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ABSTRACT

Mechanisms of cationic macroion adsorption on negatively charged solid
substrates comprising mica and silica were thoroughly discussed. Attention was
focused on poly(allylamine hydrochloride) (PAH), poly(dimethyl-diallylammonium
chloride) (PDDA) and poly-L-lysine (PLL) widely used in practice. The bulk
physicochemical parameters controlling the macroion adsorption such as the
diffusion coefficient, hydrodynamic diameter, intrinsic viscosity and electrophoretic
mobility were discussed. The latter, experimentally accessible parameter, enables to
determine the electrokinetic charge of macroion molecules, their isoelectric points
and zeta potentials. On the other hand, the analysis of the hydrodynamic diameter
and the intrinsic viscosity data confirmed a largely elongated shape of the
molecules even for concentrated electrolyte solution. These results are used for
a quantitative interpretation of macroion adsorption at solid substrates investigated
using in situ streaming potential measurements. It is confirmed that the macroion
mostly adsorb in the side-on orientation forming layers whose maximum coverage
can be regulated by the ionic strength of the solution. This streaming potential
method can also be used to determine the stability of the layers performing
controlled desorption kinetic measurements. It is shown that at pH 7.4 the PDDA
and PLL macroions form stable layers on solid substrates, which can be used for an
efficient immobilization of negatively charged macroions and bioparticles
comprising protein molecules and viruses.

Keywords: adsorption of macroions; electrokinetic characteristics of macroions;
PAH and PDDA adsorption; macroion layers on solid substrates, streaming
potential measurements; zeta potential of macroion molecules

Stowa kluczowe: adsorpcja makrojondw; charakterystyka makrojondéw; adsorpcja

PAH i PDDA; warstwa makrojonéw na powierzchniach ciat statych; pomiary
potencjatu przeptywu; potencjat zeta makroczastek
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ABBREVIATIONS AND SYMBOLS

— Avogadro constant

— the blocking function

— the thickness of the channel

— the width of the channel

— mass concentration expressed in mg L™

— the equivalent molecule diameter

— the hydrodynamic diameter

— diffusion coefficient

— the streaming potential

— the distance between the sheets or plates

— the Boltzmann constant

— the average mass transfer rate constant in the channel
— the equilibrium adsorption constant

— the length of the channel

— the contour length of the molecule

— the layer-by-layer method

— the molar mass of the macroion

— the macroion number concentration

— the surface concentration of adsorbed molecules
— the hydrostatic pressure difference

— poly(allylamine hydrochloride)

— poly(dimethyl-diallylammonium chloride)

— poly-L-Lysine

— effective (electrokinetic) charge of a macroion
molecule

— the volumetric flow rate of the solution

— the characteristic cross-section area of the given
macroion molecule

— adsorption time

— the absolute temperature

— the linear flow rate in the channel

— the macroion mass fraction

— zeta potential of substrate surface

— the dimensionless coverage of macroions
— the aspect ratio parameter

— the supporting electrolyte viscosity

— the relative viscosity of the solution

— the intrinsic viscosity of the macroion molecule
— the electrophoretic mobility

— the density of macroion solutions

— the density of the pure electrolyte solution
— the macroion density

— the macroion volume fraction
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1. INTRODUCTION

Macroions commonly referred to as polyelectrolytes, are charged polymer
macromolecules whose repeating units acquire an electric charge upon dissolving
in polar solvents such as water. According to these charged groups, they can be
divided into polycations or polyanions. Recently, macroions have been extensively
studied due to a number of potential applications in many industrial processes, such
as filtration, water treatment, papermaking, food manufacturing, mineral extraction
etc. [1-5]. In those processes, they are widely used as thickeners, emulsifiers,
flocculants, and conditioners [6]. Moreover, modification of solid substrates by
macroions is of great significance to many practical and natural processes such as
formation of nanocoatings on textiles [7], nano-encapsulation for controlled drug
delivery and release [8—10], cell adhesion [11] or protein and enzyme
immobilization and separation [12,13].

Due to the growing applications of macroions, especially in medicine, many
techniques have been exploited to produce the monolayer and multilayer films of
desired coverage and structure. Thin films have been fabricated using various
techniques such as Langmuir-Blodgett or self-assembly. One of the most promising
technique of surface modification using macroions was the layer-by-layer (LBL)
assembly technique, developed by Decher et. al, which has become a powerful tool
for fabricating thin materials (nano - and microcapsules) with precise control of
film composition and structure [14—18]. Thin mono and multi-layer macroion films
are of interests for the development of biocompatible materials for medical
applications.

In this work we describe investigations concerning three types of
macromolecules: poly(allylamine hydrochloride) (PAH), the poly(diallyldimethyl-
ammonium chloride) (PDDA), and the polypeptide poly-L-lysine (PLL)
(a naturally-occurring aminoacid). PAH as well as PDDA belong to the group of
macroions comprising hydrophilic, positively charged ammonium groups. Both are
water-soluble, which make them attractive for biological applications due to the
environmental-friendly behavior. PAH has been extensively used as a cationic
component of multilayers for controlled drug delivery [19,20], cell adhesion [21]
macroion or antibodies and enzymes immobilization and separation [22].
The strong PDDA macroion was initially used in order to produce the paper
exhibiting a large electroconductivity [23]. Presently, it is commonly used for
effective separation of biomolecules [24], protein immobilization [25] and removal
of bacteria from sludge [26]. In the group of polypeptides, PLL comprises amino
groups, which can be easily protonated over a broad pH range [22] and assumes
three types of conformations, i.e., a-helix, pf-sheet, and random coil [27].
Due to the variety of secondary structures and controlled conformational transitions



1162 M. MORGA, Z. ADAMCZYK

among these structures, PLL is widely used as a building block of novel
materials for medical applications, e.g., drug transport [28], microencapsulation of
islets [29,30], cells [31,32] and chromosome preparations [33]. In addition, PLL has
been used in biomimetic mineralization [34], cell attachment [35], biosensors, and
biosensor arrays [36].

One can argue that surface modification procedures adopted in these
applications could be better controlled and optimized if the mechanisms of
macroion adsorption at solid substrates were elucidated. This primarily requires
valid information about various physicochemical parameters characterizing
macroion molecule properties. Therefore, in this work such experimental data are
collected and thoroughly analyzed. Bulk physicochemical parameters for
controlling the macroion adsorption such as the molecule conformation, diffusion
coefficient, electrokinetic charge, zeta potential and intrinsic viscosity are
discussed. These data are used for a quantitative interpretation of macroion
adsorption investigated using in situ experimental techniques. It is underlined that
the macroion adsorb mostly in the side-on orientation forming layers whose
maximum coverage can be regulated by the ionic strength of the supporting
electrolyte. On the other hand, the macroion desorption experiments enable to
quantitatively asses the stability of the layers on solid substrates. Such layers of
well controlled coverage can be used for an efficient immobilization of negatively
charged bioparticles comprising protein molecules and viruses [37].

2. EXPERIMENTAL METHODS

The density of macroin molecules was experimentally determined by the
solution dilution method as described in Refs. [38,39]. Firstly, the density of
macroion solutions in an electrolyte of a fixed ionic strength pg is measured by
a densitometer as a function of the macroion mass fraction w,. Then, the
experimental dependence of p./ps on w, (where p. is the density of the pure
electrolyte solution) is fitted by a straight with the slope s,. Finally, the macroion
molecule density p,, is calculated from the following formula:

_ A
P 1vs, )

The viscosity of macroion solutions 77, of defined concentrations is measured
using capillary viscometers, comprising the Cannon-Ubbelohde semi-micro dilution
device [39,40], which requires small amounts of macroion solution (typically 5 mL)
and permits easy serial dilutions. The set-up is equipped with a thermostat that
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allowed a precise control of temperature during the measurement, which are carried
out for very low range of macroion concentration, usually equal to 50-500 mg L™
[38,39]. Then, the relative viscosity of the solution 5, = 7,/77. (Where 7, is the
supporting electrolyte viscosity) is plotted against the macroion volume fraction
@y = w,/p,. The slope of this dependence corresponds to the intrinsic viscosity of
the macroion molecule denoted as [7].

The electrophoretic mobility and the diffusion coefficients of macroion
molecules under various conditions were determined by the electrophoretic
measurements (Laser Doppler Velocimetry (LDV) technique) and the dynamic light
scattering (DLS) using the Malvern Zetasizer Nano ZS apparatus [39,41,42].
Knowing the electrophoretic mobility one can calculate the electrokinetic charge
per macroion molecule and its zeta potential.

On the other hand, using the diffusion coefficient, D, one can determine the
hydrodynamic diameter of molecules using the Stokes-Einstein relationship [43]:

kT

e 37zn,D

where dy is the hydrodynamic diameter, k£ is the Boltzmann constant and 7 is the
absolute temperature.

)

Zeta potentials of bare and macroion covered solid substrates (mica,
silicon/silica wafers) were determined via streaming potential measurements using
a four-electrode the microfluidic cell [44,45]. The main part of the cell was
a parallel plate channel formed by mica sheets or silicon plates separated by
a perfluoroethylene spacer. The streaming potential £ was measured using a pair of
Ag/AgCl electrodes as a function of the hydrostatic pressure difference AP, driving
the electrolyte flow through the channel. The overall cell electric conductivity K,
was determined using a pair of platinum electrodes. Knowing the slope of the E; vs.
AP dependence, the apparent zeta potential of substrate surface ({;) was calculated
from the Smoluchowski formula [46]:

K ( AE
(=252 ®

where # is the dynamic viscosity of the solution, ¢ is the dielectric permittivity.

The correction for the surface conductance is about 2% for ionic strength of
I=10" M and becomes negligible for larger ionic strength [44,45,47].
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3. BULK MACROION CHARACTERISTICS

As mentioned, the results obtained for the following macroions are discussed
in this work: poly(allylamine hydrochloride) PAH [41], poly(diallyldimethylammo-
nium chloride) (PDDA) [38,41] and the polypeptide poly-L-lyzine (PLL) bromide
[39,48]. The macroion monomer chemical structures, with their molar masses and
molecule conformations in electrolyte solutions are collected in Table 1.

Table 1. Monomer chemical structures with their molar masses and molecule conformation derived from
molecular dynamics (MD) modeling [39,42,49]

Macroion PAH PDDA PLL
SHCI _NH, 1"
Monomer
chemical
structure CH—CH
i : _
[42] [39]
Monomer molar mass, 0.093 0.162 0.209
kg mol”! Ref. [49] Ref. [42] Refs. [50,39]
Molecule conformation L j \iﬂ“ o e T },ﬁ““‘““ﬁ%“"f’” L
from MD modeling it < Wi
Ref. [49] Ref. [42] Ref. [39]

It is interesting to mention that the theoretical modeling results described in
Refs. [38,39,42,49] confirm that all macroion molecules exhibit an elongated,
flexible rod shape in electrolyte solutions for ionic strength up to 0.15 M.

On the other hand, the main physicochemical parameters characterizing these
macroions determined in Refs. [39,41,42,49] are collected in Table 2.

It should be mentioned that among these parameters, the electrophoretic
mobility u., which can be directly measured by the LDV technique, is of essential
significance serving as a generic parameter for calculations of the zeta potential and
the effective charge of macroion molecules. These parameter governs macroion
solutions stability and molecule interactions with substrate surfaces enabling their
adsorption. Therefore, in this section the electrophoretic mobility and zeta potential
data available in the literature are presented and discussed in some detail.
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Table 2. Physicochemical properties of macroions [39,41,42,48]

Macroion
PAH PDDA PLL
Quantity, Unit
Molar mass. ke mol” 0.7x10 1.0-1.6x10% | 0.75-1.9x10°
K8 Refs. [41,48] | Refs. [42,48] Ref. [39]
. 3 1.15%10° 1.16x10° 1.60x10°
Density, kg m Ref. [49] Ref. [38] Ref. [39]
Diffusion coefficient, m* s™ 1.5x107 1.4x107 2.0x107
Hydrodynamic diameter, nm 33 32 24
Electrophoretic mgblllty, 36 08 35
pm cm (V s)
Number of uncompensated charges, 1 63 46 44
Zeta potential, mV 68 54 63
Intrinsic viscosity, 1 - 568 305

Footnotes: 0.01 M NaCl, pH 5.6, T=298 K

In Fig. 1 the dependence of the electrophoretic mobility measured as a function
of pH for various ionic strengths is presented for the three maroions: PAH, PDDA
and PLL, respectively.

One can observe in Fig. 1 that the electrophoretic mobility of all macroions is
positive for a broad pH range and ionic strength up to 0.15 M. However, at pH
larger than 8, the electrophoretic mobility of PAH and PLL abruptly decreases and
vanishes at pH equal to 10 and 9.5, respectively. These pH values can be identified
as the isoelectric point (IEP) of these macroions [51-53]. In the case of PDDA its
electrophoretic mobility remains positive for pH up to 11, hence the molecules
exhibit no IEP. This can be attributed to the fact that its charge is generated due to
the presence of the quaternary ammonium ionic groups [38,54,55].

Using the electrophoretic mobility data one can calculated the zeta potential
of molecules using the Henry formula [56]. Dependencies of the macroion
zeta potential on pH for various ionic strengths acquired in this way are presented
in Fig. 2. As can be seen, analogously to the electrophoretic mobility, the zeta
potential remains positive for a broad pH range and ionic strength up to 0.15 M.

At pH 5.6 and ionic strength of 10> M the zeta potential is equal to 68, 54 and
63 mV, for PAH, PDDA and PLL molecules, respectively. At pH 7.4 and the
same ionic strength the zeta potential slightly decrease to 62, 53 and 58 mV, for
PAH, PDDA and PLL molecules, respectively.
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Figure 1.
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The dependence of the electrophoretic mobility on pH experimentally determined (LDV) for the
following macroions :

a) PAH: 1) (m) I=10"M, 2) (¢) I=102M, 3) (A)I=0.15M

b) PDDA: 1) (m) /=10 M, 2) (8) /=102 M, 3) (A) I=0.15M

¢)PLL: 1) 1) (m) 7=10>M, 2) () /=102 M, 3) (A)/=0.15M

The solid lines represent nonlinear interpolations of experimental data [38,39,41,48,49]
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Additionally, using the electrophoretic mobility and the hydrodynamic
diameter data one can calculate the effective (electrokinetic) charge of a macroion
molecule ¢ from the Lorentz — Stokes relationship [57]:

kT
9= K= 3rnd, pu, 4)

It is convenient to express g in terms the average number of elementary
charges per molecule considering that it is equal to 1.602x10™° C. Such results were
extensively discussed in Refs. [41,57-59]. It was calculated that for the standard
conditions of 10> M NaCl, pH 5.6, T = 298 K, the number of positive charges per
molecule was equal to 63, 46, and 44 for PAH, PDDA and PLL, respectively.
It should be mentioned that the presence of positive charges on the macroion
molecules creates favorable conditions for electrostatically driven adsorption at
negatively charged substrates.

It is also useful to analyze the intrinsic viscosity data collected for macroions,
which provide insight into the molecule conformations and shape under various
physicochemical conditions. As can be inferred from the data shown in Table 2, the
intrinsic viscosity of PDDA and PLL for 10 M ionic strength (pH 5.6) exceeds by
orders of magnitude the Einstein value pertinent to spheres, equal to 2.5. At lower
ionic strength these values are significantly larger reaching 1797 and 870 for 10° M
for PDDA and PLL, respectively [38,39,42].This confirms that the macroion
molecules assume extended conformations in accordance with theoretical MD
modeling. As shown in Ref. [60] this corresponds to the slender body
hydrodynamic regime where it is predicted that the intrinsic viscosity only depends
on the aspect ratio parameter A equal to L.d. (L. is the contour length of the
molecule and d. is the equivalent molecule diameter d.). Analogously, it is shown
that the hydrodynamic diameter of a molecule under the slender body regime only
depends on the aspect ratio parameter. Therefore, using the experimental values of
the intrinsic viscosity and the hydrodynamic diameter one can determine the molar
mass of a macroion with a precision unprecedented by other methods [61].
Moreover, knowing the contour length and the diameter of the molecule one can
predict its cross-section area in the side-on orientation assuming its flexible cylinder
shape. This parameter facilitates a proper interpretation of macroion adsorption
experiments discussed below.
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Figure 2. The dependence of the zeta potential (calculated using the Henry formula ) on pH for

the following macroions :

a) PAH: 1) (m) I=10"M, 2) (¢) I=102M, 3) (A)I=0.15M

b) PDDA: 1) (m) /=10 M, 2) (8) /=102 M, 3) (A) I=0.15M

¢)PLL: 1) (m) /=10 M, 2) (¢) I=102M, 3) (A)I=0.15M

The solid lines represent nonlinear interpolations of experimental data [41,48]
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4. MACROION ADSORPTION - MONOLAYER CHARACTERISTICS

The adsorption kinetics of macroions was investigated by the streaming
potential method according to the above described procedure for two model
substrates: mica and silicon/silica wafers. Both substrates exhibit exceptionally
homogeneous surface properties and are characterized by a small rms factor equal
to 0.1 and 0.15 nm, respectively Ref. [unpublished data].

The dependence of the zeta potential of these substrates on pH calculated using
the Smoluchowski formula is shown in Fig. 3 for 7 = 10” M NaCl. It can be seen
that the bare mica surface is characterized by a negative zeta potential decreasing
from -42 to -72 for pH 3.5 and 7.4, respectively. The zeta potential for silicon/silica
is less negative and varies between -16 to -57 for pH 3.5 and 7.4, respectively. It is
interesting to mention that these values correspond to the electrokinetic charge
density of mica equal to -0.121, -0.139 elementary charges per square nanometer at
pH 3.5 and 7.4, respectively. For the silicon/silica substrate one obtains -0.028
and -0.104 per square nanometer at pH 3.5 and 7.4, respectively.

40 +

-60

-80 1

-100 !
10 12

(o]
s
o
o0

Figure 3. The pH dependence of the zeta potential of bare substrates used in the macroion adsorption
experiments determined by the streaming potential measurements, /= 10> M.
1. (A) silicon/SiO, wafers
2. (®) mica sheet
The solids lines represent nonlinear interpolations of experimental data
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Macroion layers of controlled coverage were formed at such thoroughly
determined substrates according to three different methods as described in Refs.
[41,62,63]. First method was the diffusion-controlled adsorption, where the
macroion adsorption was carried out directly in the electrokinetic cell for an
appropriate period of time (typically 2-30 minutes) and for the solution
concentration ranging from 1-5 mg L. The second method was also based on the
diffusion-controlled adsorption, but in this case, the macroion adsorption was
carried out ex situ. Accordingly, two mica sheets or silicon/silica plates were placed
into the thermostated diffusion cell, and kept within suitable period of time, usually
up to 30 min. Then, the macroion-covered substrates were flushed with pure water,
to remove non-bonded molecules, and placed in the electrokinetic cell in order to
perform the streaming potential measurement. The coverage of macroion was
calculated considering the diffusion-controlled transport from finite volumes, for
which the adsorption kinetics is governed by the equation [64]:

. 7(2;'714):;21)[, )
N, =h[1-=Y5" —|n
r e (Zi—l)2 v ©

8

where: N, is the surface concentration of adsorbed molecules, 2/ is the distance
between the sheets or plates, ¢ is adsorption time, 7, is the macroion number
concentration, connected with the mass concentration expressed in mg L' and
denoted as c,, expressed by the following relationship :
A
n,=10 e L,
w
where 4, = 6.023 x 10% is the Avogadro constant and M,, is the molar mass of the
macroion.
In the case of the third method, the macroion adsorption was carried out in situ
under convection-controlled transport. For such convection-controlled adsorption

regime the surface concentration of molecules is given by:
N, =kn,t (6)
where k. is the average mass transfer rate constant in the channel. This

parameter can be calculated ab initio for a concrete cell geometry (in the form of a
parallel-plate channel) from the following formula [64,65]:

Vo(l)/3D2/3
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where V,, =0/4b.c. is the linear flow rate in the channel, Q is the volumetric flow
rate of the solution, 25, is the thickness of the channel, ¢, is the width and / is the
length of the channel.

Eq. (7) indicates that the mass transfer for a fixed channel dimensions only
depends on the volumetric flow rate and the diffusion coefficient of a macroion.

However, it should be mentioned that Egs. (5,6) are only valid for not too large
range of macroion coverage where surface blocking effects are not significant.
Otherwise the true macroion coverage is calculated from numerical solutions of the
mass transfer equation with the blocking function derived from the random
sequential adsorption model [63].

It is experimentally confirmed in Ref. [41] that the diffusion-controlled
adsorption, carried out directly in the experimental cell is the most convenient for
a controlled formation of macroion layers because it allows to determine their
electrokinetic properties without changing the measurements conditions. Moreover,
the layers adsorbed under diffusion transport are more uniform and the usage of
macroion solutions is much lower compared to the convection-controlled
adsorption. However, the convection-driven transport conditions are advantageous
for efficiently performing macroion desorption experiments as described in the next
section.

Representative results obtained for these three macroions using the streaming
potential method are shown in Figs. 4 a—c, as the dependence of the zeta potential
(calculated using the Smoluchowski formula) on the surface concentration N,
calculated from Eq. (5). As can be seen, in all cases the initially negative zeta
potential rapidly increases with N, attaining positive values for N, above 6x 10% pm’
2, Afterward, the zeta potential attains plateau values, which are markedly lower
than the bulk zeta potentials of macroions. In order to theoretically interpret these
experimental runs it is useful to introduce the dimensionless coverage of macroions
defined as [41,64,65]:

©=N,S, (8)
where S, is the characteristic cross-section area of the corresponding macroion

molecule in the side-on orientation, which was equal to 155, 110 and 118 nm’ for
PAH, PDDA and PLL, respectively [48,62].
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Figure 4.
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The dependence of the zeta potential of mica ¢ on the coverage of macroions. The points denote
experimental results obtained from the streaming potential measurements for pH 5.6,
1 = 10-2 M. a) PAH, b) PDDA, c¢) PLL. The solid lines denote exact theoretical results
calculated from the 3D electrokinetic model, Egs. (9,10)
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Upon defining the coverage one can calculate the zeta potential of macroion
covered substrate using the electrokinetic model formulated in Ref. [64] where the
following analytical expression was derived:

c(0)=F(0), +F,(0), ©)
where {(0) is the zeta potential of the macroion covered substrate, {; is the zeta
potential of bare substrate, {, is the zeta potential of the macroion in the bulk
(shown in Fig. 2) and F; (6), F,, () are the dimensionless functions of the coverage

and the electrical double-layer thickness. They can be approximated by the
following analytical expressions:

F(®) =e “° (10a)
1
V2

The C;, C, constants were calculated in Ref. [64] using the multipole expansion

F (@) = (1—e 292y (10b)

method for model macromolecules in the form of touching beads.

As can be seen in Fig. 4, the theoretical results calculated from the above
electrokinetic model assuming a side-on orientation of adsorbed molecules
adequately describes the experimental data for all macroions.

It is interesting to mention that analogous trends were observed for other ionic
strengths, pHs and for the silicon/silica substrate as shown in Refs. [48,63]. These
extensive experimental measurements confirmed that the macroions efficiently
adsorb at negatively charged substrates and form single layers whose coverage and
structure can be regulated by their bulk concentration and the ionic strength of the
solution.

Such macroion layers, well-characterized in respect to the molecule
conformation and coverage, are prone to physicochemical characteristics, which are
more efficient to perform than using bulk methods (for example the LDV method).
Primarily one can conveniently determine the dependence of the layer zeta potential
on pH, which can yield the isoelectric point of a macroion. Such measurements
were performed in Ref. [50] according to the following procedure: initially
a macroion layer of the maximum coverage was adsorbed in the electrotokinetic
under optimum conditions (typically at pH 4.0 and I = 10> M). Afterward, the pH
of the electrolyte was changed in a discrete manner up to pH 10.5, by adding an
appropriate amount of NaOH and keeping the ionic strength at a constant level. The
streaming potential for a given pH was measured and the maroion layer zeta
potential was calculated from the Smoluchowski formula.

The results shown in Fig. 5 confirm that it is feasible to perform thorough
characteristics of macroion zeta potentials for various ionic strengths using a single
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layer pre-adsorbed on a solid substrate. Given that these measurements require
orders of magnitude lower macroion amounts than the bulk measurements (LDV),
this has practical implications, especially in the case of expensive macroions.

£[mVv]
80+ o)

60 r

40 -

&[mv]

s ¥

60

40 + E .

-40 . . . . . . . .

Figure 5. The dependence of the zeta potential of macroion layers on mica on pH determined by
streaming potential measurements: 1) (m) /=10-3 M, 2) (¢) /=10-2 M, 3) (A) /=0.15M. a)
PAH, b) PDDA, c) PLL. The solids lines represent nonlinear interpolations of experimental data
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5. MACROION LAYER STABILITY

The streaming potential measurements can also be used for a robust analysis of
desorption kinetics, which furnishes quantitative information about the macroion
layer stability. Such experiments were performed in Refs. [41,48,62] according to
the following procedure: initially, macroion layer of controlled coverage was
adsorbed in the cell and a fixed pH and ionic strength under diffusion conditions
and the initial coverage of macroion was calculated from Egs. (5,7). Afterward, the
channel was flushed with pure electrolyte of at a controlled volumetric flow rate
(typically 0.035 cm® s™) at a fixed pH and ionic strength that can be different than
during the layer adsorption stage. The streaming potential was measured for
discrete time intervals with the entire run typically lasting 10 hours. In order to
perform a quantitative analysis of the kinetic runs the zeta potential was converted
to the macroion coverage using the transformed Eqgs. (9-10) [57]:

1 -
0,=—In $i=%a
¢ ¢-¢,
The kinetics of macroions’ desorption acquired in this way for PBS buffer at
pH 7.4 is shown in Fig. 6 [48].

(11)

0.0 L L L L

0 100 200 300 400 500 . . 600
t [min]

Figure 6. The kinetics of macroion desorption under flow conditions expressed as the dependence of the
normalized layer coverage on the desorption time # determined using the streaming potential
method for PBS buffer, pH 7.4, Q = 0.035 cm3 s-1, 1) (m) PDDA, 2) (A) PLL, 3) (¢) PAH. The
solid lines represent theoretical results calculated by numerical integration of Eq. (12) [48]

It can be seen that the differences in the desorption rate among macroions
become more significant with the PDDA ion showing the largest and the PAH
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macroion the least stability. These experimental data were quantitatively interpreted
in terms of the theoretical model discussed in Ref. [66]. The macroion
adsorption/desorption kinetics under flow conditions can be predicted from the
following formula:

T (k,—k,)B(O)+k
2]

¢ dO =—(kk,/K)t (12)

9

where k, is the kinetic adsorption constant, k. is the bulk mass transfer constant
calculated from Eq. (7) and K|, is the equilibrium adsorption constant.

Because the k&, constant can be calculated ab initio using the diffusion
coefficient of a molecule, the equilibrium adsorption constant for a macroion can be
determined applying a non-linear fitting of experimental data using numerical
solutions of Eq. (12). These constants determined in this way for these macroions at
pH 7.4 are collected in Table 3.

It should be underlined that the above procedure for determining the
equilibrium adsorption constant K, via the streaming potential measurements is
more efficient than a direct determination via adsorption equilibrium measurements,
which have to be carried out for very low bulk concentrations of macroion solutions
and over an excessive desorption time.

Table 3. The adsorption constant K, [cm] for the PAH, PDDA and PLL macroions monolayers at mica
determined using the streaming potential measurements (PBS buffer at pH 7.4) [48]

Macroion K, [cm]
PAH 10.9
PLL 27.1
PDDA 62.5

The equilibrium adsorption constants can also be used to predict the kinetics of
macroion desorption under the diffusion-controlled transport regime. It was shown
in Ref. [65] that the characteristic relaxation time of this process, defined as the
time when the macroion coverage decreases to one half of its initial value, can be
calculated from the formula:

, K, 232 K'’B;

=—1 2 =0.377——~ 13
(In2)"—— 5 (13)

where B() is the blockmg function for ®= @,, which was calculated from the random
sequential adsorption model.
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Eq. (13) indicates that the relaxation time is proportional to the square of the
equilibrium adsorption constant and inversely proportional to the diffusion
coefficient of macroion. Using the diffusion coefficient data given in Table 2, the
K, values from Table 3 (for pH 7.4) and assuming that B, = 0.2 one obtains from
Eq. (13) that #,=1.3x10", 5.5x10", and 4.5x10° s for PAH, PLL and PDDA,
respectively. This corresponds to 3.6x10°, 1.5x10* and 1.3x10° hours. These
desorption time under diffusion transport are practically infinite from
an experimental point of view.

Considering the above discussed results one can argue that the cationic
macroion layers can be exploited as an efficient platform for nanoparticle and
bioparticle attachment investigations applying commonly used experimental
techniques. For example in Refs. [67,68] the deposition of silver and gold
nanoparticles at PAH modified silica sensors was studied using the quartz
microbalance. This yielded reliable information about the absolute mass transfer
coefficients and the range of applicability of this method. Analogously, in Ref. [37]
the kinetics of virus attachment to PLL modified gold and silica sensors was
investigated using the same technique.

6. CONCLUSIONS

It is shown that the streaming potential method is a useful tool for investigating
in situ adsorption/desorption kinetics of macroion molecules at various
solid/electrolyte interfaces. The interpretation of experimental data acquired in this
way in terms of the electrokinetic model yields thorough physicochemical
characteristics of macroion layers, especially their zeta potentials as a function of
pH and molecule isoelectric points.

Additionally, the streaming potential measurements of desorption kinetics
under flow conditions can be used to derive information about the stability of
macroion layers, quantitatively characterized in terms of the equilibrium adsorption
constants K,. Such measurements are impractical using conventional approaches
where adsorption equilibria are measured because this would require very low
macroion concentration and in consequence excessive adsorption times.

Using the equilibrium adsorption constants it is shown that the macroion layers
are stable under diffusion-controlled transport regime where in the case of PDDA
the characteristic desorption time exceeds 1.3x10° hours.

Such cationic maroion layers can be exploited as an efficient platform for
nanoparticle and bioparticle attachment and as supporting layers for the shell
formation of microcapsules used for targeted drug delivery.
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