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ABSTRACT: AFM based single molecule force spectroscopy was used for the investigation of single
polyelectrolyte chains. Namely, the elasticity of polyvinylamine chains and their desorption from solid
surfaces was studied as a function of the polymer’s charge density and electrolyte concentration.
Experimental force—distance profiles were fitted by the wormlike chain model, including elastic
contributions arising from the stretching of bond angles and covalent bonds. It was found that, under
the high stretching forces which can be applied in the AFM experiments, the bending rigidity of
polyelectrolyte chains (as described by the persistence length) is significantly lower than predicted by
Odijk—Skolnick—Fixman (OSF) theory. Furthermore, the desorption force of single physisorbed polymer
chains from negatively charged silica surfaces was determined. In addition to the electrostatic interaction
between polymer and substrate, which depends linearly on the Debye screening length and the polymer’s
line charge density, a constant nonelectrostatic contribution to the desorption force was observed.
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Introduction

Polyelectrolytes are of central importance in nature;
e.g., the conformation as well as the adhesive behavior
of proteins is governed to a significant extent by
electrostatic interactions.2 Besides, due to their unique
adsorption properties at interfaces, synthetic polyelec-
trolytes® are used in numerous industrial applications
to precipitate small particles in a variety of processes,
such as mineral separation,* flocculation,® retention,®
or as strength-enhancing additives in paper production.”
In this context, the cross-linking of particles by poly-
electrolyte bridges is of particular importance.8 Under
certain conditions, the surface charge of a substrate is
not only neutralized by polyelectrolyte adsorption but
even reversed.®10 This effect can be used to stabilize
colloidal suspensions?! or for the buildup of multilayered
structures of alternating positively and negatively
charged polyelectrolyte layers, each only a few nanom-
eters thick.12 Finally, adsorbed polyelectrolyte layers can
serve as biocompatible, soft cushions on solid substrates
which can be used to support, e.g., lipid bilayer mem-
branes.13:14

In general, polyelectrolyte adsorption is a complex
issue, which has attracted both theoretical and experi-
mental scientists from different areas of research.
Despite this tremendous effort, the interplay of in-
tramolecular interactions is not completely understood,
as long-range electrostatic interactions have to be
considered. This provides a significant complication in
the theoretical treatment of polyelectrolytes.15-2%

A number of recent publications are directed at
determining the influence of molecular weight, counte-
rion concentration, and polymer and surface charge
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densities on the layer thickness, the layer structure, and
the interaction forces of adsorbed polyelectrolytes at
(charged) surfaces. Various experimental techniques
such as X-ray and neutron reflectometry,1422 atomic
force microscopy (AFM),2324 or the surface forces ap-
paratus (SFA)%25 have been employed to address these
issues.

With the development of new experimental tools
allowing piconewton force resolution and angstrgm
positioning precision of force sensors, mechanical ex-
periments with single molecules have become possible,
which have given new insights into intra- and intermo-
lecular forces.?6—31 Furthermore, by investigating single
polymers far away from their maximum-entropy con-
formation, these experiments have inspired new con-
cepts in polymer physics, which go far beyond the
classical models of this field and incorporate conforma-
tional transitions, enthalpic deformations, and bond
rupture of polymers.32-34

In this study, AFM based single molecule force
spectroscopy has been used for the investigation of
polyvinylamine (PVA) on the single molecule level. The
fraction of amino groups in the polymer chains was
controlled by synthesis such that polyvinylamines of
varied line charge density could be investigated. In one
set of experiments, the polymers have been covalently
attached to aminoreactive surfaces such as epoxy-
silanized glass substrates and AFM tips. This allowed
for the detection of the polymers’ elastic behavior up to
forces in the nanonewton range. In a second set of
experiments, the desorption of single PVA chains from
solid supports was investigated on physisorbed polymer
layers.

Materials and Methods

Materials. The polyvinylamines were synthesized by par-
tial hydrolysis of poly-N-vinylformamide, such that the fraction
of amino groups in the polymer chains could be controlled by
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Figure 1. Molecular structure of polyvinylamines used in
AFM single molecule experiments. x = degree of hydrolysis
(i.e., amount/fraction of free amino functions); a = distance
between neighboring positive charges as estimated from CPK
models; T = line charge density.

synthesis. In Figure 1, the molecular structure of the PVA
polymers, their degree of hydrolysis, x, as determined by
stoichiometric control (and checked by NMR), and the line
charge density, 7, as estimated from Corey—Pauling—Koltun
(CPK) models are shown. The average molecular weight of the
polymers as determined by light scattering was M,, ~ 500 000
g mol~1 (i.e., the weight-averaged degree of polymerization is
Nw ~ 12 000, which gives an average contour length of the
polymers, Layg =~ 3 um). (3-Glycidyloxypropyl)trimethoxysilane
was purchased from Aldrich (Deisenhofen, Germany); all other
solvents and sodium chloride were purchased from Sigma
(Deisenhofen, Germany). Deionized water was further purified
using a Milli-Q plus system (o = 18.2 MQ-cm, & = 71 mN/m).
Surface Functionalization of Glass Substrates and
AFM Tips (Figure 2). Glass microscope slides (25 x 75 x 1
mm, Sigma) as well as silicon substrates with native oxide
layers (Wacker, Germany) were cleaned prior to the experi-
ment by sonicating for 10 min in Hellmanex solution (Hellma,
Muhlheim, Germany) and twice in Milli-Q water.
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The cleaned SiO, substrates were functionalized in a 5 vol
% solution of (3-glycidyloxypropyl)trimethoxysilane in 2-pro-
panol for 1 h. The substrates were then kept in an oven at 80
°C for 3 h, followed by successive rinsing with 2-propanol.
Increased hydrophobicity of the substrates was observed in
contact angle measurements after silanization. SisNs AFM tips
were used as obtained from Microlevers, Park Scientific
Instruments, Sunnyvale, CA, and epoxy-functionalized by the
same silanization procedure.

Polyvinylamine was attached to the substrates by incubat-
ing a small region of the surface with a few drops of an aqueous
polymer solution (0.2 mg mL™%) for 30 min, followed by
successive rinsing with Milli-Q water. This procedure allows
for both physisorption of the polymers onto the negatively
charged glass substrate and covalent binding of the amino
groups to epoxy-functionalized supports (as shown by the high
rupture forces in the elasticity experiments).

AFM Experiments. The samples were then mounted in a
custom-built AFM with a z range of the piezo translator of 15
um. Details of the experimental setup are given elsewhere. 3536
All experiments were conducted in solutions of 1:1 electrolytes
(NacCl) at room temperature (21 °C), unless otherwise specified.

For the characterization of elastic properties, the epoxy-
functionalized AFM tip was brought in contact with an
interfacial layer of covalently bound PVA molecules on glass
(microscope) slides by manual control. The AFM tip and the
polymer layer were kept in contact under a contact force of
several nanonewtons (nN) for approximately 30 s, which is
sufficient to allow for a chemical reaction between the epoxy
functions at the tip surface and the amino groups of the
polymer. Upon retraction of the cantilever, individual PVA
molecules were stretched between two covalent links of the
polymer to the surface and the AFM tip (Figure 3a). The
resulting forces profiles were measured via the deflection of
the AFM cantilever spring using optical lever detection.3” The
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Figure 2. Covalent attachment of polyvinylamine to epoxy-funtionalized surfaces. Surface hydroxy functions (naturally present
on silica substrates as well as on silicon nitride AFM tips) are converted to amino-reactive epoxy functions via silanization. Chemical
reaction with amino functions of PVA yields g-hydroxyalkylamine function.
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Figure 3. Comparison of elasticity and desorption experiments. In the elasticity experiment, the polymer is covalently fixed to
both substrate and AFM tip; in the desorption experiment, PVA is physisorbed to the substrate and only covalently attached to
the AFM tip. Detachment in elasticity experiments occurs when a covalent bond ruptures along the stretched polymer strand
(nanonewton forces); in desorption experiments ionic bonds between substrate and polymer break under forces in the piconewton

range.
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Figure 4. (a) Elastic behavior of PVA(50%) covalently fixed between glass substrate and AFM tip. Three typical traces of individual
strands of different contour length are shown. At short distances, the profiles are dominated by a strong adhesive force which is
illustrated in one of the curves (but has been omitted for clarity of presentation in the other three traces). For identification of
single polymer traces and for comparison of different PVA samples, the measured curves are normalized and superimposed;
here, z = 1.0 for F = 200 pN was chosen. The normalized curve for PVA(50%) is plotted in (b) and compared with the force—
distance profiles of polyvinylamines of different degree of hydrolysis (line charge density), PVA(10%) and PVA(70%); all shown

curves were measured in 5 mM NacCl solution.

nominal spring constants of cantilevers used in the experi-
ments were 10 or 30 mN/m. Prior to the first approach of the
AFM tip to the surface, the spring constants of each lever were
individually calibrated by measuring the amplitude of its
thermal oscillations.®® The sensitivity of the optical lever
detection was measured by indenting the AFM tip into a hard
surface.

Note that, as indicated in Figure 4, the first force—distance
profile recorded after tip—substrate contact can be rather
complex, consisting of contributions from stretching several
polymer strands, desorption of the polymer strands from
substrate and/or cantilever, covalent bond rupture of short
strands, and interchain aggregation and entanglements. There-
fore, in each measurement the cantilever was first retracted
from the substrate to a distance at which unspecific adhesion
was no longer observed. Then, in successive retraction—
approaching cycles the distance range is increased while
avoiding contact between the tip and additional PVA strands
at the substrate surface, until only one polymer strand
remained between tip and substrate. The force—distance
profile of this strand was then measured repeatedly until
rupture.

Assuming that in the probed force regime the measured
stretching force is a function of the relative extension of the
polymer chain, i.e., F ~ f(R,/L), all force traces originating from
single polymer chains should superimpose when scaled to the
same contour length. In turn, the superposition of the force
traces serves as an additional criterion for the identification
of single polymer strands.?%35 Here, for comparison of the force
profiles measured on PVA strands of different lengths, the
relative extension z. in all traces was set to z.; = 1 at a force
of 200 pN.

For the desorption experiments, PVA was physisorbed onto
unfunctionalized glass substrates from aqueous solution under
the same experimental conditions as given above. Again,
epoxy-functionalized tips were employed to covalently bind the
amino groups of the polymer in the AFM experiment. As
indicated in Figure 3b, the weakest links in this system are
the ionic bonds between polymer and substrate. Therefore, the
resulting force profiles are determined by the detachment of
the polyelectrolyte chains from the substrate at forces of
several hundred piconewtons while the covalent link to the
AFM tip holds forces up to the nanonewton range.®® In this
case, contact between tip and substrate was established for
several seconds in each cycle followed by retraction of the tip
until no more adhesive force was detected.

Results

Mechanical Properties of Single Polyvinylamine
Molecules. Figure 4a shows various experimental

force—distance traces of individual PVA(50%) strands
of different length in 5 mM NaCl solution at room
temperature. The covalent attachment of the polymer
to both substrate and AFM tip allows for the elastic
characterization of the polymers up to nanonewton
forces.®®

The elasticity of polyelectrolytes is expected to depend
on the distance of electrical charges (i.e., ionic or
ionizable funtional groups) along the polymer chain as
well as on the screening of these charges in electrolyte
buffers.1518 Therefore, force—extension curves of poly-
vinylamine were determined at varied charge density
of the polymer and at different salt concentrations of
the buffer solution. Figure 4b shows normalized curves
for three different polyvinylamines, all measured in 5
mM NacCl solution. Qualitatively, the change in curva-
ture of the force—distance profiles already indicates the
expected effect: increasing the polymer’s line charge
density increases its bending rigidity. Likewise, a
change in electrolyte concentration was found to affect
the bending rigidity of PVA, while the influence of pH
change was negligible in the investigated range from
pH 5 to 9 (i.e., below the estimated pK of the polymers
and above the pK, of the silica substrate).

For quantitative comparison of the experimental data
with theoretical predictions for polyelectrolyte elasticity,
the experimental curves were fitted by an extended
wormlike chain (WLC) model including linear elastic
contributions arising from the stretching of bond angles
and covalent bonds.*%

: F
2+ -2 @
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In this expression, R; is the measured end—end distance
at any given force, F, and L is the contour length of the
stretched chain (polymer strand) under zero force (F =
0). The polymer’s bending rigidity is expressed by the
chain’s persistence length, L,. Finally, the chain’s
extensibility upon stretching is described by the seg-
ment elasticity, Ko, which is introduced into eq 1 as a
linear term. (Hereby, Ko can be understood as the
inverse of the normalized compliance of a Hookean
spring; the spring constant of the polymer chain is given
by Ko/L.) Note that eq 1 is only based on an approxima-
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Figure 5. WLC fits to force—distance profile obtained for PVA(50%) in 5 mM NacCl solution: (a) two fit curves to experimental
trace for F < 200 pN and F < 700 pN; (b) a close look at the curvature of experimental and fitted curves shows the different
guality of the fits and the dependence of the fit parameters upon the choice of the force range (gray, experimental trace; black

line, fit to F < 200 pN; dotted line, fit to F < 700 pN).

tion to the exact solution of the WLC model. This
approximation is valid in the range of very low and high
forces (i.e., in the regimes F < 1 pN and F > 20 pN).4
At forces above 200 pN, nonlinear contributions to the
extensibility of the molecule are likely to become
important such that the description of the enthalpic
stretching by a simple Hooke spring may no longer be
a good approximation which is illustrated in Figure 5.

For the evaluation of the PVA elasticity data, only
such force—distance curves were considered which
perfectly superimposed within the experimental noise.
One of these superimposed curves was chosen for the
fitting of the experimental curves according to the
extended WLC model given by eq 1. Two fit curves are
shown which model the experimental force—distance
profile of PVA(50%) in 5 mM NacCl solution in the range
of F < 200 pN (solid line) and F < 700 pN (dashed line).
The fit curves were obtained by minimizing the mean
standard deviation, 02 = Y (Fexp — Frit)?/N2, of the fit,
resulting in ¢ = 0.022 and o = 0.035, respectively.
However, to allow for a reasonable statistical compari-
son of the two fits, the standard deviations were
compared only for the range of F < 200 pN which, for
the fit up to 700 pN, gave o = 0.024 for force values, F
< 200 pN. While this difference in the standard devia-
tion between the two fits may appear only marginal,
there is a significant deviation in the fit results obtained
for the different regimes. For the best fit curve in the
range of F < 200 pN, a persistence length of L, = 1.45
nm was calculated which is almost twice as high as the
value obtained for the best fit over the larger force range
(F <700 pN, Lp = 0.95 nm). Also, a higher stiffness of
the polymer chain is indicated by a higher segment
elasticity, Ko = 13 600 pN at high forces, as compared
to Ko = 4000 pN when only the lower force range is
considered. A close look at the curves in the regime
between F = 100—200 pN also reveals that the experi-
mental data are modeled with a significantly better
accuracy by the solid line, i.e., the fit curve for the low
force range. Moreover, the fit parameters are consistent
and independent of the force range as long as F < 200
pN; i.e., a further decrease of the fitted force range did
not affect the resulting values for L, and Ko.

Thus, to extract the persistence length, Ly, from the
experimental data, for each fit the force range was
decreased until a constant value was obtained. Note,
however, that a vertical force offset of +1 pN results in

Table 1. Persistence Length, L, and Segment Elasticity,
Ko, of Polyvinylamines with Different Degrees of
Hydrolysis (Line Charge Density, r), Measured under
Conditions of Varied Salt Concentration As Obtained
from WLC Fits to the Experimental Force—Distance
Profiles; Estimated Relative Experimental Errors Are
ALp ~ 20%, and AKg ~ 50%

polymer Csalt [MM] Lp [nm] Ko [pN]

PVA(10%) 5 0.8 5100
10 0.9 4100

100 0.95 3600

PVA(30%) 5 0.45 4800
10 0.85 4500

40 1.0 3000

100 0.9 3700

PVA(50%) 5 1.45 4000
10 1.75 4500

40 1.65 5000

100 0.85 4000

PVA(70%) 5 2.0 5200
10 1.2 5700

100 1.2 6500

a ~10% deviation of the calculated persistence length.
Considering the experimental noise at forces below 20
PN, a relative error of AL, ~ 20% is therefore estimated.
The value of the segment elasticity is even more affected
by the experimental accuracy in determining zero force
and zero extension. Thus, data for K, can be given
within a relative experimental error of AKy ~ 50%. The
elasticity data for polyvinylamines of different charge
density measured at different salt concentration are
given in Table 1.

Desorption of Polyvinylamine Chains from Solid
Substrates. In addition to studying the elastic behavior
of single polymer chains discussed in the previous
section, single molecule force spectroscopy can also be
used to probe the adhesion forces of physisorbed poly-
electrolyte chains on solid substrates. Again, epoxy-
functionalized AFM tips were used to allow for a
covalent binding of polyvinylamine as the tip was
brought in contact with the interfacial polymer layer.
Then, upon retracting the cantilever, the resulting forces
were measured as one or more polymer strands were
covalently grafted to the tip and successively pulled off
the substrate. Figure 6 shows two representative curves
of polyvinylamine desorption from bare glass substrates.

A force—distance trace recorded upon detachment of
a single polyvinylamine chain from silica (here, PVA(70%)
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Figure 6. Typical force—distance profiles measured upon
detachment of physisorbed polyvinylamines from a charged
surface: (a) stretching and desorption of a single loop; (b)
stretching and desorption of multiple strands.

measured in 5 mM NacCl solution) is shown in Figure
6a. In some cases, one loop of the polymer chain is
picked up upon covalent attachment to the AFM tip at
a random position, such that its two strands bridging
between substrate and tip are of different length. While
retracting the cantilever, the shorter strand is stretched
which gives rise to the characteristic stretching trace
at low forces until a plateau region of constant force (F
~ 50—100 pN) is observed.

Recent theoretical considerations by Haupt et al.*?
have suggested that the shape of the force—extension
profile for the continuous desorption of a weakly ad-
sorbed polymer chain from a solid substrate depends
on the force loading rate. While at fast pulling rates each
monomer—surface detachment provides a peak of a saw-
tooth pattern, the height of the individual peaks related
to the consecutive dissociation events is reduced with
decreasing pulling rates, effectively resulting in a flat
plateau of constant force at infinitely slow pulling rate.
Hereby, an important parameter determining the peak
height is the natural off-rate of the monomer—surface
contacts. In the experiments described here, the dis-
sociation of ionic bonds between individual amino
groups and charged surface sites can be expected to be
much faster than the applicable force loading rates.

Polyelectrolyte Chains 1043

Thus, each observed plateau region can be interpreted
as the continuous desorption of one ore several poly-
electrolyte strands. In Figure 6a, both ends of the loop
are being stretched and desorbed simultaneously from
the substrate as the length of the stretched (initially
shorter) strand becomes comparable in size to the other
strand of the loop. As a result, the required desorption
force doubles, as indicated in the recorded trace by a
stepwise increase followed by a second plateau region
at twice the height of the first plateau. Finally, full
desorption of both ends results in rupture of the system
and the recorded (adhesive) force drops to zero.*3

However, the stretching and desorption of a single
loop was only the simplest case observed. Figure 6b
shows a force curve which was found for the desorption
of multiple molecules (loops). At short distances, a steep
increase of the force resulting from the simultaneous
stretching of several polymer strands is recorded. As the
distance between tip and substrate is increased, their
continuous desorption is again indicated by a plateau
of constant force. As the shortest PVA strand fully
detaches from the substrate, a decreasing step in the
force profile is measured, followed by the successive
detachment of all polymer chains, each reflected by a
stepwise decrease in the overall desorption force. As in
the elasticity experiments, the contour lengths of the
desorbed polyvinylamine chains varied between 0.5 and
8 um. (Considering the broad molecular weight distribu-
tion of the materials, this is in accordance with the
estimated average polymer chain length of 3 um.)

Although most of the recorded traces were more
complex than the two most illustrative examples shown
in Figure 6, in all cases the typical plateaus of constant
force were observed. In accordance with the discussion
of the underlying molecular processes given above, the
step heights were thus interpreted as the contribution
of individual PVA strands to the overall recorded
desorption forces. Although the simultaneous detach-
ment of two or even three strands was occasionally
observed, most of the steps indeed originated from single
PVA strands. In the following, we will thus refer to the
plateau steps as desorption forces.

The desorption forces for differently substituted poly-
vinylamines from silica substrates are summarized in
Figure 7. In the histograms, the force distributions
determined from experimental series under varied
conditions of polymer charge density and salt concen-
tration are plotted.

The gray bars represent those step heights which
have been interpreted as multiple chain desorption
events. They were neglected for the determination of
the average values. As expected, a decrease in polymer
charge density as given in PVA(50%), PVA(30%), and
PVA(10%) resulted in smaller average desorption forces
(Figure 7a). As in the elasticity measurements, no
significant pH dependence in the range from pH 5—9
was observed.

In solutions of high electrolyte concentration (100
mM), i.e., under efficient screening conditions of the
electrostatic surface potential (Debye length, x~1 ~ 0.95
nm),** the desorption forces of PVA(70%) are decreased
to an average value of ~45 pN, which is in the same
range as for PVA(10%) under similar conditions (Figure
7b). In general, this value gives a lower limit for all
investigated polyvinylamines. Presumably, it can be
associated with a nonelectrostatic contribution for the
measured desorption forces from SiOy surfaces.
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Figure 7. Histograms of desorption forces of polyvinylamine from silica substrates: (a) dependence on polymer charge density
(all profiles measured in 5 MM NaCl solution); (b) dependence on salt concentration. Note that, due to thermal noise, the accuracy
in determining the average desorption force is limited to a range of £5 pN; a bin width of 10 pN was chosen in the histograms.

Discussion

Elastic Behavior of Polyvinylamines. From clas-
sical Odijk—Skolnick—Fixman (OSF) theory,>16 it is
expected that the electrostatic interaction between the
charges along the polyelectrolyte chain increases its
bending rigidity: as the repulsive interaction tends to
increase the distance between like-charged segments,
it favors the stretched conformation of the chains and
thus effectively increases the persistence length, Ly, of
the molecules by an additional electrostatic contribution,
Le. In the rod limit, the electrostatic contribution adds
to the purely elastic term, Lo, and is given by

Ly = lgk %2%4 )

e
where lg is the Bjerrum length (given by lg = €%/
(4eeoksT) = 0.71 nm in water at room temperature), «*
is the Debye length which describes the screening of the
electrostatic potential in electrolyte solution, and 7 is
the line charge density of the polyelectrolyte (given by
the inverse of the average distance between two charges
along the chain; cf. Figure 1). However, at high charge
densities, there is a limit for the line charge density as
counterion condensation reduces the average distance,
a, between two charges along the chain to the Bjerrum
length (which defines the distance at which the repul-
sive interaction of two like charges equals kgT).* In this
“Manning” limit, the effective line charge density be-
comes one charge per Bjerrum length, 7 = Iz, and eq
2 reduces to

Ly =« Y4l (3)

5

E i PVA(50%)
o ]
44 /
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3 )/ \(Mannm
] K condensation)
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Figure 8. Dependence of the persistence length of PVA(50%)
(as obtained from WLC fits) on Debye screening length (cf.
Table 1 for other polyvinylamines). Theoretical predictions
according to OSF theory are shown as dotted and solid curves.
The solid curve corresponds to the “Manning limit” considering
counterion condensation (a ~ Ig).

In Figure 8, the persistence lengths obtained for
PVA(50%) from the WLC fit of the experimental force—
distance profiles are plotted against the Debye length,
«~1, of the buffer solution (also compare Figure 4b and
Table 1). Assuming a purely elastic persistence length
of Lo = 0.8 nm (as measured for the nearly uncharged
PVA(10%) under high screening conditions), the com-
parison with the theoretical curves from OSF theory
shows that the observed electrostatic contribution, L,
is much less than expected, especially at conditions of
low salt concentration (i.e., for large «~* or little screen-
ing of the electrostatic interactions).
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This is in qualitative agreement with early measure-
ments on the salt dependence of DNA elasticity by
Smith et al. using magnetic beads,?® as well as with
recent observations on synthetic polyelectrolytes em-
ploying the AFM technique.36 However, a quantitative
comparison of experimental data on the different syn-
thetic polyelectrolytes is not straightforward as the
reported data are based on different fit models. As
already discussed above, the introduction of (linear)
elastic stretching terms into the WLC model (eq 1)3440:47
as well as the choice of the lower force regime for fitting
has the effect of yielding increased values for the
polymers’ persistence lengths. Moreover, an improved
theoretical description of the measured force—distance
profiles at high forces is expected from the consideration
of cross-terms obtained from coupling the bending and
stretching fluctuations, together with the introduction
of nonlinear elastic contributions to the polymer exten-
sibility.*8

Despite the uncertainties related to the fitting process
itself, they are by no means sufficient to explain the
drastic difference between the theoretical predictions
from OSF theory and the experimental data. However,
it has to be recognized that the OSF theory considers
the electrostatic contribution only based on a static
approach. Considering dynamic bending fluctuations
along the polyelectrolyte chain, it has been shown
already by Barrat and Joanny!® that the electrostatic
contribution to the chain stiffness, described by Lej,
depends on the scale of the bending fluctuations. For
bending wavelengths smaller than the Debye screening
length, 71, the persistence length of the charged chain
is effectively reduced to the bare elastic contribution.
Marko and Siggia®? recognized that this results in an
apparent reduction of the effective bending stiffness
upon stretching, which could explain the observed salt
and force dependence of DNA bending rigidity.?® A
universal scaling function for the force dependence of
the electrostatic persistence length, L¢, has been given
recently by Netz.*® Hereby, it has been suggested that
the crossover from a “lower force regime”, in which the
electrostatic contribution, L, efficiently increases the
persistence length of the polymer, to a “higher force
regime”, in which the bending elasticity is given by the
bare elastic contribution Lo, depends on Lo as well as
on the Debye screening length, «~1. At comparable salt
concentration an efficient softening of synthetic poly-
electolyte chains (Lo ~ 1 nm) should thus occur already
at forces 1 order of magnitude smaller than for DNA
(Lo ~ 30 nm).*8 At forces of 10 pN and under conditions
of low screening, DNA can therefore be described by a
semiflexible chain with a persistence length of L, ~ 50
nm, which corresponds to the sum of the bare elastic
and the electrostatic persistence length,?832 while the
polyvinylamines investigated in our work are described
by a persistence length corresponding to the bare
persistence length, L, ~ Lo ~ 1 nm.

As indicated above, a decrease of the Debye screening
length can result in a crossover from the “high force
regime” to the “low force regime”. This is seen in Figure
8 in which a maximum value for the persistence length
is observed for « 1 ~ 2.3 nm. Apparently, at this
crossover point the bending wavelengths of the PVA(50%)
chain become comparable to the Debye screening length.

Desorption Forces of Polyvinylamines from
Silica Substrates. As indicated above, the dissociation
rate of ionic bonds between the positively charged amino
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groups of the polymer and the negatively charged
surface sites is much faster than the pulling rate applied
in our experiments. Thus, on the time scale of the
experiment, the polyelectrolyte chain can be considered
as a string of constant charge continuously desorbing
from the charged substrate against the attractive
potential of the surface. The electrostatic contribution
to the force that needs to be applied in order to induce
this continuous desorption can be quantified as follows.
The electrostatic potential, Ve!(z), of the substrate in
electrolyte buffer is given in the Debye—Huckel ap-
proximation by

Ve (2)/ksT = 4ztlgor* exp(—«2) (4)

in which o is the surface charge density.** Upon de-
sorption of one polymer segment of length a, the entire
polymer chain is moved against the electrostatic surface
potential; i.e., the separation of each charged segment
from the substrate is increased by the distance a.
Therefore, the force that needs to be applied for this
process can be determined simply from the transfer of
one charged segment from z = 0 to z = c while all other
segments stay in place (Figure 9a). It is obtained as

Fohe = (4algkgT)ox 't (5)

Thus, at constant surface charge density, a linear
dependence of the desorption force on the Debye length,
«~1 (for constant polymer charge), as well as on the line
charge density, 7 (for constant electrolyte concentration),
is expected. The data obtained for the desorption of PVA
from silica substrates are plotted in Figure 9b (Fges VS
«~1) and Figure 9c (Fges Vs 7), and their dependence on
the given parameters is as predicted.

As shown for PVA(30%) and PVA(70%), a linear
increase in the desorption force is found with increasing
Debye length resulting from the electrostatic interaction
between polymer and substrate. By extrapolation to « !
=0, Fo =~ 33 pN is obtained, which can be considered a
“zero charge” contribution to the desorption force of PVA
chains from silica. It is independent of electrostatic
charges and most likely dominated by van der Waals
interactions between polymer and substrate.*® In a first
approximation, the electrostatic force, F¢ (eq 5), is
therefore supposed to be the only additive term to the
overall desorption force, Fges, such that

Fues = Fo + (4tlgkgTo)c 'z (6)

Thus, the surface charge density, osiox, of the silica
substrates used in the experiments can be extracted
from the slopes of the line fits for the two different
polymers shown in Figure 9b. On the basis of the
estimated line charge densities of the polymers (cf.
Figure 1), osiox = 0.131 nm~2 (i.e., 0.022 C m~2) and
osiox = 0.103 nm~2 (i.e., 0.017 C m~2) are obtained for
PVA(30%) and PVA(70%), respectively, which is in good
agreement with values reported in the literature.4+50
The maximum surface charge densities for uncoated
silica surfaces lie in the range of osjox ~ 0.4 C m=2,51
but it has to be considered that this value is significantly
reduced in electrolyte solutions.*

In Figure 9c, the experimental data for different PVA
samples in 5 mM NacCl solution are plotted against the
charge density of the polymers. Again, the expected
increase in the average desorption force is observed, and
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Figure 9. (a) Continuous desorption of charged polymer
chains from a charged substrate. (b) Dependence of desorption
force on Debye screening length plotted for PVA(30%) and
PVA(70%). (c) Dependence of desorption force on polymer line
charge density measured in 5 mM NacCl solution (% ~ 4.3
nm).

the data have been fitted by a straight line according
to eq 6. Here, the surface charge density of the silica
substrate is determined as osjox = 0.091 nm~2 (i.e., 0.015
C m™2), which corresponds within the experimental
error to the value obtained from Figure 9b. Also, the
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zero charge contribution Fo ~ 38 pN from this fit is in
agreement with the constant term of the desorption
force calculated above, which again indicates its non-
electrostatic origin. Finally, the surface potential, o (~
V(0)), of the substrate is obtained from eq 4 and eq 6 as
(Fdes — Fo) = V(0)T = 9or, i.e.

Yo = Felt (7)

According to our simple model, the surface potential of
the silica substrate is thus given by the slope of the
linear fit to the experimental data in Figure 9c, such
that wyo(silica) = —14.2 pN nm (unit charge) ~ —88
mV. Although this value is slightly higher than ex-
pected,234450 it still indicates that the simple linear
model used here is a good first approximation and well-
suited to explain the observed desorption forces of
polyelectrolytes from charged substrates.

Conclusions

Single polyvinylamine chains of varied line charge
density have been investigated using AFM based single
molecule force spectroscopy. It has been shown that the
electrostatic contribution to polyelectrolyte elasticity,
which is known to effectively increase the persistence
length of the polymers at zero load, vanishes under high
mechanical stresses. On the basis of these findings, an
improved theoretical understanding of polyelectrolyte
elasticity at high forces should emerge. Furthermore,
the detachment force of single polyvinylamine chains
from silicon oxide surfaces has been determined as a
function of polymer line charge density as well as
electrolyte concentration. Within the experimental er-
rors, the results could be described by a simple linear
model with a linear dependence of the detachment force
on the polymer line charge density as well as the Debye
screening length. On the basis of this model, the surface
charge density as well as the surface potential of the
silica substrate could be deduced from the experimental
data. In addition to the electrostatic contribution, a
constant detachment force presumably due to the non-
electrostatic interaction between polymer and substrate
surface was found. Single molecule force spectroscopy
by AFM thus allows to measure adhesive forces on the
single molecule level and to gain detailed insight into
fundamental interactions in colloidal systems.
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