates at 25 °C.

2.7.2. UV-visible absorbance and Quantification of TPPS; conjugated to PDA NPs

The UV-visible-NIR absorbance of PDA NPs functionalized with TPPS3-TK-PEG000-SH or
TPPS3-NH-PEG000-SH was measured in Tris buffer (10 mM, pH 8.5) using a Cary 300 Bio
UV-vis spectrophotometer (Varian, USA). The content of TPPS3-TK-NH; or TPPS3-NH;
conjugated to NPs surface was estimated by measuring the PS absorbance at a specific
wavelength (A= 414 nm) using a CARY 100 Bio UV-visible spectrophotometer (Varian,
USA). By comparison with standards at specific concentrations (Figure S5), the PS coupling
efficiency was determined on normalized absorbance spectra of PDA formulations. This was
done by subtracting the absorbance of non-functionalized NPs from that of PS-conjugated
NPs measured at a similar PDA concentration. The molecular ratio PS/NPs was then

calculated using equation 1.

PS/NPS — [Ps]molecular (eq 1)

[PDA NPS|motecular

Where [PS]motecutar S the molecular concentration (in molecules.I™) of TPPS;-TK-NH, or
TPPS3-NH, deduced from the absorption measurements and [PDA NPS]moecuar iS the

molecular concentration (in molecules.I™) of PDA NPs calculated as follows:

[PDA NPS]yyeigi it

[PDA NPS]molecular = (eq 2)

VpPDANPs -PPDA

Where [PDA NPs]weignt is the weight concentration of PDA NPs, Vppa nps IS the average
volume of PDA NPs calculated based on DLS measurements of their hydrodynamic diameter

and pppa the density of PDA which is equal to 1981 + 74 kg/m® as determined previously™.
2.8. Cell culture experiments

Two cell lines were used to evaluate the cytotoxicity and phototoxicity of nanoparticles and
free molecules: (i) HET-1A, a human esophageal squamous cell line used as a model for
healthy esophageal epithelium and purchased from the American Type Culture Collection
(Manassas, VA), and (ii)) KYSE-30, squamous esophageal carcinoma cells, purchased from
Sigma Aldrich. HET-1A and KYSE-30 cells were cultured in Roswell Park Memorial
Institute 1640 (RPMI 1640) medium supplemented with 10% FBS and antibiotics (100 1U/ml
penicillin — 100 pg/ml streptomycin) in a humified incubator at 37 °C with a 5% CO,
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atmosphere. Cells were passaged every three days at a confluence of 70-80% using 0.25%

trypsin / ethylenediaminetetraacetic acid (EDTA).
2.8.1. Invitro cellular uptake assessment by flow cytometry

The cellular uptake of PDA NPs, PDA-PEG NPs and free TPPS3-COOH was measured on
HET-1A and KYSE-30 in order to determine the incubation time needed for an efficient
cellular internalization for the next phototoxicity assays. PDA nanoparticles were labeled with
a fluorescent dye, FITC, prior to their incubation with cells, non-labeled nanoparticles were

used as a control.

HET-1A and KYSE-30 cells were seeded for 24 h in 12-well culture plates (500 ul, at 6 x 10*
and 1 x 10* cells per well respectively). Then, 500 pl of PDA or PDA-PEG NPs or TPPS;-
COOH in culture medium were then added to each well at a final concentration of 100 pg/ml
and 20 uM for PDA-based NPs and free PS, respectively. The plates were further incubated at
37 °C for 30 min, 1 h, 2 h, 6 h, or 24 h and the cells were then washed twice with PBS,
detached using trypsin/EDTA, centrifuged at 200 g after dilution in cell culture medium and
re-dispersed in PBS. The cellular uptake was then examined using an Accuri C6 Plus flow
cytometer (BD Biosciences, USA). 10000 events were counted for each sample and
fluorescence intensity was measured with the FL1 (Aexc = 488 nm) and FL4 (Aexc = 640 nm)
channels for the PDA/PDA-PEG NPs and for the TPPS3-COOH respectively.

2.8.2. Invitro evaluation of the cytotoxicity at dark and the phototoxicity

The cytotoxicity of PDA and PDA-PEG NPs was studied at final concentrations ranging from
10 to 500 pg/ml at 24, 48 and 72 h. The phototoxicity of free TPPS3 was assessed at 24, 48
and 72 h using concentrations reaching 60 pM and after NIR irradiation for 14 min at 2 J.cm™
using the orange light (PDT), the toxicity in the dark of these samples was evaluated in
parallel. For the full PDA-PEG-PS NPs, final concentrations ranging from 10 to 200 pg/ml of
PDA were tested. Their cytotoxicity was evaluated in the dark and their phototoxicity after 72
h was assessed after illuminations using either the 808 nm laser at an irradiance of 2 W.cm™
for 10 min (PTT), or the orange filtered lamp at a 2 J.cm™ fluence (PDT), or the combination
of both irradiation procedures (PTT/PDT). Temperature changes obtained after PTT
irradiation and infrared images of these illuminated samples were recorded using a FLUKE
Ti401 PRO thermal camera (Fluke Corporation, Washington, United States).

Cells were seeded in a 96-well plate at a density of 12 x 10° and 2 x 10° cells per well for
HET-1A and KY SE-30, respectively (100 pl per well) and incubated for 24 h. Then, 100 pl of
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culture medium containing PDA NPs, PDA-PEG NPs, PDA-PEG-PS NPs or free PS were
added, in the dark, to the wells at different concentrations and incubated for an additional 24
h. Cells incubated with total 200 pl of culture medium alone served as untreated control. The
following day, the culture medium was aspirated and replaced, to remove non-internalized
products. Cells were either further incubated in dark for the evaluation of their cytotoxicity or
illuminated as previously described for the assessment of their phototoxicity. The cell
viability was determined using the MTT test after 24, 48 and 72 h. In brief, 20 pl of sterile
MTT solution were added to each well (final concentration 0.5 mg/ml) and the cells were
further incubated for 1 h (37 °C, 5% CO,). Then, the medium was removed and 200 ul of
DMSO was added to the wells in order to dissolve the formazan produced by MTT
metabolization in the alive cells. After 10 min shaking, the optical density (OD) was
measured at 570 nm using an ELISA plate reader (Labsystems Multiskan MS, France).
Experiments were performed in triplicate.

For PDA-related experiments, the OD was measured at 650 nm and 570 nm and the OD of

2
.3

formazan at 570 nm was estimated following the protocol described by Nieto et al. *, in order

to avoid the interference of PDA absorption at 570 nm.
2.8.3. Analysis of synergistic activity of TPPSs-conjugated PDA-PEG NPs

In order to quantitatively analyze the type of interactions between the TPPS3 photosensitizing
molecule and PDA NPs, the combination index (CI) was calculated using CompuSyn®
software (version 1.0, CompuSyn Inc., United States., www.combosyn.com) based on the
Chou-Talalay method **** (Equation 3).

_ [EI1r [EI]5!
= [EI], + [E1];

(eq 3)

The [EI]i and [EI]i’ correspond to the concentrations of the associated drugs used separately
or in combination, respectively, leading to a similar inhibitory effect. A CI value > 1 indicates
an antagonism, Cl = 1 corresponds to additive effects, and Cl < 1 indicates synergism
between the associated drugs. In this study, the inhibitory effect designated as the faction
affected (Fa) corresponds to the cell killing effect and was calculated using the following
equation (Equation 4)

% cell viability

Fa=1- 00 (eq 4)
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3. RESULTS AND DISCUSSION

3.1. Neat PDA nanoparticles preparation and evaluation of their photothermal
conversion efficiency in buffer

Before preparing the bimodal PDA nanosystems decorated with PEG chains and bearing at
their extremity the ROS-responsive linker and TPPS3; PS, we wanted to evaluate the
photothermal conversion efficiencies of PDA NPs and the impact of their size on such aspect.
Thus, PDA NPs with different sizes have been synthesized following the oxidization of
dopamine in alkaline conditions in ultrapure water/ethanol (70/30% v/v) in the presence of
ammonia (25% NH;) at different [Ammonia]/[Dopamine] ratio as described previously *.
After the purification of PDA NPs with centrifugal filtration, they were illuminated with a
laser diode in different experimental conditions in order to evaluate their photothermal
conversion efficiency. Indeed, Liu et al. !’ have first demonstrated the ability of PDA
nanoparticles to convert light into heat with a conversion efficiency of ~ 40% for
nanoparticles with hydrodynamic diameter of ~ 70 nm *’. However, PDA NPs may have
different shapes, packing densities of oligomers or even different chemical functionalities at
their surface %38 This may lead to different photothermal properties than those already
described in the literature. Thus, in order to assess the photothermal behavior of PDA NPs, we
have started the evaluation of photothermal efficiency with PDA NPs of 125 nm of
hydrodynamic diameter (Dy) which were prepared following the same procedure (Ratio
[Ammonia]/[Dopamine] = 25) described previously *°. In fact, nanoparticles with a diameter
less than 200 nm are usually used for in vivo applications due to their better pharmacokinetics
properties and their passive accumulation in tumors via the enhanced permeability and
retention (EPR) effect ***°. Hence, suspensions of PDA NPs were illuminated with a laser
diode at a wavelength of 808 nm and an irradiance of 2 W.cm™ until a steady state of
temperature is reached. Afterwards the laser was turned off, and the suspensions were allowed
to cool back to the ambient temperature. A typical temperature profile versus time of PDA
NPs is shown in Figure 1A.
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Figure 1. (A) Plot of temperature profile versus time registered under NIR irradiation (808
nm laser at 2 W.cm) of a 200 pg/ml PDA NPs suspension (Dy = 125 nm) for 900 s, followed
by a cooling phase (laser turned off). The cycle laser On-Off was repeated three times to
assess NPs photostability. (B) Temperature increase of a Tris buffer solution and PDA NPs
suspensions (Dy = 125 nm) at different concentrations as a function of NIR illumination time
(808 nm, 2 W.cm™). (C) Temperature changes (AT) registered after 900 s of NIR illumination
as a function of PDA NPs concentration.

As depicted in Figure 1A, the temperature of the PDA NPs suspension increased
exponentially upon laser illumination until reaching a steady state temperature (AT = 20.8 +
0.4 °C) after 900 s followed by over 1000 s of cooling. The NPs suspensions were then
subjected to two consecutive laser illuminations. The heating cycles are fully reproducible
indicating the photothermal stability of PDA nanoparticles as already demonstrated by Liu et
al. *’. Next, we wanted to determine the maximal reachable effective temperature increase as
a function of NPs concentration. As shown in Figure 1B, compared to Tris buffer, PDA NPs
suspensions exhibited much higher temperature increase of 9.5-33°C in the concentration
range of 50 pg/ml to 400 pug/ml. This behavior demonstrates that the photothermal conversion
effect is an intrinsic property of PDA NPs *’. In addition, as the concentration increases, the
number of nanoparticles increases and the collective heat generated by the nanoparticles
induced a proportional increase of the effective AT as shown in Figure 1C. The temperature
changes can be thus fitted linearly as function of PDA concentrations. However, it should be
noted that suspensions containing high NPs concentration exhibit larger attenuation factor for
light which induces a lower penetration depth and thus non homogenous heat distribution
because not all of nanoparticles will receive the same light intensity. This is a very important
aspect that should be taken into account for in vivo applications to ensure that the inner part of
the tumor is homogenously and sufficiently heated **. In our experiments, all of the NPs
suspensions were illuminated during a continuous stirring which allows homogenous light
illumination and heat distribution inside the suspension volume. Additionally, the impact of
laser power was also investigated on the photothermal behavior of PDA NPs. As shown in
Figure 2A, the higher the laser intensity, the higher the temperature increment is obtained.
Moreover, the plotted effective AT (Figure 2B) increased linearly as function of the laser
power between 250 mW and 1000 mW (0.5 W.cm? to 2W.cm™). This indicates that the
photothermal behavior of PDA nanoparticles can be tuned efficiently with the laser power up

to 1000 mW to get the desired temperature without losing their photothermal conversion
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properties as in the case of gold nanomaterials that melt at high laser intensity or exposure
time thus leading to photothermal instability *#**.
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Figure 2. (A) Temperature profile versus time registered during a thermal heat cycle of a 200
pg/ml PDA NPs suspension (Dy = 125 nm) illuminated using an 808 nm laser diode at
different laser powers. (B) Temperature changes (AT) registered after 900 s of NIR irradiation
of a 200 pug/ml PDA NPs suspension (Dy = 125 nm) as a function of laser power. (C)
Temperature changes profile registered during a thermal heat cycle of 200 pg/ml PDA NPs
suspensions with different hydrodynamic diameters and illuminated using a 808 nm laser
diode at 2 W.cm™. (D) Temperature changes profile registered during a thermal heat cycle of
PDA NPs with different hydrodynamic diameters, whose optical densities (O.D.) were
calibrated at 0.25, and illuminated using an 808 nm laser diode at 2 W.cm.

Next, the cooling phases of the thermal cycles following the illumination of PDA
nanoparticles suspensions were analyzed to determine the rate of heat transfer (1/z;) from the
system to the environment as described above. An average value of 367.2 + 19.4 s for 7, was
obtained and used for the photothermal conversion efficiencies calculation. For PDA NPs
with an average hydrodynamic diameter of 125 nm, the photothermal conversion efficiency

was 46.2 + 1.1 % which is in line with other reported values in the literature *" .
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Having studied the photothermal properties of nanoparticles with an average diameter of ~
125 nm, we wanted to assess the impact of NPs size on their photothermal conversion
efficiencies. In fact, when the size of spherical nanoparticles is modified, their scattering and
absorption cross sections will also be modified which may in turn change their photothermal
conversion efficiency. In other words, when the light hits the nanoparticles, they can
simultaneously scatter and absorb light. The sum of both absorption and scattering constitutes
the extinction (Qext = Qabs + Qscarr). Thus, in order to study this aspect, PDA nanoparticles with
different diameters at a concentration of 200 pg/ml in Tris buffer were illuminated at a laser
irradiance of 2 W.cm™. As depicted in Figure 2C, the larger the PDA nanoparticles diameter,
the higher the increase in temperature. Using these data, we have calculated their conversion
efficiencies. As shown in Table 1 and Figure S6, whereas the effective AT increases with
their size, the photothermal conversion efficiency is reduced. This could be explained by the

446 \which indicates that larger nanoparticles exhibit more scattering than

Mie’s theory
absorption. Thus, a large fraction of light will be scattered compared to that absorbed by the
NPs which reduce their photothermal conversion efficiency. Additionally, it should be noted
that although the PDA concentration was kept constant for all these measurements, the
number of PDA NPs with larger diameter is however less compared to that with smaller ones.

This effect would counterpart the collective photothermal conversion efficiency.

Table 1. The impact of PDA NPs hydrodynamic diameter on their optical densities and
photothermal conversion properties. The reported values are the average * standard deviation
of n=3.

Hydrodynamic Optical density at AT effective Photothermal conversion
diameter (nm) 808 nm (a. u.) (°C) efficiency (%0)
282+2 0.72 25.6+04 31.6+04
162+5 0.31 21.3+0.6 421+14
125+3 0.25 20.8+0.4 46.2+1.1
112+3 0.24 18.8+0.4 434+14

In order to demonstrate our thoughts, PDA NPs at different sizes but at the same optical
density (O.D. = 0.25) were illuminated using the same experimental setup. As depicted in
Figure 2D, PDA NPs with larger size revealed lower temperature increase than smaller one,

thus demonstrating that smaller PDA NPs convert light to heat more efficiently than larger
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one due to their higher absorption/extinction ratio. Similar tendency has been also observed

by other authors for other gold nanoparticles %° and Cu* laded PDA NPs .

3.2. Choice of the PS and Study of the thioketal cleavage under TPPS; light

irradiation

Since the PS is to be grafted on the extremity of the PEG, it should have hydrophilic character
to prevent unwanted aggregation. For this purpose, a trisulfonated tetraphenylporphyrin
(TPPS3) was selected, as it is commercially available in the carboxylic and amino forms,
needed for the preparation of ROS-responsive and non-responsive nanosystems, respectively.
TPPS3-COOH coupled to the amine-terminated thioketal linker could also be directly
provided from PorphyChem®.

Before preparing the bimodal PTT/PDT PDA NPs and evaluating their phototoxic efficiency
in vitro, we wanted to assess the feasibility of light-triggered thioketal cleavage upon TPPS3
illumination by using *H NMR (400 MHz, in DMSO-dg) as well as its kinetics. To this aim,
the TPPS3;-TK-NH, compound was dissolved at a concentration of 70 mM in deuterated
DMSO, and the solution was illuminated with a 642 nm laser diode at 100 mW (200 mW.cm’
2) with different illumination durations. As shown in the Figure 3, upon the illumination of
the NMR tube containing the TPPS3-TK-NH,, the corresponding peak of the TK (& = 1.59
ppm) starts to decrease with subsequent increase of the acetone peak (6 =2.09 ppm). This
demonstrates that the TK linker is decomposed upon the PS illumination due to the generation
of ROS. The decomposition of thioketal group was further quantified as function of

illumination duration using TMB as internal reference.
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Figure 3. (A) Schematic illustration of the cascaded cleavage of thioketal linker following
TPPS; illumination, (B) Partial *H NMR spectra (DMSO-d6, 400 MHz) registered during the
illumination of a 70 mM TPPS;-TK-NH, solution with a 642 nm laser at 200 mW.cm™. (C)
Percentage of residual thioketal NMR signal (in red, left axis) and of formed acetone NMR
signal (in blue, right axis) registered during illumination.

As depicted in Figures 3B and 3C, following the first illumination, we observed more
decomposition of thioketal groups compared to the subsequent ones. Furthermore, only 16%
of thioketal was decomposed even after 2 hours of illumination (fluence up to 1288 J.cm™).
This could be explained by several factors related to the experimental conditions. Indeed,
added to the low singlet oxygen yield of TPPS porphyrin derivatives in DMSO (example:
®,(TPPS,) = 0.19 in DMSO ), the current experiment was conducted in a closed NMR tube,
which limited the renewal of dissolved molecular oxygen during the illumination process thus
limiting the production of the oxidative 'O,. In addition, DMSO solvent exhibits higher
viscosity compared to water in which the PDA nanoparticles will be suspended, thus the
diffusion distance of the singlet oxygen is limited which in turn limits its oxydative efficiency.
Moreover, the generation of other reactive species is also expected to be very limited in the
DMSO solvent. Knowing that thioketal linkers revealed a higher responsiveness to hydroxyl
radical in comparison to other ROS *, this would further explain the relatively slow cleavage
kinetics of thioketal obtained in this study. Finally, it should be noticed that the illuminated

NMR tubes contained a high TPPS3;-TK-NH; concentration which induces the PS aggregation
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with subsequent high light scattering. This will limit the penetration depth of light within the
tube. The laser diode used for this experiment exhibits a max peak at 642 nm which
corresponds to the Q, band of the PS at which the coefficient extinction is low (€42 nm =
268.5 M™.cm™) so the number of photons adsorbed by the PS is low when illuminated at this
wavelength. Based on the aforementioned and despite the fact that thioketal decomposition
was not complete at these illumination conditions, we could demonstrate the cleavage of the
TK linker upon the PS illumination. Such decomposition process can be further improved
when grafting the PSs at the surface of PDA NPs, where the PSs are not aggregated and will
be illuminated with an orange-filtered lamp with a maximum peak at 590 nm where the PS

absorbs much more photons as done for the in vitro expermients.
3.3. Preparation of the TPPS;-conjugated PDA-PEG NPs

Having calculated the photothermal conversion efficiencies of PDA nanoparticles as function
of size, we chose those prepared at a [Ammonia]/[Dopamine] ratio of 25 for further
functionalization steps for the design of the bimodal PTT/PDT nanosystem. Since these
nanoparticles have a hydrodynamic diameter of ~130 nm and present the best photothermal
conversion properties, they should represent a good compromise for future in vivo

applications.
3.3.1. Synthesis of TPPS;-conjugated PEG polymers

In order to functionalize the PDA nanoparticles with PEG chains that will bear either TPPS3-
TK-NH, or TPPS3;-NH, at their extremities, we have used SH-PEGq-COOH as a
bifunctional PEG polymer. Where the thiol group will serve as chemical anchor for the PEG
chain on the catechol groups of PDA nanoparticles via a Michael addition reaction as
demonstrated previously, the carboxylic group can be used for the coupling of the

photosensitizers.

Thus, to prepare these multifunctional PDA nanoparticles, we have opted for the following
functionalization strategy which is summarized in the Figure 4. We first dimerized the SH-
PEG2000-COOH polymers into disulfide derivatives to block the thiol groups before their
activation and coupling to the porphyrins. Then the carboxylic groups present on both
extremities of disulfide PEG polymers were converted into acyl chloride functions.
Afterwards, two different porphyrins either TPPS3-TK-NH, or TPPS3-NH, were conjugated
separately on the acyl groups which led to the formation of ROS-responsive and non-ROS

responsive polymers respectively. Finally, the disulfides were reduced using TCEP to
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regenerate the thiol group which is required for the Michael addition onto the catechol groups

of polydopamine.
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Figure 4. Schematic illustration summarizing the synthesis of TPPS;-(TK)-PEG2p00-SH or
TPPS3-(NH)-PEG2000-SH polymers.

3.3.2. Assessment of the TPPS3;-TK-PEG,000-SH grafting efficiency on PDA film
using Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

Prior to the conjugation of the resulting polymeric complexes to bare PDA NPs, the ability of
these chains to be efficiently grafted on PDA surface was first studied on PDA film using
QCM-D, as described in a previous work. After the formation of a PDA film on SiO, coated
quartz, the TPPS3-TK-PEGy000-SH in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) was
injected. As depicted in Figure 5, a significant decrease of the resonance frequency with
subsequent increase in the energy dissipation was observed following this injection. The
signals stabilized after 10 hours and remained constant after the buffer rinsing step. This
indicates that the TPPS3-TK-PEG2000-SH can be grafted on a PDA adlayer by forming a stable
film. In addition, the injection of TPPS3-TK-PEG000-SH exhibited different grafting kinetics
than COOH-PEG000-SH. The reached values of the frequency shift for TPPS3;-TK-PEG2q0-
SH (Afs= -49 + 9 Hz, n=3) were similar to those obtained previously ** with non-conjugated
COOH-PEG2000-SH (Afs= -49 + 8 Hz, n=3), thus suggesting that an efficient grafting of the
synthesized TPPS;-TK-PEG,000-SH polymers with a high grafting density on the surface of

PDA can be achieved in buffer conditions.
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Figure 5. (A) Scheme illustrating the grafting strategy of TPPS3-TK-PEG2p00-SH on PDA
film using QCM-D. (B) Frequency (Afs) (black line, left axis) and dissipation (ADs, right
axis) (grey line) shifts registered during the formation of a PDA film on a SiO; substrates, (C)
Afs and ADs obtained following the injection of TPPS;-TK-PEGgp0-SH (red curves) on the
pre-formed PDA film in Tris buffer (10 mM, 150 mM NaCl, pH 8.5), the results are
illustrated in comparison to SH-PEG2p00-COOH injected in the same conditions (blue curves).

3.4. Preparation and characterization of PTT/PDT bimodal PDA-based NPs

After demonstrating the capacity of the TPPS3-TK-PEG,00-SH in buffer to be grafted on
PDA film, we proceeded with the functionalization of PDA NPs. Hence, PDA NPs of ~130
nm were functionalized in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) using an equal mixture
of SH-PEG000-COOH/TPPS3-(TK)-PEG2000-SH (1:1 mole/mole), in order to avoid a high
density of porphyrin on NPs surface that could result in aggregated preparations in vitro and
unstable systems in vivo. Both PDA and PS-conjugated PDA NPs were negatively charged in
Tris buffer at pH 7.4 with a zeta-potential of -34+1 mV for bare NPs and -43+ 2 mV for the
PS-conjugated PDA NPs (Table 2). The negative charges could be attributed to the
deprotonation of catechol functions exposed at the surface of PDA NPs for the former and to
the sulfonate groups of the PS conjugated to NPs surface for the latter. The multifunctional

NPs prepared following this approach presented a monodisperse size distribution (Table 2).

The efficient PS-PEG grafting on PDA NPs was further assessed by UV-Vis absorption
measurements. As depicted in the absorption spectra (Figure 6), both ROS-responsive and
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non-ROS responsive nanoparticles showed the characteristic absorption peaks of the TPPS;
which demonstrates that the PS conjugated PEG polymers were efficiently bound on the
surface of PDA nanoparticles.
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Figure 6: UV-visible absorption spectra of PDA NPs (black lines), ROS-responsive (A, red
line) or non-ROS responsive (B, red line) PS-conjugated PDA NPs, and TPPS3-TK-NH; (A,
blue line) or TPPS3-NH; (B, blue line), measured in Tris buffer (10 mM, pH 8.5).

After normalization of the absorption spectra PS-conjugated PDA NPs to bare PDA ones, the
amounts of TPPS; photosensitizers attached to the surface of NPs were determined by UV-
visible experiments and the molecular ratio PS/NPs was deduced as depicted in (Table 2).

Table 2. Summary of the size and zeta-potential values measured by DLS at 25°C for PDA

and PS-conjugated PDA NPs, and the molecular ratio of PS to PDA NPs in the full bimodal
systems. The reported values are the average + standard deviation of n = 3.

Hydrodynamic Zeta-potential Molecular ratio
diameter (nm) (mV) PS / NPs
PDA NPs 129+ 2 -34+1 --
PDA-PEGp00-TK-TPPS3 238+4 43+ 2 2.4x10°
PDA-PEGp00-NH-TPPS; 206 + 2 43+ 2 2.7x10°

3.5. Cell culture experiments

Success in cancer treatment by PDT implies the effective internalization of the PS inside
cancerous cells. Thus, in order to evaluate the cell internalization of the PDA-based
nanoparticles and to optimize the incubation times of the tested drugs/particles, cellular
uptake of the PDA and PDA-PEG NPs and of the free TPPS;-COOH PS was assessed using
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flow cytometry (Figure 7). The mean fluorescence intensity (MFI) measurements revealed an
efficient cellular uptake of the tested NPs and the PS, with uptake observed within the first
few hours of incubation. Curiously, in the case of bare PDA NPs, the MFI increased with the
incubation time from 30 min to 6 hours following by an abrupt increase in the MFI after 24
hours. This could be explained by the sedimentation of the bare PDA NPs in the culture
medium at pH 7.4 as we demonstrated in a previous work **. Indeed, PDA NPs can settle with
time and remained attached to the cells membrane which induces an overestimation in the
MFI values. However, a higher internalization rate of the PEGylated PDA NPs was observed
in both HET-1A and KYSE-30 cell lines with saturation in the cell uptake after
approximatively 2 h of incubation. This difference in the uptake kinetics demonstrated further
the presence of the PEG chains on the surface of PDA NPs. Compared to PDA NPs, the
cellular uptake of the free TPPS3 photosensitizer increase monotonically with the incubation
time. This implies that the free TPPS; photosensitizer requires more time than PEGylated
PDA NPs to be internalized inside the cells. Thus, PEGylated PDA NPs can be used as
efficient nanocarriers of the PS to be internalized faster inside the cells.

To further probe the cellular uptake, experiments were carried out after 24 h of incubation for
the PEGylated PDA NPs or for the PS, as it allowed a significant cell internalization and
enables optimal evaluation of the cyto/phototoxic effects of the PTT/PDT PDA-based NPs.
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Figure 7. Flow cytometry analysis of the HET-1A and the KYSE-30 cells incubated with
FITC-labeled PDA NPs (A, D), with FITC-labeled PDA-PEG NPs (B, E), and with the free
TPPS3-COOH photosensitizer (C,F). Mean fluorescence intensities (MFI) obtained after
incubation of FITC-labeled PDA NPs (G), FITC-labeled PDA-PEG NPs (H) and TPPS;3-
COOH (I) with HET-1A or KYSE-30 cells for different time durations. The error bars
correspond to the standard deviation of n = 3.

The non-toxicity or low toxicity in darkness of any photosensitizing agent is a key parameter
for any phototherapeutic modality application. Hence, we investigated first the cytotoxicity in
darkness of (i) the PDA and PDA-PEG NPs, (ii) the free TPPS3-COOH and (iii) the PDA-
PEG2000-TK-TPPS; or PDA-PEG2000-NH-TPPS;.
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Figure 8. Dose-response curves of the ROS-responsive PDA-based NPs on KYSE-30 (A) and
HET-1A (B) without illumination are presented in black lines, (ii) after PTT illumination (Aexc
=808 nm, 2 W.cm™, 10 min) in red lines, (iii) after PDT illumination (Ama =590 nm, 2 J.cm’
%) in blue lines and (iv) after PTT/PDT combined illuminations in green lines. (C) and (D)
represent the dose-response curves of the non-ROS responsive PDA-based NPs on KYSE-30
and HET-1A respectively. The concentration of PDA nanoparticles and photosensitizers are
expressed in pug/ml and pM respectively. The error bars correspond to the standard deviation
of n=3.

As illustrated in Figure S7A, both bare and PEGylated PDA NPs showed a low cytotoxicity
after 24 hours over a wide range of concentrations, reaching 500 pg/ml, which confirms their
very low toxicity as demonstrated by other authors but in different cancer cell lines *"*%%1, As
the incubation time of NPs increased from 24 to 72 h, a slight decrease in cell survival

percentage was observed (Figure S8 A-D), As an example, cell viability decreased from 84%
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to 71% for PDA-PEG NPs incubated with HET-1A at 500 pg/ml for 24h and 72h

respectively).

Similarly, both cell types maintained high cell viability in presence of free TPPS3-COOH
incubated at concentrations up to 60 UM, in the absence of NIR light irradiation (Figure S7
B-C). When irradiated with orange filtered lamp at a fluence of 2 J.cm™, we observed a PS
dose-dependent phototoxicity, with a half maximal inhibitory concentration (ICsp) on KYSE-
30 and HET-1A of 32.0 £ 1.0 and 35.0 + 1.0 pM, respectively (Figure S7 C, Table 3). In
agreement with this result, PDT ICs, ranging between low uM and tens of UM were reported
in the literature for sulfonated tetraphenyl porphyrins depending on the irradiation conditions
and the cell type **®*. Such relatively high values are most likely related to relatively low
singlet oxygen quantum yields and/or to a low cellular internalization due to their hydrophilic

character 2.

Afterwards, the PDT and/or PTT effects of the ROS-responsive PDA-based NPs were then
assessed and compared to that of the non-ROS responsive nanosystem used as control, i.e.,
the TPPS3-NH-PEG-PDA NPs. As illustrated in Figure 8A-D, the functionalized PDA NPs
showed a dose-dependent PTT effect after laser irradiation (808 nm, 2 W.cm™) for 10 min,
leading to the killing of more than 85% of cells at 200 pg/ml of PDA. This effect was
attributed to the increasing heat generation observed in cells incubated as PDA concentrations
increased. The infrared images recorded following PTT illuminations are presented in Figure
S9 and confirmed the increase of temperature in each well upon illumination. Similar PTT

effects were obtained on both cell types.

Under PDT illumination conditions, cell viability decreased to almost 20% for a PS
concentration equivalent to 34.2 uM for TPPS;-TK-NH, and ~39.0 uM for TPPS3-NH,
(Figure 8 A-D). Similar results were obtained for both cell types. The ICs, after PDT
illumination conditions was found to be of 16.9 uM and 19.3 uM for the ROS-responsive and
non-ROS responsive nanoplatforms, respectively, which is much lower than that obtained for
the free TPPS3-COOH. This significant enhancement in the PS phototoxicity is more likely
related to an improved solubility in the culture medium and/or a higher cell internalization of
the PS when it is attached to the surface of NPs as deduced from the flow cytometry

experiments.

Interestingly, the combination of PDT and PTT NIR light illuminations resulted in a dramatic
decrease of cell viability, as shown in Figures 8 and 9. Indeed, at a PDA concentration of 200
pg/ml (TPPS3-TK-NH, and TPPS3-NH, concentrations equivalent to 34.2 uM and 39.0 uM
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respectively), more than 95% of cells were killed, which demonstrates the great potential of

these bimodal nanoplatforms in eradicating cancer cells.

To identify the nature of the phototherapeutic combination effect, the combination indexes
(CI) were calculated according to Chou-Talalay formalism. CI below 1 indicates a synergy,
CI = 1 accounts for additive effects and CI > 1 for drug antagonism. The CI values listed in
Table 3 were below 0.3 accounting for a strong synergistic effect of combining PTT and PDT

in single nanoplatform °°.

Il PDT Free PS Il PDT Free PS
H PDT Conjugated TK-PS H PDT Conjugated NH-PS
I PTT/PDT Conjugated TK-PS I PTT/PDT Conjugated NH-PS
p <0.0001 B p <0.0001
40 p <0.0001 e 40 - p <0.0001 T
J i | =
354 L 35

p <0.0001

1 p <0.001
* k% 25 A

p <0.0001 p <0.0001

—

* ok ok

KYSE 30 HET-1A KYSE 30 HET-1A

Figure 9. Histograms of 1Csy values in KYSE-30 and HET-1A cell lines (n=3) after PDT
treatment with the free photosensitizer (black) and after PDT (blue) or PTT/PDT (red) with
the ROS-responsive (A) or non-ROS responsive (B) PS-conjugated PDA NPs,

In addition, ROS-responsive PDA NPs showed a better photodynamic effect compared to the
non-ROS responsive NPs on both cell lines, with a slight difference in the 1Csy values
between them as shown in Figure 9 and Table 3. Interestingly, such difference in ICsg
between the two nanoplatforms is significant as determined by the unpaired two sample
Student’s t-test (P<0.007 for KYYSE-30 cell line and P<0.005 for HET-1A cell line). The small
decrease in 1Csq of the ROS-responsive PDA-based NPs compared to non-ROS responsive
ones could be related to the illumination conditions. Indeed, the light dose used in the
phototoxicity tests may be insufficient to induce complete thioketal decomposition with
subsequent PS migration to ROS-sensitive organelles where it would exert an optimal

photodynamic effect in situ.
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Table 3. Photothermal and/or photodynamic toxicities, of the ROS-responsive or non-sensitive
nanosystems on KYSE-30 and HET-1A cell lines under separate or combined NIR irradiations (PTT
and/or PDT), related to PDA NPs (ICsq, pg/ml) and TPPS; (ICso, M) respectively. Cl is their

combination index. The reported values are the average * standard deviation of n =3.

PDA-PEG-TK-TPPS;,

PDA-PEG-NH-TPPS;

KYSE-30 HET-1A KYSE-30 HET-1A
Cl 0.25 0.28 0.25 0.27

|_

o PS (1Cso, UM) 50+0.3 6.1+0.2 6.3+0.3 75+0.1

|_

'E PDA (ICs, Hg/ml)  29.2+1.6 355+1.3 325+15 38.3+0.6

o PS (ICso, IM) - - - -

o

T

- PDA (ICs, Hg/iml)  47.2%4.1 51.2+3.3 49.2 +6.8 51.3+4.6

[a

o PS (ICso, LM) 169+0.7 176+11 193+04 186+14

o

T

= PDA (ICs, pg/ml) - - - -

o

CONCLUSION

In this work, bimodal PTT/PDT PDA NPs were successfully prepared and characterized.

They were PEGylated and conjugated to a TPPS3 photosensitizer coupled directly to the PEG

extremity or via a ROS-responsive linker (i.e., thioketal). The photo-triggered release of the

PS upon the cleavage of the thioketal linker could be demonstrated in vitro. These

nanoplatforms showed a very low dark cytotoxicity in vitro but exhibited high photothermal

conversion efficiency with higher photodynamic effect on esophageal cancer cell lines
compared to the free PS. In addition, the ROS-responsive PDA NPs showed a higher PDT

efficiency compared to non-ROS responsive ones. Interestingly, a synergistic phototoxic

effect in vitro was obtained in vitro by combining both phototherapeutic modalities following

the illumination at two different wavelengths. Taken together, this work demonstrated the

high potential of PDA-based nanoconstructs for bimodal PTT/PDT of cancer with controlled

release functionality of the PS upon demand.
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