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Abstract

The naturally occurring photosensitizer curcumirs hexcellent biocompatibility, but its
antimicrobial photodynamic efficacy is limited by veak adherence to Gram(-) cell walls,
(i) low (photo-)stability and (iii) limited solubity in water.

In this study novel curcuminoids bearing cationub&ituents were prepared by different
synthetic routes. The derivatives exhibit excellemter solubility, improved photostability
and low aggregation.

All novel curcuminoids showed antibacterial photoamic effects (>3 log reduction of
CFU) againstEscherichia coliand Staphylococcus aureugpon blue light illumination. In
contrast to natural curcumin, effective photokdlimf E. coli was possible without the
addition of permeabilizing agents. Ten micromolathe most active compoun8)(achieved

a 7 logo decrease OE. coli after light activation with a fluence of 33.8 JAnwhereasS.
aureuswas inactivated by more than 4 {ggt a fluence of 5.3 J/cm2. Overall the reduction i
bacterial count was at least 100-fold more effectivith these new curcuminoids in

comparison to natural curcumin.



Introduction

Humans are constantly exposed to pathogenic migamisms and in most situations the
immune system of healthy persons can handle bakttatiacks efficiently. In the past
bacterial infections were easily cured by admiaisdn of antibiotics, but it is estimated that
due to increasing antimicrobial resistance 10 omillives a year and a cumulative 100 trillion
USD of economic output are at risk by 2050.[1] Tdé»densive use and also misuse of
antibiotics in human and veterinary medicine poaesiuge selection pressure towards
resistance.[2] It facilitates the fast spread ofhage encoding antibiotic resistance within a
bacteria population, providing a competitive adeget of such mutated resistant strains. As a
consequence resistance to antibiotics is dramitiaatreasing. The development of new
antibiotics is not able to keep up with the evalnéiry pace. Only two new classes of
antibiotics (oxazolidinone, cyclic lipopeptide) albeen marketed in the past 15 years, which
are active against Gram(+) bacteria, such as MR®&AtKicillin-resistant Staphylococcus
aureug. For Gram(-) bacteria the situation is even nuoitecal.[3]

The WHO addresses antibiotic resistance as ornfgeahbst urgent priorities for public health
and stated that this “a problem so serious thdhriéatens the achievements of modern
medicine”[4] and the CDC report of 2013 calls tleelopment of antibioitic resistance “one
of our most serious health threats “.[5] In theerdcUN General assembly it was stated that
antibiotic resistant bacteria will render high-gqtyaluniversal healthcare coverage more
difficult if not impossible and undermine sustailgatmod production.[6]

This situation not only demands new antibioticsemtty, but also development of alternative
disinfection approaches, which do not initiate stsice. In addition, adjuvants to
conventional antibiotics, like drug efflux pump ihitors,[7] can be used to inhibit resistance

or to potentiate the activity of antibiotics.[8] tAitnative therapy or precaution treatments



include cold atmospheric pressure plasma,[9] mamatl antibodies,[10] and phage
treatment.[11]

Photodynamic inactivation of bacteria (PDI) coulelhve both, the medical and the food
sector: ger seharmless photoactive compound, the photosens(#%®), is administered and
subsequently excited by visible light of appro@iatavelengths to generate reactive oxygen
species (ROS). Photocatalytical ROS formation aceia effective intersystem crossing and
in consequence charge transfer to generate radicgte | photochemical reaction) or energy
transfer to produce singlet oxygen (Type Il photroical reaction). The short-lived ROS
immediately attack cellular structures and biomoles in close proximity. The irreversible
damage to the pathogens is caused by multi-targeepses, thus avoiding rapid development
of resistances of the microorganisms.[12] PDI hrasgn highly efficient against fungal, viral
or bacterial infections.[13] In case that applicatof such light-activated PS are designated
for food decontamination, decolonization of liwet or treatment of infection, the
photosensitizer molecule should feature high biquatibility, a negligible toxicity profile,
accessibility for a reasonable price, and good dgoadability yielding only non-toxic
fragments. In this regard, natural molecules, ltkegcumin /curcuma, with photosensing

abilities should be considered.

Curcuma, obtained from the dried and grounded rh&of Curcuma longaand Curcuma
domestica has been used for centuries as spice, in medidasmetics and in fabric
dying[14] and is attributed to have anti-inflammgtand digestive properties.[15, 16]

The main ingredient of the plant extract is curauri,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione), a diferuloylmethane watight orange color. Intensive research
over the last decades showed its high therapeutic pdnarmacological potential[17, 18]:
Several studies confirm anti-inflammatory[19], afteumatic,[20, 21] anti-tumor[22, 23] and
anti-carcinogenic[24] properties. Recently, the stabce was discussed as therapeutic for

Alzheimer’s disease.[25] These properties are maittfibuted to the antioxidant effects [17,



26] based on the elimination of free radicals [28], and thereby reducing oxidative stress in
the cell.[29, 30] There is also evidence that comowids have antibacterial properties
without illumination[31], but in presence of blught curcumin shows clear phototoxic

characteristics.[32]

Hydrogen bonding and charge delocalisation are itapb features of the molecule[33] for
interactions with the outer bacterial cell wall]J34nd photochemical processes.[15]
Nevertheless, its antimicrobial photodynamic effices limited due to the weak adherence to
Gram(-) bacteria,[12, 35, 36] but also due to Idvotpstability and limited solubility of the
natural substance. Limited photostability of a jisensitizer is not necessarily a major
drawback of a photosensitizer, as it prevents longpronounced photosensitivity after
systemic administration. On the contrary, for dsotion high photostability provides a long-
lasting antimicrobial effect.[37]

For the application of curcuminoids in clinical thpy and food preservation their
photostability should be improved when comparethtonatural compound, but not result in
an extensive long-term stability. Derivatives slibalso feature lower anti-oxidative potential
than curcumin for not counteracting photodynamiccaty, but this property should not be
entirely lost to maintain the health benefits af tiatural molecule. Anti-oxidative properties
of curcumin were mainly attributed to phenolic Okbugps.[38, 39] Blocking these groups
may result in lower pH sensitivity and as the calnainit is not affected, the non-toxic nature

of the chromophore should be maintained.

Addition of cationic charges has already been pmoweenhance photodynamic effectivity
against Gram(-) bacteria in other photosensitizetepules like methylene blue.[40] In this
study alkyl chains bearing cationic charged mosetiee attached to the phenolic hydroxyl
groups to the parent compound. Both the numbehaifges and the lipophilicity were altered

in these derivatives, thereby enhancing the phaotashyc inactivation efficacy.[40].



Therefore here we examine the impact of our approafc adding cationic charges to
curcumin on photodynamic efficacy against two Graméand Gram(-) bacterial model

species$. aureusandE. coli).



Material and methods

Characterization of prepared compounds

Thin layer chromatography (TLC) analyses were peréa on silica gel 60 F-254 with 0.2
mm layer thickness and detection via UV light att 2n / 366 nm or through staining with
ninhydrin in ethanol. Flash column chromatograplag\werformed on Merck silica gel (Si 60
40-63 um) either manually or on a Biotage® solera™ flaghifigation system. Column
chromatography was performed on silica gel (70+288h) from Merck.

Melting points were measured on a SRS melting pappiaratus (MPA100 Opti Melt) and are
uncorrected.

NMR spectra were recorded on Bruker Avance 360300.13 MHz,"*C 75.47 MHz, T =
300 K) or Bruker Avance 400H 400.13 MHz,**C 100.61 MHz, T = 300 K) instruments.
The chemical shifts are reported dfppm] relative to external standards (solvent nesid
peak). The spectra were analyzed by first order,ctbupling constant are given in Hertz
[Hz]. Characterization of the signals: s = singkktz doublet, t = triplet, q = quartet, m =
multiplet, bs = broad singlet, psq = pseudo qujndet = double doublet, dt = doublet of
triplets, ddd = double double doublet. Integratiendetermined as the relative number of
atoms. Assignment of signals fiC-spectra was determined with DEPT technique (pulse
angle: 135 °) and given as (+) for €br CH, (-) for CH and (G) for quaternary ¢ Error of
reported values: chemical shift 0.01 ppf (NMR) and 0.1 ppm*C NMR), coupling
constant]l 0.1 Hz. The solvents used for the measurementepogted for each spectrum.

IR spectra were recorded with a Bio-Rad FT-IR-FB5 $pectrometer. Absorption spectra
were recorded on a “Cary BIO 50" UV/VIS/NIR spectreter from Varian. All
measurements were performed in 1 cm quartz cuvéiiteBma) and UV-grade solvents

(Baker or Merck) at 25 °C.



Mass spectra were recorded on Finnigan MAT95 (El-,and FAB-MS), Agilent Q-TOF
6540 UHD (ESI-MS, APCI-MS) or Thermo Quest Finnigh8Q 7000 (ES-MS, APCI-MS)

spectrometer. Xenon serves as the ionization gasAB.

Synthesis and purification of the compounds

Commercial reagents and starting materials werehased from Acros Organics, TCI
Europe, Fluka, Merck or Sigma-Aldrich and used witth further purification. The dry
solvents tetrahydrofurane and dichloromethane \warehased from Sigma-Aldrich (puriss.,
absolute) or Roth (RotiDry Sept), respectively. iaere stored over molecular sieves under
nitrogen and were used as received. Curcumin (#ty) was purchased from ABCR and

was purified by recrystallization from ethanol.

The PS presented in this study are water-solulds gsed on the curcumin structure (
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Figure 1. The parent compound in its tautomeric fornri &nd curcumin derivatives

investigated in this study ¢ 9); all compounds were prepared as chloride salts



The starting materials for

the synthesis are pegparby

the substitution of

hydroxybenzaldehydes with an alkyl bromide or tagylin N,N-dimethylformamide (DMF)

at elevated temperature:

R2

OH
R3

R2

R3

R1=R2=R3=H

(10) R1=R2=R3=H 17)

X = OCH,CH,NHBocC

R1=R3=H, R2=Me
(11) R1=R3=H,R2=Me (18)

X = OCH,CH,NHBoc

a

R1=R3 =H, R2=0Me
(12) R1=R3=H,R2=0OMe (19)

X = OCH,CH,NHBocC

R2=R3=H, R1=0Me
(13) R2=R3=H,R1=0Me (20)

X = OCH,CH,NHBoc

R1=R3=H, R2=0Bz
(14) R1=R3=H,R2=0Bz b (21)

X = OCH,CH, CH,NHBoc

R1=R3=H, R2=0Me
(12) R1=R3=H,R2=0Me c (22)

X = (OCH,CH, ),NHBoc

R1=R3=H,R2=X=
(15) Ri=RS=Rg7 " (23) OCH,CH,NHBoc

a
—_—

(16) R1=H,R2=R3=O0H (24) R1=H,R2=R3=X=

OCH,CH,NHBoc

Scheme 1:Synthesis of the substituted aldehydesnditions: a) BocHNCHCH,Br, DMF,

K.CGO;s, KI, 80°C, overnight, 61 - 87 %; b) TsOgEH,OCH,CH,NHBoc, DMF, KCO;, KiI,

80°C, overnight, 72 %; c) BocHNGEBH,Br, DMF, K,CO;, KI, 80°C, overnight, 84 %;



Synthesis of the protected curcumin derivatives \wagormed analog to the common

approach via aldehyde/acetylacetone in presendaoon€ anhydride[41] (Scheme 2) and,

starting directly from curcumin using the Mitsonufeaction [42] (Scheme 3).

Purification of the deprotected derivatives wasi@atd by precipitation with diethylether and

re-precipitation from dichloromethane with diethyler, until the UV/Vis spectra showed

constant absorption.
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Scheme 2:Synthesis and deprotection of the substituted wrnies @5-32) and their
deprotectiongonditions: a) Ethyl acetate,sBOs;, B(OBu}, BUNH, 80°C, 5 h, 41 — 87 %); b)

TFA, DCM, RT, 5 h, quant.; then ion exchanger AiitedlRA-958, water, MeCN

0 0O (o] O

|
/O\ /O\ /O\ /O\
o
OH BocHN/\E/O\/jI:\O o/\f/ \’]:\NHBOC

@ (27) n=0 81%
(30) n=1 76%

Scheme 3:Substitution of curcumin by Mitsonubo reactimanditions: THF, DEAD, PP

RT, overnight

The purity of all synthesized compounds was deteechiby NMR spectroscopic methods
(Bruker Avance 300, DMSO-d6) and HPLC-MS confirmiagpurity of > 97%H-NMR
spectra of selected compounds and the synthesteguoe forl7 — 24 can be found in the

supporting information.

General procedure 1: Substitution of curcumin by Mitsonubo reaction

The reaction was conducted under subdued light.c®in (0.36 g, 1 mmol),
triphenylphosphine (1.04 g, 4 mmol) and the bodgmi®d aminoalcohol (3 mmol) were
dissolved in dry THF (4 mL). DEAD (0.7 g, 4 mmoQ% in toluene) diluted with dry THF (6
mL) was added dropwise over the course of 20 mind-%& °C. The reaction mixture was
stirred for additional 30 mins in the ice bath,rtl#eh at room temperature.

Ethyl acetate (40 mL) was added, the organic layas washed with water (20 mL) trice,
separated and dried over MgSQ@l volatiles were removed at reduced pressure e
residue was purified by column chromatography witita gel and acetone / petroleum ether

as the eluent (dryload with acetone). The produas dissolved in the minimum amount of



ethyl acetate and precipitated by slow additiotheftenfold volume of petroleum ether. The

orange powder was filtered off and washed withgdetrm ether.

CompoundZ7)

2-(N-tert-butoxycarbonyl-amino)ethanol (483 mg, 8nal) was reacted to yield an orange
solid (465 mg, 71% vyield). The product was purifieith acetone / petroleum ether £81:2

as the eluent.

Compound 30)

2-(2-(N-tert-butoxycarbonyl-amino)ethoxy)ethanol$/mg, 3 mmol) was reacted to give an
orange solid (386 mg, 52% vyield). The product wasfied with acetone / petroleum ether

1:2 > 2:3 as the eluent.

General procedure 2

Acetylacetone (0.1 g, 1 mmol) and@® (0.07 g, 1 mmol) are stirred in dried ethyl acet&@
mL) for 30 mins at 50°C. The substituted aldehy@@ (mol) in ethyl acetate (3 mL) is
added, followed by tri-n-butyl borate (0.7 g, 3 mjrend stirring is continued for 30 mins at
50°C. n-Butylamine (0.1 mL in 1 mL ethyl acetategsradded dropwise over 5 mins. After 5
h of stirring at 50°C the mixture is allowed torsdaovernight at room temperature.

Ethyl acetate (30 mL) is added followed by 60 mL diuted acetic acid (50 %). For
hydrolysis of the borium complex the mixture isretdl for 12 h at room temperature avoiding
illumination. The solvents are evaporated at redym@ssure. The residue is extracted with
trice with ethyl acetate (30 mL). The combined oigaextracts are washed with water (50
mL), dried over MgS®and evaporated. The residue was purified by colonmomatography

with silica gel and acetone / petroleum ether-2:2:3 as the eluent (dryload with acetone), if



not stated otherwise. The product was dissolvatienrminimum amount of ethyl acetate and
precipitated by slow addition of the tenfold volumipetroleum ether. The orange powder

was filtered off and washed with petroleum ether.

[2-(4-{7-[4-(2-tert-Butoxycarbonylamino-ethoxy)-@hyl]-3,5-dioxo-hepta-1,6-dienyl}-

phenoxy)-ethyl]-carbamic acid tert-butyl est@b)

Compoundl? (530 mg, 2 mmol) was reacted according to gergaedure 2. The product
is a yellow solid (363 mg, 61% yield).

MP (not corr.)= 136-138°C; *H NMR (300 MHz, CDC}), & = 7.61 (d,J = 15.8 Hz, 2H),
7.50 (d,J = 8.8 Hz, 4H), 6.89 (d] = 8.7 Hz, 4H), 6.50 (d] = 15.8 Hz, 2H), 5.02 (s, 2H), 4.05
(t, J=5.1 Hz, 4H), 3.60 — 3.48 (m, 4H), 1.45 (s, 18HYIS (ESI, CHCl,/MeOH + 10 mmol
NH4OAc): 595.3 (100%, MH), 539.2 (18%, MFFC4Ho); - HRMS (PI-LSIMS FAB,
glycerine): calc. for (M+H)™: 595.3014, found: 595.3020;Molecular Weight = 594.71

g/mol; -Molecular Formula = Cz3H42N20s

[2-(4-{7-[4-(2-tert-Butoxycarbonylamino-ethoxy)-3ethoxy-phenyl]-3,5-dioxo-hepta-1,6-

dienyl}-2-methoxy-phenoxy)-ethyl]-carbamic acid-eutyl ester 27)

Using compoundl9 (590 mg, 2 mmol) in general procedure 2 the prodiicsolated as an
orange solid (590 mg, 61% yield).

MP (not corr.)= 149-151°C; *H NMR (300 MHz, CDC})), § = 7.58 (d,J = 15.7 Hz, 2H),
7.14 — 6.99 (m, 4H), 6.87 (d,= 8.3 Hz, 2H), 6.48 (d] = 15.8 Hz, 2H), 5.16 (s, 2H), 4.09 (t,
J = 4.9 Hz, 4H), 3.90 (s, 6H), 3.56 (m, 4H), 1.4418H); -MS (ESI, CHCl,/MeOH + 10
mmol NH,OAc): 655.3 (100%, MF), 555.3 (26%, MFboc); - HRMS (PI-LSIMS FAB,
glycerine): calc. for (M+H)™: 655.3239, found: 655.3241;Molecular Weight = 654.76

g/mol; -Molecular Formula = CzsHeN2010



[2-(4-{7-[4-(2-tert-Butoxycarbonylamino-ethoxy)-2ethoxy-phenyl]-3,5-dioxo-hepta-1,6-

dienyl}-3-methoxy-phenoxy)-ethyl]-carbamic acid-euatyl ester 28)

Compound20 (530 mg, 2 mmol) was reacted according to genamatedure 2 to give an
orange-yellow solid (393 mg, 60% yield).

MP (not corr.)= 143-145°C; *H NMR (300 MHz, CDCJ), 5 = 7.89 (d,J = 16.0 Hz, 2H),
7.47 (d,J = 8.5 Hz, 2H), 6.62 (d] = 16.0 Hz, 2H), 6.52 — 6.39 (M, 4H), 4.99 (s, 26 (t,
J = 5.1 Hz, 4H), 3.88 (s, 6H), 3.55 (m, 4H), 1.45%8H); -MS (ESI, CHCl,/MeOH + 10
mmol NH,OAc): 655.3 (100%, MHA); - HRMS (PI-LSIMS FAB, glycerine): calc. for
(M+H")": 655.3225, found: 655.3231;Molecular Weight = 654.76 g/mol; -Molecular

Formula = CzsH46N2010

[2-(4-{7-[4-(2-tert-Butoxycarbonylamino-ethoxy)-3ethyl-phenyl]-3,5-dioxo-hepta-1,6-

dienyl}-2-methyl-phenoxy)-ethyl]-carbamic acid térityl ester 26)

Using compound.8 (559 mg, 2 mmol) in general procedure 2 the prodiicsolated as an
orange solid (442 mg, 71% yield).

MP (not corr.)= 139-141°C; *H NMR (300 MHz, CDC}), & = 7.59 (d,J = 15.8 Hz, 2H),
7.36 (d,J = 10.8 Hz, 4H), 6.80 (d] = 8.3 Hz, 2H), 6.49 (dJ = 15.8 Hz, 2H), 4.94 (s, 2H),
4.06 (t,J = 5.0 Hz, 4H), 3.58 (m, 4H), 2.25 (s, 6H), 1.4618H); -MS (ESI, CHCl./MeOH
+ 10 mmol NHOAc): 623.3 (100%, M), 567.3 (21%, MFCsHg); - HRMS (PI-LSIMS
FAB, glycerine): calc. for (M+B)™: 623.3332, found: 623.3336; Molecular Weight =

622.77 g/mol; Molecular Formula = CzsH46N20g



[2-(4-{7-[4-(2-tert-Butoxycarbonylamino-ethoxy)-&izyloxy-phenyl]-3,5-dioxo-hepta-1,6-

dienyl}-2-benzyloxy-phenoxy)-ethyl]-carbamic a@d-tutyl ester Z9)

Compound2l1 (738 mg, 2 mmol) was reacted according to genam@tedure 2 to yield an
orange solid (5183 mg, 62% vyield).

MP (not corr.)= 138-140°C; *H NMR (300 MHz, CD&Y), 6 = 7.55 (d,J = 15.8 Hz, 2H),
7.45 —7.31 (m, 10H), 7.14 — 7.04 (m, 4H), 6.86)(d,8.3 Hz, 2H), 6.46 (d] = 15.8 Hz, 2H),
5.39 (s, 2H), 5.22 (s, 4H), 4.14 Jt= 5.9 Hz, 4H), 3.39 (m, 4H), 2.09 — 2.00 (m, 4HX%1 (s,
18H); - MS (ESI, CHCIl,/MeOH + 10 mmol NHOAc): 857.4 (100%, MN3, 835.4 (76%,
MH™), 735.4 (53%, MHF-boc); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+B™
835.4178, found: 835.4179;Molecular Weight = 835.02 g/mol; -Molecular Formula =

CagHs58N2010

(2-{2-[4-(7-{4-[2-(2-tert-Butoxycarbonylamino-etkg)-ethoxy]-3-methoxy-phenyl}-3,5-
dioxo-hepta-1,6-dienyl)-2-methoxy-phenoxy]-ethcedyiyl)-carbamic acid tert-butyl ester

(30)

Reaction of compound?2 (530 mg, 2 mmol) by general procedure 2 yield®rmge yellow
solid as the product (349 mg, 47% vyield). The euéor purification by column
chromatography was acetone / petroleum ethep1R21.

MP (not corr.)= 105-107°C; *H NMR (300 MHz, CDC}), 5 = 7.59 (d,J = 15.8 Hz, 2H),
7.18 — 7.03 (m, 4H), 6.90 (d,= 8.3 Hz, 2H), 6.49 (d] = 15.8 Hz, 2H), 5.07 (s, 2H), 4.24 —
4.15 (m, 4H), 3.91 (s, 6H), 3.88 — 3.83 (m, 4HB13(t,J = 5.1 Hz, 4H), 3.33 (m, 4H), 1.43
(s, 18H); -MS (ESI, CHCl,/MeOH + 10 mmol NHOAc): 671.3 (51%, MNH, 655.3 (86%,

MH™), 555.3 (100%, MFboc); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+H™:



743.3750, found: 743.3752;Molecular Weight = 742.87 g/mol; -Molecular Formula =

Csz9H54N2012

{2-[4-{7-[3,4-Bis-(2-tert-butoxycarbonylamino-ethgpxphenyl]-3,5-dioxo-hepta-1,6-dienyl}-

2-(2-tert-butoxycarbonylamino-ethoxy)-phenoxy]-8taarbamic acid tert-butyl estei3()

Compound23 (850 mg, 2 mmol) was reacted according to germxaedure 2. The product
is an orange-red solid (374 mg, 41% vyield). Theewltufor purification by column
chromatography was acetone / petroleum ethe1132.

MP (not corr.)= 95-97°C; *H NMR (300 MHz, CDC}), § = 7.57 (d,J = 15.8 Hz, 2H), 7.19
— 7.12 (m, 4H), 6.98 — 6.86 (M, 2H), 6.50 Jds 15.8 Hz, 2H), 5.28 (s, 4H), 4.10 Jt= 4.4
Hz, 8H), 3.55 (m, 8H), 1.46 (s, 18H), 1.45 (s, 18HWMS (ESI, CHCl/MeOH + 10 mmol
NHOAc): 913.5 (100%, MH), 457.3 (7%, (M+2F)?); - HRMS (PI-LSIMS FAB,
glycerine): calc. for (M+H)": 913.4810, found: 913.4812;Molecular Weight = 913.08

g/mol; -Molecular Formula = C47HegN4O14

{2-[4-{7-[3,4,5-Tris-(2-tert-butoxycarbonylaminotsxy)-phenyl]-3,5-dioxo-hepta-1,6-
dienyl}-2,6-bis-(2-tert-butoxycarbonylamino-ethoxphenoxy]-ethyl}-carbamic  acid tert-

butyl ester 82)

Compound24 (1166 mg, 2 mmol) was submitted to reaction byegahprocedure 2. The
product is an orange solid (554 mg, 45% yield). Eheent for purification by column
chromatography was acetone / petroleum ethe1142.

MP (not corr.)= 90-92°C; *H NMR (300 MHz, CDC}), § = 7.52 (dJ = 15.1 Hz, 2H), 6.79
(s, 4H), 6.51 (dJ = 15.1 Hz, 2H), 5.75 (s, 2H), 5.25 (s, 3H), 4.19 (2H), 3.57 (m, 8H),

3.41 (m, 4H), 1.47 (s, 18H), 1.47 (s, 36HMS (ESI, CHCl,/MeOH + 10 mmol NHOAC):



1253.6 (100%, MN3, 1231.6 (49%, MF), 1131.3 (51%, MFtboc); - HRMS (PI-LSIMS
FAB, glycerine): calc. for (M+H)": 1231.6596, found: 1231.6594;Molecular Weight =

1231.46 g/mol; Molecular Formula = Cs1Hg4N6O20

General procedure 3

The whole reaction and purification sequence waslgoted under protection from light. The
boc-protected curcumin (0.2 mmol) was dissolvedlichloromethane (10 mL, dried over
CaCl). Trifluoroacetic acid in dichloromethane (10%{ 2aL, 2.4 mmol) cont. TIS (5%) was
added dropwise. After stirring for 4 h at room tergiure under moisture protection, the
suspension was partitioned between six blue capsdathylether was added to a total
volume of 15 mL per cap. The product was settleth wie aid of a centrifuge (60 mins, 4400
rom, 0°C) and the supernatant was discarded. Tleeigitate was re-suspended in
diethylether, settled again and the supernatant demsinted off. This washing step was
repeated once using diethylether. Afterwards tredypet was dried at reduced pressure to

give yellow powder.

A small column was packed with ion exchanger (ArteefRA-958). The resin was rinsed
with acidic sodium chloride solution (10 % aquedisCl cont. 0.1 % HCI, 100 mL) washed
salt free with dilute hydrochloric acid (0.1 %) aoonditioned with dilute hydrochloric acid

(0.1 %) / methanol / acetonitrile 9:2:1.

The curcumin TFA salt (0.2 mmol) was dissolved ituté hydrochloric acid (0.1 %) /

methanol / acetonitrile 9:2:1 (2 mL) and was slowbssed through the column (height 10
cm, diameter 1 cm; transferred with 2x 2 mL eluesft}the conditioned anion exchanger
(Amberlite IRA-958) eluting with dilute hydrochlariacid (10 mL, 0.1 %). The aqueous

solution was lyophilized to give the product adgwtorange solid.



(1E,6E)-1,7-bis(4-(2-aminoethoxy)phenyl)hepta- li€nd-3,5-dione hydrochlorid@)
Deprotection of compoun2b yields a yellow powder (93 mg, 0.2 mmol, quant.).

MP (not corr.) > 200°C (decomp.);*H NMR (300 MHz, MeOD) = 7.60 (m, 6H), 7.04 (d,
J = 6.9 Hz, 4H), 6.67 (d] = 13.8 Hz, 2H), 4.32 — 4.17 (m, 4H), 3.46 — 3.84 4H); -MS
(ESI, MeCN/HO + 0.06 % TFA): 198.1 (100%, (M+2}"), 352.2 (9%, MH -C,HsN),
395.2 (2%, MH); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+2B5?*: 198.1019,
found: 198.1028; -Molecular Weight = 467.39 g/mol; - Molecular Formula =

CosH28N204Cly

(1E,6E)-1,7-bis(4-(2-aminoethoxy)-3-methylphenypte 1,6-diene-3,5-dione hydrochloride

©)
Deprotection of compoun2b yields an orange powder (91 mg, 0.183 mmol, 92 %)

MP (not corr.) > 200°C (decomp.);*H NMR (300 MHz, MeOD) = 7.60 (d, 14.3 Hz, 2H),
7.55 — 7.37 (m, 4H), 6.99 (d,= 6.8 Hz, 2H), 6.68 (d] = 14.3 Hz, 2H), 4.28 (m, 4H), 3.48 —
3.39 (m, 4H), 2.31 (s, 6H); MS (ESI, MeCN/HO + 0.06 % TFA): 212.1 (100%,
(M+2H"?"), 380.2 (6%, MH -C,HsN), 423.2 (2%, MH): - HRMS (PI-LSIMS FAB,
glycerine): calc. for (M+28)*": 212.1176, found: 212.1173;Molecular Weight = 495.44

g/mol; -Molecular Formula = CysH32N204Cl;

(1E,6E)-1,7-bis(4-(2-aminoethoxy)-3-methoxyphengpta-1,6-diene-3,5-dione

hydrochloride 4)

Deprotection of compoungi7 yields a yellow powder (94 mg, 0.178 mmol, 89 %)



MP (not corr.) > 200°C (decomp.);*H NMR (300 MHz, MeOD)$ = 7.61 (d,J = 15.7 Hz,
2H), 7.33 (s, 2H), 7.23 (d,= 8.2 Hz, 2H), 7.06 (d] = 8.2 Hz, 2H), 6.74 (d] = 15.7 Hz, 2H),
6.03 (s, 1H), 4.33 — 4.22 (m, 4H), 3.95 (s, 6H353- 3.34 (m, 4H); MS (ESI, MeCN/HO +
0.06 % TFA): 228.1 (100%, (M+2hf"), 412.2 (5%, MH -C;HsN), 455.2 (3%, MH); -
HRMS (PI-LSIMS FAB, glycerine): calc. for (M+2B%": 228.1125, found: 228.1133; -

Molecular Weight = 527.44 g/mol; Molecular Formula = CysH3:N2OCl,

(1E,6E)-1,7-bis(4-(2-aminoethoxy)-2-methoxyphengpta-1,6-diene-3,5-dione

hydrochloride )
Deprotection of compoun2B yields a yellow powder (92 mg, 0.174 mmol, 87 %)

MP (not corr.) > 200°C (decomp.);*H NMR (300 MHz, MeOD)3 = 7.63 (d,J = 15.8 Hz,
2H), 7.52 -7.02 (m, 6H), 6.77 (d,= 15.7 Hz, 2H), 4.35 — 4.25 (m, 4H), 3.87 (s, 68I%2 —
3.32 (m, 4H); MS (ESI, MeCN/HO + 0.06 % TFA): 228.1 (100%, (M+2}4"), 412.2 (5%,
MH* -C,HsN), 455.2 (3%, MH); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+2B":
228.1128, found: 228.1133;Molecular Weight = 527.44 g/mol; Molecular Formula =

CosH32N206Cl;

(1E,6E)-1,7-bis(4-(3-aminopropoxy)-3-(benzyloxy)pgBhepta-1,6-diene-3,5-dione

hydrochloride §)
Deprotection of compoun29 yields an orange powder (106 mg, 0.150 mmol, 75%)

MP (not corr.) > 175°C (decomp.);*H NMR (300 MHz, MeOD)$ = 7.57 (m, 2H), 7.48 —
7.33 (m, 12H), 7.28 (m, 2H), 7.08 (m, 2H), 6.68 @hl), 5.13 (s, 4H), 4.23 (m, 4H), 3.16t,
= 6.4 Hz, 4H), 2.16 (m, 4H); MS (ESI, MeCN/HO + 0.06 % TFA): 286.1 (100%,

(M+2H"?"), 545.3 (4%, MH -C,HsN), 635.3 (1%, MH); - HRMS (PI-LSIMS FAB,



glycerine): calc. for (M+2H)*": 318.1594, found: 318.1605;Molecular Weight = 707.7

g/mol; -Molecular Formula = CzgH44N206Cl>

(1E,6E)-1,7-bis(4-(2-(2-aminoethoxy)ethoxy)-3-metipohenyl)hepta-1,6-diene-3,5-dione

hydrochloride 7)
Deprotection of compoun80 yields a yellow sticky solid (107 mg, 0.174 mn&i, %).

MP (not corr.) = 118 - 120°C; *H NMR (300 MHz, MeOD)3 = 7.60 (d,J = 15.7 Hz, 2H),
7.28 (s, 2H), 7.20 (d} = 8.2 Hz, 2H), 7.01 (d] = 8.3 Hz, 2H), 6.70 (d] = 15.8 Hz, 2H), 4.22
(dd,J = 5.2, 3.3 Hz, 4H), 3.91 (s, 6H), 3.94 — 3.88 4H), 3.83 — 3.76 (m, 4H), 3.16 (t,=
3.2 Hz, 4H); -MS (ESI, MeCN/HO + 0.06 % TFA): 272.1 (100%, (M+2)"), 500.2 (3%,
MH* -C,HsN), 543.3 (3%, MH); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+252":
272.1387, found: 272.1397;Molecular Weight = 615.55 g/mol; Molecular Formula =

CaoHa0N20gCl5

(1E,6E)-1,7-bis(3,4-bis(2-aminoethoxy)phenyl)hepté-diene-3,5-dione hydrochloridd) (
Deprotection of compoungil yields an orange powder (118 mg, 0.179 mmol, 90 %)

MP (not corr.) > 166°C (decomp.);*H NMR (300 MHz, MeOD)3 = 7.61 (d,J = 15.8 Hz,
2H), 7.37 (s, 2H), 7.35 — 7.28 (m, 2H), 7.10J& 8.4 Hz, 2H), 6.74 (d] = 15.8 Hz, 2H),
6.02 (s, 1H), 4.32 (dd, = 9.8, 4.9 Hz, 8H), 3.43 (§,= 4.8 Hz, 8H); MS (ESI, MeCN/HO +
0.06 % TFA): 171.8 (100%, (M+3hf*), 235.6 (43%, (M+2B)>* -C,HsN), 257.1 (44%,
(M+2H")?"), 513.3 (15%, MH); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+2H5*:
257.1396, found: 257.1388;Molecular Weight = 658.44 g/mol; Molecular Formula =

Co7H40N4O6Cls



(1E,6E)-1,7-bis(3,4,5-tris(2-aminoethoxy)phenylteep,6-diene-3,5-dione hydrochlorid® (
Deprotection of compoun8 yields an orange powder (141 mg, 0.166 mmol, 83 %)

MP (not corr.) > 160°C (decomp.);*H NMR (300 MHz, MeOD)3 = 7.62 (d,J = 15.8 Hz,
2H), 7.12 (s, 4H), 6.84 (d,= 15.9 Hz, 2H), 4.41 — 4.29 (m, 8H), 4.27 — 4.80 ¢H), 3.50 —
3.40 (m, 8H), 3.39 — 3.33 (m, 4H);MS (ESI, MeCN/HO + 0.06 % TFA): 158.6 (47%,
(M+4HH*Y, 211.1 (100%, (M+3B°"), 273.1 (6%, (M+2F)*" -C,HsN), 316.2 (24%,
(M+2H")?), 631.3 (12%, MH); - HRMS (PI-LSIMS FAB, glycerine): calc. for (M+2B5%":
316.1761, found: 316.1771;Molecular Weight = 849.50 g/mol; -Molecular Formula =

C31H52N60sCls

Absorption and emission spectraEach spectrum was recorded in the range from 20@nm
600 nm in 1 nm steps in a quartz cuvette. The gpmcdf blank buffer medium or Millipore

water was subtracted.

Determination of Polarity. The polarity of the compounds was estimated vi& thetanol-
water partition coefficient at 25 °C by the shakesk method. 5 mL of 50 uM photosensitizer
in 10 mM Sérensen buffer pH 6.8 were mixed with I5 of n-octanol and agitated vigorously
for 10 min. Both layers were separated using ariéegé (25°C, 4000 rpm, 5 min). The
absorbance of the aqueous solution before andrafi@ng with n-octanol was measured in a
guartz cuvette with a thickness of 10 mm. The particoefficient was calculated from the
concentrations corresponding to these values. B ¢bncentration range the absorbance

shows linear behavior. As the absorption intensitgurcumin is dependent on the polarity of



the solvent,[43] only the values for the aqueousitems were used for calculation of the

coefficient.

Determination of photostability and singlet oxygemuantum yields

Compound4 was dissolved in pure water at concentration o2 for the estimation of the
photostability the solution was irradiated with 186W in a time span of 20 minutes.
lllumination occurred by a tunable laser system ZBA-SH/SFG, Ekspla, Lithania) with a
wavelength of 405 nm. Absorption spectra were m@in distinct time intervals.

The oxygen consumption of the solutions was medshiyean oxygen microsensor (Presens,
Regensburg, Germany) with a starting concentratibroxygen in water of 270 uM (air
saturated).

Singlet oxygen signals were recorded with a higisgize NIR-system described elsewhere
[44-46] using an appropriate laser system . Theglsi oxygen signal of 20 seconds was
recorded over 20 minutes to estimate the stalmlityinglet oxygen generation depending on

absorption of radiation and the energy transfenftbe PS to oxygen in the ground state.

The 'O, quantum yield®, of 4 was determined using 5,10,15,20-Tetrakis(1-mefhyl-
pyridinio)porphyrin tetra(p-toluenesulfonate) (TyH with ad,= 0.77 + 0.10 as a reference
PS. [47] Therefore the absorbed energy of a TMRy#tien (c = 0.5 uMand a solution oft

(2 uM) were compared to their emitted singlet oxy@eninescence at 1270 nm as described
before. [44] Both PS were excited at 405 nm geedraty a tunable laser system (NT 242-
SH/SFG, Ekspla, Vilnius, Lithuania) with differeakcitation powers of 107mW, 162mW,

255mW and 283 mW for 50 seconds.

Experimental procedure for PDI. All experiments were performed under sterile candg

using a laminar flow bench (Biosafe 4-130, Ehrebnkendingen, Germany). After adding the



photosensitizer experimentation was done underustight.

Bacterial strains and growth conditions.A volume of 20 mL medium was inoculated with
Escherichia coliATCC25922, Manassas,Virginia). The suspension iwagbated overnight
at 37 °C under constant agitation (175 rpm) on akeh (MAXQ4000, Thermo Scientific,
Dubuque, lowa, USA). For growing &. coli Todd-Hewittt Bouillon (Carl Roth, Karlsruhe,
Germany) with a supplement of 0.3 % yeast extrappliChem, Darmstadt, Germany) was

used as medium.

The volume of overnight culture was diluted to 2D bacterial solution with absorption 0.05
and incubated for two hours at 37 °C under consagitation (175 rpm) on a shaker. The

resulting absorption (600 nm) was between 0.3 a#8.0

Staphylococcus aure & TCC25923; Manassas,Virginia) was grown aerobjcat 37°C in
Mueller-Hinton broth (Gibco Life Technologies GmblEggenstein, Germany). Bacteria
originated from culture shaking overnight (5 mLnested by centrifugation (3000 rpm, 10
min; Megafuge 1.0, Heraeus Sepatech, Osterode, &g)mThe cells were resuspended in
distilled water at an optical density of 0.6, whighs measured at 600 nm with a spectrometer
(SPECORD 50 PLUS, Analytik Jena, Jena, Germany)cancksponded to a bacterial count

of 10° bacterial cells per mL.

Light sources and illumination parameters. Two different systems were used for
illumination. A LED light source (consisting of array of 432 LED 435-12-30, Roithner
Lasertechnik, Vienna, Austria) with a wavelengthismion of 430 nm — 435 nm was used for
phototoxicity experiments screening efficacy withcarcumin derivatives witle. coli. The

intensity was set to 9.4 mW &mA non-coherent light source (Partial Body UV Taey



System UV 802 L with BlueV tubes; Waldmann AG, Wiflen-Schwenningen, Germany)
emitting light from 380 nm — 480 nm was used fdlol@-up experiments witts. aureusand

E. coli. The intensity was adjusted to 17.5 mW<Tm

The effective radiant exposure of the light soursas calculated as follows:

] power w
radiant exposure [ ] = x time L ] xS
lem2 area ma2

Photosensitizer solutionsThe photosensitizers used for the bacteria wetgedilin distilled
water or Dulbecco's Phosphate Buffered Saline (DP®Sget the final concentrations

0/1/5/10/25/50/100/250/500 p ML

Phototoxicity assay against bacteriaThree different controls were performed for each PS
The “light only” control (LO) was illuminated butoh incubated using the medium without
photosensitizer. The “photosensitizer only” contr(PS only) was incubated with
photosensitizer, but was not illuminated. This cointvas performed with the highest used
concentration and longest incubation period andadhlition with a concentration and
incubation period most preferable for practice Ugee “double negative” control (Co-/-) was

neither incubated with photosensitizer nor illuni@th

After two hours the culture d&. coliwas splitted into aliquots of 1800 uL each. Celkrav

then harvested by centrifugation at 20 °C, 830faf,5 min (5417R Centrifuge, Eppendorf,
Hamburg, Germany) and resuspended in DPBS. Diffekeiumes of the respective
photosensitizer stock solution were added to tlpesusions, constantly resulting in a final

volume of 1800 pL. The obtained suspensions ofedfit photosensitizer concentrations



were again incubated on the shaker immediately°C37175 rpm; MAXQ4000, Thermo
Scientific, Schwerte, Germany). Doublets of 500 wlere transferred into a 24-well
microplate (Cellstar, Greiner Bio-One, Frickenhays&ermany). The PS only and co-/-
controls were transferred into a separate micreplaapped with aluminum foil. lllumination
was done with a LED-Array device from the bottom4(&W cm? 33.8 J crif), under

constant agitation with a shaking device (MTS4, |Ktaufen, Germany). After illumination
dilution series (1:10) were done with DPBS. Fifticroliters of each dilution step were plated
on 1.5% Agar (Agar-Agar, Kobe |, Roth, Karlsruhe@germany) with 3 % Todd-Hewitt
Bouillon (Carl Roth, Karlsruhe, Germany) and a depmnt of 0.3 % yeast extract
(AppliChem, Darmstadt, Germany). The inoculatedraglates were incubated at 37 °C

overnight and bacterial colonies were counted.

For the follow-up experiments an aqueous solutibapproximately 18S. aureusor E. coli
cells per mL were placed into a 96-well microtipate (25 mL each) and incubated with
different concentrations of photosensitizer solutiSuspensions were immediately irradiated
with 20 mW cm? Time and dose for the respective experiment amengn the discussion.
Aliquots of a serial dilution were plated on MuelleHinton agar and incubated for 24 h at

37°C.

The survival of the bacteria was determined by @agrthe numbers of colony forming units
(CFU) 24 h after illumination using the Miles, Masrand Irwin technique. [48] All

experiments were replicated at least three timés. rElative inactivation was calculated by
dividing the CFU count of the double negative coh(Co -/-, no incubation with PS and no
illumination) by the CFU value of the particulangale. The detection limit was defined as 10

CFU/mL.



Results & Discussion

Spectroscopic Characterization and Photophysics

Compounds2 to 9 were investigated for their photophysical stapiland absorption
characteristics. All measurements were conduct&bnensen buffer (0.01 M) at pH = 7. The
molar extinction coefficients for compoun#$o 9 are summarized in table 1.

The di-ketone group in the curcumin structure eibilketo-enol tautomerism, which can
exist in different types of conformers dependingtlo environment. [49] In agueous solution
the keto-enol form is more stabilized than the aikierm. [50] The intense light absorption
maximum fmay at 420 nm is attributed to the keto-enol form aad be assigned te-n*
transitions, the shoulder at approx. 350 nm to*riransitions. Detailed information about the
isomeric forms of alkylated curcumin and the impattthe isomerism on the spectra are

described elsewhere.[51, 52]

All substances, excegtand5, show comparable absorption characteristics irdhge from
410 nm to 430 nm (figure 2). Spectrum ®fleviates downwards and in comparison to the

other curcuminoids, the peak wavelength is aboutrhi®lue shifted.
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Figure 2: absorption spectra of derivatives9



The molar extinction coefficients for compouris4, 6 — Yanging from 22000 to 28000 M
Tem™ match or slightly exceed the value given for curituin the literature sz, Hao= 23800
M™cm™).[53] The absorption maxima @& and5 are blue shifted and values obtained are
significantly lower (fig. 2 and table 1), which cha explained by the absence of auxochromic
groups in2 and different position of the electron donatingmoeay groups irb in comparison

to other derivatives likd or 7. The experimentally obtained differences in ma@atinction
coefficients and shifts of the absorption spectrthe derivatives are in good accordance with

the literature data for the corresponding dimetlooxgumins.[54]

The emissions spectra of both light sources analbiiserption characteristics of compouhd

as typical example (27600 + 300 L- metm * within the error margins) is shown in figure 3.
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Figure 3: Absorption spectrum (red) @f overlapping with the emission spectra of the light

sources LED 435 nm (blue line) and BlueV (greer;liscaled x 1/2)



The emission spectra of both light sources emplogetiis study without proportion of UV
radiation perfectly overlap with the visible regiohthe curcuminoid spectrum (400 — 470

nm) ensuring an optimal excitation of the photogeres.

All compounds showed photodegradation, which was than 10 % upon illumination with
the LED source at 435 nm for 10 minutes, equalampiied dose of 5.6 J/cm?2, and approx.
20% after 30 minutes, equals an applied dose & 1&m2. Upon extrapolation of the data
the half life time forSACUR-03(8) was calculated to be approx. 60 min at intensit@.4
mW cm?® Figure 4 shows exemplarily the photodegradatidn compound 8. The
chromophore signal between 380 and 460 nm wasenms@ly decreased in intensity,
indicating that the conjugated double bond systestwéen the phenyl rings of the
curcuminoid was disrupted and products of smallefesular weight and lower degrees of

conjugation were formed (fig. 4).
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Figure 4: Photostability measurements of 10 uM&in water in a quartz cuvette with an
illumination at 435 nm with the LED device used fmacterial testing (9.4 mW/cm?2); time

values in the graphs legend are given in minutes.

Previous studies showing a rapid decompositionuw€umin to vanillin, ferulic acid and
feroloyl methane in buffer systems at neutral-bgsit conditions: When curcumin was
incubated in 0.1 M phosphate buffer and serum-fneelium, pH 7.2 at 37°C, about 90%
decomposed within 30 min. The initial degradationdoicts were formed after only a few
minutes, and feruloyl methane was then transforrbgdhydrolysis to the degradation

products vanillin and acetone.[55]

The potential pathway for the photodegradatiorhefdurcumin chromophor by involvement
of light-induced generated ROS may be explainedlasvs: The reaction is expected to start
with an electrophilic attack of singlet oxygen aemf the double bonds of the molecl2e®

9 or a radical oxidation process similar to lipidcgpadation in fatty acids [56] leading for
example to38 (Scheme 4, (b)). The degradation of curcumin quemus buffer at
physiological pH is an autoxidation reaction.[57A radical chain reaction leads to
incorporation of oxygen into curcumin, resulting mheoxygenated bicyclopentadione
products.[58]

We hypothesize the following process takes placanranalog mechanism as described in
detail for curcumin [59]X) and dimethoxycurcumin: After illumination a cysdition product
(37, as well as decomposition products such as guteti vanillic acids,

methoxybenzaldehyde derivatived6) and substituted ferulic acid33) are formed (Scheme

4, (a)).
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Scheme 4:Photodegradation; (a) assumed breakdown main pte®dued (b) postulated

oxidation products and intermediates of the phatsisieers

Substitution of the double bond by singlet oxygesuits in a cyclic peroxide9) which can
be cleaved to the above mentioned products. Thesesses finally leads to breakdown and

bleaching of the chromophor.

The known mechanism [59] of autooxidative degramtatof curcumin via phenolic OH
groups is hindered in the alkylated curcumin denes. This explains the longer half-life of

the derivative® —9.

All compounds investigated do not show a measurainiglet oxygen luminescence signal
(quantum vyieldsb, < 1 %) at 1270 + 10 nm. This is in good accordawié the literature
value (@, = 0.011 in water). [60] Curcumin is known as a R@herator reacting nearly

guantitatively according to Type | photochemicaat®on, that is the formation of reactive



oxygen species without generation of singlet oxydéh, 62] For spectroscopic data please
see the supporting information. We assume the margimounts ofO, generated by the

curcumin derivatives are consumed by reaction thighphotosensitizer itself.

Polarity, pH- and temperature stability

The polarity of the novel photosensitizers wasneasted by measuring the octanol-water
partition coefficient. Distribution of 1*I®mol of the chloride salt of each compound between
n-octanol and Soérensen buffer (0.01 M, pH = 6.8% weaeasured by UV/Vis spectroscopy
after 10 minutes of stirring at room temperaturabl@ 1 summarizes the results of the

physical parameters of the phenalen-1-one deriesitiv



Photosensitizer molar octanol /

Amax . . Amax
R 0 o R1 . extinction o water
R2 A R2 absorption o emission o
] @ coefficiente® coefficient
R3 R3 [nm](a) [nm] @
Ra Ra [L-mol™ cm ] log D®
Residue
R1=R2=R4=H,R3=
. @ | 350+2 | 18600+200| 525+5  -0.9+0.2
OCH,CH;NH3
R1=R4 =H, R2=Me, R3
. (3| 4152 23200 = 300 541 +5 -0.8x0.2
= OCH,CH;NH3

R1 = R4 =H, R2 = OMe,
R3 = OCHCH,NH;"
R2 = R4 = H, R1 = OMe,
R3 = OCHCH,NH;"
R1=R4=H, R2 = OBz,
R3 = OCHCH,NH3"
R1=R4 =H, R2 = OMe,
R3 = (OCHCH,),NH5"
R1=R4=H,R2=R3=

4| 4212 27600 + 400 562 +5 -1.2+0.2

B)| 3742 14700 + 200 557 5 -1.1+0.3

6)] 4192 22700 + 300 561+5 -0.6+0.1

™o

(7)| 4232 25500 * 300 560 = 5 -1.6 £0.7

. (8)| 416+2 | 26100+400| 556+5 <-2.0
OCH,CH,NH;
R1=H, R2=R3=R4=
. (9)| 410+2 | 22600+300| 567+5 <-2.0
OCH,CH,NH;

Table 1: Physical parameters of the phenalen-1-one derestigonditions: (a) at 25 °C in

Millipore water, (b) at 25°C in Sérensen bufferDN at pH 7

The pK, value of the ammonium groups was 9.2 + 0.4 for moumd4. At a pH of 7 the

derivatives are therefore fully protonated.



Aggregation

Aggregation of the curcumin photosensitizers waslistl exemplarily with compoungland

8 over a wide concentration range via UV/Vis spestopy (Fig. 5) and NMR studies (Fig.
6). Solvents used were Millipore water (18Y or D,O, respectively. The spectra for

compound 8 can be found in the supporting inforomati
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Figure 5: Absorption spectra o#] within a concentration range of 100 — 1000 pMy®;

within the error margins no dimerization can beasted in the concentration range covered.

With compoundB no dimerization became apparent up to 1 mM (sppating information

for spectra).
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Figure 6: Proton NMR spectra o#] in concentration of 20 mM (1), 10 mM (2), 5 mM),(2
mM (4), 1 mM (5) in BO; x-values (f1) in ppm relative to external standaMsS, 1 ppm =

400 Hz.

The NMR spectra off shows an initial aggregation between 1 and 2 mMslft of the

signals and change in their multiplet structurethie aromatic region (6.5 — 8 ppm). This
observation is confirmed with compour® (see supporting information for spectra).
Therefore, aggregation phenomena in aqueous mediabe neglected below 1 mM. No
influence on results of the biological studies adedehere is expected. Typical therapeutic

concentrations in aPDT are in the micromolar rafag® 250 pM).

The molecules” pH stability was determined by rdoay UV-Vis spectra of compounds
and8 in buffer solutions at different pH values followji incubation for 4 hours. The novel
derivatives showed excellent stability in acidicdien (down to pH = 2), but decompose

slowly in alkaline solutions with pH >10 (see sugpw information for spectra).



Below pH 7, the parent compound curcuniihié stabilized but parallel with the decreasing
pH values, the dissociation equilibrium shifts todgathe neutral form of very low aqueous
solubility. [63] Lowering solubility in acidic contions is not possible in the novel
derivatives, as the phenolic OH group was substituieither a precipitate at lower pH nor a
spectral change was observed witlat pH 2. Thus the spectral characteristics ofrtreel
photosensitizers are kept constant over a widegeramhich is known from curcumin so

far.[64, 65] A change of the spectrum occurs ftspH > 8.

The temperature stability was exemplarily invesggawith compound4 by temperature
dependent NMR studies in DMSO-d6 andCD Figure 7 shows the data collected for
compound4 in 10°C steps. No change appeared in the spedaften heating to 130 °C for
more than 10 minutes. The compounds are theretorgdrature stable in solution under

typical therapeutic conditions:
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Figure 7: Temperature stability o# by NMR in DMSO-d6; temperature steps: room

temperature (1), 40 °C (2), 50 °C (3),60 °C (4),°@0(5), 80 °C (6), 90 °C (7), 100 °C (8),



110 °C (9), 120 °C (10)and 130 °C (11), then caplim room temperature (12), ¢ = 10 mM;

x-values (f1) in ppm relative to external standamiS, 1 ppm = 400 Hz.

Again the shift of the spectrum in the aromaticisagof approx. 0.1 ppm indicates

aggregation in the millimolar range (c = 10 mM).

Our results suggest that the attachment of thematsubstituents to the phenolic OH moiety
significantly stabilizes the chromophore againstgerature influences in solution as well as

alkaline pH values.

Photodynamic Inactivation of Bacteria (PDI):

Prime candidates for this study are compo@n@dompound4 (“SACUR-1"), compound?
(“SACUR-2") and compound (“SACUR-3"). Photodynamic Inactivation was perfah
against bacteria in suspension using different eomations of each derivative (10 uM,
25 uM and 50 uM). All curcumin derivatives were lenaied against Gram(&. coli (LED
light source withhimaxen= 435 Nnm and 9.4 mW/cm?) as these are known to dxe whfficult
targets for antibacterial therapies when compase@ram(+) species (table 2). In succession
two derivatives 4, 8) were also tested against GramGt)aureusn comparison to Gram(g.
coli using shorter exposure periods with a more powdight source (BlueVier= 390 - 460
nm 17.5 mW/cm?) (fig. 3).

To exclude a contribution of photodegradation prisido the toxicity of the compounds we
mixed bacteria with a pre-illuminated sample ofpd solution of compound. No decrease
in the number of viable bacteria was observed afimrbation withE. coli in the dark (data

not shown).

A bacterial cytotoxicity of the excitation lighifaxer= 435 nm, 33.8 J / cm?) was never

observed (figure 8, “LO”). Prior to light exposubacteria samples were washed with buffer



medium once. The efficiency of PDI is not dependamtthe washing step (confirmed by

control experiments witB) (data not shown).

As curcumin-derived compounds have pan-assay e@rer€e compounds (PAINS)
substructures that have the potential to causeeausig results, we carefully conducted
controls. Without light no effect was observed ba viability of the bacterial cells (Fig.8 &
Fig.9). [66] Light alone hat also no effect. Antarobial activity of the curcumin derivatives

only became apparent after illumination. Therefaedisturbance of our assay is assumed.

Compound4 is the direct analog to natural curcumin (figujeahd therefore is of special
interest. It can be easily produced starting fratural curcumin (scheme 3). Incubation with
50 uM 4 induced >3 logy reduction of the CFU counts upon 5 min of incutratiContrary to
the use of 1@M, a longer incubation period with M did result in antibacterial effect of ~

6 logio reduction upon 25 min incubation.

10° - - -

2,
MERTI EERTTT BT BT
4|

bacterial count [CFU]

10° | T | T T 1 | |
Co -/- light PSonly PSonly aPDT aPDT aPDT aPDT
only [10 pM]  [50 pM] 10 uM 10 uM 50 uM 50 uM
5'ip. 25'i.p. 5'ip. 25"ip.




Figure 8: Phototoxicity of 4 towards E. coli (435 nm LED-illumination, 33.8 J/cth
Colonies were counted 24 h post illumination. Beggresent the median of the absolute CFU
count of three independent biological replicatesoiEbars show the standard deviation. Co -
/-: double negative control, PS only: photosensitianly without illumination, i.p. indicates
the incubation time with the photosensitizer. PBotodynamic inactivation. LO: light only

control did not result in a change in bacterialrdpnot shown.

At 50 uM of4, a low dark toxicity (~0.5 log) was observed, whis within the error margins
of the experiment. Presumably efficiency can beeased by optimizing the light source (see

figure 8) and illumination time.

Compound8 contains in comparison t# two additional amine hydrochloride substituents,
thus carrying four positive charges (figure 1).ekfincubation with 10 uM a8 for either 5 or
25 min a reduction of viablg. coli below detection limit was observed after illumioat(> 7
logio reduction). The number of viable bacterial cellscréased about 1 lggwithout
illumination subsequent to incubation with at 50 uMhotosensitize8 was identified as the

most effective one investigated in this study (fegQ).

Thus, for8 three lower concentrations (1puM, 5uM andul® were tested (figure 9 A). The
minimal concentration to reach a reduction of 3d§9.9%) for for successful PDI was 5
uM. At a concentration of 1QM still approx. 5 logy of inactivation was observed (figure 9

B). With 1QuM of 8 no cytotoxicity without light exposure is founddtire 9 A).
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Figure 9: Phototoxicity of8 towardsE. coli (435 nm LED-illumination with 33.8 J/cth The

subplot (B) shows the absolute CFU count for 1Q+®0concentration, the subplot (A) 1-7.5
UM. Colonies were counted 24 h post illuminatiomrd8represent the relative inactivation
gained from the average of three independent bicdbgeplicates. Error bars show the
standard deviation. Co -/-: double negative contR$ only: photosensitizer only without
illumination, i.p. indicates the incubation timetwithe photosensitizer. PDI: Photodynamic

inactivation.

Even quite short illumination periods are suffigieior an effective PDI: at a fixed
concentration of 10 uM @ an antimicrobial effect (99.9 % killing; 3 lag can be achieved
after 1.5 minutes (dose of ~ 0.85 Jfzmmore than 5 log reduction of viableE. coli was

found after only 2.5 minutes of illumination compesding to a dose of 1.41 J/€iata not

shown).

The remaining compounds were screenedevoli, to estimate the impact of the structural
differences on the efficacy for bacterial inactivat(table 2).

Compound? is the smallest molecule in the series without adgitional functionalization
and depicts the basic structure all other curcuidsare derived from. Essentially it is
bisdemethoxycurcumin (one of the natural occurdagcuminoids) with the hydroxyl groups
replaced by aminoethoxyhydrochloride (figure 1)cubation with 50uM of 2 for 25 min
induced more than 7 lggreduction (table 2).

In 5 the methoxy substituents are at a different pasitob the phenyl rings than ih. The
strong correlation with the photodynamic effect da¢h incubation period and is noticeable.
Remarkably, incubation with 5aM 4 for 25 min induced a reduction of vialie coli below
the detection limit. Compound features a more hydrophilic ethylene glycol spdmsween
the cationic charged moiety and the curcumin chygmeo. This change increases polarity,

resulting in a slightly higher efficacy in compamisto4, but is not resulting in higher Killing



rates than observed f@r Reduction of the bacterial count below detectiont was reached
upon 25 min incubation with 50 pu¥i

Compound3 carries an extra methyl groups as second subsdtiatehe phenyl ring replacing
the methoxy group of the curcumin anakbdrhe resulting photodynamic effect was slightly
stronger than witt2. After five minute incubation more than 6 legeduction was reached,
with a comparatively large variation. Incubatiortwb0 pM3 for 25 min induced a reduction
of viableE. coli below detection limit (table 2).

In 6 two benzyloxy substituents were added to the nubdeén order to increase the
lipophilicity further. Photodynamic Inactivation ing 6 resulted in a comparatively large
variation in the decrease of vialle coli bacteria inducing close to 5 orders of magnitude
inactivation using optimized parameters. Theretbveas the least effective compound in this
study. The substitution causes a doubling in mdéeaueight. This may prevent accessibility
to the cell membrane by limited transition throulgé bacterial cell wall.

The highest efficacy of compoudn comparison to all others is reasoned by twatemtal
hydrochlorides. The two resulting additional catomight govern better cell attachment.
Interestingly, there is no rise in antimicrobiafiedcy if the compound is equipped with two
more hydrochlorides, thus further increasing thargh number to six in structue This
compound exhibits an antimicrobial effect compagakith 2. Upon incubation with 50 u\d
less than 1CE. coli in per 100 pL were able to form colonies (>7 ilpgeduction). No
influence of the incubation period became appdtabte 2).

The order of efficacy correlated with the numbercationic charges, applicable to other

photosensitizers could be verified only for thednd tetra- substituted compounds.

Table 2 shows the effect of the curcumin derivati@&— 9) againstE. coli (ATCC25922)
using the 435nm LED light source (38 mJ/ cm?). @ieraged reference control (no light, no

PS) was 19mL.



reduction CFU in logy,

Compound 5 min incubation 25 min incubation

10 uM 50 uM 10 uM 50 uMm
Compound 2 >4 >6 >5 >6
Compound 3 >5 >4 >5 >7
Compound 4 SACUR-1 >1 >5 >2 >5
Compound 5 >2 >5 >3 >7
Compound 6 >1 >3 >3 >4
Compound 7 SACUR-2 >2 >6 >4 >7
Compound 8 SACUR-3 >6 >7 >6 >7
Compound 9 >4 >7 >4 >7

Table 2: Photodynamic inactivation rates of all compourgls- ) againstE. coli upon light
activation (33.8 J/cf).2 Shown is the logarithmic decay after exposure witbpect to the
reference control: - indicates < 1 lggtep reduction of CFU, which was defined as vijua
no antibacterial photodynamic efficacy. Threshdiois evaluation of antibacterial efficacy
were inactivation rates of 3 logo steps (99.9%; antibacterial effect, light grey)l arb logo

steps (99.999%; disinfectant effect, dark grey).

A figure (S-38) showing the results of the singégmeters combined for each curcuminoid

and sorted in rising efficacy is shown in the supipg information.

The antimicrobial photodynamic efficacy of compouhdind 8 was investigated in more
detail using shorter illumination times and lowaeggy doses. For use under practical clinical
parameters a light source with an improved ovettathe spectrum of the compounds was
employed (clinical therapy lamp BlueV, Waldman Gmldee figure 3). The aim was to

evaluate (a) it shows higher efficacy using an more optimal lighirse and (b) to figure out



the scope and limitations of the most effective poond8 against Gram(+p. aureusas a

model organism for MRSA.

With the BlueV lamp forE. coli a light dose of 15.7 J /cm2 (15 min exposure) &ondS.
aureusa light dose of 5.3 J /cm2 (5 min. exposure) wagliad. Table 3 summarizes the
results. The averaged reference control (no lightPS) is foiE. coli 3.6x16/mL and forS.

aureus3.9x10/mL.



reduction CFU in logy,
Compound E. coli S. aureus
10 uM 50 um 10 uM 50 uM
Compound 4 SACUR-1 >4 >5 >3 >5
Compound 8 SACUR-3 >4 >5 >4 >5

Table 3: Photodynamic inactivation rates of compouddmd8 againstE. coliandS. aureus
upon light activation (BlueV light source). Incuilmet time was 1 min. Shown is the
logarithmic decay after exposure with respect te teference control. Thresholds for
evaluation of antibacterial efficacy were inactivat rates of> 3 logo steps (99.9%;

antibacterial effect, light gray) and5 logo steps (99.999%; disinfectant effect, dark grey).

Upon illumination with the BlueV light source antidmacterial effect equals disinfection (>
5 logio reduction) can be realized in minutes with theela@erivatives applying light dose of

15.7J /lcmz? foE. coliand only 5.3J /cm? fd8. aureus

As shown in the figures 9 and 10, an illuminatidrthe bacterial strainS. aureusandE. coli
with doses of blue light as described above (Bllight source: 390 - 460nm or LED light
source: 435 nm) in the absence of a photosens(tizevl of the respective curcumin) did not

affect the number of surviving microorganisms aspared to the unexposed control.

With all curcuminoids investigated in this studyleést a >3 log reduction was achieved
upon 25 min incubation with 50 uM photosensitizeleg( figure 9 and supplementary
information). 3 logy equates a reduction of 99.9 % in bacterial coundtia, according to the
American Society of Microbiology, the criterion fan antimicrobial effect. In comparison to

the efficacy of PVP curcumin [67] the novel derivas showed substantially improved



efficacy. If using 50 uM PVP complexed curcumin fZUR) no reduction was observed

and only 0.3 log, of bacteria were killed with100 uM PVP-CUR.

The improvement of all tested curcuminoids canrbeetd back to a hydrochloride connected
via an ethoxy group (aminoethoxyhydrochloride)ite phenyl ring. The salt further enhances
water-solubility [67] and the cation of the saleigpected to facilitate interaction with the cell
wall. A direct comparison of photosensitizers isltrfactorial. For illumination, bacterial
counting and incubation no consistent procedureegiuibment exists among research groups
so far. At least within this study consistent caiogis should be provided. Furthermore to be
more precise, the observed effect should be nozetdhlio the number of photons absorbed by
the individual photosensitizer. [68] This can bé&uakated by the sum of photons absorbed at
each emission wavelength of the illumination soufides was not performed due to the fact
that absorption spectra (figure 2) of most curcwids presented in this study show
comparable absorption values at 435 nm Still, speatt2 and9 deviate slightly upwards in
strength of absorption. To compensate for this aten a reduction of applied light energy
could be a solution. In contrast, the spectrurb absorbs less at 435 nm and would require a
raise in light fluence. Nonetheless, with excepfion5 the impact of a little change in light
fluence is not expected to be significant. In oftdeavoid differences due to a different extend
of light absorption, light was applied in exceskBeTlumination period needs to be optimized
for each photosensitizer and application separatalyfurther investigations. Foi5
comparability remains arguable. However, the olegmwhotodynamic effect (reduction of
viable E. coli below detection limit, 25 min i.p.; 50 uM) showsat light absorption was
sufficient and it is a debatable point whether mumgher light fluence application is
practicable. Light exposure can also lead to pHetalting of the photosensitizer. If there
would be a wavelength shift in absorption shiftittge absorption spectrum out of the

emission spectrum, the light source would haveetadapted. Yet, in the range from 350 nm



to 600 nm neither a significant shift nor anotheralp was observed f& (see figure 2). In
practice it should be considered that for excitatd5 a higher light fluence might be needed

than for the other tested curcuminoids.

The comparison of the curcuminoids was done in ldgpad suspensions. Different chemical
and physical conditions might have an impact onghetoefficacy due to interactions with
the molecular environment. Therefore, each of tmagounds tested might be the best choice
for a specific application. However, for all synsieed curcuminoids it should be kept in mind

that the bioavailibity might differ from the natllygoccurring curcuminoids.

Conclusion:

Curcumin derived from rhizome of turmeric is compa®f three different curcuminoids. If
not supersaturated [69] or applied in formulati@nth other constituents,[67] none of these
show a phototoxic effect towards coli. The aim of this study was the investigation & th
properties of novel cationic curcumin derivativeiviocus on comparisons of the efficacy of
these photosensitizers towarscoli. Eight newly synthesized photosensitizers werestkst
and compared to each other. With this structuredctrelationship study the influence of
different substituents to photodynamic inactivatieass demonstrated. A less polar substituent
seems to cause a decrease in effectiveness a@ainsti, whereas high hydrophilicity and
four positive charges seem to be advantageous ribmiarobial action against Gram-
negatives. A suboptimal balance between chargdimghilicity can be an explanation for a

weaker and / or slower attachment to the cell wall.

The light activation of the new curcumin derivatv&to 9 achieved antibacterial efficacy
against the key pathogens of 99.999%. @ureus or even 99.9999 %E( coli) at

concentrations of at least 5 uM of the respectiSe P



All derivatives showed high stability over a widange of changing pH (2 — 10), good
temperature-stability and photostability in ther#peutic time window for typical aPDT
applications. This was accompanied by successfuéldpment of a straight forward and
simplified synthesis and purification protocol fine novel compounds. The high selectivity
and the excellent yields of the Mitsonubo reactiath natural curcumin opened a way to
quick and simple modification of the natural moliecu

Particularly with regard to the progressing inetifeeness of antibiotics towards multi drug
resistant bacteria, photodynamic inactivation ofnwibial pathogens is a powerful tool with a
broad application spectrum and no major side effe&tl compounds, with8 being of
outstanding efficacy, were identified being ablepimmote photodynamic inactivation as
alternative to or in combination with other antinoisial approaches. The novel
photosensitizers based on curcumin presented ditwweffective eradication oE. coli
without the need for addition of permeabilizing aige Photodynamic Inactivation using these
compounds against Gram(+) and Gram(-) pathogemesftite may be a realistic prospect for
future clinical use. They may display an altermatio antibiotics and are of special interest
due to the fact, that Gram(-) bacteria likecoli display a lower accessibility by curcumin

than Gram(+). [62]

The potential of natural curcumin as photosensitizdimited by its low aqueous solubility,
susceptibility to hydrolytic and photolytic degréda, and low accessibility to Gram(-)
bacteria. The new curcumin derivatives were sudgkgsdesigned to overcome these

problems.

Ongoing studies in our lab extending our investiges into this interesting molecule class
towards other key pathogens while also investigaéinibrary of substitution patterns, will
show the scope and limitations of a pure Type k#er for antimicrobial photodynamic

therapy. The application to foodstuff needs furtimestigation to estimate whether aPDT



with curcumin derivatives is an alternative to centronal disinfection methods. They may
offer excellent efficacy under oxygen poor condii@and may also act as effective agents for

anti-biofilm applications, especially in a hypoxavironment.
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Submission: ,,CureCuma — Cationic curcuminoids with improved properties and enhanced antimicrobial
photodynamic activity”, by Andreas Spaeth, André Gragler, Tim Maisch/and Kristjan Plaetzer

Highlights

- Novel curcuminoids bearing cationic substituents were prepared by different synthetic

routes with good yields

- The derivatives exhibit excellent water solubility, improved photostability and low

aggregation.

- Effective photokilling of E.coli was possible without the addition of permeabilizing

agents

- Ten micromolar of the most active compound achieved a 7 log; decrease of E. coli

after light activation
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