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ABSTRACT: Novel poly(amidoamine)s (PAAs) containing disulfide linkages regularly arranged along the polymer
chain, namely BPCY and BAC-CY, were synthesized by stepwise polyaddition-alystine to 1,4-bis(acryloyl)-
piperazine (BP) and 2,2-bis(acrylamido)acetic acid (BAC), respectively. Evertyktine contains four acid
hydrogens, no evidence of cross-linking was found. All products were characterizéld bnd 3C NMR
spectroscopy, and their average molecular weight determined by size exclusion chromatography. The polymerization
rates were investigated by meanstdfNMR spectroscopy. In both cases, the experimental data were consistent
with pseudo-second-order kinetics. The calculated kinetic constantsygre 8.10x 103 min~t L mol~! and

kepac = 1.41x 103 min~t L mol~* for the polyaddition of -cystine to BP and BAC, respectively. A potentiometric
study was carried out of BPCY and BAC-CY speciation as a function of pH, and the electrochemical activity

of their disulfide bonds as a function of pH was investigated by cyclic voltammetry on hanging drop mercury
electrode, revealing many analogies with parenystine. BP-CY and BAC-CY degraded in aqueous systems

at a rate similar to that usually reported for PAAs. In the presence of reducing agents, however, they degraded
completely in a few minutes. Preliminary biocompatibility in vitro tests showed that both®Pand BAC-

CY are devoid of appreciable toxicity.

Introduction thesis and properties have been reviewed in several in-
stance$:1112PAAs are normally degradable in aqueous envi-
ronment$314 and most of them are only moderately toxic, in
spite of their polycationic natufl® Amphoteric PAAs, car-
rying carboxyl groups as side substituents, are even less toxic
gnd may be approximately as biocompatible as dextran. The
Same PAAs when injected in animals are endowed with “stealth”
properties, and passively concentrate in solid tumors by the EPR
r(enhanced permeation and retention) effé@oth amphoteric

intracellular delivery thanks to the stronger reducing environ- anoll r?on-almphotefnc I;AAdslhave sfhown pote(;mal }gzgendoso-
ment within cells than in extra-cellular fluids. In oral admin- Molytic polymers for the delivery of genes and toxiis:

istration, disulfide linkages permit delivering the active substance  PAAs are obtained by Michael-type polyaddition of primary
to the colon, where reduction is caused by change in bacterialmonoamines or biseéeamines) to bis(acrylamide)s. The reaction
flora, while they are not affected by the pH change in the is remarkably specific and leads to a large variety of polymer
digestive tract:? Different authors have proposed PEG conju- structures. For instance, in a previous paper we have reported
gates with bioactive molecules, as for instance peptides oron the preparation and properties of novel poly(amidoamine)s
enzymes;* drugs?® or liposomes;” in which the PEG-substrate (PAAs) bearing disulfide linkages along the polymer chain by
linkage was a disulfide group, which proved stable at neutral reaction of 2-methylpiperazine with,N-bis(acryloylcystamine)

pH, but unstable in physiologically relevant reducing environ- and with N,N-bis(acryloylcystine}?

ments. As a rule, hindered amines polymerize slowly with bis-
Poly(amidoamine)s (PAAs) are a family of synthetic polymers (acrylamide)s to high molecular weight polymé&s8.Primary
characterized by the presenceteft-amine and amide groups  aminoacids carrying no substituents in theosition, such as
regularly arranged along the backbone. The first studies on glycine,-alanine and the like, polymerize with bis(acrylamide)s
PAAs were published around 197®ubsequently, their syn-  as any other primary monoamine. By contrast, naturami-
noacids other than glycine do not yield polymers under the usual
* Corresponding author. Telephone:39-02-50314128. Fax:39-02- preparation conditions for PAAS? This anomalous behavior
50314129. paolo.ferruti@unimi.it. can be explained by a combination of two factors. First, for all

Considerable interest is being focused on soluble synthetic
polymers stable in the bloodstream, but degradable after
internalization in cells. Typical examples are biocompatibile
polymers bearing disulfide linkages in the main chain, which
can be regarded as stimuli-responsive release systems wher
the release of a drug payload can be triggered by reductive
cleavage of the disulfide linkages with consequent polymer chain
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Scheme 1. Synthesis of BAECY from L-Cystine and BAC
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primary amines the rate of the second addition step to acryla- with a 1% concentration in polymer. Molecular weight determina-
mides is much lower than that of the first step. This is due to tions were based on a calibration curve obtained with pullulan
increased steric hindrance and decreased nucleophilicity of thestandards. ) )

addition product compared to the parent amine, as a consequence FOr routine culturing and evaluation of morphology, cells were
of the introduction of a substituent carrying an electron- analyzed under an inverted microscope Nikon Eclipse TE2000-U.
withdrawing group in the-position. For instance, the reaction , - olymerization of L-Cystine with BP (BP—CY). In a round

o . bottomed flask, equipped with a magnetic stirrer and nitrogen inlet,
constant of the second addition step of the amine groups of .\ stine (1.00 g, 4.12 mmol) was dissolved under inert atmosphere

poly-L-lysine to N,N-dimethylacrylamide was lower by more iy pidistilled water (1.4 mL), together with potassium carbonate
than 1 order of magnitude than that of the first 8h&econd, (1.115 g, 8.24 mmol). BP (0.818 g, 4.12 mmol) was added, and
for a-aminoacids the reactivity of the amine groups is addition- the reactive solution was left under stirring for 30 min. Then the
ally biased by the presence on tle carbon of the bulky nitrogen inlet was closed and the reaction vessel placed in a
carboxylate group. These considerations lead us to envisage thathermostatic bath at 25C, and protected from direct light. After
any compound carrying twa-substituted aminoacid moieties 48 h the viscous solution was diluted tvia 1 M HCl aqueous
would behave as a difunctional monomer in PAA synthesis. In Selution down to pH 3.0 and then precipitated with 3:1 v/v acetone.

; ; ; : ; The precipitate was extracted by a further two volumes of acetone
articular, using -cystine as monomer could provide a straight- = :
Porward ré)ute t% d)i/sulfide-containing PAAS P g and eventually dried in vacuo. Yield: 1.98 g (73.8%, calculated

. . . ) after the composition of the product by elemental analydis)=

On the basis of this premise, here we present two novel linear 5000 m,, = 13 500.

amphoteric PAAs carrying disulfide linkages in the main chain,  Elemental Analyses.Anal. Calcd for (G4HzaN4OsSy2H;0,
obtained by the polyaddition af-cystine to 1,4-bis(acryloyl)- 0.2HCI): C, 40.17; H, 6.32; N, 11.71; S, 13.40; Cl, 1.60. Found:

piperazine and 2,2-bis(acrylamido)acetic acid. C, 39.73; H, 5.90; N, 11.57; S, 13.76; ClI, 1.63.
Solubility. The polymer is soluble in aqueous media at all pH
Experimental Part values and DMSO but insoluble in most organic solvents.

. . . Polymerization of L-Cystine with BAC (BAC —CY). The same
Materials. L-Cystine &99.0%), potassium carbonate (99%), and - ooqure described for BRCY was followed, but substituting

1,4-dithiob,L-threitol (99%) were purchased from Fluka and used BAC (1.02 ;

i N " . .02 g, 4.12 mmol) for BP and using a 1.5-fold amount of
without further purification. BO (99.9%), stabilized over silver —,qaqiiim carbonate. The final product was recovered by acidifying
coil were purchased from Aldrich. 2,2-Bis(acrylamido)acetic acid down to pH 3.0. The precipitate was extracted by further two
(BAC)=! and bis(acryloyl)piperazine (BP)were synthesized as ;1 ;mes of acetone and dried to constant weight in vacuo. Yield:
previously described. The volumetric HCI aqueous solutions were 1.576 g (74.7%, calculated after the composition of the product by

purchased from Rieden de Haen. elemental analysisM, = 11 900;M,, = 51 800.

Cell line 3T3/BALB-c Clone A31 mouse embryo fibroblasts Elemental Analyses.Anal. Calcd for (GoH1NOsS, 2H,0
(CCL163) was obtained from the American Type Culture Collection HCI): C, 30.19; H, 4.89; N, 10.06; S, 11.51; Cl, 6.90. Found: C,

(ATCC) and propagated as indicated by the supplier. 33.59; H, 5.35: N, 9.36; S, 10.82: Cl, 7.60.

Dulbecco’s Modified Eagles Medium (DMEM), 0.01 M pH 7.4 Solubility. The polymer is insoluble in aqueous media in the
phosphate buffer saline without €aand Mg (PBS), fetal bovine  pH interval 1.0-4.0, whereas it is soluble at all other pH values. It
serum (FBS), trypsine/EDTA, glutamine, and antibiotics (penicillin/ js insoluble in organic solvents.
streptomycin) were purchased from GIBCO Brl. Cell proliferation NMR Measurements.All spectra were performed with a Bkar
reagent WST-1 was purchased from Roche Diagnostic. Tissue avance 500 spectrometer at room temperature, D Bis solvent,
culture grade disposable pIaStiCS were obtained from Corning in the presence of a sealed Capi”ary Containir@ﬁor |ooking
Costar. and tetramethylsilane (TMS) as internal referef#@{'H} spectra

Instruments and Methods. The H and 13C spectra were  were obtained using Waltz decoupling and were exponentially
acquired on a Biker Avance 500 spectrometer, operating at multiplied to give 0.8 Hz line broadening before Fourier transfor-
500.133 MHz tH) and at 125.00 MHZzC). mation. The JMod spectra were recorded using standarkeBru

Size exclusion chromatography (SEC) traces were obtained software sequences.
making use of TSK-gel G4000 PW and TSK-gel G3000 PW 2D Spectra. All two-dimensional experiments were acquired
columns produced by TosoHaas. The two columns were connectedwith a Briker inverse 5 mm z-gradient probe. The @ilse widths
in series and the mobile phase was Tris buffer pH 8,10; flow rate were 6.6 and 12.83s for 'H and'3C, respectively. The gradient
1 mL/min (Waters model HPLC pump 515); the UV detector was was shaped by a waveform generator and amplified by ‘&dru
a Waters model 486, operating at 230 nm; the refractive detector B-AFPA-10 amplifier. A sinusoidal gradient of 1 ms length and a
was a Waters model 2410. The samples were prepared in Tris bufferrecovery time of 0.1 ms was used. The 2D COSY spectra were
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Scheme 2. Synthesis of BPCY from L-Cystine and BP
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accounting for possible nonequivalence of identical functional

scan each, in magnitude mode, with a relaxation delay of 6.0 s andgroups located on adjacent monomeric units.

using a 1:1 gradient combination. The HMQC and HMBC spectra
were recorded using standard Ben software sequences inv4gs
and inv4gslplrnd, respectively. The following acquisition parameters
were applied in both experiments: spectral widthg;{#C) and
f,(*H) dimensions 20 000 and 4000 Hz, respectively, a 102024

Hydrolytic Degradation Studies. The hydrolytic degradations
of BP—CY and BAC-CY were followed viscometrically in a 0.1
M NaHCG; buffer solution at pH 8.3, and in a 0.1 M HCI aqueous
solution at pH 4. The polymer sample (0.100 g) was dissolved
in 25 mL aqueous solution pre-thermostated at@7n an external

data matrix, 256 time increments of 520 scans each and a 5:3:4bath. The solution obtained was then rapidly placed in a Ubbelhode

gradient combinatiof?24

Kinetic Study of the Polymerization Reaction of L-Cystine
with BP. L-Cystine (23.8 mg, 0.10 mmol),XO; (29.3 mg, 0.21
mmol) and BP (20.2 mg, 0.107 mmol), were dissolved 30{0.75
mL) under nitrogen atmosphere atedt-butanol (1QuL) was added

viscometer maintained at 3T and the decrease of the reduced
viscosity monitored with time.

Reductive Degradation StudiesThe reductive degradation was
followed viscometrically through the same procedure described for
the hydrolytic degradation. However, after a first time flow

as internal standard. This reactive mixture was rapidly transferred measurement on polymer solutions with the same concentration
into an NMR tube and the tube sealed. The experiment was carriedused in the hydrolytic degradation, 1,4-ditlta-threitol was added

out at 25°C. The progress of the polymerization reaction was
followed by monitoring the decrease of the peak integral of the
double bond hydrogens (5.5 and 6.8 ppm) of bis(acrylamide) with
respect to that ofert-butanol CH groups (1.15 ppm).

The kinetics of the polymerization reactionis€ystine with BAC

in a 1.1/1 mol/mol ratio with respect to the disulfide functions in
the polymer sample.

Voltammetric Studies. The voltammetric investigations were
carried out in a cell thermostated at 25, on solutions deareated
by chromatography-grade nitrogen bubbling, made up in ultrapure

was studied as described for BP. The amounts of reagents usedvater, with 0.1 M tris(hydroxymethyl)aminomethane (TRIS, NIST

were as follows:L-cystine (24.3 mg, 0.10 mmol), KO3 (41.85
mg, 0.30 mmol), BAC (20.69 mg, 0.10 mmol),O (0.75 mL)
andtert-butanol (10uL).

Standard Reference Material 922) as a pH buffer and the supporting
electrolyte. The substrate concentration was 0.0005 M both in the
case of cystine and of the polymers’ disulfide units. The operating

Both kinetic experiments were repeated at higher concentrationsPH was modulated by small additions of HCI (37% Carlo Erba

(0.8 M in both monomers), by following the same procedure.

Potentiometric Determination of the Polymer Acid Dissocia-
tion Constants.BP—CY and BAC-CY samples (about 0.0025 M
in highly deionized water [Millipore Milli-Q system], with the
addition of 0.1 M NaCl (Fluka Biochemika Microselect) as an ionic
strength stabilizer), deaerated by continuous ultrapuyreulibling,
and thermostated at 2&, have been pH-metrically titrated forward
and backward with 0.1 M NaOH and HCI Merck standard solutions.
The operating cell (including a 211/S6G/12 AMEL glass electrode
and an AMEL 3842 saturated calomel electrode with a double
bridge filled with 0.1 M KNQ, connected to an AMEL 631

ISO for analysis). The CV characteristics were obtained using an
Autolab PGSTAT 12 potentiostat/galvanostat (EcoChemie, The
Netherlands) run by a PC with GPES software, at scan rates ranging
0.02-5 V s! and at different pH, using a hanging drop mercury
electrode (HDME WK 2, Institute of Physical Chemistry, Polish
Academy of Science) as the working electrode, a platinum counter
electrode, and an aqueous saturated calomel electrode (SCE) as
the operating reference electrode.

Cell Line. Cytoxocity evaluations of the investigated materials
were carried out using the 3T3/BALB-c Clone A31 cell line. Cells
were grown in DMEM containing 10% FBS, 4 mM of glutamine,

differential electrometer) was calibrated over a wide pH range using @nd 100 U/mL:10@g/mL penicillin:streptomycin (complete DMEM).

a multiple pH standard buffer set, including 0.8% potassium

Subculturing. A 25 mL flask containing exponentially growing

tetraoxalate [pH 1.68]; three Certipur Merck buffers at pH 4.0, 7.0 3T3 cells was observed under and inverted microscope for cell
and 9.0; and 0.0251 NaHCQ; + 0.025m NaCO; [pH 10.01]. confluence. The complete DMEM media was then removed, and
Moreover, the calibration was checked and refined by closely fitting Cells were rinsed for a few min with PBS. The buffer solution was
theoretical titration curves, calculated by the nonapproximated De removed, and cells were incubated with 0.5 mL of trypsin/EDTA
Levie treatment of multiple acid/base equilib?ao experimental solution at 37°C in 5% CQ incubator for 5 min or until the
forward- and back-titration curves of 0.178 HsPO, (Fluka monolayer started to detach from the flask. Cells were suspended
Biochemika), having three dissociation constants very similar to in an appropriate volume of DMEM and plated at a split ratio of
the target polymer ones. The same modelization was afterward1:6 or 1:10 in a 75 mL flask.

applied to the simulation of the experimental BBY and BAC- Determination of IC 5o of Polymeric Materials. The 1Gso (50%

CY titration curves, leading to optimization of the soughf,p inhibitory concentration, that is the material concentration at which
values. The flat portion of the titration curves corresponding to the 50% of cell death in respect to the control is observed) of the
buffer region was also submitted to the approximated treatment by investigated polymers was evaluated by exposing cells for 24 h to
Katchalsky and SpitnikS in order to evaluate th@ parameter DMEM containing different polymer concentrations. At the end
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Table 1. RelevantH and 13C Chemical Shifts @) of BP—CY
12 COOH 10077
/ \ 4 7 -
NH S 5
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N
1-2 3 4 5 6 7 8 60—
IH 3536 292 336 4.02 3.23;3.30 — .
13C 41.4-4465 170.7 284 433 60.2 36.8 1711
41.2-44.5 40—
aAB system. b
Table 2. Relevant'H and 13C Chemical Shifts ) of BAC—CY 20—
COOH B
2 NH NH NH 8 S\)\ 0 T T T I T I T I T T T T
1/\n/ \4K ﬂ/\/ \V\S/ NH a ° 2000 4000 6000 8000 10000 10200
5 COOH S COOH time (min)
3 5 7
1 2 3 4 5 6 7 8 100
H 3.27 2.69 5.71 4.33 3.27 5 b
13C 426 30.4 171.8 56.2 170.4 585 169.3 35.2 g 80
>
o
o
of the exposure time, cells were incubated with WST-1 cell prolif- 7
eration reagent for the quantitative evaluation of cell proliferation. 60—
Cell Proliferation Assay. Quantitative proliferation was assayed
by using the cell proliferation reagent WST-1 and by following T
the protocol indicated by the manufacturer. Briefly, cells were 40—
allowed to proliferate in DMEM containing different concentration
of polymeric materials and then incubateatich with an appropriate T
volute of WST-1 tetrazolium salts. Formazan production was 20—
detected at 450 nm, with 620 nm as reference wavelength using
and ELISA microplate reader (Biorad)
O T T T T T T T
Results and Discussion 0 Z(IJO 460 660 860 1(IJOO 1200
b time (min)

Synthetic Considerations.This paper reports on two novel Figure 1. Kinetics of the polymerization reaction afcystine with

amphoteric PAAs obtained by polyadditionotystine to BP  activated bis(acrylamide)s in.D, monomers’ concentration 0.1 M,
(Scheme 1) and BAC (Scheme 2). and at 25°C. Panel a: reaction afcystine and BAC. Panel b: reaction

Both BP-CY and BAC-CY preparations are exceptional ©f L-cystine and BP. Solid lines: calculated curve. Circles: experimental
in the PAA domain, in that they involve primary diamines and 9ata-
yet give linear polymers. As pointed out in Introduction, natural
o-aminoacids other than glycine do not give polymers with bis-
(acrylamide)s under the conditions usually employed for PAAs
owing to the low reactivity of the product of a first addition

NMR Characterization of BP—CY and BAC—-C. As
" previously reported? the characterization procedure involved
step toward a second addition. This gave us the rationale for & concerted use of 1'3 and 2D NMR spectroscopy. In particular,
employingL-cystine in the same way as a kiséamine) in together with thé'H, 13C, and Jmod 1D NMR spectra, several
PAA synthesis. 2D gradient-enhanced experiments such as 2D COBWIC

The polymerization reaction leading to PAAs is generally 2D HMQC (heteronuclear multiple-quantum coherence)‘#tid
carried out in solvents carrying acid hydrogens, such as water'-C 2D HMBC (heteronuclear multiple-bond correlation) were
or alcohols, with no added catalysts. In the present investigation,performeo‘z-s’24
both cystine-containing PAAs were obtained in aqueous solution  The data relative to BPCY and BAC-CY will be discussed
at a 1.5 M concentration in both monomers. separately. A feature common to both polymers was the absence

Using carboxylated bis(acrylamide)s and aminoacids as of residual terminal double bonds.
monomers, enough ba_se must be z?ldded to t_he monomer Mixture pp_ vy, The 14 and 13C spectra in water of BPCY as
:Zailgiz%rzgitotheroi?r:g?egr%ﬁs Q‘r’grllvegége?guiﬂﬁdﬁt'ﬂicl’Jr;nobtained (see the Experimental Part) revealed at once the
or sodium hydrO)F()ides posea in %/his wo?k a practical problem presence in the repeating units of three componeljts, glivin.g three

different very close sets of resonangasb, andc) in 80:13:7

of dosage because in both polymerizations even the slightest___. 1 1 ,
excess was apt to trigger degradation of the disulfide bond. ratio. T.he H andC cqmplete assignments are reported, for
the major componerd, in Table 1.

Therefore, we preferred to add 1 mol ok®0O; per mole of
carboxyl group, considering that the resultant systems were self- The **C Jmod spectrum revealed that the methynic carbon
buffering. By this procedure, the polymerization proceeded as atom (C-6) is present i, b, andc, at 60.2, 53.1, and 58.2
usual for PAAs. The products were isolated in acidic form, ppm, respectively. Indeed, from tHel/*3C HMQC map we
which is considered to be more stable, and were stored underfound for each component the corresponding correlated H-6
dry atmosphere. protons at 4.02, 4.1, and 3.98 ppm, respectively, and from the
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Figure 2. pK.s and speciation diagrams obtained for-BPY and BAC-CY, plus parent-cystine, from the De Levie treatment of their forward
(f) and backward (b) pH-metric titrations, or the classical approximate approach hinging Grptrameter f).

IH—1H COSY the coupling of each H-6 with the AB system of bis(acrylamide) double bond resonances, as described in the
its own H-7 hydrogens. With the support of the/13C 2D Experimental Part. The reactions were run directly in the NMR
HMBC experiments it was possible to assign the H-4 and H-5 tube at two different concentrations, 0.1 and 0.8 M. These values
protons, at 2.92 and 3.36 ppm, respectively, the sama, for were lower than in standard PAA preparations so as to ensure
andc, by the long-range coupling constant between the carbonyl lower viscosity and obtain better spectral definition. Typical
C-3 and H-4. The attributions of H-1, C-1 and H-2, C-2, conversion curves are reported in Figures la and 1b. It is
showing the same resonancesj, andc, were then obvious.  apparent that BP reacts withcystine remarkably faster than

A drop of dilute HCl was then added to the polymer's BAC. The reduced reactivity of BAC with-cystine can be
solution. After that théH spectrum revealed that compouad ascribed to electrostatic repulsion, since under the reaction
was no longer present, while tihéb ratio was 88:12. We could ~ conditions both reactants are negatively charged.

reasonably deduce that compounaorresponded to incom- The analysis of the experimental data revealed in both cases
pletely protonated units that turnedaon further acidification. =~ a pseudo-second-order kinetics, with the kinetic constants
Comparing the!3C assignments for componerdsand b, we including solvent concentration. The best fitting curves, obtained

noticed that exclusively the C-6 and C-7 carbons showed a by using egs 1la and 1b, where [BP], [BAC] and [CYS] represent
noticeable chemical shift variation. In théC spectra, for BP, BAC, and.-cystine molar concentration, respectively, lead
instance, passing fromto b their chemical shifts changed from  to the kinetic constante, gp = 8.10x 10-3 min~* L mol~* for
60.2 and 36.8 ppm to 53.1 and 37.8 ppm, respectively. This the BPL-cystine reaction an# gac, = 1.41 x 103 min~! L
observation allowed us to hypotesize the presende oh SH mol~* for for the BACL-cystine one.

terminal functions, resultant from disulfide bond cleavage.

BAC—CY. At strongly acidic pH, two components were _diBP]_ k. s dBP][CYS] (1a)
present also in the case of BALCY in approximately 92/8 dt '
ratio. As regards the major component, by the above-described d[BAC]
procedure we could recognize the expected resonances, and e k. sac[BAQ[CYS (1b)

confirm the 1:1 ratio between BAC and cystine moieties. The

assignments were performed using the correlations found in theng kinetic evidence of multiple addition steps to the same

*H—*H COSY, *H/**C HMQC and HMBC experiments, as in | .cystine molecule was found, confirming that under the

the case of BPCY (see Table 2). conditions adopted-cystine behaves as a difunctional monomer.
In BAC—CY, similarly to BP-CY, passing from the major Potentiometric Determination of the Acid Dissociation

to the minor component the chemical shifts of C-6 and C-8 Constants.The repeating units of BPCY, having two carboxyl

carbons changed from 58.5 and 35.2 ppm to 51.48 and 36.1groups and two amino groups, can exist, like parent cystine, in

ppm, respectively. We think that also in this case the minor five states of ionization, i.e., LiA*, LHst, neutral zwitterionic

derivative carries an SH terminal function. LH,, LH™, and L2-. The repeating units of BAECY, featuring
Polymerization Kinetics. The polyaddition kinetics of - one more carboxylic group, can exist in six ionization states,
cystine with BP and BAC were investigated B NMR i.e., LHs?", LH4", LH3, LH,™, LH?~, and L3~. The correspond-

spectroscopy in BD solutions, following the decrease of the ing acid dissociation constarks, determined by the pH-metric
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Figure 3. Degradation of BP-CY at 25°C. Polymer concentration: 0 50 100 150 200
4 mg/mL. Panel a: pH 8.3. Panel b: pH-0. Key: @) hydrolytic b
degradation; @) reductive degradation in the presence of 1,4-dithio- time (min)
D,L-threitol.

Figure 4. Degradation of BAG-CY at 25°C. Polymer concentra-
tion: 4 mg/mL. Panel a: pH 8.3. Panel b: pHD. Key: @) hydrolytic
degradation; @) reductive degradation in the presence of 1,4-dithio-
titration procedure described in the Experimental Part, are (D,L)-threitol.

reported in Figure 2, contrasting the values obtained from

forward and backward titration (a) according to the De Levie sjtyation resembles the well-known case of ethylenediamine-
modelizatioR® and also, when available, (b) from the ap- tetraacetic acid (EDTA), whose Carboxy]ic groups hKue:
proximate treatment hinging on tifeinteraction parameté®. 1.02 x 102 Kgp = 2.14 x 1073, Koz = 6.92 x 1077, Kgs =

The different approaches are in satisfactory agreement. The samg 50 x 10-1%, while both its amine groups are so strongly basic
figure also reports thgg parameters obtained for the two that no K, value is usually provided for them.

polymers from preliminary analysis of the buffer region, pointing Degradation Studies. The degradation of BPCY and

in both cases to moderate but significant interactions betweengac—CY was followed viscometrically under normal hydro-
similar neighboring groups. Figure 2 also includes the speciation |ytic conditions at pH 8.3 and under strongly acid conditions,
diagrams for the three compounds in the pH range from 2 to that s, in the pH range 01. At the same pH values the
10. In particular, concerning the physiological pH range, reductive degradation was also investigated in the presence of
extending from 7.4 in extracellular fluids to 5 in some 1 4-dithiop,L-treitol as reducing agent. The variation of the
intracellular compartments, we get that (a) at pH 5, the three reduced viscosity vs time for BRCY and BAC-CY under

compounds are completely in the neutraldét LHs forms; different conditions is reported in Figures 3 and 4. It may be
(b) at pH 7.4, the three compounds are mostly (75%-80%) in gpserved that the degradation rate is significantly higher at
the neutral LH or LH; forms with a significant amount (20 higher pH, but in any case it takes several days to bring down
25%) of the negatively charged LHor LH,~ forms which the polymers to oligomeric level.

become the prevailing ones at pH9. The degradation of both polymers is dramatically faster in

The four K, values obtained for the BRCY are similar to the presence of 1,4-dithiot)-threitol as reducing agent. It may
the parent cystine ones; both compounds exhibit a strongly acidbe observed that under basic conditions the molecular weights
and a weakly to strongly acid carboxylic group, while both the drop to a very low level in a matter of minutes, making it
amino groups of BPCY, in particular the second one, are more difficult to determine the initial viscosity values. In acid
basic than the-cystine ones, which is consistent, inter alia, conditions, the reductive degradation is faster than the hydrolytic
with the typical basicity sequence of amines (i.e., secondary one, although the difference is less dramatic than at basic pH
primary). The additional carboxylic group on the BACY values.
results much weaker than the other two ones and induces a Electrochemical Activity Studies. The electrochemical
significant basicity increase on the weaker amine group. This activity of the disulfide bonds in the polymer backbone was
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E IV (SCB) by Bard et ak® and Heyrovskyet al.?° since they include the
e SIANENNES SIS v e s v SRS w RN R0 et 7 SRS ) following:
(a) Afirst cathodic peak system in a potential range between
—0.4 and—0.7 V (SCE) is observed, corresponding to reduction
of a spontaneously formed thiolate layer,

RSSR= (RSSR) @)
(RSSR)ys+ [HgHQ], = [RS—HgHg—SR  (3)

oW

[RS—HgHO—SRL+2e—2RS +[HgHgl, (4)

i 2RS + 2H' = 2RSH (5)

pH74 and exhibiting a regular (linear) dependency of the peak potential
g on pH, which is consistent with the proposed reaction scheme.
I 30 AT 5% ] At the two lower pHs, i.e., when-cystine is mainly in the
——002Vis ==—02Vis =2V i globally neutral form (Figure 2) we notice a peak splitting into
| a sharper, adsorptive one and a second, less sharp one, associated
a E IV (SCE) with the structural transition from a more compact thiolate layer
a0z | frsgemel M a1 o 1A Sl b v | s S o (with lateral interactions between the ionizable groups on the
- - - - - L-cystine side chains) to a looser one (with no lateral interac-
tions). Upon increasing the potential scan rate, the two peaks
merge, indicating that the above transition is a relatively slow
one.
(b) A second cathodic peak, irreversible and of purely
diffusive character, corresponding to steps

RSSR+ e=[RSSR] ~ (6)
[RSSR] " —RS + RS (7)
__ RS +e—RS (8)
vl ORI I E il 2RS + 2H" = 2RSH ©

(NI

i.e. to the direct reduction af-cystine without any mercury
interaction, is then observed. In comparison to the cited works,
b T carried out in acetate or phosphate buffers, this peak is shifted
L1 A e e St s e at much more negative potentials (abetit.2 V(SCE) instead

of —0.9 V(SCE)); this is consistent with a much higher screening
effect from our supporting electrolyte cation (tris(hydroxym-
ethyl) ammmoniummethane).

(c) An anodic peak system follows, nearly symmetrical to
the first cathodic peak system, corresponding to oxidative
formation of the thiolate layer (from mercury and the cysteine
produced in the forward scan), and, at sufficiently low pH and
scan rate, to its transition to the more compact structure (made
evident by the peak splitting).

Turning to our new.-cystine-based polymers, they feature
(Figures 5b and 5c) a first cathodic peak system, similar to the
L-cystine one for many aspects, e.g.: (a) itis located at potentials
near to theL-cystine one; (b) it is also linearly dependent on
the working pH, although with a different (higher) slope (i.e.,
possibly, a different stoichiometry); (c) it also tends to split,
albeit less neatly, into two peaks, the first one (varying linearly

Figure 5. CV patterns on a hanging drop mercury electrode at different with v) being sharper than the second one; (d) in particular,
igure 5. i u i s ; ; : ;
pH values and different potential scan rates. Panel a: parent compounoSUCh splitting emerges with decreasing pH and at increasing

L-cystine. Panel b: BPCY. Panel c: BAG-CY. scan rate. . )
Therefore, also the polymer first reduction peak system can

investigated together with that of parentcystine (as a be associated with the reduction of a spontaneously formed
reference) by cyclic voltammetry on the hanging drop mercury mercurous thiolate layer, as in the case of the parent compound,
electrode (HDME), in aqueous TRIS-buffered media, at different moreover, also in the polymer case there is some evidence of
pH values in the range from 6 to 9.5. A selection of the results structural transitions involving side interactions, in spite of the
is shown in Figures 5a (parenicystine), 5b (BP-CY), and 5¢ decrease of freedom degrees. However, a significant difference
(BAC—CY). The CV features obtained for paremcystine emerges between the polymers and their parent compound when
(Figure 5a) are consistent with previous works in different media considering the charge of the first reduction peak systems and

! | ——002Vis =———02Vis —--=2Vis
\I

W

20 mA L mol" s y** I

—D,02Vis

0.2V ---=2Vh

Cc
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Figure 6. Quantitative results of the cytotoxicity evaluationietystine based PAAs. Panel a: BERY. Panel b: BAC-CY.

the dependence of both the peak area and current on the substrathiolate layer, with no competition from the adsorption of TRIS
concentration. In particular, for parent compoundystine the ammonium cation. A possible explanation, more probable than
charges associated with both the sharp structural transition peakan enhanced intrinsic reactivity of the disulfide group in the
and the subsequent desorption peak are fully consistent withpolymers with respect to parentcystine, could be that the
the 40-80 uC cnr? specific factors reported in the cited polymer remains in situ after the thiolate layer reduction, and
literature?® pointing to surface-limited phenomena. Instead, in therefore reacts immediately with no screening effect from
the polymer cases, the global areas and associated charges aasorbed TRIS cations.

far too high to be associated with a surface process; moreover, Preliminary Toxicological Evaluations. In vitro evaluation
they increase linearly with the substrate concentration with no of cytotoxicity is a rapid, standardized, sensitive, and inexpen-
saturation effect up to 0.00075 M at least. Finally, in the polymer sive way to assess at an early stage the potential biocompatibility
cases we observe no second reduction (diffusive) peak in theof newly synthesized materials. Cell morphology and enzymatic
potential range in which the-cystine one is located, although activity are commonly used to investigate the material toxicity.
a prewave can be observed on the background current,The isolation of test cells in cultures and the absence of the
resembling the typical catalytic waves often assigned to protective mechanisms that assist the cells within the body
hydrogen evolution from the SH group in the literature guarantee for a high sensitivi#j.

concerning the electrochemistry of organic sulfur compo@hds. BP—CY and BAC-CY were dissolved in DMEM at different
These observations point to the polymer diffusive reduction peak concentrations between 10 and 2 mg/mL. Cells were incubated
being merged in the first reduction peak system, with a for 24 h with the polymer solutions and then analyzed for
remarkable anticipation in the corresponding peak potential with viability with WST-1 tetrazolium salt, which allows for the
respect to the.-cystine case. This would mean that in the quantitative evaluation of metabolically active cells. In viable
polymer case the reduction of the unadsorbed disulfide group cells, mithocondrial dehydrogenase enzimatically converts the
occurs as soon as the mercury surface becomes free from theetrazolium salt WST-1 into soluble formazan, which is quanti-
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fied spectrophotometrically at 450 nm and correlates directly  Third, the synthetic results obtained withcystine can be

with the number of viable cells present in the culture. probably extended to any peptidew-terminated byo-ami-
Both the investigated polymers resulted highly cytocompat- noacidic residues, thus opening the way for novel hybrid PAA-

ible, even if small differences among the two were noticed. In peptide structures in which the peptide moieties are an integral

the case of BPCY polymer the high value of 165 obtained, part of the polymer chain, and whose biological properties

which resulted of 6.90 g/L, certainly confirms the extremely deserve to be investigated. This will be the object of forthcoming

good cytocompatibility of the tested compound (Figure 6a). In papers.

the case of the polymer BASCY no appreciable cytotoxicity

was detected even at the higher concentration tested (10 mg/ Acknowledgment. This work has been funded by the Italian

mL), thus it was not possible to determine a value ofpl&@nd MIUR, COFIN 2004 project.

the material can be considered fully cytocompatible (Figure 6b).
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