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ABSTRACT: The kinetics of lambda carrageenan (λ-car) adsorption/desorption
on/from anchoring layers under diffusion- and convection-controlled transport
conditions were investigated. The eighth generation of poly(amidoamine)
dendrimers and branched polyethyleneimine possessing different shapes and
polydispersity indexes were used for anchoring layer formation. Dynamic light
scattering, electrophoresis, streaming potential measurements, optical waveguide
lightmode spectroscopy, and quartz crystal microbalance were applied to
characterize the formation of mono- and bilayers. The unique combination of
the employed techniques enabled detailed insights into the mechanism of the λ-car
adsorption mainly controlled by electrostatic interactions. The results show that the
macroion adsorption efficiency is strictly correlated with the value of the final zeta
potentials of the anchoring layers, the transport type, and the initial bulk
concentration of the macroions. The type of the macroion forming the anchoring
layer had a minor impact on the kinetics of λ-car adsorption. Besides significance to
basic science, the results presented in this paper can be used for the development of biocompatible and stable macroion multilayers
of well-defined electrokinetic properties and structure.

1. INTRODUCTION

Carrageenans (Carrs) are an important class of natural
polyelectrolytes of the polysaccharide family. On a commercial
scale, they aremostly extracted from red seaweeds with water1 or
hot alkali processes.2,3 Because of their nontoxicity, biocompat-
ibility, and low cost Carrs are wildly used as thickeners, gelling
agents, stabilizers, and emulsifiers in cosmetics and food
products.4−7 In recent years, they have been increasingly used
in pharmaceutical research for controlled drug release8−10 and in
medicine as potent inhibitors of viruses such as herpes simplex
virus,11 human immunodeficiency virus (HIV),12 and human
papillomavirus (HPV).13 It was also demonstrated that Carrs
reduce the duration of the common cold caused by other
viruses.14,15 Furthermore, Carrs are currently investigated as
potential therapeutic agents against SARS-CoV-216 due to their
antiviral properties.
Among Carrs, λ-carrageenan (λ-car) seems to be the most

promising polysaccharide in terms of structure and solubility. It
virtually has no anhydro-oxygen bridge residues, and therefore,
it does not form a helix structure.17 λ-car contains three sulfate
groups per disaccharide unit, making it the most negatively
charged carrageenan. Furthermore, it does not form gels because
it possesses no 3,6-anhydrogalactose residues.7,18,19 These
properties lead to the high solubility of λ-car in water, even at
low temperatures. Hence, λ-car can be employed as a thickener
for the stabilization of food products such as synthetic milk,

instant ice cream, or fruit drink.19 Moreover, this type of Carr
can find application in drug delivery and release,8,20,21 showing
antitumor and immunomodulation activities.22 It can serve as an
agent preventing HPV infections,13 inhibiting HIV,23 and
promoting apatite formation better than κ-carrageenan.24

The antibacterial properties of λ-car layers were reported by
Briones et al.25 The authors formed antibacterial coatings by
sequential adsorption of polyethyleneimine (PEI) and λ-car.
The multilayers were further analyzed by AFM, XPS, and
biomolecular interaction analysis. It was found that the obtained
coatings (successfully created via the LbL method), composed
of 6 PEI/λ-car bilayers, were effective in inhibiting the growth of
Enterobacter cloacae.25

It is worth underlining that the main advantage of the layer-
by-layer (LbL) technique is the formation of the coatings of
controlled composition and structure. Therefore, this technique
was applied for the construction of λ-car-basedmacroionmono-,
bi-, and multilayers in many studies.26−31 The multilayers were
produced on various solid substrates such as mica,25,26,28
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gold,30,32 silica,27 clay,31 or core template nanoparticles.29 The
coatings were further analyzed using AFM,25,27,28,30 XPS,25,26,30

ellipsometry,27,31 polarimetry,27 circular dichroism,27 TEM,29,31

electrophoresis,29 contact angle measurements,30 and quartz
crystal microbalance (QCM).31,32 These studies allowed the
determination of the structure of adsorbed λ-car layers,26−28 the
zeta potentials of nanocapsules containing λ-car,29 topography
and roughness of themultilayers,30 or oxygen permeability of the
multilayers.31

Despite the significance of λ-car and recent research efforts,
the kinetics of the polysaccharide adsorption and desorption on
a solid substrate, the effect of the anchoring layers on the
formation of λ-car layers as well as electrokinetic properties of
the λ-car layers formed under various mass transport conditions
(diffusion and convection) remained unanswered. Bearing in
mind the lack of adequate experimental data, the first goal of this
research paper is to attain comprehensive physicochemical
characteristics of λ-car as well as the synthetic macroions
[branched PEI (bPEI) and the eighth generation of poly-
(amidoamine) dendrimers (PAMAMDs)] serving as the
anchoring layers. These investigations were performed in
electrolyte solution of defined ionic strength and pH using
DLS and electrophoresis with laser Doppler velocimetry
(ELDV). The detailed analysis of these macroions in bulk
facilitated a quantitative interpretation of the anchoring layer
properties via the determination of the λ-car adsorption/
desorption kinetics and the electric properties of the bPEI/λ-car
and PAMAMD/λ-car bilayers.
In situ streaming potential measurements (SPMs) and optical

waveguide lightmode spectroscopy (OWLS) were applied for
determining the dependence of the zeta potential of mono- and
bilayers on macroion adsorption time, the kinetics of λ-car, bPEI
and PAMAMD adsorption as well as the stability of their layers.
The interpretation of the results obtained from these methods
was supported by complementary studies by means of QCM
with dissipation monitoring (QCM-D). AFM was applied to
analyze the structure of the anchoring layers and the bilayers.
To the best of our knowledge, this is the first time that SPMs

and OWLS are used for determining the physicochemical
properties of bilayers containing λ-car and the effect of the
anchoring layer and the transport type on the λ-car adsorption/
desorption kinetics. We expect that the presented results can be
exploited as a well-defined system, allowing for the quantitative
interpretation of the adsorption/desorption kinetics of λ-car on
the definite anchoring layer, which is of great importance for
basic science and medical applications.

2. EXPERIMENTAL METHODS
2.1. Materials. λ-car plant mucopolysaccharide with a

molecular mass of 579,000 Da,33 branched bPEI (50% w/v
aqueous solution) with a molecular mass of 70,000 Da, and the
eighth generation of PAMAMDs (8.33% w/w aqueous solution,
dispersity index below 1.04)34 with a molecular mass of 233,400
Da were purchased from Sigma-Aldrich (Poland), Polysciences
Europe GmbH (Germany), and Dendritech, Inc. (the USA),
respectively. The macroions were used as received. Ultrapure
water (Milli-Q Elix & Simplicity 185 purification system,
supplied by Millipore SAS Molsheim, France) and sodium
chloride, NaCl, (analytical grade, pure p.a., Avantor Perform-
anceMaterials Poland S.A) were used for the preparation of 0.01
M NaCl solution of pH 5.8.
The stock solutions of λ-car, bPEI, and PAMAMDs were

prepared by dissolving the macroions in 0.01 M NaCl solution.

The pH values of the obtained solutions were measured each
time and adjusted with HCl (Sigma-Aldrich, Poland) to a pH
value of 5.8. The low bulk macroion concentrations (1−5 mg
L−1) were used for layer formation. To avoid the macroion
depletion, caused by uncontrolled deposition onto glassware
walls, the glass containing λ-car, bPEI, and PAMAMD solutions
were conditioned three times for 15 min. The applied procedure
allowed for the saturation of available adsorption sites present at
the glass and to maintain constant bulk macroion concen-
trations. The experiments were carried at a temperature of
298 K.
The electrophoretic mobility and diffusion coefficient of the

macroions were measured in folded capillary cells and
disposable polystyrene cuvettes (Malvern Panalytical, United
Kingdom), respectively. Silicon plates coated with silica, SiO2
wafers, (SIEGERT WAFER GmbH, Germany), glass sensors,
OWLS sensors, (MicroVacuum Ltd., Hungary), silica-coated
AT-cut quartz crystals, QCM sensors (QSense, Sweden) were
applied as the substrates for the macroion adsorption experi-
ments. The wafers and sensors were thoroughly cleaned directly
before the experiments. The cleaning procedures are described
in detail in our previous paper.35

AFM imaging was performed by using silicon cantilevers with
a conductive Cr/Pt-coating (Multi75E-G-50: nominal spring
constant of 3 N m−1, Budget Sensors, Canada, USA).

2.2. Methods. pH Measurements. The pH of NaCl and the
macroion solutions were measured by a laboratory pH/
conductivity/salinity meter (CPC-500, Elmetron, Poland).

DLS and Electrophoresis. The macroions were characterized
in bulk by means of DLS and ELDV using a Malvern Zetasizer
Nano ZS setup. These methods allowed the determination of
macroion diffusion coefficients and electrophoretic mobilities in
a constant ionic strength of 0.01 M NaCl at pH 5.8. The bulk
concentrations of the macroions were equal to 100 mg L−1

(diffusion coefficient measurements) and 500 mg L−1 (electro-
phoretic mobility measurements). The bulk measurements were
carried out at 298 K. The aforementioned parameters were
applied for evaluating macroion hydrodynamic diameters and
zeta potentials using the Stokes−Einstein36 and Henry
equations,37 respectively.

Streaming Potential Measurements. The SPMs were
performed in a parallel-plate channel formed by two SiO2
wafers separated by a Teflon spacer. The channel is the main
part of the homemade cell equipped with a double Ag/AgCl
electrode system. The streaming potential arises due to the
forced hydrodynamic flow of the electrolyte through the
channel. In the SPM measurements, the hydrodynamic flow
was driven by the hydrodynamic pressure difference.
The streaming potential (ΔEsp) was measured in situ for four

various hydrodynamic pressure differences (Δp), which allows
the monitoring of the dependence of ΔEsp on Δp. Using the
ΔEsp vsΔp slope, the zeta potentials of the bare SiO2 wafers and
mono- and bilayer-covered SiO2 wafers were determined using
the Smoluchowski equation,38 with the methodology reported
in previous publications.39−41 The bulk concentrations of the
macroion solutions were equal to 2 and 5 mg L−1, and the
adsorption time was in the range of 1−40 min. The following
procedure was applied to determine the apparent zeta potential
of the macroion-covered SiO2 wafers:

(a) The streaming potential of SiO2 wafers was measured for
the ionic strength of 0.01 M NaCl at pH 5.8.
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(b) The macroion solution of PAMAMDs (or bPEI) was
introduced into the cell channel and kept static for a
selected duration (diffusion-controlled adsorption). In
the case of the convection-controlled mass transport, the
macroion solution was flowing through the channel for a
set adsorption time at a constant volumetric flow rate (2.0
× 10−2 cm3 s−1). The macroion adsorption time was
maintained in the range of 1−40 min for both transport
types.

(c) The cell channel was washed with pure 0.01 M NaCl at
pH 5.8.

(d) The streaming potential of silica covered either by the
PAMAMD or bPEI layer was measured in 0.01MNaCl at
pH 5.8.

(e) λ-car solution was introduced into the channel. The λ-car
molecules were adsorbed on the preadsorbed PAMAMD
or bPEI layer under diffusion or convection-controlled
mass transport conditions in the same way as described in
(b). The λ-car adsorption time was in the range of 1−40
min for both mass transport types.

(f) The channel was flushed with pure 0.01 M NaCl at pH
5.8.

(g) The streaming potential of PAMAMD/λ-car- or the
bPEI/λ-car bilayer-covered SiO2 wafers were measured in
0.01 M NaCl at pH 5.8.

(h) The measurements were repeated three times for all
systems to check the reproducibility of the results. The
differences among the experiment series were minor.

(i) The apparent zeta potentials of the bare SiO2 wafers as
well as the macroion mono- (PAMAMD or bPEI) and
bilayer (PAMAMD/λ-car or bPEI/λ-car)-covered SiO2
wafers were calculated using the Smoluchowski formula.38

The performed SPMs allowed for evaluating the kinetics of
the adsorption/desorption of macroions.
OWLS Measurements. The label-free OWLS method allows

the determination of the adsorbed “dry” mass of the macroions
with sensitivity in the order of 1.0 × 10−2 mg m−2.42,43

The OWLS 210 apparatus (MicroVacuum Ltd., Hungary)
operates with a laminar slit shear flow cell equipped with a planar
waveguide (OW2400, MicroVacuum) formed by the glass
(refractive index nS = 1.52578) covered by a 170 nm coating of
Si0.78Ti0.22O2 with a refractive index of nF = 1.8. The macroion
adsorption taking place on the waveguide surface is monitored
via changes of the interfacial refractive index sensitive to the
interfacial evanescent field of a He−Ne laser light coupled with
diffractive grating on the waveguide surface.
Assuming that the layer is optically uniform, the adsorbed

“dry” mass is calculated by using de Feijter’s formula44

Γ =
−

d
n n

dn dc( / )OWLS m
M S

(1)

where ΓOWLS is the “dry” mass adsorbed on the sensor and is
expressed in mg m−2, dm is the thickness of the adsorbed layer,
nM is the refractive index of the layer, nS is the refractive index of
the solution measured by a refractometer, and dn/dc is the
refractive index increment.
In this study, OWLS was employed for determining the effect

of the anchoring layers on the adsorption/desorption kinetics of
λ-car. The adsorption/desorption kinetics of PAMAMDs (or
bPEI) on OWLS sensors were also analyzed.
A standard the in situOWLS experiment involves three steps:

establishing a baseline, adsorption, and rinsing (desorption)

steps. Pure electrolyte (0.01 M NaCl) and macroion
(PAMAMD, bPEI, and λ-car) solutions were introduced into
the OWLS cell by a peristaltic pump. The solution flow rate was
maintained constant at 2.5 × 10−3 cm3 s−1. After equilibration of
the baseline, bilayer formation was monitored by pumping
PAMAMD or bPEI solutions over the waveguide, followed by
rinsing, pumping λ-car solution, followed by final rinsing.
Rinsing between adsorption steps was started when adsorption
equilibrium was attained. The ionic strength (0.01 M) and pH
(5.8) were maintained constant in each adsorption step.

QCM-D Measurements. The kinetics of adsorption/
desorption of PAMAMDs (or bPEI) on QCM sensors as well
as λ-car on saturated PAMAMD (or bPEI) monolayer coated
QCM sensors were studied using a Q-Sense E1 system (QSense,
Gothenburg, Sweden) by following the standard procedure
described in ref 45.
First, a stable baseline in the pure electrolyte (NaCl) at a

constant ionic strength (same value for each phase of an
experiment) was attained in the QCM-D cell for a defined
electrolyte flow (1.33 × 10−3 cm3 s−1same for the whole
experiment time). Next, the solution of PAMAMDs or bPEI
with a bulk concentration of 1 or 5 mg L−1 was introduced into
the cell. The macroions from the solution flowing through the
system with a defined velocity were adsorbed on the vibrating
sensor surface. After 30 min of adsorption, the adsorbed layer
was flushed with the pure electrolyte and the desorption process
was monitored. Secondly, in the case of bilayer formation, 1 or 5
mg L−1 solution of λ-car was introduced into the cell. The
adsorption of the second layer was carried out until a plateau was
reached (around 100 min), followed by 30 min desorption
during rinsing. The measurements were carried out at 298 K.

AFM Imaging. For AFM imaging, the mono- and bilayers
were prepared ex situ under diffusion-controlled transport
conditions. The procedure of the layer formation was as follows:

(a) SiO2 wafers were immersed in 5 mg L−1 of PAMAMD (or
bPEI) solution of constant ionic strength of 0.01 M NaCl
(pH 5.8) for 30 min and then thoroughly washed with
pure 0.01 M NaCl (pH 5.8).

(b) Two freshly prepared SiO2 wafers covered by the
PAMAMD (or bPEI) layer were placed in the cell to
determine the zeta potential of macrocation-covered SiO2
wafers (modified wafers) in 0.01 M NaCl at pH 5.8.

(c) Directly after the SPMS, the modified wafers were rinsed
with ultrapure water, dried in a stream of air, and imaged
with AFM.

(d) To form macroion bilayers, modified wafers were
submersed in 5 mg L−1 λ-car solution of 0.01 M NaCl
(pH 5.8) for 30 min and then thoroughly washed with
pure 0.01 M NaCl (pH 5.8).

(e) Two freshly prepared λ-car-covered modified wafers were
placed in the cell to determine the zeta potential in 0.01M
NaCl at pH 5.8.

(f) After the measurements, the λ-car-covered modified
wafers were rinsed with ultrapure water and dried in a
stream of air.

Only one SiO2 wafer was placed in the 5 mg L−1 macroion
solution for avoiding the depletion of themacroion. Each sample
was prepared in fresh macroion solution.
The dry samples of modified wafers and λ-car-covered

modified wafers were imaged under ambient conditions with
NanoWizard 4 (JPK Instruments, Berlin, Germany) operating
with a resolution of 512 × 512 pixels. The imaging was
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performed in intermittent mode at a scan frequency of 0.5−1.0
Hz using the Multi75E-G-50 (NanoAndMore GmbH, Ger-
many) probe. JPK Data Processing Suite 6.1.88 was used for
analysis of the topography images. Image flattening was
performed with the second-order least-square polynomial
function, which removes tilt and the vertical z-offset between
line scans. The surface roughness values are given as the
arithmetic average of the roughness profile (Ra) in a total area of
5 μm × 5 μm.

3. RESULTS AND DISCUSSION

The formation of macroion layers is mainly determined by
electrostatic interactions. Thus, the thorough analysis of the bulk
characteristics of λ-car, bPEI, and PAMAMD, including the size
and zeta potential determination in defined ionic strength (0.01
M NaCl) and pH (5.8), is necessary to understand the kinetics
of λ-car adsorption, the process of the macroion mono- and
bilayer formation, and the structure of the adsorbed layers. The

hydrodynamic diameter (hereafter referred to as size) and the
zeta potential of λ-car and bPEI were determined from the
measured diffusion coefficients and electrophoretic mobilities.
The size and zeta potential of PAMAMD were previously
determined for various pH values, ionic strengths, and
electrolyte types as reported in our previous paper.35

For the convenience of the reader, the sizes, electrophoretic
mobilities, and zeta potentials of the macroions are summarized
in Table 1.
As can be seen in Table 1, the hydrodynamic diameters of

λ-car and bPEI were equal to 69.7 nm ± 15.2 nm and 14 nm ±
3.8 nm, respectively. The λ-car hydrodynamic diameters agree
with the size of ι-carrageenan reported by Thaǹh et al.,46 whereas
the measured size of bPEI agrees well with the ones reported
previously in the literature.47−49

It is worth underlying that the literature data also suggest that
bPEI possesses a rather undefined shape making the size
determination challenging.49

Table 1. Size (HydrodynamicDiameter), ElectrophoreticMobility, and Zeta Potential of λ-car, bPEI, and PAMAMDDetermined
in 0.01 M NaCl at pH 5.8

macroion type size [nm] electrophoretic mobility [μm cm (V s)−1] zeta potential [mV] remarks

λ-car 69.7 ± 15.2 −4.49 ± 0.24 −85.8 ± 4.5 determined in this paper
bPEI 14.0 ± 3.8 3.66 ± 0.18 70.0 ± 3.5 determined in this paper
PAMAMD 10.2 ± 0.5 3.20 ± 0.40 60.8 ± 7.7 ref 35

Figure 1. AFM images of the macroion monolayers (a) PAMAMD and (b) bPEI and bilayers (c) PAMAMD/λ-car and (d) bPEI/λ-car. The layers
were adsorbed on silica under diffusion-controlled transport conditions: bulk macroion concentration 5 mg L−1, ionic strength 0.01 M, pH 5.8, and
adsorption time 30min. The scan size is 0.5× 0.5 μm. The zeta potential of silica covered bymacroionmono- (a,b) and bilayers (c,d) were equal to (a)
20, (b) 24, (c) −0.5, and (d) −13 mV.
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Contrary to bPEI, PAMAMDs possess a spherical shape in
bulk.50,51 PAMAMDs showed a fairly narrow size distribution
with an average size of 10.2 nm practically independent of the
pH, ionic strength of the buffer, and simple electrolyte
type.35,52−54

The electrophoretic mobilities and zeta potentials of bPEI and
PAMAMD were 3.66 μm cm/V s and 70 mV and 3.20
μm cm/V s and 60.8 mV, respectively (see Table 1). These
results confirm that in 0.01 M NaCl at pH 5.8, bPEI and
PAMAMDs are strongly positively charged and, thus, should
easily adsorb on negatively charged silica surfaces converting its
surface charge to positive.
On the other hand, the measured electrophoretic mobility as

well as the determined zeta potential of λ-car are strongly
negative with values of −4.49 μm cm/V s and −85.8 mV,
respectively. Considering electrostatic Columbic interactions,
λ-car should easily adsorb on positively charged surfaces, that is,
either the bPEI or PAMAMD layer. Typical λ-car, bPEI, and
PAMAMD size distributions (derived from DLS), as well as the
zeta potential distribution (derived from electrophoresis), are
presented in Supporting Information (see Figure S1 and S2).
The structures of PAMAMD and bPEI layers as well as

PAMAMD/λ-car and bPEI/λ-car bilayers deposited on SiO2
wafers were evaluated using AFM imaging, as shown in Figure
1a−d. As indicated, PAMAMD and bPEI form layers with a
completely different structure. The adsorbed PAMAMD
molecules are well-separated, whereas bPEI molecules create a
patchy structure (see Figure 1a,b). Bearing in mind the
compression of the molecules by the atomic force microscope
tip, one can postulate that PAMAMDs did not flatten
significantly during adsorption on silica, whereas bPEI can
notably flatten and form disks.
Our results are consistent with the ones reported by Pfau et al.

who also suggested the high compression of bPEI during
adsorption on mica.55 For bPEI with the molecular mass range
of 37,000−150,000 Da, the heights of molecules were equal to
0.6 nm.55 It is worth noticing that Schneider et al. also reported
the height of separated bPEI with a molecular mass of 750,000
Da adsorbed on mica between 0.5 and 1.5 nm.56 The authors
also underlined the variation in sizes of adsorbed molecules due
to polydispersity of bPEI in the solution. The high polydispersity
of bPEI and the flattening of the molecules during adsorption on
polyimide-coated glass were also reported by Saftics et al.57

Jackson et al.54 investigated the radius of gyration of
PAMAMDs (Rg) by means of small-angle X-ray scattering by
calculating a sphere radius (R) using the formula R = Rg/√0.6.
The PAMAMD sphere diameter (d = 2R) obtained with this
methodology was further compared with the PAMAMD
diameter (dTEM) determined by means of TEM. Both d and
dTEM were reported to be almost identical. Thus, one can
postulate that PAMAMD only flattens slightly during
adsorption. The degree of PAMAMD flattening depends on
the adsorption time, as was shown in studies by Longtin et al.58

The zeta potentials of the PAMAMD and bPEI layers,
presented in Figure 1a,b, were determined by the SPMs. The
obtained values were similar, that is, 20 and 24 mV for
PAMAMD and bPEI, respectively.
The AFM topography images presented in Figure 1c,d

indicate that the structure of PAMAMD/λ-car and bPEI/λ-car
bilayers varied significantly. Figure 1c shows the loosely packed
structure of the PAMAMD/λ-car bilayer. The AFM results
imply that the presence of “active centers”, containing a few
PAMAMD molecules, situated very close to one another and

possessing sufficiently high local electric charge is necessary for
the efficient λ-car adsorption on PAMAMD-modified silica.
Oppositely to PAMAMD/λ-car, the bPEI/λ-car bilayer

formed a highly ordered assembly (see Figure 1d), which is
similar to the honeycomb structure formed by the λ-car layer on
uncoated mica.26 Interestingly, the zeta potential of the
PAMAMD/λ-car bilayer is equal to −0.5 mV, whereas that of
the bPEI/λ-car bilayers is equal to−13 mV. The inversion of the
charge from positive to negative confirmed that λ-car molecules
were adsorbed on both PAMAMD and bPEI layers. The high
polydispersity and shape (disk) of bPEI can have an impact on
the high bPEI surface coverage.
The increase in the coverage of disks with polydispersity

parameters was reported theoretically by Meakin and Jullien.59

They demonstrated that the jamming coverage of polydisperse
disks increases proportionally to the power of 0.86 of the
polydispersity parameter.59 On the other hand, the dimension-
less jamming coverage of no interacting spheres characterized by
a uniform size distribution in the bulk (like PAMAMDs) was
constant.60

To gain a deeper understanding of the effects of the transport
type and the anchoring layer on the kinetics of λ-car adsorption,
SPMs were applied. As reported in previous publications, the
SPMs provide information regarding the electrokinetic state of
the macroion-covered macroscopic surfaces.39−41,49

The applied electrokinetic method allowed us to determine
the zeta potential of the SiO2 wafer that was equal to−39mV for
the ionic strength of 0.01MNaCl at pH 5.8. The obtained result
agrees with the literature data, that is, −4061 and −35 mV.41

Knowing that PAMAMDs and bPEI are strongly positively
charged and the SiO2 wafer as well as λ-car are negatively
charged in 0.01 M NaCl at pH 5.8 (see Table 1), one can expect
that alternating adsorption of PAMAMDs (or bPEI) and λ-car
on the SiO2 wafer would lead to the deposition of PAMAMD (or
bPEI)/λ-car bilayers.
The macroion adsorption was conducted under the diffusion-

and convection (under the defined flow of the macroion
solution)-controlled transport conditions.
If the adsorption is carried out under diffusion transport

conditions, the surface concentration of the adsorbed solute (N)
can be expressed using eq 262
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where D is the diffusion coefficient, t is the solute adsorption
time, cb is the solutemass concentration in bulk (expressed asmg
per L), Mw is the molar mass of the solute, and Av is the
Avogadro constant.
For convection-controlled transport conditions, N can be

expressed as62
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where kc represents the averagedmass transfer rate constant, and
kc = 1.165 ⟨V⟩ 1/3D2/3/b1/3L1/3 where ⟨V⟩ = Q/4bc is the solute
mean flow rate through the streaming potential channel of
dimensions 2b (width) × 2c (thickness) × L (length) and Q is
the volumetric flow rate of the solute (expressed as cm3 per s).
As can be seen in eqs 2 and 3,N is directly proportional to t1/2

(for diffusion) and t (for convection).
It was assumed that globular PAMAMDs, disc-shaped bPEI,

and λ-car do not undergo conformational changes after

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c03550
J. Phys. Chem. B 2021, 125, 7797−7808

7801

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03550/suppl_file/jp1c03550_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adsorption, and the variation of the zeta potential in time is
attributed only to the changes of the adsorbed macroion
amount. The macroions were irreversibly adsorbed on silica, as
was stated in separate experiments (see Section 2 in Supporting
Information)
The kinetics of adsorption can be assessed by plotting the

change of the zeta potential as a function of the square root of the
adsorption time if the macroion adsorption takes place under
diffusion-controlled mass transport conditions. On the other
hand, if the macroion adsorption is carried out under convective
mass transport conditions, the zeta potential change is plotted
against the adsorption time.
Typical results of the experiments carried out for PAMAMDs,

bPEI, and λ-car of cb equal to 2 and 5mg L−1 in 0.01MNaCl and
pH 5.8, as shown in Figure 2a,b (diffusion) and Figure 2c (where
the volumetric flow rate was equal to Q = 2.0 × 10−2 cm3 s−1).
As can be noticed, the formation of the PAMAMD and bPEI

monolayers (full circles in Figure 2a,b) are related with a
monotonic increase in the apparent zeta potential starting from
the initial value of the bare SiO2 wafer to the maximum value of
the apparent zeta potential of the SiO2 wafer covered by the
suitable macrocation. The inversion in the sign occurs approx. 1
min after the macroion adsorption.
After 36 min of the adsorption, the average value of apparent

zeta potentials of the PAMAMD- and bPEI-covered SiO2 wafer
were 20 and 25 mV, respectively (see Figure 2a,b). The higher
value of the apparent zeta potential of bPEI compared to
PAMAMDs can be explained by the higher polydispersity of
bPEI (allowing a higher bPEI surface coverage) and the larger
diffusion coefficient of the disk shape (bPEI) that is 1.571 times
larger than the sphere (PAMAMDs) shape of the same radius.62

The stability of the anchoring layers was also analyzed and is
presented in Figure S3a,b in Supporting Information.
The adsorption kinetics of negatively charged λ-car on the

anchoring layers are also presented in Figure 2a,b (to the right of
the vertical dashed lines). As can be noticed, the apparent zeta
potentials of PAMAMD/λ-car and bPEI/λ-car bilayers
decreased exponentially with the square root of the adsorption
time. The inversion of the substrate charge (from positive to
negative) occurred after approx. 4 min of λ-car adsorption. The
final values of the average apparent zeta potentials of the bilayers
were 3 and−10mV for PAMAMD and bPEI, respectively. Thus,
one can conclude that the electrostatic interactions play a major
role in macroion adsorption.
As shown in Figure 2c, the adsorption from both bPEI and

PAMAMD solutions of the mass concentration of 5 mg L−1,
under defined flow (Q = 2.0 × 10−2 cm3 s−1), did not
significantly change, within the experimental error, the final
value of the average apparent zeta potential 31 mV. It should be
mentioned that similar trends were observed with a positively
charged macrocation by Morga and Adamczyk.63 The authors
reported that the mass transport type (in situ diffusion, ex situ
diffusion, and in situ convection) has practically no impact on
the final value of the apparent zeta potential of mica covered by
the macrocation. The obtained final value of the zeta potential of
bPEI-covered silica agrees with the one determined in studies by
Meśzaŕos et al.64

Also, a similar value of the apparent zeta potential of the
PAMAMD-covered SiO2 wafer (25 mV) determined in 0.01 M
at pH 5.5 was reported in our recent publication.35

Under convection-controlled mass transport conditions (see
Figure 2c, to the right of the vertical dashed lines), the formation
of both PAMAMD/λ-car and bPEI/λ-car bilayers results in an

Figure 2. Kinetics of λ-car adsorption (red Δ, pink Δ, green Δ, dark
blueΔ, violetΔ, light blueΔ) on the preadsorbed PAMAMDs (pink●,
red ●, violet ●) and bPEI layers (dark blue ●, green ●, light blue ●),
respectively, presented as the change of the apparent zeta potential (ζ)
as a function of the square root of adsorption time (t1/2) (a,b) and
adsorption time (t) (c); I = 0.01 M NaCl, pH 5.8, and the initial bulk
concentrations of the macroions (cb) were equal to 2 and 5 mg L−1,
respectively. The applied symbols refer to the following systems:
PAMAMD of cb = 2 mg L−1, diffusion (red●), PAMAMD of cb = 5 mg
L−1, diffusion (pink●); λ-car of cb = 2 mg L−1, diffusion (red Δ); λ-car
of cb = 5 mg L−1, diffusion (pink Δ), bPEI of cb = 2 mg L−1, diffusion
(green●), bPEI of cb = 5mg L−1, diffusion (dark blue●); λ-car of cb = 2
mg L−1, diffusion (greenΔ); λ-car of cb = 5 mg L−1, diffusion (light blue
Δ), PAMAMD of cb = 5 mg L−1, convection (violet ●); bPEI of cb = 5
mg L−1, convection (light blue ●); λ-car of cb = 5 mg L−1, convection
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exponential decrease in the apparent zeta potential. The
inversion of the substrate charge occurs 3 min after the
introduction of λ-car solution into the cell. The final zeta
potentials of the outer λ-car layers were very similar with values
of −26 mV for PAMAMDs and −30 mV for bPEI. These values
were lower than for the ones observed in experiments under
diffusion-controlled mass transport with the same λ-car
concentrations in the bulk. Thus, one can conclude that the
process of λ-car layer formation is related not only to the value of
the anchoring layer charge but also to the dominating mass
transport type. It should be noted that fluid convection enhances
particle transfer to the liquid−solid interface.62 During the
convective flow, λ-car molecules are brought to the vicinity of
the anchoring layers and λ-car concentrations are replenished
(except for the diffusion boundary layer), which could explain
the higher λ-car coverage.
The final zeta potentials of the λ-car films formed under the

convective flow agree with the zeta potential of the nanocapsules
with λ-car as the outer layer, which was reported as −31 mV.29

The λ-car layers were stable (see Supporting Information in
Figure S3c,d).
The main conclusion that can be derived from the streaming

potential results is that the convective mass transport, as well as
the presence of an anchoring layer with a high positive surface
charge, has a high impact on the adsorption kinetics of λ-car
molecules and the final value of the zeta potential of the bilayers.
Knowing the best conditions for the formation of highly

packed anchoring monolayers and bilayers (cb = 5 mg L−1,
convection transport), the adsorption kinetics of λ-car and λ-car
layer stability were analyzed by means of the OWLS technique.
The series of the OWLS experiments followed the entire kinetics
of adsorption/desorption of PAMAMDs, bPEI, and λ-car. The
results shown in Figure 3 indicate the adsorption of PAMAMDs
(Figure 3a) and bPEI (Figure 3b) at a linear rate (t) for short
adsorption times, t < 5 min. The determined macroion
monolayer masses (ΓOWLS) were equal to 1.0 and 0.57 mg
m−2 for PAMAMD and bPEI, respectively. For t > 5 min, the
increase in the adsorbed mass was slower until the limiting mass
equal to 1.2 (PAMAMD) and 0.80 mg m−2 (bPEI) was reached.
Then, the desorption run was initiated by rinsing the anchoring
layer with a pure electrolyte (0.01 M NaCl, pH 5.8).
Interestingly, after 30 min of washing, the PAMAMD mass
slightly increased until 1.3 mg m−2, whereas the bPEI mass
decreased to 0.7 mg m−2 (the irreversibly adsorbed fraction of
bPEI).
PAMAMD mass uptake, observed at prolonged adsorption

times, can be explained by the dendrimer conformational

transition during prolonged adsorption.58 With prolonged
adsorption times, the slightly deformed (adsorbed in the later
stage of adsorption) and more deformed dendrimer (adsorbed
in the initial stage of adsorption) fractions would be present on
the surface. These different dendrimer conformations could
have an impact on the measured dm and nM values and, thus, on
the calculated ΓOWLS (see eq 1).
On the other hand, the bPEI mass increase observed at

prolonged adsorption times can be explained by the aggregation
of the large bPEI molecules caused by the high polydispersity
index of the macroions.57

It is worth noticing that for short adsorption times, the
PAMAMD dendrimer mass (1 mg m−2) agrees with the results
obtained by in situ reflectometry in studies by Cahill et al.65 and
Porus et al.66 with reported PAMAMD adsorbed mass values of
1.2 and 1.1 mg m−2, respectively. These masses were acquired
for the same adsorption conditions, that is, 5 min of adsorption,
an initial bulk concentration of 5 mg L−1, pH 6.0, and the ionic
strength of 0.01 M.
Reflectometry was applied for the determination of the bPEI

adsorbed mass in studies by Meśzaŕos et al.64,67 For the ionic
strength of 0.01 M, at pH 6.0 and t < 5 min, the adsorbed bPEI

Figure 2. continued

(violet Δ), λ-car of cb = 5 mg L−1, convection (light blue Δ). (a)
Formation of a complete PAMAMD/λ-car bilayer on silica, where after
forming the first layer of PAMAMDs (t1 = 40 min), the second λ-car
layer was deposited (t2 = 40 min). The experiment was carried out
under diffusion-controlled transport conditions. (b) Formation of a
complete bPEI/λ-car bilayer on silica, where after forming the first layer
of bPEI (t1 = 40 min), the second λ-car layer was deposited (t2 = 40
min). The experiment was carried out under diffusion-controlled
transport conditions. (c) Formation of complete PAMAMD/λ-car and
bPEI/λ-car bilayers on silica, where after forming the saturated
anchoring layer (PAMAMD or bPEI, t1 = 40 min), the λ-car layer was
deposited (t2 = 40 min). The experiment was carried out under
convection-controlled mass transport conditions. The volumetric flow
rate of the macroions was constant and equal toQ = 2.0× 10−2 cm3 s−1.

Figure 3. Adsorption kinetics of PAMAMD (a) (left side), bPEI (b)
(left side), and λ-car on the preadsorbed (a) PAMAMDs (right side)
and bPEI (b) (right side) layers. The dark pink and dark cyan lines
represent the experimental data derived from the OWLSmeasurements
for PAMAMDs and bPEI applied as the anchoring layers, respectively.
The arrows indicate the beginning of the desorption runs. The mass
concentration of PAMAMDs, bPEI, and λ-car was 5 mg L−1, ionic
strength 0.01 M NaCl, pH 5.8, and volumetric flow rate
2.5 × 10−3 cm3 s−1.
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mass was equal to 0.4 mg m−2, which is 30% lower than the
determined mass 0.56 mg m−2. These discrepancies can be
explained by different solid substrates used for the bPEI
adsorption: Si wafers with a 100 nm layer of SiO2 on the top
(reflectometry) versus glass covered by a 170 nm layer of
Si0.78Ti0.22O2 (OWLS). On the other hand, the mass determined
for longer adsorption times (0.7mgm−2) agrees with themass of
the bPEI saturated layer, that is, 0.1−0.7 mg m−2, determined
from OWLS by Saftics et al.57

In the second step of the OWLS experiments, the adsorption/
desorption kinetics of λ-car was studied on the preadsorbed
stable PAMAMD and bPEI layers at the ionic strength of 0.01M
and pH 5.8. The results are the continuation of the kinetic traces
shown in Figure 2a,b. The adsorption kinetics remained a linear
function of time for λ-car adsorption times less than 20 min.
After 20 min of adsorption, the stable adsorbed “dry” masses of
the bilayers PAMAMD/λ-car and bPEI/λ-car were reached with
values of 2.2 and 1.6 mg m−2, respectively. When the adsorption
process was completed, the desorption run was initiated. The
applied rinsing that lasted 20 min showed practically no changes
in the determined λ-car deposited mass, indicating the high
stability of the deposited films.
The irreversibly adsorbed (deposited) λ-car mass, referred to

as “λ-car dry mass,” was calculated from the simple formula

Δ = Δ − Δλ λ‐ ‐m m mcarr PAMAMD(bPEI) carr PAMAMD(bPEI) (4)

where Δmλ‑car is the adsorbed λ-car mass, ΔmPAMAMD(bPEI)λ‑car is
the total mass of either the PAMAMD/λ-car (with PAMAMD as
the anchoring layer) or bPEI/λ-car (with bPEI as the anchoring
layer) bilayer, and ΔmPAMAMD(bPEI) is the mass of the adsorbed
anchoring layer (PAMAMD or bPEI).
The λ-car “dry”mass, determined using eq 4, was equal to 0.9

mg m−2 independent of the anchoring layer type. The OWLS
results correlated very well with the streaming potential results
obtained under convection-controlled mass transport con-
ditions indicating that the adsorption of λ-car was irreversible
during the experiment duration and confirmed that under
convective mass transport conditions, the λ-car layer formation
was independent of the anchoring layer type.
As mentioned earlier, the OWLS measurements allow for the

determination of the “dry mass” of adsorbed layers. The
QCM-D measurements deliver information about the “wet”
mass containing both the “dry” mass and the mass of
hydrodynamically coupled and internally associated solvent.68

The raw data of the QCM-D results that include the frequency
changes (ΔFq) and dissipation shift (ΔD) as a function of time
are presented in Supporting Information (see Figure S4). The
basic QCM parameters are combined with the adsorbate mass
uptake (a higher ΔFq indicates a higher adsorbed mass) and
viscoelastic properties of the deposited layer (a higher ΔD
indicates a softer and thicker adsorbed film).
The QCM raw data are processed to an Fq−D diagram and

presented in Figure 4 to emphasize structural deformations
along bilayer formation at the quartz crystal surface as previously
introduced in studies by Åkesson et al.69 The dissipation shift is
an interesting factor because it allows for interpreting the
viscoelastic properties of the adsorbed layers. This parameter
can be better analyzed when it is presented as a function ofΔFq
(phase Fq−D diagram), along the adsorption of either the
PAMAMD or bPEI layer, followed by the introduction of λ-car
(Figure 4).
The dissipation increased almost linearly with the frequency

decreasing during PAMAMD and bPEI adsorption in the 1st

stage of the experiments (marked with number: 1st stage in
Figure 4, dark-PAMAMD, blue-bPEI). The adsorption of the
anchoring layer for 30 min led to the following ΔFq values for
both macrocations: −15 Hz for PAMAMDs and −2 Hz for
bPEI, whereas, the change in dissipation for both initial layers
was lower than 1 × 10−6. The linear dependence of ΔD onΔFq
as well as the low value ofΔD (lower than 2× 10−6) indicate that
both types of the macrocations adsorb very fast on silica and
form rigid monolayers.70,71

When λ-car was introduced (green arrows in Figure 42nd
stage of bilayer formation), the frequency and the dissipation
decreased to almost zero for both types of macrocations,
implying tight adsorbate structure for both systems at this point.
Further, the bilayer formation led to a decrease ofΔFq down to
−28 Hz for PAMAMDs and −10 Hz for bPEI, in combination
with a substantial ΔD increase up to 2 × 10−6 for PAMAMDs
and 1.5× 10−6 for bPEI in the 3rd stage. It was evident that λ-car
adsorption on the PAMAMD layer led to a heavier (lower ΔFq
values, dark curve in Figure 4) and viscous/soft (higher ΔD
value) bilayer than the one formed on the bPEI layer (blue
curve, Figure 4). However, it should be noted that theΔD value
was still in the low dissipation regime and both bilayer types are
rather rigid.70,71

Because the dissipation shift (ΔD) for these systems was
within the applicability range of the Sauerbrey equation,70 the
“wet mass” of the macroions (ΓQCM) was calculated using the
Sauerbrey formula.72

Figure 5 shows the entire adsorption/desorption runs (ΓQCM
− wet mass in mg m−2 as a function of time calculated from the
same raw data as the diagram in Figure 4) of PAMAMD/λ-car
and bPEI/λ-car bilayers determined for the bulk concentrations
of the macroions of 1 and 5 mg L−1 acquired by QCM-D.
As shown in Figure 5, the saturated “wet” masses formed

under convection-controlled mass transport conditions for bPEI
and PAMAMDs for long adsorption times are practically
independent of the initial bulk mass concentration of the
macroions (1 and 5 mg L−1). They were equal to 2.8 (see Figure

Figure 4. Dependence of the dissipation shift (ΔD) on frequency
changes (ΔFq) determined for the formation of PAMAMD/λ-car
(black curve) and bPEI/λ-car (blue curve) bilayers. The arrows show
the start of the injection of PAMAMD (black), bPEI (blue), and λ-car
solution (green). The bulk mass concentration of the macroions was
equal to 1 mg L−1, ionic strength of 0.01 M, pH 5.8. The numbers 1st,
2nd, and 3rd indicate stages of the bilayer formation process. Based on
the QCM-D results, the process of the PAMAMD/λ-car and bPEI/λ-
car bilayer formation can be divided into three stages, as marked in the
Fq−D plot (Figure 4).69
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5a) and 0.3 mg m−2 (see Figure 5b) for PAMAMDs and bPEI,
respectively. The obtained wet mass of saturated PAMAMD
layers agrees with the one determined in our previous
publication for the same dendrimer type of a bulk concentration
of 1 mg L−1 at pH 5.8 and for the ionic strength of 0.01 M.35 It is
worth mentioning that the same adsorbed mass of bPEI with a
molecular mass of 70 kDa, evaluated at pH 6.0 for the initial bulk
concentration of 500 mg L−1, was obtained in studies by
Elzbieciak et al.73

Despite the same adsorbed wet masses of saturated
PAMAMD and bPEI layers, the maximum masses of the
bilayers, obtained from various bulk concentrations, differed
significantly. As shown in Figure 5a, if λ-car was adsorbed from
the PAMAMDs of a bulk concentration of 1 mg L−1, the
maximum mass of PAMAMD/λ-car was equal to 4.9 mg m−2

(red curve), whereas due to adsorption from 5 mg L−1, the
bilayer mass increased to 5.7 mg m−2 (dark pink). The bilayers
formed on bPEI layers, having almost identical masses, showed
similar behavior. The maximum saturated mass of bPEI/λ-car
increased from 1.7 (cyan curve) to 2.7 mgm−2 (dark cyan curve)
when the λ-car bulk concentration increased from 1 to 5 mg L−1.

The increase in the adsorbed mass with the initial bulk
concentration of poly-L-lysine, having an elongated shape,74 was
also observed in studies by Kosior et al.75 Similar to the results
obtained from the OWLS, no desorption of λ-car molecules
from both bilayer types was observed.
Quantitatively, the water content (H) of the layers can be

determined using the “wet mass” (from QCM-D) and the “dry
mass” (from OWLS) by introducing a simple relationship
defined as

= Γ − Γ Γ ×H ( / ) 100%QCM OWLS QCM (5)

The water factors were equal to 57 and 53% for the PAMAMD
layer and PAMAMD/λ-car bilayer, respectively. These results
indicate that highly hydrated mono- and bilayers were formed
on the silica surfaces in agreement with the literature data where
total hydration of PAMAMD layers in the range of 50−80% was
reported.66,76,77

The determination of the water factors for bPEI and
bPEI/λ-car layers was not performed due to the possible
aggregation of the large bPEI molecules (note the high
polydispersity of bPEI) occurring due to long adsorption in
OWLS experiments. Accordingly, the “dry” mass (0.7 mg m−2)
of adsorbed bPEI determined from the long-time OWLS
experiments was higher than the bPEI “wet”mass (0.3 mg m−2)
evaluated in a shorter period of time (30 min) during QCM-D
measurements. However, according to the literature, the water
content of the bPEI layer is expected to be much lower (H =
6%).78

As shown in Figure 5, there are significant differences between
the wet mass of the adsorbed PAMAMD and bPEI monolayers
and of their bilayers with λ-car. These differences can be
explained by the high hydration of the PAMAMD layer (H =
57%) and PAMAMD/λ-car bilayers (H = 53%) and the low
hydration of the bPEI layer (H = 6%). Furthermore, one can
postulate that λ-car chains, depending on the initial bulk
concentration of λ-car, can adsorb in different confirmations.
For the low initial bulk concentration of λ-car, the chains can
adsorb only in the “side-on” conformation. The lower macroion
coverage (lower “wet mass”) is attained due to the high
repulsion between the adsorbed chains. For the higher initial λ-
car bulk concentration, the chains can reorganize on the surface
and change their conformation. The “end-on” conformation of
the chains would then be the preferred mode of adsorption.
When the λ-car chains adsorbed in the “end-on” conformation,
they formed highly hydrated “quasi-polymeric brushes”.
However, further research is required to confirm the above-
mentioned hypothesis.
It is worth underlining that the experimental data obtained

from the SPMs and QCM-D can be interpreted in terms of the
theoretical results obtained by coupling the random sequential
adsorption blocking function with the bulk transport equation. It
allows for formulating a general mass transfer equation whose
solutions describe the theoretical dependencies of the solute
coverage (Γ) on the adsorption time. This model was discussed
in detail in a book chapter.62

4. CONCLUSIONS

The physicochemical parameters of λ-car, PAMAMDs, and
bPEI, including the hydrodynamic diameters and zeta
potentials, were investigated under conditions of defined ionic
strength and pH.

Figure 5. Kinetics of the λ-car adsorption on (a) PAMAMD- and (b)
bPEI-covered silica sensors derived from QCM-D measurements using
the Sauerbrey equation. The mass concentration of the macroions was
equal to 1 mg L−1 (red and cyan curves) and 5 mg L−1 (dark pink and
dark cyan), ionic strength of 0.01 M, pH 5.8, and volumetric flow rate
1.33 × 10−3 cm3 s−1.
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For the first time, both the kinetics of λ-car adsorption on
macroion anchoring layers and the stability of the formed
bilayers were evaluated. Adsorption kinetics was analyzed under
both diffusion and convection-controlled mass transport
conditions by SPMs, OWLS, and QCM. The morphology of
the formed bilayers was investigated by means of AFM.
The results demonstrate that λ-car can form both loosely and

highly packed structures depending on the anchoring layer type.
The streaming potential studies revealed that λ-car effectively
adsorbs on the highly positively charged surface. Under
convection-dominated mass transport conditions, the type of
the macroion forming the anchoring layer had practically no
impact on the kinetics of λ-car adsorption and the final zeta
potential of the bilayer. These results are well correlated with the
identical maximum λ-car “dry” mass measured for both
anchoring layer types under convection-controlled mass trans-
port conditions by means of OWLS.
The plateau values of maximum “wet” adsorbed masses of the

macroions were determined using QCM-D. The maximum
“wet”masses of PAMAMDs, bPEI, PAMAMD/λ-car, and bPEI/
λ-car layers were dependent on the macroion type, which can be
explained by the high hydration (reaching 60%) of PAMAMDs,
PAMAMD/λ-car, and bPEI/λ-car layers and the low hydration
of the bPEI layer (H = 6%). Significant differences between the
wet mass of the bilayers with λ-car observed with different initial
bulk concentrations of λ-car can be explained by conformational
changes of the formed λ-car layer. For low initial bulk
concentrations of λ-car, the chains tend to adsorb in the
“side-on” conformation, whereas for high bulk concentrations
“end-on” conformation is preferred and the adsorbed λ-car
chains formed highly hydrated quasi “polymeric brushes”.
Moreover, evaluating the QCM time-dependent data in the

form of an Fq−D diagram allowed us to confirm that λ-car
adsorption on the PAMAMD layer leads to a heavier and more
viscous/soft bilayer than the one built on the bPEI layer.
Finally, it can be concluded that the λ-car adsorption on a

solid substrate is irreversible and is mainly controlled by the
electrostatic interactions, transport type, and initial bulk
concentration of λ-car.
Besides significance to basic science, the data obtained in this

paper can be used for developing biocompatible and stable
macroion multilayers of well-defined electrokinetic properties
and structure.
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