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ABSTRACT: Modification of solid substrates by poly-L-lysine (PLL) layers has 06— Experimental curve '
been widely employed in order to improve their biocompatibility, for promoting
protein and cell immobilization for fabrication of biosensor arrays and
antibacterial coatings. However, despite many studies conducted in the literature,
there is a deficiency in a quantitative description of PLL adsorption processes. It
is postulated that this becomes feasible by applying direct experimental
techniques combined with thorough theoretical modeling. In this work, the
kinetics of PLL adsorption on silica for various ionic strengths was determined in
situ under controlled flow conditions using the optical reflectometry and the
streaming potential methods. Both the initial adsorption rates and longer time
kinetic runs were acquired and quantitatively interpreted in terms of the ! ‘ ;
convective diffusion and the random sequential adsorption theoretical modeling 0 2 Ad 4 6 8 10
. . . . . sorption time [min]
based on the coarse-grained Monte Carlo approach. This unique combination of
experimental and theoretical approaches enabled us to gain new insight into the
mechanism of macroion adsorption controlled by the electrostatic interactions, which affect both the molecule conformations and
the blocking effects. Besides significance for basic science, the results obtained in this work can be exploited for developing reliable
procedures for preparing stable PLL monolayers of well-controlled coverage and electrokinetic properties.

05} ‘ e R

o
=

Theoretical curve

~ -2,
Coverage I [mg m™)
(=3 =3
o W

o

PLL mnnul yer
(modeling)

o
o

1. INTRODUCTION attaining 0.8 mg m™> at pH 10 and ionic strength of 0.15 M

The ability of molecules to organize into various assemblies via (NaBr) : This effect was qualitatively 1nt'erPreted In_terms of

molecular interactions at the solid/liquid interface has been decreasing range of the lateral electrostatic interactions among

widely employed in order to improve material properties. adsorbed molecules and by the conformational changes of the

The typical example of macromolecules, successfully used for mOIe.CUIe occurring at pH > 9. However, the lack 9f rele.vant

manufacturing functionalized solid substrates, is poly-L-lysine phy51co.chem1ca1 data such as the PLP molecule dimensions,

(PLL). PLL is a homopolymer of L-lysine (naturally occurring shape, its surface area, and the effective charge caused these

amino-acids), whose molecules are positively charged for a 1nterest1.ng results to not be quz?ntltatlvely interpreted.

broad pH range,* showing a strong tendency to adsorb on In this work, thorough experimental measurements of PLL

negatively charged surfaces in an aqueous environment.’ adsorption on s1hc.a are erformed by applying two
Modification of the solid surfaces by PLL has been widely complementary techniques:**"" the optical reflectometry and

employed in order to improve their biocompatibility,”® to the streaming potential. In the first method, following the

prepare surfaces used for promoting protein and cell change of the ratio of intensities of parallel and perpendicular

immobilization,”™'> for fabrication of biosensor arrays,">~'* polarized light reflected from a surface allows for online

) )
and for antibacterial coatings.'*™'* Moreover, PLL is of monitoring of the deposition process.”>** The latter method
. )

particular interest for medical agphcanons, e.g, drug monitors changsels in the electrical properties of a modified

delivery'®™>! and disease diagnostics. solid surface™ " due to the deposition of macromolecules and
Despite many studies conducted in order to 1nvest1%ate PLL using electrokinetic models delivers quantitative information

52,53

conformation and structure,”>" surface properties,’ about the formed monolayer.

adsorption on various surfaces,’>™*! the literature shows Moreover, the experimental data are theoretically inter-

deficiency in a quantitative description of PLL deposition preted using the hybrid model where the bulk and surface mass

processes.

A comprehensive study of poly-L-lysine adsorption kinetics Received: November 20, 2019
on silica was performed by Jiang et al.** In the mentioned Revised:  January 14, 2020
work, the optical reflectometry method and the impinging-jet Published: January 28, 2020

cell were used for determining the maximum coverage of PLL,
which monotonically increased with pH and ionic strength,

H H © 2020 American Chemical Societ: https://dx.doi.org/10.1021/acs.jpcc.9b10870
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transfer rate constants are calculated ab initio using the
diffusion coeflicients of PLL molecules acquired from DLS
measurements. On the other hand, the structure of the PLL
layers controlling the blocking function is derived for various
ionic strengths from the coarse-grained Monte Carlo modeling
performed according to the random sequential adsorption
(RSA) scheme. This unique combination of experimental and
theoretical approaches enabled us to derive valid conclusions
about the mechanism of PLL adsorption on silica. In particular,
the electrostatic interaction driving force of this process and
the prevailing side-on PLL molecule orientation are predicted.

2. EXPERIMENTAL SECTION

2.1. Materials. A pure crystalline poly-L-lysine hydro-
bromide, a cationic polyelectrolyte with molar mass of 75—189
kg mol™! (manufacturer of the MALLS method), was
purchased from Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany. The stock solution was prepared by dissolving a
proper amount of PLL in NaCl solutions.

NaCl solutions of desired ionic strengths were prepared
using deionized water obtained using the Milli-Q Elix &
Simplicity 185 purification system from Millipore SAS
Molsheim, France, and analytical grade NaCl purchased from
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany.

Silicon wafers, p-type and boron doped, were purchased
from Silchem, Freiberg, Germany. Studied solid surfaces were
cleaned in a 1:1 mixture of H,SO, and H,O, for 30 min and
then rinsed with Milli-Q water and afterward were immersed in
80 °C Milli-Q water for 30 min. Finally, surfaces dried in a flow
of nitrogen in the air plasma chamber for 30 min. The precise
thickness of the silica layer was determined in air by null
ellipsometry (Multiskop, Optrel).”* The data were analyzed
with a slab model whereby the refractive index at 633 nm of
silicon and silica used was fixed at 3.85 + 0.02i and 1.457,
respectively.””*° The thickness of the silica layer was equal to
3.2 + 0.4 nm.

2.2. Methods. Optical Reflectometry. The adsorption of
polyelectrolyte on a cleaned silica surface was monitored in situ
using optical reflectometry in a stagnation point flow cell. A
home-built fixed-angle reflectometer was equipped with a
polarized green diode laser working with a wavelength of 532
nm (World Star Tech TECGL-532 Series), a cell consisting of
a capped equilateral dispersing prism made out of quartz with a
borehole of r, = 0.5 mm radius, a spacer ensuring a horizontal
gap between the surface and the prism of h = 0.85 mm, and a
beam splitter and two diodes acquiring perpendicular (R;) and
parallel (R,) components of the reflected beam. The solutions
were pumped through the cell with flow rate Q = 1.02 cm’
min~".

The reflectometry signal R is related to the reflectances by

R,
R=C—
R, (1)
where C is an unknown instrumental constant that can be
eliminated by normalizing the signal to its initial value, R(0):

S(t) = R(t) — R(0)

R(0) ()

The dry mass of the PLL film, I['(¢), could then be calculated as
S(t)

() = "

(3)
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where A is the sensitivity constant calculated from a
homogeneous slab model, where the topmost layer corre-
sponds to the adsorbed polyelectrolyte layer with refractive
index calculated using the mixing law" %>’

(4)

where H is the thickness of the top layer; n, = 1.335 is the
refractive index of water;*® and dn/dc = 0.18 cm?® §_1 is the
refractive index increment of a PLL solution.””*” The
refractive indices at 532 nm are 4.132 + 0.033i and 1.461 for
silicon and silica, respectively.*”*°

A detailed description of the experimental setup has been
given in previous papers.“57

Streaming Potential Measurements. A homemade setup
described in detail elsewhere’”*® was used to perform
streaming potential measurements and to determine the zeta
potential of PLL monolayers and their stability. In short, the
main part of the cell is a parallel plate channel with the
dimensions of 2b, X 2¢. X L. = 0.027 X 0.29 X 6.2 cm, formed
by silica surfaces separated by a perfluoroethylene spacer. The
streaming potential E; was measured using a pair of Ag/AgCl
electrodes as a function of the hydrostatic pressure difference
AP, causing the flow of an electrolyte through the channel.
The overall cell electric conductivity, K,, was determined using
a pair of Pt electrodes. Knowing the slope of the E; vs AP
dependence, the apparent electrokinetic potential of a
substrate surface ({;) was calculated from the Smoluchowski
relationship

1K,
&

AE,
Z:i = _)

AP ()

where 7 is the dynamic viscosity of the solution, and ¢ is the
dielectric permittivity.

The correction for the surface conductivity contribution was
introduced in a standard way, previously described in refs 50
and 61. The correction was ca. 10% for ionic strength of 1073
M and practically negligible for higher ionic strength.

Electrophoretic Mobility and the Dynamic Light-Scatter-
ing Measurements. A Malvern zetasizer nano ZS was used to
determine the electrophoretic mobility and diffusion coef-
ficients of PLL molecules in examined suspensions. The
electrophoretic mobility of the polyelectrolyte was measured
by the laser Doppler velocimetry technique (LDV), while a
diffusion coeflicient was determined using the dynamic light
scattering (DLS).

All measurements were performed at T = 298 K.

3. THEORETICAL MODELING

3.1. Convective Diffusion Transport in the Impinging
Jet Cell. The experimental data derived from the reflectometry
measurements were quantitatively interpreted in terms of a
hybrid approach where the bulk transport is described by a
phenomenological convective diffusion equation (see the
Supporting Information)®

on

ot (6)

where 7 is the number concentration of macromolecules in the
solution; t is the time; D is the net translation diffusion
coefficient (averaged over all orientations); k is the Boltzmann
constant; T is the absolute temperature; F is the external force

=DV’n — %V'(Fﬂ) —V-Vn

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
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vector; and V is the unperturbed (macroscopic) fluid velocity
vector.

Equation 6 is coupled with the surface layer transg)ort
equation where the fluid convection effects are neglected”

140

S, dt

= k,n(8,)B(©) — E(")
S (7)

where j, is the net adsorption/desorption flux; S, is the
characteristic cross-section of the macromolecule; © = S,N,, is
the absolute (dimensionless) coverage of macromolecules; N,
is their surface concentration; k,, k4 are the kinetic adsorption
and desorption constants; n(5,) is the concentration of
macromolecules at the adsorption boundary layer of the
thickness &,; and B(®) is the generalized blocking function
(referred more appropriately to as the available surface
function).

Equation 7 is applied as the boundary condition for the bulk
mass transfer equation; ie., eq 6 is formulated for a given
interface shape and flow pattern. Such a boundary value
problem can be simplified for flows where the perpendicular
velocity component does not depend on the position over the
interface, e.g., for the imfinging—jet flows in the region close to
the stagnation point.”®" In this case, the quasi-stationary bulk
flux of particles j, is given by the linear dependence

. on
]b = _Da

Ja

k[n(3,) — ml =j, ()
where z is the coordinate perpendicular to the interface; n, is
the number concentration in the bulk; and k. is the bulk
transfer rate constant known in analytical form for various
flows and interface configurations.””*> Combining eq 8 with eq
7 one obtains upon integration the following expression

/e (k= k)BO) + ko
o, kkSmB(O) —kk®

a’cUg

)

where @, is the initial coverage of macromolecules.
In the case of the radial impinging jet flows, the mass
transfer rate constant is given by the analytical expression®*

1/3771/3~2/3 1/3~1/3142/3
Q a, D
k.= 0.776— ;"/3 = 0.530—= a3
f i, (10)

where a, is the dimensionless parameter depending on the flow
Reynolds number Re; Uy, is the characteristic liquid velocity in
the jet; Q is the volumetric flow rate; and ry is the radius of the
jet (the inlet tubing, i.e., the bore hole).

Equation 10 is valid for the radial impinging-jet cell
geometry matching the geometry of the cell used in our
work. However, its precision is only satisfactory for the
distance from the axis of symmetry below 0.1, (where ry, is the
radius of the inlet tubing). At larger distances, this equation
overestimates the mass transfer, but this effect was not
quantitatively considered in previous works.***” In reality, the
radius of the substrate area where the PLL adsorption is
measured is comparable to 7, and in consequence the
theoretical results calculated from eq 10 become markedly
larger than that experimentally determined (as shown in Table
2).

In order to account for this deviation, a more accurate
theoretical model derived in ref 62 and yielding eq 11, in which
the dependence of the mass transfer rate on the distance from
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the cell center «x is considered in an exact way, is used in this
work

(sin x)™/?

X 1/3
[./O (Siny)(Sﬂ/Z)—ldy]

1/3711/342/3
a, "Uyg"D

k.(x) = 0.463
e

(11)

where % is the scaled tangential coordinate ¥ = 7r/2r,, where r
is the distance from the symmetry line. Equation 11 is accurate
for Re > 4 and ¥ < 7/2, i.e,, r < 1.

As seen in Table 2, these exact theoretical results almost
match experimental data.

3.2. Modeling PLL Molecule Adsorption Kinetics.
Calculation of the adsorption kinetics from eq 7 requires,
except for the mass transfer rate constant, the blocking
function, which corresponds to the probability of the particle
to adsorb on the interface at a given coverage ©. Accordingly,
for ® = 0, the blocking function is equal to unity, and for the
maximum coverage, referred to for noninteracting particles as
the jamming coverage, it becomes equal to zero, and thus the
adsorption rate vanishes.

In this work, the PLL molecule adsorption is modeled
applying the extended random sequential adsorption approach
(referred to as soft-RSA) where the lateral electrostatic
interactions among the adsorbing molecule with the molecules
attached to the surface are considered.’> A rigid bead model is
applied where the real molecule shape is approximated by a
linear string of touching spheres of equal size. The diameter of
the beads and their number in the chain are selected in order
to match the data acquired in ref 31 using the molecular
dynamic modeling and experimental measurements. Accord-
ingly, the number of beads (equal to the elongation parameter)
was equal to 122, 68, and 43 for ionic strength of 1073, 1072,
and 0.15 M, respectively (see Table S1, Supporting
Information), whereas the molecule contour length was
equal to 137, 91, and 67 nm, respectively. The net interaction
energy of the adsorbing molecule was calculated by summing
up a pair of Yukawa (screened Coulomb) potentials among
beads belonging to it and to molecules adsorbed within the
interaction zone.

The primary result of this soft-RSA modeling is the
dependence of the number of adsorbed molecules N,, on the
dimensionless time 7 defined as

S,
s
7= —Ny
Si (12)
where S, is the characteristic cross-section area of the

molecule; S; is the surface area of the modeling domain; and
N, is the number of adsorption attempts.

The maximum number of molecules adsorbed in a single run
was typically equal to 5 X 10° after the maximum accessible
time of 10°. In order to increase the precision of the modeling,
ten independent runs were performed. This ensures the
relative error of the calculations to be smaller than 0.5%.

The absolute coverage of the macromolecules was calculated
as

S; (13)
where N, is the number of adsorbed molecules.

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
J. Phys. Chem. C 2020, 124, 4571—4581
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Analogously, the mass coverage of the molecules, which is a
parameter of a primary practical significance, is given by the
formula

_ MNy, _
COAS  AS,

M

(14)

where M,, is the molar mass of PLL and A, is the Avogadro
constant.

The primary kinetic runs derived from the soft-RSA
modeling also enabled us to determine the blocking function
exploiting the definition:

B(©) = 9@

dr (15)

The exact numerical data were fitted by logarithmic
functions that allowed us to derive some useful analytical
expressions for B(®). It is interesting to mention that in order
to formulate these expressions the maximum coverage of
molecules was not needed. Therefore, this form of the blocking
function is particularly useful for evaluating the molecule
adsorption kinetics from eq 9.

4. RESULTS AND DISCUSSION

4.1. Bulk Characteristics of the PLL Molecule and
Silica Substrate. As mentioned, the diffusion coefficient (D)
of PLL molecules was calculated from the dynamic light
scattering (DLS) measurements for the ionic strength 107°—
0.15 M NaCl and pH $.8. Knowing the diffusion coeflicient,
one can calculate the hydrodynamic diameter dy of the
molecules using the Stokes—Einstein relationship:*’

kT

do. =
H 3znD

(16)

The electrophoretic mobility of PLL molecules, denoted by
M, which is the parameter of a basic significance for
characterizing the molecule—surface interactions, was directly
measured by the LDV technique. Using the electrophoretic
mobility, the electrokinetic potential of molecules was
calculated using the Henry equation.’’ Additionally, the
experimental electrophoretic mobility value allows us to
calculate the electrokinetic charge per polyelectrolyte molecule,
q, from the Lorentz—Stokes relationship:*’

kT
= —p = 3andyy,

17D

(17)

Equation 17 can be directly used for calculations of the
average number of elementary charges per molecule N,

q _ 3mnduy

e e (18)
where e = 1.602 X 107" C is the elementary charge.

Consequently, the effective ionization degree a* can be
calculated from the formula

(19)

where N equal to 584 is the average number of monomers in
the PLL molecule.’"*'

For the sake of convenience, the experimental values of the
bulk physicochemical properties of PLL molecules consisting
of diffusion coeflicients, hydrodynamic diameter, -electro-
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phoretic mobility, and electokinetic potentials obtained for
various ionic strength and pH 5.8 are collected in Table 1.

Table 1. Physicochemical Characteristics of PLL Molecules
in Solutions (T = 298 K)“

ionic strength 107 M, pH 5.8

diffusion coefficient [cm?® s™'], D X 1077 19 + 04
hydrodynamic diameter [nm], dy 26 + 6
electrophoretic mobility [um cm (V s)™'], g, 37 £ 02
electrokinetic potentials [mV], { 70
number of electrokinetic charges, N, 50
effective ionization degree, a* 0.085
geometrical cross-section area [nm?], ng 153

ionic strength 107 M, pH 5.8
diffusion coefficient [cm?® s™'], D x 1077 2.0+ 03
hydrodynamic diameter [nm], dy 24 + 4
electrophoretic mobility [um cm (V s)™'], g, 3502
electrokinetic potentials [mV], { 63
number of electrokinetic charges, N, 44
effective ionization degree, a* 0.076
geometrical cross-section area [nm?], ng 121

ionic strength 0.15 M, pH 5.8
diffusion coefficient [cm?® s™'], D x 1077 22+ 03
hydrodynamic diameter [nm], dy 22+3
electrophoretic mobility [um cm (V s)™'], g, 2.1+ 02
electrokinetic potentials [mV], { 40
number of electrokinetic charges, N, 24
effective ionization degree, a* 0.041
geometrical cross-section area [nm?], ng 102

“PLL molar mass: 120 kg mol ~' determined by the intrinsic viscosity
method.”’

The electrokinetic potential of the Si/SiO, wafer, denoted
by {, was determined by conducting the streaming potential
measurements according to the above-described procedure.
The electrokinetic potentials determined at pH 5.8 were equal
to =73 + 4, =55 + 5, and —41 + 6 mV for ionic strength of
1073 M, 107> M, and 0.15 M, respectively.

4.2. Adsorption Kinetics of the PLL Molecule on the
Silica Substrate. The adsorption kinetics of PLL at the
water—Si/SiO, wafer interface was studied in situ by optical
reflectometry. At first, the solid substrate, mounted in the
impinging jet cell, was flushed with pure electrolyte solution of
the same pH and ionic strength as a PLL solution. The
reflectometry signal recorded during this stage represents the
initial value R(0) from eq 2. Once the baseline was obtained,
the input solution was switched to a PLL solution, and the
deposition process was started. Initially, the adsorbed amount
increased linearly, but after a few minutes, the adsorption
plateau has been reached. After another 10 min, the cell was
flushed again, with pure electrolyte solution of the same pH
and ionic strength as a PLL solution, to study the desorption
process. Typical adsorption kinetics of the PLL molecule on
the silica substrate are illustrated in Figure 1.

Figure 1A presents adsorption kinetics of PLL on the silica
substrate for the same ionic strength (0.15 M) but various PLL
concentrations. While the value of the saturation plateau I',,,
remains constant, the time needed to reach the maximum
adsorption value decreases with increasing PLL concentration.
Figure 1B shows the opposite situation, where PLL
concentration is fixed at ¢, = $ mg L™" but ionic strength is

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
J. Phys. Chem. C 2020, 124, 4571—4581
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Figure 1. Primary kinetic runs for PLL molecule adsorption on the
Si/SiO, surface determined by optical reflectivity measurements at
pH 5.8 and (A) 0.15 M ionic strength, various PLL concentrations,
and (B) S mg L™! PLL concentration, various ionic strengths.

altered from 107 to 0.15 M. It is clearly seen that the
maximum saturation value increases with increasing ionic
strength.

The initial adsorption rate can be calculated from the slope
of the linear function fitted to the initial part of the adsorption
curve or by plotting the time derivative of the adsorption
kinetics. In the latter case, the initial adsorption rate is reflected
by a plateau in the derivative plot.****®” As described in
previous papers,"°>% the reliable values of initial adsorption
rate can be estimated for the macroion bulk concentration
below 10 mg L™". This limitation is related to the problem of
proper estimation of the plateau in the derivative plot, which in
high concentrated solutions is short and masked by the finite
dead time of the cell.

Figure 2 shows the initial adsorption rate (dI'/dt),_, plotted
as a function of the PLL mass concentration (c,) for pH 5.8
and various ionic strengths. One can observe that at the initial
stage the kinetic of adsorption can be described by the
following relationship®*®°

= kccbt (20)

where k. is the mass transfer rate constant that can be obtained
from the slope of linear regression line fitting to the
experimental data for short adsorption time.

4575

Figure 2. Initial adsorption rate as a function of the PLL
concentration at pH 5.8 and various ionic strengths. The solid line
reflects the first-order kinetics with respect to the solution
concentration.

It is also seen in Figure 2 that the increase in the ionic
strength increased the initial adsorption rate of PLL molecules.
This effect, in accordance to Table 2 and refs 41 and 42, can be

Table 2. Experimental and Theoretical Values of the Initial
Mass Transfer Rate Constant

kP x 107 ktheor x 107* ktheor s 107* p 1]
I[M] [em s7!] [ecm s7'] eq 10 [em s™'] eq 11 eq 24
107 373 £ 0.05 4.66 3.78 0.99
1072 3.98 + 0.04 4.82 3.92 1.02
0.15 446 + 0.11 5.14 4.17 1.07

related to the changes in the conformation of the PLL
molecule. An increase of the salt concentration the molecule
attains a less elongated shape, which results in an increase in
the diffusion coeflicient.

Assuming the perfect sink conditions at the surface in the
stagnation point flow geometry,”* the theoretical values of
mass transfer rate constant can be calculated from eq 10 or by
a numerical integration of eq 11 where it is considered that the
collector radius r, is equal to 0.4 mm, which almost matches
the maximum laser beam size (7, < 0.5 mm).

Table 2 collects all experimental (k™) and theoretical
(k.heor) values of the mass transfer rate constant, together with
sticking coefficient 3, defined as”’

kP

ﬂ: C

theor
kc

(21)

where k" is a theoretical mass transfer rate calculated using
eq 11.

Figure 3A presents the adsorbed mass coverage at the
saturation plateau as a function of NaCl concentration for pH
5.8 and various PLL bulk concentrations. As seen, the
adsorbed mass is rather independent of the PLL bulk
concentration in the studied range, i.e,, 0.1—S mg L™". The
observed increase of the plateau level with the ionic strength
shows a similar trend to the previous study on PLL
adsorption,” as well as to the studies on other polyelec-
trolytes.*~%

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
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Figure 3. (A) Adsorbed mass and (B) surface coverage of PLL on Si/
SiO, at the plateau for pH 5.8 and various ionic strengths determined
by optical reflectivity measurements.

Knowing I',, one can also calculate the absolute surface
coverage using the following formula

C)

mx

me
= —AS

M, (22)
where M,, = 120 kg mol ™" is the molar mass of PLL*' and Sg is
a cross-section area of the PLL molecule (see Table 1). The
calculated values of ®,,, are presented in Figure 3B.

4.3. Theoretical Interpretation of the PLL Adsorption
Data. If the initial mass transfer rates are known one can
calculate some derivative parameters, especially the mass
transfer coupling constant K (see Table 3), which is of basic
significance for interpreting the adsorption kinetics of PLL
molecules. As one can infer from the data shown in Table 3,

the coupling constant assumes large values ranging between
3.2 X 10% and 2.0 X 10 for I = 107> and 0.15 M, respectively,
meaning that for low coverage range the bulk transport should
play a dominant role. Additionally, knowing the K constant,
one can define the dimensionless adsorption time, 7, which is

given by

t c
T = — = KSkant = KSk——At
tch Mw (23)
where t;, = KSlkn is the characteristic time of the monolayer
LY

formation in the absence of blocking effects.

As shown in Table 3, the dimensionless time changes from
5.5 X 10% to 2.8 X 10° for I = 1073 and 0.15 M, respectively
(for the bulk PLL concentration of 1 mg L™ and adsorption
time of 600 s). For the bulk PLL concentration of 5 mg L™
one has 2.8 X 10* and 1.4 x 10* for I = 107 and 0.15 M,
respectively.

It should be mentioned that the dimensionless experimental
time defined by eq 23 corresponds to the dimensionless time
defined in the soft-RSA modeling, which facilitates a direct
comparison of the experimental and theoretical results. In
Figure 4, snapshots of the PLL molecule monolayers obtained

Figure 4. Snapshots of PLL molecule monolayers obtained for the
rigid model for the dimensionless time 7 equal to (A) 10, (B) 100,
and (C) 10% and the obtained surface concentration of adsorbed
molecules was equal to (A) 1500, (B) 2000, and (C) 2600 ym™* for I
= 0.15 M. The dimensions of the interface are equal to 1 X 1 pum.

from the modeling for various values of adsorption time 7 are
presented for I = 0.15 M. Qualitatively, one can notice that the
surface concentration of the monolayer very slowly increases
with the adsorption time, attaining 2000 and 2600 ym™> for 7
= 10* and 10% respectively. This corresponds to the
dimensional coverage calculated from eq 22 equal to 0.40

and 0.52 mg m~2

It is also shown in the Supporting
Information that for 7 > 10? the adsorption kinetics derived

from modeling can be well fitted by the following formula:

Table 3. Physicochemical Parameters Used in the Soft-RSA Modeling of PLL Adsorption and the Interpretation of

Experimental Data (pH 5.8, kg = 0, T = 298 K)“

I[M] D X 1077 [em?® s71] d. [nm] S, [nm?] k. % 107* [em s7] k, [em s7!] K x 10° [1] 7, X 10° [1] 7s X 10* [1]
1073 1.9 1.12 153 3.7 1.2 32 S.5 2.8
1072 2.0 1.33 121 4.0 1.0 2.5 3.6 1.8
0.15 22 1.55 102 4.5 0.9 2.0 2.8 1.4
“Sg = dL,, geometrical cross section area;”' d,, chain diameter;*' L, contour length;31 k, = 52 ! ; 0, =dg 0y = 0.5 nm; K = k,/k

=105k -2A ¢

&AM, vimxi tmx
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6,
3[14—%111‘;—3]
m

=600 s; for 7): ¢, = 1 mg L™'; for 75: ¢, = S mg L™\
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© = 0.340 + 0.0214 In(7)

= 0.340 + 0.0214 ln[KSgkcc—bAvt]
M

w

(24)

This equation unequivocally indicates that the maximum
coverage predicted for hard particles, which is equal to 0.77,
could be attained after the time 7 of ca. 1 X 10°. This
corresponds to the dimensional adsorption time (for the 1 mg
L™" bulk concentration of PLL) of 2 X 10% s (6.5 years), which
is clearly inaccessible from an experimental point of view. In
consequence, the plateau values shown in Figure 3 should only
be treated as kinetically determined rather than the absolute
maximum coverages. It seems that this conclusion is important
for the interpretation of isotherms reported in macroion
adsorption studies*”**®” because the observed increase in the
maximum coverage with the bulk concentration of a solute
may be due to the kinetic limitations rather than to the
reversibility of the adsorption.

This effect becomes even more pronounced for lower ionic
strengths where the prelogarithmic factors in eq 24 were equal
to 0.012 and 0.019 for I = 107 and 107> M, respectively. The
corresponding monolayers derived from the soft-RSA model-
ing for 7 equal to 1 X 10* are presented in Figure 5. Another

Figure S. Snapshots of PLL molecule monolayers obtained for the
rigid model, the dimensionless time 7 equal to 10* (A) I = 1073 M,
(B) I =107 M, and (C) I = 0.15 M. The surface concentration of
adsorbed molecules was equal to (A) 800, (B) 1400, and (C) 2600
um™% The dimensions of the interface are equal to 1 X 1 um.

interesting feature observed in the monolayer shown in Figures
4 and S for the long adsorption time is a well-pronounced
tendency to form local structures of parallel oriented molecules
quite analogous to a 2D liquid crystal behavior.

The theoretical data obtained from soft-RSA modeling are
compared in Table 4 with the experimental plateau values of
the PLL molecule coverage derived from the reflectometry (see
Figure 3). One can observe that the agreement between both
results is satisfactory, confirming a significant role of ionic
strength, which governs the range of the electrostatic
interactions. The electrostatic forces influence not only lateral

Table 4. Plateau Values of the PLL Coverage Obtained from
Experiments and from the Soft-RSA Modeling”

adsorbed amount I' [mg m™]

b

I[M] optical reflectometry soft-RSA RSA
1073 0.18 + 0.02 0.15-0.17 0.42
1072 0.33 + 0.02 0.27—-0.30 0.60
0.15 0.45 + 0.02 0.50—-0.54 0.77

“The experimental values were determined for the bulk PLL
concentration varying between 0.5 and S mg L7, respectively.
*Maximum coverage for hard (noninteracting) molecules calculated
from eq S14.
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interactions among adsorbing and adsorbed molecules but also
the conformation of the molecule, which becomes more
extended for lower ionic strength. Because both these effects
act in the same direction, their net result is a considerable
decrease in the mass coverage for lower ionic strength after
experimentally accessible adsorption time (see Table 4).

The utility of the soft-RSA modeling was also checked,
comparing the experimental kinetic runs with theoretical
predictions calculated from eq 9, assuming the irreversible
adsorption regime and using the appropriate blocking
functions described by eq S23. As seen in Figure 6, the

o
[
T

<
o
T

o
w
T

Adsorbed amount /" [mg m‘Z]

02 r

0.001 M NaCl
0.1 0.010 M NaCl 1

0.150 M NaCl

= = = Modeling: soft-RSA
0.0 - T
0 2 4 6 8 10
Time [min]

Figure 6. Kinetics of PLL adsorption on the Si/SiO, surface
determined by optical reflectivity measurements. The solid lines
represent the experimental results determined for pH 5.8, PLL bulk
concentration ¢, = 1 mg L™/, volumetric flow rate Q = 1.02 cm® min™",
and various ionic strengths. The dashed line denotes the theoretical

calculations derived from the soft-RSA model.

theoretical results adequately describe experimental kinetic
runs for various ionic strengths. It is also confirmed that for the
short adsorption time the PLL coverage linearly increases,
which confirms the bulk transport controlled regime. This is
physically due to the fact that the transport through the
adsorption layer, because of its low thickness (about 1 nm), is
much faster than through the diffusion boundary layer in the
bulk that extends over the distance of 3—5 X 10° nm.
Accordingly, the linear adsorption regime can be described by
eq 20.

4.4. Electrokinetic Characteristic of the PLL Mono-
layer. PLL layers on the Si/SiO, substrate were thoroughly
characterized in situ using the streaming potential method.
This method was used not only to acquire the electrokinetic
potential of PLL-covered silica but also to determine the
maximum coverage of PLL on modified surfaces. The
experimental procedure was as follows: first, the adsorption
PLL molecule was carried out in situ in the cell under
convection-controlled transport (fixed flow rate) at pH 5.8 and
fixed ionic strength equal to 1073, 1072, and 0.15 M,
respectively. The coverage of the adsorbed layer was regulated
varying the bulk macroion concentration (1—5 mg L™') and
the adsorption time (5—60 min). Afterward, the cell was
washed with pure electrolyte, and the streaming potential
measurements were carried out for ionic strengths equal to
107> M NaCl. The electrokinetic potential was calculated using
the Smoluchowski equation. The primary dependencies of the
electrokinetic potential on the adsorption time were converted

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
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to the dependence of the electrokinetic potential on the
absolute layer coverage exploiting eq 20 which was trans-
formed to

O=k-—LAS¢
M g

w

(23)

where k. is the mass transfer rate constant for the streaming
potential cell (in the form of a parallel-plate channel)
calculated from the formula®”

Q1/3D2/3

2/3 1/311/3
bC CC LC

k. = 0.9247
(26)

where Q is the volumetric flow rate in the channel, 2b,, ¢, and
L. are the cell thickness, the width, and the length, respectively.

The experimental results obtained in this way are presented
in Figure 7 as the dependence of the zeta potential of the silica

80 T T T T
bulk poly-L-lysine

60

40

20

Zeta potential £ [mV]
[}

Deposition conditions:

40 Lo
Si/Si0, ® 0.001 M NaCl
ok ® 0010 M NaCl ]
A 0.150 M NaCl
_80 1 : 1 i H 1 1
0.0 0.1 0.2 03 04 0.5

Nominal surface coverage @

Figure 7. Dependence of the zeta potential of the Si/SiO, substrate
on the nominal PLL coverage obtained from the streaming potential
measurements. Measurement conditions: I = 107> M, pH 5.8. The
solid line (1) shows the theoretical results calculated using the
electrokinetic model for the side-on adsorption of PLL molecules,*!
and the dashed line (2) shows the theoretical results obtained for the
unoriented adsorption regime.

substrate on the nominal coverage of PLL. One can observe
that the negative electrokinetic potential of the silica surface
monotonically increases with PLL coverage that leads to the
inversion in sign to positive at ® = 0.10. Afterward, the
electrokinetic potential attains positive plateau values equal to
30 £ 5,25 + 5, and 10 + 3 mV for the PLL adsorption
conditions of 0.15, 1073 and 107 M, respectively. The
adsorption of PLL molecules on surfaces exhibiting positive
zeta potential (where the initial negative zeta potential of the
substrate reverses its sign) is a rather unusual phenomenon
although often met in macroion adsorption studies. This effect
is physically due to the largely nonuniform (heterogeneous)
charge distribution over the substrate caused by PLL
adsorption. One should remember that at the zeta potential
inversion point only ca. 10% of the surface is covered,
exhibiting a positive net charge, whereas the remaining 90%
still remains negatively charged in the microscale, enabling
additional PLL molecule adsorption. Hence, the results shown
in Figure 7 directly confirm that the mean-field theory using
the macroscopically average value of the zeta potential is not
appropriate for describing macroion adsorption phenomena. In
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this case only the approach based on the direct calculation of
the interactions among discrete charges, which was applied in
our work, can yield meaningful results.

Moreover, it is interesting to mention that the largest value
of 30 mV is still markedly lower than the bulk electrokinetic
potential of the PLL molecules ¢, equal to 65 mV for 1072 M.
These experimental results were theoretically interpreted in
terms of the electrokinetic model discussed in refs 52 and 53.
In this model, it is considered that the macromolecules
adsorbed on homogeneous interfaces modify the electric
potential distribution and the macroscopic shearing flow. As a
result, an additional contribution to the streaming potential
appears that originates from the double-layer region adjacent
to the adsorbed macromolecules. Another effect appears
because the adsorbing macromolecules decrease the ambient
flow at the interface over distances significantly exceeding their
dimensions. This decreases the streaming current contribution
stemming from the interface and in consequence the absolute
value of the streaming potential.

One can observe in Figure 7 that the experimental data are
well reflected by the electrokinetic model, assuming that PLL
adsorption occurs in the side-on (flat) orientation (solid line in
Figure 7). In contrast, the theoretical results were calculated
assuming an unoriented adsorption of PLL molecules (dashed
line in Figure 7) significantly overestimates the experimental
data.

The plateau values of the electrokinetic potential allow us to
calculate the maximum coverage of PLL on the silica substrate
using the formula®

1 G- ép/ V2
O=—Fh—F——
-GN 27)
where (; is the electrokinetic potential of the uncovered silica
surface; Z:P is the electrokinetic potential of PLL molecules in
the bulk; and C is the dimensionless constant numerically
calculated for various shapes of molecules.>®
The values of ® calculated from eq 27 and I calculated from
eq 14 are compared in Table 5 with the soft-RSA theoretical

Table 5. Maximum Coverages Obtained from the Streaming
Potential Measurements and from the Soft-RSA Modeling

streaming potential soft-RSA
I [M] 0 [1] I' [mg m™ ] I [mgm™]
1073 0.16 + 0.02 0.21 + 0.02 0.15-0.17
1072 0.22 + 0.0S 0.36 + 0.08 0.27-0.30
0.15 0.29 + 0.03 0.57 + 0.06 0.50—0.54

data. One can observe that the agreement is quite satisfactory,
especially for ionic strength of 0.15 M, which confirms the
utility of the streaming potential method for determining the
orientation of adsorbed macroion molecules and their
coverage.

5. CONCLUSIONS

The kinetics of PLL adsorption on silica for various ionic
strengths was determined in situ under controlled flow
conditions using the optical reflectometry and the streaming
potential methods. Precise measurements of the initial
adsorption rates enabled us to determine the mass transfer
rate constants, which were adequately interpreted in terms of
the convective diffusion theory. Moreover, the dependence of

https://dx.doi.org/10.1021/acs.jpcc.9b 10870
J. Phys. Chem. C 2020, 124, 4571—4581


https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10870?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10870?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10870?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10870?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b10870?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

the adsorption rate on the radial coordinate in the impinging-
jet cell was considered in an exact way.

The kinetic runs also confirmed an irreversible adsorption
mechanism of PLL on silica. These experimental results were
quantitatively interpreted in terms of the theoretical data
derived from the random sequential adsorption modeling
based on the coarse-grained Monte Carlo approach. A
significant improvement of our approach in comparison with
previous literature reports®>***>** is that the physicochemical
parameters characterizing the PLL molecule, especially their
shape and dimensions, were considered. Also, the electrostatic
interactions among adsorbing and adsorbed molecules were
considered, which enabled us to perform an ab initio type
modeling of PLL adsorption kinetics. This unique combination
of experimental measurements and theoretical modeling
furnished a new insight into the mechanism of macroion
adsorption controlled by electrostatic interactions, affecting
both the molecule conformations and the blocking effects. In
consequence, the plateau values of the PLL coverage observed
in the kinetic runs are controlled by kinetic rather than by the
thermodynamic effects. This conclusion may be important for
the interpretation of isotherms reported in macroion
adsorption studies because the increase in the maximum
coverage with the bulk concentration of a solute can be due to
the kinetic limitations rather than to the reversibility of the
adsorption.

It is also worth mentioning that the experimental results
derived from reflectometry agree with the streaming potential
results, where one can monitor in situ the zeta potential of PLL
layers and in consequence the adsorption/desorption kinetics.

Besides significance for basic science, the results obtained in
this work can be exploited for developing reliable procedures
of preparing stable PLL monolayers of well-controlled
coverage and electrokinetic properties.
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