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The interfacial properties (dynamic and equilibrium surface tension, viscosity and elasticity moduli) of chitosan
lactate have been studied at the liquid/air interface by the oscillating drop shape method. Isotherms of dynamic surface
tension of chitosan lactate are similar to dependences for other polyelectrolyte solutions, in particular for proteins.
Chitosan is a weak cationic polyelectrolyte which can change its conformation from a linear rod to a chaotic and
compacted coil. Therefore, the experimental dependence of the equilibrium surface tension on concentration of chitosan
lactate was analyzed with the adsorption model proposed earlier for proteins. This model accounts the possibility of
polyelectrolyte molecules existence in surface layer in n states with different molar surface varying from the maximum
value at very low surface coverage by polyelectrolyte molecules to a minimum value at high surface coverage. Good
agreement between the calculated and experimental values of surface tension was observed. The dependences of the
elasticity and viscosity moduli of chitosan lactate solutions on the drop oscillations frequency are conditioned by the
influence of exchange processes both between the surface layer and the bulk solution and in the surface layer itself. An
increase of the solution concentration intensifies the exchange processes, and an increase of the oscillation frequency
suppresses them. It is shown that the dependence of the surface viscoelasticity modulus of chitosan lactate is extreme in
nature with a pronounced maximum. The reason for such behavior is the possibility of changing the molar surface area
of the polyelectrolyte at the interface dependent on the amount of adsorption and its structural properties. Attempt of
theoretical description of the viscoelasticity modulus within the framework of model accounting mono- or bilayer
adsorption did not lead to a satisfactory result, possibly due to barrier adsorption mechanism of chitosan. But bilayer
model provide qualitative description of extreme behavior of surface viscoelasticity on concentration. The values of the
surface viscoelasticity modulus of chitosan lactate occupy an intermediate position in comparison with the data
available in the literature for globular and flexible-chain proteins, that is consistent with their molecular structure. In
addition, the work shows the applicability of the adsorption model, developed earlier for proteins in the framework of a
nonideal two-dimensional solution theory, for describing the surface properties of other polyelectrolytes. This makes it
possible to obtain qualitative and quantitative information about the processes occurring in the systems under study.
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INRODUCTION can occur at a constant surface pressure [8].
Chitosan is characterized by low surface activity
[3,5,9,10]. Complexation of chitosan with
anionic surfactants, as well as alkylation of
chitosan, leads to increasing of its surface
activity [3, 4, 9, 11-13]. The interfacial behavior
of alkylated chitosans is similar to that for
proteins, the desorption rate of which is very
low, and the desorption mechanism is barrier
[9, 13]. The surface rheological properties of the
chitosan are less studied. According to
[9, 14, 15], the adsorption layers of chitosan are
viscoelastic with comparable real and imaginary
parts of the viscoelasticity modulus. The
dependence of the surface elasticity on
concentration of chitosan solutions was not
measured. An increase in the electrolyte
concentration in solutions of chitosan and
alkylated chitosan leads to an increase in the

Biocompatibility, biodegradability and the
presence of active functional groups in natural
polysaccharide chitosan promote its application
in the food industry, cosmetology, biomedical
and synthetic purposes, for example, in micro-
encapsulation of substances to prolong their
action [1,2], in the production of foams [3],
emulsions [4, 5], films [6], fibers [7], and also as
rheological modifiers. It is well known that the
adsorption and rheological properties of
surfactants at the interfaces play an important
role in the creation of stable layers on the surface
of nano-, microparticles, capsules, emulsion
drops; mechanical properties of polymer
composite materials. Surface rheology methods
in comparison to tensiometry methods are more
informative in application to adsorption layers of
polymers, for which conformational transitions
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elastic modulus of the adsorption layers [15].
The aim of this work was to investigate the
dynamic and equilibrium surface tension,
elasticity and viscosity moduli of the surface
layers of chitosan lactate at the liquid/air
interface and to find a possibility of using
theoretical adsorption model developed for
proteins. This will contribute to the development
of understanding the properties and features of
the chitosan surface layers formation.

EXPERIMENTAL

Chitosan with a molecular weight of 75 kDa
and a degree of deacetylation of 70 % was used
in this work. Chitosan was dissolved in an
aqueous solution of 2 % lactic acid. The pH of
the resulting chitosan lactate solution was 4.0.

The interfacial properties (dynamic and
equilibrium surface tension, viscoelasticity
modulus) of chitosan lactate were studied at the
liquid/air interface by the oscillating drop shape
method (PAT-2P, SINTERFACE Technologies,
Germany) at 25+0.1 °C [16]. A drop of the
studied chitosan lactate solution was formed at
the tip of a vertical capillary. At first, the surface
area of a freshly formed drop was kept constant
at Ao until adsorption equilibrium was reached.
Equilibrium surface tension was achieved at a
surface lifetime of 20000 s. Then the drop
surface area was changed in a sinusoidal way
with frequencies v in the range from 0.005 to 0.2
Hz and surface area deformation amplitudes
AA/Ao of 5-7 %. The results of experiments with
harmonic oscillations can be analyzed by using a
Fourier transformation [17]:

E(i27v) = 4, F1A71. (1)

FAA]

The dilational modulus E is a complex
number that includes real and imaginary
components: E(i2zv)=E, +iE,. The real part
E; (elasticity modulus) reflects the accumulation
of energy, and the imaginary part E; (viscosity
modulus) is the energy loss in the surface layer
due to relaxation processes. The viscoelasticity
modulus |E| is determined as:

E|=+E*+E’ .
|E| = {E] +E]

RESULTS AND DISCUSSION

2)

Isotherms of dynamic surface tension for
various concentrations of chitosan lactate are
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presented in Fig. 1. The nature of these
dependences at low concentrations in the bulk of
solution is similar to those for protein solutions
[18], and also agrees with the results obtained in
[9,12,19] for chitosan and its alkylated
derivatives, for which the stages of “induction”,
“post-induction” and the final stage on isotherms
of dynamic surface tension were observed. For
low concentrations of chitosan lactate (Fig. 1,
curves 1-3), at first, a very slow decrease in
surface tension is characteristic. The number of
molecules in the surface layer is small, the
electrostatic repulsion between charged amino
groups in the aqueous phase at this stage of
adsorption is negligible. At the next stage of
adsorption, a strong decrease in surface tension
occurs, while the rate of decrease in surface
tension is maximum. These stages are often
observed in the case of hydrophilic polymers and
proteins, the adsorption of which is determined
by the diffusion of macromolecules from the
bulk of the solution to the interface [9, 18]. The
first two stages are characterized by relatively
loose packing of macromolecules in the surface
layer and low intermolecular interactions. In this
case, the adsorption rate is mainly determined by
the diffusion of macroions from the solution to
the surface. At the end of the second stage and at
the last stage of adsorption, the already formed
adsorption layer begins to act as a repulsive
barrier in relation to macroions reaching the
surface. This manifests itself in a significant
decrease in the rate of decrease in surface
tension. The decrease in the surface tension over
long periods of time indicates that the already
adsorbed macromolecules control the diffusion
of active segments by their own redistribution in
the adsorption layer. With an increase in the
concentration of chitosan lactate (Fig. 1, curve
4), the first stage, characterized by a slow
decrease of surface tension with time, disappears
and only two subsequent stages are observed -
with a strong decrease in surface tension, which
is replaced by a decrease in speed dy/dt.

Chitosan is a weak cationic polyelectrolyte.
Due to capability of its macromolecules to exist in
different conformational states [20,21] from a
linear rod to a chaotic and compacted coil
dependent on the pH, ionic strength, temperature,
concentration, efc., the nonideal two-dimensional
solution model proposed for proteins in [18, 22],
was applied to description of the equilibrium
surface pressure of chitosan lactate. According to
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model [18, 22], polyelectrolyte molecules can exist
in surface layer in n states with different molar
surface varying from the maximum value, w,, at
very low surface coverage by polyelectrolyte
molecules to a minimum value, w;, at high surface
coverage. The molar surface of the polyelectrolyte
in the i state is equal to o, =, +(i -1, ,
(1 £i <n), where wois the increment of the molar
surface during the transition from one state to
another. The equation of state for the surface layer
of polyelectrolyte is:

I,

. =In(1-0)+6(1 -,/ w)+ab’,

3)

where I =(y, —y) — surface pressure; y and yo are

the surface tension of the solution and pure
solvent; R is the universal gas constant; 7 is the
temperature; « is the parameter that accounts
intermolecular interaction between adsorbed

molecules, 6= aJF:Za)I.Fl. is the total surface
i=l1

coverage by polyelectrolyte molecules with an

average molar surface .
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Fig. 1. Dependences of dynamic surface tension on

time for chitosan lactate solutions with
concentration: / —0.2;2-0.3;3—-04;4—0.7 g/l

The adsorption isotherm for j state of the
polyelectrolyte molecule in the surface layer is:

be=—2"0 _expl—2a2 6] @)
(1 _ e)w// 2] » >
where ¢ is the concentration of the

polyelectrolyte in the solution bulk, b = b; is the
adsorption equilibrium constant, I; is the
distribution  function of adsorptions of
polyelectrolyte in different states determined by
the ratio:
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i=1
I' is the total adsorption of the
polyelectrolyte in all n states. Equal adsorption
probability for all polyelectrolyte states, with
equal values of the b; constants for all states j
from =1 to i=n is assumed. The adsorption
constant for the protein molecule as a whole is

2.b,=nb,.

At high concentrations, solutions of proteins
are capable of forming bilayers (or polylayers) at
liquid interfaces [22]. The degree of coverage of
the second layer is proportional to the adsorption
equilibrium constant b; and the coverage degree
of the first layer (it is assumed that the formation
of the second and subsequent layers does not

affect the surface pressure). The bilayer
adsorption isotherm is given by [23]:
b
I, =1+ (6)
1+b,c

where Iy is the total adsorption in the first and
second layers.

For description of the chitosan lactate
adsorption behavior by the model [18,22]
maximum and minimum surface areas were
determined from the results of measurements of the
thickness of the adsorption layer § ~V/®

max(min)
according to procedure described in [22], where V'
is the molar volume of the polyelectrolyte. The
thickness of the adsorption layer for various
chitosan samples at different pH values vary within
2—-15 nm [4, 23]. Assuming that the molar volume
of chitosan is ¥ = 75000 c¢m’/mol, then the molar
area of chitosan can vary from approximately
5.0x10° to 3.75x10” m*mol. The parameters w,
and w; were chosen close to these values. The
parameters @y, a, and b were found by fitting the
experimental dependence of surface pressure on
concentration.

The experimental and calculated dependence
of the equilibrium surface pressure on the chitosan
lactate concentration at pH 4.0 at the liquid/air
interface are shown in Fig. 2. The surface pressure
increases with an increase of chitosan
concentration to 1.0 g/l, after which it remains
almost constant. This could be caused by the
possible formation of aggregates in solution bulk
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and changes in the surface layer structure or
multilayer formation, the last is typical for protein
solutions [18, 22,24]. The parameter values for
the calculated according to Egs. (3) and (4) for the
concentration range before the plateau are the
following: ®, = 1.1-10" m*mol, w;=6.9-10° m*/mol,
wo=1.1-10°m¥mol, a=0.9, b=10m*mol (for
the whole molecule % = nb = 380 m’/mol). Good
agreement between the experimental and
calculated dependences of surface pressure on
concentration in the concentration range before
reaching a plateau is shown.

The calculated dependences of the
adsorption I' (curve 1) on the concentration of
chitosan lactate for monolayer and for the bilayer
adsorption model (curve 1*, by =8 m*/mol) are
presented in Fig. 3. The values of I's obtained for
the case of bilayer adsorption in the
concentration range of more than 0.2 g/l are
higher no more than 7 % in comparison to values
obtained for monolayer adsorption of T.
However, as will be shown below, the use of the
bilayer model is in better agreement with
dilational rheological experiments.
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Fig. 2. Dependence of the equilibrium surface pressure

on the chitosan lactate concentration: points —
experimental data, curve — calculated data for
the concentration range before the plateau
according to Eqgs. (3—4) with the parameters
described in the text

The dependences of the elasticity and
viscosity moduli of chitosan lactate solutions on
the drop oscillations frequency are shown in
Fig. 4. The moduli for low concentrations of
chitosan lactate are almost independent on
frequency. As the concentration of chitosan
lactate increases an increase in the elasticity
modulus is observed with an increase in the
oscillation frequency. The value of viscosity
modulus decreases with an increase of the
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oscillations frequency for solutions with an
increase in the oscillation frequency. These
regularities are conditioned by the influence of
exchange processes both between the surface
layer and the bulk solution and in the surface
layer itself. An increase of the solution
concentration intensifies the exchange processes,
and an increase of the oscillation frequency
suppresses them.

10

I, mg/m2

1,2 0,7 0,2
IgC

Fig. 3. Calculated dependences of the adsorption
value I' (1) for monolayer adsorption on the

concentration of chitosan lactate, and I's (/%)

— for bilayer adsorption
Fig.5 shows the dependences of the
viscoelasticity modulus of chitosan lactate

solutions on concentration at two frequencies: 0.01
and 0.1 Hz. There is a maximum at a concentration
C=05-0.7g1 on dependences of the
viscoelasticity modulus on concentration. Such
behavior could be conditioned by the decrease of
the molar surface of the polyelectrolyte at the
surface layer with adsorption increase as follows
from Egs. (3-6) [18]. As example, flexible chain
proteins are capable to unfold at the surface layer at
low values of adsorption and surface pressure. So,
the molar surface of a protein can change
significantly with a change of surface pressure
[18, 22].

Chitosan is  characterized by  barrier
mechanism of adsorption. So for precise theoretical
analysis of viscoelasticity modulus it is necessary
to use a general theory [26], which takes into
account the barrier adsorption mechanism.

For a qualitative description of the
viscoelasticity modulus and understanding of the
processes occurring in the surface layer we made
an attempt to compare the values of the
viscoelasticity modulus at 0.1 Hz with the value of
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the limiting (high-frequency) elasticity modulus
E,=-dy/dInT; due to low phase angle values at

this frequency (less than 10-15°). A similar
technique was used in Refs. [18, 25] for proteins.
The calculated dependence of the limiting elasticity
modulus £y predicts an infinite increase of the
viscoelasticity modulus for the case of monolayer
adsorption. The bilayer adsorption model better
describes the experimental data (in contrast to the
monolayer). Calculated dependence shows the
extreme behavior of the |E|=f(c) dependence
(Fig. 5, solid line); however, it was not possible to
achieve complete agreement between the
experimental and calculated values which confirm
the need to use a theory that takes into
consideration the barrier adsorption mechanism.
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Comparison of the experimental values of the
viscoelasticity modulus for chitosan lactate with
data for f-casein and p-lactoglobulin at a surface
oscillation frequency of 0.1 Hz obtained in Ref.
[27] by the oscillating drop shape method have
shown that the absolute values of the viscoelasticity
for chitosan lactate occupy an intermediate position
in comparison with globular f-lactoglobulin and
flexible-chain ~ f-casein. The maximum
viscoelasticity modulus values for the chitosan
lactate correspond to the region of higher surface
pressure values, as for flexible-chain f-casein. The
chitosan studied in this work has a relatively low
degree of deacetylation, which probably
contributes to a decrease in the charge density and
allows it to change its molar surface, forming more
compact structures, and may cause the formation of
elastic adsorption layers.
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Fig. 4. Dependences of the surface elasticity (a) and viscosity modulus (b) on the frequency of drop oscillations at
various concentrations of chitosan lactate solution, g/l: / — 0.2; 2 — 0.4; 3 — 0.55; 4 — 0.7; 5 — 1.0. Points
represent experimental data, lines are guides for the eye
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Fig. 5. Dependences of the surface viscoelasticity modulus (/, 3) on the concentration of chitosan lactate solution at
an oscillation frequency: / — 0.1 Hz; 3 — 0.01 Hz. Solid line is the elasticity calculated by Egs. (3—6) for the

case of bilayer adsorption
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CONCLUSIONS

The dynamic and equilibrium surface
tension, viscosity and elasticity moduli of
chitosan lactate were studied at the liquid/air
interface by the oscillating drop shape method.
Isotherms of dynamic surface tension of chitosan
lactate are similar to dependences for other
polyelectrolyte solutions, in particular for
proteins. The experimental dependence of the
equilibrium surface tension on concentration of
chitosan lactate is in good agreement with
calculated on the base of adsorption model
proposed earlier for proteins.

The dependences of the elasticity and
viscosity moduli of chitosan lactate solutions on
the drop oscillations frequency are conditioned
by the influence of exchange processes both
between the surface layer and the bulk solution
and in the surface layer itself. An increase of the
solution concentration intensifies the exchange
processes, and an increase of the oscillation
frequency suppresses them. It is shown that the
dependence of the surface viscoelasticity
modulus of chitosan lactate is extreme in nature
with a pronounced maximum. The reason for
such behavior is the possibility of changing the
molar surface area of the polyelectrolyte at the
interface dependent on the amount of adsorption
and its structural properties. Attempt of
theoretical description of the viscoelasticity
modulus within the framework of model
accounting mono- or bilayer adsorption did not

lead to a satisfactory result possibly due to
barrier adsorption mechanism of chitosan. But
bilayer model provides qualitative description of
extreme behavior of surface viscoelasticity on
concentration and evidences the possibility of
multilayer adsorption for chitosan. Obtained
results indicate the need to use a theory that
takes into consideration the barrier adsorption
mechanism for precise description of surface
rheological behavior. The values of the surface
viscoelasticity modulus of chitosan lactate
occupy an intermediate position in comparison
with the data available in the literature for
globular and flexible-chain proteins that is
consistent with their molecular structure.

The work shows the applicability of the
adsorption model, developed earlier for proteins
in the framework of a nonideal two-dimensional
solution theory, for describing the equilibrium
surface tension of other polyelectrolytes.
However it gives only quantitative description of
viscoelasticity modulus for polyelectrolytes with
barrier adsorption mechanism. This makes it
possible to obtain qualitative and quantitative
information about the processes occurring in the
systems under study.
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Mi:x¢a3Hi BJIaCTHBOCTI JJAKTATY XiTO3aHY Ha Me:Ki po3aiily pinuHa/moBiTps
I'.I. KoBTyH

Inemumym npuxnaouux npobnem gizuxu i biogizuxu Hayionanvuoi akademii Hayk Yrpainu
eyn. B. Cmenanuenxa, 3, Kuis, 03142, Vkpaina, anna-kovtun@ukr.net

Midxcghaszui  enacmugocmi  (OuHamiyHuiL. mMa PIBHOBANCHULL NOGEPXHeUll Hamse, MOOVIi 8’a3Kocmi ma
NPYACHOCMI) TAKMAMy Ximo3any 00CHONCYBATUCH HA MedHCl NOOILy pIOUHA/Nosimps Memooom opmu ocyunowdoi
Kpanni. [3omepmu OUHAMIYHO20 NOBEPXHEB020 HAMALY JAKMAMY XiMO3aHy NOOIOHI 00 3anexcHocmell Ons THUUX
PO3UUHI6 NONIeNeKMPOoNimie, 30Kkpema 01 O0iiKie. Ximosan — ciabkuil KamioHHUUl NOJIeNeKmpoNim, KUl Modice
3MIHIOBAMU  C60I0 KOHpOpMayilo 6i0 NiHIIHO20 CMPUICHL 00 XAOMUYHO20 | YwinbHenozo Kiyoka. Tomy
EKCNepUMEHMANbHY 3ANeNHCHICMb PIBHOBANCHO20 NOBEPXHEB020 HamaA2y 6i0 KOHYeHmpayii naxmamy Ximosawy
aHanizyeanu 3a OONOMO20I0 MOOeli adcopbyii, 3anpononoéanoi pawiwe ons Ouikie. I{s moodenv epaxogye
MOJACIUBICID  ICHYBAHHA MOJEKYN NONIEeNeKMPONIimy 6 HOGEPXHeGOMYy wapi 6 N CMmAaHax 3 pPI3HOI0 MOAAPHOIO
NOBEPXHEI0, WO 8apIIOEMbCS 8i0 MAKCUMATLHO20 3HAYEHHS NPU 0YIIce HUZbKOMY 3AN0BHEHHI NOBEPXHI MONEKYIaMU
NOALeNeKMpPoRimy 00 MIHIMAIbHO20 3HAYEHHS NPU 8UCOKOMY 3aN08HEHHI NO8epXHi. Jl0csaeHymo Xopouwioi 3200u Midic
PO3PAXYHKOBUMU MA eKCNEPUMEHMATbHUMU 3HAYEHHAMU NOBEPXHEBO20 HAMS2Y. 3aNelCHOCIi MOOYILI@ NPYICHOCI
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ma 8'A3Kk0cmi po3uUHiI8 1AKMamy Ximo3any i0 4acmomu KOausaunsb Kpanii 00yMoeieHi 6niusom 0OMIHHUX Npoyecis
SK MIXHC NOBEPXHEBUM WUAPOM MA 00 €EMOM PO3UUHY, MAK | 8 CAMOMY NOBEPXHEBOMY Wwlapi. 30inbuieH s KoHyeHmpayii
PO3YUHY NOCUTIOE OOMIHHI npoyecu, a 30i1bUeHHS Yacmomu Koaueans npucHiuye ix. Iloxazano, wo 3anedxcHicmo
MOOYJISI NOBEPXHEBOT 6 SAZKONPYICHOCMI JaKmamy Ximo3awny Mac eKCMmpeMalbHUull Xapakmep 3 GUPAdICeHUM
maxcumymom. Tlpuuunoro maxoi noeedinKu € MONCIUBICIb 3MIHU NAOWE MOJSAPHOL NOGEPXHI NONLEIeKMPOLImY Hd
Medicl po30iny 6 3aNedcHocmi 6i0 GenuuuHu aocopbyii ma uozco cmpykmyprux eracmugocmeti. Cnpoba
MeopemuyH020 ONUCY MOOYIISL 8 SIBKONPYICHOCHE 8 PAMKAX MOOEJ, WO 8PAX08YE MOHO- ab0 080WAPO8Y a0copoyiio,
He npugeira 00 3a008LIbHO20 Pe3YAbmamy, MOJNCIUBO, uepe3 0ap e€pHutl mexamizm aocopoyii ximosawy. Ane
080UAP06a MOOeNb 0A€ AKICHULL ORUC eKCMPEMATbHOL NOBEOIHKU NOBEPXHEBOL 8 S3KONPYICHOCMI GI0 KOHYEHMPAayil.
3HayenHs mMoo0yia nosepxHesoi 8 SI3KONPYHCHOCMI JAKMAmMy Ximo3aHy 3aiMaroms NpOMIdCHe Micye NOPIGHAHO 3
HassHumMu 8 imepamypi OaHumu O 2N0OVIAPHUX OLIKI6 ma OLIKI6 3 SHYYKUMU JAHYIAMU, U0 Y3200HCYEMbCA 3
ixHvot0 MonexyaapHoo cmpykmyporw. Kpim moeo, poboma nokasye npuoamuicms mooeii aocopdyii, po3pobaeHoi
paniwe 015 OiIKI8 8 pamKax meopii Hei0edalbHo20 0808UMIDHO20 PO3UUHY, OJi ONUCY NOBEPXHEBUX 61ACMUBOCMel
iHwux nonienexmponimis. Lle oae moocnugicms ompumamu AKiCHy ma KilbKicHY iH¢opmayito npo npoyecu, wo
8I00Y8AIOMBCS 6 OOCTIOINCYBAHUX CUCTHEMAX.

Knrouosi cnosa: ximoszan, nosepxuesuil Hamse, MOOYb 6 SIBKONPYICHOCHI, A0COPOYIUHA MOOEb, MENCA PO3OLILY
piouna/nogimps
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