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ABSTRACT: Layer-by-layer coating of nanoparticles with a surface topography

layer number in the single-digit range has gained increasing
attention in the field of nanomedicinal research. However, the
impact of using various polyelectrolytes on oligolayer
formation and, more importantly, their influence on the
interaction with the biological system has not often been
considered in the past. Hence, we investigated the
polyelectrolyte deposition profiles and resulting surface
topographies of up to three polyelectrolyte layers on a flat
gold sensor surface using three different polycations, namely,
poly(ethylene imine) (PEI), poly(allylamine hydrochloride)
(PAH), and poly(diallylammonium chloride) (PD), each in
combination with poly(styrenesulfonate) (PSS). Surface

cell association

protein adsorption

plasmon resonance spectroscopy and atomic force microscopy revealed that the PEI/PSS pair in particular showed a so-
called overshoot phenomenon, which is associated with partial polyelectrolyte desorption from the surface. This is also reflected
by a significant increase in the surface roughness. Then, after having transferred the oligolayer assembly onto nanoparticles of
~32 nm, we realized that quite similar surface topographies must have emerged on a curved gold surface. A major finding was
that the extent of surface roughness contributes significantly to the fashion by which the oligolayer-coated nanoparticles interact
with serum proteins and associate with cells. For example, for the PEI/PSS system, both the surface roughness and protein
adsorption increased by a factor of ~12 from the second to third coating layer and, at the same time, the cell association
massively decreased to only one-third. Our study shows that surface roughness, along with other particle properties such as size,
shape, zeta potential, and hydrophobicity, is another decisive factor for nanoparticles in a biological context, which has indeed
been discussed previously but has not to date been investigated for oligolayers.
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Bl INTRODUCTION

Layer-by-layer (LbL) assembly is a powerful tool for the
functional modification of surfaces and has gained significant
interest for various biomedical applications.' > It is based on
the alternating deposition of oppositely charged polyelectro-
Iytes or other multivalent species on solid surfaces. Initially, the
LbL technique focused solely on the formation of films on
macroscopic flat surfaces and involved an extensive series of
deposition cycles leadin§ to polyelectrolyte multilayers with up
to 30 bilayers or more.”” Because polyelectrolyte deposition on
flat surfaces is highly efficient and rapid, the formation of very
complex and rather thick multilayers with completely new
structural and dynamic features was easily accomplished.™”

In contrast, on curved surfaces in the sub-100 nm range, the
generation of multilayer films was recognized as a tremendous
challenge due to several time-consuming washing steps and the
probability of producing particle aggregates.>” Therefore, it is
not surprising that reducing the layer number to the lower
single-digit range became a priority as soon as LbL-coated
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nanoparticles were identified as a favorable tool for the delivery
of macromolecular drugs, such as nucleic acids.* "% As an
example, we were the first to report a delivery system for
nucleic acids with only two or three polyelectrolyte layers
assembled on gold nanoparticles.g’13 Similarly, Tan et al
developed hydroxyapatite nanoparticles coated with poly(L-
arginine), dextran, and small interfering RNA.'? In addition to
facilitating particle up-scaling, which would be a requirement
for possible clinical applications,'* this limitation to size of
fabricated oligolayers is important for another reason:
endocytosis by living cells requires a narrow particle size
window with an optimum size of less than ~80 nm.'>'
Because each bilayer adds a substantial size increment to the
hydrodynamic diameter of the nanoparticles, especially if a
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nucleic acid with a large persistence length is applied,® a coating
process with as few layers as possible is envisioned.

Despite the growing number of publications in the field of
oligolayer-coated nanoparticles for drug delivery, the influence
of different polyelectrolytes on the formation of the oligolayers
and, more importantly, their impact on interactions with
biological systems has not to date been evaluated in a
comparative study. Therefore, we investigated the oligolayer
deposition profiles of three different polycation-coating series in
detail. For this purpose, we compared the oligolayer formation
on a flat surface because it is more accessible to generally
applied LbL characterization methods, such as surface plasmon
resonance (SPR) spectroscopy and atomic force microscopy
(AFM). Then, we transferred the oligolayer assembly on
nanoparticles of ~32 nm. Here, we focused on the resulting
surface topography with respect to protein adsorption and cell
association. Surface roughness is a decisive factor for nano-
particles in a biological context that to date has indeed been
discussed'®"” but not investigated for oligolayers in detail.
Obtaining more detailed insight on the formation and
interaction of such oligolayers with biological systems will
help to evaluate the potential of future LbL-based therapeutic
nanomedicinal delivery applications.

B EXPERIMENTAL SECTION

Materials. If not otherwise stated, all chemicals were purchased
from Sigma-Aldrich Chemical Co. (Taufkirchen, Germany). The
polyelectrolytes had the following molecular weights: poly(allylamine
hydrochloride), 17000 g/mol; branched poly(ethylenimine), 25000 g/
mol; poly(diallyldimethylammonium chloride), <100000 g/mol;
poly(styrenesulfonate sodium salt), 15000 g/mol (Polymer Standard
Service, Mainz, Germany). Ultrapure water was obtained using a Milli-
Q-System (Merck Chemicals, Schwalbach, Germany).

Surface Plasmon Resonance (SPR) Spectroscopy. High
refractive index glass slides covered with a 5 nm chromium bottom
and a 45 nm thick top gold layer were used as substrates for surface
plasmon excitation. Sensor slides were rinsed with 70% ethanol, air-
dried, and plasma treated for 2 min inside an Ar plasma generator
(Harrick Plasma, NY; USA). The cleaned and activated sensor slides
were then immersed in 1 mg/mL 11-mercatoundecanoic acid (MUA)
for 3 days and then dried in a nitrogen stream. The SPR measurements
were performed with a Biosuplar 400T SPR system (MiviTec GmbH,
Sinzing, Germany) at 37 °C. To this end, the SPR substrates were
mounted to the prism coupler of the system using immersion oil (n =
1.61; Cargille Laboratories, Cedar Grove, NJ, USA). A homemade flow
cell consisting of a 1 mm PDMS spacer and an appropriate flow cell
cover with inset in- and outlets coupled to a syringe pump (TSE
Systems, Bad Homburg, Germany) was used. A constant flow rate of
100 pL/min was applied. The completed sensor architecture was
equilibrated with ultrapure water. After obtaining stable baseline
signals, the MUA layer on the sensor surface was activated by 0.01 M
NaOH followed by a rinsing step. Four hundred microliters of each
polyelectrolyte was successively added to the system, which was always
followed by a water rinsing step until a stable SPR signal was achieved.
Polymer concentrations were 1 mg/mL.

The SPR system was run in the angle or kinetic measurement mode.
For the angle measurement mode, a full angular scan (6 = 58—68°)
was performed after each polyelectrolyte incubation step. In the kinetic
measurement mode, changes in reflectivity (A reflectivity) were
recorded over time at a constant SPR observation angle. The
observation angle used was extracted from the first complete angle
scan curve recorded from the SPR sensor after its activation. In both
measurement modes, data was recorded using the manufacturer’s
software and exported to the software Origin6 (OriginLab, North-
ampton MA, USA) for further analysis. Data evaluation of the SPR
angle scan curves for the calculation of the layer thicknesses was
performed by a Maxwell equation mechanism using the free software

7892

tool “Winspall”. Further theoretical details and the optical parameters
used can be found in the Supporting Information.

Quartz Cantilever Atomic Force Microscopy (AFM). The AFM
experiments were performed on a home-built qPlus ambient FM-AFM
system operated by a Nanonis Control System with an OC4 phase-
locked loop (SPECS GmbH, Berlin, Germany).lg_21 Custom designed
qPlus sensors were used that were manufactured similarly to quartz
tuning forks.”>>* The sensors had a characteristic resonance frequency
of fo = 32768 Hz and a stiffness k = 1280 N/m. The qPlus Sensors
were equipped with silicon tips made by splintering bulk crystals.
Sensor parameters were f, = 29734 Hz and Q,;, = 2364 with a bulk
silicon tip. This tip is extremely thin and lasts for only a limited
number of measurements. Because every change of the tip affects the
comparability, all images were measured with the same tip instead of
measuring more than one sample per preparation condition. However,
to ensure that outliers were not measured, the layer build-up of the
AFM samples was performed in the SPR measuring cell. Hence, the
SPR graphs were an optimal quality criterion for the layer assembly.
The surface roughness was quantified by extracting the roughness
root-mean-square (Rq) with WSxM v4.0 Beta 7.0 software (Nanotec
Electronica S.L., Tres Cantos, Spain).24

Particle Synthesis, LbL Modification, and Characterization.
The particle synthesis and coating protocol has already been published
in detail”® In brief, 30 nm gold nanoparticles (AuNP) were
synthesized by citrate reduction as follows: 2 mL of 1% (w/v)
aqueous sodium citrate trihydrate (Merck KGaA, Darmstadt,
Germany) solution was added to a boiling solution of 0.1% (w/v)
gold(IIT) chloride under vigorous stirring. The conditions were kept
constant for 10 min until the red color of colloidal gold appeared. The
citrate ligands were subsequently exchanged with MUA by adjusting
the pH to 11 with 1 M NaOH and the addition of 0.1 mg/mL MUA in
ethanol. The particle suspension was stirred at ambient temperature
for 3 days to achieve a stable thiol bond to the gold surface. For the
LbL modification, particles were purified by several centrifugation
steps. The purification protocol was adjusted from Balasubramanian.>®
The suspensions were centrifuged at 6000 g for 10 min at 4 °C, and
the pellets were resuspended in water. The centrifugation speed was
reduced by 500 g with each polymer layer. The LbL coating procedure
was as follows: Purified AuNPs were added dropwise to a stirring
solution of the polyelectrolyte to give a final concentration of 1 mg/
mL of the polyelectrolyte, which was stirred for an additional 30 min.
Then, the particles were purified by centrifugation as described above
and immediately coated with the next polyelectrolyte. The nano-
particles were characterized by their hydrodynamic diameter and zeta
potentials using a Zetasizer Nano ZS (Malvern Instruments,
Herrenberg, Germany). For size measurements, 173° backward
scattering in general purpose mode was applied, and the maximum
peak of the intensity distribution is always stated. The zeta potential
measurements were processed in the monomodal mode. For light
scattering and zeta potential measurements, the pH was neutral, and
the ionic strength was comparably low because no ions were added to
the samples. Visible spectrometry (UVIKON 941, Kontron, now
Goebel Instrumentelle Analytik, Au/Hallertau, Germany) was used to
determine the surface plasmon peak of the colloidal gold to calculate
the AuNP particle concentration.””

Gel Electrophoresis. Equal amounts of purified LbL-coated gold
nanoparticles were incubated with Leibovitz Medium containing 10%
FCS at 37 °C for 1 h. The particles and unadsorbed serum proteins
were separated by centrifugation (S °C, 15000 g, 60 min). Thereafter,
the pellet was washed three times in ice-cold Millipore water (S °C,
9500 g, 30 min). The purified samples were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a
15% poly(acrylamide gel). SDS in the sample buffer removed the
protein corona from the particles.”® The electrophoresis was run at
120 V for 45 min using a Pharmacia EPS 600 gel electrophoresis
device (Bio-Rad Laboratories, Munich, Germany) and subsequently
stained with Coomassie Blue. The protein molecular weight standard
was an unstained protein marker with a molecular weight range from
144 to 116.0 kDa (#26610, Thermo Fisher Scientific, Schwerte,
Germany). The gels were imaged using a BioRad Imaging System
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(ChemiDoc XRS+, BioRad, Miinchen, Germany) and evaluated with
Lab Image Software (BioRad, Miinchen, Germany). The band
intensities were calculated using the BSA band (66.2 kDa) and the
molecular weight marker as references. Protein bands were detected by
the default band detection tool with high resolution settings.

Cell Culture and Cellular Association. HeLa cells (ATCC:
CCL-2) were cultured in 75 cm? culture flasks at 37 °C in a 5% CO,
humidified environment in Eagle’s Minimum Essential Medium with
10% serum pyruvate (110 mg/L) (EMEM+). Cellular association of
nanoparticles was measured by a photometric assay based on the
absorption of gold nanoparticles in Leibovitz medium (Invitrogen, Life
Technologies, Darmstadt, Germany, with 10% serum and without
phenol red). The method was first published by Cho et al. and
calculates the amount of cell-associated particles by the reduced
absorption of gold nanoparticles after incubation with cells®° as
follows.

In brief, the absorption (Abs) of the cell culture medium containing
AuNP before (0) and after (t) the incubation time for a cell containing
the sample and a control without cells was measured at 506 nm.
Thereafter, we calculated the loss of nanoparticles due to unspecific
adsorption (LosS.eqe) and to cell association (Loss,/cy) using eq 1.

x 100)
(1)

The difference of the two samples gave the percentage of cell-
associated particles as shown in eq 2.

Ab.
Loss% = 100 — S
Abs,

Cell Association (%) = Loss% — Loss%,

)
Using this percentage together with the added molar concentration of
gold nanoparticles (c,) and the Avogadro constant (N,), the absolute
number of associated particles (N,,.) per liter was calculated (eq 3).

©)

Subsequently, the number of associated particles in the incubation
volume was calculated. In addition, the cell number was determined by
counting in a Neubauer Chamber. Finally, the number of associated
particles in the incubation volume was divided by the number of cells,
which resulted in the number of associated particles per cell (AuNP/
cell).

In our case, an internal standard of 20 pM coated AuNP was added
to all photometric samples to increase the absorption values over the
detection limit. This internal standard was incubated with cell culture
medium containing 10% serum 1 h prior to the absorption
measurement to ensure the formation of a protein corona around
the particles and comparable absorption spectra. As a control for
unspecific adsorption of gold nanoparticles to the cell culture material,
the incubation was performed without cells and subtracted from the
cell-containing samples. For practical reasons, cell association studies
of concentrations of 2.5 pM and higher could only be performed in
duplicates. The photometric samples were analyzed using a double-
beam photometer at 506 nm (UVIKON 941).

Statistics. All experiments were performed with two to four
replicates, and the results are given with standard deviation. For SPR,
AFM, and SDS-PAGE, a representative example is shown. One-way
ANOVA followed by a Student—Newman—Keuls (SNK) test was
performed using SigmaPlot 12.0 (Systat Software Inc, San José, CA,
USA) to test statistical significance.

'w/cells control

N,

assoc

= (cy X Cell Association%) X N,

B RESULTS AND DISCUSSION

In this study, the deposition of three different polycations in
combination with poly(styrenesulfonate) (PSS) as a polyanion
on a gold surface (either flat or curved) was investigated. In the
first step, the gold surface was functionalized using 11-
mercaptoundecanoic acid (MUA) to yield a permanent
negative surface charge for further deposition of the oppositely
charged polyelectrolytes. Then, formation of the oligolayer
started with a polycation, followed by the polyanion PSS, and a
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terminal polycation layer. Poly(ethylene imine) (PEI), poly-
(allylamine hydrochloride) (PAH), and poly(diallylammonium
chloride) (PD) were chosen as polycations to give three
different final coating series. These polycations primarily differ
in their architecture, functional amino groups, pK, values, and
molecular weights (MWs) (Table 1).

Table 1. Overview of the Polyelectrolytes Used for the
Formation of Oligolayers on a Gold Surface

PEI

Tt
Co L y
Se (»‘w NH2

NH2

PAH PD

/N

PSS

Structure

architecture branched linear linear linear
amines 1°,2°,3° 1° 4°

pKa 8.5% 9.7%! 1’
MW (kDa) 25 15 <100 15

PEI is a highly charged branched polymer carrying primary,
secondary, and tertiary amines and is known to be a suitable
transfection agent for nucleic acids.'*** PAH is a linear
polyelectrolyte with only primary amino groups. In contrast,
PD consists of quaternary amines and is therefore completely
charged independent of the pH of the surrounding medium.
The polyanion PSS with a molecular weight of 15 kDa was
chosen as a surrogate for any negatively charged macro-
molecules and can easily be replaced bZ therapeutic nucleic
acids to design a drug delivery system.*'>'s

The oligolayer formation on a flat gold surface was
monitored by SPR spectroscopy. To this end, the kinetic
profiles were recorded by measuring the change in reflectivity
(A reflectivity) over time (Figure 1 A—C). In the case of the
PAH- and PD-series, each polymer deposition yielded a plateau
in the A reflectivity curves (Figure 1 B,C). Finally, after the
oligolayer was completed, a “stair-like” deposition profile was
observed. The corresponding layer thicknesses, which were
calculated by a Maxwell equation fit, increased with each
polymer layer, and the final thickness after three polymer layers
was ~4.7 nm for the PAH-series and ~3.6 nm for the PD-series
(Figure 1 EF). Altogether, these SPR profiles fit to regular
polyelectrolyte multilayer assemblies where an increase in the
thickness of each layer is characteristic.>*™>* In addition, the
calculated layer thickness of the PAH-series is in very good
agreement with the literature®*° and thus corroborates the
applicability of SPR measurements. In contrast, the PEI-series
only followed this regular deposition until the second layer.
Upon deposition of the third layer, a sharp peak appeared,
which was followed by a rapid decrease in A reflectivity (Figure
1 A). This was also reflected by the thickness, which was ~10
nm after two layers but collapsed to ~1.6 nm for the trilayered
PEI/PSS/PEI system (Figure 1 D). For data fitting to obtain
the layer thickness, it was assumed that the layers do not merge.
It should be noted that the value of the trilayered PEI/PSS/
PEl-system is consequently afflicted with some uncertainty.
Such a characteristic deposition curve, which deviates from the
stair-like shape, was already published by the group of Cohen
Stuart for a salt-dependent LbL system of poly(acrylic acid) and
poly(dimethylaminoethyl methacrylate)*" and was theoretically
investigated even earlier by the Filippova group.* In more
detail, Cohen Stuart described a stepwise process, which
involved the deposition of the polycation, followed by its
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Figure 1. Deposition profiles of the different polyelectrolyte pairs measured by SPR spectroscopy on a gold sensor surface. An arrow indicates the
addition of each polymer to the flow cell. The moderate decrease of A reflectivity after each polymer deposition is due to a water rinsing step. (A) In
the PEI-series, the first and second layer adsorbed stepwise but the third layer was not successfully adsorbed. A decrease in A reflectivity and collapse
of the oligolayer occurred. (B and C) The PAH- and PD-series showed a characteristic stair-like increase of A reflectivity as well as an increase in
layer thickness with each polymer layer. (D—F) The corresponding calculated layer thicknesses for the three coating series. Note the variable scaling

of the y-axis.

mixing with the layer beneath, then a formation of
polyelectrolyte complexes and finally a polyelectrolyte erosion
from the surface.*'

These so-called overshoots are still under scientific
discussion,*** and it has not been clarified if only a layer
collapse or if layer detachment is also involved. To the best of
our knowledge, the effect was only discussed for the
polyelectrolyte pair mentioned above. Here, we show that the
presented PEI/PSS pair might be another example of this
phenomenon, particularly because it was not possible to avoid
the decrease in A reflectivity by varying the PEI concentration
used (data not shown). The type of polyanion used seemed to
play an important role because exchanging the strong
polyelectrolyte PSS (pK, 1) with the weak polyelectrolyte
poly(acrylic acid) (PAA) (pK, 4.5)* did not result in this
overshoot phenomenon (Supporting Information, Figure S1).

We speculate that overshoot of the PEI-series would most
likely result in a very heterogeneous surface structure. To this
end, cantilever AFM'® was used to visualize the surface of the
previously coated SPR substrates and to evaluate the effect of
the irregular polyelectrolyte deposition in the PEI-series. The
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MUA functionalized gold substrate was observed as the control
(Figure 2 A). This surface showed diagonal rills and irregular
heights and consequently proved to be a valuable indicator of
successful surface coverage for subsequent polyelectrolyte
deposition. Similarly to the SPR measurements, the AFM
images revealed differences between the PEl-series and the
PAH- and PD-series, and differences in the polymer character-
istics were retrieved. The PAH- and PD-series indicated a
regular layer build-up with increasing polymer adsorption with
an increasing number of layers. Because the characteristic
diagonal rills of the gold substrate were still visible through
polymer coating of the bilayered PAH/PSS, it was concluded
that these two polymer layers were not sufficient to completely
cover the gold substrate (Figure 2 C). Moreover, at this coating
stage, the sample was sprinkled with structures that were
attributed to polymer aggregates. However, these structures
were leveled out upon the addition of the third polymer layer;
the rills were no longer visible and the PAH/PSS/PAH surface
was quite smooth (Figure 2 F). Thus, in the PAH-series, at least
three polymer layers were necessary for complete coverage of
the gold substrate. In the PD-series, the diagonal rills of the
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Figure 2. AFM images of coated gold surfaces: (A) Control gold
surface modified with MUA, (B) PEI/PSS, (C) PAH/PSS, (D) PD/
PSS, (E) PEL/PSS/PEL (F) PAH/PSS/PAH, and (G) PD/PSS/PSS.
PD-surfaces (D, G) completely covered the gold substrate, whereas
the bilayered PAH/PSS (C) and the trilayered PEI/PSS/PEI (E)
surface only partially covered the template. Additional high-resolution
AFM images can be found in the Supporting Information, Figures S2
and S3. In addition, to demonstrate reproducibility, more images of
the PEI-series can be found in the Supporting Information, Figure S4.
Scan parameters: frequency shift Af = +10 to +12 Hz; oscillation
amplitude A = 300 pm.

gold substrate were completely covered at each coating step.
The images are characterized by the occurrence of regular
protrusions. Because the AFM technique has the potential for
resolution down to the atomic scale, we attributed these
protrusions to loops and coils of the PD polymer chain (for
high resolution images of the regular protrusions, see the
Supporting Information, Figures S2 and S3). These character-
istic nanostructures have already been reported for higher layer
numbers on silica substrates.** The high molecular weight and
the fact that PD is completely charged leads to strong
electrostatic repulsion of the polymer segments, leading to a
coiled surface conformation (Figure 2 D, G).*** As the
bilayered sample already showed this characteristic nanostruc-
ture, it can be assumed that even a single layer of PD is most
likely sufficient to completely cover the surface features of the
gold substrate. The most interesting behavior was found for the
samples of the PEI-series. The bilayered PEI/PSS surface was
quite smooth aside from a few aggregates, and furthermore, the
structures of the gold substrate were to a large degree covered.
However, the trilayered PEI/PSS/PEI surface again showed the
characteristic rill structure of the substrate in the presence of
sharp surface features ~15 nm in height (Figure 2 E).
Comparing the PEI/PSS/PEI sample with the bilayered PEI/
PSS surface (Figure 2 B), it is obvious that these characteristic
structures must appear upon the addition of the third layer by
partial desorption of the previously adsorbed polymer. It should
be noted that the SPR measurements and AFM images cannot
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be compared on the same height scale because SPR averages
data over an area of 1 mm?® whereas AFM measurements are
space-resolved, thereby identifying single interesting surface
structures. Nevertheless, the AFM images were in good
agreement with the SPR measurements and supported the
hypothesis of a possible overshoot phenomenon with the
formation of polyelectrolyte complexes and partial desorption
of the polyelectrolytes.

To substantiate these distinct differences in the surface
topology within one coating series as well as between the
polycations, we determined the root-mean-square roughness
(Rq) of each sample (Table 2). The surface roughness of the

Table 2. Root-Mean-Square Roughness (Rq) Extracted from
the AFM Images®

PEI-series (nm)
8.08
94.84

PAH-series (nm)
17.31
14.76

PD-series (nm)
21.58
29.12

second layer
third layer

“Because the Rq values were averaged over a region of 1 X 1 um of
one representative sample, no error estimation is available.

PD-series only slightly increased during the coating procedure.
Because the surface topography was regular on each layer, the
Rq did not show any large differences. The bilayered PAH/PSS
surface exhibited some yellow spots on its surface, indicating
specific surface heights, whereas the trilayered PAH/PSS/PAH
surface showed homogeneous red coloring, which was
supported by a marginal decrease of Rq from approximately
17 to 15 nm. In contrast, this trend was reversed in the PEI-
series, where Rq increased from ~8 nm in the bilayered case to
~95 nm in the trilayered, roughest surface. To our knowledge,
this is the first report of these structural surface features for
three polycations being compared at such a low number of
layers.

To evaluate if these interesting surface topographies had an
impact on functionality in a biological context, we substituted
the macroscopic planar gold surface by gold nanoparticles with
high surface curvature. This step is necessary to achieve a size
order suitable for cell association. To this end, gold
nanoparticles of ~32 nm were chosen as substrates because
this size is close to optimum for cellular uptake of
nanoparticles.'*'* To monitor the success of coating the
nanoparticles with oppositely charged polyelectrolytes, we
made use of two standard techniques for nanoparticle
characterization, which are hydrodynamic diameter and zeta
potential (Figure 3). During the coating process with MUA and
the polyelectrolytes, the sign of the zeta potential was converted
with each polymer layer, indicating successful deposition of
oppositely charged polyelectrolytes (Figure 3 A). The hydro-
dynamic diameter increased stepwise with each layer for the
PAH- and PD-series comparable to the SPR measurements
(Figure 3 B). This size increase of 11 nm or less per layer was
due to polymer adsorption and not to particle aggregation
because aggregation would have led to larger particle
multiplicates and therefore to a much greater shift in the
particle size distribution.” A peculiarity was found for particles
of the PEl-series; a size decrease of ~5 nm instead of further
particle growth was observed upon the addition of the third
polymer layer. Of course the layer thicknesses that were
calculated from the SPR measurements on a flat surface can
only be qualitatively compared to the hydrodynamic diameter
of a colloid, but we postulate that both the size decrease of PEI-
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Figure 3. During oligolayer formation, the gold nanoparticles were
characterized by their (A) zeta potential and (B) hydrodynamic
diameter. The coating was performed from a single batch of
synthesized and MUA-modified gold nanoparticles and was performed
in at least triplicate.

coated gold nanoparticles and the decrease of A reflectivity in
SPR were induced by an overshoot phenomenon.

Despite these differences during the assembly process, the
nanoparticles were of similar size and zeta potential.
Consequently, they were a favorable and well-defined tool to
elucidate the influence of the surface appearance and texture on
their interaction with biological systems.*” When nanoparticles
enter a biological environment, their surfaces will be decorated
with serum proteins. Because it is known that the resulting
protein corona is more decisive for nanoparticle fate in a
biological context than the physicochemical properties
themselves,* the protein corona after incubation with serum-
containing cell culture medium was analyzed by SDS-PAGE as
a first step. Although this technique only detects the most-
abundant proteins, major differences concerning the total
amount of proteins on a nanoparticles surface were resolved
(Figure 4 A). The corresponding relative intensities of the SDS-
PAGE protein lanes are illustrated in Figure 4 B. They
demonstrate that the total protein adsorption served as a good
validation that oligolayer-coated nanoparticles with comparable
colloidal properties interact differently with serum proteins.
Thus, the coating-series followed different trends from one
coating level to the next. Within the PEl-series, the protein
amount increased by a factor of ~5 from the first to the second
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coating level, and increased an additional 12-fold for the last
layer. The protein amount in the PAH-series first increased to
the second coating level and then decreased upon the third
layer resulting in only half the amount found with two layers. In
the PD-series, the protein adsorption first slightly increased and
then remained nearly constant for the next coating level
Surprisingly, although one could assume an identical surface
coverage with negatively charged PSS at the second coating
level, the intensities as well as the pattern of adsorbed proteins
were different.

Because most serum proteins carry a net negative charge at
physiological pH,* one would intuitively expect a higher
amount of protein adsorption on the positively charged
particles (i.e., particles with either one or three polymer
layers). However, in the PAH-series for example, the bilayered
negatively charged particles (PAH/PSS) showed the highest
protein adsorption values. Consequently, differences among
nanoparticles cannot be explained by electrostatics alone, and
other factors seem to be important in shaping the protein
corona. We searched for another critical particle property, and
various possibilities were conceivable. The chemical identity
(ie, architecture, functional amino groups, and molecular
weight) of polyelectrolytes definitively plays a role but cannot
be solely responsible, because on the first coating level of each
polycation, the total protein adsorption as well as the pattern of
the protein bands were similar. The hydrophobicity of the
surface is another aspect that is associated with protein
adsorption.”>*" Indeed, the hydrophobicity is highest for the
trilayered PEI surface and decreases in the order PEI > PAH >
PD (contact angles of approximately 81°, 74°, and 59°,
respectively, see Supporting Information, Figure SS). However,
the hydrophobicity similarly cannot be the sole reason because
the PAH/PSS/PAH and PD/PSS/PD surfaces show, despite
significant differences in their contact angles, a similar degree of
protein adsorption. Thus, we speculated that the different layer
deposition mechanisms and resulting surface topographies that
were observed for their two-dimensional counterparts also had
a tremendous impact on the deposition of serum proteins.
Although comparing the results of a two-dimensional macro-
scopic substrate with a three-dimensional colloidal system is
critical, a similar trend in the protein adsorption and root-
mean-square surface roughness (Rq) was found (Table 3). For
example, the trilayered sample of the PEI-series showed a very
high surface roughness (Rq = 94.84 nm) and a topography with
sharp surface features, and these nanoparticles also led to
massive protein adsorption. Both the roughness and protein
adsorption increased by a factor of ~12 from the second to the
third layer (Table 3). Here, one could even assume a synergistic
effect of the electrostatic affinity of the polymer, its more
hydrophobic surface, and the presence of more binding sites
due to the higher surface roughness. In the the PD-series, both
the bilayered and trilayered surfaces showed a comparable
smooth topography in the AFM images and as well as
comparable Rq values. At the same time, the protein adsorption
was always in the same low range (Table 3). The low surface
contact area, due to the absence of high surface features, most
likely hindered adsorption of serum proteins. In samples
belonging to the PAH-series, the surface roughness decreased
from the second to the third layer. This decrease was also
accompanied by a reduction in the amount of adsorbed
proteins. Although there is no consensus on the precise effect
of surface roughness on protein adsorption,'® a number of
reports have confirmed that a higher number of binding sites
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Figure 4. (A) Analysis of the protein corona of LbL-coated gold nanoparticles using SDS-PAGE. The protein molecular weight marker is indicated
with M. The highest protein adsorption was found for the trilayered particles of the PEI-series (*). This sample had to be diluted by a factor of 12.5
compared to the other samples to get a clear protein separation pattern. (B) Comparison of the relative intensities determined from SDS-PAGE
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Table 3. Correlating Relative Protein Adsorption Data with
Root-Mean-Square Surface Roughness (Rq) of the Bi- and
Trilayered Samples

PEl-series PAH-series PD-series
protein Rq protein Rq protein Rq
second layer 142 8.08 1.62 17.31 0.84 21.58
third layer 16.50  94.84 0.89 14.76 0.86 29.12
relative change 11.62 11.74 0.55 0.85 1.02 1.35

available on rough surfaces can induce protein adsorp-
tion, 165253

In a drug delivery scenario, the adsorbed protein corona
mediates cellular associations and subsequent uptake into
cells.* Because protein adsorption was demonstrated to be a
very sensitive marker for the surface properties of a colloid, the
next step was to investigate if these differences were also
reflected in cell associations. In general, the association of LbL-
coated gold nanoparticles to HeLa cells, which are a commonly
used model for nanoparticle cell interactions, increased at the
applied concentrations without reaching a saturation level
(Figure S A—C).

Interestingly, even at the stage of a single polymer layer, the
cell association was different for each polyelectrolyte. Because
they each had a similar amount of protein adsorption, this
difference is likely attributable to polymer specific effects. The
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quaternary amines of PD seem to in general be less effective
compared to the other amino groups as present in PEI and
PAH. Therefore, it is also not surprising that polycations,
particularly those containing lower order amino groups, are
known to be effective transfection agents.”* When comparing
the cell association within one series from the second to the
third coating step, further significant differences were observed,
which also correlated well with the surface roughness of the
materials. At stages of rougher surfaces within the PAH- and
PEl-series, which were the PAH/PSS and PEI/PSS/PEI
surfaces, respectively, cellular associations were reduced. On
the other hand, they were enhanced for the smoother PAH/
PSS/PAH and PEI/PSS surfaces of both series (Figure S A, B
and Table 4). A similar trend concerning the cellular
association and uptake was already reported for PAH/PSS-
coated gold nanorods and was explained by the negatively
charged cell membrane of HeLa cells repelling equally charged
particles.55 However, as the PAH/PSS and PEI/PSS surfaces
carried a similar charge, electrostatics alone could again not be
the only parameter responsible. On the other hand, the bi- and
trilayered samples of the PD-series showed similar cell
association values, which are also reflected by a similar extent
of protein adsorption (Figure S C and Table 4). The
corresponding toxicity data can be found in the Supporting
Information, Figures S6 and S7).
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Figure S. Cellular association of LbL-coated gold nanoparticles of the
(A) PEI, (B) PAH-, and (C) PD-series. In general, cellular
associations increased with increasing particle concentration. In the
PAH-series, the number of associated particles decreased from the first
to the second layer, which is most likely due to the surface charge and
enhanced protein adsorption. In contrast, in the PEI-series, the cell
association increased from the first to the second layer and then
decreased again with the third layer. This can again be explained by the
correlation between protein adsorption and the surface topography.
The cell association efficiency was similar for the bi- and trilayered
particles of the PD-series. Statistically significant differences are
indicated by * p < 0.01 and ** p < 0.0S.

From these results, we conclude that the protein corona is
extensively responsible for the cell association efficiency for our
particles and that massive protein adsorption will have an
inhibitory effect on the cellular associations. Although the total
amount of proteins does not encode molecular details of
nanoparticle surfaces that are important for cellular interactions,
this correlation is possible for formulations with similar
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Table 4. Correlating Relative Protein Adsorption with the
Cellular Association of Bi- And Trilayered Samples

PEl-series PAH-series PD-series
cell cell cell
protein assoc. protein  assoc.  protein  assoc.
second layer 142 1450 1.62 500 0.84 600
third layer 16.50 500 0.89 750 0.86 600
relative 11.62 0.34 0.55 1.50 1.02 1.00
change

functional surface groups, as in our case.*” Thus, we assumed
that an optimal amount of adsorbed protein on the particle
surface is necessary to enhance cellular associations. However,
to evaluate the effects of the protein corona on the association
to cells in a more detailed fashion, especially concerning its
composition, further proteomic studies would be necessary.

B CONCLUSION

We demonstrated that oligolayer deposition of various
polycations in combination with a polyanion leads to significant
differences in surface topography. When translating the
characteristic surface features from a macroscopic substrate to
colloidal gold nanoparticles of comparable physicochemical
properties, tremendous differences in the interactions at the
bionano interface were observed. We conclude that the surface
topography of the LbL-coated nanoparticles is decisive for the
adsorption of serum proteins and later the association with
cells. Thus, a pronounced surface roughness leads to massive
protein adsorption due to a larger surface contact area and
consequently to reduced cellular associations. On the basis of
our findings, we strongly recommend that, in the case of LbL-
coated nanoparticles for drug delivery applications, the
oligolayer deposition mechanisms and the resulting surface
topographies should be considered as important nanoparticle
characteristics. In this way, another parameter aside from
particle size, charge, and hydrophobicity can help to estimate
the efficacy of oligolayer-coated nanoparticles for drug delivery.
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