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Abstract Polyelectrolyte complexation, as one simple and promising method for
preparing nanoparticles, is employed to find the use in the delivery of protein drugs.
Using this method, we fabricated one kind of novel nanoparticles based on two
natural polysaccharides, which are the negatively charged carboxymethyl pachyman
(CMP) and the positively charged chitosan (CS). The major effect factors on the
average particle size, polydispersity, and zeta potential of the nanoparticles were
studied. The research indicated that the physicochemical properties of the nano-
particles were deeply affected by the molecular weight, concentration, and the ionic
content of two polysaccharides. The mean particle size of CMP/CS nanoparticles
was almost in the range of 100-200 nm for various preparation conditions. The
morphology of nanoparticles characterized by a transmission electron microscope
was spherical in shape with smooth surface structure. In order to study the feasi-
bility of these nanoparticles as oral protein delivery carriers, the encapsulation
efficiency of CMP/CS nanoparticles for bovine serum albumin (BSA) was evaluated
for optimized condition. It turned out that the encapsulation efficiency of BSA-
loaded CMP/CS nanoparticles varied from 30.1 to 52.9% depending on the initial
loading concentration of BSA as well as the concentration of CMP and CS
employed in particle formation, which indicated that the concentration of polymers
and drugs were all contributed to the encapsulation efficiency of nanoparticles. This
report opened up another interesting perspective to develop these natural polysac-
charides with emerging new applications, which have great potentials in application
in the nanoparticulate delivery system.
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Introduction

Nowadays, with the advances in biotechnology and biochemistry and the discovery
of many bioactive molecules based on peptides and proteins, much effort has been
devoted to developing protein delivery systems. Unfortunately, parenteral admin-
istration of proteins is still the major problem in protein drugs [1]. The challenging
task in the development of protein pharmaceuticals is to deal with physical and
chemical instabilities of proteins [2]. However, many research show that proteins
have poor absorption efficiency in patients when administered through the
parenteral route. Therefore, a large amount of work has focused on protein delivery
by oral route [3, 4]. In order to achieve the successful oral delivery of protein drugs,
the most important thing is to protect protein drugs from the harsh environment of
gastric media in the stomach before they were absorbed in the intestine. For the last
10 years, many strategies have been developed to enhance oral protein and vaccine
delivery efficiencies [5—-8]. Among all these promising approaches, nanoparticulate
systems have attracted especial interests. Because they can protect drugs from
degradation [9], reduce toxic side effects, provide controlled release properties for
encapsulated drugs due to the biodegradability, pH, and/or temperature sensibility
of nanoparticle materials [10], improve drug transmucosal transport [11] and
transcytosis by M cells [12, 13], and so forth. As a novel drug delivery system,
nanoparticles show great potentials in biological, medical, and pharmaceutical
fields [14].

Among a wide variety of techniques available to produce nanoparticles,
polyelectrolyte complexation (PEC) has received increasing attention, for the
reason that the nanoparticles prepared by this method have several characteristics
favorable for cellular uptake and colloidal stability, including suitable diameter and
surface charge, spherical morphology and a low polydispersity index (PdI), and so
on [15]. What’s more, this method is the best choice to avoid many kinds of
aggression in harsh conditions, such as organic solvents and sonication during
preparation. Also, this method can carry out in completely aqueous condition and in
ambient temperature which do not adversely affect the stability and biological
activity of these therapeutic agents [16, 17]. Figure 1 is the schematic illustration of
the nanoparticles formed by polyelectrolyte complexation. Recent studies have
shown that PEC is a potentially useful technique used to fabricate protein drug
delivery systems for peroral administration [18].

Among various polymeric materials, polysaccharides are the most popular ones
to prepare nanoparticles for drug delivery [19, 20]. Chitosan is a biodegradable
cationic polysaccharide that is widely used for pharmaceutical applications [21]. It
is the deacetylated form of chitin, which is the second abundant polysaccharide in
nature [22]. Chitosan possesses many favorable biological properties of polymeric
carriers [23], such as low toxicity and high susceptibility to biodegradation [24, 25],
mucoadhesive properties [26], and an important capability to enhance drug
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Fig. 1 The schematic illustration of the nanoparticles formed by polyelectrolyte complexation

permeability and absorption at mucosal sites [27, 28]. More importantly, with an
estimated intrinsic pKa value of 6.5, from a technological point of view, CS is also
one kind of interesting materials, for it is polycationic in acidic media and can
interact with negatively charged species to form the CS complexes and nanopar-
ticulate structures by means of ionic gelation or polyelectrolyte complexes [29, 30].

Pachyman, as a fungus polysaccharide, is a naturally occurring linear polysac-
charide produced by a sclerotium of Poria cocos [31, 32], which is one of the most
important herbs in China and many other Asian countries. It is composed by 1,3-f3-
linked p-glucose units (Fig. 2), which is in similar structure character to starch and
cellulose. Up to now, pachyman is confirmed to have many pharmaceutical values,
which is well known for its diuretic [33], mitogenic, complement activating [34],
anti-inflammatory [35], and immunoactive properties [36]. Moreover, several
derivatives of pachyman have been also prepared and developed for many
pharmaceutical [37] and biomedical applications, among which the most familiar
one is carboxymethyl pachyman (CMP). CMP is well known for its good water
solubility and anti-tumor activity [38, 39]. By virtue of the outstanding biological
and pharmacological activities, CMP has been used to fabricate drug delivery
systems [40, 41].

According to our previous research results [42], CMP-based self-assembled
nanoparticles have fabricated chemically from polymeric amphiphilic conjugates.
Herein, the polyelectrolyte complexation method, which is simple and mild, was
chosen to prepare nanoparticle based on CMP and CS. The processing factors
affecting the characteristics of CMP/CS nanoparticles, including their physico-
chemical properties as well as the optimal conditions for their preparation was
elucidated. Size and morphology of nanoparticles were studied. Using bovine serum
albumin (BSA) as a model drug, its efficiency for protein drug association was also
investigated.

CH,0CH,CO0H  CHOH

n n NHCOCH, NH, n

Chitosan

Pachyman

Fig. 2 Chemical structures of pachyman, carboxymethyl pachyman (CMP), and chitosan (CS)
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Experimental
Materials

Pachyman, the average molecular weight of 2.2 x 10°, extracted with 0.5 M NaOH
aqueous solution from the sclerotium of Poria cocos was used [22]. Chitosan with a
deacetylation degree of 95% was purchased from Jinke Biochemistry Co., Ltd.
(Zhejiang, China). H,O, was obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Bovine serum albumin (BSA) was purchased from Sigma
Chemical Company (St. Louis, MO, USA). All other chemical reagents were
analytical grade and obtained from commercial sources.

Synthesis of carboxymethylated pachyman (CMP)

Pachyman was carboxymethylated according to the method previously reported [42]. In
brief, a suspension of 1.2 g pachyman in a mixture of 20 mL 20% NaOH and 50 mL
isopropanol was stirred at an ice bath for 3 h. Then, a mixture of 10.5 g chloroacetic acid,
20 mL 20% NaOH and 50 mL isopropanol was slowly added with stirring. The reaction
was continued at room temperature for 3 h and then at 50 °C for 3 h. After the solution
was cooled to room temperature, 0.5 M HCI was added to adjust pH to 7.0 and then
dialyzed at 4 °C by a regenerated cellulose tube (Mw cut-off 8000) against tap water for
3 days and then in distilled water for 4 days. The resulting solution was concentrated by
rotary evaporator at reduced pressure below 40 °C. Finally, the carboxymethylated
pachyman was lyophilized by using a lyophilizer to give the product. CMP was identified
by using Fourier transform infrared spectrophotometer (FT-IR, Spectrum One, Perkin-
Elmer, USA), and "H NMR and "*C NMR (D,0) (Bruker DPX spectrometer, 400 MHz).
The degree of substitution (DS) of the CMP sample was 0.9 units of carboxymethyl group
per glucose determined by a method as previously described [43].

Depolymerization of chitosan

Chitosan was depolymerized with H,O, to obtain low MW chitosan according to a
method described by other literatures. [44, 45]. In brief, 5 g of chitosan were
dissolved in 250 mL of 1% (v/v) acetic acid solution containing 5 g of H,O,. The
solution was stirred at 25 °C for different durations, 1, 2, 3, 4, 5, 6 h, respectively.
The chitosan solution was then precipitated by adding 5% (w/v) NaOH solution and
adjusting pH to 7.0. The precipitates were collected by centrifugation and washed
with deionized water to neutral and freeze-dried.

The intrinsic viscosity of the obtained depolymerized chitosan samples was
determined at 25 °C with the co-solvent of 0.1 M acetic acid and 0.2 M sodium
chloride according to the method described in other literature [46]. Calculated
according to Mark-Houwink equation [46], [n] = 1.81 x 1073 x MW, the
MWs of chitosan and its depolymerized samples were 45.6, 21.7, 17.0, 15.6, 15.0,
13.3, 12.6 kDa, respectively. In the following experiments, chitosan with MW of
12.6 kDa was chosen and used except for the study of MW’s effect on the
complexation interaction.
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Preparation of CMP/CS nanoparticles

CMP solution with different concentration (0.5, 1, 2, 3, 4, and 5 mg/mL,
respectively) was prepared by dissolving the CMP powder directly into deionized
water. Chitosan (CS) was dissolved in 0.25% acetic acid aqueous solution at
1 mg/mL concentration under stirring and adjusting the pH to 5.5 with 1 N NaOH.
At this pH more than 90% of the amine groups of CS are protonated [17]. In the
same way, chitosan solutions of different concentrations (0.5, 2, 3, 4, and 5 mg/mL)
were prepared. Polyelectrolyte nanoparticles were prepared by adding 2 mL CMP
solution at specified concentration (0.5, 1, 2, 3, 4, or S mg/mL) to 5 mL CS solution
of specified concentration (0.5, 1, 2, 3, 4, or 5 mg/mL) in a beaker under gentle
magnetic stirring at room temperature. Opalescent suspension was formed
spontaneously and the suspension was kept under stirring for 2 h. Nanoparticles
were separated from aqueous phase by ultracentrifugation (L8-80 M, Ultracentri-
fuge, Beckman) with 24,800 rpm at 4 °C for 40 min. The sediment was frozen at
—70 °C for 5 h. Freeze drying was performed using the freeze dryer (Thermo
Savant, USA).

Characterization of nanoparticles

The FT-IR spectra of the nanoparticulate samples were recorded (FT-IR, Spectrum
One, Perkin-Elmer, USA) to determine the interaction between CMP and CS.

Particle size of the nanoparticles was determined by photon correlation
spectroscopy using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
Samples were diluted with deionized water and the measurements were performed
at a scattering angle of 90° and at temperature of 25 °C. The diameter is calculated
from the autocorrelation function of the intensity of light scattered from particles,
assuming a spherical form for the particles.

The polydispersity index (PdI) is a measure quantity of dispersion homogeneity
which ranges from 0 to 1. Values close to 0 indicate a homogeneous dispersion
while those greater than 0.3 indicate high heterogeneity [47].

The particle charge was quantified measuring the zeta potential by using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Samples were diluted with
deionized water. For the measurements samples were placed in the electrophoretic
cell where a potential of 150 mV was established. The results as the mean of three
determinations £ SD are presented.

The morphology of the nanoparticles was observed by using a transmission
electron microscope (JEM-100CX II, Jeol Company, Japan), which is operated at an
acceleration voltage of 100 kV. A drop of sample solution was placed onto a copper
grid coated with carbon. After deposition for 2 min, the grid was tapped with filter
paper to remove surface water, followed with air-drying.

BSA loading of nanoparticles

The drug-loaded nanoparticles were prepared by dropping a mixture of CMP and
BSA into CS solution. In order to study the BSA encapsulation efficiency of the

@ Springer



1188 Polym. Bull. (2012) 68:1183-1199

CMP/CS nanoparticles, different BSA concentration (1, 2, 3, 4, 5 mg/mL), and
CMP/CS concentration ratio (1:1, 1:2, 1:3, 1:4; mg/mL: mg/mL) were used.

CMP was dissolved in 2 mL of deionized water at 1 mg/mL and different weight
of BSA was added to get different BSA concentration (1, 2, 3, 4, 5 mg/mL). Then
the mixed solution was dropped into a CS solution (0.25% v/v acetic acid solution)
of 5 mL at a specified concentration (1, 2, 3, 4, and 5 mg/mL) under magnetic
stirring at room temperature. Opalescent suspension was formed spontaneously
under magnetic stirring at room temperature. The opalescent suspension was kept
under stirring for 2 h. Bound and unbound BSA were separated by ultracentrifu-
gation of the nanosuspension at 24,800 rpm at 4 °C for 40 min. The amount of free
BSA in the clear supernatant was measured by UV-Vis spectrophotometry at
A =595 nm (UV-Vis Spectrophotometer, Lambda 35, Perkin-Elmer, Norwalk,
USA) using a Bradfold protein assay [48].The BSA encapsulation efficiency (EE) of
the nanoparticles was calculated using the following equation.

Encapsulation efficiency (EE) (%) = [(Mass of BSA used in formulation
— Mass of free BSA in supernatant)/
(Mass of BSA used in formulation)] x 100

Results and discussion
Physicochemical characterization of CMP/CS nanoparticles
Figure 3 shows the FTIR spectra of CMP, CS, and CMP-CS complex, respectively.

For the IR spectrum of CMP (sodium salt form), the characteristic absorption peaks
appear at 1,604 (asym., COO ™) and 1,424 cm™'(sym., COO™). And in the spectrum
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Fig. 3 IR spectra of a CMP, b CS, and ¢ CMP/CS nanoparticles
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of CS, the characteristic absorption peaks of CS are at 1,648 (amide I), 1,590
(-NH3"), and 1,384 cm™' (amide III). In the IR spectrum of CMP/CS, the
1,604 cm ™! peak shift to 1,590 cm ™! and the 1,424 cm™! peak shift to 1,417 cm™ L
These results indicated that the carboxylic groups of CMP had been complexed with
the protonated amino groups of CS through electrostatic interactions to form the
polyelectrolyte complex.

Effects of chitosan MW

The effects of chitosan MW on the average nanoparticle size of CMP/CS
nanoparticles were investigated. In Fig. 4, the average nanoparticle size in the range
of 135-279 nm enlarged as chitosan MW increased. Concerning the effects of
chitosan MW on nanoparticle size, it is reasonable to believe that higher MW of
chitosan leads to bigger nanoparticle size because longer chain of chitosan molecule
can complex with a larger number of negatively charged CMP polymer molecules.
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Fig. 4 Effects of CS MW on the a average particle size and b zeta-potential values of CMP/CS
nanoparticles ((CMP] = 1 mg/mL, [CS] = 1 mg/mL)
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Commonly, the polydispersity index is an index of stability and dispersion
homogeneity. All of the nanoparticles have a desired polydispersity index
(0.114-0.226) less than 0.3 indicating a homogenous size distribution. But from
the Fig. 4, we can see that the relationship between the MW of CS and the zeta
potential of nanoparticles is not very significant.

Effect of CMP concentrations

The particle size and the size distribution of CMP/CS nanoparticles, prepared by
dropwise addition of CMP into a CS solution at varying CMP concentrations, were
determined and the results were displayed in Fig. 5. The data shows that the mean
size of the sample increases from approximately 125-192 nm with an increase in
CMP concentration. The polydispersity index of the samples in the range of
0.067-0.139 implied highly monodispersed nanoparticles. From the zeta potentials,
we can see that with the increase of the CMP concentration, the potential of
nanoparticles with positive charges from 50.9 to 41.4 mV decreased slightly.
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Fig. 5 Effects of CMP Concentrations on the a average particle sizes and b zeta-potential values of
CMP/CS nanoparticles. ([CS] = 1 mg/mL)
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The effect of CMP on the zeta-potential measurement of the particles was attributed
to the anionic characteristic of this polymer, which complex with CS and then
reduces the surface charge of the nanoparticles.

Effects of CS concentration

The particle size and size distribution of CMP/CS nanoparticles prepared by varying
the CS concentrations were determined and the results were displayed in Fig. 6. No
matter that CS is prepared in 0.25% acetic acid or in 1% acetic acid solution, the
mean size of the sample increases with the increase of CS solution in concentration.
That phenomenon is quite reasonable, for the reason that accompanying with the
increase of CS concentration, CMP molecules in one nanoparticle could interact
with more chitosan molecules to make the nanoparticles become larger and larger,
as shown in the Fig. 6a. However, when CS dissolved in 1% acetic acid solution, the
nanoparticles formed in this solution showed slightly larger particle size under the
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Fig. 6 Effects of CS Concentrations on the a average particle sizes and b zeta-potential values of
CMP/CS nanoparticles ((CMP] = 1 mg/mL)
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higher CS concentration of 3-5 mg/mL than what is formed in 0.25% acetic acid
solution. For the zeta potential, the nanoparticles prepared from 1% acetic acid
solution displayed higher surface potential whose value was from 45.6 to 51.9 mV.
The reason is that the CS were much more easier to protonate in higher acid
conditions, in which the electrostatic attraction density between CS and CMP were
strengthened in nanoparticles, thus resulting in increasing nanoparticle size and
higher surface potential.

Effects of CMP concentration and CS concentration

The particle size and size distributions of CMP/CS nanoparticles prepared by
equally enhancing the CMP and CS concentration were determined and the results
were displayed in Fig. 7. With the increase of the CMP and CS concentration, their
nanoparticle size had a greatly increase. Nevertheless, the increase of CMP
concentration and chitosan concentration is not infinite because aggregates formed
easily before CMP concentration and chitosan concentration reached to a certain
concentration. For example, the nanoparticles prepared from CMP or CS
concentration beyond 4 mg/mL, then was prone to precipitate which is quite
obvious after standing for a few days. After all, many other researchers have pointed
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Fig. 7 Effects of CMP and CS concentrations on the a average particle sizes and b zeta-potential values
of CMP/CS nanoparticles (X means [X] = [CMP] = [CS])
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out that the nanoparticles are prone to aggregate and precipitate if the polymer
concentrations are too high. When keeping both the concentration of CMP and CS
at 4 or 5 mg/mL, the polydispersity index of the nanoparticles was 0.191 or 0.228,
respectively, implying that the size distribution of the samples is increasing largely.
The zeta potential was increased first with the equally enhancing of CMP and CS
concentration, but slight deceased for the concentration of CMP and CS at 5 mg/mL
due to the aggregation and precipitation of nanoparticles (as shown in Fig. 7b).

Nanoparticles morphology and distribution

The freeze-dried CMP/CS nanoparticles prepared by the PEC method were in white
powdered shape and insoluble in water, dilute acidic or dilute alkali solutions.
Figure 8a, b shows the TEM photograph of the nanoparticles with two different

100KV X48000 300.00nm

Fig. 8 TEM images of CMP/CS nanoparticles prepared by 1 mg/mL CMP solution and 1 mg/mL CS
solution with different magnification
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Fig. 9 a Size distribution and b zeta-potential profile of CMP/CS nanoparticles prepared by 1 mg/mL
CMP solution and 1 mg/mL CS solution

magnifications. All of the nanoparticles exhibit spherical and sub-spherical shapes
with smooth surface structure.

Figure 9a displayed the size distribution of the nanoparticles prepared by
1 mg/mL chitosan solution and 1 mg/mL CMP solution and Fig. 9b showed their
zeta potential in water. The mean size and zeta potential of these CMP/CS
nanoparticles were 135 nm and 47.2 mV, respectively.

BSA encapsulation efficiency (EE)

In order to study the BSA encapsulation efficiency of the CMP/CS nanoparticles,
two factors, which are the BSA concentration and the CMP/CS concentration ratio
were chosen and the research results were displayed in Figs. 10 and 11.

Notably, the BSA concentration takes an important role in the nanoparticles size
and in nanoparticles’ encapsulation ability. From Fig. 10, we can see that, with the
increase of the BSA concentration, the mean size of the nanoparticles increased at
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Fig. 10 Effects of BSA concentration on the a average particle sizes, b zeta potential, and ¢ encapsulation
efficiency of BSA-loading CMP/CS nanoparticles ((CMP] = 1 mg/mL, [CS] = | mg/mL)

first, and then decreased sharply (both the CMP and CS concentration kept at
1 mg/mL). But the zeta potential of the nanoparticles almost kept decreasing with
the increasing of the BSA concentration. The reason for these phenomena was
related to the BSA’s physicochemical properties. It is known that the isoelectric
point of BSA is in the range of 4.5-4.8 [32]. In our preparing process, the pH value
of the complex system is above 5, so the negative charge of BSA was formed, which
could consequently interact with the positive charged CS. But this interaction
between the BSA and CS was not very obvious at first, for the reason that there was
certain amounts of CMP already exist in the system. Meanwhile, the BSA
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Fig. 11 Effects of CMP/CS ratio on the a average particle sizes, b zeta-potential values, and ¢ encapsulation
efficiency of BSA-loading CMP/CS nanoparticles ((CMP] = 1 mg/mL, [BSA] = 2 mg/mL)

encapsulation efficiency in the range of 30.1-52.9% also increased with the
enhancement of the BSA concentration, which is quite reasonable when the
molecular interaction between BSA and CS considered.

The polymer concentration also had great effect on the encapsulation efficiency
of nanoparticles. As shown in the Fig. 11, when the CMP/CS concentration ratio
kept decreasing, the average particle size increased and the encapsulation efficiency
also increased first (the BSA concentration was kept at 2 mg/mL). But it is
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necessary to point out that, if the ratio is reduced to some extent (that is to say if the
CS concentration kept increasing), the complex tends to aggregating and
precipitating, which consequently weaken the ability of the nanoparticle for BSA’s
encapsulation efficiency. So, when the CMP/CS ratio reached 1:4, the encapsulation
efficiency of nanoparticles reduced sharply.

In one word, the encapsulation efficiency of CMP/CS nanoparticles could be
optimized by adjusting the concentration of polymers and drugs. Moreover, the
concentration ratio between these two opposite charged polymers also takes very
important role.

Conclusions

Based on the carboxymethylated derivatives of pachyman (CMP) and CS, one novel
kind of nanoparticles was prepared and characterized by polyelectrolyte complex-
ation method. In various kinds of preparing conditions, the mean particle size of
CMP/CS nanoparticles was almost in the range of 100-200 nm. Using BSA as a
model drug, the encapsulation efficiency of CMP/CS nanoparticles was in the range
of 30.1-52.9%, varying with the change of polymer and BSA concentrations. Drug
loading research indicated that the encapsulation efficiency of the nanoparticles
could be optimized by adjusting some preparation parameters, such as the initial
loading concentration of BSA, an optimal concentration ratio of the concentration of
CMP and CS employed for particle formation. This research is also a new way to
apply this natural polysaccharide derivative, which will have great potential to be
prepared as nanomaterials for protein drug delivery by a simple and moderate
method.
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