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Effective charge of high-generation PAMAM dendrimers in the 
adsorbed state
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Followed dendrimer adsorption and 
characterized charge on different sub
strates by streaming potential measure
ment and AFM.

• Effective charge for single poly(amido
amine) dendrimers on different sub
strates and as a function of pH by 
correlation of AFM and electrokinetics.

• The diffuse layer of the collector sub
strates modulated not only the inter- 
dendrimers interactions but also deter
mined the effective charge of the 
dendrimers.

A B S T R A C T

The adsorption of macromolecules onto charged surfaces is an ubiquitous process in nature and industrial processes; it has, for example, important implications for 
surface modification and sensors in analytics. In the case of proteins and some polyelectrolytes, such as dendritic ones, the adsorption process and the resulting final 
coverage can be described within the framework of the random sequential adsorption (RSA) model. To provide a quantitative description of the intermolecular 
interaction potential, the effective charge of the molecules is of great importance. The incorporation of charge effects results in the so-called extended or electrostatic 
RSA model. Here, it is demonstrated for poly(amidoamine) (PAMAM) dendrimers of generation 10 that the influence of the substrate on the effective charge must be 
considered. Streaming potential measurements of PAMAM G10 adsorbed onto mica and silica showed that the effective charge differed significantly for both 
substrates. Moreover, for substrates whose surface charge varies with pH, the effective charge varies not only by the titration of the ionizable groups of the poly
electrolytes but also due to the electrostatic interaction with the substrate. A first estimation to account for these effects is provided.

1. Introduction

The adsorption of charged macromolecules to solid substrates is 
ubiquitous in colloid and interface science [1–5]. Many adsorption 
processes take place in aqueous solutions, either in natural environment, 
e.g., the adsorption of humic acid on microplastics [6–8], or for indus
trial applications, such as the polyelectrolyte-based stabilization of 
colloidal suspensions or surface modification [5,9–12]. Moreover, many 

analytical techniques, such as surface plasmon spectroscopy (SPR) or 
quartz crystal microbalance (QCM), rely on the adsorption of macro
molecules, such as proteins, to the sensor [13–16]. Electrolyte/solid 
interfaces acquire charges, either by protonation/deprotonation of sur
face functional groups or by ion adsorption [17]. All aforementioned 
processes have in common that not only the adsorbent, i.e., the mac
romolecules, but also the collector substrate are charged. Due to the 
long-range nature of electrostatic forces, the resulting electrostatic in
teractions play an important role in the adsorption kinetics, as well as in 
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reaching a plateau for the maximum adsorbed mass.
The adsorption of polyelectrolytes has been studied extensively in 

recent decades, including the influence of various parameters such as 
the polymer topology (e.g. branched versus linear), the charge density, 
and the molecular weight [2,5,12,18,19]. Dendritic polyelectrolytes 
play a special role due to their highly-defined shape and low poly
dispersity index [20–22]. In general, dendrimers can be regarded as 
nearly comparable to proteins in terms of their adsorption behavior, 
which can be described within the framework of the random sequential 
adsorption (RSA) model [23–26]. In particular, poly(amidoamine) 
(PAMAM) dendrimers have been utilized as model systems for macro
molecule adsorption [27,28]. The classical RSA model assumes an ideal 
collector surface and only hard sphere repulsion between the adsorbing 
colloids or macromolecules, in particular proteins [25,29,30]. Adamc
zyk and coworkers have extended this classical RSA model to include the 
electrostatic repulsion between the adsorbates [23,31]. More recently, 
also the influence of the substrate has been studied, allowing for a more 
accurate description of highly charged macromolecular systems [32,33]. 
We will refer to this approach as the 3-body RSA model.

Electrokinetic methods are often used to characterize charged par
ticles and interfaces in electrolyte solutions [34,35]. Electrophoretic 
mobility provides information about the charging state of dispersed 
colloidal objects, including macromolecules, by measuring their 
mobility in an externally applied electric field [36,37]. Also, PAMAM 
dendrimers of higher generations have been studied by electrophoretic 
mobility [38]. For extended flat substrates, the streaming potential 
technique provides analogous information [34,35]. In this case, the 
charged macroscopic object, e.g., a silica wafer or a piece of mica, re
mains stationary and the electrolyte solution is streamed over it, which 
leads to a displacement of ions in the diffuse layer. The thereby resulting 
potential difference between two electrodes placed in the channel can be 
measured and is directly related to the diffuse layer potential of the 
substrate at the shear plane, the so-called zeta-potential ζ [35]. The 
streaming potential technique has been applied to bare surfaces and 
those modified by adsorbed colloids, polymers, and proteins, respec
tively [27,38–43]. However, the description of determined ζ for het
erogeneous charge distributions is often based on a number of 
assumptions, such as that the charge density of the polyelectrolytes does 
not depend on the coverage and that it is independent of the state of the 
collector surface [38,44–46]. Recent studies, including PAMAM den
drimers, indicate that these assumptions are not necessarily fulfilled 

under all conditions [38,47–50]. Moreover, theoretical studies indicate 
that the interaction of PAMAM dendrimers with solid substrates is rather 
complex and includes also conformational changes [51–53].

Here, we study the development of the effective charge of adsorbed 
PAMAM G10 dendrimers as a function of the surface coverage on 
different types of substrates via streaming potential measurements. The 
measurements were performed using a custom-made setup developed in 
our laboratory. By using PAMAM dendrimers of generation 10, we were 
able to determine the surface coverage by atomic force microscopy 
(AFM) imaging. The measured streaming potential correlated with the 
surface coverage, thereby allowing for an unambiguous determination 
of the effective charge for single dendrimers. This effective charge 
depended on the substrate, which was unexpected. Moreover, the 
determined effective charges were different from those calculated on the 
basis of the mean-field approach [54], which has been previously used 
to calculate the effective radii in the extended RSA models and the three- 
body RSA model [28,32,33,55]. This finding has been corroborated by 
streaming potential measurements as a function of the solution pH on 
samples with different surface coverage of G10 PAMAM dendrimers. 
Both the dendrimers and the substrate showed dissociation of functional 
groups, which led to complex charge regulation of the dendrimers with 
the substrate. Our experimental results indicate that the effective charge 
of dendrimers critically depends on the state of the underlying substrate. 
This finding has important consequences for modeling the 3-body RSA 
adsorption model and macromolecule adsorption in general.

2. Materials and methods

2.1. Materials

Water of Millipore-quality (MilliQ® IQ 7000, Merck KGaA, Darm
stadt, Germany) was used for all preparations and cleaning processes. 
The specific resistivity of water was 18.2 MΩ cm and the total organic 
content was always < 6 ppb. Analytic grade potassium chloride (Bio- 
Ultra, Merck KGaA, Darmstadt, Germany), potassium hydroxide, and 
hydrochloric acid Titrisol® ampoules (Merck KGaA, Darmstadt, Ger
many) were used to prepare electrolyte solutions. PAMAM dendrimers 
of generation 10 were purchased from Dendritech Inc. (Midland, MI, 
USA). For the collector substrates, muscovite mica (V1-grade, Ted Pella 
Inc., Redding, CA, USA) and diced fused silica wafer pieces (JGS1-grade, 
MicroChemicals GmbH, Ulm, Germany) were used.

Nomenclature

List of symbols
a particle radius for mean-field theory
asol radius of a PAMAM dendrimer in solution
aads radius of a PAMAM dendrimer in the adsorbed state
aeff effective radius of a PAMAM dendrimer including 

interaction potential
APAMAM area occupied by one PAMAM dendrimer
Cs Stern layer capacitance
I ionic strength
KL bulk conductivity of the liquid
kB Boltzmann constant
LB Bjerrum length
NA Avogadrós number
t adsorption time
T temperature
Ustr streaming potential
Zeff effective charge in elementary charges
Z̃eff normalized effective charge
Zref effective charge in reference to published data

Δp pressure difference
Δx shift of the shear plane
ε0 permittivity of free space
εr relative permittivity of the continuum phase
η dynamic viscosity
κ inverse Debye length
κeff inverse effective Debye length
θ fractional surface coverage
θjam surface coverage in the jamming limit
θplat maximum surface coverage in adsorption plateau
ζ zeta-potential
ζAvg zeta-potential measured in an asymmetric cell
ζRef zeta-potential of the reference material
ζTest zeta-potential for the substrate under evaluation
σ total electrokinetic surface charge density
σPAMAM

0 electrokinetic surface charge density of adsorbed PAMAM 
dendrimers

σsub
0 electrokinetic surface charge density of substrate

ψd diffuse layer potential at substrate
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2.2. Methods

Streaming Potential Setup. Fig. 1 schematically shows the in-house 
built streaming potential setup. All materials in contact with electro
lyte solutions during the measurements were made of glass or fluori
nated polymers. A proportional valve (PRA00-A500, AirCom Pneumatic 
GmbH, Ratingen, Germany) and a 3/2-way valve (Christian Bürkert 
GmbH & Co. KG, Ingelfingen, Germany) controlled the nitrogen gas 
stream toward the glass bottles, which were acting as electrolyte res
ervoirs. Consequently, the electrolyte flow and its direction were 
controlled by the nitrogen pressure difference between the reservoirs. 
The electrolyte was driven through the measurement cell. A differential 
pressure sensor (PX26-005DV, Omega Engineering Inc., Connecticut, 
USA) was connected to the measurement cell to measure the differential 
pressure. Cylindrical in-house-built Ag/AgCl electrodes (99.99 % Ag 
tubes, Advent Research Materials, Oxford, England) were located on 
both sides of the measurement cell. The electrodes had an inner diam
eter of 0.8 cm and a length of 5.0 cm. Chlorination of the electrodes was 
carried out with an electrochemical workstation (Zennium, Zahner- 
Elektrik GmbH, Kronach, Germany) at a current density of 1 mA cm− 2 

in a 1 M KCl solution for 1 min. The potential difference between the 
electrodes was determined using an electrometer (Keithley 6514, Tek
tronix Inc., Oregon, USA). A balance (AND EK-2000i, A&D Company 
Ltd., Tokyo, Japan) was used to quantify the volume flow rate through 
the measurement cell. The resulting flow rate was validated using a 
commercial flow meter (DFM-ECTFE, B.I.O.-TECH e. K., Vilshofen, 
Germany), which is located between one reservoir and the measurement 
cell. Furthermore, the measurement setup was equipped with a con
ductometry cell (3446 conductometry cell, YSI Inc., Ohio, USA) and a 
FisherbrandTM pH electrode (Bioblock, Fisher Scientific GmbH, 
Schwerte, Germany) with an integrated PT100 temperature sensor, 
which allowed for determining the conductance and temperature in-line 
between the reservoirs. Therefore, a LCR bridge (HM8118, Rohde & 
Schwarz GmbH & Co. KG, Munich, Germany) was used to measure the 
solution conductance in a conductometry cell. All electrical components 
(proportional valves, pressure sensors, balance, LCR bridge, pH elec
trode, temperature sensor, flow sensor, and electrometer) were con
nected to a multifunction I/O device 6008 (National Instruments Corp., 
Austin, Texas, United States), which allowed interfacing with the soft
ware. All components were controlled, and measurement data were 
collected using a home-written script in IgorPro (version 6.37, 

Wavemetrics, Portland, OR, USA). The solution pH value was measured 
using a pH station (827 pH lab, Deutsche Metrohm GmbH & Co. KG, 
Filderstadt, Germany) and a pH electrode (Aquatrode plus, Deutsche 
Metrohm GmbH & Co. KG, Filderstadt, Germany) externally before the 
streaming potential measurements. The asymmetric streaming potential 
cell was manufactured from non-reinforced poly(tetrafluoroethylene) 
(PTFE) (Auer Kunststofftechnik GmbH, Olching, Germany). Details of 
the construction of this cell can be found in the supporting information 
(SI) (cf. Fig. S1, Table TS1, and Fig. S2). Glass-fiber-reinforced PTFE 
(ENFLON®, Enflo Canada Ltd., Grand Falls, NB, Canada) was used to 
build the symmetric streaming potential cell. Further details are given in 
the SI (cf. Fig. S3, Table TS2, and Figs. S4, S5).

Cleaning of substrates. Adhesive tape was used to cleave the top layer 
of mica sheets to create molecularly flat pristine interfaces [56]. A 
modified cleaning procedure from RCA laboratories was used to clean 
the fused silica wafers [57]. Hellmanex® III surfactant (Hellma Ana
lytics, Müllheim, Germany) solution with a volume fraction of 2 % in 
water was used to immerse the wafers. The wafers were sonicated for 20 
min at 40 ◦C and then rinsed with water. Next, the samples were 
immersed in a solution of analytic-grade isopropyl alcohol with a vol
ume fraction of 75 % (VWR Chemical, Darmstadt, Germany) in water 
and subjected to sonication treatment for 20 min, followed by rinsing 
with water. Finally, oxidative surface cleaning was performed using a 
volumetric mixture of laboratory-grade hydrogen peroxide (Fisher Sci
entific GmbH, Schwerte, Germany), ammonia (25 % in water, AnalaR 
NORMAPUR®, VWR Chemical), and water at a ratio of 1:1:5. The 
samples were rinsed with water and dried under a nitrogen stream. The 
modified RCA treatment was also applied to clean all fluorinated parts of 
the streaming potential measurement setup in contact with the elec
trolyte solution.

Dendrimer adsorption. Freshly cleaned substrates were immersed for 
0.5–81 min to achieve different fractional surface coverages in a sus
pension of 5 ppm PAMAM G10 dendrimers at pH = 5 and an overall 
ionic strength of 5 mM in KCl. Afterward, the substrates were rinsed with 
approx. 10 mL of water on each side and dried under a nitrogen stream.

Streaming potential measurements. Prior to the measurements, the 
mounted dry substrates were subjected to 5 min of liquid flow in 
alternating directions to wet the interface and remove air bubbles from 
the channel. The electric conductivity of the solution and temperature 
were recorded for 10 and 100 data points, respectively, and averaged 
before each streaming potential experiment. In general, a pH titration 

Fig. 1. (a) Schematic illustration of the purposely constructed streaming potential setup with (i) 3/2 way valves, (ii) electrolyte solution reservoirs, (iii) mass flow 
balance, (iv) flow meter, (v) modular streaming potential cells, (vi) cylindrical Ag/AgCl electrodes, (vii) differential pressure sensor, (viii) conductivity cell, (ix) 
PT100 temperature sensor, (x) proportional valve, (xi) nitrogen reservoir, and (xii) electrometer. (b) Bottom and top side view of the asymmetric streaming potential 
cell with (1) mounting holes to connect the cell with the substrate and carrier plate, (2) ends of the tubes that connect the microchannel (3) with the electrodes and 
electrolyte reservoirs, and (4) threads to connect the cell to the rest of the setup.
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was conducted from neutral to either alkaline or acidic pH. For mea
surements at pH 5, distinct solutions were prepared externally. The 
experiments recorded the streaming potential and the pressure 10 times 
at a given applied pressure between ± 200 mbar for 10 different pres
sures in two directions. The streaming potential coupling coefficient was 
determined by linear regression of the streaming potential as a function 
of the applied pressure. The zeta-potential ζ was then calculated using 
the Helmholtz-Smoluchowski equation for data recorded in the sym
metric or asymmetric cell with a PTFE piece as reference substrate. 
Streaming potential measurements with the asymmetric cell required 
reference data to evaluate the actual ζ for the test substrates: The pro
cedure outlined by Walker and coworkers was used [58]. The reference 
data were measured at the pH and ionic strength of interest using the 
same material as the cell body. The resulting reference curves are shown 
in the SI (cf. Fig. S6). All streaming potential experiments were con
ducted at constant ionic strength of 5 mM in KCl between pH 4 and pH 
10, or at varying ionic strengths and at a fixed pH of 5.

Atomic Force Microscopy. A Dimension Icon (Bruker Corp., Billerica, 
MA, USA) equipped with a NanoScope V controller (Bruker Corp., Bill
erica, MA, USA) was employed in PeakForce Tapping® mode. ScanAsyst 
Air cantilevers (Bruker Corp., Billerica, MA, USA) were used under 
ambient conditions to determine the surface topography of pristine and 
dendrimer-covered substrates. The cantilevers have a nominal reso
nance frequency of 70 kHz, a nominal spring constant of 0.4 N/m, and a 
typical tip radius of less than 5 nm. AFM images with scan sizes of (1 ×
1) μm2 were acquired at a scan rate of 0.5 Hz to determine the number 
density of adsorbed PAMAM dendrimers. The AFM images were evalu
ated using the NanoScope Analysis software (Version 1.8, Bruker Corp., 
Billerica, MA, USA). Plane fits of 1st order were applied before counting 
the number of adsorbed dendrimers.

AFM image evaluation. The number density of PAMAM dendrimers on 
the inorganic surface was evaluated from at least five flattened AFM 
images per adsorption state using the Fiji software version 1.54f [59]. 
We used the “Analyze Particle” function and restricted the particle area 
to (140 – 1050) nm2 and circularity between 0.7 and 1. The surface 
coverage was calculated from the number of adsorbed dendrimers in a 1 
µm x 1 µm area and a nominal adsorbed dendrimer radius of 9.15 nm 
[28]. This procedure was validated with the “Cell Counter” plugin and 
manual number density determinations (cf. Table S3, Fig. S7, and 
Table S4, respectively, in the SI).

3. Results and Discussion

3.1. Streaming potential measurements

For this study, we used a purpose-constructed streaming potential 
setup based on a micro-slit channel configuration with a parallel-plate 
streaming cell. Our setup was inspired by similar setups from Van 
Wagenen [60], Werner et al.[61], and Zembala et al.[62,63]. Fig. 1a 
shows a schematic representation of this streaming potential setup. An 
external pneumatic pressure was applied to two reservoirs containing 
electrolyte solution in order to pump the liquid through the measure
ment cell (cf. Fig. 1b). The pneumatic pressure control was based on a 
semi-closed system (cf. green lines in Fig. 1a), controlled by a pressure 
controller for the gas supply lines, and connected to the gas phase of the 
two liquid reservoirs. The parallel-plate cell (cf. Fig. 1b) was attached in 
a flow-through configuration to both reservoirs. The hydrostatic pres
sure difference between the inlet and outlet of the measurement cell was 
directly measured by a bridging sensor and controlled via a proportional 
gas valve. The liquid flow through the cell was determined by the mass 
change in the reservoir using a balance. Determining the liquid volume 
passing through the cell is essential to verify that a laminar flow regime 
has been established. Two hollow cylindrical electrodes through which 
the electrolyte passed were connected to an electrometer to determine 
the resulting streaming potential Ustr as a function of the pressure dif
ference Δp.

An electrical double layer of ions is formed at the solid–liquid 
interface of charged surfaces. The mobile ions in the diffuse layer, i.e., 
those beyond the plane of the shear, are forced to delocalize from their 
equilibrium distance when an external pressure is applied and liquid 
streams along the solid surface [34,35]. The resulting ion delocalization 
leads to a shift of charges compared to equilibrium without external 
liquid flow. Consequently, ion movement occurs. This ion movement by 
the liquid flow accumulates charges at the end of the channel under 
open-circuit conditions. Thus, a potential builds up for a given pressure 
difference Δp, which is the streaming potential Ustr. The current and 
potential due to the liquid streaming through the channel can be directly 
measured if two electrodes are placed at both ends of the measurement 
cell. The relation between ζ and Ustr is given by the Helmholtz- 
Smoluchowski approximation [34]: 

ζ =
ηKL

εrε0

Ustr

Δp
(1) 

where η is the dynamic viscosity, KL is the bulk conductivity of the 
liquid, εr is the relative permittivity of the continuum phase, and ε0 is the 
permittivity of free space. Equation (1) is based on a two-dimensional 
flow and a fully developed laminar flow regime in a rectangular chan
nel with a corresponding aspect ratio. In addition, the channel is 
composed of two chemically identical surfaces. To account for asym
metric electrode potentials, the flow was also reversed for each pressure 
[64], and discrete pressure ramps were applied to perform a linear 
regression for eq. (1) [65].

ζ can be also derived for planar-flow cells with two chemically 
different surfaces [58]. Walker et al. proposed a relation between the 
measured asymmetric zeta-potential ζAvg, the zeta-potential of the 
reference material ζRef, and the zeta-potential for the substrate under 
evaluation ζTest, respectively: 

ζTest = 2ζAvg − ζRef (2) 

In order to apply eq. (2), ζRef has to be determined beforehand in a 
symmetric cell configuration according to eq. (1). Here, we used PTFE as 
a reference material for the asymmetric planar-flow cell, which is shown 
in Fig. 1b.

The electrokinetic charge density σ in the diffuse layer can be 
calculated from ζ by the modified Grahame equation according to 
Ohshima [66]: 

σ =
2εrε0kBT

e
κsinh

(
eζ

2kBT

)

(3) 

κ− 1 is the so-called Debye length, which is given for a 1:1 electrolyte as 
[17]: 

κ− 1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εrε0kBT
2NAIe2

√

(4) 

Here, kB is the Boltzmann constant, T is the temperature, NA is Avoga
drós number, I is the ionic strength in mol m− 3, and e is the elementary 
charge.

3.2. Characterization of the substrates

In this study, we concentrated on two different collector surfaces for 
the adsorption of PAMAM dendrimers: fused silica and muscovite mica. 
Both substrates have been previously studied by streaming potential 
measurements, albeit under slightly different electrolyte conditions 
[67–69]. Moreover, there is a significant scattering in the literature for 
the streaming potentials of these two surfaces. Muscovite mica is a 
natural material [70], hence its properties vary with origin. In addition, 
the time between preparation and measurement plays an important role 
[71,72]. Moreover, the release of potassium ions and adsorption of 
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electrolyte ions to mica account for variations in the reported ζ [72]. 
Also, in the case of silica, the preparation history is of crucial importance 
for the electrokinetic properties [73]. All data presented in the following 
have been acquired with an asymmetric measurement cell. In the case of 
mica, we also performed a comparison for a symmetric planar-flow cell. 
The corresponding data are provided in the supporting information (cf. 
Fig. S8).

Fig. 2a shows ζ of mica as a function of pH for two ionic strengths (1  
mM and 5 mM, respectively). The ionic strength of 1 mM is shown only 
for comparison with the literature values. The here-determined ζ match 
the values reported previously [67–69]. No significant dependence of ζ 
on pH has been observed for both ionic strengths, which is in-line with 
literature [68,74].

Fig. 2b shows ζ as function of pH for fused silica substrates under 
analogous conditions to mica substrates. The silica wafers have always 
been freshly oxidized by a modified RCA-procedure [57]. As expected 
for silica surfaces, a clear dependence of ζ on the pH has been observed 
[76,77]. The here acquired data at I = 5 mM fall between the data re
ported for I = 1 mM and 10 mM [75]. Moreover, the main characteristics 
of the 1-pK model proposed for silica have been reproduced [73,76–78]. 
The solid red line in Fig. 2b is based on a total site density of silanol 
groups Γ = 5⋅108 m− 2 and a pKa of 5.8, similar to values reported pre
viously [75]. ζ(pH) has been calculated from ψd(pH) by 

ζ =
4

kBTe
arctanh

[

exp( − κΔx)tanh
(

kBTeψd

4

)]

(5) 

for large κh analogously to Kobayashi et al.[79] where h corresponds to 
the channel height. For the calculation, we assume a Stern layer 
capacitance Cs = 1.4 F m− 2 (cf. ref. [75]) and a shift of the shear plane by 
Δx = 1.5 nm due to the surface roughness (cf. Fig. S9) of the fused silica 
substrate [78].

The surface charge densities σ of the substrates are important for the 
following data analysis and can be calculated using the modified Gra
hame equation (cf. Eq. (3)) from the here-obtained ζ. In order to verify 
the validity of Eq. (3) for our purposes, we additionally determined ζ as a 
function of the ionic strength I for constant pH = 5. Fig. 3 shows the 
corresponding data for muscovite mica (cf. Fig. 3a) and fused silica (cf. 
Fig. 3b). Data for mica acquired in a symmetric streaming potential cell 
are compiled in the SI (cf. Fig. S10) and fall in the same range of values 
as those obtained with the asymmetric cell. The solid lines indicate the 
fits to Eq. (3) and provide an estimate of the electrokinetic charge 
density σ of both substrates. We find σ = -6.9 ± 0.2 mC m− 2 for 
muscovite mica and -8.4 ± 0.4 mC m− 2 for fused silica. The latter value 

for the silica substrate is in good agreement with values calculated from 
the literature under nearly comparable conditions with -8.3 ± 1.9 mC 
m− 2 by Scales et al. and -8.1 ± 1.1 mC m− 2 by Kosior et al., respectively 
[67,80]. The lower charge density of the mica substrate can be ratio
nalized in terms of ion adsorption [81]. Nevertheless, the charge density 
for mica was lower than reported elsewhere, albeit measured at higher 
pH [67,82]. However, also smaller values have been reported from 
Israelachvili and Adams [83]. Lyons and coworkers [74] found no 
dependence for mica of ζ on pH with low ζ-values, using the mica as the 
aforementioned study. Hence, there might be a relationship between 
low charge densities and no obvious pH dependence.

3.3. Adsorption of PAMAM dendrimers

PAMAM dendrimers are monodisperse macromolecules, which have 
an onion-like structure and a spherical shape in solution (cf. Fig. 4a) 
[20,84]. For PAMAM G10 a radius asol = 6.75 nm in solution has been 
reported [28]. However, upon adsorption onto a solid substrate, the 
dendrimers deform (cf. schematic representation in Fig. 4b) as demon
strated by simulations [51–53], and corroborated by AFM imaging 
[22,22,28,85–88]. When adsorbed to mica, their radius increases while 
flattening leads to a reduced height. Here, we assume aads = 9.15 nm 
and a height of 4.28 nm [28]. Recent studies indicate that the di
mensions in the adsorbed state depend on the electrolyte, pH, ionic 
strength, and type of substrate [49,50]. A PAMAM G10 dendrimer has 
4096 ionizable groups, which are practically all charged at pH 4–5 [89]. 
However, the condensation of counter ions does lead to a strongly 
reduced effective charge Zeff compared to the bare charge. For Zeff, 
Bocquet et al. approximated the limit of low ionic strength and large 
particle radii a [54]: 

Zeff =
a
LB

(4κa + 6) (6) 

where LB is the Bjerrum length and a is the radius. This Zeff is responsible 
for the interdendrimer or interparticle repulsion in the extended (or 
electrostatic) RSA model and leads in the framework of the RSA model to 
an increased, effective radius that critically depends on the total ionic 
strength [4,31].

The adsorption kinetics and the resulting saturated layer of adsorbed 
PAMAM dendrimers has been studied previously 
[28,32,33,38,47,48,90]. PAMAM adsorption can be followed by atomic 
force microscopy (AFM) [28,32], quartz crystal microbalance (QCM) 
[47], streaming potential [38], and reflectometry [33,90]. The 

Fig. 2. Zeta-potential ζ of (a) muscovite mica and (b) fused silica as functions of pH (filled data points) in KCl. The pH titrations of mica were carried out at ionic 
strengths of 1 mM and 5 mM, whereas silica was studied only at 5 mM. All data presented have been acquired using an asymmetric cell. For comparison, data 
reported in the literature are shown (open data points) [67–69,75]. The dashed lines are the mean constant ζ with the corresponding standard deviations for ζ for 
mica at 1 mM and 5 mM ionic strength, respectively, in (a), while the solid line represents the 1-pK model used to describe the pH dependence of silica (b).
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adsorption of PAMAM G10 dendrimers can be qualitatively described 
within the framework of the electrostatic random sequential (RSA) 
model [28]. Due to the repulsion between the dendrimers based on the 
overlap of their electrical double layers, the surface coverage depends on 
the electrostatic screening and thus the electrolyte’s ionic strength. 
However, the charge of the collector surface creates a double layer. This 
affects the screening length and changes the interdendrimer interaction 
potential as described by the 3-body RSA model [32,33].

Fig. 5 shows AFM images of substrates with PAMAM G10 adsorbed 
on mica and silica substrates. The images were acquired in air using 
PeakForce Tapping® mode. As expected, different fractional surface 

coverages were obtained depending on the adsorption time. For 
adsorption times greater than 15 min, an adsorption plateau was 
reached for both types of surfaces. Due to the repulsive interaction be
tween the like-charged dendrimers, there remains a minimal distance 
between the adsorbed dendrimers, as predicted by the extended RSA 
model. Moreover, the substrate has an influence according to the 3-body 
RSA model [32,33]. The previously reported lower coverage on silica 
than for mica has also been observed here [32]. However, it should be 
noted that the effect was less pronounced as the adsorption was carried 
out at a higher ionic strength compared to the aforementioned study. 
The number of adsorbed dendrimers was determined by automatic 
image analysis from at least five AFM images acquired at different spots 
on the substrates. To convert dendrimer number densities to fractional 
surface coverage θ, we used previously reported dimensions of adsorbed 
PAMAM G10 dendrimers of aads = 9.15 nm [28]. It should be stressed 
that a quantitative description of the adsorption kinetics is not necessary 
for the here-conducted experiments, as the surface coverage can be 
determined independently by AFM imaging for each adsorption time.

3.4. Fractional surface coverage and zeta-potential ζ

Fig. 6 plots the surface coverage θ as function of adsorption time t. A 
linear dependence θ(t) ∝

̅̅
t

√
has been observed as long as the so-called 

jamming limit has not been reached, which is in-line with a diffusion 
limited transport [24,28,33]. This dependence ∝

̅̅
t

√
has been observed 

for the initial adsorption onto both substrates (cf. Fig. 6a,b). The similar 
slopes for mica (cf. Fig. 6a) and silica (cf. Fig. 6b) indicate that the 
sticking coefficients for both surfaces were approximately comparable. 
For both materials, the surface coverage reached a plateau for t ≳ 15  
min. These findings were also verified for mica in a symmetric streaming 
potential cell (cf. Fig. S12 and the corresponding data in Fig. S11). The 
existence of plateaus with θ < 1 in coverage was expected within the 
framework of the RSA model and corresponded to the jamming limit θjam 
based on the effective radius of the PAMAM G10 dendrimers due to their 
electrostatic interaction. However, the plateaus differed significantly for 
these two substrates, which has already been observed previously [32]. 
On fused silica, a surface coverage of about θplat = 0.092 ± 0.002 has 
been determined. By contrast, we found about θplat = 0.135 ± 0.003 for 
mica. We compared the experimental values to the theoretical values for 
θplat calculated on the basis of the extended RSA model, considering Zeff 
based on the mean-field approach according to Eq. (6). We found a clear 
deviation from the experimental values. We return to this point at a later 
stage when Zeff will be determined independently by the streaming po
tential measurements presented in the following.

Fig. 3. Zeta-potential ζ of muscovite mica (a) and fused silica (b) as function of the ionic strength at pH = 5. Open symbols show literature data acquired at pH 5.8 
[67,75,80,82]. Fits to the modified Grahame equation of the presented data are shown as solid lines. The broken and dashed lines originate from fits to the liter
ature data.

Fig. 4. (a) Schematic representation of poly(amidoamine) (PAMAM) den
drimers of generation 10 in solution. The different generations grow in an 
onion-like structure during polymerization. PAMAM G10 has a solution radius 
asol. Modified from Pericet-Camara et al. [32] (b) Upon adsorption, the den
drimers flatten with a larger radius aads [28]. The geometrical dimensions used 
in this study are shown.
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Fig. 6c,d show ζ as function of the adsorption time t determined 
according to equations (1) and (2). The fractional surface coverage was 
characterized by AFM for a simultaneously prepared sample. For both 
surfaces, the values of ζ(t) correlate strongly with coverage θ(t). This 
correlation is elucidated in the following paragraph in more detail as it 
allows to estimate Zeff.

3.5. Determination of effective charge in the adsorbed state

Fig. 7a shows ζ as a function of the fractional surface coverage θ. For 
both substrates ζ was increasing quasi-linearly with surface coverage. 
However, the slope of this increase is significantly different and is 
related to a different Zeff on both substrates: Assuming that each PAMAM 
G10 dendrimer carries an effective charge Zeff and occupies an area 
APAMAM = πa2

ads, we can attribute an electrokinetic charge density 
σPAMAM

0 to the places where dendrimers are adsorbed 

σPAMAM
0 =

eZeff

πa2
ads

(7) 

Thus, we obtain the total electrokinetic charge density σ for a substrate 
with σsub

0 with a given fractional surface coverage θ of PAMAM G10 
dendrimers as follows: 

σ = σsub
0 + θσPAMAM

0 (8) 

This equation considers the complete charge of the bare substrate rather 
than only the area that is not covered by dendrimers, which would 
correspond to 1-θ. Thereby, the charge compensation in between den
drimers and substrate in the adsorption sites is accounted for. A similar 
expression for linear superposition of charges has been postulated pre
viously by Miklavic [91], Adamczyk and coworkers for streaming po
tential measurements of adsorbed linear as well as branched 
polyelectrolytes [38,45,46,92], and by Pericet-Camara et al. for direct 
force measurements with the colloidal probe technique [55]. Based on 
equations (7) and (8), we determined the effective charge for each 
fractional surface coverage on both substrates. The modified Grahame 
equation (3) was used to convert the measured ζ to σ while θ has been 

independently determined from the AFM images. Fig. 7b shows the 
thereby determined values for Zeff as a function of the fractional surface 
coverage θ. The corresponding results obtained with the symmetric 
streaming potential cell are presented in the SI (cf. Fig. S13).

For both substrates, the dendrimerś effective charge was indepen
dent of the surface coverage. Hence, no inter-dendrimer charge regu
lation was present for the separation distances studied here. However, 
we found two very different effective charges for the two substrates. In 
the case of mica Zeff|mica = 141 ± 21, which differs significantly from 
Zeff|silica = 265 ± 78 on fused silica. The former value is much closer to 
the mean field approximation in a bulk solution of Zeff = 115 under the 
conditions studied here, i.e., I = 5 mM. It should also be noted that all 
measurements were performed at pH 5. At this pH, the dendrimers 
should be nearly fully charged according to titration data [89]. How
ever, it should be pointed out that this approximation is valid for low 
ionic strength [54]. This condition might not be strictly fulfilled for the 
ionic strength utilized here.

3.6. Effective charge as function of pH

To further elucidate the role of the substrate for the effective charge 
of the dendrimers, we varied the pH as a further parameter. The pH was 
varied only post-adsorption: The dendrimers were adsorbed first at 
pH 5, and then the pH of the solution was varied, while streaming po
tential data were acquired. The pH titrations were carried out in this way 
to ensure constant surface coverage. We assume that no dendrimers 
were removed during these measurements because it is known that 
dendrimers of higher generations, i.e., PAMAM > G6, adhere strongly to 
the substrate at all pH [90]. The corresponding ζ-values as function of 
the solution pH for the bare substrates have been presented previously in 
Fig. 3 for pH 4–10 and constant ionic strength I = 5 mM. For compari
son, these data (θ = 0) are also included in Fig. 8a and 8b, which show ζ 
for surface coverages of θ ≈ 0.03 (3 %) and θ ≈ 0.09 (9 %), respectively. 
Additionally, a higher surface coverage of θ ≈ 0.13 (13 %) was studied in 
the case of mica (cf. Fig. 8a).

For both dendrimer-covered substrates, a significant change of ζ as 
function of pH has been observed. A striking feature of both graphs is the 

Fig. 5. AFM images of PAMAM G10 dendrimers adsorbed on (a) mica and (b) silica surfaces for different adsorption times. The scan size was always 1 µm x 1 µm and 
the images were acquired in air using PeakForce Tapping® mode. Slight variations in the dimensions of the dendrimers were attributed to the different AFM 
tips used.
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Fig. 6. Fractional surface coverage (a, b) and zeta-potential ζ (c, d) as functions of adsorption time t1/2 at a constant pH 5 and ionic strength of 5 mM. The data for 
muscovite mica are shown in green (a, c), whereas the data for fused silica are shown in red (b, d). The dashed colored lines show the jamming limit calculated by 
experimental Zeff from streaming potential (cf. Fig. 7b), while the dotted lines represent the jamming limit calculated by theoretical Zeff (cf. Eq. (6)). The jamming 
limit was calculated as reported previously for PAMAM G10[28]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 7. (a) Zeta-potential ζ as a function of surface coverage for silica (red) and mica (green) at pH 5 and ionic strength I = 5 mM. The solid lines are fits assuming a 
linear dependence of ζ on the fractional surface coverage, including the fit errors as colored regions around the fit line. (b) Effective charge Zeff in units of the 
elementary charge as a function of the surface coverage. The solid lines represent the mean of these Zeff and the corresponding standard deviation (shaded area). The 
dotted line represents the mean field approximation for a PAMAM G10 dendrimer in solution according to equation (6). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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presence of an isoelectric point where ζ and thus, the overall electro
kinetic charge completely vanished and then changed sign with 
increasing pH. This charge-inversion effect only occurred at the highest 
surface coverages of θ = 0.13 for mica and θ = 0.09 for silica, respec
tively. Only for such high coverages a sufficient number of dendrimers 
adsorb and their positive charges allowed to compensate for the intrinsic 
charge of the collector substrates. A comparison of ζ as function of pH at 
the respective maximum coverage points is shown in Fig. S14. The 
overall pK for the PAMAM-covered substrates can be derived based on 
Ottewill’s and Shaw’s procedure [93]. However, for all coverages θ, a 
quasi-sigmoidal dependence of ζ on pH was observed for both sub
strates. The calculated pKs are roughly in line with the inflection points 
in Fig. 8a and 8b and are summarized in the supporting information (cf. 
Table S5).

The interpretation of the sigmoidal shape of ζ(pH) is more straight
forward for mica than for silica, as former does not vary with pH. For 
mica, ζ of the bare surface remained constant for all the pH values 
studied here (cf. black data points in Fig. 8a). Hence, a constant σ can be 
assumed and any change in ζ(pH) must be attributed to the ionization of 

the adsorbed dendrimers as their coverage θ remained constant. Quali
tatively, one expects that the tertiary amine groups are deprotonated in 
the acidic regime and thus the positive charge contributions diminish at 
higher pH, which has also been observed experimentally by bulk titra
tions [89]. Based on equations (7) and (8), we can calculate Zeff(pH) 
from the ζ(pH)-measurements. The resulting data for Zeff(pH) on mica 
and silica are shown in Fig. 8c and 8d for θ = 0.13 and θ = 0.09, 
respectively. The data for the lower surface coverages are shown in the 
SI (Fig. S15a and S15b) and show a similar pH dependence for mica. A fit 
according to a sigmoidal function gives a pK = 6.5 ± 0.1 for PAMAM 
G10 dendrimers on mica, which is in good correspondence with the 
extrapolation of pK = 5.8 by Cakara et al. for higher dendrimer gener
ations G6-G10 in bulk solution [89]. The resulting dependence is shown 
as a dashed line according to the Henderson-Hasselbalch equation with 
Zref ≈ 200 at pH = 4 and: 

Zeff (pH) = Zref • Z̃eff (pH) = Zref • e− (pK− pH) (9) 

These data can also be compared to the electrophoretic mobility of 
single PAMAM G8 dendrimers in suspension as reported by Michna et al. 

Fig. 8. (a) Zeta-potential ζ versus pH for bare mica (black) and three different surface coverages of PAMAM G10 dendrimers. (b) Zeta-potential ζ versus pH for fused 
silica (black) and two different surface coverages of PAMAM G10 dendrimers. (c) Calculated effective charge Zeff of single PAMAM G10 dendrimers on mica as a 
function of pH. Zeff was calculated only for the highest surface coverage. The dashed blue line represents ionization according to the Henderson-Hasselbalch equation 
with the pK = 5.8 [89] while the purple line represents a fit to a sigmoidal function, resulting in pK = 6.5 ± 0.1. The solid blue line represents the renormalized data 
from Michna et al. originating from the electrophoretic mobility of PAMAM G8 dendrimers [38]. The solid green line represents the mean experimental Zeff on mica 
from Fig. 7b at pH 5 for comparison. (d) Calculated effective charge Zeff of single PAMAM G10 dendrimers on silica as a function of pH. The dashed and broken blue 
lines represent the data for Zeff calculated by Henderson-Hasselbalch with either the theoretical pK [89] or the pK obtained from the fit to the sigmoidal function in 
Fig. 8c (cf. purple line in Fig. 8c). The dotted blue line represents the sigmoidal fit to the experimental data for mica (cf. purple line in Fig. 8c) combined with Zeff 
calculated by Eq. (6) for PAMAM at silica. In all cases, theoretical Zeff were normalized following Eq. (9) and the variation in the effective inverse Debye-length κeff 
due to the pH dependence of the silica substrate was considered. For mica, a constant value (cf. black line Fig. 7a) was assumed. The solid red line represents the 
mean experimental Zeff on silica (Fig. 7b) at pH 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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(cf. solid blue line in Fig. 8c) [38]. Please, notice that we normalized the 
experimental fit to the electrophoretic mobility data for PAMAM G8 
dendrimers (cf. Fig. 2 in ref. [38]) to obtain 0 ≤ Z̃eff (pH) ≤ 1 and 
Z̃eff (pH = 4) = 1 from the experimental data rather than the theoretical 
values according to Henderson-Hasselbalch. The experimental data for 
the PAMAM G8 dendrimers corroborate the limitations of Eq. (6), 
indicating the influence of the substrate on Zeff.

For the PAMAM G10 dendrimers adsorbed on silica, Zeff(pH) 
exhibited a more complex behavior. Silica varies its charge with pH as 
described within the framework of the 1-pK model with pK = 5.8 (cf. 
Fig. 2b) [75]. While the overall ζ(pH)-curves of the silica with adsorbed 
PAMAM G10 dendrimers showed a pronounced sigmoidal behavior (cf. 
Fig. 8b), the derived effective charge Zeff(pH) of the single PAMAM 
dendrimers did not follow the same trend as on mica (cf. Fig. 8c). The 
effective charge for the PAMAM G10 dendrimers shows instead a 
slightly oscillatory behavior around a much higher effective charge of 
Zeff ~ 270 and does not decline steeply in the basic regime as for PAMAM 
G10 dendrimers on mica or in bulk solution. This change is most likely 
attributed to the charging behavior of silica, which leads to an increased 
counterion concentration at the interface with increasing pH. Desorp
tion of PAMAM G10 would be unlikely as origin for the oscillatory 
behavior of Zeff and would occur only at very high pH if at all [38,90]. As 
a first approximation, we consider the influence of the substrate on the 
local ion concentration around the dendrimers via an effective inverse 
Debye length κeff [33]: 

κeff = κcosh
(

eψd

kBT

)

(10) 

Here, κ is the inverse bulk Debye length of the electrolyte solution and 
ψd the diffuse layer potential at the solid substrate, which can be 
approximated by ψd ≃ ζ(pH). Please note that an expression analogous 
to Eq. (10) is used in the 3-body RSA model to account for the reduced 
interaction between dendrimers on a highly charged substrate [32,33]. 
By utilizing κeff at the interface rather than κ in Eq. (6) to calculate Zeff, 
the influence of varying charge with pH on silica can be modeled. Here, 
we assume that the titration of the dendrimers and substrate are inde
pendent of each other and that the latter provides only modulation of the 
former by its diffuse layer. Hence, the results of Eq. (6) and Eq. (10)
resulting in a Zeff (pH) due to counter-ion condensation are multiplied 
with Z̃eff (pH) due to the deprotonation of the charged groups. Again, 
Z̃eff (pH) results from the Henderson-Hasselbalch equation for dendrimer 
ionization (dashed blue line in Fig. 8c,d) or bulk electrophoretic 
mobility (solid blue line, Fig. 8c). The renormalized data from Michna 
et al. originating from the electrophoretic mobility of PAMAM G8 den
drimers was calculated analogously to the dotted blue line in Fig. 8d (cf. 
Fig. S16 in the SI). Interestingly, our data for the PAMAM G10 den
drimer Zeff on silica corresponded rather well to the simple boundary 
conditions enforced in Fig. 8d. Noticeably, the decrease in Zeff for 5.5 <
pH < 8 is matched rather well. However, at higher pH values, when the 
dendrimer charge diminishes significantly, other processes, such as the 
direct charge regulation between the dendrimer and substrate [50,53], 
are playing an increasingly important role compared to counter ion 
condensation.

4. Conclusions

In this study, we found that the common assumption of the super
position of charge from the substrate and adsorbed polyelectrolytes (cf. 
Eq. (8)) holds with surprisingly good accuracy. We could also reproduce 
for mica the dependence of the streaming potential from PAMAM G10 
dendrimer coverage as reported by Michna et al. for PAMAM G8 [38]. 
Hence, the ζ-potential indeed provides a good indicator for poly
electrolyte coverage as utilized in various studies, including for linear 
polyelectrolytes [44–46]. Moreover, the adsorption of charged bio- 

macromolecules, such as humic acids, to membranes can be followed 
by streaming potential with high accuracy [94]. We did not find any 
indication of inter-dendrimer charge regulation. However, for fractional 
coverages of less than 20 %, the spacing between the dendrimers was 
larger than the Debye length, which is a typical length scale in which 
charge regulation plays a crucial role.

This study highlights the somehow neglected importance of sub
strates for the effective charge of macromolecules. As the effective 
charge governs the intermolecular interaction forces, they are crucial in 
the framework of the electrostatic RSA model. Our measurements 
clearly show that the commonly used approximation by Bocquet et al.
[54] underestimates the effective charge in many cases, especially for 
highly charged substrates. In this case, the effective Debye length due to 
counterions from the substrates provides a much better approximation 
than the bulk Debye length. While this effect is not of importance for 
colloidal particles with diameters > 20 nm, it should be considered 
when describing the adsorption of macromolecules. The effective Debye 
length has been considered previously to model inter-molecular inter
action potentials in the framework of the 3-body RSA model [33]. 
However, it is more consistent to include the effect of κeff also on the 
effective charge. Finally, there could also be an influence on direct force 
measurements. Previously, it has been assumed that Zeff remains con
stant for heterogeneously charged surfaces [55]. However, for separa
tion distances D between the two surfaces that are below the bulk Debye 
length, the counter ion concentration increases and might have an in
fluence by a distance-dependent effect on κeff and thereby on Zeff. For D 
< κ− 1 charge regulation also plays an important role, which is primarily 
of chemical origin [95,96]. Varying the electrolyte composition might 
help in the future to separate the mean-field approach to the effective 
charge by counter ion condensation from the influence of charge regu
lation, either between the adsorbed macromolecules themselves or be
tween macromolecule and substrate.
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