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Abstract

Dynamics and elasticity of valence-specific DNA nanostar gels
by
Nathaniel C. Conrad
By definition, the valence of a gel is the average number of filaments that meet at a
cross-link. Here, we exploit the programmability and self-assembly of complementary
DNA strands to create cross-links of designed valence, v. These structures, known as
DNA nanostars (DNAns), have v double stranded DNA ’arms’ and at the end of each
of which is an identical, self-complementary single stranded DNA sequence known as
the overhang. At sufficient DNAns concentrations, large disordered networks form in
solution via base pairing between DNAns overhangs. In this study, the e↵ects of v = 4, 5
and 6 on gel dynamics and elasticity are quantified by measuring the storage G0 and
loss G” moduli of DNAns gels using oscillatory shear flow rheology. Across all v, we
observe an Arrhenius dependence in network relaxation time, ⌧ , with temperature. The
corresponding calculated activation energies are all roughly 214 kJ/mol, which is about
20% larger than the enthalpy of binding between overhangs predicted by the nearest
neighbor model. This suggests that the strength of a single DNAns-DNAns bond controls
the network dynamics. Additionally, we observe a power law scaling of plateau moduli
G0p ⌘ G0 (100 ⇤ (2⇡/⌧ )) with DNAns volume fraction. The power law exponents are
similar, (1.62 ± 0.18), (1.74 ± 0.09), and (1.56 ± 0.08) for v = 4, 5 and 6, respectively.
Such scaling is characteristic of fractal colloidal networks at high particle volume fraction.
For v = 4, 5 and 6 DNAns gels, the predicted fractal dimension is D ⇡ 2.4.
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Chapter 1
Introduction
Since the discovery of polymers, the use of gels has become both common and integral
in day-to-day life. To name a few applications, gels are used for drug delivery, super
absorbent diapers, adhesives, and contact lenses. However, most of this technology has
arrived in the past thirty years, and there are phenomena present in gel systems that are
still unexplained.
By definition, a gel is a cross-linked polymer or colloidal network suspended in
a liquid medium [1]. A cross-link can be formed either chemically or physically. Typically, chemical cross-links are permanent, and physical cross-links are transient. The
mean number of filaments that meet at a cross-link is known as the valence of the gel.
Moreover, it is possible to fabricate cross-linking structures of a controlled valence using
complementary strands of DNA [2], [3].
Utilizing DNA to create nanoscale, anisotropic structures o↵ers many advantages
over other traditional biopolymers. First, huge advancements in both the thermodynamic
analysis of nucleic acids and synthesis techniques have made it possible to program and
create complementary DNA strands with specific sequences and melting temperatures in
bulk quantities [4], [5]. Another attractive feature of DNA is the temperature dependence
1
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of the H-bonds between like base-pairs. A wide array of dynamical phenomenon can be
observed in DNA based gel systems by simply modulating the temperature of the system.
Lastly, DNA are extremely stable over long periods of time (weeks to months), which
makes it convenient to store samples without worrying about sample degradation [6].
The DNA construct studied here is known as a DNA nanostar (DNAns). A DNAns
is a cross-linking structure with controlled valence and an identical complementary ssDNA segment at the end of each arm. Thus, by altering the valence of a DNAns, the
e↵ects of valence on network dynamics and elasticity can be quantified using modern
rheological techniques.

2
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Materials and Methods
2.1

Nanostar Design
DNAns are star-like structures formed via self-hybridization of complementary ss-

DNA stands (Fig. 2.1). A tetravalent DNAns requires four ssDNA strands, a pentavalent
DNAns requires five ssDNA strands, and a hexavalent DNAns requires six ssDNA strands.
The strand sequences for the nanostars are shown in Table 2.1. Each strand sequence
is forty-nine nucleotides long. After hybridization, each arm is twenty nucleotides long
and the middle of a DNAns has several unpaired Adenosine, (A), bases. The unpaired
A bases increase the conformational freedom of individual nanostars [7]. At the end of
each DNAns arm is an identical sequence of six nucleotides preceded by an unpaired
A nucleotide known as the overhang. The overhangs promote the formation of DNAns
networks, and the unbound A increases the flexibility between DNAns-DNAns bonds.

3
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Figure 2.1: NUPACK analysis of DNAns of valence v = 4, 5, and 6 at T = 45 C with
sodium concentration set to 150 mM [8]. The minimum free energy of each structure
(from right to left) is: 82.41kcal/mol, 104.06kcal/mol, and 132.17kcal/mol. The
gradient bar on the far right indicates the probability of a given base-pair achieving
equilibrium. Red and blue correspond to a probability of 1 and 0, respectively.

Strand Name
V1-OH6
V2-OH6
V3-OH6
S4-OH6
V4-OH6
S5-OH6
V5-OH6
S6-OH6

Sequence (5’ ! 3’)
CTACTATGGCGGGTGATAAAAACGGGAAGAGCATGCCCATCCACGATCG
GGATGGGCATGCTCTTCCCGAACTCAACTGCCTGGTGATACGACGATCG
CGTATCACCAGGCAGTTGAGAACATGCGAGGGTCCAATACCGACGATCG
CGGTATTGGACCCTCGCATGAATTTATCACCCGCCATAGTAGACGATCG
CGGTATTGGACCCTCGCATGAACCATGCTGGACTCAACTGACACGATCG
GTCAGTTGAGTCCAGCATGGAATTTATCACCCGCCATAGTAGACGATCG
GTCAGTTGAGTCCAGCATGGAACGCATCAGTTGCGGCGCCGCACGATCG
GCGGCGCCGCAACTGATGCGAATTTATCACCCGCCATAGTAGACGATCG

Table 2.1: ssDNA sequences for v = 4, 5, and 6 DNAns. Strands V1, V2, V3, and
S4-OH6 are for the v = 4 DNAns. Strands V1, V2, V3, V4, and S5-OH6 are for the
v = 5 DNAns. Strands V1, V2, V3, V4, V5 and S6-OH6 are for the v = 6 DNAns.
Strands V1-, V2-, V3-, and S4-OH6 were designed by Biffi et. al [2]. However, strands
V4-, S5-, V5-, and S6-OH6 are an original design. The bases highlighted in red are
unpaired A bases

4
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Nanostar preparation and annealing protocol
All ssDNA strands were purchased from Integrated DNA technologies (IDT) with a

standard desalting purification process. IDT delivers the sequences in a dehydrated state
(salt). Therefore, it is necessary to hydrate the ssDNA stocks in Milli-Q water (purified)
to a desired stoichiometric amount for future use. In this experiment, ssDNA stocks were
hydrated to 0.5 mM. The concentration of each stock were determined by UV absorption
using a fiber-optic spectrometer (ThermoFisher, Nanodrop 2000c). The dynamic range
of absorbance measured by the instrument required us to dilute each ssDNA stock 200
times in MiliQ water before determining the stock concentration. Thus, the pipetting
error present in the dilution measurement contributes to the overall uncertainty of the
remaining measurements.1
Once the ssDNA stock concentrations are known, DNAns preparation begins by
placing equimolar amounts of each strand into a single test tube. For example, if 100 µL
of 0.5 mM v = 4 DNAns is desired, and each ssDNA stock is at 0.5 mM, then 100 µL
of each strand is placed into the same test tube. After mixing the strands together, the
samples are dehydrated completely using a DNA SpeedVac 110 (Savant). Samples are
then resuspended, to the final desired volume, in 40 mM tris base, 40 mM acetic acid, 1
mM EDTA, and 150 mM NaCl at a pH = 7-8.2
After resuspension, the DNAns samples are ready to be annealed in a heat block.
The DNAns samples are heated to 90 C for 20 minutes, and then cooled to room temperature in about four hours. This corresponds to a rate of approximately 0.25 C/min. As
the temperature cools to 60 C, DNAns begin to hybridize in solution. At temperatures
around 30 C, DNAns-DNAns bonds start to form, and below 20o C, large DNAns net1

The listed error for the nominal volumes range from 1 5% for the pipettes used in this experiment.
Going back to the previous example, this means the 0.5 mM v = 4 DNAns sample will be hydrated
with 100 µL of bu↵er.
2
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works are present in solution (Fig. 2.2). Moreover, the formation of DNAns and DNAns
networks is a reversible process since the base-pairing of complementary ssDNA is a
reversible process.
The concentrations of DNAns prepared in this study are shown in Table 2.2. However, there are several factors limiting the dynamic range of experimentally accessible
DNAns concentrations that result in equilibrium gels. First, at DNA concentrations
higher than c⇤ ⇡ 45 mg/mL, it is difficult to solubilize using micro-liters of bu↵er. Second, the phase coexistence regime grows with increasing DNAns valence, this makes it
difficult to fabricate gels at low concentrations without inducing phase separation [2],[3].
DNAns systems exhibit a phase coexistence that is strikingly similar to a liquid-gas phase
coexistence. During phase separation, locally dense regions of DNA are surrounded by
voids of solvent containing very few di↵use DNAns [2]. For these reasons, the dynamic
range of DNAns concentrations explored varies by a factor of 2 between the highest and
lowest concentrations for all v.

Figure 2.2: Cartoon depicting annealing protocol for DNAns. DNAns start to form
at temperatures as high as 60 C (Fig. A.1) and are quite stable at 45 C, as shown in
Figure 2.1. Above room temperature, DNAns freely di↵use about in solution. Above
room temperature, DNAns begin to aggregate.

6
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Estimated [DNAns] ([µM])
265, 300, 435, 606
314, 436.5, 600
340, 435, 500

Respective [DNA] ([mg/mL])
15.9, 18.0, 26.1, 36.4
19.7, 23.6, 32.7, 45.0
30.6, 39.2, 45.0

Table 2.2: All DNAns concentrations prepared. These concentrations are estimated
using the measured ssDNA concentrations. The molecular weight of each ssDNA
strand used to make a DNAns is mw ⇡15,000 g/mol. Thus, [DNA] = v·[DNAns]·mw .

Figure 2.3: An oscillatory shear flow measurement probes viscoelasticity by applying
a known torque to a frictionless, rotating steel plate, and measuring the resulting
displacement. r is the radius of the top plate, and g is the size of the gap between the
top and bottom plates.

2.3

Rheology and linear viscoelasticity
Rheology is the physics of flow and deformation in continuous materials. More

generally, rheology is concerned with how the constituent subunits of a viscoelastic system
respond to external stress and strain. There are two types of viscoelastic response probed
by a typical rheology measurement: linear and non-linear. A linear response follows
Hooke’s law, whereas a non-linear response does not. Here, linear viscoelasticity of bulk
quantities of DNAns gels are measured via oscillatory shear flow performed in an AR-G2
rheometer (TA Instruments).
The AR-G2 is a controlled-stress, direct-strain rheometer that applies oscillatory
shear stress

⌘ (Force/Area) to materials and measures the resulting strain. The

rheometer is able to generate precise torques to a spinning shaft via an induction motor.
7
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A magnetic bearing holds the shaft in place. This is accomplished by placing electromagnetic actuators above and below an iron thrust plate connected to the shaft. A current
is supplied to the actuators to both control the horizontal position of the thrust plate
and allow the shaft to rotate with extremely little friction [9].
A steel plate of radius r = 20 mm is then attached to the shaft of the rheometer.
The bottom plate of the instrument is a stationary plate whose temperature is controlled
by a Peltier element. Assuming the material has established sufficient adhesion with both
plates, an applied rotational torque will propagate throughout the material from top to
bottom. The resulting rotational displacement

✓ is measured, and a separate program

(TRIOS by TA Instruments) calculates the associated maximum strain

⌘ (r ✓/g)

(Fig. 2.3).3
The simplest theory describing linear viscoelasticity of polymer gels is attributed
to Maxwell [1]. Maxwell’s theory models viscoelasticity using a mechanical circuit with a
perfectly elastic element (a spring) in series with a perfectly viscous element (a dashpot).
The electronic circuit equivalent of the Maxwell model are a capacitor and resistor in
parallel (Fig. 2.4) [10]. Therefore, if a torque (analogous to voltage) is applied to the
material to achieve a constant rotational velocity (analogous to current), then the force
is felt equally by both elements and the total velocity achieved is the superposition of
each element’s velocity. Moreover, the rotational displacement

✓ in mechanical circuits

is equivalent to the charge in an electronic circuit. Thus, this means like charge, the total
displacement is conserved in the system.
A perfectly elastic element follows Hooke’s law of elasticity, and a perfectly viscous
3

Since a flat circular plate is used, the average strain applied to the material is:
avg

=

R

Vol
R

(r)·dV
dV

Vol

=

2
3

·

where Vol ⌘ entire volume of gel and dV = (2⇡r)(g) · dr is the volume of gel within r and r + dr.
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Figure 2.4: Schematic of the spring and dashpot mechanical circuit and its mechanical
counterpart. In the Maxwell model, the spring and dashpot model the elasticity G
and viscosity ⌘, respectively. If a mechanical circuit has components in series, then
the equivalent electronic circuit will have the components in parallel [10].

element follows Newton’s law of viscosity.4 Hooke’s law of elasticity describes a linear
relationship between stress

e,

strain

e,

e

and shear modulus of the system G:

=G·

(2.1)

e

and Newton’s law of viscosity describes a linear relationship the stress

v,

shear rate

d v
,
dt

and viscosity of the system ⌘:
v

Since

=⌘·

d v
dt

(2.2)

= r ✓/g and total displacement is conserved, then total strain

will be a superposition of the elastic strain

=

e

e

4

and viscous strain

+

v

on the material

v:

(2.3)

Hooke’s law of elasticity is valid for all solids in the linear response regime, and Newtonian fluids
have zero stress at any constant strain.

9
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on the system is felt equally by both elements, which implies

Therefore, equating equations 2.1 and 2.2 and combining with equation

2.3, we arrive at the di↵erential equation:

(⌧

1

)·(

v)

=

d v
dt

(2.4)

where ⌧ ⌘ ⌘/G is the relaxation time of a Maxwellian material. At t < ⌧ the material
behaves like an elastic solid, and at t > ⌧ the material flows like a newtonian liquid.
Thus, a single relaxation time determines the dynamics for Maxwellian materials.
Solving the di↵erential equation given in 2.4 with the boundary condition

v (0)

=0

yields:
v (t)

=

·e

t/⌧

=

e (t)

(2.5)

t/⌧

(2.6)

Equation 2.5 and 2.1 imply:

(t) = G e (t) = G · e

Then, the time-dependent shear modulus (also known as the stress relaxation modulus)
is defined as:
G(t) = (t)/ = G · e

t/⌧

(2.7)

The values of strain for which G(t) remains independent of strain is defined to be the
linear viscoelastic regime [1]. Moreover, the viscosity ⌘ of a Maxwellian material is defined
as the product of G(⌧ ) and ⌧ [1]:

⌘ = G(⌧ ) · ⌧

(2.8)

A common linear rheology technique is to apply an oscillatory shear stress (t) =
10
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sin(!t) to a material at a frequency ! and measure the resulting oscillatory strain (t).

Notice that for perfectly elastic solids, equation 2.1 implies

(t) = ( o /G) sin(!t)

(2.9)

For perfect fluids, equation 2.2 implies

(t) = ( o /⌘!) cos(!t) = ( o /⌘!) sin(!t

⇡/2)

(2.10)

Thus, we arrive at two conclusions:
1.

(t) and

(t) always oscillate at the same frequency for Newtonian liquids and

Hookean solids
2.

(t) is in phase with (t) for Hookean solids, but out of phase with (t) for Newtonian fluids.
Depending on the timescale at which stress is applied, most viscoelastic materials

display either a Hookean or Newtonian response. Thus, for viscoelastic systems, (t) and
(t) will oscillate at the same frequency !, but (t) will lead (t) by a phase factor

[1].

The stress (t) can then be written as:

(t) =

o

sin(!t + ) =

o [cos(

) sin(!t) + sin( ) cos(!t)]

(2.11)

The phase factor is frequency dependent and can assume any value between 0 and ⇡/2.5
Moreover, since equations 2.9 and 2.10 apply to viscoelastic systems, it follows that (t)
5

For example, if ⌧ is the relaxation time of a Maxwellian material and ! is the frequency of applied
stress, then = 0 when the material flows like a Newtonian fluid ((1/!) > ⌧ ), and = ⇡/2 when the
material deforms like a Hookean solid ((1/!) < ⌧ ).
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can be decomposed into two orthogonal components of (t) oscillating at !:

(t) =

o (G

0

(!) sin(!t) + G00 (!) cos(!t))

(2.12)

[1]. G0 (!) is defined as the storage modulus and it is related to the elasticity of the
system. G00 (!) is defined as the loss modulus and it is related to the viscosity of the
system. Equating 2.11 and 2.12, we find that:
G0 (!) = ( o / o ) cos( )

(2.13)

G00 (!) = ( o / o ) sin( )

(2.14)

Fundamentally, G0 and G00 are two components of a complex quantity called the
complex modulus
G⇤ (!) = G0 (!) + iG00 (!)

(2.15)

which is the Fourier transform of the stress relaxation modulus, G(t), in frequency space
[1]. First, it follows that G0 (!) and G00 (!) are independent of strain if and only if G(t)
is independent of strain. Consequently, the linear viscoelastic regime of a material can
also be found by measuring G0 and G00 over a range of strains. Second, the frequency
!c at which G0 and G00 cross signifies a transition in mechanical response. At t >
the network flows and at t <

2⇡
!c

2⇡
!c

the network responds elastically. Thus, the relaxation

time of a viscoelastic material can also be found by measuring G0 and G” over a range
of frequencies.

12
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Measurement protocol
After annealing, the DNAns samples are in a gel state at room temperature. This

makes it virtually impossible to pipette samples onto the rheometer without shearing
the gel into pieces, and thus mechanically breaking the network. Therefore, before the
annealed samples are measured, both the DNAns samples and pipette tips are heated
to a temperature of 60 C. At this temperature, the DNAns are still stable, and the
samples can be pipetted onto the rheometer without gelation occurring in the pipette
tip. However, the Peltier plate is not set to 60 C during sample loading, otherwise the
solvent will evaporate before the measurement occurs.
After the gel is loaded onto the bottom plate, a steel plate slowly depresses the gel
until the bottom of the top plate is a fixed height g = 200 µm above the bottom plate
(Fig. 2.3). The gel should fill the entire gap between the bottom and top plates precisely
such that the gel boundary is a perfect circle. If there is an asymmetric geometry of the
gel boundary, then a disparity in surface tension can arise along the gel boundaries. As
a result, a false storage modulus can appear during low-torque measurements [11].
Once the gel is properly loaded in between the plates, a small layer of mineral oil
(Fisher Scientific) is applied around the sample. The oil prevents evaporation during
melts and anneals. Moreover, the mineral oil is of extremely low viscosity (⇠ 10

3

10

2

Pa s) in order to introduce the least amount of viscous drag on the top plate.6 An
aluminum ring is then placed around the top steel plate to both cover the sample and
conduct heat from the Peltier plate into the surrounding sample environment.
The DNAns samples are then heated to 60 C for 5 minutes in order to melt any
previous network malformations that may have resulted from the pipetting procedure.
The samples are then quickly cooled to the first measurement temperature To . A hys6

For reference, ⌘H2 O ⇠ 10 3 Pa s, and the kinematic viscosity of our DNAns gels is 103 to 108 orders
of magnitudes larger than the mineral oil (see Fig. A.9 - A.11).
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teresis measurement was established to confirm that G0 and G00 are independent of the
rate of cooling and heating at the DNAns concentrations studied in this paper (Fig.
2.5). Therefore, it is safe to quickly quench the gels from 60 C to To without worrying about hysteretic e↵ects. Moreover, recent dynamic light scattering (DLS) on v = 4
DNAns systems confirm that [DNA]

17 mg/mL, (i) DNAns systems are in thermo-

dynamic equilibrium at every temperature, and (ii) all accessible equilibrium states are
independent of the rate of cooling and heating [3],[7].7 It is worth noting that the DLS
experiments were carried at [NaCl] = 50 mM, whereas our experiments are performed at
[NaCl] = 150 mM, and an increase in salt concentration will increase the melting temperature of a DNAns-DNAns bond. Nevertheless, the hysteresis measurements here and
past DLS experiments indicate that the DNAns gels studied here are in thermodynamic
equilibrium at all experimentally accessible temperatures.
The next measurement performed on the DNAns gels is an oscillation amplitude
sweep (also known as a strain sweep) at T = 10 C. This measurement finds the linear
viscoelastic regime by measuring G0 and G00 while varying the strain from 0.1% to 1000%
and holding plate oscillation at a constant ! = 10 rad/s (Fig. 2.6). After a strain of
⇠ 100%, all DNAns gels begin to respond non-linearly. Past studies have interpreted
this non-linear response as the result of irreversible shearing of network crosslinks [12].
Consequently, DNAns gels sheared to the point of non-linearity must be annealed again
before re-use. As mentioned in Section 2.3, the range over

which G0 and G00 remain

independent of strain is known as the linear regime. Strain sweeps confirm that a strain
of

= 5% is well within the linear regime for all DNAns gels (Fig. A.2 - A.4).
Frequency sweep measurements were therefore performed at a strain of

= 5%

over a range of temperatures. A frequency sweep is an oscillatory shear flow measure7

The molecular weight of a ssDNA segment involved in a DNAns is about 15000 g/mol. Thus,
[DNAns] = 265 µM , [DNA] ⇡ 16 mg/mL.

14
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Figure 2.5: Hysteresis measurement of the lowest concentrated v = 4 DNAns gel.
The gel is first quickly cooled from 60 C to 5 C and quickly from 5 C to 60 C at a
rate of 10 C/min. And then, the gel is slowly cooled from 60 C to 5 C and slowly
heated from 5 C to 60 C at a rate of 1 C/min. During both cycles, the strain was
set to = 5% and the frequency of plate oscillation is set to ! = 10 rad/s. The data
shows that the viscoelastic response of the gel is independent of the rate of cooling and
heating. The hysteresis measurements for the lowest concentrated v = 5 and v = 6
DNAns gels are shown in the supplemental material (Fig. A.5 - A.8).

15
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ment which measures G0 and G00 over one or two decades of frequency. Recall that the
frequency at which G0 and G00 crossover signifies the material’s transition from liquid-like
to solid-like (or vice-versa). Therefore, by measuring G0 and G00 over a range of temperatures, the temperature dependence of the system’s relaxation times can be measured
directly. Typical frequency sweep data from a DNAns gel are shown in (Fig. 2.7A). The
next section discusses the time-temperature superposition principle, which allows for
the analysis of G0 and G00 over a much larger frequency domain than is experimentally
accessible.

Figure 2.6: The linear regime spans the range over which G0 and G00 are independent of
strain. Here, the green and red regions indicate the linear and non-linear regimes, respectively. Strain sweeps for all other DNAns are shown in the supplemental material
(Fig. A.2 - A.4).

16
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Time-temperature superposition principle
Traditional frequency sweeps are only able to capture the viscoelastic response

of a gel over one or two decades of frequency at a given temperature. However, after
measuring frequency sweeps over several temperatures, it is possible to superimpose the
data onto one curve at a specific reference temperature Tref using a process known as
time-temperature superposition (TTS). The superimposed curves are collectively called
the master curve, and it captures the viscoelastic response across a much larger frequency
domain than is experimentally accessible at Tref . Moreover, master curves make it possible
to probe how network structure a↵ects network mechanics, and how temperature a↵ects
network dynamics. A typical TTS procedure for a DNAns gel is shown in Fig. 2.7.
Typically, a master curve characterizes a gel’s viscoelastic response from a terminal
response (low !) to a rubbery-elastic response (high !) at Tref .8 For Maxwellian systems,
if ⌧ is the relaxation time of the system, then the terminal response occurs when ! <
2⇡/⌧ , and G0 and G00 are predicted to follow the power laws G0 / ! 2 and G00 / ! [1].
However, for all gel systems, a salient feature of the rubbery regime is the plateauing of
the storage modulus to a constant value known as the plateau modulus G0p [1], [13], [12].
Generally, the magnitude of G0p o↵ers insight on the origins of a system’s elasticity. For
example, in fractal colloidal systems, G0p scales with particle volume fraction, and the
scaling is related to the fractal dimension of the network [13]. By contrast, in entangled
polymer gels, the network itself imposes topological constraints on di↵using polymer
chains, and the thermal fluctuations of the entangled polymer chains give rise to a rubbery
plateau modulus proportional kT /a where k is the Boltzmann constant, T is the absolute
temperature, and a is the diameter of the cylinder enclosing the di↵using polymer chain
[1].9
8
9

Depending on the type of gel measured, a glassy response can be observed during a measurement.
Provided the polymer chains are fairly long (microns).

17
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Typically, the success of TTS arises from a single process guiding the dynamics of
a viscoelastic system. For an entangled polymer systems, all of the relaxation modes of
a polymer system are temperature dependent and follow the relation:

⌧ / ⇣/T

(2.16)

where ⇣ is the monomer friction coefficient [1]. Also, the crossover of G0 and G00 at ⌧ is
proportional to the product of T and the density ⇢ of the polymer solution at T [1]:
G0 (⌧ ) = G00 (⌧ ) ⌘ Gc / ⇢T

(2.17)

A multiplicative shift factor in time at a temperature T can be defined as:

aT = (⇣Tref )/(⇣ref T ) = ⌧ /⌧ref

(2.18)

where ⇣ref is the monomer friction coefficient at Tref and ⌧ref is the relaxation time at
Tref .10 Similarly, a multiplicative shift factor in moduli is defined as:
bT = (⇢T )/(⇢ref Tref ) = G0 (⌧ )/G0 (⌧ref )

(2.19)

where ⇢ref is the density of the polymer solution at Tref .11 Thus, measuring multiple
crossovers in G0 and G00 over a range temperatures make it possible to coalesce complex
modulus data at a desired Tref using the relation:
G⇤ (!, T ) = bT · G⇤ (aT · !, Tref )
10

(2.20)

Recall that the relaxation time ⌧ associated with the transition from terminal to rubbery at a
0
00
temperature T is defined as ⌧ = 2⇡
!c where !c is the crossover frequency of G and G .
11
It is worth noting that if a crossover modulus is not present at Tref , then the maximum or minimum
values of G0 and G00 at Tref can be used to establish the ratios in equation 2.20 [14]
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If a material is at a temperature well above its glass transition, then the shift factors in
time aT tend to reflect an Arrhenius activated process [14]. However, the vertical shift
factors bT have no physical significance and tend to remain near unity [1], [14].

Figure 2.7: A: Raw frequency sweep data on a 265 µM v = 4 DNAns gel measured at
strain of = 5%. B: The resulting master curve created at Tref = 20 C. The master
curve is able to capture both the terminal and rubbery response of the DNAns system
at Tref . C: Shift factors for the 265 µM v = 4 DNAns master curve: aT follow an
Arrhenius activated process and bT remain near unity, as expected.
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On all DNAns gels, bulk frequency sweep measurements were performed over a range
of temperatures at a strain of

= 5%. The frequency of plate oscillation ranged from

! = 62 rad/s to ! = 0.62 rad/s. The gels were measured at a high temperature first,
and then measured at a temperature 5 C lower than the previous temperature until
T = 5 C is reached. Master curves prepared at a Tref = 20 C are shown in Fig. 3.1.
The measured stress of the least concentrated DNAns gels are near the rheometer’s lower
limits at T > 25 C. However, for the higher concentrated DNAns gels, the measured
strain reaches the rheometer’s lower limits at temperatures as high as T > 35 C. For this
reason, the more concentrated DNAns gels have a larger dynamic range of measurable
viscoelastic response than the least concentrated DNAns gels.
For all valences and DNAns concentrations explored, DNAns gels exhibit both a
terminal and a rubbery response (Fig. 3.1). The average power laws G0 ⇠ ! ⌫ and
G00 ⇠ ! ✏ in the terminal regime are roughly ⌫ = 1.9 and ✏ = 0.9, respectively (Table 3.1).
Recall from Section 2.3, the Maxwell model predicts G0 ⇠ ! 2 and G00 ⇠ ! 1 and a single
relaxation time determines the terminal dynamics. For example, in entangled polymer
gels, the reptation time of the polymer chain determines the time scale of viscous flow
20
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Figure 3.1: Master curves A-C and shift factors D-F made at Tref = 20 C and = 5%
for v = 4, 5 and 6 DNAns. At each valence, as DNAns concentration increases, the
crossover frequency decreases and the plateau modulus increases. The horizontal shift
factors behave according to an Arrhenius law, as expected [14].
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v = 4 [DNAns]
265
300
435
606
v = 5 [DNAns]
262
314
436.5
600
v = 6 [DNAns]
340
435
500

⌫ (G0 ⇠ ! ⌫ )
1.900
1.909
1.898
1.928
1.963
1.910
1.839
1.818
1.886
1.893
1.828

⌫

0.008
0.006
0.008
0.005
0.010
0.004
0.012
0.008
0.011
0.010
0.007

✏ (G00 ⇠ ! ✏ )
0.952
0.954
0.966
0.977
0.965
0.981
0.975
0.970
0.977
0.978
0.969

✏

0.003
0.004
0.002
0.001
0.002
0.001
0.001
0.002
0.001
0.001
0.001

Table 3.1: Average power law exponents for the terminal response of G0 and G00 at
each DNAns concentration. For each master curve, the power laws in the terminal
regime are interpolated using a linear least-squares approximation on log-transformed
raw data (i.e., log(!), log(G0 ), and log(G00 )). Average power laws are plotted in the
supplemental materials (Fig. A.12 - A.14).

[1], [15]. However, terminal regime power laws for transient networks are expected to
deviate from the Maxwell model [16], [17], [18]. For example, in transiently cross-linked
actin networks, a spectrum of relaxation modes are present in the terminal regime, which
leads to G0 and G00 ⇠ ! 0.5 [18]. Thus, the terminal dynamics for DNAns networks seem
to be determined by the relatively short lifetime of a single DNAns-DNAns bond.1
For all DNAns concentrations and v explored, the relaxation time ⌧ associated
with the transition from terminal to rubbery behavior increases more than 3 decades in
magnitude (over 100 s to 0.01 s) as the temperature of the system is lowered from ⇠ 30 C
to 5 C (Fig. 3.2). This significant slowing down in dynamics can be described by an
Arrhenius activated process:
1
1
Ea
=
· exp(
)
⌧
⌧o
R·T
1

(3.1)

The relaxation time of an individual DNAns-DNAns bond is on the order of microseconds << ⌧
[2],[3].
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Figure 3.2: Log-linear plots of the relaxation times ⌧ for each valence and all concentrations of DNAns as a function of temperature. Recall from section 2.3 that the
crossover of G0 and G00 signifies the system’s transition from elastic to fluid. Therefore,
the relaxation time ⌧ of the system is defined as ⌧ = 2⇡/!c where !c is the crossover
frequency.
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where Ea ⌘ Activation energy required for flow, R ⌘ universal gas constant, and ⌧o is
the high-temperature relaxation time. Here, the observed activation energies for v = 4, 5,
and 6 are Ea ⇡ 215 kJ/mol (Fig. A.16 - A.18). This is roughly the same magnitude
as the enthalpy of binding | H| = 186.6 kJ/mol for DNAns-DNAns bonds as estimated
by a nearest neighbor model [2],[3]. This Arrhenius behavior was previously observed in
v = 4 DNAns systems using DLS measurements [2],[3].2 Interestingly, we observe that an
increase in DNAns concentration or designed valence leads to only a slight increase in the
magnitude of ⌧ . Thus, the rheology measurements here and previous DLS measurements
by Biffi et al. suggest that network dynamics are controlled by a single DNAns overhang
rather than by the valence of a DNAns or [DNAns].
As the DNAns gels transition to the rubbery regime, G0 begins to approach the
plateau modulus. Here, we empirically define the plateau modulus as:
G0p ⌘ G0 (100 ⇤ !c )

(3.2)

For a given DNAns concentration, G0p increases monotonically with designed DNAns
valence v, although the trend appears to saturate (Fig. A.15). At the same DNAns
volume fraction

vol ,

G0p of the v = 5 and v = 6 DNAns gels are well within a standard

deviation of each other (Fig. 3.3 A). We estimate the DNAns volume fraction

vol

= v · V · NA · [DNAns]

vol

by:

(3.3)

where V ⌘ volume of a single DNAns arm, NA ⌘ Avogadro’s number, and [DNAns] ⌘
DNAns concentration.3 In analogy to a mechanical circuit, one would expect that intro2

The activation energies here are slightly smaller than the activation energies measured in Biffi et.

al.
3

Given that each DNAns arm is 27 nucleotides long, a single DNAns arm is assumed to be a cylindrical
tube of length ⇠ 7 nm and radius 1 nm. Thus, (Vol DNAns arm) ⇠ 7⇡nm3 .
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ducing another spring (DNAns arm) into the circuit (DNAns) would increase, as opposed
to saturate, the system’s spring constant. Therefore, if the nominal [DNAns] given in
Table 2.2 are correct, then the saturation of G0p with

vol

at v = 5 and v = 6 suggests

that there is either a disparity between designed DNAns valence v and achieved network
valence or the expression for

vol

does not properly calculate DNAns volume fraction (or

both). Concentration measurements on the DNAns gels (after they have been annealed)
will help confirm if G0p is indeed saturating with valence.4 However, another way to test
the saturation of G0p with v is to perform rheology measurements on v = 7 or v = 8
DNAns. Regardless of this, for all v, the power law scaling of G0p with

vol

are all roughly

within a standard deviation of each other (Fig. 3.3).

4
Recall that the nominal [DNAns] quoted here are estimated from the stock ssDNA concentrations
measured by a ND2000c.
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Figure 3.3: A: Scaling of plateau moduli, G0p , with DNAns volume fraction, vol at
Tref = 20 C and = 5%. B: The quoted 2 shown above are the reduced chi-squared
values. Once concentration measurements are performed on DNAns gels to find the
actual [DNAns], the values of vol will shift left or right and, therefore, the fitting may
either improve or diminish in quality.
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4.1

Dynamics
As discussed in Chapter 3, DNAns systems exhibit a considerable slowing of net-

work dynamics as the temperature of the system is progressively lowered (Fig. 3.2). The
observed Arrhenius dependence of relaxation times with temperature is characteristic of
strong glass formers approaching a kinetically arrested state [2],[3]. However, the DNAns
systems studied here are always in thermodynamic equilibrium, and all accessible states
are independent of the rate of cooling and heating (see Section 2.4) [3]. Moreover, a
recent numerical study has shown that the most thermodynamically favorable state for
DNAns systems is a fully bonded, highly disordered network as opposed to a crystalline
lattice [7]. Thus, the slowing down of dynamics is attributed to DNAns networks taking
longer to reach a fully bonded state rather than freezing into a kinetic trap.
Dynamic light scattering on v = 4 DNAns systems have also observed this dynamic
arrest[2],[3]. That study observed a two step relaxation in the intermediate scattering
function upon network formation. The process was characterized by a fast ⌧f and slow ⌧s
relaxation time. The magnitude of ⌧f was found to be independent of temperature. This
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fast mode is on the time scale at which a di↵use DNAns binds to a percolating aggregate.
The magnitude of ⌧s displayed an Arrhenius dependence with temperature. This slow
mode is related to network rearrangements at length scales much larger than the size of
a single DNAns. The ⌧s and associated activation energies measured by Biffi et al. are
roughly the same order of magnitude as the ⌧ and Ea measured here (Fig. A.16 - A.18).
Moreover, both the Arrhenius plots presented here and those of Biffi et al. show that,
regardless of concentration and valence, the activation energy required for flow is about
20% larger than the enthalpy required to form a single DNAns-DNAns bond (Fig. A.16 A.18). This suggests network rearrangements on time scales t > ⌧ are controlled by both
the transient nature of the DNAns-DNAns bonds as well as by the absolute temperature
of the system. Such dynamic behavior is characteristic of transient bonds breaking at
the interface of adjacent colloidal aggregates [19].

4.2

Elasticity
Recall from Section 2.5 that the magnitude of G0p is a function of the mechanism

responsible for elasticity in a viscoelastic system. Typically, the elasticity of polymeric
systems has entropic origins. Polymer chains maximize their entropy by contracting
[1]. Therefore, stretching a polymer chain results in an entropic restoring force. If the
elasticity of the DNAns gels is indeed entropic in origin, one would expect G0p / kT
where k is the Boltzmann constant and T is the absolute temperature of the system.
Specifically, for entangled polymer gels:
G0p =

kT
a2 · ⇠
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v = 4 (µM)
265
300
435
606

a (nm)
31.05
27.08
20.47
15.75

v = 5 (µM)
262
314
436.5
600

a (nm)
19.65
15.59
11.68
9.60

v = 6 (µM)

a (nm)

340
435
500

13.6
11.04
10.08

Table 4.1: If the DNAns elasticity is governed by entangled rubber elasticity, then a
is the estimated distance between cross-links. For reference, the diameter of a single
DNAns is about 16 nm.

where d is the diameter of the 1-d polymer chain and a is the distance between crosslinks
[1]. If we suppose that our DNAns network is comprised of entangled mesh of 1-d DNAns
chains and set the diameter of the chain equal to the diameter of a single DNAns (⇠ = 16
nm), then the distance between cross-links, a, quickly approaches the diameter of a
DNAns (Table 4.1). In fact, v = 5 and v = 6 gels predicts a crosslink distance smaller
than the diameter of a DNAns. This means we must reject the possibility that the DNAns
gel is a network comprised of entangled 1-d DNAns chains.1
An alternative scenario, consistent with the observed dynamics, is that the DNAns
gel is a fractal colloidal network. In a colloidal gel, colloids aggregate into large clusters
of particles, known as flocs. The spring constant K of each floc is determined by it
characteristic size ⇠. Thus, when flocs bind together to form a stress bearing network,
each floc acts like an individual spring. Past studies have shown that the storage modulus
of colloidal gels is proportional to the spring constant K of a single floc:
G0 ⇠ K(⇠)

(4.2)

[12], [13], [20]. Moreover, the gel will either be “strongly-linked” and weakly-locked when
floc sizes are large, or “weakly-linked” and strongly-flocked when floc sizes are small [13].
1

One could view a single arm of a DNAns as an entropic spring itself. However, the persistence length
of double stranded DNA is ⇡ 50 nm and the length of a DNAns arm is ⇡ 7 nm. Therefore, it is very
unlikely that entropic elasticity arises from stretching the arms of a DNAns.
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Large flocs are achieved at relatively low particle concentrations, and have
2 x

K⇠⇠

(4.3)

where x is the fractal dimension of the contorted backbone within the floc [12], [13], [20].
Whereas, small flocs are achieved at high particle concentrations, and have
K ⇠ ⇠2

d

(4.4)

where d is the Euclidean dimension [13]. In all cases, the volume fraction of a floc is
related to its size via the relation:

⇠⇠
where D is its fractal dimension.

2

1
D 3

(4.5)

vol

Thus, in the strongly-linked, weakly-flocked regime,

we combine equation 4.3 and 4.5 to get:
G0 ⇠

( 2 x)/(D 3)
vol

=

(2+x)/(3 D)
vol

(4.6)

and in the weakly-linked, strongly-flocked regime, we combine equation 4.4 and 4.5 to
get:
G0 ⇠

(2 3)/(D 3)
vol

=

1
3 D

(4.7)

vol

Shih et. al argue that the elasticity of colloidal networks in the weak-link regime arises
from straining the bonds between two small flocs, whereas the elasticity of colloidal
networks in the strong-link regime arise from straining multiple bonds within large flocs
2

The mass of a floc M scales with ⇠ as M ⇠ ⇠ D . Moreover, it follows that
⇢ is the density of a floc. Thus, vol ⇠ ⇠ D 3
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[13].
In the DNAns gels studied here, the measured power law scaling of G0p with

vol

is

roughly the same for all valences and never exceeds two (Fig. 3.3). Typically, colloidal
gels with low particle volume fractions display power laws that range from 3 4 [12], [13].
Thus, the magnitude of the power laws measured here suggest that our DNAns gels form
weakly-linked, strongly flocked colloidal gels. This is plausible because the concentration
of a DNAns face-centered cubic lattice is ⇡ 600 µM and all of our DNAns gels were
prepared at a significant fraction of that close-packed concentration.
Assuming the gel is weakly-linked and strongly-flocked, then our measurements
indicate a fractal dimension of D ⇡ 2.4 for all valence, v = 4, 5 and 6. It is surprising
that the loss/addition of a DNAns arm would have no e↵ect on the ultra-structure of the
gel. This suggests that the e↵ective valence of the network is di↵erent from the designed
valence of the DNAns. A direct measurement of the fractal dimension D via multi-angle
light scattering would help determine whether our DNAns gels are indeed fractal colloidal
networks.
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A picture of the pathway to equilibrium gelation for these DNAns systems is emerging.
We have seen our DNAns gels behave like fractal colloidal gels rather than like entangled
meshes of 1-d DNAns chains. The plateau modulus, G0p , of a colloidal gel scales with
particle volume fraction,

vol ,

according to a power law that depends on the fractal

dimension of the network. For all three valences of DNAns (v = 4, 5, 6), we observe a
similar power law scaling, G0p ⇠

1
vol .6,

and therefore predict the same fractal dimension,

D ⇡ 2.4, suggesting that the ultra-structure of our DNAns networks is independent of
DNAns valence. Moreover, the observed Arrhenius dependence of the network relaxation
time, ⌧ , reveals that the activation energy required for network flow is roughly equivalent
to the enthalpy of a single DNAns-DNAns bond. In other words, the dynamics of DNAns
gels are determined by the strength of a single DNAns-DNAns bond.
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Several measurements would be useful in further developing the interpretations
discussed above and in Chapter 4. First, UV absorption measurements on fully melted
DNAns gels will provide accurate [DNAns] and, therefore, a more reliable calculation of
vol .

Second, multi-angle light scattering or x-ray scattering on DNAns gels will reveal

the fractal dimension of the DNAns gels. Determining the fractal dimension empirically
will test whether our proposed mechanism for DNAns gel elasticity is correct. A relatively
quick and easy test of whether the overhang of a DNAns indeed controls the dynamics,
as opposed to valence, would be to design DNAns with longer (or shorter) overhangs and
perform oscillatory rheology on the resulting gels. Elongating the overhangs will increase
the energy required to form an individual DNAns-DNAns bond. Thus, one would expect
the activation energy to increase for a longer overhang DNAns gel.
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Figure A.1: NUPACK analysis of DNAns of valence v = 4, 5, and 6 at T = 60 C.
The minimum free energy of each structure (from left to right) is: 54.85 kcal/mol,
69.47 kcal/mol, and 90.11 kcal/mol. At T = 60 C, the equilibrium probability of a
few bonds near the overhangs are now ⇡ 0.6. The probability was ⇡ 0.8 at T = 45 C.
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Figure A.2: All v = 4 DNAns strain sweep measurements.
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Figure A.3: All v = 5 DNAns strain sweep measurements.
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Figure A.4: All v = 6 DNAns strain sweep measurements. Figures A.2 - reffig:lin3
show that a strain of = 5% is well within the linear regime at ! = 10 rad/s and
T = 10 C.
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Figure A.5: Hysteresis measurement of the least concentrated v = 4 DNAns gel. This
time, the gel is slowly cooled from 60 C to 5 C and heated from 5 C to 60 C at a
rate of 1 C/min. Then, the gel is quickly cooled from 60 C to 5 C and heated from
5 C to 60 C at a rate of 10 C/min. (must quantify deviation in plateau) The data
shows that the viscoelastic response of the gel is independent of the rate of cooling
and heating.
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Figure A.6: Hysteresis measurement of the lowest concentrated v = 5 DNAns gel.
First, the gel is slowly cooled from 60 C to 5 C and heated from 5 C to 60 C at a
rate of 1 C/min. Then, the gel is quickly cooled from 60 C to 5 C and heated from
5 C to 60 C at a rate of 10 C/min. The data shows that the viscoelastic response of
the gel is independent of the rate of cooling and heating.
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Figure A.7: Hysteresis measurement of the lowest concentrated v = 6 DNAns gel.
First, the gel is slowly cooled from 60 C to 5 C and heated from 5 C to 60 C at a
rate of 1 C/min. Then, the gel is quickly cooled from 60 C to 5 C and heated from
5 C to 60 C at a rate of 10 C/min. The data shows that the viscoelastic response of
the gel is independent of the rate of cooling and heating.
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Figure A.8: Hysteresis measurement of the highest concentrated v = 6 DNAns gel.
First, the gel is slowly cooled from 60 C to 5 C and heated from 5 C to 60 C at a
rate of 1 C/min. Then, the gel is quickly cooled from 60 C to 5 C and heated from
5 C to 60 C at a rate of 10 C/min. The data shows that the viscoelastic response
of the gel is independent of the rate of cooling and heating. This DNAns gel has the
highest DNA concentration, shows no hysteresis, and shows an identical behavior in
G0 and G00 with T as the other hysteresis curves (Figs. A.5 - A.7). Given this, we are
confident that all DNAns gels measured are also in thermodynamic equilibrium.
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Figure A.9: Kinematic viscosity ⌘ of v = 4 DNAns gels.
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Figure A.10: Kinematic viscosity ⌘ of v = 5 DNAns gels.
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Figure A.11: Kinematic viscosity ⌘ of v = 6 DNAns gels. The magnitude of ⌘ for
each v and [DNAns] is much greater than the viscosity of the mineral oil that is used
to prevent evaporation.
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Figure A.12: The subtle non-zero slope with respect to [DNAns] (for both ⌫ and ✏)
makes it unreasonable to average the terminal power laws together.
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Figure A.13: The subtle non-zero slope of ⌫with respect to [DNAns] and almost
random distribution of ✏ with [DNAns] makes it unreasonable to average the terminal
power laws together.
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Figure A.14: The distribution of both ⌫ and ✏ with respect to [DNAns] is random.
Moreover, the highest concentrated [DNAns] gel ⌫ and ✏ is not within a standard
deviation of the two lower concentrated gels. Therefore, it is not reasonable to average
the power laws together.
.
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Figure A.15: Log-log graph of G0p vs. [DNAns] at Tref = 20 C and = 5%. As v
increases, so does the magnitude of G0p . However, given the same [DNAns], the ratio
of G0p between v = 5 and v = 4 is about 3 and the ratio of G0p between v = 6 and v = 5
is about 1.1. It appears that adding another arm to the v = 6 DNAns would result
in an almost negligible increase in the network elasticity. This saturation of G0p with
[DNAns] suggests there may be a disparity between designed valence and achieved
network valence.
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Figure A.16: Arrhenius plots for 4 arm DNAns. The Arrhenius function is fit to the
relaxation times we observe directly in the raw data. In the raw data, we observe
that the crossovers of G0 and G00 occur at temperatures of T 15o C. It is difficult to
observe relaxation times at temperatures T < 15o C, without going to lower frequencies. However, this increases the time required to collect data dramatically. Using
the frequency domain mentioned in Section 2.4, it takes about an hour to collect the
necessary raw data. If we go down to a frequency of ! = 0.001 rad/s, then a complete
revolution will take about an hour and a half, and multiple revolutions are needed for
proper statistics. For this reason, the relaxation times at T < 15o C are extrapolated
using the TTS principle and, thus, not used in the fitting.
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Figure A.17: Arrhenius plots for 5 arm DNAns.
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Figure A.18: Arrhenius plots for 6 arm DNAns.
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