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Abstract This work describes the formation of water-soluble
hydrophilic nanoparticles from biosynthetic poly-y-glutamic
acid (PGA). Nanoparticles were formed by cross-linking
using 2,2'-(ethylenedioxy) diethylamine in the presence of
water-soluble carbodiimide. The structure was determined by
nuclear magnetic resonance spectroscopy and the particle size
by transmission electron microscopy (TEM), size exclusion
chromatography (SEC), and dynamic light-scattering (DLS)
measurements. The results from TEM, SEC, and DLS reveal
that the particle size depends on the ratio of cross-linking.
Particle size values measured by TEM were between 20 and
90 nm. Formation of cross-linked nanoparticles results in a
dramatic viscosity drop compared to the viscosity of the
corresponding solution of the parent PGA. The viscosity and
DLS experiments disclose an intriguing interplay between
intrachain and interchain cross-linking of the polymer chains,
depending on the cross-linker density and polymer concen-
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tration. The SEC measurements show that the retention time
of the major portion of particles increase because of the
higher cross-linking ratio. At moderate cross-linker concen-
tration, intramolecular cross-linking is the dominant process,
whereas at higher cross-linker densities, the interpolymer
cross-linking plays an important role. As a result, large
clusters are also formed.

Keywords Poly-gamma-glutamic acid - Nanoparticles -
Cross-linking - DLS - Rheology

Introduction

Biomacromolecules, biodegradable polymers as biomateri-
als have an important role in fabrication of medical devices
and in drug delivery systems [1]. The most valuable
properties of these biopolymers are their biocompatibility
and biodegradability [2].

The bacterially synthesized water-soluble poly-y-glutamic
acid (PGA) was discovered as a capsule of Bacillus anthracis
in 1937 [3], which plays a role in antibiotic resistance and
immune evasion [4] and later as a fermentation product that
is freely secreted into the growth medium by several other
Bacilli, most notably B. subtilis [5, 6] and B. licheniformis
[7]. PGA consists of repetitive glutamic acid units connected
by amide linkages between a-amino and y-carboxylic acid
functional groups (Fig. 1). The secondary structure of PGA
has been described [8] as «-helix in an aqueous solution.

The naturally produced polymers may have molecular
weights up to 1 million and usually contain nearly equal
amounts of D- and L-units. The ratio of the two optical
isomers can partially be controlled by technological means
so that polymers with varying degree of stercoregularity
can be made [9]. PGA is different from other proteins, in that
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Fig. 1 Chemical structure of PGA

glutamate is polymerized via the 'y-amide linkages and thus is
synthesized in a ribosome-independent manner. The location
of genes responsible for PGA synthesis is a matter of
controversy: They were reported to be present in the genomic
deoxyribonucleic acid [10, 11], while other groups suggested
they are carried in plasmids [12, 13]. Hydrolytic and
enzymatic degradation of PGA gels has been demonstrated
[14—17]. Several biomedical applications of PGA have been
reported as drug carriers [18, 19] and bioadhesives [20].

PGA can easily be modified chemically through the free
carboxyl groups [21-23]. Ester derivatives of PGA have
been investigated for their capability to form biodegradable
fibers and films that can replace the currently used
nonbiodegradable polymers [24-25]. PGA and its deriva-
tives have already been utilized as thickeners, humectants
[26], and sustained-release materials, as well as drug carriers
with high biodegradability in food, cosmetics industries, and
in medicine [27, 28]. A problem with aqueous solutions of
long-chain polyelectrolytes is the high viscosity of the
solution even at low polymer concentrations, and the
viscosity is usually sensitive to changes in pH and salt
concentration [29, 30]. These effects make it difficult to
modulate the properties of the system in a controlled manner.

In this work, we demonstrate that PGA can easily be
cross-linked by amidation through the free carboxylic
groups. The intrapolymer cross-linking process yields
hydrophilic nanoparticles of PGA (PGANPs), which are
significantly more compact than the analogous linear PGA
and have different dynamical and rheological features than
solutions of the parent PGA polymer. These PGANPs can
provide a high specific surface for loading drugs, covalently
conjugate antibodies, and other targeting molecules for
biomedical applications. The aim of this study is to
characterize these nanoparticles under various conditions
of salinity, cross-linker density, and particle concentration.
The competition between intrachain and interchain cross-
linking in these samples is discussed. This knowledge about
the system will help us to tailor-make the properties of
these particles for different applications.

Experimental section
Materials

PGA (M,, = 1.2 x 10°) was prepared in our laboratory by
using the biosynthetic methods. For the cross-linking, the
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used reagents (analytical grade) 2,2'-(ethylenedioxy)bis
(ethylamine) (EDBEA) and 1-(3-(dimethylamino)propyl)-
3-ethyl-carbodiimide hydrochloride) (CDI) were purchased
from Sigma-Aldrich, Hungary. Disodium hydrogenophos-
phate, sodium dihydrogenphosphate, and sodium chloride
(for the SEC eluent) were obtained from Sigma-Aldrich.
Amberlite 15 (macroreticular cation-exchange resin in H"
form) was bought from Sigma-Aldrich. Unless otherwise
stated, other chemicals, for example, some of the constit-
uents of the culture media, were of analytical grade and
were purchased from REANAL, Budapest, Hungary.

Preparation of PGA

PGA was produced from Bacillus licheniformis, strain
ATCC 9945a [31], which was maintained on 1.5% (W/v)
Bouillon agar slants [32] to produce appropriate cultivation
conditions. The purification and isolation of PGA were
carried out in the following way. PGA was precipitated by
the addition of one and a half volume of acetone to the
filtrate. The PGA was redissolved in water, dialyzed against
distilled water, and freeze dried. Because the product is
very hygroscopic and is in fact composed of free PGA acid
(PGA-H) and sodium salt of PGA (PGA-Na) in an
unknown ratio (with possibly some higher valence cations
bound to the carboxylic groups), part of the PGA was
further purified and converted to the free acid form by
treatment with ion-exchange resin. 100 g of Amberlite 15
(macroreticular cation-exchange resin in H® form) was
mixed with 5 | of partially purified PGA in solution and
stirred for 30 min at room temperature. After decantation,
PGA solution was mixed again with a new batch of resin,
and the process was repeated twice. The resulting PGA-H
solution is acidic (pH is approximately 2.8) and has a much
lower viscosity than the initial PGA-Na—PGA-H mixture.
Anions from the fermentation medium were removed by
dialysis against distilled water for 7 days. Subsequent
freeze drying for 3 days yielded pure PGA-H, which is
practically not hygroscopic.

Preparation of hydrophilic PGANPs

In the present study, PGA was cross-linked with EDBEA
(see Scheme 1). Reaction takes place in water in the
presence of a water-soluble carbodiimide (CDI). The cross-
linking was performed in different proportions, such as 10,
25, 50, and 100% relative to the carboxylic groups of PGA
(Table 1). All the reactions were carried out with 100 mg
PGA dissolved in 10 ml of distilled water. The pH of the
PGA solution was adjusted to 4.5 by adding 2 M NaOH,
and then CDI dissolved in 1 ml water was added. The
reaction mixture was cooled at 0 °C and stirred by a
magnetic bar. EDBEA dissolved in 1 ml water was added
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Scheme 1 Formation of intra- (H) (0]
molecular cross-linking of NH
PGA with EDBEA NH CH,  C |2 NH
CH CH2 + R CDI
| —
NH. n
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|
NH
O\
NH
O Im
R= 7CH2*CH2*O*CH2*CH2*O*CH2*CHzi

dropwise. After 24 h, the reaction mixture was placed in a
dialysis bag of 10 kDa molecular weight cutoff and
dialyzed against distilled water for 7 days and finally
lyophilized.

Characterization

Infrared (ATR Fourier transform infrared) measure-
ments Infrared (IR) experiments were run by attenuate
total reflexion (ATR) mode on a Perkin Elmer Spectrum
2000 instrument, combined with an IR microscope
equipped with a single-reflexion Micro-ATR accessory
and detector. The IR spectra were collected in the
wavelength range of 4,000 to 650 cm '. Instrumental
resolution was 1 cm™'. IR experiments proved the forma-
tion of amide bond between the amine group of cross-linker
and the carboxylic group of PGA (Fig. 2). Significant bands
are: v = 1,722 ecm '(COOH), v = 1,627 cm™ '(CO), and v =
1,538 cm ' (Amide I).

NMR spectroscopy PGA and its derivatives were charac-
terized structurally with NMR spectroscopy. 'H nuclear
magnetic resonance (NMR) and '*C NMR spectra were
obtained on Bruker 200SY (200 MHz) and Bruker
DRX500 (500 MHz), respectively. The samples were
dissolved in dimethyl sulfoxide (DMSO)-dg and in D50,

Table 1 Amounts of components for the cross-linking reactions of
PGA

Degree of cross-linking (%) EDBEA (ul) CDI (mg)
10 6 23

25 15 57

50 30 115

100 60 230

and the chemical shifts are represented in parts per million
(ppm) based on the signal for sodium 3-(trimethylsilyl)-
propionate-d, as a reference.

Size exclusion chromatography Chromatographical analy-
sis of PGA and its derivatives was performed on a Waters
Ultrahydrogel Linear (300 x 7.8 mm) aqueous size
exclusion chromatography (SEC) column mounted on a
Hewlett-Packard HP1090 ChemStation high-performance
liquid chromatography unit. The effluent was monitored at
220 nm. The eluent contained 140 mmol of NaCl, 7.5 mmol
of Na,HPO,4, and 5 mmol NaH,PO, per liter of double-
distilled water. Analyses were run at 40 °C with a flow rate
of 0.7 ml/min. Low polydispersity molecular weight stand-
ards (sodium salt of linear polyacrylic acid, Fluka, Sigma-
Aldrich, Budapest), and samples were dissolved in the
eluent at concentrations between 0.01 and 0.5 g/l. Gener-
ally, apparent molecular weight corresponding to the
elution peak apex (MIQ) was used to characterize the
PGANPs.

Transmission electron microscopy The mean size of the
PGANPs at dry conditions was measured with JEOL 2000
FX-II transmission electron microscope. Samples were
prepared from the freeze-dried PGANPs, dissolved at a
concentration of 10 pg/ml in distilled water, and then
sonicated for 5 min to produce better particle dispersion on
the copper grid. The sample for transmission electron
microscopy (TEM) analysis was obtained by placing
20 ul of the solution containing the PGA nanoparticles
onto a carbon-coated copper grid. It was dried at room
temperature and then examined using TEM without any
further modification or coating.

Rheology Steady-shear viscosity measurements were con-
ducted in a Paar-Physica MCR 300 rheometer using a cone-
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Fig. 2 IR spectrum of PGANPs 96.0 _
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and-plate geometry, with a cone angle of 1° and a diameter
of 75 mm. The samples were introduced carefully onto the
plate, and to prevent evaporation of the solvent, the free
surface of the sample was always covered with a thin layer
of low-viscosity silicone oil (the viscoelastic response of
the samples is not observed to be affected by this layer).
The measuring cell is equipped with a temperature unit
(Peltier plate) that provides an accurate temperature control
(£0.05 °C) over an extended time. The shear viscosity
measurements were conducted over an extended shear rate
range.

Dynamic light scattering The beam from an argon ion laser
(Lexel laser, model 95), operating at 514.5 nm with
vertically polarized light, was focused onto the sample cell
through a temperature-controlled chamber (temperature
controlled to within £0.05 °C) filled with refractive-index-
matching silicone oil. The sample solutions were filtered
through 5-um filters (Millipore) directly into precleaned
10 mm NMR tubes (Wilmad Glass) of highest quality.

The light-scattering process defines a wave vector g =
(4mn/)) sin (6/2), where 6 is the scattering angle and 7 is
the refractive index of the medium. The value of n was
determined for all samples at A = 514.5 nm by employing
an Abbé refractometer.

In the present study, the full homodyne intensity
autocorrelation function g*(f) was mostly measured at a
scattering angle of 90° with an ALV-5000 multiple-t digital
correlator. If the scattered field obeys Gaussian statistics (as
for all the solutions considered in this study), the measured
correlation function g*(f) can be related to the theoretically
amenable first-order electric field correlation function g'(7)
by the Siegert relationship g*(¢) = 1 + B|g' ()|, where B is
an instrumental parameter. The correlation functions were
recorded in the real time “multiple-t”’mode of the correlat-
or, in which 256 time channels are logarithmically spaced
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over an interval ranging from 0.2 ps to almost 1 h.
Experiment duration was in the range of 30-60 min.

Despite the fairly low concentrations of the PGA
nanoparticles employed in this work, the decays of the
correlation functions were always found to be bimodal [33—
35] initially a single exponential, followed at longer times
by a stretched exponential:

g'(t) = Arexp (/) + Asexp [f(f/rse)‘”J (1)

with Af + Ag = 1. The parameters Ay and A are the
amplitudes for the fast and the slow relaxation mode,
respectively. Analyses of the time correlation functions of
the concentration fluctuations in the domain qR, < 1 (R, is
the hydrodynamic radius) have shown [33-36] that the first
term (short-time behavior) on the right-hand side of Eq. 1 is
related to the mutual diffusion coefficient Dy, (17! = Ding?).
In this study, the solutions probably consist of single
particles and more or less aggregates depending on the
cross-linking conditions under which the particles have
been prepared. The fast relaxation mode monitors the
diffusion of single particles and some small clusters of
particles. In this work, the second term (long-time feature)
is also found to be diffusive, and this slow relaxation mode
is expected to be associated with the diffusion of larger
aggregates. The variable Tty is some effective relaxation
time, and B (0 < 3 < 1) is a measure of the width of the
distribution of relaxation times. The distribution of relax-
ation times for the present systems display values of B in
the range B = 0.7-0.9. The mean relaxation time is given by

=5

where T'(B") is the gamma function of p~'.

In the analysis of the correlation function data, a nonlinear-
fitting algorithm (a modified Levenberg—Marquardt method)
was used to obtain best-fit values of the parameters Ay, Ty, Tse,
and B appearing on the right-hand side of Eq. 1.
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Fig. 3 a,'H 200-MHz and

b *C 50-MHz NMR spectra of
25% cross-linked PGANP in
D50 solution at a 20 mg/ml
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Results and discussion

NMR results The structure of PGA used for the synthesis and
the obtained cross-linked nanosystems were characterized by
NMR spectroscopy. The assignments and chemical shifts of the
'H and "*C signals of PGA and all PGANPs were determined.
The 'H chemical shifts of PGA are given as follows: (in
DMSO-dg): § = 1.95 and 2.05 ppm (B and B-CH,), § =
2.32 ppm (y-CH,), § = 4.07 ppm (x-CH), § = 8.07 ppm

(NH); "*C chemical shifts of PGA are (in D,O): &
28.49 ppm (BP'-CH,), & = 33.08 ppm (y-CH,), & =
55.55 ppm («-CH), § = 175.77 and 179.02 ppm (CO groups).

"H and "*C NMR chemical shifts of cross-linked PGANPs
(Fig. 3) were assigned according to the 'H and '*C NMR
spectra of PGA and EDBEA. The assignments and
chemical shifts of PGANPs are given as follows: 'H
NMR (D,0): § = 1.90 and 2.10 ppm (3 and 3'-CH,), 6 =

Fig. 4 'H-'3C HSQC 500-MHz
NMR map of 25% cross-linked
PGANP (asterisk indicates
impurities)
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2.45 ppm (y-CH,), 6 = 4.15 ppm (x-CH) of the PGA back-
bone and, § = 3.22 ppm (3-CH,), § = 3.75 ppm (2-CH,), ),
and 0 = 3.78 ppm (1-CH,) for the cross-linker moiety.
BC NMR (D,0): § =27.73 ppm (Bp'-CH,), § = 32.56 ppm
(y-CH,), § = 39.70 ppm (3-CH,), § = 54.09 ppm (x-CH),
6 = 67.07 ppm (1-CH,), § = 70.23 ppm (2-CH,),
6 =175.63-178.76 ppm (CO groups).

Figure 4 shows the 'H-'>C hetero single-quantum
correlation spectrum (HSQC; 500 MHz) of PGANPs
cross-linked at 25% with EDBEA. The chemical shifts
were assigned according the '*C 50-MHz and 'H 200-MHz
NMR spectra in D,0.

The ratio of cross-linking was measured on the basis of
the proton NMR spectra. The average integral values of the
«-CH, 3 and 3’-CH,, and y-CH, groups were compared to
the integral values of the 3-CH, and 2-CH, groups of the
cross-linker. The cross-linking ratios measured and calcu-
lated on the basis of stoichiometry are summarized in
Table 2. We note that the experimental and calculated
values of the cross-linking ratios and the molecular weights
are in good agreement. The small deviation is explained
with minor side reaction caused by rearrangement of the
carbodiimide applied and the experimental errors of NMR
integral values.

The cross-linking ratio was calculated on the base of the
ratio of NMR integral values of «-CH peak at § = 4.25 ppm
of PGA and 1-CH, at 6 = 3.75 ppm. The observed cross-
linking ratios were observed to be closed to the
corresponding theoretical values. Theoretical molecular
weight was calculated on the basis of the condensation
reaction, anticipating 100% efficiency of the cross-linking
reaction. The reported molecular weight values were
calculated in accordance of slightly lower conversation
values obtained from 'H NMR results. It is important to
note that the overall molecular weight of PGANPs is higher
in comparison to that of the starting PGA because the cross-
linker molecules are incorporated.

Molecular weight determination by SEC SEC is generally
used to determine the molecular weight (and molecular
weight distribution) of polymers in solution. However, this
is based on the assumption that the analyte and the

Table 2 Cross-linking ratios calculated and measured by NMR

Sample  Theoretical Observed Theoretical ~ Observed
cross-linking  cross-linking tMw (kDa) oMw (kDa)
ratio (%) ratio (%)

PGA 0 0 890 890

PGANP 10 942 928 925+2%

PGANP 25 25+3 987 987+3%

PGANP 50 49+4 1,080 1,064+4%

PGANP 100 98+6 1,277 1,255+6%
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Fig. 5 SEC traces of PGA and PGANPs. a PGA (Rt=8.757 min);
b 10% cross-linked (Rt=10.803 min); ¢ 25% cross-linked (Rt=
11.133 min); d 50% cross-linked (Rt=11.197 min), and e 100% cross-
linked (Rt=13.394 min). Experimental conditions as described above

standards used for the molecular weight calibration behave
similarly in solution. Thus, the retention volume of a
polymer is directly proportional to its hydrodynamic
volume (or radius) and not to its molecular weight. PGA
is a linear homopolymer, which presumably forms a random-
coil structure in aqueous media, while its derivatives are
cross-linked heteropolymers, with more or less restricted
segment mobility. This implies that all molecular weight
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values measured by SEC are in fact apparent molecular
weights (M'), relative to the standard used (linear poly-
acrylic acid in our case). This implies that the “conventional”
M, and M, values are somewhat misleading in the case of
cross-linked products; therefore, only peak apex apparent
molecular weight (Mé) values will be provided.

The value of M1; of raw PGA did not change during the
fermentation and was typically around or above 1 x 10°.
Purified PGA used for subsequent coupling reactions had a
M of 8.9 x 10° (M, = 1.03 x 10° and M) = 4.2 x 10°,
and M) /M) =2.4), while the cation-exchanger resin-
treated PGA free acid (PGA-H) had a much lower
molecular weight (MI’) = 3.0 x 10%), which possibly arose
from acid-catalyzed degradation of the polymer by the resin
or during the extensive dialysis.
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SEC experiments of PGANPs were performed under
similar conditions as were applied for PGA. The retention
time values for PGANPs increase as the cross-linking
degrees changes from 10 to 25%, and than with a smaller
portion when increase from 50 to 100%. SEC traces of
PGA and PGANPs at different ratio of cross-linking are
compared in Fig. 5. The main peaks are related to the PGA
and PGANPs, and the minor peak in the range of Rt =
15.1-16.8 min is unidentified impurity. The SEC traces
demonstrate that unimodal PGANPs were obtained with a
relatively narrow size distribution. We anticipate that larger
particles formed by intermolecular reaction are disclosed by
the filter system of SEC column. However, it was shown
that the major component of PGANPs has a smaller
hydrodynamic radius than that of the parent PGA.

Figure 6 shows the correlation of retention time and the
cross-linking ratio. The calculated logarithmic curve gives
the best fitting of the experimental values. In the SEC trace,
the original PGA was observed at Rt = 8.757 min. Because
of the cross-linking reactions, the retention time values
increase, which might be interpreted as a decrease in the
hydrodynamic volume of the cross-linked PGANPs. The
shrinkage rate of nanoparticles was fitted by logarithmic
plot. The cross-linkers built in the polymer chain act as
constrains, which result a limited swelling of the nano-
particles; however, the particles remain water soluble.

Particle size by TEM It was shown that PGA and 10%
cross-linked PGANPs can be prepared as a film; however,
the cross-linked nanoparticles separated into spherical

particles in an aqueous environment. TEM micrographs
(Fig. 7) confirmed the nanosize of dried cross-linked PGA
particles and show the distribution of these derivatives. The
size of the dried particles varied in the range of 20-90 nm.
Similar narrow size ranges can be observed in case of
samples A, B, and C with different cross-linking ratio. The
profile of dried cross-linked particles are rather flat particles
understanding the pale objects with low thickness on TEM
micrographs than in a swollen state, where spherical
particles are expected to form. The histogram for the
100% cross-linked particles seems to indicate larger
particles and a broader size distribution than at a low
cross-linking ratio. In this case, the large amount of cross-
linker and lower charge density of the polymer will
probably lead to enhanced interpolymer cross-linking of
adjacent chains and the formation of aggregates.

Rheology A large number of synthetic polyacrylic acid
derivatives (Carbopol) are used as thickeners and
mucoadhesives [37, 38]. Viscosity is an important prop-
erty that is related to the nature and the extent of inter-
molecular interactions and entanglements in polymer
systems. Figure 8 shows the shear rate dependence of the
viscosity at various particle and polymer concentrations
for PGA and PGANPs of different degrees of cross-
linking. A virtually Newtonian behavior, over the consid-
ered shear rate domain, is observed for the PGANPs
solutions at all levels of cross-linking. This finding and the
low viscosities of these solutions indicate that no
interconnected network structures are formed even at high

Fig. 8 Shear rate dependence of q T T T M AL B LI G B IR I B B
the viscosity for the PGA and 10 3 0.5 wt % 3 10 3 1.0 wt % 3
PGANPs systems at the indicat- . 0 ] 0 ]
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Fig. 9 a Effect of cross-linking density on the zero-shear viscosity at
the particle concentrations indicated. b Concentration dependence of
the zero-shear viscosity at the given cross-linking densities. The inset
plot shows the values of the exponent «, expressing the concentration
dependence of the zero-shear viscosity (7, ~ ¢®)

polymer concentration, but there may still be a present
interaction between particles or coils that have not been
cross-linked. This is a typical rheological behavior [39] for
systems containing compact particles. In contrast, the
solutions of the parent linear PGA exhibit significantly
higher viscosity and a gradually more pronounced shear-
thinning effect at higher shear rates as the polymer
concentration increases. This suggests polymer association
and formation of entanglements in the solutions of PGA as
the polymer concentration rises. The progressive decrease in
viscosity as the shear rate rises is ascribed to the breakdown
of the network junctions; that is, the rate of network
disruption exceeds the rate at which associations are
reformed. These features and the TEM results clearly support
the hypothesis that the cross-linking process with EDBEA
yields particles, and henceforth our attention will be focused
on the effects of cross-linking and concentration of these
particles on the physico-chemical properties of the system.

Effects of polymer concentration and degree of cross-
linking on the zero-shear viscosity 7, are depicted in

Fig. 9a. The general trend that appears is that the zero-shear
viscosity exhibits a minimum at a cross-linking density of
25%, followed by a rise in 1) as the degree of cross-linking
increases. These effects become more pronounced as the
concentration of the particles rises. These features may be
rationalized in the following scenario. When a low amount
of cross-linker agent is added to the polymer solution, some
of the PGA molecules have not been cross-linked, and they
contribute to the viscosity more than the cross-linked
particles. At higher cross-linker concentration, most of the
PGA coils have been cross-linked, and the intrachain cross-
linking process yields more compact particles and hence
lower viscosity (viscosity minimum). At higher levels of
cross-linker addition, the charge density of the polymer will
decrease, and the probability for interchain cross-linking
(two or more PGA chains are cross-linked to each other)
increases, and the formed aggregates give rise to an
increase in the value of 7, as the cross-linker concentration
rises. This effect is expected to become more dominant as
the concentration of particles increases.

The concentration dependence of 79 (see Fig. 9b) can be
described by a power law 1, ~ c?, where the value of « is
displayed in the inset plot. The values of « are low, which
is typical for systems where the intermolecular interactions
are weak. However, it is evident from the inset that the
value of «a passes through a minimum at 25% cross-linker
density, and a stronger concentration dependency of 7, is
detected at higher levels of cross-linking, which is expected
when larger aggregates are evolved.

To gain some insight about the electrostatic interactions
in the systems, we have added salt (NaCl) to screen the
Coulombic forces (see Fig. 10) in 1-wt% solutions of
PGANPs with different cross-linker concentration. It is
obvious that the value of the zero-shear viscosity initially
falls off strongly when salt is added, which indicates that
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—o— 10% 0.94 g
—A— 25% °F 0.8+ g
2 0.004- —*— 50% =077 1
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Fig. 10 Effect of salt on the zero-shear viscosity at 1 wt% PGANP

concentration at the cross-linker densities indicated. The inset plot

shows the normalized viscosity as a function of salt concentration

(see text for details)
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Fig. 11 Plot of the first-order
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the species contract as the electrostatic interactions are
screened. This finding stresses the importance of electro-
static interactions. For a close inspection of the salt effect,
the inset shows a plot of the normalized viscosity 73 /1)
(where 73 is the zero-shear viscosity at the considered salt
concentration and 79 is that without added salt) against
NaCl concentration for the studied cross-linker densities.
This plot clearly illustrates that at the highest degree
(100%) of cross-linking; the normalized zero-shear viscos-
ity levels off at 0.05 M salt concentration, whereas at lower
cross-linker densities, the screening of electrostatic inter-
actions continues up to the highest considered salinity. This
supports our conjecture that the electrostatic interactions are
less dominant at higher levels of cross-linking. It is
expected that a higher degree of cross-linking will lead to
a diminution of the ionizable carboxyl groups per molecule.

Dynamic light scattering Figure 11 shows normalized time
correlation function data, together with some curves fitted
with the aid of Eq. 1, at a scattering angle of 90° for
aqueous solutions of PGANPs of different degrees of cross-
linking and concentration of particles. The correlation
functions can always be well fitted by means of Eq. 1.
The general picture that emerges is that the relaxation is
slowed down as the particle concentration and the degree of
cross-linking increase.

The mutual diffusion coefficient D for dilute polymer
solutions can be expanded to first order in concentration as
D =Dy(1 + kpc+...), where D, is the diffusion coeffi-
cient at infinite dilution and kp determines the concentra-

@ Springer

tion dependence of D. To discuss particle dimensions, it is
convenient to consider the hydrodynamic radius, which can
be determined from the diffusion coefficient extrapolated to
zero concentration by using the Stokes—Einstein relation:
Ry, = kT/67nD,, where k is Boltzmann’s constant, 7T is the
absolute temperature, and 7 is the solvent viscosity.
Because both the fast and the slow mode are diffusive at
all conditions, the hydrodynamic radii of small (R,y) and
large (Ry,s) particles can be determined via this relationship.
The behaviors at different degrees of cross-linking are
illustrated in Fig. 12. The results suggest that the system
can be represented by a bimodal distribution of particle
sizes; Ry, r reflects some average size of single particles and

T T T T T
10° \/c o
’g Rh‘l
< 10%) R, .
n:.:’
© 10°4 E
[hd
1071 T T T T T
0 20 40 60 80 100

Cross-linking (%)
Fig. 12 Effect of cross-linking density on the hydrodynamic radii for
the fast (Ry, ) and the slow (R, s) mode, extrapolated to zero polymer
concentration and calculated via the Stokes—Einstein relation
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Fig. 13 Effect of cross-linking density on the reduced intensity at 90°
for the particle concentrations indicated

small aggregates, while Ry, s yields the average size of larger
clusters of particles (interpolymer cross-linked chains and/
or large PGA coils) in the solution. The value of Ry, ¢ is small
(<1 nm) and increases with increasing cross-linker density,
which probably reflects the contribution from some small
aggregates. The reason for the absence of a minimum in the
data of Ry, ¢ is probably that the incipient cross-linking of the
PGA coils is not reflected in this population of small species.

The values of Ry, s indicate that the solutions contain polymer
species that are huge. The profile of the curve for Ry, ; reveals a
similar behavior as observed for the viscosity. This indicates
that the slow relaxation mode probes the incipient cross-linking

of the PGA coils and at higher cross-linker concentrations the
formation of large interpolymer complexes.

In Fig. 13, the reduced intensity (at a scattering angle of
90°) is plotted vs the cross-linker concentration for different
particle concentrations. As expected, the value of the
reduced intensity rises as the concentration of polymer
species increases. However, it is interesting to note that the
reduced intensity is virtually at all polymer concentrations
independent of cross-linker density. This may suggest that
at a low cross-linker concentration, the main contribution to
the reduced intensity is the noncross-linked PGA coils,
whereas at higher cross-linker densities, the shrinking of the
entities because of intrachain cross-linking is compensated
by the growth of interchain complexes.

Figure 14 shows the ¢ dependence of the reduced
intensity .4 for the polymer concentrations and cross-linker
densities indicated. In the limited q range covered in these
measurements, the wave vector dependence of .4 can be
described by a power law I.,q ~ q", where the value of u=3
may reflect that the species are compact and spherical. It is
interesting to note that the value of the exponent does not
vary with particle concentration or cross-linker density. This
suggests that on the probed dimensional scale, the structure
is compact and spherical-like also for the large interpolymer
clusters. This work has demonstrated the omnipresent
competition between intrachain and interchain behavior in
these systems. In a previous study [39], it has been shown
that the tendency to form interpolymer complexes during the
cross-linking process can be reduced by applying a high
shear rate on the sample during the cross-linker reaction.
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with a bifunctional amine (EDBEA). Cross-linked nano- g Bastioli Cé199§fi) Macr‘zll’ggl ?Ymp 135:19? hune 90

. . . s . . Ivanovics G, Erdos LZ 7) Immunitatsforschung 90:5
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prepared and characterized. The results from this study
reveal that the size of the particles in the dry state (TEM)
and in solution (SEC and dynamic light scattering [DLS]),
as well as the rheological properties are all dependent on
the relative amount of EDBEA incorporated into the
PGANPs. Both TEM and DLS data suggest particles with
broad size distributions. The cross-linked PGANPs have
much lower viscosities than the parent PGA, probably
because of contraction of the entities in connection with
intrachain cross-linking of the molecules and the absence of
entanglement couplings.

The DLS results indicate initially an exponential decay
followed by a stretched exponential at longer times, and
both relaxation modes are diffusive. The fast mode probes
the diffusion of small particles, whereas the slow mode
monitors the diffusion of large clusters.

The viscosity and DLS findings suggest an initial
compression of the entities at low cross-linker ratios,
followed by a growth of the species at higher cross-linker
densities. The general picture that emerges is that at a low
cross-linker ratio, not all PGA molecules are cross-linked,
and they contribute to the augmented viscosity and hydro-
dynamic radius. At a low cross-linker density, most of the
molecules have been cross-linked intramolecularly, and this
sample contains mostly contracted molecules, giving rise to
the minima observed in the viscosity and in Ry, ;. At higher
cross-linker ratios, the high amount of cross-linker agent
and the reduction in the repulsive electrostatic forces give
rise to interchain association and growth of aggregates.

The low viscosity of the PGANP solutions associated
with the high specific surface because of the formation of
particles make these PGANPs ideal candidates for drug
delivery carriers. Entrapment of biologically active substan-
ces into the intramolecularly cross-linked network of these
biodegradable molecules, followed by diffusion-driven slow
release at specific sites, could lead to the development of new
methods in medicine, pharmaceutics, and gene therapy.
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