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Abstract

The synthesis of two new macromolecular prodrugs for active tumor targeting was set up. Gemcitatdéoxy22,2 -difluorocytidine) was
conjugated tax,B-poly(N-2-hydroxyethyl)pL-aspartamide (PHEA) through succinyl or diglycolyl hydrolysable spacers. The targeting agent
folic acid was attached to the macromolecular backbone through the aminocaproic spacer. The two conjugates’ {BiEEn(gemcitabine)-
1'-carboxypentyl-folamide and PHEA(8iglycolyl-gemcitabine)-tcarboxypentyl-folamide], were purified and extensively characterised by
spectroscopic (UV, IR and NMR) and chromatographic analyses to determine the correct chemical structure, the purity degree and the reactic
yield. Invitro studies demonstrated that the drug release depends on the spacer arm (diglycolyil or succinyl) and incubation pH. After 30rh incubatio
at pH 7.4, mimicking the plasma and extracellular compartments, the gemcitabine release from the succinyl and diglycolyl derivatives was 28 an
31%, respectively. After 30 h incubation at pH 5.5, mimicking the lisosomial compartment, the drug released from both bioconjugates was lower
than 13%. In plasma, the polymer conjugation increased the drug stability and provided for a sustained drug release. In vitro citotoxicity studie:
performed using human nasopharyngeal epidermal carcinoma KB cells demonstrated that RBiE&HEyIgemcitabine) dcarboxypentyl-
folamide displays an higher dose dependent cytotoxic effect with respect to PHiEREEolyl-gemcitabine)-tcarboxypentyl-folamide.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Polymeric conjugates; Gemcitabine; Polyaspartamide; Folic acid; Folate-mediated targeting

1. Introduction uterus, testis, brain, colon, lung and myelocytic blood célis (
and Low, 2002; Weitman et al., 199Zolic acid conjugated
The therapeutic performance of anti-cancer drugs is oftedrugs or drug carriers has been demonstrated to accumulate into
compromised by their low selectivity for cancer cells and unactumour cell by folate receptor-mediated endocytosis &nd
ceptable toxicity to normal tissues. Targeted drug delivery systow, 2002; Wang and Low, 1998
tems can optimise the therapeutic index of anti-tumour drugs by Since its targeting properties, folic acid was exploited for
increasing the disease tissue/normal tissue drug concentratiselective delivery of imaging agenté/ang et al., 1996, 1997
ratio. genesReddy et al., 2001 Benns et al., 20Qtherapeutic agents
In the recent years, the interest for the identification of lig-(Lee et al., 2002; Li et al., 1998; Ladino et al., 1993roteins
ands able to recognise specific cancer cells as target sites hlieamon and Low, 1994; Leamon et al., 199Bosomes|(ee
grown enormously. Among targeting agents directed to memand Low, 1994, nano-particles and other macromolecular or
brane bound tumour associated antigens or receptors there a@pramolecular systems to tumour tissues. Soluble polymers, in
vitamins, hormones and antibody derivatives. particular, have been successfully used to increase the drug pay-
Folic acid is a typical example of low molecular weight tar- load, promote the tumour accumulation by passive mechanisms
geting agent since the folate receptor is over-expressed by (Matthews et al., 1996; Garnett, 2Q0&nhance the stability and
number of human tumours, including cancer of ovary, kidneysolubility of active agents, modify their pharmacokinetic profiles
and allow for drug release in selected biological environments
(Matthews et al., 1996; Garnett, 2001
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non-antigenic and non-immunogenic, protein-like structuredrom Waters) equipped with a direct-connect guard colurg C

polymer already proposed as plasma substitute. Since its mulwWaters) was used. The HPLC method was used to evaluate

tifunctional character, PHEA was demonstrated to be a suitablinhe purity of all synthesized compounds and to assess the drug

carrier for anti-inflammatoryGiammona et al., 199lantiviral  released amount during in vitro incubation studies.

(Giammona et al., 1992, 199&nd anticancer drug€avallaro Molecular weights of conjugates were determinated by SEC

et al., 2001, 200¢ In order to exploit the carrier properties chromatographic system equipped with a 410 differential refrac-

of PHEA, new bioconjugates were synthesised by attachmentmeter (DRI) from Waters (Milford, MA, USA) as concentra-

of gemcitabine (22-difluorodeoxycytidine) Klertel et al., tion detector. A standard SEC method was used to determine

1988 and folic acid as targeting agent to cancer cells to thenolecular weight of conjugates consisting of DMF +0.01 M

polymeric backbone. Gemcitabine was used because of ilsBr as mobile phase, 50C, 0.6 ml/min and two Phenogel

activity spectrum against human solid tumokeftel et al., columns from Phenomenex (Sparticle sizes 1®and 1¢ of

1990; Braakhuis etal., 1991; Csoka et al., 8% tumour cell  pores size). The molecular weights were estimated based on

lines which overexpress folate recept@vfditman et al., 1992  PEO/PEG standards (range 318.000—4.000 Da).

Nevertheless, gemcitabine displays adverse properties such as

short half-life and haematological and renal toxicijb(att et  2.2. Materials

al., 1994. The new derivatives were obtained by drug attach-

ment through two different hydrolysable spacers, diglycolyland Gemcitabine HCI (2deoxy-2,2-difluorocytidine mono-

succinyl moieties, which allow for the drug release. The solubil-hydrochloride) (GEMHCI) was a gift of Eli Lilly. Folic acid,

ity and stability of the two derivatives as well as their selectivity pL-aspartic acid, succinic anhydride, diglycolic anhydride,

towards folate receptor over-expressing cells was evaluated. s-aminocaproic acid, ethanolamine, "t¢hrbonyldiimidazole
(CDI), triethylamine (TEA) and acetone were purchased

2. Materials and methods from Fluka (Buchs, Switzerland). AnhydrousnN,N-
dimethylformamide (DMF), anhydrous dimethylacetamide
2.1. Apparatus (DMA), diethylether, buthanol and Sephadex G-25 were from

Aldrich (Steinheim, Germany). Methanol and chloroform
Infrared spectra were obtained using a Perkin-Elmer 172@0ere from Merck (Darmstadt, Germany). All other chemicals
IR Fourier Transform Spectrophotometer in potassium bromidevere reagent grade. Foetal calf serum was obtained from
disks. GIBCO (Grand Island, NY). Folate-depleted Dulbecco’s
Ultraviolet (UV) spectra were recorded by using a Perkin-modified Eagle’s medium (DMEM), glutamine solution,
Elmer 330 Instrument equipped with a 3600 Station. penicillin—streptomycin—amphotericin B solution, trypsin
Elemental analysis (C, H, N) was carried out on a Carlo Erbaolution, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
model 1106 analyzer. bromide (MTT), sterile PBS and sodium dodecyl sulphate
The mass spectra were obtained using a Hybrid Quadrupol€SDS) were purchased from Sigma (St. Louis MO, USA).
TOF LC/MS/MS Mass Spectrometer (manufactured by Perkin- PHEA was prepared and purified according to a previously
Elmer Sciex Instruments) equipped with an AdMeMacintosh  reported procedureGiammoma et al., 1997 The weight-
System 8.6 Hardware operating with TOFTune 1.5b37 softwaraverage molecular weight of PHEA, measured by SEC, was
by using the FAB Technique. 52,200 DaM,,/M,, = 1.72).
The 'H NMR spectra were obtained by a Bruker AC-250 Human plasma was obtained from voluntary healthy blood
instrument operating at 250.13 MHz. A size exclusion chro-donors.
matography (SEC) system was used for determination of weight
average of molecular weight, using two Ultrahydrogel (10002.3. Synthesis of 5'-succinyl-2'-deoxy-2',2’ -difluorocytidine
and 2504 of pores size) columns from Waters (Mildford, MA, monohydrochloride (5 -succinylgemcitabine) (1)
USA) eluted with 0.15M NacCl at a flow of 0.8 ml/min. The
chromatographic system was equipped with a 410 differential Succinic anhydride (66.3 mg, 0.66 mmol) and TEA (3}

refractometer (DRI) from Waters. were added to a solution of 132 mg (0.44 mmol) of GH@I
Centrifugations were performed using a Centra MP4R IEAQn 8 ml of an 85:15 (v/v) anhydrous DMA/DMF mixture. The
centrifuge. reaction mixture was kept under stirring for 24 h and then added

Purification by silica-gel chromatography was carried outof further 22.1 mg (0.22 mmol) of succinic anhydride anduB1
using a Chromatotron model 7924T equipped with a 1 mm silicaf TEA. After 24 h stirring the mixture was dried under vacuum

gel 6(bg_254r0tor layer. and the oily residue was treated with 8 ml of chloroform/diethyl-
TLC analyses were performed on silica gel Plate 6§4F ether 3:1 (v/v) and the fine precipitate dried. The reaction yield
(Merck) and on RP-18 silica gel platt%f1 (Merck). was 90% based on gemcitabine HCI. The final product was anal-

HPLC analyses were carried out on a system consisting of gsed by HPLC by using sodium acetate 0.4 M pH 5.6/MeOH,
Agilent Liquid Chromatography 1100 Series (with adl®oop),  90:10 (v/v) as mobile phase at a flow rate of 1 ml/min and mon-
a spectrophotometric Detector 1100 on line with a computerizedtoring the elute ak =269 nm. The product was characterised
HP workstation. In the HPLC method, a reversed phage C by mass spectrometry, elemental analysis, UV, IR&HIMR
column @Bondapak; 1wm of 250 mmx 4.6 mmi.d., obtained spectroscopy.
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The mass spectrum obtained by FAB technique showed th@.113mol 1) or 2 (45mg/ml, 0.097 mol 1), respectively
M+H"* at mle 399 corresponding to succinyl derivative of in anhydrous DMF. The mixture was maintained under stir-

GEM-HCI.
Elemental analysis for {3 H1g F2 N3 O7 Cl. Calculated: C,

39.09; H, 4.01; N, 10.52. Found: C, 43.11; H, 4.71; N, 11.89.

ring at 0°C for 30 min and then was added drop-wise to 2ml
of anhydrous DMF containing PHEA (135.2 mg, 0.0026 mmol,
corresponding to 0.85 mmol of repeating units, for the synthe-

UV spectrum ofl (methanol) showed an absorption in the sis of conjugate and 114.6 mg, 0.0022 mmol, corresponding

range between 230 and 350 nm with a maximum at 269 nm.

IR [KBr]: 3300-3500cm! (v —OH, NHy), 1734cmi! (v
C=0 ester), 1710cmt (v C=0 carboxylic), 1683cm! (v
=N-C=0-N=).

IH NMR (DMF-d7) § (ppm): 8.67 (s, 2H*C—NH>), 8.04
(d, 1H, H-6), 6.60 (s, 1H¥C—-OH), 6.31 (d, 1H, H-1), 6.15
(d, 1H, H-5), 4.45 (m, 1H, H/3, 3.95 (m, 1H, H-4, 3.88
(m, 2H, H-Ba, H-8b), 2.66 (m, 4Hprotons of succinic group
—CO-CH2-CH2-CO-).

2.4. Synthesis of 5’-diglycolyl-2'-deoxy-
2,2 -difluorocytidine monohydrochloride
(5'-diglycolyl-gemcitabine) (2)

Diglycolic anhydride (87.6 mg, 0.75 mmol) and @bof TEA
were added to a solution of 150 mg (0.50 mmol) of GEGI

in 9.5 ml of an 85:15 (v/v) anhydrous DMA/DMF mixture. The

to 0.72mmol of repeating units, for the synthesis of conju-
gated). The reaction mixture was kept under inert atmosphere
and stirring at 0C for 10 min, at 9C for 1 h and then was
maintained at room temperature under inert atmosphere and
stirring for 4 days. After this time the reaction mixture was
added drop-wise to 100 ml of butanol. The obtained suspension
was centrifuged at 4C for 3min at 10,000 rpm, then treated
several times with methanol, centrifuged and dried under low
pressure. The obtained residue (135 mg@ aihd 120 mg o)
was dissolved in distilled water, purified by gel permeation on
a Sephadex G-25 column (1cm diameter, 80 cm length) and
finally lyophilised. The final product was analysed by HPLC.
The amount of unlinked drug in the conjugates was evaluated
less than 0.2% (w/w).

Conjugates3 and4 were characterised by UV, IR arltH
NMR spectroscopy.

UV spectrum of conjugat8 in the range between 230 and

reaction mixture was kept under stirring for 22 h and then wagl00 nm shows an absorption maximum at 267 nm, absent in the
added of further 29.2 mg (0.25 mmol) of diglycolic anhydride spectrum of PHEA. The UV spectrum of conjugaten the

and 17ul of TEA. After 22 h stirring the solvents were elimi- range between 230 and 400 nm shows an absorption maximum
nated under vacuum and the oily residue was treated with 8 ndt 269 nm, absent in the spectrum of PHEA.

of a 3:1 chloroform/diethylether (v/v) mixture. The fine pre-

IR spectrum (KBr) of conjugaté showed a broad band

cipitate was dried under vacuum. The yield was 85% based ocentred at 3300-3500 cth (OH; —NH—; —NH,) and bands at
gemcitabine—HCI. The final product was analysed by HPLC by1739 cnm (v C=0 ester group), 1660 cnt (amide I, PHEA)
using sodium acetate 0.4M pH 5.6/MeOH, 90:10 (v/v) withand 1545 cm? (amide Il, PHEA). IR spectrum (KBr) of conju-

1 ml/min flow rate and monitoring the eluateiat 269 nm. The

gate4 showed a broad band centred at 3300-3500'c(®H;

purified product was characterised by mass spectrum, elementaNH—; —NH,) and bands at 1739 cmh (v C=0 ester group),

analysis, UV, IR andH NMR spectroscopies.

1660 cn! (amide |, PHEA) and 1549 crd (amide II, PHEA).

The mass spectrum obtained by FAB Technique shows the 'H NMR (DMF-d;) of conjugate3, § (ppm): 8.04 (d,
M +H™* atm/e 416 corresponding to the diglycolyl derivative of 1H, H-6), 6.01 (d, 1H, H-9, 5.68 (d, 1H, H-5), 4.75

GEM-HCI.
Elemental analysis for {3 Hig F2 N3 Og Cl. Calculated: C,

41.16; H, 3.85; N, 11.07. Found: C, 42.05; H, 4.15; N, 11.79.

(1H —NH—CH(CO)CH-), 4.32-3.99 (m, 4H, H‘3 H-4,
H-5a, H-8b), 3.60 (m, 2H, CH-CH,—OH), 3.36 (m, 2H
—NH—-CH,—CH,—0H), 2.69 (m, 4Hprotons of succinic group,

UV spectrum of2 (methanol) showed an absorption in the -CO-CH2-CH2-CO-). 'H NMR (DMF-d;) of conjugatet, §

range between 230 and 350 nm with a maximum at 269 nm.

IR [KBr]: 3300-3500cm! (v —OH,~NH>), 1730cm! (v
C=0 ester), 1717cm!t (v C=0 carboxylic), 1684cm! (v
=N—-C=0-N=).

IH NMR (DMSO-as) § (ppm): 7.71 (s, 2H*C-NH,), 7.53
(d, 1H, H-6), 6.56 (s, 1H* C—OH), 6.15 (d, 1H, H-1), 5.86 (d,
1H, H-5), 4.38 (m, 1H, H-3, 4.24 (m, 1H, H-4), 4.00 (m, 2H,
H-5a, H-8b), 2.51-2.42 (m, 4Hprotons of diglycolic group,
—CO-CH,—O—CH,—CO-).

2.5. Synthesis of PHEA-(5'-succinylgemcitabine) (3) and
PHEA-(5'-diglycolyl-gemcitabine) (4) conjugates

One milliliter of 1,1-carbonyldiimidazole (CDI) solution in
anhydrous DMF (66.2 mg/ml, 0.40 mott for the synthesis of
conjugate3 and 56.4 mg/ml, 0.113 molt! for the synthesis of
conjugatet) was added at @C to 3 ml solution ofl (45 mg/ml,

(ppm): 7.75 (d, 1H, H-6), 6.38 (d, 1H, H)1 5.50 (d, 1H, H-
5), 4.75 (1Hproton of PHEA —NH—CH(CO)CH,—), 4.16-3.99
(m, 4H, H-3, H-4, H-5a, H-8b), 3.52 (m, 2H,protons of
PHEA —CHy—CH,—OH), & 3.25 (m, 2H, proton of PHEA

—NH—-CH,—CH;—0H), 2.61-2.52 (m, 4Hgrotons of diglycolic

group, —CO-CH2—O—CH2—CO-).

The content of linked drug in the conjugates was evaluated
by alkaline hydrolysis, followed by HPLC and confirmed by UV
analysis in water.

By alkaline hydrolysis, performed in KOH 0.1N, without
degradation of GEMHCI, the amount of linked drug was esti-
mated equal to 9.4 molar percent for conjugdteand 9.1
molar percent for conjugatk by UV analysis, comparin@%‘g{*gJ
value of gemcitabine linked to the polymet @ =331+0.9,
in water) with that of GEMHCI (E3% = 2450, in the same
medium), a value of linked drug equal to 13.5 and 13.1% (w/w),
respectively were found corresponding to 9.6 molar percent for
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conjugate3 and 9.2 molar percent for conjugadeof linked
drug.

jugate6 and 7.7 mg, 0.047 mmol, for the synthesis of conjugate
7) in anhydrous DMF. The mixture was maintained under stir-
ring at 0°C for 30 min and then added drop-wise to a solution
of 3 or 4 (66 mg, corresponding to 0.35 and 0.37 mmol of free
repeating units of PHEA foB and4, respectively) in 3 ml of
the same anhydrous mixture. The reaction mixture was main-

Folic acid (100mg, 0.23mmol) in 6ml of 2:1 anhy- tained at room temperature under inert atmosphere and stirring
drous DMSO/DMF mixture was reacted at© with 74mg  for three days. After this time the reaction mixture was added
(0.45 mmol) of CDI dissolved in 2 of anhydrous DMF. To the drop-wise to 50 ml of diethylether and the obtained suspension
mixture, kept under stirring at@ for 1.5 h, a solution of 60 mg was collected by centrifugation, then treated twice with 30 ml
(0.49 mmol) ofe-aminocaproic acid in 4 ml of anhydrous DMSO of methanol and twice with 30 ml of acetone, centrifuged and
was added drop-wise. The reaction mixture was maintained alried under low pressure. The obtained residue was dissolved
room temperature under inert atmosphere and stirring for 17 hin distilled water and purified by gel permeation on a Sephadex
The reaction time course was checked by TLC analysis (silG-25 column and then lyophilised.
ica gel plate, methanol/chloroform 7/3 (v/v), being Rf values The amount of unlinked carboxypenthyl-folamide in the con-
for folic acid and the capro-folate derivative of 0.1 and 0.4,jugatess and7, evaluated by HPLC, was less than 0.4% (w/w).
respectively). After this time the reaction mixture was addedrlhe yield was about 88% (w/w) based on starting conjugate.
drop-wise to 150 ml of a diethylether/acetone, 1:1 (v/v) mix- The final product was characterised by UV (water), IR (KBr)
ture. The obtained suspension was centrifuged@fr 3min  and'H-NMR spectroscopy.
at 10,000 rpm, washed twice with 40 ml of acetone, twice with The UV spectrum of conjugaté shows absorption in the
40 ml of acidified water (at pH equal to 3), once with 40 ml range between 230 and 400 nm with two maximum peaks at 276
of distilled water and finally once with 40 ml of acetone. The and 364 nm, that are absent in the spectrum of PHEA. The UV
suspension was finally centrifuged and dried under low presspectrum of conjugate shows absorption in the range between
sure. The unreacted folic acid was separated by Chromatotr@80 and 400 nm with two maximum peaks at 280 and 364 nm.
on silica Gel-60, using methanol as eluent. The obtained product IR spectrum of conjugat® showed a broad band cen-
(90 mg), was analysed by HPLC using as mobile phage®  tred at 3300-3500cnt (OH; —NH—; —NH>») and bands at
0.1%/MeOH 60:40 (v/v), at a flow rate of 1 ml/min and mono- 1735 cnm! (v C=0 ester group), 1717 cm (v C=0 carboxylic
toring the elute at = 364 nm. group), 1656 cm? (amide |, PHEA) and 1549 cnt (amide

The obtained mixture oft andy (e-aminocaproic acid)- Il, PHEA). IR spectrum of conjugat® showed a broad band
derivatized folic acid was characterised by mass spectrum, eleentered at 3300-3500 crh(OH; —NH—; —NH,) and bands at
mental analysis, UV, IR antH NMR spectroscopy. 1739 cnt! (v C=0 ester group), 1721 cnt (v C=0 carboxylic

The mass spectrum obtained by FAB Technique shows thgroup), 1660 cm? (amide |, PHEA) and 1549 cnt (amide I,
M+H™* atm/e 555. PHEA).

Elemental analysis for ££H31NgO7. Calculated: C, 54.09; 1H NMR (DMSO-d) of conjugateé § (ppm): 8.64 (s, 1H,
H, 5.58; N, 20.20; Found: C, 54.12; H, 5.61; N, 20.25. proton of folic acid, C7-H), 7.61 (d, 2Haromatic protons

UV analysis (water): the UV spectrum showed absorption irof folic acid), 6.62 (d, 2H,aromatic protons of folic acid),
the range between 230 and 400 nm shows absorption with three57 (1H,proton of PHEA —NH—CH(CO)CH,—), 4.46 (d, 2H,

2.6. Synthesis of the e-aminocaproic acid-derivatized folic

acid [(1'-carboxypentyl)-folamide] (5)

maximum peaks at 256 nm¥£ 26,500), 276 nmg(= 25,000) and
364 nm € =8500).

IR [KBr]: 3300-3500cm! (v —OH, —NH—, NH,),
1710 cnm! (v C=0 carboxylic), 1650 cm! (v C=0 amidic).

14 NMR (DMSO-t5) § (ppm): 8.64 (s, 1H, C7—H), 7.62
(d, 2H, aromatic protons of 4-aminobenzoyl moiety), 6.62 (d,
2H, aromatic protons of 4-aminobenzoyl moiety), 4.49 (d, 2H,
C9-Hp), 4.31 (dd, 1H, C19-H), 3.01 (t, 2H:CHps), 2.28 (m,
OH, C22-h), 2.17 (t, 2H~CHpa), 2.08-1.85 (m, 2H, C21-H,
1.69-1.49 (M, 4H;-CH,B, —CH,3), 1.34 (M, 2H,~CHov).

2.7. Synthesis of PHEA-(5'-succinylgemcitabine)-
(I’-carboxypentyl)-folamide (6) and PHEA-(5'-diglycolyl-
gemcitabine)-(1'-carboxypentyl)-folamide (7) conjugates

A solution of 5 (mixture of « andy isomers) (20.7 mg,
0.037mmol, for the synthesis of conjugateand 21.8 mg,
0.039 mmol, for the synthesis of conjugdjén 3 ml of an anhy-
drous 2:1 (v/v) DMSO/DMF mixture was added &@to 1 ml

protons of folic acid C9-Hp), 4.05 (m, 1H,proton of gemc-
itabine, H-3), 3.75 (m, 1H proton of gemcitabine H-4'), 3.61
(m, 2H, protons of gemcitabine H-5'a, H-8b), 3.39 (m, 2H,
protons of PHEA —CHy—CH,—OH), 3.12 (m, 2H protons of
PHEA —NH—-CH,—CH>—O0H), 2.65-2.52 (m, 4Hprotons of
succinic group —CO—-CH2—CH2—CO-), 2.29 (m, 2H protons
of folic acid C22—hb), 2.03—-1.90 (m, 2Hprotons of folic acid
C21-Hp). TH NMR (DMSO-t) of conjugate7 § (ppm): 8.62
(s, 1H,proton of folic acid C7—H), 7.59 (d, 2Haromatic pro-
tons of folic acid), 6.60 (d, 2H aromatic protons of folic acid),
4.50 (1H,proton of PHEA —NH—CH(CO)CH—), 4.41 (d, 2H,
protons of folic acid C9-Hp), 4.0 (m, 1H,proton of gemc-
itabine H-3'), 3.82-3.65 (m, 1Hproton of gemcitabine H-4'
and 2H, protons of gemcitabine H-5'a, H-8b), 3.12 (m, 2Hpro-
tons of PHEA CHy—CH,—OH), 2.85 (m, 2Hprotons of PHEA
—NH—-CH,—CH;—0H), 2.51-2.46 (m, 4Hgrotons of diglycolic
group CO-CH2—0O—CH2—CQO-), 2.29 (m, 2H protons of folic
acid C22—hp), 2.03-1.90 (m, 2Hyrotons of folic acid C21-Hp).
The content of linked GEMHCI in the conjugates, estimated

solution of CDI (7.3 mg, 0.045 mmol, for the synthesis of con-by alkaline hydrolysis in KOH 0.1N, followed by HPLC, was
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estimated equal to 9.4 molar percent for conjugatnd 9.2 The solutions were maintained at £70.1°C and analysed
molar percent for conjugate at scheduled intervals by HPLC for gemcitabine and folic acid
The content of linked folamide in this conjugates, evaluatedelease estimation. Each experiment was repeated in triplicate.
by UV analysis, by comparin@%"s/‘j1 of folic acid linked to the  The analysis was carried out using ag@olumn eluted with
polymer in the conjugat 1°6/31: 15.24+ 0.2 in water) with that ~ sodium acetate 0.4 M pH 5.6/MeOH 90:10 (v/v), at 1 ml/min
of folic acid in the free form in the same mediuig, = 169.0), flow rate of and monitoring the eluate at 269 nm to evaluate
was equa| to about 9.0% (W/W) the release of GENHCI and eluting with HPOy 0.1%/MeOH
Molecular weights of the two conjugates, determined by60:40 monitoring the elute at 364 nm to evaluate the release of
organic SEC analysis, as previously reported, were estimatd@lic acid. Quantification of the species was done by referring
equal to 34.7kDa (polydispersity 1.8) for conjugateand the peak area to a standard calibration curve.
31.8 kDa (polydispersity 1.9) for conjugaterespectively.
2.10. Hydprolysis of conjugates (6) and (7) in plasma

2.8. Synthesis of PHEA-(I’-carboxypentyl)-folamide

conjugate (8) The hydrolysis of conjugates and7 was studied also in

human plasma.
Sample series of 0.5 ml phosphate buffered solutions at pH

A solution of 20 mg (0.0357 mmol) & in 3ml of 2:1 (v/v) o , . Ly
anhydrous DMSO/DMF mixture was added under stirring at7'4(See above) containing PHEA-@uccinylgemcitabine)-(1

0°C to a solution composed by 7.0 mg (0.043 mmol) of CDIcarboxypgntyl)-folamideﬁo(1 mg/ml)orPHEA-(SdiegconI-
in 1 ml of anhydrous DMF. The mixture was maintained undergem0|tab|ne)-(1carboxypentyl)-folam|de7() (1 mg/mi) or free

stirring at 0°C for 30 min and then added drop-wise to a squtionGEM'HCI (as control) (0.1 mg/ml) were added to 1'? mi vol-
. . . umes of human plasma. The samples were kept&t@21°C by
of 56 mg (corresponding to 0.35mmol of repeating units) of

PHEA in 3ml of the same anhydrous mixture and thermostateg’water bath, under continuous stirring and at suitable time inter-

at 0°C. The reaction was then processed as reported above fg?ls, added of 3 ml of 10% trifluoroacetic acid (v/v). The samples
’ P P were stirred and then centrifuged for 5 min at 10,000 rpnt&t.4

. . 0
conjugates. The yield was 80% based on PHEA. The amounLI_he supernatant, was filtered with a 04 filter membrane and

offree (1-carboxypentyl)-folamide in the conjugate, evaluate‘janalysed by HPLC, as above reported, to determine the amount
by HPLC, was equal to 0.1% (w/w). : X
of released GEMHCI and folic acid.

Sp;’(gtraof;r;zlpsroduct was characterised by UV, IR dhtiNMR All ex'pe'rimgnts were repeated. .in triplicate. The method
uv analysi.s (water): the UV spectrum shows absorption i o prellmlnarl_ly Vahdawd by ad_d|t|qn of known amounts of
the range between 236 and 400 nm with three maximum peak(éEM-HCI or folic acid (or their denvr_:ltlveﬁ, 2, or 5) dissolved
at 253, 278 and 364 nm, that are absent in the spectrum |r1]0.5 ml of phosphate buffered solutions at pH 7.4 (see above) to
' ' Y 5mi of plasma which was processed and analysed according

PHEA. o the above reported procedure. The recovery of all compounds
IR spectrum (KBr) showed: a broad band centered a{ P P ' y P
was more than 96% (w/w).

— 1 ‘_NH—: —
3300-3500 cm” (OH; ~NH-—; —NHy) and bands at 1736 cmh After 30 h of incubation, samples were added of 1 ml of 0.1N

(v C=0 ester group), 1718cnt (v C=0 carboxylic group),
1658 et (amide |, PHEA) and 1550 cnt (amide II, PHEA). rI\(Ijté)algeand analysed by HPLC to evaluate the complete drug

IH NMR (DMSO-ts) § (ppm): 8.62 (s, 1Hproton of folic
acid C7-H), 7.59 (d, 2Haromatic protons of folic acid), 6.60
(d, 2H, aromatic protons of folic acid), 4.50 (1H,proton of
PHEA —NH—CH(CO)CH;—), 4.41 (d, 2Hprotons of folic acid
C9-Hp), 3.12 (m, 2Hprotons of PHEA CH,—CH;—0H), 2.85
(m, 2H, protons of PHEA —NH—CH;—CH>—0H), 2.29 (m, 2H,
protons of folic acid C22—+p), 2.03-1.90 (m, 2Hprotons of
folic acid C21-Hb).

The content of linked folamide in the conjug&esvaluated

by UV analysis, by comparing3%, of folic acid linked to the

2.11. Cytotoxic assays

Human nasopharyngeal epidermal carcinoma KB cells were
cultured as a monolayer in 75 értissue culture treated flasks
at 37°C in a humidified atmosphere containing 5% £a3ing
folate-depleted Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) heat-inactivated foetal calf serum,
4 mM glutamine, 100 IU/ml penicillin, 10Qg/ml streptomycin

. . 1% . ) and 0.25.g/ml of amphotericin B. Folic acid concentration in

po.lyme.r ”f' the conjugat® .(E364 =203in Water)/wnh that of folic acid-free medium was in the physiological range(nhM).

folic acid in the free form in the same mediudigg), = 1690),  Celis were routinely treated with a 5@/m trypsin in 0.02 M

was equal to about 12% (w/w) corresponding to about 4-1°/bhosphate buffer, 0.15M NaCl, 2Q@/ml EDTA (PBS), pH

(mol/mol). 7.4. Cells were cultured for 14 days in folic acid-depleted
medium before any viability test was carried out. KB cells were

2.9. Hydrolysis studies in buffer solutions at pH 5.5 and 7.4 seeded in 96-wells tissue culture treated plates at a density of
5 x 10° cells/well. After 24 h, the culture medium was replaced

The gemcitabine release from conjugaied, 6 and7 was  with 200p.l of foetal calf serum-free medium containing increas-
studied using 3.3 mg/ml conjugate solutions in 20mM phosing concentrations of conjugat&st, 6,7, 8 (as negative control)
phate, 0.15 M NacCl buffer, pH 7.4 and 5.5. and free GEMHCI. The concentration of polymer bounded folic
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acid in the test solutions ranged from 0 to 184, while the con-  5'-diglycolyl-gemcitabine derivatives, respectively. The higher
centration of polymer bounded GEMCI or free gemcitabinein  reactivity of the anhydrides for the’ Sydroxyl group of

the test solutions ranged from O to 5081. After 3.5h incuba- GEM-HCI as compared to the’ iydroxyl group limited the
tion, the medium was removed and the cells were washed twic&-succinyl- and 3diglycolyl-gemcitabine isomers at the level
with 200pl of PBS, pH 7.4. Fresh medium (2Q0) contain-  of 5 and 6%, respectively\quo and Gallo, 1999 Besides, the
ing 10% foetal calf medium was added to each well and cellsise of gemcitabine hydrochloride avoided the partial derivatiza-
were cultured for further 48 h. MTT (5mg/ml) in 20 of PBS  tion of amino group and the mild experimental conditions used
was added to each well and the plates were incubated for 4ih this synthesis exclude the formation of a difunctional deriva-
at 37 C. Medium was then carefully removed from each welltive (two molecules of anhydrides and one of GENI) (Guo

and replaced with 200l of 20 g/l SDS, 50% (v/v) DMF, pH and Gallo, 1998

adjusted to 4.7 by adding acetic acid. The plates were gently The GEMHCI derivatives conjugation to the polymer was
stirred overnight in order to dissolve the formazan crystals anefficient because about the 25% of used gemcitabine deriva-
absorbance was measured by a Bio-Tek Instruments microplat&e was covalently linked to PHEA, besides the purification of
reader at 570 nm. The cell viability was expressed as perceiite macromolecular prodrugs (PHEA-spacer-drug) was effec-
of the samples/reference absorbance ratio. The reference wiage being the free GEMHCI content about 0.1% (w/w) and

constituted by plain medium. 0.2% (w/w) in the case of the succinyl and diglycolyl deriva-
tive, respectively, with a yield over than 85% respect to starting
3. Results and discussion PHEA. The content of linked drug in the former was calculated

to be 9.4% (mol/mol) by alkaline hydrolysis and 9.6% (mol/mol)

The two macromolecular prodrugs, PHEA-iccinyl- by UV analysis, corresponding to 13.5% (w/w). In the latter, the
gemcitabine)-(*carboxypentyl)-folamide ) and PHEA-(5  content of linked drug was evaluated to be 9.1% (mol/mol) by
diglycolyl-gemcitabine)-(tcarboxypentyl)-folamide7) were  alkaline hydrolysis and 9.2% (mol/mol) by UV analysis, corre-
prepared by covalent linkage of GEMICI and folic acid to the  sponding to 13.0% (w/w).
PHEA backbone. Folic acid was first functionalised witttaminocaproic and

GEM-HCl was used as anticancer drug model because of thihen conjugated to the polymer through the aminocaproic spacer.
analogy between its spectrum of activity against human solid’he conjugation ot-aminocaproic acid to folic acid was car-
tumours and the folate receptor over-expressing tumour cell linesed out under proper reaction conditions to modify selectively
(Hertel et al., 1990; Braakhuis et al., 1991; Csoka et al., 1995y-carboxylic group of folic acid. The: carboxyl group is, in
Weitman etal., 1992 Despite its short half-life and haematolog- fact, involved in the interaction with the folate receptor and
ical and renal toxicity, GEMHCI is a promising antineoplastic its modification is detrimental for the biological recognition
drug approved for treatment of pancreatic and non-small celbroperties of this vitamin. The HPLC analysis of the folic agid-
lung cancers. Moreover this drug is active against a wide numbetminocaproic derivative demonstrated the absence of free folic
of human solid tumours including colon, breast, bladder, ovaracid and that the reaction yielded a mixture of two deriva-
ian, head and neck, cervical and hepatocellular canttasdl  tives: (I-carboxypentyl)e-folamide and (:carboxypentyl)y-
etal., 1990; Braakhuis et al., 1991; Csoka et al., 1995 folamide isomers in the ratio 80:20, respectively. This result is

Folic acid was conjugated to obtain bioconjugates with targetin agreement with what reported in the literature which indicates
ing properties to human cancer cells. Folic acid was attached that, despite the selective reaction conditions, about 10-20% of
the polymer backbone throughaminocaproic acid as spacer the o derivative can be formed and that the mild experimen-
to improve its interaction with the cell membrane receptor.tal conditions used in this synthesis exclude the formation of a
GEM-HCI was linked to the polymer through two different difunctional derivative (two molecules of 6-aminohexanoic acid
hydrolysable spacers: succinic group in the case of PHEA-(5and one of folic acid)\\ang et al., 1996 Since the difficulty of
succinylgemcitabine)-(icarboxypentyl)-folamide and digly- separation of the two folic acid isomers, the mixture of the two
colic group in the case of PHEA-(&liglycolyl-gemcitabine)-  derivatives was used for conjugation to the PHEA backbone.

(2'-carboxypentyl)-folamide. The conjugation of the folic acid-aminocaproic derivative
to the PHEA-gemcitabine derivatives was found to yield 8.9
3.1. Synthesis of polymeric conjugates and 9.1% (w/w) of linked folate in the succinyl and digly-

colyl conjugate, respectively. The content of linked GE@I

The gemcitabine conjugation to PHEA carrier has been cairin the final bioconjugate was confirmed to be 9.4 and 9.6%
ried out by preparation of the two derivatives such as succinylmol/mol) in the succinyl and diglycolyl conjugate, respec-
gemcitabine and diglycolyl-gemcitabine followed by the conju-tively. After purification the PHEA-(5succinylgemcitabine)-
gation of these GEMHCI derivatives to the polymer using CDI (1'-carboxypentyl)-folamide &) and PHEA-(5-diglycolyl-
as condensing agent. The chemical identification of the gemgemcitabine)-(tcarboxypentyl)-folamide 7) yield was over
citabine derivatives, degree of conjugation to PHEA, reactior65% based on starting PHEA and the amount of free (1
yield and purity degree was performed by spectroscopic andarboxypentyl)-folamide was in the range of 0.3-0.4% (w/w)
chromatographic analysis. (Schemes 133

The GEMHCI reaction with succinyl- or diglycolyl- Considering that thebfolammide derivative was the most
anhydride was found to yield 95 and 94% dfssiccinyl- and  abundant species in the mixture used for conjugation to PHEA
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Scheme 1. Synthesis of-Succinylgemcitabine monohydrochloridg éind 3-diglycolyl-gemcitabine monohydrochlorid&)(

and that the minor steric hindrance on carboxyl group of aminoby the folamide residue, hydrolysis studies were carried out also

hexanoic residue makes more likely its involving in the conjuga-using derivative$ and4.

tion reaction (in comparison with the unreacted carboxyl group The profiles reported ifFig. 1 shows that the GENHCI

of the folic acid), just the covalent attachment of this carboxylrelease depends on the conjugation spacer and incubation pH.

group to PHEA is represented 8theme 4 The diglycolyl derivative 7) underwent to slower gemcitabine
The obtained polymeric derivatives: PHEA-&uccinyl-  release as compared to the succinyl derivayad the hydrol-

gemcitabine)-(tcarboxypentyl)-folamide, PHEA-(&liglyco-  ysis rate was significantly lower at pH 5.5 than at pH 7.4.

lyl-gemcitabine)-(1-carboxypentyl)-folamide and PHEAZ1 The percentage of released gemcitabine after 30 h incubation

carboxypentyl)-folamide8) were highly water-soluble. There- was about 9% (w/w) fronT and 12% (w/w) fromé at pH 5.5,

fore, despite the extensive modification with the low solubleand 28% (w/w) fron7 and 31% (w/w) fronb at pH 7.4. These

folic acid and GEMHCI, the polymer maintains its high water

solubility, which is a requisite for the use of the macromolecular

prodrug. 40

Q

£

3.2. Invitro hydrolysis '_8

c

. . . =

Hydrolysis studies were carried out to evaluate the drugand ~ §

folic acid release from the macromolecular conjugates under dif- 2
ferent environmental conditions. The study was performed by
incubation of the macromolecular PHEA derivatives in phos-

phate buffer solutions at pH 5.5 and 7.4. The two buffers were 0 5 10 15 20 25 s 85
chosen to mimic the lisosomial and extracellular compartments, time (h)

respectively.
IE' 1 hy the GEMHCI rel files f . t Fig. 1. Release of gemcitabine from conjugate PHEAs(tccinylgemcita-
Ig. Lshows the release profiles irom conjugates bine)-(2-carboxypentyl)-folamide6) at pH 7.4 @) and at pH 5.54) and from

gemcitabine hydrolysis rate in conjugaéend? was influenced  atpH 7.4 @) and 5.5 §).
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Scheme 2. Synthesis of PHEAXSuccinylgemcitabine)3) and PHEA-(5-diglycolyl-gemcitabine)4).

results were in agreement with that obtained with conjugates

without the folate group (conjugatd8sind4) reported inFig. 2 60
After 30 h incubation the GENHCI release was 3% (w/w)

from 4 and 8% (w/w) from3 at pH 5.5 and 39% (w/w) frord

and 56% (w/w) from3 at pH 7.4. However, by comparing the

data obtained with the conjugates with or without folic acid, it

is possible to conclude that the presence of the folate group in

50

% Gemcitabine
wW
(=)

the macromolecular structure influences the chemical stability 201

of the ester bond between GENICI and spacer. Probably, the 10 1

hydrophobic folic acid confers to the macromolecule a different 0 . -
conformational arrangement as function of the incubation pH 0 5 10 15 20 25 30 35

which can influence the drug release. At this regard it is impor- time (h)

tanF to_stress that no release _Of folic acid and its fOlammld%ig.z. Release of gemcitabine from conjugate PHEAs(fcinylgemcitabine)
derivatives & and 5 from conjugatess and7 was detected (3) at pH 7.4 @) and at pH 5.5) and from conjugate PHEA-(Giglycolyl-
after 30 h of incubation in plasma at 3Z (data not shown). gemcitabine)4) at pH 7.4 @) and 5.5 W).
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Fig. 3 reports the GEM release from conjugateésand However, after about 2h, the GEM concentration reached
7 in plasma at 37C. According with the results dis- a plateau which was maintained for about 28 h. To get more
cussed above, the release rate was significantly higher in theformation about this behaviour, a stability study was carried
case of PHEA-(5succinylgemcitabine)-(dcarboxypentyl)- out by GEMHCI incubation in plasma. The results reported in
folamide conjugate. In particular, the amount of released drugrig. 4shows that GEMHCI undergoes complete degradation in
within 30 h was about 16% (w/w) from conjugaéebut only 7 h.
1% (w/w) from conjugate’. In addition the release of gem- Therefore, in the case of our conjugates, it can be noted that
citabine from conjugate PHEA-(Buccinylgemcitabine)-(1  the drug release kinetics reaches in a short time the plateau
carboxypentyl)-folamide in plasma is faster than in aqueouslue to the rapid degradation of drug in plasma and subsequent
buffer and this can be explained evoking the action of esterasestablishment of GEM release/degradation dynamic equilib-

in this medium. rium. Moreover in order to have more information about the
30
GE* " 100
o Q
."c"_u ::E’ 80 s
£ 8
o ‘o i
S 10 ;:: 60
o
e S 40
[+)
8
0 - T T T T T T E 20 A
0 5 10 15 20 25 30 35 ®
time (h) 0 T T T \ g
0 2 4 6 8
Fig. 3. Release of gemcitabine from conjugates PHEAs(Ecinyl- time (h)

gemcitabine)-(*tcarboxypentil)-folamide ) (W) and PHEA-(5-diglycolyl-
gemcitabine)-(tcarboxypentil)-folamide?) (®) in plasma. Fig. 4. Stability profile of gemcitabine in plasma.
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Scheme 4. Synthesis of PHEAXSuccinylgemcitabine)-(icarboxypentyl)-folamide6), PHEA-(8-diglycolyl-gemcitabine)-(tcarboxypentyl)-folamide7) and
PHEA-(1-carboxypentyl)-folamide8) conjugates.

ability of the chosen polymeric carrier to protect remained linkedcolyl-gemcitabine) 4), PHEA-(3-succinylgemcitabine)-(1
drug, the amount of GEM still unreleased in the conjugates aftetarboxypentyl)-folamide ), PHEA-(3-diglycolyl-gemcita-
30h of incubation was evaluated. This amount (estimated biyine)-(1-carboxypentyl)-folamide7). The cell viability was
HPLC, after alkaline hydrolysis, in not degrading drug condi-estimated after further 48 h incubation in medium containing
tions, i.e. KOH 0.1N for 30 min at 25C) was about 7.5% of 10% foetal calf serum by the MTT assaydnsen et al., 1989
the total linked drug for both conjugates. Therefore, it is posPHEA-(1-carboxypentyl)-folamide §) was used as negative
sible to conclude that the macromolecular system provides fagontrol at the same folic acid equivalent concentrations used
the drug stabilization and extensive release which can partiallwith conjugates and7. Actually, the literature reports that after
compensate the drug degradation. about 30 min BSA-folic acid exposure the folate receptor satu-
Hydrolysis studies also demonstrated that only free GEMation is obtainedl(eamon and Low, 1991
is released from the synthesized polymeric conjugates and no The effects of conjugat@sand? on the KB cell viability are
release of the gemcitabine derivatives containing the spacelepicted irFig. 5. For comparison, the results obtained with free

(derivativesl and2) was observed in all incubation media. GEM-HClhave been reported in the same figure. Free GEBM
as well as7 and8 did not display any activity in the concen-
3.3. Cytotoxic studies tration range used in the study. On the contrary conju@ate

displayed a dose dependent cytotoxic effect. In particular, when
The cytotoxicity of PHEA-gemcitabine conjugates was stud-the conjugat® concentration equivalent to 5@ GEM-HCI

ied using human nasopharyngeal epidermal carcinoma KBoncentration was used the cell viability decreased of about
cells, a cell line which over-expresses the folate receptoB5% as compared to the untreated cell. On the contrary, free
(Saikawa et al., 1995 The use of KB cells allowed for GEM-HCI and conjugatd had only a negligible effect on the
the evaluation of the targeting properties of the PHEA con-cell viability. These results can be explained on the basis of the
jugates and their biological effect. According to the proto-gemcitabine stability and on the drug release rate. Actually, the
col reported in the literature for the BSA-folic acid uptake, lack of GEMHCI activity on cell viability is attributable to the
the cell proliferation was evaluated after 3.5h time exposurdow stability of this drug which rapidly degrade under the exper-
to different concentrations of free GEMICI and polymeric  imental conditions. Also, the low incubation time adopted in the
prodrugs PHEA-(5succinylgemcitabine8), PHEA-(8-digly-  present study may limit the GEMCI efficiency as it has little
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conjugation was also essential for the biological activity of the

110 1 therapeutic system. This targeting agent can in fact promotes the
—_ cell up-take of the macromolecule allowing for the cell feeding
< o -~ 4%{ l*—-__ with the drug. Interestingly, the absence of targeting moieties
= t which promote the target cell recognition yielded derivatives
| devoid of biological activity indicating that the pharmacolog-
% 70 ical activity of the therapeutic system is strictly related to its
) cell-up-take.
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