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Abstract

Chromophore-fullerene Cgy hybrids present interesting properties to act as heavy atom-free
photosensitizers and reactive oxygen species (ROS) producers. Here, two new
diketopyrrolopyrrole—Cgy conjugates were efficiently synthesized and characterized. Conjugates

show broadband absorption in the visible spectral region, in which diketopyrrolopyrrole dyes act as
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light-harvesting antenna with very high capacity to populate excited triplet states. Furthermore, the
ability of diketopyrrolopyrrole—Cg systems to generate singlet molecular oxygen was explored for
the first time in solvents of different polarities. The experimental results show that these
architectures present very high production rates of this ROS. In addition, a preliminary study on
Staphylococcus aureus cell suspensions indicates that both conjugates induced phototoxicity after

irradiation with green LED light. Thus, the data obtained prove evidence that these
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diketopyrrolopyrrole—Cgqy architectures act as potential heavy atom-free photosensitizers in
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photodynamic inactivation of microorganisms and other singlet oxygen-mediated applications.

Keywords: fullerene, diketopyrrolopyrrole, heavy atom-free photosensitizer, ROS, photodynamic

inactivation.

Introduction

Triplet photosensitizers (PSs) are compounds that produce efficiently the triplet excited state
upon photoexcitation.! These PSs have been studied in a wide range of applications, namely in
photocatalytic organic reactions,?? photovoltaics,*? triplet—triplet annihilation upconversion,%’ and
photodynamic therapy.®? In the last two decades, also were explored as antimicrobial agents for the
photodynamic inactivation of drug-resistant microbes.!%!3 For phototherapeutic application, an
appropriate PS should show strong absorption of visible light, effective intersystem crossing (ISC)
to form excited triplet states with a long triplet lifetime and high production of reactive oxygen
species (ROS).!14-16

Until today, a large number of molecules, as phenothiazines and porphyrins, have been
developed and studied as phototherapeutic agents.'3!72! Different chromophores have been
converted into PSs by incorporation of heavy atoms that increase the ISC and consequently the
production of excited triplet state. In this sense, transition metal complexes and chromophores
bearing bromine or iodine atoms have been designed and tested.???2% Nevertheless, the heavy atom
effect is not always efficient, especially in large molecules. In addition, the synthesis of the
transition metal complexes is usually not very cost-effective, and brominated or iodinated
compounds can present high toxicity in the dark.?7-8

Within this context, the design of heavy atom-free PSs emerged as an exciting challenge.?-0
However, the efficiency of the ISC mechanism is difficult to predict in organic chromophores

without heavy atoms. A powerful approach to generate heavy atom-free PSs with efficient and
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predictable ISC is to attach an intramolecular spin converter to the fluorophores. In this way,

View Article Online
. . . . . . . . . . DOI: 101039/C90B02487E
fullerene Cg is a particularly interesting spin converter,!-3! since it exhibits a highly efficient ISC

inherent with a near unity yield.>?> Thus, Cg, derivatives have been evaluated as phototherapeutic
agents.’33¢ However, pristine Cy is not an ideal PS because its absorptions bands in the visible are
very weak.3>37 Several examples of donor—acceptor systems formed by a chromophore (as light-
harvesting antenna and intramolecular energy donor) and fullerene Cg (as intramolecular energy
acceptor) have been reported.! Upon photoexcitation of the light-harvesting moiety, these
conjugates can generate excited triplet states by energy transfer (EnT).3¥ In addition, since the Cg
moiety is a good electron acceptor, these donor—acceptor systems frequently present ability to
generate photoinduced electron transfer (PeT) processes, forming charge-separated states.*!*> In
various reports, it was found that the exited triplet states of light-harvesting antenna can be
populated efficiently by charge recombination process.*#

A significant number of Cg—chromophore conjugates were reported and evaluated as triplet
PSs. Among others, as chromophores have been used 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY),’%5  porphyrins,’° fluorenes,**%?> perylenebisimides,®¢* naphthalenediimides,
fluorescein,® and  rhodamine  derivatives.®”®®  Recently, = chromophores based on

diketopyrrolopyrrole (DPP) derivatives have attracted interest, and have been explored in different
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applications, due to their high absorption coefficients, high fluorescence quantum yields, excellent
photostability and considerable synthetic versatility.®*’! In the last decade, DPP derivatives have
been studied as PSs for photodynamic therapy (PDT).”>7* However, because DPPs alone have a
very poor ISC, different strategies were developed to mimic the heavy atom effect.”>"7

In this context, DPP dyes could act as light-harvesting antenna in donor-Cg, systems to
generate efficient heavy atom-free triplet PSs. In 2010, Janssen and co-workers reported the
synthesis of Cg-DPP-Cg structures and studied their optical and electrochemical properties,
aiming their potential application in organic photovoltaics.”®”® Nevertheless, to the best of our

knowledge, the use of DPP-Cy systems for singlet molecular oxygen, O,(!A,), production has not
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yet been explored. Here, two new donor—acceptor systems (DPP-Cgy and Cg-DPP-Cg) based on

: . . g . . DO\:10.103\37g$g§18204ﬂ;92
the covalent binding of DPP and N-methylfulleropyrrolidine units were rationally designed and

synthesized. Their spectroscopic and photodynamic properties were studied in solvents of different
polarities and compared with those of DPPs and Cg reference compounds. Triplet generation was
explored with transient absorption measurements and O,('A,) production was evaluated by the
photooxidation reaction of dimethylanthracene (DMA). Photodynamic action was also explored in
vitro for the inactivation of S. aureus cells. The results obtained indicate that Cgo—
diketopyrrolopyrrole architectures have interesting properties to act as potential heavy atom-free

PSs in phototherapies and related applications.

Experimental

General

NMR spectra were obtained using on a Bruker DRX 300 Advance operating at 300.13 MHz
(for "THNMR spectra) or at 75.47 MHz (for 3C NMR spectra). Micromass Q-TOF-2™ (Bruker
Daltonics, MA, USA) and MALDI-TOF-MS spectrometers were used to obtain the mass spectra.
Absorption and fluorescence spectra were carried out in a Shimadzu UV-2401PC spectrometer
(Shimadzu Corporation, Tokyo, Japan) or a Spex FluoroMax spectrofluorometer (Horiba Jobin
Yvon Inc, Edison, NJ, USA), respectively. Fluence rates were determined with a Radiometer Laser
Mate-Q (Coherent, Santa Clara, CA, USA). Experiments of photooxidation of substrate were
carried out with a Cole-Parmer illuminator 41720-series (Cole-Parmer, Vernon Hills, IL, USA) with
a 150 W halogen lamp through a high intensity grating monochromator (Photon Technology
Instrument, Birmingham, NJ, USA) with a fluence rate of 0.75 mW/cm? at 515 nm. The light source
to irradiate microbial cells was a light-emitting diode (LED) array that emitted green light at a
center wavelength of 510 nm with a fluence rate of 5 mWcm?. The solvents used in the chemical
transformations were mostly of analytical purity. Commercial solvents used in the purification

processes were previously distilled. The progress of reactions was monitored by TLC performed on

4
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silica gel 60 (Merck, Darmstadt, Germany) coated plastic sheets. Silica gel 60 (Merck) with particle

View Article Online
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size 0.063-0.200 mm was used for column separations. Purifications by preparative TLC were
performed on glass plates (20 x 20 cm) precoated with a layer of silica gel 60 (Merck) with a

thickness of 0.5 mm and activated in the oven at 100 °C for 12 h.

Synthesis

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin (TMP) and 3,6-bis(4-chlorophenyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP0) were purchased from Sigma-Aldrich (Milwaukee,
WI, USA). 1,3,5,7-Tetramethyl-8-[4-(dimethylaminophenyl]-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BDP) and N-methylfulleropyrrolidine (MCgy) were synthesized using the general

synthetic methods previously reported.308!

3,6-Bis(4-chlorophenyl)-2,5-dipentyl-2,5-dihydropyrrolo[3.,4-c]pyrrole-1,4-dione (DPP1). A
suspension of DPPO (500 mg, 1.40 mmol) and K,CO; (966 mg, 7 mmol) in N,N-
dimethylformamide (DMF) (60 mL) was heated at 65 °C under nitrogen atmosphere during 30 min.
At this temperature, and under vigorous stirring, a solution of 1-iodopentane (1.40 g, 0.883 mL, 7
mmol) in DMF (8 mL) was added dropwise. The mixture was stirred for 24 h at 120 °C. After
cooling to room temperature, the mixture was diluted with CH,Cl, and water. The organic layer was
separated and washed with water and brine. The product was isolated by column chromatography
on silica gel using CH,Cl, as the eluent. Crystallization from methanol afforded the pure compound
DPP1 as bright red crystals (270 mg, 39% yield). M.p. = 205.8-206.8 °C; 'HNMR (300 MHz,
CDCls) 6 (ppm): 0.83 (t, /= 6.8 Hz, 6H), 1.18-1.28 (m, 8H), 1.51-1.59 (m, 4H), 3.73 (t, J= 7.7 Hz,
4H), 7.47-7.51 (m, 4H), 7.72-7.77 (m, 4H); 3*C NMR (75 MHz, CDCl;) é (ppm) 13.89, 22.13,
28.82, 29.13, 41.87, 109.90, 126.50, 129.28, 129.98, 137.35, 147.38, 162.47; MS (ESI): m/z 497.3

(M+H)"
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3-(4-Chlorophenyl)-2,5-dipentyl-6-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-2,5-
View Article Online

1: 10.1039/CO90OB02487E

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP2) and 2,5-dipentyl—3,6|2i))is[4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-2,5-dihydropyrrolo[3,4-c|pyrrole-1,4-dione

(DPP3). A mixture of DPP1 (150 mg, 0.30 mmol), bis(pinacolato)diboron (900 mg, 3.6 mmol),
KOAc (206 mg, 2.1 mmol), Pd,(dba); (11.9 mg, 0.013 mmol), and XPhos (3 mg, 0.008 mmol) in
1,4-dioxane (8.0 mL) was stirred under nitrogen at 110 °C for 4 h. After cooling to room
temperature, the mixture was diluted with CH,Cl,. Water was added, the organic layer was
separated and then washed again with brine and water. The solvent was removed under reduced
pressure and the resulting yellow solid (a mixture of compounds DPP2 and DPP3) was used

directly in the next step without further purification.

4'-{4-(4-Chlorophenyl)-3,6-dioxo-2,5-dipentyl-2,3,5,6-tetrahydropyrrolo[3,4-c|pyrrol-1-yl}-

[1,1'-biphenyl]-4-carbaldehyde (DPP4) and 4',4'"'-3,6-dioxo-2,5-dipentyl-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis([1,1'-biphenyl]-4-carbaldehyde) (DPP5). The
solid obtained in the previous step (a mixture of DPP2 and DPP3), 4-iodobenzaldehyde (94 mg,
0.404 mmol), Pd(PPh;), (29 mg, 0.025 mmol), Cs,CO; (132 mg, 0.404 mmol) were dissolved in
toluene/DMF (2:1) (45 mL) and the solution was stirred for 4 h at 80 °C under a nitrogen
atmosphere. After cooling to room temperature, the mixture was diluted with CH,Cl,. Water was
added, the organic layer was separated and then washed again with brine and water. The two
aldehydes were separated by column chromatography on silica gel using CH,Cl, as the eluent.
DPP4 (red solid, 66 mg, 35% yield) was eluted first, followed by DPPS (purple solid, 72 mg, 42%
yield). DPP4. M.p. = 142.3-143.2 °C; 'H NMR (300 Hz, CDCls) & (ppm): 0.84 (t, J = 6.7 Hz, 6H,
F-H), 1.24-1.29 (m, 8H, E and E*-H), 1.60-1.69 (m, 4H, DH), 3.72-3.82 (m, 4H, C-H), 7.49-7.55
(m, 2H, A-H) 7.76-7.84 (m, 6H, D-H), 7.92-8.02 (m, 4H, A-H), 10.09 (s, 1H, E-H); 3C NMR (75
MHz, CDCls) o (ppm): 13.92, 13.94, 22.16, 22.18, 28.86, 28.89, 29.90, 29.24, 41.98, 42.09, 110.10,

126.58, 127.78, 127.86, 128.11, 129.34, 129.38, 130.0, 130.44, 135.75, 137.35, 142.31, 145.79,
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147.28, 148.01, 162.61, 162.64, 191.83; MS (ESI): m/z 567.4 (M+H)*. DPP5. M.p. = 177.4-179.2

View Article Online
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°C; 'H NMR (300 Hz, CDCl;) § (ppm), 0.83 (t, J = 6.7 Hz, 6H), 1.22-1.28 (m, 8H), 1.62—1.70 (m,
4H), 3.81 (t, J = 7.6 Hz, 4H), 7.79-7.83 (m, 8H), 7.94-8.01 (m, 8H), 10.08 (s, 2H); 3C NMR (75
MHz, CDCl;) & (ppm) 13.94, 22.19, 28.91, 29.27, 42.13, 110.24, 127.79, 127.87, 128.16, 129.4,

130.45, 135.75, 142.30, 145.80, 147.91, 162.75, 191.84; MS (ESI): m/z 637.4 (M+H)".

DPP-Cg. A solution of DPP4 (50 mg, 0.07 mmol), C¢y (50 mg, 0.07 mmol), and N-methylglycine
(7 mg, 0.07 mmol) in anhydrous toluene (60 mL), under argon atmosphere, was stirred at reflux for
6 h. The solvent was removed under reduced pressure and the product was purified by flash
chromatography (silica gel, toluene/cyclohexane from 80:20 to 100:0). Pure DPP-Cg (31 mg; 40%
yield) was obtained. M.p. > 250 °C; 'THNMR (CDCl3, TMS) 6 (ppm) 0.83 (t, 6H, CH3, J = 6.5 Hz),
1.31 (broad, 8H, CH,), 1.60 (broad, 4H, CH,), 2.86 (s, 3H, N-CHj;), 3.70-3.80 (m, 4H,
CH,(CH,);CH3), 4.30 (d, 1H, pyrrolidine ring, J = 9 Hz), 5.02 (d, 2H, pyrrolidine ring, J = 9 Hz)
7.35 (d, 2H, Ar-H, J = 6 Hz), 7.51 (d, 2H, Ar-H, J =9 Hz), 7.79 (m, 6H, Ar-H), 7.90 (d, 2H, Ar-H,
J =9 Hz); BC NMR (126 MHz, CDCl;) & (ppm) 162.73, 162.55, 156.22, 154.02, 153.34, 153.22,
148.52, 147.33, 147.08, 146.83, 146.73, 146.47, 146.33, 146.31, 146.24, 146.20, 146.16, 146.13,
145.96, 145.78, 145.57, 145.47, 145.37, 145.35, 145.30, 145.25, 145.19, 144.73, 144.59, 144.43,
144.39, 143.25, 143.17, 143.02, 142.72, 142.60, 142.57, 142.29, 142.27, 142.18, 142.16, 142.12,
142.09, 142.07, 142.00, 141.96, 141.86, 141.72, 141.57, 140.22, 140.20, 139.94, 139.80, 139.57,
138.53, 138.45, 137.19, 137.15, 136.93, 136.53, 135.94, 135.74, 129.98, 129.29, 129.25, 127.45,
127.33, 127.05, 126.67, 124.47, 124.00, 119.10, 110.14, 109.78, 83.31, 70.08, 69.12, 42.11, 41.93,
40.13, 34.88, 34.54, 31.95, 31.52, 31.45, 30.20, 29.68, 29.39, 29.22, 28.90, 28.86, 22.72, 22.19,
22.16, 14.15, 13.95, 13.93; MS (MALDI-TOF) m/z: 1314.30 (M+H)"; 1313.28 calculated for

C97H40C1N302.
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Cgo-DPP-Cg. A solution of DPPS (50 mg, 0.06 mmol), C¢ (130 mg, 0.18 mmol), and N-

. . DOI: 1O.1OB\S72$8§06204%‘;E
methylglycine (13.36 mg, 0.15 mmol) in anhydrous toluene (60 mL), under argon atmosphere, was

stirred at reflux for 12 h. The solvent was removed under reduced pressure and the product was
purified by flash chromatography (silica gel, toluene/cyclohexane from 80:20 to 100:0) Pure Cgp-
DDP-Cg (46 mg; 36% yield) was obtained. M.p. > 250 °C; 'THNMR (CDCl;, TMS) & (ppm) 0.83 (t,
6H, CH3, J = 6.5 Hz), 1.31-1.40 (m, 8H, CH,), 1.61 (broad, 4H, CH,), 2.85 (s, 6H, N-CH3), 3.75 (t,
4H, CH,(CH,);CH3)), 5.25 (m, 4H, pyrrolidine ring), 4.97-5.03 (m, 2H, pyrrolidine ring), 7.65-7.80
(m, 8H, Ar-H), 7.85-7.95 (m, 8H, Ar-H); *C NMR (126 MHz, CDCl;) & (ppm) 161.83, 156.17,
153.93, 153.32, 147.76, 147.71, 147.38, 146.69, 146.30, 146.05, 145.86, 145.40, 144.49, 143.27,
142.70, 142.26, 140.37, 138.90, 138.21, 138.14, 137.54, 137.11, 135.86, 134.94, 130.21, 129.65,
129.60, 129.14, 128.66, 128.41, 127.59, 126.93, 125.52, 125.40, 124.44, 124.09, 119.27, 114.52,
109.79, 83.42, 70.22, 69.09, 41.35, 40.24, 39.22, 37.52, 37.08, 34.76, 34.36, 34.09, 33.62, 33.17,
32.46, 31.60, 30.70, 30.59, 30.47, 30.22, 30.09, 29.94, 29.83, 29.71, 29.51, 29.42, 29.22, 29.14,
28.46, 27.61, 27.22, 26.75, 26.46, 23.75, 23.41, 23.06, 22.79, 21.84, 20.13, 19.64, 14.72, 14.48,
14.43, 12.00, 11.43; MS (MALDI-TOF) m/z: 1410.07 (M-Cgp)"; 1411.32 (M-Cgp+tH)*; 1410.39

calculated for C;¢sHs5oN4O,.

Spectroscopic studies

UV-visible absorption and fluorescence spectra were recorded in a quartz cell of 1 cm path
length at 25.0 + 0.5 °C. The steady-state fluorescence emission spectra were performed exciting the
samples at Ae = 480 nm. Absorbances (<0.05) were matched at the excitation wavelength and the
areas of the emission bands were integrated in the range of 490-700 nm. The fluorescence quantum
yield (®f) were determined using BDP as a reference in acetonitrile.?° The values of the refractive

indices for each of the solvents were considered to calculate the @r in different media.

Transient absorption measurements
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The transient absorption spectra were determined in Ar-saturated solutions of toluene and

View Article Online
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DMF by laser flash photolysis. A 532 nm Nd:YAG (Spectron) laser output was employed as the
excitation source. The experiments were performed as previously described.®? The laser beam was
defocused in order to cover all the path length (10 mm) of the analyzing beam from a 150 W Xe
lamp. The detection system comprised a PTI monochromator coupled to a Hamamatsu R666 PM
photomultiplier. The signals were acquired and averaged by a digital oscilloscope (Hewlett-Packard

54504) and then transferred to a computer.

Photooxidation of 9,10-dimethylanthracene (DMA)

Solutions of DMA (20 uM) and PS in toluene and DMF were irradiated in 1 cm path length
quartz cells (2 mL) with monochromatic light at A;, = 515 nm (PS absorbance 0.1). The kinetics of
DMA photooxidation were studied following the decrease of the absorbance (A) at Ayax = 378 nm.
The observed rate constants (k,,s) were obtained by a linear least-squares fit of the semilogarithmic
plot of Ln Ay/A vs. time. Values of quantum yields of O,('A,) production (®,) were calculated
comparing the ks for the corresponding PS with that for TMP, which was used as a reference
(DA\PMF = 0.65 and @, Toluere = (,67).83 Measurements of the sample and reference under the same

conditions afforded @, for PSs by direct comparison of the slopes in the linear region of the plots.

Published on 29 January 2020. Downloaded by Universite Paris Descartes on 1/31/2020 7:51:46 PM.

DMA photooxidation by DPP-Cgy, Cs-DPP-Cgy and MCgy was evaluated under irradiation with
monochromatic light (A;; = 515 nm) and visible light. In the last case DMA was evaluated only as a

control experiment.

Bacteria and growth conditions

S. aureus ATCC 25923 cells were aerobically cultured under sterile conditions overnight at
37 °C in 4 mL tryptic soy broth (Britania, Buenos Aires, Argentina).’®> An aliquot (40 pL) of the
bacterial culture was aseptically transferred to fresh tryptic soy broth (4 mL) and incubated at 37 °C

to exponential phase of growth (absorbance 0.6 at 660 nm). The cultures were centrifuged (3000
9
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rpm for 15 min) and then, cells were re-suspended in 10 mM phosphate-buffered saline (4 mL)

View Article Online
DOI: 10.1039/C90B02487E

(PBS, pH = 7.2) solution, corresponding to ~10® colony forming units (CFU)/mL.

Photosensitized inactivation of bacteria

S. aureus suspensions (2 mL, ~108 CFU/mL) in PBS were incubated with 10 uM PS for 15
min in the dark at 37 °C in Pyrex culture tubes (13x100 mm). PS was added from a 0.5 mM stock
solution in DMF. Then, 200 uL of each cell suspension were transferred to 96-well microtiter plates
(Deltalab, Barcelona, Spain). Cell suspensions were immediately irradiated with green light for 15
min (S. aureus). After irradiation, bacterial cells were serially diluted 10-fold in PBS. Cell
suspensions were quantified by the spread plate method in triplicate. Viable bacteria were examined
and the number of CFU was counted on TS agar plates after ~24 h incubation at 37 °C in the dark.
Control experiments and statistical analysis with microbial cells were carried out as previously

indicated.??

Results and discussion

Design and synthesis of conjugates DPP-Cgy and Cgy-DDP-Cq

The synthetic procedures to obtain compounds DPP-Cg and Cg-DPP-Cg are summarized
in Scheme 1 and 2. First, we synthetized two visible light-harvesting antennas based in DPP dyes.
Because DPPO is almost insoluble in most solvents, the dipentyl substituted DPP1 was generated
by alkylation with 1-iodopentane (step a, Scheme 1). Then, from the reaction of DPP1 with
bis(pinacolato)diboron a mixture of DPP2 and DPP3 was obtained (step b, Scheme 1). This mixture
was reacted with 4-iodobenzaldehyde (step c, Scheme 1) through a Suzuki coupling to produce the
light-harvesting antennas with one or two formyl groups. The two products were separated by flash
chromatography and DPP4 and DPPS were isolated in 40% and 36% yield, respectively. Finally,
diketopyrrolopyrrole-linked fullerene Cg, were synthetized by 1,3-dipolar cycloadditions involving
in situ generated azomethine ylides (Prato reaction) 84. For these propose, DPP4 and DPP5 were

reacted with N-methylglycine and fullerene Cg in refluxing toluene (Scheme 2). Purification by
10
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flash chromatography using toluene/cyclohexane afforded the expected conjugates DPP-Cgy (35%

View Article Online
DOI: 10.1039/C90B02487E

yield) and Cgo-DPP-Cg (46% yield).
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g Scheme 1. Synthesis of DPP4 and DPPS. Reagents and conditions: (a) 1-iodopentane, K,COs,
5

o‘\'é DMEF, 120 °C, 24 h; (b) bis(pinacolato)diboron, Pd,(dba);, XPhos, KOAc, 1,4-dioxane, 110 °C, 4 h;
k5|

g (c) Pd(PPh3),, 4-iodobenzaldehyde, Cs,COs, toluene/DMF (2:1), 80 °C, 4 h.

g
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H O
pppa + N Ag i+ g — 2

Ceo-DPP-Cqg

Scheme 2. Synthesis of conjugates DPP-Cgy and Cg-DPP-Cg. Reagents and conditions: (a)
toluene, reflux, Ar, 12 h.

Absorption and fluorescence spectroscopic properties

The absorption spectra of DPP-Cg and Cg-DPP-Cgy together with the spectra
corresponding to the fullerene (MCgy, Scheme S1) and DPP moieties (DPP4 and DPPS) are
presented in Figure 1. Their spectroscopic characteristics are summarized in Table 1. Both
conjugates present a broad band from 400 to 550 nm centered in the green region, corresponding to
the absorption of the DPP moiety. Moreover, structures show a peak around 430 nm typical of the
N-methylfulleropyrrolidine moiety.3! The absorption in the UV region is very intense because both
Ceo and DPP have high absorptions in that spectral zone. The spectra of conjugates were essentially
a linear combination of the spectra of the corresponding moieties. This behavior reveals that the
fractions interact weakly in the ground state, retaining each fraction their individual identities. Dyad
DPP-Cgy presents the maximum absorption in the visible at 485 nm, showing a small
hypsocromomic shift of 5 nm with respect to DPP4 (Figure 1A). In addition, it shows similar

spectroscopic characteristics in solvents of different polarity (Figure S1A). In the case of Cg-DPP-

12
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Cygo, the maximum absorption was located at 502 nm, with a very small bathochromic shift (~2 nm)

View Article Online
DOI: 10.1039/C90OB02487E

compared to DPPS (Figure 1B). Unlike DPP-Cgy, compound Cg-DPP-Cgy shows a high
aggregation tendency in several solvents (Figure S1B). This behavior is probably due to the

presence of two Cg units that reduce strongly the solubility of the conjugate in different media.
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‘TE ‘TA 4 -
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Figure 1. (A) Absorption spectra of DPP-Cg (red line), MCgy (green line) and DPP4 (blue line)
and (B) absorption spectra of Cg-DPP-Cg (red line), MCgq (green line) and DPPS (blue line) in

toluene.
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Fluorescence emission spectra of conjugates and DPPs were registered in toluene and DMF
(Figure 2). The samples were excited at 480 nm, where the absorption is mainly due to the DPP
fraction. The emission properties of each structure are reported in Table 1. DPP4 and DPPS5 present
signals in toluene and DMF around 560 and 575 nm, respectively. As is well known, these dyes
have very high fluorescence emission yields (Table 1).” Dyad DPP-Cgy showed only very weak
emission in toluene (O ~ 0.03) and DMF (®f ~ 0.04). The quenching efficiencies were estimated
to be ng > 0.95 and 0.93 in toluene and DMF, respectively. In the case of Cg-DPP-Cg, it showed a
very weak emission in toluene (®f ~ 0.06) and quenching efficiencies of 0.93. However, in DMF it

presented a surprisingly high emission yield (®r ~ 0.26) with a lower quenching efficiency (ng =

13
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0.70). In general, the fluorescence studies indicate that the covalent binding of Cg, produces a

View Article Online
DOI; 10.1039/C90OB02487E

relevant quenching of the excited singlet state of the DPPs. This process can be caused by EnT from

the singlet excited state of antennas to the Cgp or by PeT with formation of a charge-separated state.
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Figure 2. Fluorescence emission spectra of DPP-Cg (red line) and DPP4 (blue line) in (A) toluene

and (B) DMF and of Cgp-DPP-Cg (red line) and DPP5 (blue line) in (C) toluene and (D) DMF.

Table 1. Spectroscopic parameters and fluorescence quantum yields (®r) of DPP derivatives.

Parameter

S Media DPP4

DPPS

DPP-Cg Ceso-DPP-Cyg
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xmaxAbs (nm) tOIuene 490 500 485 View Article Online
DOI: 10.1039/C90B02487E

Amax 2 (nm) DMF 481 492 481 481
e (M'em™) toluene 23.510 22.265 20.700 19.800
Amaxc™ (nm) toluene 562 577 564 535/567

(O} toluene 0.72+0.02 0.92+0.03 0.03£0.01 0.06+0.01
AmaE™ (nm) DMF 562 575 568 532/561

(O DMF 0.87+0.03 0.8740.03 0.04+0.01 0.26+0.02

@f were calculated with BDP in acetonitrile (®, = 0.71) as reference.

Transient absorption spectra

In order to evaluate the efficiency of the conjugates to produce excited triplet states,
transient absorption measurements were performed using laser flash photolysis. For this proposal,
the fraction of DPP in each conjugate was selectively excited upon pulsed laser at 532 nm.
Transient spectra of DPP4 and DPPS in toluene were also recorded under the same experimental
conditions (Figures S2 and S3). As expected, both structures present a very poor production of
triplet excited states.”>’® Figure 3 shows the transient spectra obtained for DPP-Cgy in toluene and
DMF. In toluene, transient absorption spectra showed the appearance of two positive peaks centered
at 390 and 540 nm (Figure 3A). Furthermore, bleaching of small intensity bands at 320 and 470 nm
was observed, which coincides with the steady-state absorption of DPP4 (Figure 1A). The transient
bands can be assigned to the absorption of the excited triplet state of the DPP moiety (*DPP*). This
assignment was confirmed by recording the transient spectrum of DPP4 (Figure S2). Interestingly,
the intensity of the positive transient signal for the DPP-Cgy was 20 times greater in relation to that
obtained for DPP4. The decays at the maximum transient wavelengths were adjusted by a second-

order exponential, obtaining two triplet-state lifetimes of 73 us and 17 us, indicating that two

transient species are present. Whereas the DPP4 lifetime is 40 us (Figure S2B), the longest lifetime
15
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can be assigned to the 3DPP*. On the other hand, the shortest life time may correspond to the triplet

% . . DOI: 12 103872;8;52%%9;
of Cgo (PCg0").° It is well known that fullerene Cg has transient bands around 700 nm.*> DPP-Cg

spectra present absorptions with small intensities in this region, which would indicate that the 3Cg,"
is populated but in a much smaller magnitude in relation to the 3DPP*. In DMF, similar
spectroscopic characteristics were observed (Figure 3C and 3D). The absorption of the triplets was

lower than in toluene, possibly due to a partial aggregation of the dyad in the more polar solvent.
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Figure 3. Transient absorption spectrum of DPP-Cg in (A) toluene and (C) DMF determined at

different times after laser flash excitation at 532 nm in argon-saturated solution. (B) Absorption
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decay monitored at 390 nm and 560 nm in toluene and (D) absorption decay monitored at 400 nm

. ) . . L DOI: 10.103\3%%‘?82%‘95
and 550 nm in DMF. Exponential adjustment of the triplet decay profiles (solid line).

Structure Cg-DPP-Cgy showed a similar behavior in toluene (Figure 4A), with the main
bands corresponding to the SDPP* (Figure S3A). As observed for DPP-Cg, the intensity of triplet
absorbance was 20 times higher than that corresponding to the absorption of DPPS. In addition, it
also showed two triplet-state lifetimes with magnitudes similar to those observed for DPP-Cg. On
the other hand, the spectra presented a greater absorption in the region centered at 700 nm
corresponding to the triplet of Cg. In DMF it can be observed that the intensity of this band is
similar to that of 3DPP* (Figure 4C). These results indicate that the structure formed by two Cgg
units efficiently populates the 3Cgo", mainly in DMF.

Therefore, the transient absorption spectra indicate that linking covalently the DPP and Cg
units creates structures with a high capacity to generate excited triplet states, when the DPP antenna
is excited with green light. Furthermore, it was observed that the excited triplet state of the DPP
antenna (*DPP*) was mainly populated. *DPP* can be populated by a charge recombination process
or by an EnT mechanism in which initially the energy is transferred from the excited singlet state of

DPP ('DPP*) to the 'Cg* unit, followed by ISC, and finalized by back-transfer of the triplet

Published on 29 January 2020. Downloaded by Universite Paris Descartes on 1/31/2020 7:51:46 PM.

excitation from the 3Cgo* to the DPP*. Previously, Janssen and co-workers observed that a charge
recombination process populates the DPP* in hybrid structures based on a unit of thiophene-DPP
directly linked to two Cgo units.”® In addition, the same authors studied similar structures but with
alkyl linkers of different lengths between DPP and Cgp, and found that the 3DPP* is mainly
populated by a back-transfer process from 3Cgo*.” This last mechanism could be the predominant in
the formation of triplet in Cg-DPP-Cgg, considering the observed photophysical properties. In this
regard, it was observed that the fluorescence in DMF was less quenched than in toluene (Figure 2).
If a preponderant PeT process would be present, the fluorescence extinction would be higher in

DMF since the charge-separated state is lower in energy in a solvent of higher polarity. Moreover,

17
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an intense signal corresponding to 3Cgo* is observed in the triplet spectra. In the case of DPP-Cgy,

View Article Online
DOI: 10.1039/C90OB02487E

triplet generation may be more favored by a charge recombination process, which leads to the

formation of SDPP*. However, a competition between the two photophysical mechanisms cannot be

ruled out for both conjugates.

0.2 1

0.1

AA

A

-0.1

0.0 v NI

——400 nm
——570 nm

T, ~ 70 us
t,~16 ps

300

0.10

0.05

AA

—
400 500

—
600

Wavelength (nm)

—2us
—5us
—10 us
25 us
—50 us
75 us

-0.05

W\

300

T T T
400 500

——
600

T T T T I ' I v 1
100 200 300 400 500

Time (us)

0.20-
—2us B
—5us
0.15
< 0.101
<
0.054
S 0.00
700 800 0
D
0.050
< 0.0254
— 0.000
700 800 0

Wavelength (nm)

T T T T T T T T 1
100 200 300 400 500

Time (us)

Figure 4. Transient absorption spectrum of Cg-DPP-Cgq in (A) toluene and (C) DMF determined

at different times after laser flash excitation at 532 nm in argon-saturated solution. (B) Absorption

decay monitored at 400 nm and 570 nm in toluene and (D) absorption decay monitored at 400 nm

and 550 nm in DMF. Exponential adjustment of the triplet decay profiles (solid line).
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0,('A,) production

The O,('A,) production is a very important parameter to characterize the PSs efficiency for
phototherapies, since a suitable production allows obtaining a greater photooxidation of the target
cells. Here, the ability of the conjugates to produce O,('A,) was evaluated by the
photodecomposition of DMA under aerobic conditions in toluene and DMF. DMA is a substrate
that quenches O,(!A,) by chemical reaction.®> For comparative purposes, DMA reaction mediated
by the DPP alone was also evaluated under the same experimental conditions. The samples were
irradiated at 515 nm, therefore, the photophysical processes in DPP-Cgy and Cgp-DPP-Cgy were
initiated from the DPPs antennas. A time-dependent decrease in the DMA concentration was
observed by following its absorbance at 378 nm (Figure S5). From first-order kinetic plots the
values of the observed rate constant (ko) were calculated for DMA (Figure 5). Moreover, the
values of @, were determined comparing the slope for each compound with the slope obtained for
the reference (TMP). The results obtained are compiled in Table 2.

In toluene, both conjugates showed great efficiency in the photodecomposition of DMA
with slightly higher rates than a conventional PS as TMP (Figure 5A). DPP-Cg, exhibited a @,

close to the unit (0.91), which is a little higher than that presented by Cgy-DPP-Cgo (0.75). These

Published on 29 January 2020. Downloaded by Universite Paris Descartes on 1/31/2020 7:51:46 PM.

results are consistent with those observed in the transient spectra recorded in toluene, where DPP-
Ceo showed a higher generation of triplet states than Cg-DPP-Cg. After irradiation, the absorption
due to these conjugates was unchanged indicating that they have a suitable photostability under the
experimental conditions. On the other hand, the DPP derivatives without Cgy showed very low
O,('A,) generation efficiency capacities, in accordance with their photophysical properties
previously observed (Figure 5A). Thus, if the ®, values of the DPP-Cgy and Cg-DPP-Cg are
compared with those corresponding to DPP4 and DPPS5, it is observed that DPP-Cg exhibited an
efficiency 6-fold greater than DPP4, and Cg-DPP-Cgqp 12-fold higher than DPPS. In DMF,

conjugates also presented an efficient production of O,('A,) with lower yields than in toluene
19
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(Figure 5B). This behavior agrees with the lower population of triplet states observed in DMF

View Article Online
DOI: 10.1039/C90B02487E

(Figure 3C and 4C).

The efficiency obtained for both conjugates can be compared favorably with DPP
derivatives evaluated as O,('A,) producers in similar experimental conditions. In this sense, Dong
and co-workers designed an important number of DPP-based PSs. They reported a furan-DPP and
thiophene-DPP-hyaluronic acid that showed ®, ~ 0.40 and 0.13 in DMF, respectively.*7¢ In
addition, another structure based on thieno-indole-DPP exhibited an efficiency of 0.48 in CH,Cl,.7?
On the other hand, Ventura and collaborators reported the synthesis of two DPP-porphyrin systems

which presented @, around 0.50 in CH,Cl,.%¢
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Figure 5. First-order plots for the photooxidation of DMA photosensitized by DPP-Cg (a), Cgo-

DPP-Cq (v), DPP4 (<), DPP5 (») and TMP (a) in (A) toluene and (B) DMF; Ay = 515 nm.

Table 2. Kinetic parameters for the photooxidation of DMA (ko,s"M2) and O,('A,) quantum yield

(Dy).

Parameters Media DPP4 DPP5 DPP-CG() C60-DPP-C60

20
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ko PMA (s1)  toluene  (6.78+0.01)x105  (2.79£0.05)x10°  (4.15£0.03)x10%  (3.4120.02)x10"

Article Online
DOI: 10.1039/C90B02487E

D, toluene 0.15+0.01 0.0620.01 0.91+0.03 0.75+0.02
kpPMA (sT)  DMF  (4.63£0.04)x105  (7.69+0.09)x10°  (3.09+0.05)x10*  (2.61%0.04)x10

(O DMF 0.07£0.01 0.11+0.01 0.47£0.02 0.39+0.02

@, were calculated with TMP as reference: kgpgtovere = (3.07+0.03)x10* s! (®,= 0.67) and k,"MF =
(4.304£0.06)x10 5 (D, = 0.65).

To evaluate the antenna effect produced by the presence of DPP moieties, the
photodecomposition of DMA sensitized by DPP-Cgp, Cgo-DPP-Cgp and MCgy (Scheme S1), was
compared using equal concentrations of each compound (5 uM). This assay was performed in
toluene and the samples were irradiated with both monochromatic green light (515 nm) (Figure 6A)
and white light (350-800 nm) (Figure 6B). When irradiated at 515 nm, k,p°M4 = (2.51£0.04)x104 s
land (2.10£0.04)x10 s*! were obtained for DPP-Cgy and Cg)-DPP-Cg, respectively. In addition,
the DMA reaction photosensitized by MCgy yielded a k,,,°M* = (6.9940.02)x10 s°I. The observed
lower photodecomposition of DMA sensitized by MCgy was due to its very poor absorption in the

green region of the spectrum. In this way, the presence of the visible light-harvesting DPP unit

Published on 29 January 2020. Downloaded by Universite Paris Descartes on 1/31/2020 7:51:46 PM.

allows to enhance the efficiency by a factor of three when compared with that of the MCg. On the
other hand, when irradiated with visible light, higher rates of photooxidation were also observed for

both conjugates (Figure 6B).
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Figure 6. (A) First-order plots for the photooxidation of DMA photosensitized by DPP-Cg (a),
Ce-DPP-Cg (v) and MCg (o) at 5 uM PS in toluene; A, = 515 nm. (B) Decreased absorption of
DMA at 378 nm in presence of DPP-Cg (a), Cg-DPP-Cg (v) and MCgg (o) at 5 uM PS and DMA

control (=) in toluene irradiated with visible light.

Photodynamic action in S. aureus

To observe if the antenna effect exerted by the DPP unit is still possible in a biological
environment, photoinactivation of bacterial cultures sensitized by DPP-Cgy and Cgp-DPP-Cgy was
determined in S. aureus cell suspensions. For comparison, the photoinactivation mediated by MCgy,
DPP4 and DPP5 was also examined. The cultures were treatment with 10 uM PS and irradiated
with green LED light (510 nm). Microbial survivals are shown in Figure 7. Low toxicity was
observed for the cells treated with 10 uM PS in the dark (Figure 7, lines 2, 3, 4, 5 and 6 for DPP4,
DPP5, DPP-Cgy and Cgp-DPP-Cy, respectively). After 15 min irradiation, DPP-Cgy and Cg-DPP-
Ceo induced a similar reduction of ~3 log in the cell survival of S. aureus (Figure 7, lines 10 and
11), while DPP4 and DPPS caused an inactivation of ~1 log (Figure 7, lines 8 and 9). Also,
negligible photokilling was observed using MCgy. The limited photoinactivation activity found with

DPP structures agrees with the low capacity of these compounds to form excited triplet state and
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consequently the low production of ROS. In contrast, the insignificant effect of MCgy can be mainly

. . . .. . . DOl 10.103872;8‘?8;4%‘;;
associated with the very low absorption of visible light in the central area of the spectrum by the

fullerene Cgo derivatives.>33¢ However, these biological essays indicate that the conjugates have
photocytotoxic activity in S. aureus. The photodynamic activity mediated by DPP-Cgy and Cgyp-
DPP-Cg represents a value greater than 99.9% of cell inactivation. However, the efficiency found
in vitro does not agree with the excellent photophysical properties observed in solution for both
conjugates. We believe that the high hydrophobic nature of the PSs decreases photodynamic
activity in biological media. To solve this limitation, different strategies could be approached: 1) to
prepare water-soluble nanoparticles of each PS for in vitro application using known methods 73-7488;
2) to incorporate cationic groups by methylation of tertiary amines.’*348 Those cationic groups
would not only grant a greater amphiphilic character to the structures, but also, the positive charge
may allow to increase the interaction with the negatively charged biological membranes and thus
optimize the photodynamic action;>° 3) the chlorine atom present in DPP-Cgy is a versatile site for
further modifications that allow to attach neutral or ionic hydrophilic groups at the DPP core.”%7!
Currently, investigations in some of these directions are being carried out in our labs to enhance the

photodynamic capacity of the DPP—fullerene conjugates in biologic media.
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Figure 7. Survival of S. aureus (~103 CFU/mL) treated with 10 uM PS for 15 min in the dark and
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irradiated with green light for 15 min; 1) cells without PS in the dark, 2) cells treated with MCgg in

View Article Online
DOI; 10.1039/C90B02487E

the dark, 3) cells treated with DPP4 in the dark, 4) cells treated with DPP5 in the dark, 5) cells
treated with DPP-Cg in the dark, 6) cells treated with Cg-DPP-Cgq in the dark, 7) irradiated cells
treated with MCgy, 8) irradiated cells treated with DPP4, 9) irradiated cells treated with DPP5, 10)
irradiated cells treated with DPP-Cgy and 11) irradiated cells treated with Cgp-DPP-Cgy (*p<0.05,

compared with control).

Conclusions

In this work, we presented the preparation of two conjugates formed by visible light-
harvesting antennas of DPPs derivatives (intramolecular energy/electron donor) and Cg fullerene
(intramolecular energy/electron acceptor and ISC converter). These structures presented high
capacity to produce excited triplet states when DPPs antennas were photoexcited. The efficiency in
triplet production of conjugates DPP-Cg and Cg-DPP-Cqy is 20 times higher than that
corresponding to the DPPs alone. Excited triplet states can be populated by a process of charge
recombination or back-transfer of the triplet excitation. Moreover, both conjugates exhibited very
high efficiency in O,('A,) generation, with yields close to unity in toluene and around 0.5 in a more
polar medium, such as DMF. In addition, DPP-Cgy and Cg-DPP-Cg architectures showed greater
O,('A,) production that those sensitized by DPPs and Csy moieties. Thus, we demonstrated for the
first time that the covalent linked between Cq, and DPPs allows generating hybrid PSs with high
ability to produce O,('A,). On the other hand, studies in vitro of PDI indicated that these conjugates
present photocytotoxic effect in S. aureus cell suspensions. Further strategies must be carried out in
order to increase the biocompatibility of the PSs and consequently their photodynamic efficiencies
in biological media. In summary, results revealed that DPP-Cg, structures offer a promising
molecular architecture to act as potential heavy atom-free PSs in photodynamic inactivation and

other applications where O,('A,) is required.
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