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Model-Free Rheo-AFM Probes the Viscoelasticity of Tunable

DNA Soft Colloids

José A. Moreno-Guerra, Ivany C. Romero-Sdnchez, Alejandro Martinez-Borquez,

Manlio Tassieri, Emmanuel Stiakakis, and Marco Laurati*

Atomic force microscopy rheological measurements (Rheo-AFM) of the linear
viscoelastic properties of single, charged colloids having a star-like architecture
with a hard core and an extended, deformable double-stranded DNA (dsDNA)
corona dispersed in aqueous saline solutions are reported. This is achieved

by analyzing indentation and relaxation experiments performed on individual
colloidal particles by means of a novel model-free Fourier transform method
that allows a direct evaluation of the frequency-dependent linear viscoelastic
moduli of the system under investigation. The method provides results that
are consistent with those obtained via a conventional fitting procedure of the
force-relaxation curves based on a modified Maxwell model. The outcomes
show a pronounced softening of the dsDNA colloids, which is described by an
exponential decay of both the Young’s and the storage modulus as a function
of the salt concentration within the dispersing medium. The strong softening
is related to a critical reduction of the size of the dsDNA corona, down to =70%
of its size in a salt-free solution. This can be correlated to significant topological
changes of the dense star-like polyelectrolyte forming the corona, which are
induced by variations in the density profile of the counterions. Similarly, a
significant reduction of the stiffness is obtained by increasing the length of the
dsDNA chains, which we attribute to a reduction of the DNA density in the

1. Introduction

Several materials of daily use are made
of colloidal particles dispersed in a con-
tinuous medium, including among many
others paints, cosmetics, foodstuff, fluids
for oil extraction, and ferrofluids.!l Of
great importance for many applications is
the knowledge of their state diagram, i.e.,
whether they exist in a gas, fluid, or solid
state.l'’” This is mainly governed by the
interactions between the colloidal particles
that can be of different nature and coexist at
the same time, and include for instance van
der Waals, electrostatic, steric, and mag-
netic forces.¥ The relative contribution
of these forces depend on several factors,
such as the constituent materials of the col-
loids, their shape, internal architecture, and
surface properties. Moreover, recently it
has been proposed that the degree of soft-
ness, or compressibility, of the colloidal
particles influences substantially their bulk

outer region of the corona.
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phase behavior.>l In particular, it has been

shown that the transition point from a fluid

to a solid crystalline state occurs at grow-

ingly larger packing fractions for increas-
ingly softer particles; with a fluid-solid coexistence state that
progressively disappears.®! The softness of the colloidal particles
also governs the formation of crystalline states such as exotic lat-
tices like o, A15, and simple hexagonal,’'% which are usually
not observed in the case of hard colloidal spheres. Furthermore,
the formation of nonequilibrium solids such as glasses and jams
also shifts to higher packing fraction values.>® In addition, in
charged systems such as ionic microgels, the softness is affected
by the complex interplay between packing and counterions’ dis-
tribution, so that significant deswelling can be observed at large
packing fractions due to the osmotic pressure generated by the
expelled counterions.!'12]

Over the past few years, several experimental techniques have
been proposed for measuring the particles’ softness; these include
centrifugation,'>'¥ micropipette aspiration,'>!% dynamic light
scattering combined with variations of the osmotic pressure,”]
microdrop confinement,!® microfluidic flow,*l and atomic force
microscopy (AFM).2%22] Interestingly, all these methods provide
a measure of the “elasticity” of the particles by means of their bulk
or Young's modulus. However, it must be noted that in most cases
colloids are made of materials like polymers, biopolymers, or gels,
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which have an inherent viscoelastic nature. This indeed plays an
important role in systems with dense particle packings (e.g., crys-
tals, glasses, and jams) by affecting their dynamics and structural
relaxations, and its importance has been already recognized for
biological tissues?’l and cells, especially under pathological con-
ditions.?*?%] Most of these studies have been performed by using
time-dependent AFM indentation measurements, also known as
“indentation-relaxation” experiments. In these cases, the mate-
rials’ viscoelastic properties are usually obtained by modeling the
force relaxation curve with either a generalized Maxwell model?*
or more complex fractional models,?®l from which parametric
quantities such as the bulk modulus and the effective viscosity are
educed. An alternative, but time-consuming and limited in the
range of explored frequencies, AFM method is based on the meas-
urement of the frequency-dependent amplitudes and phase-shift
between an imposed oscillatory indentation and the relative force
response of the material detected via the cantilever deflection.’1l
In this work we exploit a novel and simple broadband method,*’]
in which the time-dependent force relaxation curve is Fourier
transformed to obtain the frequency-dependent linear viscoelastic
properties of the system under investigation without the adoption
of any viscoelastic model to interpret the data, as described below.

Amongst a great variety of available soft colloids, star-like
double-stranded DNA (dsDNA) colloids have been recently
introduced as a novel class of polyelectrolyte grafted colloids.*
Indeed, in contrast to solid charged colloids, the complex archi-
tecture of their corona allows to accommodate a large number of
counterions that provide unique properties. For instance, under
salt-free conditions and for relatively large grafting densities the
corona incorporates all counterions, which induce an osmotic
swelling and a rod-like conformation of the arms (i.e., they are
completely stretched). In particular, the DNA stretching, while
costing in terms of entropy, maximizes the available space for
the mobile counterions, overall resulting in an increase of
entropy. This configuration leads to an osmotic imbalance
between the interior of the corona and the bulk. With the addi-
tion of NaCl the osmotic imbalance is progressively reduced until
balance is reached and the corona deswells and shrinks, with a
salt-dependent size in agreement with a modified blob model for
dense polyelectrolyte brushes.[32331 Moreover, star-like dsDNA
colloids show interesting behavior in overcrowded conditions,
where for example the formation of crystalline states through
particle faceting without corona interpenetration has been
observed in salt-free dispersions; a process that is novel for hairy
colloids, but often observed in microgels.'>3* Interpenetration
of the dsDNA coronas occurs instead with the addition of salt.
Despite these interesting phenomena, a relationship between
the mechanical properties of a single hairy colloid and either the
salt-induced changes of its corona conformation or their phase
behavior is still missing from the literature.

In this work we address this lack of knowledge by exploiting
the effectiveness of a novel Rheo-AFM technique. In particular,
we measure the yet unexplored viscoelastic properties of single
dsDNA star-like colloids as function of salt concentration, size,
number, and length of the grafted DNA chains. Notably, all these
properties are rationally tunable and can be effectively character-
ized by means of Rheo-AFM measurements. The data are ana-
lyzed by using two complementary approaches: I) by modeling
the force relaxation-curves with a modified fractional Hertz model

Small 2019, 15, 1904136 1904136 (2 of 10)

www.small-journal.com

and II) by Fourier transforming the same curves by means of a
novel method recently proposed by Tassieri and co-workers.!’!
We investigate the viscoelastic nature of single-colloidal particles
as a function of salt concentration and dsDNA chain length for
a fixed number of grafted DNA chains (functionality f= 2 x 10°
chains per particle). For the arm length and the f values inves-
tigated here, the DNA coated colloids behave as osmotic stars
under salt-free conditions, i.e., the size of the dsDNA corona
equals the contour length of the grafted chains.1*]

We anticipate that our records reveal a pronounced softening
of the dsDNA corona with increasing of salt concentration.
This can be mainly attributed to the conformational changes of
the polyelectrolyte corona, with an abrupt softening at a critical
size of the DNA corona (or salt concentration). Moreover, we
observe a similar softening of the particles when the DNA
chain length is increased (i.e., doubled) and we attribute this
to the reduced chain density in the outer layer of the corona.
Finally, we shall highlight that the results reported in this man-
uscript are of particular interest to all those studies aimed at
gaining a better understanding of the mechanical properties of
a broad range of soft colloidal particles, such as polyelectrolyte
brushes and microgels>***% and microgel particles.>1¢17]

2. Results and Discussion

2.1. Indentation and Relaxation Experiments

Figure 1 shows a schematic representation of the AFM setup
adopted to perform indentation and relaxation experiments.
A colloidal AFM tip was used to indent a single colloidal par-
ticle attached to a glass substrate and dispersed in an open
liquid cell environment (see the Experimental Section for more
details). By following the experimental procedure introduced by
Tassieri and co-workers,!**l the measurement protocol consisted
of the following steps: I) the colloidal probe was equilibrated
above the sample surface for 5 s; II) the probe was successively
indented into the sample to a predefined indentation depth
0 < 10% of the sample thickness, i.e., the particle diameter; III)
the probe was maintained at constant height within the sample;
IV) the probe was retracted from the sample. The contact point

Figure 1. A schematic representation of the experimental setup. A spher-
ical tip of an AFM cantilever is brought into contact with a dsDNA star-
like colloid suspended in water within an open liquid cell environment.
The colloid is attached to a glass substrate.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Force versus time curve of a typical indentation and relaxa-
tion experiment, which consists of three sequential steps as shown in
the figure: 1) probe equilibration; Il) probe approach and indentation;
1) probe at constant depth into the sample.

between the probe and the colloidal particle was previously
determined from a force—distance curve. The force versus time
curve corresponding to steps (I to III) of a typical experiment is
shown in Figure 2. During step (I), in which the tip lies above
the sample, the registered force is zero. When the tip starts to
indent the sample (step II), the force rapidly increases, reaching
a maximum value at the deepest indentation point; then the
force starts to relax, potentially revealing the viscoelastic proper-
ties of the material (step III).

Due to the small applied indentation depth, the regime of
deformation can be described by means of a modified version
of the Hertz model for a spherical indenter.*#2 The relaxa-
tion of the force during step (III) was sampled at a frequency
of 100 Hz. This is the upper frequency limit of the Piezo stage
(controlling the cantilever height), above which it moves out
from its linear operational regime. The probe approaching
speed was chosen to be equal to 20 um/s in all the experi-
ments. At this loading rate no overshoot of the loading
forcel®! were observed; corroborating the adoption of the
Hertz model.

Measurements were performed on dsDNA hairy colloids
suspended in water solutions at seven different concentra-
tions of NaCl, i.e., ¢, = 0.0, 0.005, 0.025, 0.050, 0.100, 0.250,
1.000 m. The synthesis of the colloidal particles follows the
protocol introduced in a previous work32l and here reported
in the experimental section for the convenience of the reader.
The experiments were performed on colloidal particles having a
streptavidin-coated polystyrene sphere of radius R, = 0.49 um
as core, on the surface of which biotin terminated dsDNA
chains were grafted. The dsDNA chain length was equal to
10 kbp, which corresponds to a contour length of L, = 3.4 um
in salt-free water.?” The functionality f= 2 x 10° chains per
particle. In addition, as a means of comparison, dsDNA hairy
colloids with 20 kbp chain length having the same function-
ality fand core radius of those described above, were tested to
investigate the effect of chain length on particle softness. Note
that due to the osmotic nature of the corona, for 20 kbp chain
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length the size of the corona is double the size for 10 kbp, i.e.,
L. = 7.8 um in salt-free water.

2.2. Force Relaxation Curves: Elastic and Viscous Contributions

In the case of a relatively small indentation of a viscoelastic
sphere of radius R, by means of a (solid) spherical tip of radius
R; (which is to a first approximation a good representation of

our system), the time-dependent force relaxation can be written
25144.45]

g (1Y (1 V] d8*'*(1)
3(1_‘})[(12*] +(R—2J] LG(t—r)—dt dr ()

where 1/R* = 1/R; + 1/R,, v is the Poisson’s ratio, G(t) and
S(t) are the time-dependent relaxation modulus and indenta-
tion depth, respectively. Notably, in the limit of R, — e, which
corresponds to the indentation of a flat surface by means of a
spherical tip, the pre-factor in Equation (1) only depends on
R, and v, returning the well-known expression of the Hertz
model. In the specific case of a finite step-indentation, for
which the time derivative of J(t) is equal to zero before and
after the time interval required to perform the indentation of
amplitude &, (step II, in Figure 2), Equation (1) simplifies as it
follows (please see the Supporting Information for an extended
derivation)

ssv [(1y" (1"
Fit)= 3(1_v)[(R*) () ] G @)

Therefore, the time-dependent relaxation modulus G(t) of the
viscoelastic colloid is simply proportional to the measured force
and ready to be modeled.[?*2646l Notably, once the experimental
conditions have been defined, the constant of proportionality
between F(t) and G(t) in Equation (2) is fully determined. In
this work the parameters are R; = 4 um, §, = 0.1-0.4 um,
depending on sample, and v = 0.5 according to the values
reported in the literature.*’] Notice that, small variations of v
would only shift the magnitude of the outcomes, but not their
frequency behavior. In order to calculate the radius of the col-
loids as a function of ¢, we have used the following relation:
R, = Ry + L. Where R, = 0.49 um is the radius of the polysty-
rene inner core, which is independent by ¢, and L(c;) is the size
of the dsDNA corona. The latter has been determined by using
the following scaling law presented by others in a previous
work, 32 [ = ¢;%1,

The simplest analytical expression for describing the tem-
poral behavior of G(t) is a single mode Maxwell model, which
is a single exponential decay with a characteristic relaxation
timel*®! determined by the relative contribution of the elastic
(Go) and the viscous (1) components of the model; ie.,
G(t) = Gy exp (—t/7), with 7= 1y/G,. However, it must be noted
that, none of our measurements would have been adequately
modeled by means of this simple expression, which implies
that i) the force fully decays to zero at long times ii) via a single

F(t)=

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Shear relaxation modulus (G(#)) versus time for dsDNA hairy
colloids dispersed in water at different concentrations of salt ¢;: 0 m (e),
0.005 v (m), 0.025 m (»), 0.05 m (4), 0.1 m (¥), 0.25 m (<), and T m (4).
Lines are the data best fits of Equation (3). b) The best-fit curves as in (a),
but normalized by their value at the longest measured time, G,.

10

relaxation process, which is not the case of our experiments as
we shall demonstrate below. Therefore, in order to account for
the existence of a residual (rubber-like) modulus Gy and a dis-
tribution of relaxation times,?l we have adopted the following
stretched exponential expression of G(t):

G(t)=Gr + Gy exp[~(t/7)"] 3)

with an average relaxation time determined as (1) = (1o/Go)"/2.
The best fits of the experimental data of Equation (3) are shown
in Figure 3 and the output parameters Gy, Gy, 7Ny, and f are
reported in Table 1 together with the relative errors, which
correspond to one standard deviation, as obtained from the fits.

Table 1. Fitting parameters and relative errors obtained by interpreting the force relaxation
data in Figure 3 via Equation (3). Errors correspond to one standard deviation obtained from

www.small-journal.com

Figure 3 shows the shear relaxation modulus curves (i.e., the
force relaxation (F(t)) via Equation (2)) obtained from the inden-
tation measurements on the dsDNA hairy colloids suspended
in water at different salt concentrations ¢,. The absolute value
of G(t) decreases with increasing c,, implying that a smaller
force is required to reach the same relative indentation depth
Oy = 5% and therefore inferring a softening of the dsDNA par-
ticle’s corona with increasing the salt content in the solution.
For most of the measurements the decay of the shear relaxa-
tion modulus with time is evident as well as the existence of a
finite plateau value. Moreover, it can be seen that the addition
of salt to the solution (i.e., at ¢, = 0.005 M) induces first a slow-
down of the relaxation process (when compared with the salt-
free case) and then a faster decay for larger values of c,. This
is highlighted in Figure 3b, where we report the best fits of the
experimental data by means of Equation (3), but normalized by
their values at long times (i.e., Gg).

In Figures 4 and 5 are reported the parameter values of the
best fits of Equation (3) as a function of salt concentration c;.
From these diagrams it can be seen that both the total modulus
Gt = Gy + Gg and the residual modulus Gy show a reduction
with increasing of ¢, (Figure 4a, which indicates a progressive
softening of the colloidal particles). Notice that the presence
of a residual modulus indicates a kind of glassy behavior of
the corona. Interestingly, the salt concentration dependence
of both Gt and Gy can be described with an exponential decay
having the following expression: G; =G/ exp(—c, /c{)+ B; where
i =T, R and B is a baseline value. We find that for both the
moduli ¢ =0.026 M. Figure 4b shows the values of Gr plotted
against the salt-dependent corona thickness L relative to its
value in the absence of salt, L,. It can be seen that the par-
ticle stiffness (i.e., Gy) shows a sharp transition by almost an
order of magnitude at L/L, = 0.72 (which corresponds to a salt
concentration of ¢, = 0.025 M) between the two well-defined
regimes, within which only a moderate reduction of the mod-
ulus is observed as a function of L (or equivalently of c). This
is a riveting finding that suggests the existence of a critical
size of the corona, below which a significant softening of the
colloidal particles is observed. This critical size of the corona
corresponds to the end of the osmotic regime. The inset
of Figure 5 shows the ratio Gg/Gy, which reveals an initial
decrease at salt concentration values of ¢, = 0.005 and 0.25 w,
followed by an increase at ¢, = 0.05 and 0.1 M, and then the
ratio remains almost constant for ¢, = 0.25 and 1 m. Given
that for viscoelastic fluids Gy should tend to 0, an increase of
the ratio Gg/Gr indicates a tendency of the system to behave
like a viscoelastic solid (e.g., gels and rub-
bers). Therefore, the initial reduction of

the fits. Gg/Gr can be seen as a transition to a more
fluid behavior of the corona, followed by a
¢ ] Go [10° Pa G [10° Pa] 10 [10° Pa's] B transition to a behavior closer to a viscoe-
0 3.86+007 3294003 59401 0.41£001 lastic solid; however, with a continuously
decreasing modulus as shown by the mono-
0.005 3.71+0.03 235+0.03 171404 0.72 £0.01 . : .
tonic decrease of Gr. The inset of Figure 4
0.025 39402 162401 844005 0.35£002 shows the salt concentration functionality
0.05 0.84 +0.02 1.14 £0.01 0.41+0.01 0.81+0.03 of the model viscosity 1, which exhibits an
0.10 0.28 £0.05 0.70 £ 0.005 0.09 £ 0.02 0.37£0.06 initial increase followed by a pronounced
0.25 0.29 +0.01 0.68 +0.004 0.08 +0.005 0.51+0.01 decrease of almost two orders of magni-
tude. A similar behavior is observed for
1.00 0.23+0.04 0.65 + 0.005 0.06 +0.015 0.39£0.06
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Figure 4. Best-fit parameters as a function of c,, obtained by modeling
the force-relaxation curves of Figure 3 by means of Equation (3). a) Total
modulus Gt = Gy + Gy (O) and residual modulus Gg (O). The lines are the
best fits of the data of the following expression: G; = G? exp(—c,/c?)+B,
with i = T, R. Inset: the viscosity 1y, same x-axis as in the main plot.
b) Gy as a function of relative corona thickness L/Ly. The top axis reports
the corresponding salt concentration c,. Error bars correspond to one
standard deviation obtained from the fits.

(1) (Figure 5), which suggests that while the static stiffness
of the particles decreases monotonically with increasing the
salt concentration, the dynamic response of these colloidal
systems is more complex; hence the need of measuring the
frequency-dependent viscoelastic moduli for a better under-
standing of their dynamics, as described below.

2.3. Indentation and Relaxation Experiments: Frequency-
Dependent Viscoelastic Moduli

An alternative approach to determine the viscoelastic properties
of the colloidal particles is via the Fourier transform of the time-
dependent force relaxation measurement F(t). This is possible
because the material's complex shear modulus G*(w) = G'(®) +
iG”(w) is defined as the Fourier transform of the time derivative
of G(t) and therefore by considering Equation (2) one obtains

Small 2019, 15, 1904136 1904136 (5 of 10)
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G’ (0) = 10G(0) = 10CF(0) = G’ () + 1G” () (4)

3(1_‘/)[( 1 )1/3 ( 1 )1/3]3/2

= +— ®)
868, |\ R’ R,

where G’(w) and G”(w) are the materials’ viscoelastic moduli
describing the frequency-dependent elastic and viscous char-
acter of the system, respectively. The Fourier transform is
performed by using the analytical method proposed by Evans
and Tassieri.?>#%°0 Before performing the Fourier transform,
the force-relaxation curves were smoothed using a Savitzky-
Goyal filter to reduce the disruptive contribution of the noises,
given the integral nature of the Fourier transform. Notice that
the use of such a filter does not alter the shape of the relaxa-
tion curves. An advantage of the direct Fourier transform of the
experimental data relies on the absence of any preconceived
model for describing the viscoelastic behavior of the material.
A similar approach has been successfully applied in different
studiesP®>! and recently adopted for the evaluation of the viscoe-
lastic properties of single cells, after testing the effectiveness of
the analytical procedure on different complex soft materials.[?’]

Figure 6 shows the frequency-dependent viscoelastic
moduli of the colloidal particles dispersed in water at dif-
ferent salt concentrations. The storage modulus G’(w) shows
a reduction with the increase of ¢,, mirroring the reduction
of the stiffness deduced from the best fits of G(t) described
in the previous section. This can be further corroborated by
extracting the high-frequency value of the storage modulus, G;,
as a function of ¢; as shown in Figure 7a. The dependence of
G}, on ¢ can be described by means of an exponential decay,
Gi, o< A+ Bexp|—(c./c?) with ¢? =0.026 M, in close agreement
with the results obtained from the analysis of G and Gg, and
therefore educing the same conclusions.

The frequency dependence of the moduli and their rela-
tive variation provide additional crucial information on the
viscoelastic nature of the colloidal particles. Indeed, the DNA
corona is a dense polyelectrolyte solution, which is intrinsi-
cally viscoelastic. In particular, while the storage modulus G’()

[T T T T T T]
] L
10 E
_ 0.6} 1
- G
o
[72]
2 10%t © 04 14
A ]
o
v o2k
» 00 02 04 06 08 1.
10"k
1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
¢ /M

Figure 5. Mean relaxation time (1) = 19/G,. Inset: ratio between the
residual and the total modulus, Gz/Gy, same x-axis as in the main plot.
Error bars for () and Gy/Gr were obtained from standard error propaga-
tion using the uncertainties of 1o, Go, G, and Gr.
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Figure 6. a) Frequency behavior of the storage G’(w) (solid symbols)
and the loss G”(w) (open symbols) moduli and b) of the average
energy dissipated in a cycle, Wy, obtained from indentation and relaxa-
tion experiments for different salt concentrations, as indicated in the
legend. Lines in (b) are guides for power laws with exponents 1 and 2.
Frequency-dependent viscoelastic moduli in (a) were obtained by Fourier
transforming G(t) data in Figure 3a according to Equations (4) and (5).

shows a weak frequency dependence for all the explored salt
concentrations, indicating a solid-like behavior, G”(w) in the
absence of salt shows an almost constant value up to a max-
imum frequency of w = 1.5 Hz, after which the loss modulus
starts to decrease. This indicates a maximum of energy dis-
sipation that can be associated with dsDNA chains’ structural
relaxation. Moreover, it is interesting to notice that the region
of maximum dissipation shifts to slightly lower frequencies for
¢s = 0.005 M, and then it moves back to almost the same value
obtained in the salt-free solution at ¢; = 0.025 M. At relatively
larger values of ¢,, the G”(w) maximum shifts toward the higher
end of the explored frequencies, implying a substantial accel-
eration of the relaxation processes occurring at relatively small
length scales. To quantify these changes we plot in the inset of
Figure 7a the inverse of the frequency at which the maximum
of G”(w) is observed; i.e., a characteristic relaxation time 7,,,, of
the topological changes of the dsDNA chains as a function of c.
Notably, as we might have already anticipated, not only both the
terms of G, and 1,,,, show the same behavior of Gy (or Gg) and
(1), respectively, but also they show very similar values. There-
fore, we could speculate that the two analytical approaches
are qualitatively and quantitatively congruent. Nonetheless,
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Figure 7. a) High frequency storage modulus G, as a function of salt con-
centration c¢,. The solid line represents a fit to an exponential decay. Inset:
time T, at which the maximum of G” is observed, as a function of c,.
b) Value of the energy dissipated in a cycle, Wy, calculated for the lowest
(W4, left axis) and highest (W}, right axis) frequencies, as a function of c..

the direct Fourier transform of the force-relaxation curve, as
already stressed, does not need the assumption of any precon-
ceived model describing the viscoelastic nature of the system
under investigation.

Additional information can be obtained by calculating
the average energy dissipated within a cycle at a specific
frequencyP?: Wy (w)=(1/2)0G”(w)5; (see Figure 6b). At
¢, = 0 and at relatively low frequencies (i.e., below 1 Hz), we
observe an almost linear proportionality of Wy(w) with w;
whereas, at higher frequencies the slope is smaller than 1,
indicating a reduction of dissipation and a more pronounced
solid-like behavior. At a salt concentration of ¢, = 0.005 M, a
similar behavior is observed at relatively low frequencies, but
a pronounced change of the slope of Wy(w) is observed at
a frequency value of @ = 0.5 Hz; then the gradient remains
approximately equal to zero, indicating a solid-like behavior of
the colloidal particle. At a salt concentration of ¢, = 0.025 m the
colloids show a similar behavior to those in salt-free solution
up to a frequency value of circa @ = 20 Hz, then they also show
a solid-like behavior. At salt concentrations of ¢, = 0.05 M and
higher, the dissipated energy shows again a marked change
in the frequency dependence. The dissipation increases ini-
tially almost quadratically with frequency (this is clearer for
¢s = 0.1 M and higher), then at intermediate frequencies it is
almost linearly proportional to ® up to circa @ = 20 Hz, after
which it increases again quadratically, Wy(w)<@?. In order to
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Figure 8. a) Time-dependent shear relaxation modulus and b) frequency-
dependent viscoelastic moduli, G’(w) (solid symbols) and G”(w) (open
symbols), obtained from indentation and relaxation experiments on PS
particles decorated with 10 kbp (circles) or 20 kbp (pentagons) dsDNA
chains. Frequency-dependent viscoelastic moduli in (b) were obtained by
Fourier transforming G(t) data in (a) according to Equations (4) and (5).
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better elucidate these results, the values of the energy dissipa-
tion determined at the extremes of the explored frequencies
(i.e., Wy at a frequency of @ = 0.1 Hz and W' at a frequency
® =100 Hz) are reported in Figure 7b. From the latter, one can
observe that there is a moderate increase of W, from a salt-free
condition to ¢, = 0.005 M, followed by a monotonic decrease for
higher values of ¢,. This behavior closely resemble those of the
relaxation times (1) and 7,,.,. On the other hand, the behavior
of Wy is more complex, showing an initial decrease with a
relative minimum value at ¢; = 0.005 M, followed by a relative
maximum at ¢, = 0.05 m and further smaller variations at larger
values of c,. The similarities between W, (1) and 7, induce us
to infer that small dissipation values are associated with the top-
ological changes of the corona, possibly related to the change in
stiffness of the single DNA chains (i.e., from rod-like to coil-
like, as ¢, increases). At high frequencies, W;' indicates that the
energy is dissipated more efficiently by the samples with a col-
lapsed corona and showing lower values of Gy. Here we specu-
late that this phenomena might be governed by the single DNA
chain relaxation, which is faster for flexible (screened) chains at
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high salt concentrations than for rigid (charged) chains at small
salt concentration.

2.4. Effect of dsDNA Chain Length on Viscoelasticity

To test the influence of the length of the dsDNA chains on the
viscoelastic behavior of the colloidal particles, we performed
indentation and relaxation experiments on particles with longer
grafted DNA chains (i.e., 20kbp long) and in salt-free solu-
tion. Both the colloids had the same grafting density (200 000
chains) and size of the PS core (Rps = 0.49 um). We observed
that the magnitude of the modulus G(t) of the colloidal parti-
cles covered with 10kbp chains is about three times bigger
than the particles covered with 20kbp chains (Figure 8a), and
with a longer relaxation process. Indeed, by fitting the experi-
mental data of the 20kbp system with Equation (3) we obtain
Gr = 1.1 X 10° £ 0.03 Pa, Gy = 2.1 X 10°> + 0.05 Pa, and 7 = 0.04
1 0.005 s. The first two values are comparable to those obtained
for the smaller colloidal particles in a 0.05 M NaCl solution,
whereas the value of 7 is closer and even slightly smaller than
those obtained for ¢, > 0.1 M. This suggests that a longer chain
length induces changes similar to the addition of salt, how-
ever, with a different balance between the viscous and elastic
contribution to the final mechanical properties of the colloid.
Figure 8b shows the viscoelastic moduli obtained by Fourier
transforming the time-dependent shear relaxation modulus.
The storage modulus decreases in magnitude while keeping a
similar frequency behavior, whereas the loss modulus shows
the qualitative change discussed in the previous section for the
largest values of ¢, i.e., the maximum moves to larger frequen-
cies indicating a faster relaxation of the system. We can there-
fore conclude that a thicker corona also leads to a significant
softening of the particles.

2.5. Discussion

The reduction of the particle stiffness with increasing of the
amount of salt in solution can be interpreted in terms of the
morphological variations of the dsDNA corona, which mimics
in general those of brushes formed by long polyelectrolyte
chains. At very low salt concentration the corona absorbs almost
all counterions and the chains are completely stretched in order
to maximize the available volume for the mobile counterions.
With addition of salt the osmotic imbalance between the inside
of the corona and the bulk is progressively removed and the
chains become more flexible, thus their configuration becomes
increasingly random reducing the effective size of the corona,
until they collapse at large salt concentrations. The softening of
the particles shows a pronounced exponential dependence on
salt concentration and an abrupt transition at a critical corona
size Ly = 0.72 L, which are dictated by the changes in the
counterion distribution. It should be noticed that the observed
softening of the dsDNA corona is much more pronounced
than the increased flexibility of isolated dsDNA chains with
increasing salt concentration, which has been determined by
existing studies on the persistence length (or equivalently the
Young’s modulus) of single dsSDNA chains.’3-% Indeed, in the
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latter studies the dependence of E on ¢, is milder; i.e., roughly
inversely proportional to ¢, This is indicative that the entropic
effects of the counterions in a dense dsDNA brush are domi-
nating its mechanical properties.

The reduction of stiffness with increasing ¢, is consistent
with recent model systems used to calculate the elastic prop-
erties of dense films of shorter (few tenths of nm) dsDNA
chains on a substrate as a function of salt concentration.®57]
These models are static, i.e., they only predict the elasticity of
the films via its Young’s modulus (E). These films are typically
used as coatings for AFM microcantilevers for biodetection.>®!
In particular, Wu and co-workers®® have presented a bead-
chain model where the DNA chain is divided into spherical
fragments connected by elastic rods, which interact with the
fragments of other chains through a Yukawa potential. By
solving numerically the model, Wu and co-workers obtained
the values of the Young’s modulus as a function of salt con-
centration, which is in good agreement with our findings and
shows an exponential decay similar to those found in this work
for G}, Gy or Gy. In particular, the data of Wu and co-workers>®
for the Young’s modulus can de described through the relation:
E = A+Bexp[—(c,/c?)] (see the Supporting Information), with

¢ =0.01 M in their case. Such behavior of the Young’s modulus
as function of ¢, has been explained by Wu and co-workers*®! in
terms of increased flexibility of the dsDNA chain together with
the contribution of the complex interactions between different
dsDNA chains in the brush. We show here that the counterion
distribution governing the configurations of the dsDNA chains
in the corona is the dominant contribution to the softening.
The growth of DNA flexibility with increasing c, is consistent
with the faster relaxation process of the force and the increase
of the frequency at which the maximum of G” is observed.
Indeed, the dynamics of the semi-flexible dsDNA chains are
expected to become faster with decreasing their persistence
length.>%% At the same time, the non-monotonic behavior of
the ratio of the viscous to the elastic moduli as a function of salt
concentration cannot be directly related to any existing predic-
tion and will need further investigation.

Finally, it must be noted that the decrease of the particle stiff-
ness with the increase of chain length should not be attributed
to variations of the dsDNA flexibility. This is because in the low-
salt limit the persistence length of sufficiently long dsDNA does
not depend on the chain length.[°"] We could speculate that the
reduced elasticity of the colloidal particles having longer chain
lengths is related to a lower DNA density at the external surface
of the corona for longer chains than shorter ones.

3. Conclusions

Using AFM indentation and relaxation experiments, we deter-
mined the viscoelastic properties of single-particle hairy dsDNA
colloids in suspension as a function of the ionic strength and
the dsDNA chain length. By adopting two different analytical
approaches, i.e., via either i) modeling the force relaxation
curves by using a modified Maxwell model or ii) a direct Fou-
rier transform of the shear relaxation modulus to obtain the fre-
quency-dependent moduli, we consistently show a pronounced
reduction of the colloidal stiffness by increasing the ionic
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strength of the solution. This occurs exponentially as a function
of the salt concentration, with a sharp decrease at ¢, < 0.026 M,
which in terms of the brush size corresponds to a critical size
of Ly = 0.72 L. The stiffness reduction of the colloids as func-
tion of the salt concentration is also manifested with a faster
relaxation of the force, which relates to a shift of the maximum
of G”(w) (i-e., the point of maximum dissipation) to a higher
frequency value. We interpret these results as the manifesta-
tion of the changes in the counterion distribution in the poly-
electrolyte brush with increasing ionic strength, which strongly
affect the chain conformations and chain-chain interactions.
Indeed, the moduli of the dsDNA brush show a much stronger
dependence on salt concentration than the stiffness of isolated
dsDNA chains.?*%! Our results are in agreement with recent
numerical studies on films of shorter dsDNA chains grafted
on substrates.’®>’] A closer look at the frequency-dependent
viscoelastic properties suggests that the energy dissipation at
low frequencies (i.e., long times) is dominated by the collective
force relaxation in the corona, whereas at high frequencies (i.e.,
short times) chain dynamics might be more important. Finally,
we report that particles with a thicker DNA corona are softer,
which can be associated with a lower DNA density in the outer
side of the corona and/or a weaker contribution of the rigid
core of the colloid.

To conclude, we would like to highlight that both the results
and the method presented in this work open the way to a sys-
tematic investigation of the viscoelastic properties of colloidal
particles of different nature, including microgel particles, soft
composite particles, micelles, and others. These properties
are of great importance for the understanding of the phase
behavior of these systems. In particular, we stress that the vis-
coelastic properties of colloidal particles can be determined
through a model-free method, based on the Fourier transform
of force relaxation curves.

4. Experimental Section

Synthesis of DNA Star Polyelectrolyte Colloids and Dispersions’
Preparation: The procedure to obtain DNA star polyelectrolyte colloids
was described in detail before.’?l Here, the main steps of the procedure
are recalled that can be summarized as follows: i) Double-stranded DNA
synthesis through the amplification to 20Kbp and 10Kbp end-biotinylated
fragments via Polymerase Chain Reaction (PCR). ii) Grafting of DNA
chains to the streptavidin functionalized surface of polystyrene beads
(Rps = 0.49 um). The particles are then dispersed in deionized water
and different saline buffer solutions containing 5 x 1073, 2.5 X 1072, 5 X
1072, 107", 2.5 x 107", and 1 m of NaCl. For a fraction of the particles,
the DNA was prelabeled with YOYO-1 (Thermofisher) at a dye—DNA
base pair ratio of 1:25 and the colloids were characterized by confocal
microscopy revealing a particle size R = 8 um in pure water solution.
Dispersions with a particle volume fraction ¢ = 0.01 were prepared for
the experiments.

Sample Preparation for AFM Measurements: A drop of dispersion
was deposited onto an untreated borosilicate glass microscope slide.
Due to the van der Waals interactions between double-stranded DNA
and borosilicate glass, particles stuck to the glass surface.l’? These
interactions were of short-range action,®? but strong enough to hold
the colloids firmly in place on the glass surface. Moreover, since they
only extended over nanometer length scales, they would not affect the
chains configuration on the side subjected to the AFM indentation.
The dispersion was sufficiently dilute such that isolated particles could
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be easily found, as shown in Figure S1 (Supporting Information). The
duration of a typical experiment was a few minutes, which guaranteed
that no significant water evaporation occurred over this time interval.
AFM Measurements: Indentation and relaxation experiments were
performed using an Alpha 300a AFM (WiTec). Colloidal Probe tips
(SQube) where an 8 um (diameter) polystyrene bead was glued to
a cantilever with a nominal force constant C = 42 N m™' and length
L =125 um were used for all the measurements. The spring constant of
the cantilever was independently determined using the Off-end loading
methodI®3 and compared well with the force constant obtained from the
provider. The AFM tip was immersed in the droplet for the measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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