Downloaded viaJERZY HABER INST OF CATALY SIS on December 11, 2023 at 14:08:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/Langmuir

Quantifying Nanoparticle Layer Topography: Theoretical Modeling
and Atomic Force Microscopy Investigations

Zbigniew Adamczyk,* Marta Sadowska,* and Malgorzata Nattich-Rak

Cite This: Langmuir 2023, 39, 15067—-15077

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: A comprehensive method consisting of theoretical modeling and
experimental atomic force microscopy (AFM) measurements was developed for the
quantitative analysis of nanoparticle layer topography. Analytical results were derived for
particles of various shapes such as cylinders (rods), disks, ellipsoids, hemispheres (caps),
etc. It was shown that for all particles, their root-mean-square (rms) parameter exhibited
a maximum at the coverage about 0.5, whereas the skewness was a monotonically
decreasing function of the coverage. This enabled a facile determination of the particle
coverage in the layer, even if the shape and size were not known. The validity of the
analytical results was confirmed by computer modeling and experimental data acquired by
AFM measurements for polymer nanoparticle deposition on mica and silica. The
topographical analysis developed in this work can be exploited for a quantitative !
characterization of self-assembled layers of nano- and bioparticles, e.g., carbon nanotubes,
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silica and noble metal particles, DNA fragments, proteins, vesicles, viruses, and bacteria at
solid surfaces. The acquired results also enabled a proper calibration, in particular the determination of the measurement precision,

of various electron and scanning probe microscopies, such as AFM.

B INTRODUCTION

Particle deposition at solid surfaces leading to the formation of
self-assembled layers is imlportant for many practical processes
such as water filtration,”” flotation,>” coating formation,’
paper making,® microelectronics, and colloid lithography.”~"°
Silver particle layers find applications in chemical analysis,"' ~"*
catalysis,"*™'® ‘and cosmetic pharmaceutical and textile
industries.'”'® Similarly, gold nanoparticle assemblies are
applied for the preparation of electrochemical,'”™** plas-
~*° and piezoelectric sensors”’ for catalytic purpo-
ses and in advanced physical processes.’”’

Analogously, a controlled deposition of bioparticles, such as
protein molecules, viruses, bacteria, and cells, is necessary for
their efficient separation by chromatography and filtration, for
biosensing and immunological assays, etc. Determining the
attachment of viruses to abiotic substrates (e.g, metals) is
essential for devising strategies for their efficient deactivation
and removal.

One should consider that the shape of noble metal
particles,”* carbon nanotubes, ™’ silica particles,”*™*' and
synthetic polymer microparticles””™** is often anisotropic,
resembling prolate spheroids or cylinders (rods). The
anisotropic molecule shape is common among biocolloids
such as DNA fragments,“_47 proteins,%’49 viruses,””>' and
bacteria,*>** for example the E. coli strain.

Because of its significance, particle and bioparticle
deposition has been extensively studied using a variety of
techniques, such as reflectometry and ellipsometry,”*** optical
waveguide lightmode spectroscopy (OWLS),**™>* surface
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plasmon resonance (SPR),”” quartz crystal microbalance
(QCM),*™%* and electrokinetic methods such as the stream-
ing potential.® However, these are mostly indirect techniques
requiring proper calibration in order to yield the absolute data.
The calibration can be effectively carried out using optical
microscopy for the microparticle size range
electron microscopy (SEM) in the case of nanoparticles.
Using the particle layer images derived from these techniques,
their coverage can be determined by a direct counting
procedure. However, this can become rather inaccurate in
the case of SEM, where the sputtering of a subsidiary
conductive layer is typically applied, which can modify the
particle size and shape, eliminating the possibility of a proper
topographical analysis. In this respect, the most versatile is
atomic force microscopy (AFM)***"~% comprising its high-
speed version,’*~"* particularly suited for bioparticles, which
directly furnishes the three-dimensional information about the
particle layer topography. Such an analysis, comprising the
calculation of the rms factor characterizing the magnitude of
the surface roughness, was carried out for gold®” and polymer
nanoparticle’® layers on silica. However, it should be
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considered that the AFM method itself has some limitations,
mainly stemming from the finite size of the tip leading to the
convolution effects’”* and from the discretization of the
scanning area.”” Although the significance of these effects
can be decreased by selecting high-quality tips and properly
adjusting the scan area to the particle size, the lack of reference
theoretical data prohibits a quantitative estimation of the
precision of the AFM measurements. Few exemptions
represent the work of Batys and Weronski,”® who numerically
calculated the average height and the rms of spherical particle
multilayers on a solid substrate. In ref 73, the rms factor of the
spheroidal particle layers was analytically calculated as a
function of the coverage.

Given the deficit of topographical data, the main goal of this
work was to develop a comprehensive description of the
particle layer topography comprising such parameters as the
average height, the rms, the skewness characterizing the
roughness asymmetry, and the kurtosis. Analytical results are
derived for particles of various shapes such as cylinders (rods),
disks, parallelepipeds, ellipsoids, spheroids, spheres, caps of
various shapes, etc. These results, valid for the entire range of
particle coverage, are compared with computer modeling
performed according to the Monte Carlo random sequential
adsorption (RSA) approach. The role of the discretization
pertinent to the AFM measurements is quantitatively
evaluated. The applicability of the theoretical approach for
the interpretation of the experimental data derived from AFM
measurements for polymer particle layers on mica and silica is
confirmed.

It is argued that our results can directly be used for a
topographical characteristization of the surface assemblies of
carbon nanotubes, silica and polymer particles, macroion
microstructures, DNA chains, proteins, viruses, and bacteria.
One can also expect that the results can serve for the
prediction of the rms and other topographical parameters of
protein and nanoparticle layers (coronas) on curved interfaces,
widely studied in the literature but inadequately interpreted
because of the lack of appropriate experimental techniques.

Additionally, the acquired results enable proper calibration,
in particular the determination of the measurement precision,
of various electron and scanning probe microscopies, such as
AFM.

B THEORETICAL SECTION

Quantifying the Topography of Particle-Covered
Surfaces. The central moments of a rough surface y, are
given by the general formula

1 _
_ _ 7.
h= [ [h(xr,) — h]%-dr, W
where q = 2,3,4-+, S is the projection area of the surface, h(r,)
is the local height of the surface profile measured relatively to a
reference planar surface located at hy, r; is the surface position

vector, and # is the average height of the surface calculated as

_ 1
h= f [h(r) — hol-dr, = hy — hy o
where h) = %/sh(rs)-drs

It should be noted that the average height is not unique by
definition because it depends on the position of the reference
plane. In contrast, the central moments are uniquely defined

because p,(h — hy) = pi,(h), therefore they are independent of
the location of the reference plane.

The second, third, and fourth moments can be transformed
to the useful forms

1 —
o=+ [ ThGe) = R = by — B2
uy = é [ ) = FF-de, = by = 3hohy + 207

n= 5 The) = R, = by — 4y + 6hh = 3]
()

where the surface integrals h,—h,, are given by

1
b= f H(x)-dr, w

where g = 2,3,4.

Consequently, the basic topographical parameters such as
the root-mean-square (rms), the skewness (sk), and the
kurtosis (ku) of a rough surface can be calculated as follows

rms’ = My, =hy — hl
sk = p,/rms® = (hy — 3hyhy + 2h7)/(hy — W)

ku = p,/rms* = (h, — 4hshy + 6hyh — 3h1)/(hy — h{)
(5)

If the roughness stems from the presence of surface features
(particles) attached to a planar surface located at h = 0, one
can explicitly express these topographical parameters in the
useful analytical form discussed below.

Modeling of Particle Layer Formation. Computer
experiments aimed at the determination of the above-defined
topographical parameters were carried out according to the
algorithm comprising the following steps:

(i) creation of the particle layer of a desired coverage
applying a Monte-Carlo type, coarse grained approach,

(ii) quantitative characteristics of the layer in terms of the
radial distribution function,

(ili) superimposition of a rectangular net over the particle
layer characterized by the mesh size within the range
pertinent to the AFM scans, and

(iv) calculation of the topographical parameters for the
discrete set of points resulting from the mesh point
distribution.

For the creation of the particle layer, the extended random
sequential adsorption modeling (referred to as soft-RSA) was
applied considering the electrostatic interactions of the
incoming particle with all previously attached particles to the
surface. The calculation algorithm was based on the following
rules:”’ ™' a virtual molecule of a fixed size was generated,
whose position within the adsorption domain was selected at
random; if the particle fulfilled the defined adsorption criteria,
it was treated as firmly attached to the surface, and thus its
position was unchanged during the entire process; if the
adsorption criteria were not fulfilled, a new adsorption attempt
was made, uncorrelated with the previous ones. Two necessary
deposition criteria were adopted: (i) no overlapping of the
virtual particle with others attached to the surface and (ii) the
availability of an uncovered surface area on the substrate
surface large enough to accommodate the virtual particle.

https://doi.org/10.1021/acs.langmuir.3c02024
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Because of the simplicity of governing rules, this RSA
algorithm enabled the generation of large populations of
deposited particles. This enabled us to attain the precise
theoretical calculations of the topographical parameter better
than 0.1%.

The interaction energy of the virtual particle ¢, was
calculated by summing up the pair potentials within the
interaction zone expressed using the linear superposition

approach.”’

B EXPERIMENTAL SECTION

Materials and Methods. All chemical reagents comprising
sodium chloride, sodium hydroxide, and hydrochloric acid were
commercial products of Sigma-Aldrich and were used without
additional purification. Ultrapure water was obtained using the
Milli-Q Elix & Simplicity 185 purification system from Millipore.

The stock suspensions of positively charged amidine and negatively
charged sulfate polystyrene microparticles (latexes) were supplied by
Invitrogen. These suspensions of a concentration determined by
densitometry and the dry mass method were diluted to the desired
concentration, typically 10—500 mg L7, before each adsorption
kinetic measurement. The ionic strength of the suspensions was
adjusted by the addition of a NaCl solution, and the pH was regulated
by the addition of hydrochloric acid solutions.

As a model substrate for performing the adsorption studies,
muscovite mica and silica sensors were used. The mica sheets were
freshly cleaved and used without further pretreatment in each set of
experiments. Quartz/silicon dioxide (SiO,) sensors used in the
experiments were supplied by Q-Sense, Gothenburg, Sweden. Before
every measurement, the sensors were cleaned in a mixture of 96%
sulfuric acid (H,SO,), hydrogen peroxide (30%), and ultrapure water
in a volume ratio of 1:1:1 for 3 min. Afterward, the sensors were
rinsed with deionized water at 80 °C for 30 min and dried out in a
stream of nitrogen gas. The roughness of the sensors was examined by
the semicontact mode of an atomic force microscopy (AFM) imaging
carried out under ambient conditions.

The diffusion coefficient of particles was determined by dynamic
light scattering (DLS) using the Zetasizer Nano ZS instrument from
Malvern. The hydrodynamic diameter was calculated by using the
Stokes—Einstein relationship. The particle size distribution was
independently determined by laser diffractometry using the LS 13
320 Beckman Coulter device, which furnishes precise size
distribution.

The electrophoretic mobility of particles was measured using the
laser Doppler velocimetry (LDV) technique with the same apparatus.
The zeta potential was calculated using the Ohshima equation,
considering the ion polarization effect.*

The rms and other topographical parameters of the particle layers
were determined by the ex situ AFM method. Accordingly, the
adsorption kinetic runs were stopped after discrete time intervals and
the mica sheets were removed from the suspension and imaged under
ambient conditions using the NT-MDT Solver BIO device with the
SMENA SFCOSOL scanning head. The number of particles per unit
area (typically one square micrometer), denoted hereafter by N, was
determined by a direct counting of over a few equal-sized areas
randomly chosen over the sensor with the total number of particles of
about 2,000. The rms, skewness, and kurtosis of the layers were
calculated using Gwyddion software.

The zeta potential of mica was determined via streaming potential
measurements performed according to the procedure described in ref
83 applying the Smoluchowski formula, where the correction for the
surface conductivity was considered.

All experiments were performed at a temperature of 298 K.

B RESULTS AND DISCUSSION

Calculations of the Topographical Parameters. If the
roughness originates from the assembly of N, surface features
(particles) of equal size and the same shape, the average height

and the remaining topographical parameters can be calculated
from eq 5, evaluating the surface integrals defined by eq 4. As a
result, one obtains the following expressions (Supporting
Information):

h= hy,©
rms® = Hy = hy,© — h12p®2

sk = p,/rms’ = (hy, — 3hy,h,,© + 2h;,0°%)
/103(hy, — hi,©)**]

ku = /¢4/rms4 = (h4p — 4hy h, O 4 6hy hl O — 3hf;®3)

3p"*lp 2p" 1p
/10(hy, — b ©)*]
(6)
where
1
h,=— [ hi(x)-dr,
¥ %4 (7)

q=1234S,is the characteristic cross-sectional area of the
particle, and

© =NS,/$ (8)

is the absolute particle coverage.

It is worth mentioning that eq 6 is valid for arbitrary
coverage and distribution of particles within the assembled
layer. It is also applicable for any particle shape where the
double integrals can be evaluated either analytically or by
numerical methods. A simple analytical expression can be
obtained for the category of particles characterized by the
cross-sectional area independent of the coordinate perpendic-
ular to the planar surface and the side walls perpendicular to
the surface such as cylinders of arbitrary, e.g., of elliptic, cross-
sectional area, disks, parallelepipeds (cubes), etc. For these
particles, the double integrals defined by eq 7 can be
immediately evaluated because h(r,) is independent of the
position vector. In consequence, the and hy, to h,, coefficients
become

by = d; (©)
where d,, is the characteristic particle dimension perpendicular
to the surface (see Table 1).

In this case, according to eq 6, the average height, the root-
mean-square (rms), the skewness (sk), and the kurtosis (ku) of
the particle layer are given by

h=do

rms® = d;0(1 — ©)

sk = (1 — 30 + 20%)/[0"*(1 — ©)*?]

ku= (1 - 40 + 60 — 30°)/[0(1 — ©)*] (10)

The h,, to hy, coefficients were also calculated for the
particles in the form of elliptic caps, hemisphero-cylinders, and
cylinders aligned parallel to the interface, evaluating the
corresponding double integrals in the Cartesian coordinate
system (Supporting Information). For the sake of convenience,
these coefficients were normalized as follows

hy = hy,/d; (11)

https://doi.org/10.1021/acs.langmuir.3c02024
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Table 1. The Normalized Coefficients Characterizing the Topography of Surfaces Covered by Particles of Various Shape

Analytically Derived from S7 (Supporting Information)®

Parameter | 7, I hs — "MSmac | O
mo|omo| o 1] [1] [1]
Particle
N
J:dp 1/2 1/2
1 1 1 1 o(1-0)
cylinder, disk,
cube
’ P 2 3z 8 32 4 16
— - — — “ol1-" 0 — —
£ 4 3 16 15 3 30 3z 3z
semi-cylindrical
cap
2 1 2 1 8 3 9
= — - = —0l1--6 = —
o 3 2 5 3 2 9 8 16
elliptic cap
O 5 17 49 43 17 50 17 51
e - — — —0l1-—0 — —
- 6 24 80 80 24 51 40 100
hemi-sphero-
cylinder*
2
LI BRI I Ll NI 10 SrH0
8§ 2| 8 12 128 8| 64 240 E+§ 'W 6r+24 3(;[/2+2)
cylinder side-on

“Footnotes, definitions: h, = hy,/dy; ", = th/d;; hy = h3p/d;; h, =

hyy,/ d: ; fms = rms/d,; d, - particle dimension perpendicular to the

interface, ® = N,S,/S - absolute particle coverage, N, - number of particles in the layer, S, - particle cross-sectional area (at the interface);

IS 0 = % % (maximum 7775 of the particle layer); ©, = h,/ 2;12 (coverage of the 7ms maximum). *The case of the elliptic hemisphero-cylinder
1

topographically corresponds to the ellipsoidal particles, comprising spheroids and spheres.

Using these coeflicients, the topographical parameters can
be expressed as follows

F = hd®
rms’ = d;(E@ D)
sk = (hy — 3,10 + 21,0%)/[0"2(h, — h'©)*/*]
ku = (h, — 4,0 + 6h,h, ©F — 31, ©°)
/10(F, ~ 7'0)’]
(12)
The h,—h, coefficients calculated for various particle shapes
(Supporting Information) are collected in Table 1, where the
maximum values of the normalized rms/ dp are also given as
well as the coverage where the maximum occurs.
Analyzing these results, one can note that the normalized
topographical coefficients h; to h, for all particle shapes are

markedly lower than those for cylindrical particles, where they
all attained the maximum value of unity. Thus, for elliptic caps

and hemisphero-cylinders (spheres), one has h; = 2/3 and 5/6,
respectively, whereas h, = 1/2 and 17/24, respectively. In
consequence, the maximum normalized 77s,,, values are equal
to 1/2, 3/8, and 17/40 for cylinders, caps, and spheres,

respectively.
It should be mentioned that for all feature shapes, the

average layer height and the rms scale up linearly with the
characteristic particle dimension (perpendicular to the sur-
face), whereas the skewness and kurtosis only depend on the
coverage (see eq 12). The latter property has interesting
practical repercussions, enabling a facile determination of the
particle layer coverage exploiting the skewness acquired from

experiments.

Moreover, using eq 12, one can formulate the limiting
expressions valid low coverage range where ® << 1, which

assume the following form

https://doi.org/10.1021/acs.langmuir.3c02024
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h=dn0 (@)
rms = dpﬁzl/2®1/2 10 p
h/d, [1]
sk = (E3/E23/2)®—1/2
— =2 _1 0.8 1 2
ku = (hy/h,)© (13) 3
Thus, under this regime, the average layer height linearly
increases with the particle coverage, the rms is proportional to 06 1 4
the square root of the coverage, and the skewness is
proportional to ® "2 This indicates that the sensitivity of
the latter parameter to particle coverage is exceptionally large, 04
creating the possibility of precise measurements. '
One can also expect that the topographical parameters
collected in Table 1 can be related to the parameters used to
express the roughness of mounded surfaces, e.g., of the QCM 0.2
sensors.”* "% This comprises the correlation length denoted by
¢ and the wavelength denoted by A.*” Thus, for spherical
particle layers, these parameters can be approximated by 00
E=d, 00 0.2 04 06 08 gy 10
A=dfe,,/0)"? (14) (b)
where 0, is the maximum coverage of the particle layer equal ms /. [1]
to 0.547 for the RSA regime and 0.785 and 0.907 for the P
0.6

regular and hexagonal closely packed particle layers,
respectively.”'

From eq 14, one can also predict that ® = ©,,.(£/4)% In
consequence, the limiting expressions given by eq 13 become

h =h®,.(£/1%)

rms = b, *@Y2(£2/1)
sk = (hy/hy )@, (2/€)
ku = (h,/h,)OL(1/&)* (15)

Although the above-discussed results are strictly valid for
monodisperse particle layers, one can expect that they can also
be used for the estimation of the topological parameters of
clusters formed, for example, by the alternating deposition of
oppositely charged particles.”® However, implementation of
our formulae would require to know not only the coverage but
also the structure of the formed clusters, or at least their shape
and the maximum height.

Dependencies of the topographical parameters on the
particle coverage calculated from eq 12 are graphically shown
in Figures 1 and 2. It is worth mentioning that the relationships
shown in these figures are independent of the structure of the
particle layer.

In Figure la, the normalized particle layer height is plotted
vs the coverage for cylinders of an arbitrary cross-sectional area
under different orientations, for parallelepipeds, for elliptic
hemisphero-cylinders, and for ellipsoidal caps. Interestingly,
the two latter cases also comprise the spherical and
hemispherical particles, respectively. It should be mentioned
that in the case of particle layers, the calculation of the average
height is unique because the reference height corresponds to
the location of the planar surface, assumed to be at z = 0. As
can be seen in Figure la in all cases, the normalized height
linearly increases with the coverage and the maximum slope of

0.4

0.2

0.0 T T T T
0.0 0.2 04 0.6 0.8

@[1]1.0

Figure 1. (a) Dependence of the normalized layer height on the
coverage O calculated from eq 12. (b) Dependence of the normalized
layer rms/d, on the coverage @ calculated from eq 12. (1) Cylinders,
end-on, disks, parallelepipeds, cubes. (2) Cylinders, side-on. (3)
Elliptic sphero-cylinders (spheres), ellipsoids, spheroids. (4) Ellipsoi-
dal caps, hemispherical caps.

unity is attained for cylinders, whereas it is equal to 5/6 for
spheres and 2/3 for hemispherical caps, respectively.

In Figure 1b, the dependence of the normalized rms/d, on
the coverage for various particle shapes is shown. As can be
seen, in contrast to the average layer height, all of these
dependencies are nonmonotonic and are characterized by a
maximum occurring at the coverage about 0.5. Interestingly,
for the cylinders (parallelepipeds), the dependence of the rms
on the coverage is described by a hemicircle with its origin at
® = 0.5 and the radius of 0.5. Slightly more asymmetric
dependencies are also obtained for other particle shapes
showing that a given rms value can be obtained for two
different coverages of the particle layer; hence, the rms vs ©
relationships are not unique.

https://doi.org/10.1021/acs.langmuir.3c02024
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Figure 2. (a) Dependence of the particle layer skewness on the
coverage © calculated from eq 12. (b) Dependence of the particle
layer kurtosis on the coverage © calculated from eq 12. (1) Ellipsoidal
caps, semispherical caps. (2) Elliptic sphero-cylinders, ellipsoids,
spheroids, spheres. (3) Cylinders, side-on. (4) Cylinders, end-on,
disks, parallelepipeds, cubes, etc.

It is also worth mentioning that the normalized rms/d,
abruptly increases for low particle coverage but never exceeds
the value of 0.5. This is described in the case of spheroids and
spheres by the explicit expression””

rms/d, = 0.8416[©(1 — 0.9800)]"/> (16)

One can calculate from eq 16, which shows that for ® = 0.1,
the rms/ dp = 0.253, which is almost two times smaller than the
maximum value 0.425 occurring at ® = 0.51. Analogously, at
the maximum coverage equal to 0.547 pertinent to the RSA
regime, the rms/d, = 0.424. For the regular and hexagonal
layers of spheres, where ®,,, = 0.785 and 0.907, respectively,
the rms/ dp decreases to 0.358 and 0.267, respectively.

In Figure 2ab, the dependencies of the layer skewness
(characterizing the height distribution asymmetry) and the
kurtosis (characterizing the curvature of these distributions
around the maximum) are shown. It can be seen that the
skewness for all particle shapes remains a monotonic function
of the coverage, whereas the kurtosis, analogously as the layer
rms, is a nonmonotonic function exhibiting a minimum at ©

ca. 0.5—0.6. It is also interesting to observe that the differences
in the skewness among various particle shapes are practically
negligible for coverages below 0.5. Therefore, this property of
the skewness parameter can be used for a facile determination
of the particle coverage even if their shape and size are not
known. In order to confirm this point more explicitly, the
expression for the skewness given by eq 12 was numerically
inverted with the normalized topographical coefficients &, to h,
equal to 5/6, 17/24, 49/80, and 43/80, respectively, that
correspond to the case of spheroidal and spherical particles. In
this way, the dependence of the layer coverage on the skewness
was obtained, which is plotted in Figure 3 as a solid line.

As can be seen, the coverage monotonically decreases with
the layer skewness, and this relationship was adequately
interpolated by the fitting function

© = 0.53exp(—0.60sk) (17)

shown as the dashed line in Figure 5. Thus, for sk = 0, the
predicted layer coverage equals to 0.53 that represents the
largest one occurring in the exgerimental measurements of
nanoparticle deposition kinetics.”” Therefore, eq 17 can be
used for the real-time measurements of particle or protein
adsorption kinetics applying, for example, the high-speed AFM
imaging technique if an appropriate software yielding the layer
skewness for discrete time intervals was available.

Modeling Results — Comparison with Experiments.
The applicability of the above theoretical results was
determined by performing computer modeling, where the
extended random sequential adsorption approach (referred to
as soft-RSA) was applied for the creation of particle layers
(Supporting Information). The number of particles in the layer
generated in a single modeling run was typically equal to
2 X 10° Then, a rectangular net with a regulated distance
between mesh points d,;, was superimposed and the
topographical parameters for the particle layers were calculated
as

1 N,
F———E h,—h
lel(z 0)

i

1 N;
sk = h.—h)®
o LD
1 X
ku = ho—h)*
rms4Nii:ZI(l ) (18)

where N; is the number of mesh points (pixels) corresponding
to the net size.

A sufficiently large number of independent runs were
performed in order to attain a precision of these calculations of
0.001.

Calculations were carried out for a discrete set of particle
coverages varying from 0.025 to 0.547, pertinent to the RSA
jamming limit for spherical particles.”" The topographical
parameters were additionally calculated for the regular particle
monolayer characterized by a maximum coverage of 0.785 and
the densely packed hexagonal monolayer characterized by a
coverage of 0.907. The modeling was performed for the various
pixel to particle size ratio dpix/dp equal to 0.1, 0.2, 0.5, and 1.
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Figure 3. Dependence of the coverage of spherical particles ® calculated by the inversion of eq 12 on the layer skewness. The dashed line shows

the results calculated using the fitting function: 0.53 exp(—0.60sk).

In Figure 4a, the dependence of the normalized rms/d,
derived from the modeling on the spherical particle layer
coverage is presented for the pixel to particle size ratio equal to
unity and 0.2. In the latter case, the numerical results coincided
with the analytical ones calculated from eq 16. Also for d,;,/d,
= 0.5, the numerical results agree with the analytical data (to
within 1% precision) and were not shown. Noticeable
differences between the numerical and analytical results only
appeared for d;,/d, = 1. In this case, the normalized rms/d,
was larger for the entire coverage range (see the upper line in
Figure 5a). Thus, the maximum value of rms/d, was equal to
0.455 compared to the analytical value of 0.425, which
amounts to a 7% difference.

The results pertinent to the particle layer skewness are
presented in Figure 4b. It can be seen that the numerical and
analytical results agree with each other both for d,/d, = 0.2
and 1, with the relative deviation not exceeding 1% for the
coverage below 0.8.

These results have practical significance, indicating that the
error stemming from the discretization of the particle layer in
AFM measurements can be minimized if the pixel to particle
size ratio d,,/d, is kept below 0.5.

The theoretical data shown in Figures 5a,5b were compared
with the experimental measurements performed for positively
charged amidine particles (zeta potential at pH 5.6 and 0.01 M
NaCl equal to 60—70 mV) of the DLS size equal to 100 = S
and 120 + S nm, which were deposited under diffusion on bare
mica. Measurements were also performed for amidine particles
of the sizes 70 = 5 nm, 140 + §, and 350 + 20 nm and
albumin-covered polystyrene particles of the size 120 + §
nm,”’ which were deposited under flow on the silica sensor in
the QCM cell. The particles were imaged by AFM under
ambient air conditions with the typical scan size of 5 X 5 or
2 X 2 pm for the smaller particles. The A100 particle layers
deposited on mica under diffusion-controlled conditions (pH
5.6 and 10 mM NaCl concentration) are shown in Figure S.
For these scan areas and particle sizes, the pixel to particle size
ratio d,;,/d, was about 0.2. Considering the above theoretical
results, such a small d;,/d, ratio ensures an adequate precision

P
of the measurements. Additionally, to decrease the error

stemming from the thermal drift, the particle coverage was
calculated using the DLS sizes, considering the average number
of particles per scan area. The topographical parameters were
calculated from AFM scans using eq 18.

These experimental data obtained for various particle sizes
are compared with the computer modeling data, as shown in
Figures 4a4b. As can be seen in the former figure, the
experimental values of the normalized rms agree with the
theoretical predictions for the broad range of the coverage
attaining the RSA limit of 0.547. However, it should be
mentioned that the relative precision of these measurements
was about +5%, mainly due to the error in the particle size
determination. Additionally, as shown in the Supporting
Information, for the layer coverage above 0.3, a systematic
error may appear due to the AFM tip convolution effects.
However, as shown in ref 75 for the particle to tip size ratio of
S (corresponding to our experimental conditions), the relative
rms decreased by 2—5% for two different types of rough
surfaces.

In Figure 4a, the particle layer skewness derived from the
AFM measurements is compared with the theoretical
predictions. As can be seen, the experimental data well reflect
the general trend, confirming a monotonic decrease of the
skewness with the particle coverage. However, the exper-
imental determination of the skewness is charged with a more
significant error compared to the rms because the third-order
moment is involved in its calculation (see eq 18). Therefore, a
more precise estimation of the validity of the theoretical model
can be achieved for AFM tips with a small radius of curvature
and cone angle.

B CONCLUSIONS

A theoretical approach was formulated, enabling quantitative
characteristics of particle layer topography. Analytical results
were derived introducing the absolute coverage for particles of
various shapes such as cylinders (rods), disks, ellipsoids,
spheroids, spheres, hemispheres, etc.

It was shown that the rms, which was proportional to the
dimension perpendicular to the surface, exhibited a maximum
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Figure 4. (a) Dependence of the normalized rms on the spherical
particle layer coverage ©. (b) Dependence of the skewness sk on the
spherical particle layer coverage ©. Unfilled squares denote the results
derived from MC-RSA computer experiments for the pixel to particle
size ratio equal to unity. Full circles denote the computer experiments
for the pixel to particle size ratio 0.5 and 0.2. Full triangles denote the
experimental AFM data derived for polymer particles on mica.
Inverted triangles denote the experimental data for polymer particles
on the silica sensor. The dashed/dotted line shows the interpolation
of the theoretical data for the pixel to particle size ratio equal to unity,
and the solid line shows the analytical results derived from eq 16.

for all particle shapes at a coverage of about 0.5. In
consequence, this parameter alone was not sufficient to
unequivocally characterize particle layer topography. In

contrast, the layer skewness was a monotonic function of the
coverage, remaining independent of the particle size. It was
also predicted that the differences in the skewness among
various particles were practically negligible for the coverage
below 0.5. Because of this property, the skewness can be used
for a facile determination of the particle coverage, even if their
shape and size are not known.

The applicability of the analytical results was confirmed by
computer modeling performed according to the Monte Carlo
random sequential adsorption (RSA) approach. The role of the
discretization pertinent to the atomic force microscopy (AFM)
measurements was evaluated. It was shown that for the pixel to
particle size ratio d,;,/d, of 0.5, the results derived from the
modeling agreed within 1% with the analytical predictions,
whereas for d,;,/d, = 0.2, the difference decreased to 0.1%.
These calculations have practical significance indicating that
the systematic error stemming from the discretization of the
particle layer in AFM measurements can be minimized if
dyi/d,, < 0.5.

Comparison with the experimental data acquired for
polymer nanoparticle layers on mica and silica (QCM sensors)
confirmed the trends predicted for the rms and the skewness,
which exhibited a monotonic decrease with the coverage.

Therefore, results acquired in this work can be used for a
topographical characteristization of the surface assemblies of
carbon nanotubes, silica particles, vesicles, macroions, DNA
chains, proteins, viruses, and bacteria. One can also expect that
the results can serve as reference data for the interpretation of
the rms and other topographical parameters of protein and
nanoparticle layers on curved interfaces, which are difficult to
experimentally acquire.
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