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Psoralens are well-known photosensitizers, and 8-methoxypsoralen &8dtdnbethylpsoralen are widely used

in photomedicine as “psoralens plus UVA therapy” (PUVA), in photopheresis, and in sterilization of blood
preparations. In an attempt to improve the therapeutic efficiency of PUVA therapy and photopheresis, four poly-
(ethylene glycol) (PEG)psoralen conjugates were synthesized to promote tumor targeting by the enhanced
permeability and retention (EPR) effect. Peptide linkers were used to exploit specific enzymatic cleavage by
lysosomal proteases. A new psoralen, 4-hydroxymethgkdimethylpsoralend), suitable for polymer conjugation

was synthesized. The hydroxy group allowed exploring different strategies for PEG conjugation, and linkages
with different stability such ester or urethanes were obtained. PEG (5 kDa) was covalently conjugated to the new
psoralen derivative using four different linkages, namely, (i) direct ester bOn(i) ester linkage with a peptide
spacer 8), (iii) a carbamic linker @), and (iv) a carbamic linker with a peptide spack2)( The stability of these

new conjugates was assessed at different pHs, in plasma and following incubation with cathepsin B. Conjugates
7 and8 were rapidly hydrolyzed in plasma, whiewas stable in buffer and in the presence of cathepsin B. As
expected, only the conjugates containing the peptide linker released the drug in presence of cathepsin B. In vitro
evaluation of the cytotoxic activity in the presence and absence of light was carried out in two cell lines (MCF-7
and A375 cells). Conjugatésand8 displayed a similar activity to the free drug (probably due to the low stability

of the ester linkage). Interestingly, the conjugates containing the carbamate litkage12) were completely
inactive in the dark (I > 100uM in both cell lines). However, antiproliferative activity become apparent after

UV irradiation. Conjugatd 2 appears to be the most promising for future in vivo evaluation, since it was relatively
stable in plasma, which should allow tumor targeting and drug release to occur by cathepsin B-mediated hydrolysis.

Introduction (@) (b) H,
Psoralens are well-known photosensitizing drugs. 8-Meth- 7 N H.c— N
oxypsoralen (8-MOP) and 4,B-trimethylpsoralen (4,8-TMP) 0 o o ° [o) o Yo
are currently used in PUVA (psoralens plus UVA) therapy to OCH, CH

treat several skin diseases (Figuré ir),photopheresis to treat :
various autoimmune disorders, and to prevent rejection in organ

transplantatiod. Recently, furocumarins have been also pro- (c) (d)

posed as sterilizing agents for blood preparations. CH,OH

H
Photochemotherapy represents one of the usual treatments X

of cutaneous T-cell lymphoma (CTCL), which mainly affects N J A
the skin. PUVA therapy is mediated by the ability of such e} 0" Yo o) 0" ¢
derivatives to react, in the presence of light, with DNA, leading CH, CH,

to the formation of both mono- and bifunctional covalent adducts Figure 1. Psoralen structures: (a) 8-methoxypsoralen (8-MOP), (b)

with _p_y_rlmldlne bases:? Thl.s effect, however, 'a.Ck?’ tissue 4,?;’,8—trimethy|psoralen (4,5',8-TMP), (c) 4¥t$ydroxymethyl—4',é—di—

specificity. In an attempt to improve the therapeutic index, We ethyinsoralen (4-OHMeP), and (d) 4,4' 8-trimethylpsoralen (4.4’ 8-

decided to design polymepsoralens to increase the drug Tmp).

concentration inside the tumor cells. On the basis of our previous

experiencé,the drug was conjugated with poly(ethylene glycol)  Several studies have shown that the covalent conjugation of

(PEG) by means of a linkage designed to be selectively cleaveda |ow molecular weight anticancer agent to a water-soluble,

by lysosomal enzymes. biocompatible polymer alters the drug biodistribution, thus

improving its pharmacokinetic and pharmacodynamic prop-
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the poor lymphatic drainage ensures that the polymer is retainedScheme 1. Synthesis of 4-OHMeP (6)?

longer in the tumor tissue. This passive tumor targeting has been CH,CI
described as the “enhanced permeability and retention (EPR) X
effect”. The carried drug payload can then be released either 2,
externally, in the extracellular compartment, or inside the tumor HO OH HO L oo
cell after endocytic uptake. Tumor targeting by polymeric Chs 1 s 2
prodrug strategy has already been successfully applied to b Ox_CH3
photoactive drugs. However, porphyrin derivatives were mainly o
employedt2-15 CH,OH

On the basis of these considerations, polymer conjugates of X c o X
a new biologically active psoralen were synthesized and HO oo H cJ\o oo
chemically and biologically characterized in this study. First, a CHs 4 CHs 3
novel psoralen derivative was synthesized that contained a - -
reactive hydroxy group suitable for conjugation. Considering ‘d
the strong photosensitizing activity and the wide spectrum of CH,OH HeG CH,OH
mono- and bifunctional lesions induced by methylated psor- \ N
alens*6in particular of 4,48-trimethylpsoralen, a derivative HeC —=. 7
bearing a hydroxyl group in the pyronic ring, namely, 4-hy- 3 \n/\o 0”0 o 0" o
droxymethyl-4,8-dimethylpsoralen (4-OHMeP), was synthe- 0 CHs 5 CHs 6

sized (Scheme 1). The presence of a hydroxyl group could allow
the linkage to PEG through ester or carbamate moieties. PEG
was selected as polymeric carrier, due to its well-documented
biocompatibility, solubility in aqueous as well organic media,
low immunogenicity and antigenicity, good kidney excretion,
and its FDA approval for internal administrati®4’ Moreover,
PEG does not exhibit specific affinity for organs, reducing the
risk of toxicity. For this study, linear monomethoxy-PEG
(mPEG) (5 kDa) was selected as polymeric carrier, as the
presence of a single reactive group minimizes conjugate
heterogeneity?

The release of anticancer agents from polymeric carriers
outside or inside the target cell is a critical issue in a prodrug
approach? The conjugate must be sufficiently stable to survive

storage administration conditions and residence in plasma and

a (a) Ethyl 4-chloroacetoacetate, H,SO4 36 N, 100 °C, (51%). (b) Ac.0,
AcONa, reflux, (69%). (c) Aqueus KOH, reflux, (84%). (d) K,COjs
anhydrous, chloroacetone, DMF, 40 °C, (71%). (e) Ethanolic KOH 5%,
reflux, (30%).

DMSO were obtained from Sigma Chemical Co. (St. Louis, MO).
MCF-7 human estrogen dependent breast carcinoma cell line was kindly
donated by Tenovus, Centre for Cancer Research at Cardiff University.
The human malignant melanoma (A375) cell line was obtained from
ATCC (Rockville, MD). Culture media, fetal bovine serum, and
L-glutamine were purchased from GIBCO BRL Life Technologies
(Paiseley, UK).

The melting point determination was made using a Gallenkamp
MFB-595-010M melting point apparatus, and the values given are
uncorrected. Analytical TLC was performed on precoated 60 F254 silica
gel plates (0.25 mm; Merck); they were developed with a GH@&OH
mixture (9:1) unless otherwise indicated. Preparative column chroma-

to cross blood vessels unaltered, while able to release the activqography was performed using silica gel 60 (0.663L00 mm: Merck)

moiety selectively inside the target tissue by hydrolytic or

eluting with CHC}. 'H NMR spectra were recorded at 200 MHz on a

enzymatic cleavage. In this perspective, a rational design of theyarian Gemini-200 spectrometer or at 300 MHz on a Bruker Biospin
linker is a key factor to ensure the overall eﬁicacy of the system. spectrometer. Chemical shifi)(are reported in parts per million (ppm)
Four polymer conjugates were synthesized that differed only downfield from TMS used as internal standard, and the coupling
with respect to the linker used. 4-OHMeP was bound to constantsJ values) are given in hertz (Hz). Elemental analyses were
MPEG kpa by either an ester or an ester with the tetrapeptide obtained on all intermediates, and they are withi4% of theoretical
spacer Gly-Leu-Phe-Gly or a carbamic linkage or a carbamic values. RP-HPLC analysis were performed with Jasco HPLC system
linkage with the tetrapeptide spacer Gly-Leu-Phe-Gly. This (Japan) equipped with an Alltima C18 analytical column (20@.6
tetrapeptide spacer was chosen as it is selectively cleaved bymm) (Alitech, Italy) and when necessary with a preparative RP Jupiter

the lysosomal proteases cathepsiA’®! present and overex-
pressed in tumors while absent in blood.

To summarize, first a novel psoralen derivative was synthe-
sized. Then, novel PEG conjugates containing such derivative
were prepared and characterized. Finally, the biological profile
of these conjugates was assessed with respect to (i) drug relea
in different environments (mimicking those encountered in the
body) and (ii) the cytotoxic activity of the conjugates and the
free drug in MCF-7 and A375 cells.

Experimental Section

Materials and Equipment. Solvents and reagents were from Aldrich
Chemical Co. and Carlo Erba Reagenti (Milano, Italy). The PEG was
from Shearwater Polymer (Nektar, AL). The tetrapeptide H-Gly-Leu-
Phe-Gly-OH was synthesized by the University of Ferrara (ltaly).
Bovine cathepsin B was from Sigma Chemical Co. (St. Louis, MO) (1
mg of enzyme powder containing 11.36 units). 4 rimethylpsoralen
was a kind gift from Prof. Sergio Caffieri (Department of Pharmaceuti-
cal Science, Padova, ltaly). MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Norit A charcoal, dextran T-70, and

C18 10um, 300 A column, 250x 21.2 mm (Phenomenex), eluted
with MilliQ grade water with 0.05% TFA (eluent A) or acetonitrile
with 0.05% TFA (eluent B) (see methods). UVA exposures were
performed with a Philips HPW 125 lamp, equipped with a built-in
Philips filter; emission was in the 328100-nm range, with a maximum,

sqver 90% of the total, at 365 nm. Irradiation intensity, determined by

a radiometer (model 97503, Cole-Parmer Instrument Co.), was 0.9
107 W-m=2,

Synthesis of 4-Hydroxymethyl-4,8-dimethylpsoralen (4-OHMeP)
(6). The synthesis is described in Scheme 1. Each step is described
below.

4-Chloromethyl-7-hydroxy-8-methylcoumari{2). A mixture of
2-methylresorcin) (30.00 g, 241.7 mmol), concentrated sulfuric acid
(30.0 mL), and ethyl 4-chloroacetoacetate (32.7 mL, 241.7 mmol) was
heated at 100C under dry nitrogen. After the disappearance of the
starting material (2-methylresorcin) (4 h, TLC), the mixture was poured
into an ice-water mixture (500 mL), and the solid was collected by
filtration. It was washed with a large amount of water and crystallized
from methanol to give 4-chloromethyl-7-hydroxy-8-methylcouma)n (
Yield: 51%. Mp: 246°C.'H NMR (DMSO): ¢ = 10.54 (s, 1H, 7-OH),
7.54 (d,J = 8.8 Hz, 1H, 5-H), 6.89 (dJ = 8.8 Hz, 1H, 6-H), 6.42 (s,
1H, 3-H), 4.94 (s, 2H, CkCl), 2.16 (s, 3H, 8-Me). CDV
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Figure 2. Structures of mMPEG—4-OHMeP conjugates: mMPEG—OCH,COOMeP (7), NPEG—OCONH-Gly-Leu-Phe-Gly-CO-OMeP, (8) mPEG—
NHCOOMeP (9), MPEG—NHCO-Gly-Phe-Leu-GlyNH-COO-4-OHMeP (12).

4-Acethoxymethyl-7-hydroxy-8-methylcoumg8n A mixture of 2 MPEG-OCH,COOH. A solution d 5 g (1.0 mmol) of mMPEG-OH
(27.69 g, 123.3 mmol), acetic anhydride (100.0 mL), and anhydrous in 150 mL of toluene was dried by azeotropic distillation with a Dean
AcONa (30.00 g) was refluxed fo3 h until the starting material Stark tube. After cooling to room temperature, 6 mL (6.0 mmol) of a
disappeared (TLC). Water (100.0 mL) was added dropwise to the 1.0 M solution of potassiuntert-butoxide intert-butyl alcohol was
previous mixture and then it was stirred overnight at room temperature. added, the mixture was stirredrfa@ h at 25°C, and 1.17 g ofert-
The solid was filtered, washed with water, and crystallized from butyl bromoacetate (6.0 mmol) was then added. The resulting cloudy
methanol to obtain 4-acethoxymethyl-7-hydroxy-8-methylcoum@)in ( mixture was heated to reflux fd h and then it was stirred for 18 h at

Yield: 69.4%. Mp: 203C.*H NMR (DMSO): 6 = 7.65 (d,J = 8.8 50 °C, cooled to room temperature, and filtered with Celite to remove

Hz, 1H, 5-H), 7.17 (d,J) = 8.8 Hz, 1H, 6-H), 6.46 (&) = 1.4 Hz, 1H, KBr, and the volume was finally reduced under vacuum. To the obtained

3-H), 5.37 (d,J = 1.4 Hz, 2H,CH,OCOCH), 2.36 (s, 3H, 8-Me), tert-butyl-mPEG-carboxylate, 30 mL of a mixture of TFA/CHGEO:

2.18 (s, 6H, 2 OCQH,). 50 and 1% of water was added, and the mixture was stirred at room
4-Hydroxymethyl-7-hydroxy-8-methylcoumax4). A solution of temperature for 3 h. The solvent was removed under vacuum, and the

20% aqueous KOH (10.0 mL, 37.9 mmol) was slowly added to a resulting oil rinsed 810 times with CHGJ. This was treated with
solution of 3 (5.0 g, 17.2 mmol) in ethanol (300 mL). The mixture  diethyl ether (250 mL) to precipitate the wanted product as a white
was refluxed in the dark until the starting material disappeared (20 powder that was filtered and dried under reduced pressure. Yield: 4.2
min; TLC). It was then cooled and acidified with concentrated HCl to g, 95%.

obtain a white precipitate which was collected and washed with alarge  mMPEG-OCH,COOMeP(7). mPEG-OCH,COOH (400 mg, 0.0755
amount of water to give 4-hydroxymethyl-7-hydroxy-8-methylcoumarin  mmol) and 37 mg (0.1510 mmol) of 4-OHMeP were dissolved in 50

(4). Yield: 84.5%. Mp: >300°C. *H NMR (DMSO): 6 = 10.38 (s, mL of toluene, and the mixture was distilled azeotropically to remove
1H, 7-OH), 7.37 (dJ = 8.8 Hz, 1H, 5-H), 6.83 (dJ = 8.8 Hz, 1H, approximately 45 mL of solvent. The residue was suspended in 15 mL
6-H), 6.24 (t,J = 1.4 Hz, 1H, 3-H), 5.55 (t) = 5.4 Hz, 1H, CHOH), of dry chloroform, TEA (2QuL, 0.1132 mmol) added, and the mixture
4.69 (dd,J = 5.4 Hz,J = 1.4 Hz, 1H,CH,0OH), 2.16 (s, 3H, 8-Me). cooled at 0°C. HOBt (15.28 mg, 0.1132 mmol) and EDC (19.2 mg,
4-Hydroxymethyl-7-acetonyloxy-8-methylcoumar{®). Chloro- 0.1132 mmol) were also added. The slurry was stirred at room
acetone (10 mL, 13.1 mmol) and anhydrou€K; (2.40 g, 17.4 mmol) temperature for 15 h. The resulting yellow mixture was washed with
were added to a solution ef (1.35 g, 6.6 mmol) inN,N-dimethyl- 0.1 N HCI (2 x 20 mL) and this was washed in turn with fresh
formamide (120.0 mL). The mixture was heated at’@0for 6 h, the chloroform. The pooled organic phases were dried oveiS®aand

starting materials had then disappeared (TLC), and the reaction mixtureconcentrated at reduced pressure. The oily residue was then diluted
was poured into an icewater mixture (600 mL) with stirring. The with 20 mL of 2-propanol and left to crystallize af€. The pale yellow
precipitate was collected and washed with water to obtain 4-hydroxy- crystalline precipitate was washed with cold 2-propanol and diethyl
methyl-7-acetonyloxy-8-methylcoumarig)( Yield: 71.6%. Mp: 200 ether, yielding the wanted conjugat@) (that was dried at reduced
°C.H NMR (DMSO): 6 = 7.47 (d,J = 8.8 Hz, 1H, 5-H), 6.88 (d, pressure. The yield was 461 mg (85%). The 4-OHMeP loading was
J=8.8 Hz, 1H, 6-H), 6.31 (1) = 1.4 Hz, 1H, 3-H), 5.60 (t) = 4.96 2.08% (wt/wt). RP-HPLC: Phenomenex Jupiter C 18, eluents/H
Hz, 1H, CHOH), 4.98 (s, 2H, @H,COCH;), 4.72 (bd,J = 4.96 Hz, ACN + 0.05% of TFA, gradient time (% A) 0 min (90%), 30 min
2H, CH,OH), 2.25 (s, 3H, 8-Me), 2.18 (s, 3H, OGEOCHj3). (10%), 36 min (90%)tr = 24.3 min.*H NMR (CDCl3): 6 = 2.28 (d,
4-Hydroxymethyl-48-dimethylpsoralen (4-OHMeR®¥). To a solu- 3H), 2.58 (s, 3H, Ch), 3.36-3.87 (m, PEG’s Ch), 4.33 (s, 2H), 5.48
tion of 5 (4.6 g, 17.4 mmol) in ethanol (250.0 mL) was added slowly (s, 2H), 6.46 (s, 1H), 7.43 (s, 1H), 7.48 (s, 1H:HD.
a 5% KOH ethanolic solution (85.6 mL, 76.3 mmol). The mixture was Synthesis of MPEG-OCONH-Gly-Leu-Phe-Gly-COOMeP (8).
refluxed for 30 min in the dark until the starting material disappeared The structures of conjugates are shown in Figure 2.
(TLC) and then cooled and acidified with HCI. Ethanol was evaporated =~ mPEG-p-Nitrophenyl CarbonatemPEG-OH (2.5 g, 0.5 mmol),
from the mixture under reduced pressure and the residue extracteddried by azeotropic distillation, was treated under stirring at room
several times with EtOAc. The solvent was evaporated from the organic temperature for 18 h with an excess of 4-nitrophenyl chloroformate
phase, and the residue was purified by LC eluting with GHE&Vield (302 mg, 1.5 mmol) in dried dichloromethane in the presence of
4-hydroxymethyl-48-dimethylpsoralen€). Yield: 26.1%. Mp: 232 triethylamine (110.%L, 1.5 mmol). The triethylammonium salts were
°C.H NMR (DMSO) 6 = 7.87 (q,J = 1.3 Hz, 1H, 5H), 7.74 (s, removed by filtration with Celite, and the obtained mPR@iropheny!

1H, 5-H), 6.43 (t,J = 1.5 Hz, 1H, 3-H), 5.67 (tJ = 5.6 Hz, 1H, carbonate was recovered by addition of dried diethyl ether. The
CH,0OH), 4.86 (dd,J = 5.6 Hz,J = 1.5 Hz, 2H,CH,OH), 2.48 (s, 3H, precipitate was washed several times with fresh diethyl ether to remove
8-Me), 2.24 (dJ = 1.3 Hz, 3H, 4-Me). the adsorbed 4-nitrophenyl chloroformate. The degree of polymer

Synthesis of mMPEG-OCH,COOMeP (7). The structures of activation was determined spectrophotometrically at 400 nm by
conjugates are shown in Figure 2. measuring the released 4-nitrophenate after treating the producés\(}
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mg) with 50 mL of 0.2 N NaOH. Only product with 90% activation
was employed.
MPEG-OCONH-Gly-Leu-Phe-Gly-COOHTetrapeptide (H-Gly-
Leu-Phe-Gly-OH; 0.7044 mmol) in a water/acetonitrile (1:1) solution,
made alkaline by the addition of triethylamine (6 equiv), was added
portionwise to the activated polymer (mPE@-nitrophenyl carbonate)
(600 mg, 0.1174 mmol). After 18 h of stirring at room temperature,
the pH was adjusted to 3 viitL N HCI. The acetonitrile was removed

under vacuum and MilliQ grade water (30 mL) was added. The aqueous

solution was extracted with diethyl ether £330 mL) to remove the
excess of 4-nitrophenyl chloroformate, and the PE&rapeptide was
extracted with CHCl, (3 x 50 mL) until the aqueous phase was
negative to 4 assay. The combined GBI, extracts were dried over

NaSQ, and then evaporated under vacuum to about 3 mL. The resulting

oil was dropped into cold ethyl ether (150 mL), and storedifd at
4 °C. The precipitate was collected by filtration and then dried under
vacuum to obtain the product as a white powder. Yield: 545 mg, (86%).

MPEG-OCONH-Gly-Leu-Phe-Gly-CO-OMeR8). The mPEG-
OCONH-Gly-Leu-Phe-Gly-OH (545 mg, 0.1006 mmol) was dried by
azeotropic distillation and rinsed with 10 mL of anhydrous chloroform.
To the solution were added 0.1509 mmol of TEA, 49 m@&§0.2012
mmol), and, in sequence, 20 mg (0.1509 mmol) of HOBt and 28.9 mg
(0.1509 mmol) of EDC. Then, to the activated mPEGCONH-Gly-
Leu-Phe-Gly-OH, 49 mg of 4-OHMeP was added. The solution was
left stirring at room temperature for 18 h and then extracted with 5%
NaHCQ; and 0.1 M HCI. The organic phase was dried oves3,
filtered, and concentrated under vacuum. Finally it was dropped into
200 mL of ethyl ether. Yield: 427 g, 76%. The 40H-MeP loading
was 3.16% (wt/wt). RP-HPLC: Phenomenex Jupiter C 18, eluesidé H
ACN + 0.05% of TFA; gradient time (% A) 0 min (90%), 30 min
(10%), 36 min (90%)tr = 25.1 min.*H NMR (CDCl;): 6 = 0.9 (m,
6H, Leu), 3.38-3.85 (m, PEG’s Ch), 4.3 (s, CH Gly), 6,45 (s, 1H,
3-H).

Synthesis of MPEG-NHCOOMeP (9). The structures of conju-
gates are shown in Figure 2.

4-O-p-Nitrophenyl-oxycarbonyl 4-OHMgRO0). 4-Nitrophenyl chlo-
roformate (693 mg, 3.4392 mmol) was added to 140 mg (0.5732 mmol)
of 6 dissolved in 10 mL of anhydrous chloroform, while the pH of the
solution was made alkaline with 3.4392 mmol of TEA. The solution

was stirred under reflux for 18 h. Then the solvent was evaporated and

the oily product dissolved in 2 mL of chloroform. It was purified by

flash chromatography (mobile phase chloroform/ethyl acetate 85:15).

Yield: 196 mg, 84%. RP-HPLC: Phenomenex Jupiter C 18, eluents
H,O/ACN + 0.05% of TFA; gradient time (% A) 0 min (90%), 30
min (10%), 36 min (90%)fr of 4-nitrophenyl chloroformate was 13
min. *H NMR (DMSO): 6 = 8.5-7.65 (dd, 4H, CH dhb system),
7.9 (s, 2H, 5H, 3-H), 6.5 (s 1 H 5-H), 5.8 (s, 2H;~CH,0—), 2.3 (s,
3 H, 4-CHa).

MPEG-NHCOOMeP(9). mPEG-NH (5 kDa, 300 mg) (0.0537
mmol) was dried by azeotropic distillation and the resulting oil rinsed
with 20 mL of CH.Cl,, The pH of the solution was adjusted to 8 with
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Scheme 2. Synthesis of 122

o.__0O
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2 (a) 4-Nitrophenyl chloroformate, anhydrous chloroform, TEA, reflux.
(b) H-Gly-Leu-Phe-Gly-OH, anhydrous DMF, rt. (c) mPEG-NH,, anhydrous
DMF, TEA, HOBt, EDC, rt.

mmol) was added and then the solution was stirred overnight. The
solvent was removed under vacuum, and the product was washed with
diethyl ether. Yield: 122 mg, 63%. RP-HPLC: Phenomenex Jupiter
C 18, eluents KED/ACN + 0.05% of TFA, gradient time (% A) 0 min
(90%), 30 min (10%), 36 min (90%}r of 4-Hydroxymethyl-4 8-
dimethylpsoralen-COONH Gly-Leu-Phe-Gl¢ 21 min. A further
purification of the product was carried out by preparative HPLC C18:
Jupiter column, eluentsZ/ACN + 0.05% of TFA, gradient time (%A)
0 min (60%), 16 min (45%), 32 min (45%), 36 min (10%), 40 min
(60%); tr of 4-OHMeP-COONH Gly-Leu-Phe-Gly 23.5 min.

MPEG-NHCO-Gly-Phe-Leu-Gly-NHCOO-4-OHMd®P2). 11 (31.4
mg, 0.0473 mmol) was solubilized in anhydrous DMF (5 mL) and TEA
was added to reach alkalinity. To the drug solution were added in
sequence: HOBt (8.53 mg, 0.0946 mmol), then EDC (12.10 mg, 0.0946
mmol), and finally azeotropically dried mMPEG-NKL58 mg, 0.0316
mmol). The mixture was stirred for 18 h, the DMF was then removed,
and the residue was diluted with @El, (20 mL). This was extracted
with KH,PQO, solution (10%) and 0.1 M HCI. The organic phase was
anhydrified by NaSO, and precipitated by diethyl ether. Yield of crude
product: 143 mg. The powder was further crystallized from 2-propanol
and the overall yield was 53 mg (30%). The 40H-MeP loading was
3.24% (wt/wt). RP-HPLC: Phenomenex Jupiter C 18, eluentS/H
ACN + 0.05% of TFA; gradient time (% A) 0 min (90%), 30 min
(10%), 36 min (90%)tg = 17.8 min.*H NMR (DMSO): 6 = 8-8.2
(2s, 2H, B-H, 5-H), 7.45 (s, 6H, Phe), 6.65 (1s, 1H, 3-H), 5.7 (1s, 2H,
—CH;0—-), 4.25 (1s, 1H, Gly), 3.63.8 (border singlet, PEG’ s
—CH,—), 3.34 (1s, 3H, CKO, PEG) 2.5 (1s, 3H, Ciffuran), 1 (dd,
6H, CH; Leu).

Evaluation of the Total 4-OHMeP Content in the Conjugates.
The loading of 4-OHMeP was estimated by UV absorption (at 360
nm). First a calibration curve was prepared using 4-OHMeP. The UV
spectrum of PEG derivatives was then evaluated and then compared
with the hydrolyzed 4-OHMeP. Since the obtained curves were

TEA. 10(0.1074 mmol) was added to the PEG solution and the reaction comparable, we used the free drug molar extinction coefficient to

was stirred at room temperature for 24 h. The solvent was removed gyajyate the 4-hydroxymethyl-8-dimethylpsoralen content in the
under reduced pressure, and the remaining oil was then dropped intoconjygates (loading).

diethyl ether. Yield: 264 mg, 84%. The 40H-MeP loading was 3.68%
(wt/wt). RP-HPLC: Phenomenex Jupiter C 18, eluent©®HACN +
0.05% of TFA, gradient time (% A) 0 min (90%), 30 min (10%), 36
min (90%);tr of 4-nitrophenyl chloroformate (1% 13 min,tz of 9
(91%)= 18 min.*H NMR (CDCl;) 6 = 2.3 (s, 3H, CHfuran), 5.8 (s,
2H, —CH,0-), 6.5 (s, 1H, 5-H), 7.9 (s, 2H, 5-H!8), 7.65-8.5 (dd,
4H, CH aabb' system).

Synthesis of MPEG-NHCO-Gly-Phe-Leu-Gly-NHCOOMeP (12).

Measurement of 4-OHMeP Release from Conjugates in Vitro.
Hydrolysis of Conjugates by Cathepsin B at pH B%uffer solution
was prepared using 0.15 M KAQ;2H,O and 10° M EDTA (pH
5.5), and to this was added glutathion 4M) just before use. This
solution (850uL) was then added to cathepsin B (&0, 0.285 mg/
mL) in the same buffer and the mixture incubated for 5 min at@G7
Finally, 100uL of the conjugates (582g/mL 4-OHMeP equivalent)
was added to the previous solution. Conjugates were separately

The structures of the conjugates are shown in Figure 2. The synthesisdissolved in buffer (without enzyme) as a reference blank. At fixed

of conjugatel2is described in Scheme 2. Each step is described below.

4-Hydroxymethyl-48-dimethylpsoralen-COONH Gly-Leu-Phe-Gly
(11). H-Gly-Leu-Phe-Gly-OH (76.7 mg, 0.2931 mmol) was dissolved
in anhydrous DMF (5 mL). After alkalinization with TEA,0 (0.2931

intervals, samples (50L) were analyzed by HPLC (RP C18 column)
under the same conditions previously reported to evaluate the rate of
hydrolysis on the basis of the 4-hydroxymethyj84dimethylpsoralen

release. CDV
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Table 1. Characteristics of mMPEG—4-OHMeP Conjugates

4-OHMeP?
total free
compound structure (wt %) (% total)
Conjugate 7 mMPEG—CO-4-OMeP 2.08 <0.1
Conjugate 8 mMPEG—OCONH-GIly-Leu-Phe-Gly-CO-4-OMeP 3.16 0.5
Conjugate 9 MPEG—NHCO-4-OMeP 3.68 1.2
Conjugate 12 mMPEG—NHCO-Gly-Phe-Leu-Gly-NHCO-4-OMeP 3.24 1.9

a Determined by RP-HPLC

Hydrolysis of Conjugates in Mouse Plasriood (1 mL) was taken conjugates in 10@L of total volume). The cells were incubated with
from a female BALB mouse. It was centrifuged at 12 000 rpm for 1 the compounds, in the dark, for 1, 6, or 24 h and then irradiated with
min. The plasma (600L) was added to different solutions of conjugates a range of UVA doses (1.42, 2.48, and 5.68 KJ/nfFollowing
(130ug 4-OHMeP equivalent) dissolved in 7& of a PBS buffer pH irradiation, the medium was removed, and the cells were washed three
7.44 containingis M of KH,POQJ/NaHPQ, (pH 7.4). They were times with PBS and incubated with fresh medium for a further 48 h.
thoroughly mixed and incubated at 3. At fixed times samples (50 Finally, cell viability was evaluated by MTT assay as described above.
uL) were taken and added to acetonitrile (3@0) and the mixture
was centrifuged for 3 min at 12 000 rpm. The solvent was removed
and dried by centrifugation under vacuum. Then the residue was Results
solubilized with MilliQ grade HO (100uL) and analyzed by HPLC

using @ RP C18 column as descried above. As a reference control a  gynthesis and Characterization of PEG-4-OHMeP Con-
sample was also treated as above, but without plasma. jugates. A new psoralen derivative with an hydroxy group in
Evaluation of in Vitro Cytotoxicity (with and without UVA) the pyrone ring (4-OHMeP§) was successfully synthesized
IUS'”Q hth‘_a M;T Assa;gTTChg Ce”s';/”ef: were ma'r?ta'”eg &‘Et“;‘e (Scheme 1). NMR analysis confirmed the product identity (see
ogarithmic phase at in a 5% CQ atmosphere. D- Experimental Section for a detailed description of the charac-

(Dulbecco’s Modified Eagle’s) medium supplemented witiutamine . . .
containing fetal bovine serum (5%), 50 units Mlpenicillin and 50 tensnc.s peaks). Furthe(more, ho impurities were found by HPLC
analysis (detection limit 0.1%).

ug mL™! streptomycin was used for A375 cells. As phenol red is ) ) ) o )
mitogenic for MCF-7 cell€? all the experiments with MCF-7 were Subsequent conjugation of this derivative with PEG led to

performed in RPMI 1640 phenol-red-free medium (WRPMI), supple- the synthesis of a novel family of PE&@-OHMeP conjugates,
mented with charcoal-stripped fetal calf serum (SFCS, prepared aswhich differed for the type of linkage between PEG and
described previoust) (5%). As the growth of MCF-7 can be deeply 4-OHMeP (Figure 2). Conjugateésand 8 contained an ester
affected by the concentration of steroids in the medium, it was decided bond, but the latter also included a tetrapeptide spacer (Gly-
to use a medium in which the concentration of steroid was constant. _eu-Phe-Gly). To increase the stability of the PE@oralen
For this reason, SFCS supplemented with a known concentration of linkage, two more conjugates were synthesized that contained
estradiol (10° M) was used in all the experiments carried out with 5 more stable carbamate bond. These were conjugaed12
this cell line. _ (Figure 2). Conjugat@2 contained also the tetrapeptide spacer.
Growth inhibition was evaluated using the MTT assay. Free drug | this case, the carboxy terminal of the tetrapeptide spacer was
or conjugate (dissolved respectively in DMSO or in water, prepared iy o to the amino PEG, while the amino terminal was bound
immediately before the experiments) was added to tissue culture y, yho gryq to form a carbamate linkage. In all cases, covalent
medium to give a final solvent concentration of 0.3%urthermore, binding between 4-OHMeP and PEG was confirmed by HPLC
to ensure that this was nontoxic, an equivalent amount of DMSO was as the compound eluted as a single peak. Furthermore, NMR

always present in the medium of the control. h d the ch teristi ks of the th . ts:
Briefly, (4—5) x 10° cells/well were seeded in 96-well microplates showe € charactenstic peaks of Ine three main components.

in medium (10QuL) and incubated at 37C. After 24 h (for A375) or psoralen, PEG, gnd, in the C,aseajand 1,2’ also the peptide

4 days (for MCF-7) the medium was removed and replaced with a lINKer (see Experimental Section for details of these peaks). The
fresh medium containing the test compound (3:12804M 4-OHMeP conjugates were characterized with respect to the total drug
equivalent) in quadruplicate. This different time profile was chosen to content and the residual free drug by UV analysis (these
ensure that the incubation was carried out during the cells’ exponential Characteristics are summarized in Table 1). In all cases, the total
growing phase. After 67 h, MTT (10L of a sterile-filtered 5 mg/mL content of 4-OHMeP was approximately 3% wt/wt (range 3.24
solution in PBS) was added, and the cells were incubated for a further 3.68). The residual free drug was always below 1.9% wt/wt of
5 h. The medium was then removal carefully and the precipitated the total drug content. The yield of the conjugation was between

formazan crystals were dissolved in optical grade DMSO (d0Mmver 30% and 85% (the lowest value was obtained for conjufjate
30 min at 37°C. Absorbance at 540 nm was measured using a as it required a two-step purification).

microplate reader (Bio-Rad). The mean absorbance for each concentra- Effect of Linker on Rate of 4-OHMeP ReleaseConjugates
tion was expressed as a percentage of the control value obtained for.

. ) 0
untreated cells. The drug concentrations that reduced growth by SO%Z glndl 8. We}:e Nblo tt? rl‘;i.p'dly 3hygrowv\7l$? Ibn tglasgg (100%
with respect to the untreated control {ivalues) were estimated. ydrolysis arter ) (Figure 3a,b). lie botit ando were

To evaluate the growth inhibitory effect of the free or conjugated stable at pH _5'5{20% drug release af_ter 25 h), the Iatt_er was
drug following exposure to UVA activation, the cells were seed in a hYdrF’!yzed in pre;ence of cathepsin B,UZ( = 45 min).
96-well plate as described above. After 24 h or 4 days the medium S'Qn'f'cam hyd_ronSIS occurred also after IncubatI(_)nQGﬁnd
was removed and replaced with fresh medium that contained the free12in plasma (Figure 3c,d). However, with these conjugates drug
drug or the PEG-conjugated drug. In all cases, the cells were incubatedrelease was markedly more gradual than for conjugatesd
with the highest concentration that had shown no discernible effect on 8 and a complete drug release was reached only after 25 h.
growth in the cytotoxicity studies performed in the absence of light Interestingly, drug release in presence of cathepsin B was only
(i.e., 5uM for 4-OHMeP and 5uM 4-OHMeP equivalent for the observed when the peptidyl linker was present {far~40% CDV
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(b) Table 2. Antiproliferative Activity of 4-OHMeP and Its Conjugates
100 100 — :7 against A375 and MCF-7 Cells without UVA Light
,‘:g 80 § 80 cytotoxicity [ICso?? + SD€ (uM)]
g 2 compd A375 MCF-7
- 60 > 60 p
2 2 4,4'8-TMP >100 >100
37 £ 401 4-OHMeP (6) 34.89 + 1.91 37.41+ 1.88
2 20 A 2 20 4 conjugate 7 48.12 £+ 1.97 65.87 + 2.25
a o a *g : conjugate 8 59.89 + 2.15 67.96 + 2.35
2 3 45 6 2025 /; conjugate 9 >100 >100
1234562025 conjugate 12 >100 >100
Time (h) Time (h)
© @ 2|Cs values were calculated by probit analysis (P < 0.05, y?-test); cell
10— 00— wn viability was measured by MTT test. » Data are presented as 4-OHMeP
£ 3 equivalent. ¢ SD = standard deviation.
£ 80 S 80 -
8 <
o5 e
g 60 < 60 - 24h
8 2 __100
2 40 $ 40 /) S 80
2 ) z
5 20 S 20 - £ 60
% o 3
0 0 20 5 40
01234562025 0123456 2025 T 20
Time (h) Time (h) ] 0
Figure 3. Release of 4-OHMeP from the mPEG—4-OHMeP conju- 0 s 4 6 > 4 ! (I) ; "1
gates at different pH and in the presence of plasma or cathepsin B: 0 UVA dose (kJ_m,2)6 6
(a) conjugate 7, (b) conjugate 8, (c) conjugate 9, and (d) conjugate
12. In each case the conjugates were incubated in buffer at pH 7.4 6h 24 h
or 5.5 and in mouse plasma or cathepsin B, respectively. Release of ,.JOO
4-OHMeP was determined by HPLC. Symbols: @, pH 7.4; &, pH 7.4 X 80
+ plasma; A, pH 5.5; v pH 5.5 + cathepsin B. -‘?60
( 3
b .2 40
100 N =
20
80 ©5

T 1 1
0 2 4 6 0 2 4 6 0 2 4 6
UVA dose (kJ-m?)

Figure 5. Antiproliferative activity of 4-OHMeP and its conjugates
against A375 cells (panel a) and MCF-7 cells (panel b) in presence
of UVA irradiation. The tested compounds were added in fresh
medium at a final concentration of 5 uM for 1, 6, or 24 h (5% CO, at
37 °C). After incubation the cells were irradiated, the medium was
removed, and cells were washed three times with PBS and incubated

Cell viability (%)
B D
o o

Cell viability (%)

N
o

T T
0 20 40 60 80 100 0 20 40 60 80 100

Concentration (UM)

Concentration (uM)

Figure 4. Antiproliferative activity of 4-OHMeP and its conjugates
against A375 cells (panel a) and MCF-7 cells (panel b) without UVA
activation. Drug exposure was for 72 h. Cell viability was evaluated

with fresh medium for 48 h. Cell viability was measured by MTT test.
Values are the mean (+SD) of three independent experiments.
Symbols: a, conjugate 7; ¥, conjugate 8; 4, conjugate 9; M, conjugate
12; —@—, 4-OHMeP; - -@- -, 4,4’ 8-TMP; O, UVA light.

by the MTT test. Values are the mean (£SD) of three independent
experiments. Symbols: A, conjugate 7; v, conjugate 8; 4, conjugate

! Subsequently, the l§g values (the UVA doses that reduced
9; A, conjugate 12; —@—, 4-OHMeP; - -@- -, 4,4' 8-TMP.

cell growth to 50% when delivered in the presence of a given
concentration of tested compound) were also determined in
release after 25 h; Figure 3d), whifewas completely stable = MCF-7 and A375 cells (Figure 5 and Table 3). 4-OHMeP and
under these condition (less than 10% drug release after 25 h;4,4,8-TMP showed similar antiproliferative activity in both cell
Figure 3c). lines. For example, in A375 cells, thedgafter 24-h incubation

In Vitro Cytotoxicity with and without UVA Activation. was 0.52 and 0.58 kJArfor 4,4,8-TMP and for 4-OHMeP,
The cytotoxicity of 4-OHMeP and the PE@-OHMeP con- respectively. Once again, the inhibitory effect showed laynd
jugates against A375 and MCF-7 cell lines was first established 8 was similar to that of 4-OHMeP in both cell lines. Also
in the absence of UVA. Their activity was compared to that of Conjugated and12 were active after irradiation, although to a
trimethylated psoralen, 4,8-TMP, which was previously lesser extent than conjugatés and 8. In all cases, the
studied® (Figure 4 and Table 2). 4-OHMeP showed a growth antiproliferative activity increased at higher UVA dose.
inhibitory potency markedly higher than 48 TMP (ineffective,
as expected, in these conditions), withd@alues ranging from
34 to 37 uM (for A375, MCF-7 cell lines, respectively).
Interestingly, the conjugates that contained the ester linkage The conjugation of a low molecular weight drug to a
showed a very similar toxicity profile to that of the free polymeric chain to achieve selective tumor targeting is not a
4-OHMeP. This was apparent both in MCF-7 and in A375 cells. novel concept. It was first theoretically suggested more than
However, the conjugates containing the carbamate linkge ( 30 years ag® and since then several conjugates carrying well-
and12) were completely inactive (I > 100xM in both cell known chemotherapeutic agents (e.g., doxorubicin, paclitaxel,
lines). and platinates) have undergone clinical evalua%ﬁ)‘ﬂowever,CDV

Discussion
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Table 3. Antiproliferative Activity of 4-OHMeP and Its Conjugates against A375 Cells and MCF-7 Cells in Presence of UVA Irradiation

cytotoxicity [IDso? £+ SD? (kJ-m?)]

A375 cells MCF-7 cells
compd 1h 6 h 24 h 1h 6 h 24 h
4,4,8-TMP 1.02+0.3 0.91 + 0.02 0.52+ 0.01 1.72 £0.12 1.58+ 0.11 0.85+ 0.01
4-OHMeP (6) 1.48 +£0.34 1.41 +£0.07 0.58 + 0.02 1.92+0.21 1.80 +£0.12 1.31+0.21
conjugate 7 241+0.72 1.86 £ 0.17 1.17 £ 0.32 3.78+1.34 2.81+0.23 1.90 + 0.06
conjugate 8 2.86 + 0.56 249 +0.64 1.26 + 0.45 488 +1.23 3.93+1.34 2.50 + 0.66
conjugate 9 10.40 £ 145 9.20 £1.95 7.88 +1.33 12.48 £ 1.56 8.74 £ 1.76 5.05+ 1.28
conjugate 12 1452 £ 2.15 13.09 + 1.45 10.20 £ 0.98 14.10 £ 1.45 12.03 £ 2.01 9.45+1.13

2|Dso: UVA dose that induces a 50% inhibition of cellular growth when delivered in the presence of 5 uM drug concentration; cell viability was measured

by the MTT test. » SD = standard deviation.

few studies have been reported suggesting the use of potymer
drug conjugate to deliver photodynamic therapyhis approach

Cytotoxicity studies in the absence of light showed that

4-OHMeP @) was more active than the parent compound &4

presents a double advantage. First of all, the use of a polymericTMP. This is consistent with previous studies carried out on
carrier guarantees passive tumor targeting by the EPR effect.another group of psoralen derivatives (benzopsoralens). In these
Furthermore, as such compounds are inactive in the absence oflerivatives, the addition of an hydroxymethyl group in the

light, activation selectively occurs only in irradiated areas.

position 4 of the pyronic ring led to an increase of the biological

Porphyrins derivatives are the most known phototherapeutic activity in the absence of light The cytotoxicity of the

agents. An HPMA conjugate that contained mesochiériras

conjugates correlates well with the release profile. The activity

recently described. Such a conjugate displayed increased activityfound for conjugat@ and8 can be attributed to the poor stability
in vitro and in vivo when administered in combination with  of the linker. Interestingly, although completely inactive in the

chemotherapy? Furthermore, a lyposomal formulation contain-
ing a PEG-tetraarylporphyrin conjugate was descriBé&®so-

dark, conjugate8 and12 were active following UV irradiation.
This has important implications. In all cancer treatment,

ralens are an alternative class of photosensitizer drugs alreadymaximum activity is requested at the target site while absence
used in therapy. These derivatives present an advantage ovepf activity is desirable in all the other tissues. Conjugafe

porphyrins. While the latter are activated by irradiation to as relatively stable in plasma and completely inactive in the
produce the very reactive and poorly selective singlet oxygen, gark. However, exposure to the light transformed it to an active

psoralen? directly photobind to DNA (after irradiation UVA

compound. Therefore, conjugat?2 may present a double

A ~ 365 nm); hence, they are more specific. Here, the first {5rgeting mechanism: EPR and light.

polymer conjugates that contain psoralens were described.
Polymer-drug conjugates are generally designed to achieve
lysosomotropic delivery of the drug. A careful and rational
design of the linker is therefore essential. Among the linkages
explored in this study it was evident that the ester linker was

Conclusions

In this study, a novel family of polymerdrug conjugates

poorly stable. Indeed, the conjugates that contained the estelcontaining psoralen was described for the first time. The stability
linkage released the whole drug content in less than 1 h. Thls_ of conjugatel2 in plasma, its lack of activity in the dark, and
was not totally unexpected, due to the presence of esterases ifs photoactivation after UVA exposure indicate great potential

the blood. Previous studies reporting the use of an ester bondsq this compound. In vivo studies are strongly warranted to
showed contradictory results that depended on the nature of theeyify if tumor targeting is achieved and to confirm its activity.

polymer chain used. For example, the HPMA copolymer

paclitaxel conjugate was poorly stable resulting in a premature References and Notes

drug release and consequently in toxic eff@2t3n the contrary,

the polyglutamic acid (PGA)paclitaxel conjugate was stable
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