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Abstract

The aim of this work was to examine the formation and properties of chondroitin sulfate
(CHON)-based nanopatrticles (NPs), namely CHON/chitosan (CHIT), CHON/CHIT/calcitonin
(sCT) and CHON/sCT. Both, positively and negatively charged CHON/CHIT NPs have been
successfully obtained with properties that were dependent on the polymer mixing ratio,
polymer concentration and molecular weight of CHIT. sCT was successfully loaded into
CHON/CHIT NPs with efficiency close to 100% and notably high loading (up to 33%). A new
type of NPs composed of CHON and sCT (a binary system) has been successfully
developed. CHON/sCT NPs offer the advantage of a very high drug loading up to 73%. The
particle size of CHON-based NPs increased in PBS, acetate buffer and in HCI solution
compared to that in water, but most of them remained in the nano-range even after 24 hours.

The media and composition of the nanocarriers were found to affect the release of sCT.

Keywords
Chondroitin  sulfate ; chitosan ; nanoparticles; polyelectrolyte complexes ; calcitonin ;
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1. Introduction

Traditionally, pharmaceutical excipients are treated as “inert” materials and are not
expected to have pharmacological activity (Baldrick, 2010), however this view has changed
as newly approved excipients cover a range of functions from stabilizing formulations to
active roles of enhanced drug uptake and specific drug delivery (Goole et al., 2010).
Pharmaceutical polymers bearing a charge, polyelectrolytes, have been extensively studied
as components of micro- and nano-sized carriers for the delivery of a range of therapeutic
molecules such as peptides and nucleic acids. Among polyelectrolytes, cationic and anionic
polysaccharides have received particular attention and some of them also have interesting
pharmacological properties. For instance hyaluronic acid (HA) has been shown to act in
synergy with salmon calcitonin (sCT) reducing inflammatory biomarkers in vitro and
inflammatory arthritis in vivo (Ryan et al.,, 2013). Another glycosaminoglycan, chondroitin
sulfate (CHON) has been used for the preparation of nanocarriers for drug/gene delivery
(Zhao, Liu, Wang & Zhai, 2015). CHON is an unbranched polysaccharide containing two
alternating monosaccharides: D-glucuronic acid and N-acetyl-D-galactosamine. It is an
abundant glycosaminoglycan found in cartilage, bone and connective mammalian tissue.
CHON is a symptomatic slow-acting agent for osteoarthritis, commonly sold together with
glucosamine. It has been shown to be absorbed after oral administration in humans as a
high molecular weight polysaccharide (Volpi, 2002), therefore it has a potential to be used to
increase the absorption of encapsulated molecules. Coating of chitosan (CHIT) NPs with
CHON increased the uptake of the encapsulated nucleic acid by COS7 cells (transformed
African green monkey kidney fibroblasts) via interaction of CHON with CD44 receptors
(Hagiwara, Nakata, Koyama & Sato, 2012).

CHON has weak, carboxylate, and strong, sulfate, moieties attached to the main
glycan backbone. Due to its acidic nature CHON is able to produce ionic complexes with
cationic molecules (Denuziere, Ferrier & Domard, 1996). Examples of such complexes
include CHON complexes with protamine (PROT) (Umerska et al., 2015), lysozyme (van

Damme, Moss, Murphy & Preston 1994), trimethylchitosan (Place, Sekyi & Kipper, 2014),
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however most of the polyelectrolyte complexes of CHON tested thus far are those with CHIT
(Yeh, Cheng, Hu, Huang & Young, 2011; Tsai et al., 2011; Santo, Gomes, Mano & Reis,
2012; Place et al., 2014). CHIT is a linear polysaccharide composed of randomly distributed
D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) linked via
B-(1—4)-glycosidic bonds. The properties of CHIT can be useful in medicine, as it reduces
bleeding (Pusateri et al., 2003) and has antibacterial activity (Benhabiles et al., 2012). Due
to its mucoadhesive properties it could be a valuable component of drug delivery systems
(Sogias, Williams & Khutoryanskiy, 2008).

Further research on NPs containing CHON and CHIT is required, as to the best of
our knowledge no systematic investigation on the formation of both, positively and negatively
charged CHON/CHIT NPs, has been published to date. The charge is of a key importance in
cellular uptake and cytotoxicity of medical NPs (Frohlich, 2012). For instance it has been
shown that positively charged HA/CHIT NPs exerted toxic effects on Caco-2 cells in contrast
to negatively charged NPs (Umerska et al., 2012). Initially the studies on CHON nanocarriers
focused on the employment of CHON as an agent to yield positively charged CHIT NPs
intended for the encapsulation of molecules like FITC-BSA (Yeh et al., 2011), BSA (Santo et
al., 2012), doxorubicin (Hu et al., 2014), Nell-1 protein (Hou, Hu, Park & Lee, 2012). The
NPs obtained in those studies were characterized by a positive charge. Recently,
CHON/CHIT NPs containing CHON as the main ingredient were produced as aggrecan
mimicking NPs (Place et al., 2014). However, none of these studies considered the
stoichiometry of CHON/CHIT NPs formation. Hence the aim of this paper was to examine
the stoichiometry of molecular interactions between CHON and CHIT within CHON/CHIT
NPs. Another objective was to discuss the criteria of carrier selection and to select carriers
with optimal properties for the encapsulation of a cationic peptide, sCT. Knowing the
principles and approach to loading this peptide, the same criteria could be translated to
encapsulating similar cationic therapeutically relevant molecules, such as antimicrobial

peptides and growth factors.
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Similarly to HA, CHON NPs are interesting as carriers for sCT due to complementary
pharmacological action of both molecules (Umerska et al., 2015). As in some instances the
presence of CHIT may not be necessary, and there is evidence that CHON forms complexes
with sCT (Umerska et al., 2015), the purpose of this paper was to design and characterize
CHON/sCT NPs. Cationic molecules, e.g. CHIT, could compete with sCT for binding with
CHON molecules. Because the colloidal stability of polyelectrolyte complex NPs depends on
their charge, the incorporation of large quantity of sCT could lead to destabilization of the
system. Eliminating cationic CHIT from the formulation could offer the advantage of a very
high sCT loading. The last objective of this paper was to examine the influence of the
composition of the nanocarrier on the stability in different environments and the peptide
release.

2. Materials and methods
2.1 Materials

Chondroitin 4-sulfate sodium salt (CHON) was purchased from Sigma (Ireland).
Salmon calcitonin (sCT, as acetate salt) was obtained from PolyPeptide Laboratories.
Chitosan chlorides were obtained from Chitoceuticals (Germany) (referred to as CL42) and
Novamatrix (Norway) (Protasan UP CL113, referred to as CL113). All other reagents,
chemicals and solvents were of analytical grade.

2.2 Physicochemical characterization of polymers

The molecular weight of polymers was determined using a gel permeation
chromatography system previously described (Umerska et al., 2012). For CHIT samples, the
mobile phase was composed of 0.33 M acetic acid and 0.2 M sodium acetate. For a CHON
sample, the mobile phase was composed of 0.2M NaCl and 0.01M NaH;PO. brought to pH
7.4 with NaOH solution. Determination of the chloride ions was performed with a Dr Lange
LCK 311 test as described earlier (ParojCi¢ et al., 2011). The content of sodium counterion
was determined by inductively coupled plasma-mass spectrometry (ICP-MS) (Paluch et al.,
2010). NMR experiments on the degree of deacetylation of CHIT was done as described

previously (Umerska et al., 2012).
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2.3 Preparation of CHON/CHIT, CHON/CHIT/sCT and CHON/sCT nanoparticles

The CHON solutions, CL42 solutions, CL113 solutions and sCT solutions were
prepared in deionized water. A predefined aliquot of the sCT solution and/or the CHIT
solution was added to a known volume of the CHON solution (one shot addition) at room
temperature under stirring; the stirring was maintained to allow for stabilization of the
system. A dispersion of particles was instantaneously obtained upon mixing of polymer
solutions.

Charge mixing ratio (CMR) was calculated by dividing the total number of negatively
charged ionizable groups (n") by the total number of positively charged ionizable groups (n*)
considering the counterion content, the deacetylation degree of CHIT and pH.

2.4 Nanoparticle characterization

Transmittance and pH of the NP dispersions were measured as described by
Umerska et al. (2012). Dynamic viscosity measurements were carried out using an SV-10
Vibro Viscometer (A&D Company Limited). The amount of free or NP-associated polymer
(CHON for negatively charged NPs; CHIT for positively charged NPs) was determined from
viscosity measurements of continuous phases of NP dispersions. The viscosity of pure
polymer solution, for a given polymer concentration, was taken as containing 100% free
polymer, whereas the viscosity of water was taken as containing 0% free polymer. The
percentage of NP-associated polymer was calculated as a difference between the starting
guantity of polymer used in formulation (using the initial polymer concentration) and the
guantity of free/non-associated polymer (Umerska et al., 2015). The calculations are based
on assumptions that the contribution of NPs, any possible soluble complex formed between
the polymers and electrolyte ions originating from the polymers to the viscosity of the
systems is negligible. This was corroborated by the fact that viscosity of the CHON/CHIT
systems with a mass mixing ratio of 1.25 containing stoichiometric quantities of both
polymers was 0.89+£0.01 mPa-s, which is not significantly different to that of pure water at 25

°C.
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The intensity-averaged mean particle size (hydrodynamic particle diameter) and
polydispersity index were determined by dynamic light scattering (DLS) using 173°
backscatter detection. The electrophoretic mobility values measured by laser Doppler
velocimetry (LDV) were converted to zeta potential by the Smoluchowski equation. Both DLS
and LDV measurements were done as described by Umerska et al., (2012). The obtained
results were corrected for the sample viscosity measured as described above.

2.5 Salmon calcitonin (sCT) loading studies
2.5.1 Separation of non-associated sCT

Non-associated sCT was separated from the NPs using a combined ultrafiltration-
centrifugation technique (Amicon® Ultra-15, MWCO of 30 kDa, Millipore, USA) as described
by Umerska et al., (2015). The filtrate containing non-associated sCT was assayed via high
performance liquid chromatography (HPLC), as described in Section 2.5.4. The association
efficiency (AE) and drug loading (DL) were calculated as described by Umerska, Corrigan &
Tajber (2014a).

2.5.2 Colloidal behavior of CHON/CHIT/sCT and CHON/sCT NPs in different media

Aliquots of 250 pl of the NPs were added to 2.25 ml of the dispersant. The following
dispersants were used: (1) phosphate-buffered saline (PBS) pH=7.4, (2) PBS pH=7.4 diluted
with deionized water (1:10), (3) acetate buffer pH=5, (4) acetate buffer pH=5 diluted with
deionized water (1:10), (5) deionized water and (6) HCI 0.07M pH=1.2 (Umerska et al.,
2015). Samples were incubated at 37 °C at 100 rpm. Size and zeta potential measurements
(Section 2.4) were performed after 1 hour and 24 hours of incubation.

2.5.3 Release studies

Aliquots of 250 pl of sCT-loaded NPs were added to 2.25 ml of dispersant and
incubated at 37 °C at 100 rpm (see Section 2.5.2). After 1, 2, 4, 6 and 24 hours, 2.5 ml
aliquots were withdrawn, and the released sCT was separated using the combined
ultrafiltration-centrifugation technique as described by Umerska et al. (2015). The data from

the release studies were fitted to the first-order equation:
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W =W, (1—e™*) (Eqn. 1)
where W is the amount of the peptide released at time t (based on cumulative release), W«
is the amount of the peptide released at infinity and k is the release rate constant.
2.5.4 Quantification of sCT

Analysis of sCT content was performed using an HPLC system as described
previously (Umerska et al., 2014a). Briefly, 50 pl of the standard or sample was injected into
the Jones Chromatography Genesis 4y C18 150x4.6 mm column. A flow rate of 1 ml/min
was employed using a mobile phase composed of 0.116% w/v NaCl, 0.032% v/v
trifluoroacetic acid and 34% v/v acetonitrile. The UV detection was carried out at 215 nm.
2.6 Statistical analysis

The statistical significance of the differences between samples was determined using
one-way analysis of variance (ANOVA) followed by the post-hoc Tukey’s test using Minitab
software. Differences were considered significant at p<0.05.
3. Results and discussion
3.1 Formation of CHON/CHIT nanocarriers

The properties of the polymers, particularly the molecular weight, affect the formation
of NPs and their characteristics (Umerska et al., 2012; Polexe and Delair, 2013; Wu and

Delair, 2015). The relevant properties of the polymers are shown in Table 1.

Table 1 Physicochemical characteristics of chondroitin sulfate and chitosan salts used in the
studies. DD NMR - degree of deacetylation calculated from nuclear magnetic resonance
data, Mn - number average molecular weight, Mw - weight average molecular weight,

Mw/Mn — dispersity and N/A — not applicable.

Counter
Polymer | Counter lon DDNMR | Mn (kDa) | Mw (kDa) | Mw/Mn
on content
(%, wiw)
CHON Na® 5.55 N/A 33104 | 59t02 | 1.7620.011
CcL42 cr 136 84.0% | 1401 | 4209 |3.9620.037
CL113 cr 155 835% | 33t7.3 | 1106.8 | 3.38:0.544
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After mixing the CHON and CHIT solutions it was possible to observe solutions, opalescent
or turbid macroscopically homogenous systems or even a phase separation depending on
the polymer mixing ratio and concentration. Similar phenomena were observed for other
polyelectrolyte complexes, e.g. HA/CHIT (Umerska et al., 2012), HA/PROT (Umerska et al.,
2014b), carrageenan/PROT (Dul et al., 2015) and CHON/PROT (Umerska et al., 2015).
Interestingly, phase separation for the CHON/CHIT pair was observed only when the
CHON/CHIT mass mixing ratio (MMR) was 1.25, regardless of the total polymer
concentration (TPC) or the molecular weight of CHIT. The MMR of 1.25 corresponds to a
theoretical n/n* charge mixing ratio (CMR) of 1.20-1.24, where n" and n* are the number of
moles of negative and positive charges, respectively. However, the fraction of charged
groups on the polyelectrolyte molecules that dissociate depends on pH of medium. The pKa
of the amino group of CHIT is approximately 6.5, whereas the pKa of sulfate and carboxyl
groups of CHON are 2.6 and 4.6, respectively (Fajardo, Lopes, Valente, Rubira & Muniz,
2011). pH of the formulations varied between 4 and 6.5 depending on the mixing ratio and
the higher the content of CHIT, the lower the pH of the medium was. In this pH range more
than 95% of sulfate groups of CHON should be dissociated, however the dissociation degree
varies from 20 to 99% for carboxyl groups of CHON and from 48% to 100% for the amino
groups of CHIT. Taking into account the pH and dissociation degree, the actual CMR values
that corresponded to MMR=1.25 were between 0.99-1.09, as opposed to 1.20-1.24
(theoretical CMR). Indeed, as shown in Figure 1a, the charge inversion occurred close to the
CHON/CHIT MMR of 1.25, therefore aggregation at this MMR may be attributed to charge

neutralization.
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Figure 1. Properties of CHON/CHIT NPs: a) zeta potential (ZP), b) percentage of polymer
incorporated into the NPs, c) particle size (PS), d) polydispersity index (PDI) and e)
transmittance (TR). MMR — mass mixing ratio, CMR — charge mixing ratio, TPC - total

polymer concentration.

The main factor determining the zeta potential was the mixing ratio of the polymers
(Figure 1a). The zeta potential was highly negative for CHON/CHIT MMRs between 1.7 and
20 (CMRs of 1.8-35) and at CHON/CHIT MMRs of 1 and 0.4 (CMRs of 0.7 and 0.2,
respectively) the charge was highly positive. The molecular weight of CHIT appeared to
affect zeta potential of positively charged NPs; CL113-based NPs were characterized by
significantly higher zeta potential values than CL42-NPs at the same CHIT and NP
concentration. The absolute value of zeta potential also increased corresponding to an
increase in TPC, particularly in the case of positively charged NPs. The stability of
polyelectrolyte complex NPs depends on the repulsion between similarly charged NPs and
the net charge must be sufficient if the system is to be physically stable (Umerska et al.,
2015).

The amount of polymers incorporated within the NPs is presented in Figure 1b. The

polymer in excess was either CHIT or CHON for positively and negatively charged NPs,

12
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respectively. It can be observed, that nearly 100% of the polyelectrolytes were incorporated
within the CHON/CHIT MMR=1.25 complexes, therefore this ratio can be considered as
stoichiometric. The amount of polymers incorporated within the NPs increased when the
MMR was approaching 1.25. The amount of incorporated polymer was also dependent on
the TPC- the higher the TPC was, the more polymer was contained within the NPs. The
formation of stable polyelectrolyte complex NPs requires that the polyelectrolytes are mixed
in non-stoichiometric ratios (Boddohi & Kipper, 2010). Although the dispersions of particles
with the MMRs close to 1.25 (i.e. CHON/CHIT MMRs of 1.7 or 1) contain very small amount
of free polymer, and for that reason they seem to be more convenient from the quality
control point of view, they should be avoided as potential candidates for a drug delivery
system, because a small change in pH of the system or addition of a polycationic/polyanionic
molecule (for example an active ingredient- a peptide or a nucleic acid) could cause charge
neutralization, aggregation and destabilization of the system.

Apart from aggregated samples with the CHON/CHIT MMR of 1.25, all tested
dispersions were characterized by particles with a small size that varied between 80 and 270
nm (Figure 1c). The particle size was influenced by the molecular weight of CHIT, CL113-
NPs were larger than CL42-NPs. The particle size was also affected by the TPC. Generally,
the higher TPC, the larger was the hydrodynamic diameter of the NPs, however some
deviations from this trend were observed. The particle size was also influenced by the
CHON/CHIT MMR and the effect exerted by the MMR depended on TPC and molecular
weight of CHIT. Generally CHON/CHIT NPs had a homogenous size distribution with PDI
values below 0.25 for most of the samples (Figure 1d). Only samples with low TPCs (1
mg/ml and in the case of CL42 NPs- also 2 mg/ml) and high CHON/CHIT MMRs (10 for TPC
1 mg/ml and 20 for TPC 1 and 2 mg/ml) were characterized by PDI values higher than 0.3.
Interestingly, these dispersions contain high percentage of CHON which did not react with
CHIT, so the increased PDI values may be due to the contribution of free CHON molecules.

Samples with CHON/CHIT MMR=1.25 were not suitable for transmittance

measurements. The transmittance of the remaining dispersions is shown in Figure le. It can
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be observed that the turbidity of the samples increased corresponding to an increasing
polymer concentration and an increasing molecular weight of CHIT. Another important factor
influencing the turbidity of the dispersions was the mixing ratio of the polymers- the turbidity
increased when the mass mixing ratio was approaching to 1.25. The transmittance depends
on the concentration and the particle size of the complexes. Decreasing value of
transmittance corresponding to the CHON/CHIT MMR approaching 1.25 and to an
increasing TPC may be an indicator of the formation of larger number of the NPs, particularly
for lower TPCs.
3.3 CHON/CHIT/sCT nanoparticles

CHON/CL42 NPs with MMRs of 2.5, 5 and 10 mg/ml at TPCs 1, 2 and 3 mg/ml were
selected as potential carriers for sCT (Table 2). Because TPC of 5 mg/ml resulted in the
most viscous nano-suspensions with the largest particles, they were not considered as

carriers for sCT.
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Table 2 Composition, properties (TR - transmittance, PS - particle size, PDI - polydispersity index and ZP - zeta potential), total n/n" CMR

(charge mixing ratio), percentage of CHON incorporated into the NPs, association efficiency (AE) and drug loading (DL) of sCT-loaded
CHON/CL42 NPs. *p<0.05, **p<0.01, ***p<0.001 versus NPs without sCT.

[nfg;ﬁﬂ] Cr:'g;” CLaz colnr::lflfsﬂCT TOtC"",'\Ar;’ n* _incg;r';(?rl;ted AE (%) DL (%) TR (%) PS (nm) PDI ZP (V)
(mg/ml) into NPs (%)
3 25 0.5 2.08 801 99.80.03 14.2610.004 | 19%2 180+6* 021410027+ | -43.1%13
3 5 05 371 651" 99.90.02 142710003 | 5743 | 2206 0.268£0.010% | -59.4+14
3 10 05 6.12 5241 99.8+0.01 14.2620.001 7124w 248411 0.309:0.038* | -70.0208
3 25 10 184 8321 99.5:0.27 24.9110.068 | 1544 | 177+13" 0.200£0.016* | -38.5%0.6*
3 5 10 3.05 681 99.8£0.04 249610010 | 542"+ 2119 0.293t0.064* | -52.0£0.9%
3 10 10 455 55E1 99.7£0.17 24.94%0.043 7280w 249+15 0.356%0.082* | -63.0+L.8*
2 25 05 1.95 82+ 1+ 99.410.23 19.90%0.046 64t~ 14017+ 0.150%0.037 37.242.0%
2 5 05 3.34 59+1% 99.7£0.07 19.95:0.014 89x4* 15034 0.21720.060 52.0434
2 10 05 521 4940+ 99.8+0.04 19.9720.008 943 162+34* 0.251%0.068 58.048.0
2 25 10 167 8322~ 98.9+0 61 330060204 | 347+ | 14243" 0.182t0.012" | -32.541.1%
2 5 10 261 6412 99.6£0.16 332410053 | 8l&2"* | 165t2% 023410017 | -46.0425
2 10 10 3.65 4940+ 99.720.15 33.2720.050 90x2 | 173tL 0.306+0.066 55.142.7
1 25 05 167 7957+ 99.3£0.29 33.180.097 8135 101213 0.149t0.028 | -3L4%2.3"
1 5 05 261 564 99.5£0.08 33.2240.027 961+ 9526 0.215t0.033 | -43.8£2.0"
1 10 05 3.65 3612 99.7£0.08 33.27£0.027 981 10022 0.279£0.075 50.744.0
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sCT was very efficiently associated with CHON/CL42 NPs, with the yield close to 100%
(Table 2). Moreover, high peptide loading (14-33%) was also achieved. Similar drug loading
was accomplished for the previously described HA- and CHON-based nanocarriers
(Umerska et al., 2014a; Umerska et al., 2014b; Umerska et al., 2015). The incorporation of
an active ingredient can change the properties of the nanocarrier. This is true particularly for
the polyelectrolyte complex NPs, which are characterized by a high drug loading. Despite
loading of cationic sCT into CHON/CL42 NPs, all tested formulations had strongly negative
zeta potential ranging between -31 and -72 mV; in some cases a significant decrease in the
absolute value of zeta potential was observed compared with CHON/CHIT NPs with the
same TPC and CHON/CHIT MMR (Table 2). The n/n* CMR calculations confirmed that
there is a stoichiometric excess of negative charges in relation to positive charges. The
amount of CHON incorporated within CHON/CHIT/sCT NPs was significantly higher than
that of CHON/CHIT NPs. Due to its net positive charge the presence of sCT allowed binding
of a larger number of CHON molecules within the NPs, decreasing the amount of free
polymer. This phenomenon could prevent the charge neutralization and destabilization of the
system. For this reason, formulations containing a larger excess of an anionic polymer
(CHON in this case) should be preferred for the encapsulation of cationic molecules. This
statement can also be true for the opposite situation: in the case of encapsulation of anionic
molecules into positively charged NPs the formulation containing higher excess of cationic
polymer would be better candidates.

All tested CHON/CHIT/sCT NPs had particle diameters varying between 95 and 250
nm; in some cases a significant increase was observed compared with CHON/CHIT NPs
(Table 2). Inclusion of sCT produced an increase in turbidity of the dispersions, which could
be attributed to both, an increase in particle size and in the number of the particles formed.
The reduction in negative charge of the NPs and an increase in the turbidity of the system
have been observed for different sCT-loaded polyelectrolyte complex NPs, namely
CHON/PROT, HA/PROT and HA/CHIT. However the influence of sCT on the particle size

varied depending on the type of the carrier. In contrast to CHON/CHIT/sCT, in previously
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described HA/CHIT NPs either no change or a decrease in patrticle size was observed for
lower and higher sCT concentration, respectively (Umerska et al. 2014a). Only formulation
with the lowest MMR tested (2.5) containing high amount of sCT (0.35 mg/ml) showed an
increase in particle size. On the other hand, an increase in size was observed for HA/PROT
(Umerska et al., 2014b) and in some of the CHON/PROT NPs (Umerska et al., 2015). The
increase in particle size in some CHON/CHIT/sCT NPs after incorporation of sCT may be
attributed to neutralization of CHON by the polycations (CHIT and sCT) and attainment of
more compact structure of the NPs. Indeed, a significant increase in the quantity of CHON
incorporated within the NPs was observed in sCT-containing NPs compared with sCT-free
NPs.
3.4 CHON/sCT NPs

CHON/sCT complexes obtained by mixing polymer and peptide solutions at different
concentrations and different ratios were examined. Similarly to CHON/CHIT system, the
mixing of the polysaccharide and peptide solutions yielded different types of systems:
solution, an opalescent or turbid dispersion or two-phase systems containing supernatant
liquid and aggregates. As shown in Table 3, sCT was bound very efficiently to CHON
forming the NPs. Nearly 100% of sCT was complexed to CHON for CHON/sCT MMRs of 0.7
and 1.4. Comparable AE was obtained for CHON/sCT MMR of 0.35 at 1 mg/ml of sCT.
Therefore, in diluted dispersions such as that containing 0.35 mg/ml CHON, the mass of sCT
bound by the polysaccharide was 3 times higher than the mass of CHON. It is probably due
to much higher charge density (the number of moles of charges per gram of the compound)

in CHON molecules compared with that of sSCT molecules.
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Table 3 Composition, properties (TR - transmittance, PS - particle size, PDI - polydispersity index, ZP - zeta potential), total n/n* CMR (charge

mixing ratio), percentage of CHON incorporated into the NPs, association efficiency (AE), and drug loading (DL) of binary CHON/sCT

complexes. MMR — mass mixing ratio.

CHON sCT . CHON
conc. conc. | CHONISCT [ Totalnin® | o0 orated | AE(©) | DL®%) | TR%) | PS (nhm) PDI ZP (mV)
MMR cMrR ||

(mg/ml) (mg/ml) into NPs (%)
0.35 1 0.35 141 7915 94.413.96 | 73.043.06 | 12%2 105:18 | 0.04020.013 | -15.7£05
0.35 2 0.175 0.90 9813 441%1441 | 7161234 | 0:0 | aggregates NIA 73102
0.7 1 0.7 242 7615 99.7t023 | 58.840.14 | 82+12 99+14 | 0.227%0.021 | -36.8%3.7
0.7 2 0.35 141 7918 9513239 | 73.141.84 | 00 831¢145 | 0.197%0.034 | -14.4202
14 1 14 4.44 108 99.0t0.12 | 41.60.05 | 991 163t13 | 0.50820.108 | -45.10.7
14 2 0.7 2.42 6615 99.8:0.16 | 58.80.10 | 5110 | 120£20 | 0.135:0.016 | -38.4<18
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Additionally, CHON molecules only have anionic moieties, whereas sCT, bearing net
positive charge at neutral and acidic pH, apart from cationic amino acids also contains
anionic amino acids. When the CHON/sCT MMR was further decreased to 0.175, phase
separation occurred immediately after mixing the sCT and CHON solutions and 56% of sCT
was found in the non-associated fraction. Hence, at CHON/sCT MMR of at least 0.35,
CHON was able to efficiently bind sCT, but with a further decrease in CHON/sCT MMR the
binding places in CHON molecules became saturated and sCT molecules not involved in the
interactions with CHON were separated from the CHON/sCT complex by ultrafiltration-
centrifugation. CHON/sCT dispersions had an excellent loading capacity and stable
CHON/sCT NPs contained up to 73% (w/w) of sCT.

The zeta potential of CHON/sCT complexes was markedly affected by the
CHON/sCT MMR (Table 3). All tested dispersions contained negatively charged particles,
however in the case of CHON/sCT MMR of 0.175 dispersion, where the aggregation was
observed, the value of zeta potential was only -7 mV, indicating neutralization of the anionic
groups of CHON by sCT. The negative surface charge can be attributed to the dominant
presence of CHON molecules on the particle surface. The quantity of CHON bound within
the nanoplexes was dependent on the CHON/sCT MMR; the lower the MMR was, the higher
amount of CHON was present in the nanoplexes.

The turbidity of the dispersions increased correspondingly to a decrease in
CHON/sCT MMR (Table 3). Apart from the dispersion with the CHON/sCT MMR of 0.175,
other tested dispersions contained the particles with sizes in the nano range. Similarly to the
previously described HA/sCT complexes (Umerska et al., 2014a), the excess of the anionic
polysaccharide increased the solubility of its complexes with sCT. Apart from the CHON/sCT
MMR of 1.4 dispersion, which was not suitable for DLS analysis as it did not meet quality
criteria, all other dispersions were homogenously dispersed with PDI values below 0.25. It is
possible that in the CHON/sCT MMR of 1.4 dispersion the excess of CHON was responsible
for the increase in the solubility of the CHON/sCT complex and the decrease in the amount

of particles. As the amount of sCT was relatively low compared with CHON, the competition
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between CHON molecules for binding with cationic groups of sCT may have resulted in the
formation of highly disordered NPs with relatively low density.

In summary, after mixing CHON and sCT solutions at CHON/sCT MMRs of 0.35 and
0.7 it was possible to obtain stable nanoparticulate dispersions (Table 3). This phenomenon
was not observed for HA/SCT complexes described previously (Umerska et al., 2014a).
Although an HA/sCT complex was formed, as demonstrated by transmittance, viscosity
measurements and by FTIR, only two types of systems were formed: soluble complexes and
unstable NPs (having the appearance of a solution) or two-phase systems. Phase
separation was observed at HA/sCT MMRs of 0.44 and 0.33. Interestingly, hyaluronic
acid/sCT MMR of 0.33 corresponds to total n/n* CMR of 0.72, whereas CHON/sCT MMR of
0.35- to total n/n* CMR of 1.41; the former yielded phase separation, whereas the latter-
stable NPs. Difference in the CMRs is due to the presence of two ionizable groups in each
disaccharide unit of CHON molecules in contrast to HA, where only one carboxylic group is
present in each disaccharide unit. Although the CMR influences the appearance of the
system, particularly the phase separation due to charge neutralization which occurs at CMR
values close to 1, it does not explain the formation of stable NPs for the CHON/sCT system
and not for the HA/sCT system, as in the case of HA/SCT system the formation of stable
NPs was not observed for the CMR between 0.33 and 2.83. HA contains only weak acid
carboxylic groups in its molecules whereas CHON contains both weak and strong acid
carboxylic and sulfate groups, respectively (Denuziere et al., 1996). For this reason he
former can be considered as a weak polyelectrolyte, whereas the latter- as a strong
polyelectrolyte. Both, the higher charge density of CHON and the higher strength of CHON
complexes compared with HA may cause the formation of more compact structures yielding
stable CHON/sCT NPs. The smaller molecular weight of CHON (50 kDa) compared with that
of HA (257 kDa) may also contribute to the better colloidal stability of the former complexes
with sCT.

3.5 Colloidal behavior of CHON/sCT and CHON/CL42/sCT NPs in various media
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Apart from the particle characteristics the properties of polyelectrolyte complex NPs
also depend on the properties of the dispersant, such as ionic strength and pH (Umerska et
al., 2012, Umerska et al., 2015). Three formulations (Table 4) were selected for stability
studies: two CHON/CL42/sCT NP formulations with CHON/CL42 MMRs of 5 and 2.5 and
sCT of 1 mg/ml and one CHON/sCT formulation (CHON=1.4 mg/ml, sCT=2 mg/ml).

Table 4. Properties of CHON/CL42/sCT and CHON/sCT NPs in different media. The
samples were prepared as described in Sections 2.3 and 2.5.2 and measured after 1 hour or
24 hours of incubation at 37° C. TPC - total polymer concentration, MMR — mass mixing
ratio, PS - particle size, PDI - polydispersity index, ZP - zeta potential, (D) — diluted. *p<0.05,
**n<0.01, ***p<0.001 versus NPs in water, *p<0.05, *#p<0.01, *#p<0.001 versus NPs stored
for 1 hour.

TPC of 3 mg/ml, CHON/CL42 MMR of 2.5, sCT of 1 mg/ml NPs
. 24h ZP
Medium 1h PS (nm) 24h PS (nm) 1h PDI 24h PDI 1h ZP (mV) (mv)
Water 182+13 179+13 0.180+0.029 0.174+0.022 -37.6+1.3 -34.54+6.4
Acetate 190+25 192+23 0.160+0.044 0.143+0.032 -25.14£2.7*%* -27.1+4.9
buffer (D)
Acetate 228+2** 252+ 2% 0.101+0.028* 0.097+0.025 -26.4+0.6%** -26.2+0.7
buffer
PBS (D) 175+1 179+1% 0.130+0.035 0.159+0.031 -31.4+1.1** -28.8+0.4%
PBS aggregation aggregation aggregation
HCI 683+114** 6481147 0.192+0.079 0.149+0.110 4.145.6%** 5.046.3
TPC of 2 mg/ml, CHON/CL42 MMR of 5, sCT of 1 mg/ml NPs
Medium | 1hPS(m) | 24NPS 1h PDI 24h PDI 1hzP mv) | 24hZP
(nm) (mV)
Water 168+14 175+3 0.250+0.008 0.259+0.004 -48.1+£7.2 -47.2+3.4
Acetate
18815 188+5 0.265+0.008 0.262+0.006 -32.1+1.8* -32.61+0.6
buffer (D)
Acetate
206+9* 224+67 0.175+0.007*** 0.167+0.015 -26.8+0.1** -28.8+1.8
buffer
PBS (D) 162+6 1638 0.238+0.005 0.240+0.007 -32.0+6.6* -26.049.7
PBS 3514£2%** 663+13%# 0.155+0.011*** 0.256+0.0107# -25.942.7** -23.8+0.6
HCI 400£113* 435+116 0.144+0.023** 0.149+0.022 -2.5+2.1%** -3.6+0.9
CHON/sCT NPs (CHON of 1.4 mg/ml, sCT of 2.0 mg/ml)
Medium | 1hPs (m) | 240 PS 1h PDI 24h PDI 1hzp mv) | 24hZP
(nm) (mV)
Water 120+20 12649 0.139+0.031 0.160+0.029 -39.8+2.0 -38.5+2.8
Acetate 134+7 152+3% 0.096+0.011 0.080+0.031 -27.0£0.1%** -27.2+0.6
buffer (D)
Acetate 283+55** 467+42% 0.120+0.012 0.230+0.014%# | -25.0+2.0%** -23.3£2.9
buffer
PBS (D) 232+39* 276128 0.328+0.062** 0.455+0.119 -16.2+0.7*** -15.246.2
PBS 282421 %+ 251+34 0.533+0.088** 0.602+0.128 -8.8+1.3*** -5.1+2.5
HCI 761+202** 1120+1037 0.376+0.097* 0.531+0.073% -12.54£0.1%* -12.6+£0.6
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It can be observed that the particle size of all tested formulations increased in PBS, acetate
buffer and in HCI (Table 4). In the case of CHON/CL42 MMR=2.5 formulation an immediate
formation of aggregates was observed in PBS. The increase in particle size can be attributed
an increased ionic strength of the medium. Indeed, in diluted acetate buffer or diluted PBS
no significant change was observed except CHON/sCT NPs, which significantly increased
their size in diluted PBS. A significant decrease in PDI was observed in acetate buffer for
both CHON/CL42/sCT formulations; moreover, in the case of formulation with CHON/CL42
MMR of 5 a significant decrease was also observed in PBS and HCI. In contrast to
CHON/CL42/sCT formulations, CHON/sCT formulations became significantly more
polydispersed in diluted PBS, PBS and HCI. The absolute value of zeta potential was
significantly reduced in all tested media for all tested formulations. The reduction of surface
charge was especially pronounced in HCI for CHON/CL42/sCT formulations; for NPs with a
CHON/CL42 MMR=2.5 the inversion from negative to positive zeta potential was observed.
This may be attributed to a decrease in ionization of CHON at such low pH values. Similarly
to CHON/PROT NPs described previously (Umerska et al., 2015), the chloride anion
appeared to exert a stronger effect on the properties of the CHON/CHIT/sCT and
CHON/sCT NPs than the acetate.

Two different effects govern the behavior of polyelectrolyte complexes after a
subsequent change in the ionic strength of the medium, namely secondary aggregation or
dissolution, depending on the nature of the components of the system (Dautzenberg, 2000).
It has been shown that CHON-based NPs retain sodium chloride from PBS or HCI (in the
case of HCI this salt can be formed from the sodium ion originating from CHON) or sodium
acetate from the acetate buffer. The salts present in the polymer network can decrease
ionization and therefore the charge density of polymer molecules. The secondary
aggregation may occur in the case of CHON/CHIT/sCT NPs. The reduction in charge density
of polyelectrolytes will induce a decrease in the macromolecules stiffness, as a result of the
decreased repulsive electrostatic interactions. Therefore, conformational adaptation required

for the charge matching should be easier, thus leading to more compact complexes (Wu &
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Delair, 2015). A decrease in PDI in CHON/CHIT/sCT NPs could be an indication of the
formation of more ordered and compact nanostructures, whereas the increased particle size
suggests the incorporation of a larger quantity of polyelectrolyte molecules per nanopatrticle.
The increase in ionic strength and rearrangement between the polyelectrolyte molecules
also leads to release of sCT molecules (see Section 3.6). For CHON/sCT systems, it is likely
than in PBS or in HCI dissolution of the complexes occurs. The release of sCT molecules
should lead to dissociation of the binary complex, as CHON cannot self-assemble into NPs
in an aqueous medium (Zhao et al., 2015). Although an increase in the particle size was
observed, high PDI values (0.46-0.6) indicate that these results are not reliable. A change in
pH and an increase in ionic strength leads at first to weakening the bonds between CHON
and sCT (a fraction of disordered, large particles with low density) and then to dissociation of
the complex. Because DLS is more sensitive to larger particles, the obtained result reflects
their presence.
3.6 In vitro release of sCT

Figure 2 shows the cumulative release of sCT from CHON/CL42/sCT and

CHON/sCT NPs.
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Figure 2 Cumulative release of sCT from CHON/sCT NPs (CHON of 1.4 mg/ml, sCT of 2.0
mg/ml - black squares), TPC of 2 mg/ml, CHON/CL42 MMR of 5, sCT of 1 mg/ml NPs (red
circles) and TPC of 3 mg/ml, CHON/CL42 MMR of 2.5, sCT of 1 mg/ml NPs (blue triangles)
into (a) PBS, (b) acetate buffer and (c) HCI solution. MMR — mass mixing ratio.

The release of sCT from its nanocomplex with CHON was influenced by the dispersant and
the composition of the nanocarrier. Similarly to the previously described CHON/PROT/sCT
NPs (Umerska et al., 2015), almost no sCT was released either to water or to diluted acetate

buffer from all tested formulations.
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CHON/CHIT/sCT NPs with MMR=2.5 released similar % of sCT into PBS, acetate
buffer and HCI after 24 hours (46+5%, 35+4% and 40+4%, respectively, Figure 2). Similar
behavior was observed for CHON/CHIT/sCT NPs MMR=5, which released 58+5%, 40+4%
and 50+4% after 24 hours into PBS, acetate buffer and HCI, respectively. Release of sCT
from CHON/sCT NPs was influenced by the release medium to a larger extent than that of
CHON/CHIT/sCT NPs. The amount of sCT released from CHON/sCT complexes after 24
hours into PBS, acetate buffer and HCI was 74+2%, 25+3% and 46+2%, respectively.
Interestingly, the size of these NPs in HCI was ~600% of the initial size in water compared to
only ~200% in PBS and acetate buffer. Time- and pH-dependent release of CHON from
CHON/CHIT complexes was observed by Fajardo et al. (2011) with the greatest release of
CHON occurring at pH around neutral (pH=6 and pH=8) and lowest at pH=2. Dissociation
and detachment of the principal polymer (CHON) constituting the NPs should lead to
breaking up the complex with sCT (and/or CHIT) that occurs in PBS but not in HCI and thus
resulting in the greater release of the peptide in PBS. As discussed in Section 3.5, the
observed increase in the particle size seen in HCI may be caused by incorporation a quantity
of chloride as sodium chloride (the sodium ion originating from CHON used as a sodium
salt). However, as the PDI values of these formulations are quite high (0.38-0.60), the
particle size measurements are not as reliable as at low PDI values (below 0.25) and should
be interpreted with caution.

The most significant differences in sCT release were observed for PBS. The release
rate decreased in the following order: CHON/sCT NPs>CHON/CHIT/sCT NPs MMR=5>
CHON/CHIT/sCT NPs MMR=2.5, as reflected by decreasing values of the rate constant k

(Table 5).

Table 5 Model parameter estimates and related goodness of fit statistics for sCT release
from CHON/sCT NPs (CHON of 1.4 mg/ml, sCT of 2.0 mg/ml), TPC of 2 mg/ml, CHON/CL42
MMR of 5, sCT of 1 mg/ml NPs TPC of 3 mg/ml, CHON/CHIT MMR of 2.5, sCT of 1 mg/ml
NPs data fitted to the first order model, where W.. is the amount of sCT released at infinity

and K is the release rate constant.
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. W.. (ug/mg of _
Medium k (h'%) Goodness of fit (R?)
NPs)
CHON/sCT NPs (CHON of 1.4 mg/ml, sCT of 2.0 mg/ml)
Acetate buffer 0.446+0.021 149+16 0.989
HCI 0.371+0.003 27611 0.993
PBS 0.689+0.045 434+13 0.992
CHON/CHIT/sCT NPs TPC of 2 mg/ml, CHON/CL42 MMR of 5, sCT of 1 mg/mi
Acetate buffer 0.387+0.040 13415 0.984
HCI 0.294+0.003 168415 0.994
PBS 0.397+0.007 194+16 0.998
CHON/CHIT/sCT NPs TPC of 3 mg/ml, CHON/CHIT MMR of 2.5, sCT of 1 mg/ml
Acetate buffer 0.320+0.025 88+10 0.991
HCI 0.259+0.022 100+11 0.997
PBS 0.285+0.023 114413 0.992

This study confirms that release of peptide from ionic hydrogels depend on the
composition of the complex and on the environmental conditions. The fact that the quantity
of sCT released into acetate buffer was smaller than that released into HCI or PBS may be
due to the fact that at pH 5 electrostatic interactions between sCT and CHON are optimal
due to maximal ionization of both molecules. At acidic pH ionization of anionic groups of
CHON is considerably decreased, whereas at pH 7.4 the degree of ionization of sCT could
be smaller- the histidine group (pKa 6.10) should be dissociated at pH=5, but not at pH=7.4.
The higher release from CHON/sCT NPs compared with that from CHON/CHIT/sCT NPs
could be attributed to the lower density of the former NPs. The dense network of CHON and
CHIT chains may retard the diffusion of sCT.

Based on the results of release studies and stability in different buffers it can be
concluded that NPs containing large quantities of CHIT are not good candidates for
intravenous administration due to the possibility of aggregation. On the other hand, the
CHON/CHIT/sCT NPs, particularly those with CHON/CHIT MMR=2.5 are capable of
providing a prolonged sCT release and for that reason they could be good candidates for

other forms of parenterals, e.g. for intramuscular administration. The advantage of
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CHONI/CHIT/sCT NPs is the mucoadhesive properties of CHIT and for this reason they
could make interesting candidates for oral delivery. Furthermore, the CHON/CHIT/sCT NPs
showed better stability in HCl than CHON/sCT NPs. The aggregation process of the CHIT-
containing NPs in PBS could be a major disadvantage, however before approaching the
intestines the NPs would be diluted and that could prevent possible aggregation. The
CHON/sCT NPs would be good candidates as they do not aggregate and the complex
dissolves in PBS. Moreover, when administration in a final solid state formulation is
necessary, the CHON/sCT NPs with high drug loading are preferred due to dilution issues
(excipient addition) associated with forming such dosage forms.

4. Summary and conclusions

Both, positively and negatively charged CHON/CHIT NPs have been successfully
developed and characterized. The formation and the physicochemical properties of
CHON/CHIT NPs were depended on polymer mixing ratio, polymer concentration and
molecular weight of CHIT. NPs containing polymers at the ratio far from stoichiometric would
make better carriers for ionized drugs as they are less susceptible to charge neutralization
and physical destabilization. sCT was successfully loaded into CHON/CHIT NPs with
efficiency close to 100% and notably high sCT loading (up to 33%).

A new type of NPs composed of CHON and sCT (a binary system) has been
successfully developed and characterized. Some of these carriers offer the advantage of a
very high drug loading up to 73% and high association efficiency (95%).

The particle size of all tested formulations increased in PBS, acetate buffer and in
HCI compared to that in water, however most of them remained in the nano-range even after
24 hours. Both, the media and the composition of the nanocarriers were found to affect the
release of sCT. In all tested formulations the % of sCT released and the quantity of sCT
released per mg of NPs at infinity decreased in the following order: PBS>HCI>acetate buffer.
CHON/sCT NPs released the largest % of sCT, whereas CHON/CHIT/sCT MMR=2.5 NPs
released the smallest quantity of sCT.
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