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Abstract

Biodegradable copolymers of aspartic and lactic acids were synthesized for potential use in controlled drug release. The
proportion of aspartic acid moieties in the copolymers was 0.9 and 0.1, the molecules were partially branched and had
absolute molar masses over 100,000 g/mol. The drug could be attached to the copolymer via metal (particularly zinc)
ions, so a method to estimate the interactions between zinc ions and the water-soluble polymers by fluorescence spec-
troscopy was developed. The stability constants of binding of zinc and the concentrations of zinc bound to polymer we-
re determined. The results confirm that zinc ions at pH 6 preferentially bind to side groups of aspartic acid units of the

copolymers.

Keywords: Polyamino acid, controlled drug delivery, biodegradable carrier, fluorescence spectroscopy, zinc, polymer

coordination compound.

1. Introduction

This study focused on biodegradable polymers that
can potentially be used for pharmaceutical purposes in
controlled drug release. Polymers as drug carriers are
used in two types of delivery systems, colloidal carriers
and polymer-drug conjugates. In colloidal formulations,
the polymer encapsulates drug within micro- or nanopar-
ticles.! In polymer-drug conjugates, the drug is covalently
bound to the polymer.? For such purposes, the drug could
be attached to the polymer via dative covalent bonds or
coordinate bonds with metal ions like zinc, and for the
polymer components lactic and aspartic acid moieties
could be combined.

Poly(aspartic acid), PA, is a typical hydrophilic bio-
degradable polymer with aspartic acid monomer units.
The most common method for the synthesis of PA invol-
ves the polycondensation of aspartic acid into polysucci-
nimide, followed by its hydrolysis to sodium polyasparta-
te. The hydrolyzed form, sodium polyaspartate, has
hydrophilic carboxylate side groups that can interact with
metal ions.* It degrades quickly under physiological and

biological conditions. However, it is insoluble in organic
solvents and does not have thermoplastic properties,
which makes it difficult to obtain PA films or mouldings;
it can only be processed as an aqueous solution or in a
hygroscopic powder form.*

On the other hand, polylactide or poly(lactic acid),
PLA, is one of the most intensively studied biodegradable
thermoplastic polymers and contains lactic acid monomer
units. PLA is hydrophobic and soluble in organic solvents.
It is currently used in a number of biomedical applica-
tions, such as sutures or fibres,> stents, implants for bone
fixation® and drug delivery devices.” It is also being eva-
luated as a material for tissue engineering.® One of the
shortcomings of this polymer is that there is no pendant
functional group on the backbone.

One of the possibilities to combine the advantages
of both PLA and PA derivatives is to make amphiphilic
copolymers.* PA can bind metal ions and is water-solub-
le,’ whereas PLA has good mechanical properties and dis-
solves in organic solvents. By changing the ratio of aspar-
tic and lactic acid units we can therefore obtain amphiphi-
lic copolymers to which a drug could be attached via zinc
ion bridges. For many years zinc has been used to treat
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epithelial disorders, ranging from wound healing to diarr-
hea and ulcerative colon disease.'® It is found in all body
tissues, with ~85% of the whole body zinc in muscle and
bone, and another 11% found in the skin and liver."! Typi-
cally, humans appear to have the capacity to regulate who-
le body zinc content over a ten-fold change in intake.'?

Zinc ions bind to copolymers of aspartic and lactic
acids to form polymer coordination compounds. In poly-
mer coordination compounds metal ions interact with li-
gand groups situated on the polymer chains. The kind and
strength of the metal ion to ligand interaction can be des-
cribed by stability constants. Stability constants of poly-
mer coordination compounds can be calculated with the
help of many theoretical models. For our system, the most
suitable model is described by Flory’s concept of infini-
tely large polymer chains.'*!

In this paper we report a method of determining the
interactions between polymer ligands and Zn** in aqueous
solutions by fluorescence spectroscopy. To determine the
concentration of free zinc, a fluorescent indicator that
enables minimal interference with the equilibrium of zinc,
was used. As zinc carriers copolymers of aspartic and lac-
tic acids were prepared and the properties of the copoly-
mers for potential use as carriers in chemically controlled
drug release were characterized.

2. Experimental

2. 1. Materials

L-aspartic acid (> 98%), L-lactic acid (> 85%),
L-lactide — the cyclic dimer of lactic acid (98%), N,N-di-
methylformamide (p. a., 99%) and lithium bromide, LiBr,
(> 99%), purchased from Aldrich, N,N-dimethylacetamide,
DMAc, (99%), purchased from Merck and zinc chloride (p.
a., 98+%), purchased from Fluka, were used as received.
Benzoylated dialysis tubing with pore size of < 1,200 g/mol
was purchased from Sigma Aldrich. Sodium poly((o.,p)-
D,L-aspartate) (40 w.%) was purchased from Aldrich, with
FTIR: v = 2600-3600 (N-H and O-H), 1598 (C=0, car-
boxylate), 1648 (amide I), 1240 (amide III), 670 (amide V),
2867 and 2930 (C-H and CH,) and 3086 cm™ (-HC=, ma-
leamic acid) and 'H NMR (in D,0): § = 4.7 (a-CH), 4.5
(B-CH), 2.76 (B-CH,) and 2.65, 2.55 ppm (o.,3-CH,). The
degree of ionization according to Saudek'® was 1. The fluo-
rescent dye Fluozin-1, N-(2-methoxyphenyl)iminodiacetic

acid indicator, “cell impermeant”, purchased from Molecu-
lar Probes, was dissolved in twice deionized Milli-Q water
and kept protected from light at —20 °C. 8 g of N-(carba-
moylmetyl)iminodiacetic acid buffer (ADA) (Kd(Zn2+) =
127 nmol/L at an equimolar ratio of 7Zn>" and ADA, 20 °C,
pH 7 and ionic strength 0.1 mol/L), purchased from Sigma,
was dissolved in 50 mL 1 N NaOH.

2. 2. Syntheses

Poly(succinimide-co-lactic acid), PSL, copolymers
were synthesized in a 100-mL glass flask that was deoxy-
genated by continuous degassing and back-filling with ar-
gon, except during the third step of synthesis when a va-
cuum pump was applied (Table 1). The reaction mixture
consisted of aspartic acid and lactic acid or lactide without
addition of catalysts or solvents. ALa copolymers were
synthesized by reaction of aspartic and lactic acids, and
ALt copolymers with aspartic acid and lactide. The reac-
tions proceeded similarly to the procedure with aspartic
acid and lactide reported by Shinoda et al.* under the reac-
tion conditions summarized in Table 1. Upon heating the
reaction mixtures changed into viscous liquids, which we-
re very difficult to stir. At the end of the syntheses the
reaction flask was taken out of the oil bath and cooled to
45 °C. The products were purified by dissolution in the
minimal quantity of DMF and the filtrate was poured into
distilled water to precipitate the polymer. The yellowish
white polymer powder was dried for 12 hours at 80 °C in
an oven. FTIR (KBr): v = 1750 (C=0, ester), 1790, 1720
(C=0, succinimide), 1660-1630 (amide I), 1550-1530
(amide II), 1290-1260 (amide III), 640 (amide V),
3700-3000 (N-H and O-H), 2990-2945 (C-H and CH,,
stretching vibrations), 1130 (C-O, ester) and 1400 cm™!
(CH,, deformational vibrations).

In the next step, amphiphilic poly(sodium o,3-as-
partate-co-lactic acid) (PAL) copolymers were prepared
by hydrolyses of cyclic succinimide rings to more hydrop-
hilic aspartic acid units bearing carboxylate groups. The
hydrolysis were performed with 1 M NaOH added drop-
wise. The products were purified by three days of dialysis
with exchanging distilled water twice per day where com-
pounds with < 1,200 g/mol were separated from com-
pounds having molecular weight over 2,000 g/mol. FTIR
(KBr): v = 1600 (COO™, carboxylate), 3400 (N-H and
NH,), 1240 (amide III) and 670 cm™! (amide V).

Table 1: Reaction conditions for the synthesis of copolymers of aspartic (A) and lactic acid (La) or lactide (Lt)

sample N A La Lt AlLag, temperature (°C) / time (h)
I. step I1. step I11. step IV. step
melting cooling vacuum (~ 4 mbar) further reaction
AM 4 16 17 / 0.95 180/2.5 180-40/0.5 40/0.3 180/2.5
AL 3 42 / 245 0.17 180/2.5 180-160/0.5 160/ 18 /

N = number of parallels, A/M;_,, = feed molar ratio
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2. 3. Characterization Methods

Fourier transform infrared spectroscopy, FTIR, was
carried out with a Perkin-Elmer 1725X FTIR spectrome-
ter. Typical FTIR spectra were obtained using KBr pellets
or FTIR spectra in aqueous solutions using AgCl plates,
resolution 4-cm™, range 400-4500 cm™, 20 °C and with
10 scans for dry or 300 scans for aqueous samples.

Nuclear magnetic resonance, NMR, spectra were re-
corded on a VXR 300 Varian spectrometer. The solvent
for PSL was deuterated dimethyl sulfoxide, DMSO-d, and
the solvent for PAL was D,O with addition of a standard,
(CH,),SiCH,CH,CH,SO,Na, DSS at a temperature of
25 °C and a pulse angle of 90°. Acquisition parameters for
'"H NMR spectra were 300 MHz, 35 scans and 5-s relaxa-
tion time, and for '*C NMR spectra 75 MHz, 30,000 scans
and 2-s relaxation time.

Differential scanning calorimetry, DSC, was con-
ducted on a Perkin Elmer DSC-7 in the temperature range
from —60 to 200 °C at a heating and cooling rate of 20 and
200 °C/min, respectively.

Size exclusion chromatography with a detector for
multiple angle light scattering, SEC-MALS, was conduc-
ted on a Dawn-DSP detector, laser photometer (He-Ne la-
Ser, 7L0= 633 nm), Optilab-DSP differential refractometer
(Wyatt Technology Co.), Perkin Elmer Series 200 pump
and a PL Gel Mixed D 5 pym column with pre-column
(Polymer Laboratories, Ltd.), with N,N-dimethyl aceta-
mide (DMAc) containing lithium bromide (0.1 M) as mo-
bile phase. The nominal flow rate of eluents was 0.8 m-
L/min. The mass of the samples injected onto the column
was typically 0.1-0.2 mg. Data acquisition and evaluation
utilized Astra 4.73.04 software (Wyatt Technology). The
method is described in detail in Gri¢ar et al..'®!”

2. 4. Interactions Between Polymer
Ligands and Zn?*

The interactions between polymer ligands and metal
ions can be deduced by different analytical methods. By
means of chemical methods like elemental analysis the
coordination number and atomic structure of polymer
coordination compounds can be determined.'* By physi-
cochemical methods like potentiometric titration the sta-
bility constants and coordination numbers of metal ions
can be deduced, whereas by conductometric titration the
density of charge distribution, distribution of free metal
ions, transport of total charged particles and the conducti-
vity of polyelectrolyte solutions can be determined.'® By
spectroscopic methods like FTIR spectroscopy the mole-
cular coordination structures, the position of coordination
bonds on linear and crosslinked polymer chains, the spe-
cial features of conformations, the shapes of functional
groups and hydration layers can be defined. And by means
of NMR spectroscopy the positions of metal ions on poly-
mer ligands can be deduced.'*

Above mentioned methods mostly demand a puri-
fied polymer coordination compound with no free metal
ions in the solution. However, the equilibrium of free and
bound Zn?* in aqueous solutions of the polymer ligands
prevents complete removal of free Zn**. The extent of the
interactions between polymer ligands (L) and Zn** was
therefore determined by fluorescent spectroscopy where
the addition of an appropriate fluorescence indicating dye
permits minimal interference with the equilibrium. For
this, the indicator FluoZin-1 was used and the resulting
fluorescence intensity indicated the concentration of free
Zn** in the aqueous solution from which the concentration
of bound Zn** was calculated according to the equation
[Zn**], = [Zn™*]; + [Zn**],,.

FluoZin-1 is based on N-(2-methoxyphenyl)imino-
diacetate chelator with stability constant for binding of
Zn*, K(Zn**) = 8 pmol/L. FluoZin-1 is designed for de-
tection of Zn?* in the 0.05-50 pmol/L concentration range
and exhibits a fluorescence intensity dependent on the
concentration of free Zn** with no accompanying spectral
shift. According to the manufacturer’s specification, the
dissociation constant of FluoZin-1 is dependent on pH,
temperature, ionic strength and viscosity of the solvent,
the presence of other ions and compounds, photobleac-
hing and the type of spectrofluorometer. Hence, it is im-
portant that all these factors are controlled or kept con-
stant throughout the measurements.

The measurements by fluorescence spectroscopy we-
re performed on a Perkin Elmer LS50 spectrofluorometer
under the following conditions: emission range 500-550,
excitation 490, automatic standard employment of photo-
multiplier, excitation slit 15 and emission slit 2.5 nm. Befo-
re a measurement was performed, the sample was thermo-
statted in the spectrofluorometer for 10 seconds at 20 °C. A
1 cm square quartz cuvette (0.5 mL) was used. The concen-
tration of the indicator in the cuvette was 11.0 pmol/L and
the ionic strength of the solution 0.1 mol/L. At the end of
each experiment calibration was made by measurement of
F .- ablank, and F_ , the indicator saturation. Relative in-
tensities of fluorescence, F*, were calculated according to
the manufacturer’s specifications via Equation (1):

F*=(F-F )/ (F, P (1)

F denotes the fluorescence intensity of the sample.
Each series of measurements were calibrated with the ca-
libration curve (F* = f([Zn**],)), where [Zn**], denotes the
concentration of free Zn>*. The slope of the calibration
curve of ZnCl, solutions, k, and F* of solutions of ZnCl, +
polymer ligands, L, were used to calculate [anJr]f in solu-
tions of ZnL by Equation (2):

[Zn*'],=k - F* 2

In spite of keeping the pH, temperature, ionic
strength of the solvent and settings of the spectrofluoro-
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meter constant, the slope of the calibration curve changed
daily. The reason, among others, was the alteration of air
humidity. Therefore the instrument was calibrated daily
with a new calibration curve.

Photobleaching of the indicator was checked by
measuring F of the solutions containing ZnCl, + ADA and
altering the duration of indicator exposure to daylight and
any radiation in the spectrofluorometer before measure-
ment. The statistical errors for six and four replicate mea-
surements of F of solutions of ZnCl, + ADA were calcula-
ted. Errors in F, F_, and F_,_measurements, dF*/F*, we-
re calculated via Equation (3); where dF — standard devia-
tion of F, dF,, — deviation of F_,, dF - deviation of
F

min’

max”

dF*/F* = (dF + dF_, ) / (F-F_, )

+(F, , +dF)/(F _ -F) 3)

max

The interactions between Zn** and polymer ligands
were determined by measuring [an*]f in aqueous solu-
tions of ZnL with PA, PAL ALa (90% A) and PAL Alt
(10% A) at pH 6. The ZnL solutions were prepared by
simply adding ZnCl, ([Zn**]) to the aqueous solutions of
polymer ligands without further purification. By this, the
exact [Zn“]t was known. The measurements were carried
out at constant [an*]l of 20, 40, 60 and 80 pmol/L on
changing the total concentration of polymer ligand, [L]..
The concentrations of PA, PAL ALa and PAL ALt were
calculated by knowing the precise volume and weight of
the solution and the molecular weight of the average
(co)monomer unit, M, .- M, . values were deduced by
NMR spectroscopy. Two types of plots, describing linear
dependence, were used:
e Type 1: [PA], = f(ln[Zn2+]f), [ALa], = f(ln[an"]f)
and [ALt], = f(In[Zn>*],) at constant [Zn*'],, where
“” and *;” denote total and free, respectively, (Fi-
gure 3),

e Type 2: [Zn**] /[Zn**], = f([PA]), [Zn**] /[Zn*"], =
f([ALa]) and [Zn2+]b/ [an"]f = f([ALt])); Figure 4.

The linear relationships in plots of Type I, [L], =
f(ln[an"]f), describe the links between bound and total
Zn** from which we could draw plots of Type 2. Plots of
Type 2 are Flory’s equations for unidentate ligands, inde-
pendent of their position on the polymer chain,
[Zn**]/[Zn*'], = K, - [L], - K - [L],, where K, denotes
the stability constant of the binding of Zn** to L and [L],
the concentration of bound polymer ligands."

3. Results and Discussion

3. 1. Synthesis and Characterization

Amphiphilic biodegradable copolymers with aspar-
tic and lactic acid moieties were synthesized as described
in the literature*, with some modifications in the prepara-
tion procedure. NMR and FTIR spectra show that under

the conditions (summarized in Table 1) poly(succinimide-
co-lactic acid) (PSL) copolymers were synthesized. By
basic hydrolysis of PSL poly(sodium (o.,f3)-aspartate-co-
lactic acid) (PAL) copolymers were prepared. Copoly-
mers with a higher amount of aspartic acid, ALa, were
synthesized from aspartic and lactic acid, and copolymers
with a higher amount of lactic acid, ALt, from aspartic
acid and lactide (Table 2). The PAL ALa copolymers were
water-soluble, but insoluble in organic solvents, whereas
PAL ALt were amphiphilic.

Throughout the hydrolysis of PSL to PAL, the ratio
of comonomer units and end groups are preserved.”” Ma-
leimide end groups in PSL transform through hydrolysis
to maleamic acids and due to the presence of double
bonds between carbon atoms, form irregular structures
in PSL as well as in PAL (Scheme 1). Succinimide end
groups transform through hydrolysis to asparagine end
groups and succinamic acid end groups, whereas car-
boxy and hydroxy end groups remain unchanged after
hydrolysis.?! Shortly, preservation of comonomer units,
irregular structures and end groups throughout the
hydrolysis were reasons the characterization of copoly-
mers was discussed mainly via characterization of PSL
(Table 2).
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Scheme 1. Schematic structures of poly(succinimide-co-lactic
acid) copolymers.
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Table 2. Average characteristics of synthesized copolymers of aspartic and lactic acids ALa and Alt, where the mole ratios between aspartic and lac-

tic acid moieties in the feed stock and in the copolymer are A/La,, , and A/La, , the average molar masses of comonomer units are M, . and the
number of end comonomer units per copolymer chain and the percentage of end groups per copolymer are N, .. and N, respectively
FTIR (CO) NMR DSC
L N() Alag,() Ny. () (ester)(em™) (SD(em™) A/La*() A*(%) N."(%) M, . (gmol) T,(°C)
1787
ALa 4 0.95 141 ¢ 1718 8 90 8+4 94 58 +59
ALt 3 0.17 390 1759 1723 0.13 10 6+2 75 15+5

N = number of parallels, * = + 10%, estimated from '*C NMR spectra of PSL in DMSO-d,, ® = + 10%, percentage of end groups in copolymers, de-
termined from 'H NMR spectra of PSL in DMSO-d,, © = band overlapped by other bands; SI = succinimide, 4 = results of DSC measurements after

first heating, because after T, the copolymers degrade.

The structure of PSL copolymers was elucidated by
"H and *C NMR spectroscopy (Scheme 1) and the signals
were consistent with Shinoda’s NMR study* on the co-
polymers of aspartic and lactic acids, Matsubara’s NMR
studies?® on thermally prepared polysuccinimides and Es-
partero’s study*® on low molecular weight poly(lactic
acid)s. Two major resonances in the '"H NMR spectra of
PSL, corresponding to methyl (k) and methine groups (f,
g, h), were observed at 1.6—1 ppm and 5.4—4 ppm, respec-
tively (Scheme 1). The signal of water overlaps the signal
of methylene protons. Therefore on addition of
CF,COOH to the deuterized solvent containing dissolved
PLS,* the residual water peak displayed a higher chemical
shift (approx. 8.8 ppm) and the characteristic multiplets at
3.8-2.2 ppm were assigned to the methylene protons (i) of
succinimide. The methine protons of succinimide (i) at
5.4-4.5 ppm overlap with the PLA methine resonances
(f). Resonances at 9.3—7.6 ppm indicate amide protons (-
CONH-) (e) in branched laurylamide structures and o-, -
succinimide open units. The small resonance at 7.05 ppm
indicates the presence of maleimide end groups (d), that at
11.5 ppm succinimide end groups (c¢), and the resonances
at 5.5 and 12-13 ppm -OH (a) and -COOH (b) lactic acid
end groups, respectively.

a)

Ala

178 176 174 172 170 168 166

13C NMR spectra (Figure 1) show signals of succini-
mide CO at 178-170 ppm, ester CO at 174—-169 ppm and
amide CO at 171-166 ppm. The lactic acid and succinimi-
de CH were assigned to 72—67 ppm and 48—47 ppm, res-
pectively. The succinimide CH, groups absorbed at 35-33
ppm and CH, lactic acid at 21-16 ppm. The BC NMR
spectra of ALa and ALt copolymers mainly differ in the
CH and CO regions. ALa spectra show intense signals of
succinimide CH and CO groups, whereas in ALt spectra,
the signals of lactic acid CH and CO groups are predomi-
nant.

The differences in the chemical shifts and intensities
of signals in the NMR spectra indicate (in accordance
with the FTIR spectra) different ratios of aspartic and lac-
tic acid in the copolymers ALa and ALt (A/La, ) as com-
pared to the feed ratios. In "H NMR spectra of PSL the ra-
tio of CH, and CH, integrals is equal to A/La, . However,
the signals of DMSO protons overlap the CH, region, so
the A/La, ratio was approximately (£ 10%) estimated
from *C NMR spectra by integrating the succinimide and
lactic acid CH signals (Table 2).

The percentage of end groups in the copolymers,
N, (Table 2) was estimated from 'H NMR spectra with +
10% precision, due to overlapping signals. The proton sig-

b)

ALa

M—-

48 50 52 54 56 58 60 62 64 66 68 70 72 74 ppm

Figure 1. *C-NMR spectra of PLS ALa and ALt in DMSO-d,, CO (a) and CH region (b).

Verdel et al.: Determination of the Interactions Between Zn**

655



Acta Chim. Slov. 2013, 60, 651-659

nals, representing end units and all comonomer units, we-
re integrated and N, was calculated using the equation N
=(a+b+c+d2)/(f+g+h+d/2) (Scheme 1). N, the
absolute number average molar mass determined by SEC-
MALS, M,, and the average molar mass of comonomer
units, M, ., were used to calculate the number of end co-
monomer units per copolymer chain viaN_, . =M, - N./
M, ... (Table 2). With M, > 100,000 g/mol, N from 8 to
9% and M, .. from 75 to 90 g/mol, the number of end
units per chain was > 100. More than one hundred end co-
monomer units per chain indicates a branched copolymer
structure.

3. 2. Interactions Between Polymer Ligands
and Zn**

Fluorescence spectroscopy is a relative method, ba-
sed upon a calibration curve (F* = f([Zn2+]f)), where F*
denotes the relative fluorescence intensity and is calcula-
ted via Equation (1). Polymer ligands for binding of Zn**
ions were PA with 100% aspartic acid units (A), PAL AL-
a (90% of A) and PAL ALt (10% of A), Table 2.

The fluorescence method was critically evaluated
with regard to photobleaching of the indicator FluoZin-1,
precision, accuracy, linearity, F_, and F__ . The results in-
dicated no photobleaching of FluoZin-1 over a time pe-
riod of 300 s, which is long enough to accurately prepare
the sample solutions.

The precision of the measurements was tested with
preparations in 6 and 4 replicates and measurements of
solutions containing 50 and 36 umol/L free Zn** of
[Zn(ADA),] solutions, respectively; N-(carbamoyl-
methyl)iminodiacetic acid buffer (ADA) was used to mi-
mic the conditions in polymer solutions. The error dF*/F*
(Equation (3)) was + 2.5% and the relative standard devia-
tion less than + 1%. Deviations from the average of dupli-
cate measurements of F of ZnL solutions showed an accu-
racy of + 2.5% (Table A3 in the Supplementary material,
column [Zn2+]f**/<[Zn2+]f>), which is not higher than the
dF*/F* error range mentioned above. Therefore the fluo-
rescence measurements were performed at four concen-
trations of total zinc ions and more than ten concentra-
tions of total polymer ligands in duplicate for each L and
the error was attributed to be + 2.5%.

The accuracy of the proposed method was evaluated
by comparing the slopes of the calibration curves from so-
lutions of [Zn(ADA),] with those of ZnCl,. With ordinate
cross-sections at 0, the slopes of the calibration curves of
[Zn(ADA),] and ZnCl, were equivalent to 0.041 and
0.036, respectively (Figure 2). With regard to simplified
calculations of [Zn**], in solutions of [Zn(ADA),] (Equa-
tion (A1) in the Supplementary material), we consider the
slopes to be in good agreement and can be used to calcula-
te total Zn** in aqueous copolymer solutions. The solu-
tions of ZnL were therefore prepared without addition of
ADA.

2.5

with ADA

F*

05 e

o 10 20 30 40 50 B0
concentration of free Zn?* (umol/L)

Figure 2. Calibration curves of [ZnCl,] and [Zn(ADA),], pH 6,
[Zn**], 0-55 pmol/L.

The deviation from linearity of the calibration curve
of ZnCl, solutions in the concentration range from 0 to
100 umol/L Zn**, R, was 0.998. F,, and F__ of
[Zn(ADA),], ZnCl, and ZnL solutions were the averages
of duplicate measurements of the solutions listed in Table
Al in the Supplementary material. At concentrations hig-
her than 1000 umol/l Zn*, small differences in F .. &
1%) produced large errors in calculating F* (+ 100%). To
avoid such errors, we prepared samples of ZnL in the con-
centration range of [an+]t =20-80 umol/L.

F . and F__ (Table Al in the Supplementary mate-
rial), the time dependence of F (Table A2 in the Supplemen-
tary material) and the accuracy of preparing the ZnL solu-
tions (Table A3 in the Supplementary material for PA) were
defined. F values of solutions with constant [Zn2+]t (at 20,
40, 60 and 80 pmol/L) were measured and the values of
L], F¥, [Z0™], [Z0*"], ([Zn™), = [Zn"], + [Z0®]),
[Zn**],/[Zn**],, and In[Zn**]; were calculated (Table A4 in
the Supplementary material for PA). From plots of Type 1
and 2 (Figures 3 and 4) equations for calculating Zn**
bound to L for any [L], and [Zn2+]t (Table 3), and stability
constants for binding Zn** to L (Table 4) and the concentra-
tions of bound polymer ligands (Table 5) were determined.

24 and 96 hours after the preparation of aqueous so-
lutions of ZnL fluorescence intensities were again measu-
red (Table A2 in the Supplementary material). Due to dif-
ferent voltages in the photomultiplier, F values of the so-
Iutions were not comparable, therefore relative values F*
were calculated and compared. The results showed sub-
stantially more Zn** bound to PA 96 hours after prepara-
tion of the solutions (smaller values of F* after 96 h). The
time between preparation of the ZnL solutions and measu-
rement of fluorescence intensity was therefore kept con-
stant, at 96 hours.

In Table 3 the linear equations of Type I plots at
[Zn**], = 40 pmol/L for all ZnL, together with deviations
from linearity, R, are listed.

Figure 3 shows the Type I plot at [Zn**], 40 pmol/L
for ZnL with PA, PAL ALa and PAL ALt. With [L], 5000,
the concentration of Zn>* bound on PA, PAL ALa and
PAL ALt is equal to 39, 29 and 11 pmol/L, respectively.
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Table 3. Dependence of [L] and [an*]f at [an*][ =40 umol/L calculated from Type I plots, [L], = f(ln[an*]f) and deviations from linearity, R

L PA PAL ALa PAL ALt
equation [PA], = -1438 - In[Zn**], [PAL ALa], = -11940 - In[Zn**], [PAL ALt], =23650 - In[Zn**],
+ 5347 + 15275 + 84280
R? 0.9969 0.9831 0.989%4
N 11 11 9
N = number of different concentrations of [L],
35000
= 6.0
30000 P&
i 25000 PAL ALt § 5.0
“_; .;'- 40
E 20000 by &
2 N
T 15000 Y ;:‘ i
s N20
10000 a PALALa o = o
— R PA & EID 1.0 o “ PAL ALt
: §e B S o Laee™ T
1 2 a 4 5 0 1000 2000 3000 4000 5000
[L]; (umaol/L}

In[Zn?*);

Figure 3. Type I plot showing dependence of [L], on ln[an*][., pH
6, [Zn**], 40 pmol/L.

Figure 4 shows the Type 2 plot for ZnL at [Zn2+]t =
40 pmol/L. The straight line can be expressed by the
equations [Zn**] /[Zn**]; = K, -[L], — K, [L],. The values
in Type 2 plots at low concentrations of [L], are negative
due to the complexity of the calculations, through which
experimental errors are summed. Because our main inte-
rest was in the slopes of these plots which represent the
stability constants for binding of Zn** to polymer ligands,
these Type 2 plots are presented without corrections.

Table 4. Stability constants of polymer ligands PA, PAL ALa and
PAL ALt at pH 6 and [Zn“][ =20, 40, 60 and 80 pmol/L with des-
criptive statistics — averages (AVG) and relative standard errors
(RSE) (determined in fourfold repetition)

descriptive statistics  PA PAL ALa PAL Alt
100% A 90% A 10% A

AVG K| (L/mol) 1445 671 86

RSE (%) 2 3 8

Table 5. The concentration of bound polymer ligands, [L],, PA,
PAL ALa and PAL ALt, at different [an*]t and pH 6 (determined
for approx. ten concentrations of total L in duplicate repetition)

[Zn**], (umol/L) [L], (mmol/L)
PA PAL ALa PAL ALt
100% A 90% A 10% A
20 25 100 510
40 145 255 670
60 285 600 630
80 360 600 670

Figure 4. Type 2 plot showing dependence of [Zn**] /[Zn**]; on
[L], pH 6, [Zn®*], 40 pmol/L.

From Type 2 plots K, and [L] were calculated (Tables 4
and 5).

The ability of a polymer ligand to bind a metal ion is
dependent on its capacity to donate an electron pair,
though this is reduced by steric hindrance'* such as
methyl groups of lactic acid in PAL ALa and PAL ALt,
branching of chains and lowering of the molar mass. PA
has a M, around 3000 g/mol and is approximately linear,
whereas PAL ALa and PAL ALt have M, around 166,000
and 365,000 g/mol with 140 and 390 end units per chain,
respectively; see Table 2. From time dependencies of F
values we deduced that PA, PAL ALa and PAL ALt gra-
dually or step-by-step bind Zn>* (Table A2 in the Supple-
mentary material) and therefore the duration between pre-
paration of the samples and measurement was kept con-
stant.

The interactions between Zn>* and PA, PAL ALa
and PAL ALt were compared by Type I plots (Figure 3
and Table 3), the concentrations of bound L, [L],, and sta-
bility constants, K; (Tables 4 and 5). With the help of the
equations for Type I plots (Table 3) we can relate [Z“2+]1
and [Zn*"], at constant [L], and for any [Zn**], and [L],
calculate [Zn2+]b' From the linear dependencies in Type 2
plots (Figure 4) we conclude that zinc ions coordinate on
PA, PAL ALa and PAL ALt by the same mechanism, inde-
pendent of the higher degree of branching in ALa and Alt,
and the lower M of PA.

According to Flory’s principle," metal ions bind to
polymer ligands as if the polymer chains were infinitely
long; the reactivity of ligand groups is namely indepen-
dent of their position on the polymer chain. The binding
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of metal ions in this manner is similar to the gradual bin-
ding of low molecular weight ligands. Flory’s equation for
unidentate polymer ligands, our Type 2 plot, is
[an"]b/[an"]f =K, - [L],- K| - [L],. The slope in Type 2
plots is equal to the product of the stability constant and
[L],, and intersect on the ordinate is the product of K; and
[L],. A lower concentration of bound L indicates a more
stable coordination compound and a higher K; a higher
amount of bound Zn?* per polymer unit.'*

Zn?* at pH 6 mainly binds to side groups in polymer
ligands.'***** This means that Zn** at pH 6 predominantly
binds to carbon of the -COO™ and COOH side groups of
aspartic acid units of the copolymers of aspartic and lactic
acids. The results show that the stability constants for bin-
ding of Zn>* are practically independent of the concentra-
tion of total zinc ions (RSE in Table 4), whereas in the
curve in Figure 5 they depend on the number of aspartic
acid units in the polymer ligand. Namely, PA has 100%,
ALa 90% and ALt 10% aspartic acid units and the stabi-
lity constant for binding of Zn®* on PA, Ky, is twice as
high as K, ,;, and seventeen-times higher than K, ;..
The results in Figures 3, 4 and 5 and Table 4 indicate that
at pH 6, in comparison to PAL ALa and Alt, PA has the
highest capacity for binding of Zn**, as expected.

1600

1400 .§
1200
1000

80O

K. (L/mol)

] 20 40 60 80 100
share of aspartic acid units (%)

Figure 5. Stability constant at pH 6 for binding of Zn>* on polymer
ligands of PA, PAL ALa and PAL ALt (with standard error intervals
of fourfold repetition) as a function of aspartic acid moieties in the
polymer ligands; PA contains 100%, PAL ALa 90% and PAL ALt
10% of aspartic acid units; the dotted line on the graph is theoreti-
cal value.

[L], increases with increasing [an"]l from 20 to 80
umol/L (Table 5). The lowest values of Zn>* bound on
polymer ligands are for PA, followed by PAL ALa and
PAL Alt, in an increasing order. This could indicate that
coordination compounds with PA are the most stable in
comparison to PAL ALa and PAL ALt.

In short, the protocol for the method development
was as follows:

—determining the fluorescence intensity of the

blank (F_, ) and saturation of the indicator (F_, ),
Table A1, the error of measurements (Equation
(3)) and defining the calibration curve — i.e. the re-

lative fluorescence intensity as a function of the
concentration of Zn**, F* = f([an*]t),

— verifying the potential time dependence of the re-
lative fluorescence intensity F* of the polymer
coordination compounds (Table A2),

— searching for linear dependences in plots such as for
example [L]= f(ln[an"]l) and [Zn2+]b/ [ZnZJ’]f =
f([L]) =K, - [L],- K, - [L];, in order to calculate sta-
bility constants of the polymer coordination com-
pounds and the concentration of bound zinc at con-
stant concentrations of total zinc and polymer ligand.

4. Conclusions

The products of aspartic and lactic acid or lactide
synthesis and basic hydrolysis were poly(succinimide-co-
lactic acid) and water-soluble poly(sodium o,-aspartate-
co-lactic acid), respectively. The average molecular
weights (M) of the copolymers, determined by SEC-
MALS, were > 100,000 g/mol. More than 100 end groups
per chain were found by "H NMR analysis, indicating the
branched structure of the copolymers.

Since the equilibrium of free and bound Zn** in aqu-
eous solutions of polymer ligands prevents complete re-
moval of free Zn**, interactions between polymer ligands
and zinc ions in aqueous solution were followed by a met-
hod with fluorescent spectroscopy using the fluorescent
indicator dye FluoZin-1 with minimal equilibrium inter-
vention. The protocol is listed in Results and Discussion.
By this method we could calculate the stability constants
for binding of zinc to the copolymer ligands and further-
more, at constant total ligand and zinc concentrations we
could denote the concentration of zinc bound to polymer.

We found that zinc ions gradually or step-by-step
bind to the copolymer ligands by the same mechanism, in-
dependent of the higher degree of branching in ALa and
Alt, and the lower M, of PA. With increase of aspartic
acid units in the polymer ligands the values of the stability
constants increase. Hence, we propose that by modifying
the ratio of aspartic acid moieties we can forecast the
quantity of coordinated Zn>*.
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Sintetizirali smo biorazgradljive kopolimere asparaginske in mle¢ne kisline, ki imajo moZno uporabo kot nosilci za nad-
zirano spros¢anje zdravilnih uc¢inkovin. Molekule kopolimerov so bile razvejene, z absolutnimi molskimi masami nad
100.000 g/mol in deleZem enot asparaginske kisline 0,9 ter 0,1. Za vezavo zdravilne u¢inkovine na kopolimere bi lahko
uporabili komplekse s kovinskimi (predvsem cinkovimi) ioni, zato smo za opredelitev interakcij med cinkovimi ioni in
polimernimi ligandi razvili metodo za dolocanje prostih cinkovih ionov v vodnih raztopinah polimerov s fluorescencno
spektroskopijo. Dolocili smo stabilnostne konstante vezave cinka in koncentracije vezanega cinka. Ugotovili smo, da se
cinkovi ioni pri pH 6 veZejo predvsem na asparaginske enote kopolimerov asparaginske in mlecne kisline.
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SUPPLEMENTARY MATERIAL

Calibration and method development for determination of interactions between polymer
ligands and Zn** by fluorescence spectroscopy

1. Method

Calibration curves of solutions of ZnCl, + ADA and
ZnCl, were plotted at pH 6 and their slopes compared. At
pH values higher than 6.3, free Zn”* in aqueous solution is
unstable due to precipitation [A1]. In ZnCl, + ADA solu-
tions at pH 6 two complexes, [Zn(ADA),] and
[Zn(ADA)], are formed, but, [Zn(ADA),] highly predomi-
nates [A2-A4]. [Zn?”']f in solutions of ZnCl, + ADA can
therefore be simply calculated by Equation (A1), using
the stability constant of [Zn(ADA)] (Kiznapay = 127

much free Zn>* in solutions of [Zn(ADA),] than
[Zn(ADA)] and 50% dilution with Milli-Q water in the
cuvette; " denotes total:

[Zn*];= 0.5 [Zn*],~ 0.5 [ADA] ~ K, s +

(A1)
{g).i][?lr/lz%]t_ 0.5 [ADA] - KZnADA)2 +2 Ky apa
n t

nmol/L, when Zn**: ADA =1 : 1), considering twice as 2. Results
Table A1.F , and F_of [Zn(ADA),], ZnCl, and ZnL solutions at pH 6
solution [Zn(ADA),] ZnCl, ZnL
Fmin Fmax me Fmax Fmin Fmax

[ADA]t (mol/L) 0.05215 0.04736 - — — -
[an*']t (mol/L) 0 0.04867 0 0.052 0 0.052
[an*']f (mol/L) 0 0.0026 0 0.052 0 0.052
[NaCl] (mol/L) 0.048 0.09 0.1 0.048 0.1 0.048
[L], (mol/L) - - - - max 0

Table A2. Fluorescence intensities (F) 24 and 96 hours after the preparation of solutions at pH 6, and relative F (F*) and F* ratios

[Zn™], [PA], [Zn™],/[PA], () F (rlu) F* F# o g
(umol/L) (umol/L) 24h 96 h 24h 96 h (%)
11250 500 25 336 515 24 13 185
10000 500 20 329 500 15 9 167
125 500 0.25 266 / 3 / /

50 500 0.1 231 316 1.6 1.1 145
4 500 0.008 51 70 0.05 0.03 167
2 500 0.004 40 / 0.01 / /
0.8 500 0.002 40 57 0.01 0 /

0 500 0 38 58 F. F F
52000 0 / 349 549 F F F

max max max
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Table A3. [Zn2+][40, 60 and 80 umol/L, 96 hours after the preparation of solutions of ZnCl, + PA, pH 6: average F* (<F*>), deviation from avera-

ge F* (F*—<F*>), average [Zn>*]; of duplicates (<[Zn>'], >), deviation from average ([Zn**];..) and ratio between [Zn**]... and <[Zn**]>

[Zn™], [PA], [Zn**]/[PA], <F#> Fé—<F*>  <[Zn*]> [Zn*]+* [Zn**]#%/<[Zn*] >

(umol/L) (umol/L) )] (umol/L) (umol/L) (%)
40 16 2.5 1.65 0.03 46 0.7 1.5
40 64 0.63 1.52 0.03 425 0.6 1.5
40 128 0.31 1.44 0.03 40 0.6 1.4
40 160 0.25 1.38 0.02 39 0.5 1.4
40 192 0.21 1.35 0.02 38 0.5 1.4
40 256 0.16 1.28 0.03 36 0.7 1.9
40 320 0.13 1.18 0.03 33 0.7 2.1
40 384 0.10 1.12 0.02 31 0.4 1.3
40 1344 0.03 0.55 0.01 15 0.1 0.8
40 4000 0.01 0.10 0.00 3 0.0 0.1
40 6400 0.006 0.03 0.00 0.8 0.0 1.1
60 384 0.16 1.74 0.02 48 0.3 0.6
60 480 0.13 1.59 0.00 45 0.2 0.5
60 576 0.10 1.49 0.03 42 0.6 1.4
80 512 0.16 2.20 0.05 61.5 1.1 1.8
80 640 0.13 1.97 0.06 55 1.4 2.5
80 768 0.10 1.83 0.05 51 1.1 2.1

0 6400 0 F . i / / /
52000 0 / F / / /

max

F * = (F, - 15)/ (415 = F)), F,* = (F, - 15) / (415 — F,), calibration curve: [Zn>*],= 28 - F

Table A4. Solutions of [Zn2+][40 umol/L and different concentrations of total PA, pH 6, 96 hours after preparation of the solutions: F and F*, con-

centrations of free Zn>*, natural logarithm of free Zn* and ratio between bound and free Zn**

[Zn*], [PA], [Zn**]/[PA], F (rlu) F* [Zn**], In[Zn**], [Zn*]/[Zn*];
(umol/L) (umol/L) (umol/L)
40 16 2.50 264 1.65% 46 3.84 -0.14
40 65 0.63 256 1.52% 425 3.75 -0.06
40 130 0.31 251 1.44% 40 3.70 -0.01
40 160 0.25 247 1.38° 39 3.66 0.03
40 190 0.21 245 1.35% 38 3.64 0.05
40 260 0.16 239 1.28* 36 3.58 0.12
40 320 0.13 231 1.18* 33 3.50 0.21
40 380 0.10 226 1.12% 31 3.45 0.27
40 560 0.07 232 0.92° 27 3.31 0.46
40 800 0.05 210 0.76° 22 3.11 0.78
40 1040 0.04 191 0.64° 19 2.94 1.12
40 1344 0.03 155 0.54* 15 2.73 1.61
40 2000 0.02 129 0.34° 10 2.30 3.00
40 4000 0.01 50 0.10* 3 0.99 13.81
40 6400 0.01 26 0.03* 0.8 -0.22 49.00
52000 0 / 415 F .= / / /
52000 0 / 468 F .’ / / /
0 6400 0 15 F.* 0 / /
0 6400 0 15 F_° 0 / /

“ Px = (F—15)/ (415 - F), [Zn®"],= 28 - F*;

b F* = (F - 15) / (468 — F), [Zn**],= 30 - F*

The measurements F in Table A4 differ in their date of measurement, which is denoted with “* and “®”.

Al.F. Caillaud, A. Smith, J.-F. Baumard, J. Am. Ceram. Soc.
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