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Fundamental investigations of ice nucleation, a key process in
fields from environmental science to cryobiology, require model
systems with chemical and physical structures that are well defined
and easily varied. DNA origami is an especially promising model
because of the exquisite control that it offers over the physical
geometry of the nucleating agent at the nano-scale. Here we
compare ice nucleation by solutions of a rectangular DNA origami
tile, formed by annealing a 2.6 kbase single-stranded DNA scaffold
with ninety shorter ‘staple’ oligonucleotides, to ice nucleation
when these components are mixed at the same concentrations but
not annealed. Isothermal measurements show that the molecular
conformation has a dramatic effect on the ice nucleating
efficiency. For an array of droplets containing annealed, well-
folded tiles the freezing rate is constant, whereas for unannealed
DNA the freezing rate decreases with time. Despite the freezing
rate measured at low temperature being higher for the annealed
DNA origami samples than for a significant proportion of the unan-
nealed ones, in slow temperature-ramp measurements the latter
generally freeze at higher temperatures. We show that this behav-
iour is consistent with the formation of small numbers of highly
efficient nucleating agents in the unannealed samples, likely
through molecular aggregation.

Introduction

In the transition from liquid water to ice, heterogeneous ice-
nucleating agents (INAs) play a crucial role, facilitating freezing
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by lowering the free-energy barrier that exists between the
liquid and solid phases."”” Understanding their function is
essential to many fields. For example, incomplete knowledge
of the efficiency and distribution of INAs is a significant
source of uncertainty in climate models,®* because the
amount of ice present in clouds influences their radiative pro-
perties and therefore their contribution to global warming.>®
INAs are also extremely important for the survival of life in
cold climates” and in applications ranging from the freeze-
drying of foods® to the cryopreservation of tissue.’

Investigating the influence of a specific physical or chemi-
cal property of an INA on its ice-nucleating efficiency'®'" is an
experimental challenge. It is extremely difficult to find a model
system in which just a single parameter can be varied systema-
tically, except for a few simple cases such as self-assembled
monolayers of organic molecules."”* For example, while it is
possible to control the chemical composition and crystal struc-
ture of mineral INAs, in practice these exhibit a wide range of
ice-nucleating efficiencies because of the existence of active
sites that cannot be controlled precisely.”” Biomolecules, in
contrast, have the advantage that they can be engineered pre-
cisely at the nanoscale, making them very attractive as models.
Deoxyribonucleic acid (DNA) is an especially attractive bio-
molecular model for ice nucleation studies because it possible
to design DNA molecules to form two- and three-dimensional
structures of pre-determined shape, for example using the
DNA origami technique."®"”

Here we study ice nucleation in droplets (immersion
nucleation) by a particularly simple DNA origami structure, a
rectangular tile of approximate size 40 x 80 x 2 nm. The tiles
are assembled by hybridization between a 2.6 kbase, single-
stranded, circular scaffold and an excess of 90 short (typically
32 nt), distinct ‘staple’ oligonucleotides when these are
annealed by cooling from 96 °C to 25 °C at 1 °C min~'. By
comparing ice nucleation by well-formed DNA origami tiles
and by a mixture of disordered components before annealing,
we provide a direct demonstration of the crucial role that mole-
cular conformation plays in determining ice-nucleating
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efficiency by biomolecules. Furthermore, comparison between
temperature ramp and isothermal measurements for annealed
and unannealed origami reveals an interesting behaviour.
Isothermal measurements show that, at lower temperatures,
droplets containing a fixed concentration of annealed DNA
origami freeze more rapidly than droplets containing the same
quantity of unannealed origami. However, in temperature
ramp experiments the latter tend to freeze at higher tempera-
tures. We show that a simple model based on classical nuclea-
tion theory (CNT) can explain such behaviour if the unan-
nealed DNA origami samples contain a small number of
highly efficient INAs, such as large aggregates.
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Results and discussion

The DNA origami nanostructure used in this study'® is a rec-
tangular tile built from parallel helices linked by reciprocal
staple strand crossovers,'® as shown schematically in Fig. 1(a).
Further details of preparation and characterization are given in
the ESL{ Fig. 1(b) and (c) show that the annealing process
yields well-formed tiles. To compare the ice nucleating-
efficiency of unannealed DNA origami (unassembled template
and staple molecules) and annealed (well-folded) DNA tiles,
and thereby probe the influence of molecular conformation,
we carried out isothermal freezing measurements (see ESIT).
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Fig. 1

(a) Schematic diagram showing the structure of the DNA origami tile which is formed by annealing a single-stranded scaffold (blue) that

threads through the structure with a set of short ‘staple’ strands (a single staple is shown in orange). Double helices formed by hybridization of
scaffold and staples are bound together in a parallel arrangement by staple crossovers. (b) Characterization of fluorescently labelled DNA origami by
electrophoresis. Lane 1 contains sybr gold-stained 1 kb ladder with sizes indicated to the left. The '+' and ' symbols indicate the presence or
absence of staples/template. Mixing staples and template generates a ladder of misfolded structures (lane 4), while mixing followed by annealing
generates a single well-folded structure (lane 5) (c) AFM of the annealed sample shows that the tiles form well-folded monomers (scale bar 200 nm).
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We monitored the times at which droplets of known volume V
(typically 1 pL), containing pre-determined DNA concen-
trations in Tris buffer, froze when held at a fixed target temp-
erature T following rapid cooling (see Fig. S17).

During an isothermal experiment, the probability that a
given droplet remains unfrozen after time ¢, is equal to e *,
where R; is the freezing rate for that droplet at the temperature
of measurement, T. R; is determined by the concentration and
efficiency of the INAs present in the droplet and e ** is simply
the probability of zero freezing events assuming Poisson
statistics.’®?® If there is a large number of droplets with the
same freezing rate R; = R, then the probability e ™™ that a
droplet remains unfrozen after time ¢ is equal to the experi-
mental unfrozen fraction, defined by U(t) = %
tot

the number of unfrozen droplets at time ¢ and N is the
number of unfrozen droplets at ¢ = 0. In this case, a log-linear
plot of U(¢) against ¢ will be a straight line with the gradient
proportional to R. If, however, individual droplets have signifi-
cantly different INA contents then they will no longer have the
same freezing rate R; and a log-linear plot of U(¢) against ¢ will
no longer be a straight line.”*

Fig. 2 shows isothermal freezing data for 1 pL droplets con-
taining either 100 nM annealed (well-folded) DNA origami
tiles or the same mass of unannealed origami at —24.5 °C. The
difference between the data for the two samples shows clearly
that folding the DNA molecules into tiles has a dramatic influ-
ence on their ice-nucleating efficiency. This is likely because
folding the DNA into a tile yields a flat surface of sufficient
area to support a critical nucleus, i.e. one that is large enough
to grow spontaneously. Note that the area required to support
a critical nucleus depends on the contact angle between the
INA and solid ice (see later), which in turn depends on the
surface properties of the INA. The importance of a flat surface
area for ice nucleation has previously been demonstrated

. Here Njq is

=10} 1
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Fig. 2 Isothermal freezing data for 1 pL droplets of Tris buffer contain-
ing 100 nM annealed (well-folded) DNA origami tiles (red dots) and the
same mass of unannealed origami (black dots) at —24.5 °C. The linear fit
to the annealed origami data assumes Jo = 275 s™* and 5 = 1.0(3) x 10°
K* (see eqn (3)). The fit to the unannealed data assumes Jo = 0.55 ™7, 4,
=12.5and ¢, = 3.6 (see Table S1f).
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experimentally using graphene oxide nanosheets.>” Since the
plot of logU(t) is linear for arrays of droplets containing
annealed DNA, we can conclude that for these samples R is
constant (i.e. the droplets are homogeneous). In contrast, for
the droplets containing unannealed DNA the freezing rate is
lower and the variation of log U(¢) with time is markedly sub-
linear, implying a significant variation in R; from droplet to
droplet. The gradient of a log-linear plot of U(¢) decreases with
increasing ¢t when R; varies significantly between droplets
because as ¢ increases, the unfrozen droplet population
becomes dominated by those droplets for which the freezing
rate is smaller.”®

If the contribution of a particular INA species j to the freez-
ing rate for a given droplet i is R, then R is proportional to
ny, the number of INAs of species j in the droplet. Assuming
randomly distributed INAs, the ratio of the standard deviation

of R to its mean is proportional to ; Hence, for R; to vary
ij

significantly between droplets, n; must be small. We therefore

conclude that nucleation is dominated by rare species. Very

similar behaviour is observed at the other temperatures

studied (Fig. S271).

The temperature dependence of the freezing rate R(T) for
annealed DNA origami obtained from the data presented in
Fig. 2 and S2t1 can be modelled straightforwardly using classi-
cal nucleation theory (CNT)."** According to CNT, the excess
free energy associated with the formation of a spherical
nucleus of a new phase within an existing one is given by the
sum of a surface term, associated with the interface between
the phases, and a bulk term. For the specific case of water
freezing, the excess free energy when a sphere of ice of radius r
forms is given by

4
AG = 4nr’y — gnr3Au7 (1)

where y is the free energy per unit area of the ice-water inter-
face and Ay is the excess free energy per unit volume of liquid
water relative to solid ice.”® At any given temperature, this

. . 2 . .
expression has a maximum when r = A—y This value of r is the
U

critical nucleus radius r.. The corresponding value of AG is the
free energy barrier AG* that must be overcome for ice to nucle-
ate from supercooled water in the absence of any INAs and
may be found by substituting r = . into eqn (1):

16ny°

AG* = .
3Au?

(2)

The rate at which ice is nucleated then becomes the rate at
which AG* is overcome. Since the effect of introducing a par-
ticular INA is to reduce AG* by a factor f that depends on the
contact angle between the INA and solid ice, for that INA the
rate at which AG* is proportional to
exp(— 16my3f

3kgTAu?
greater the ice-nucleating efficiency of the INA, the smaller f
will be.

overcome is

), where kg is Boltzmann’s constant. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Experimental nucleation rate data (solid circles) modelled using
classical nucleation theory (CNT) as described in the text (solid line). The
fitted values are Jo = 275 s and 5 = 1.0 x 10° K* (see eqn (3)).

Fig. 3 shows that a simple CNT-based model gives an excel-
lent fit to R(T) for the annealed DNA origami samples. To fit
the experimental R(T) data, we assume that a single nucleation
event leads to rapid (on the timescale of measurement) freez-
ing of the entire droplet and therefore that the freezing rate
per droplet R(T) is proportional to the nucleation rate. Hence
we use the following CNT-based>®*” expression for the freezing
rate:

R(T) =Jo exp—ﬁa (3)

where J, and 7 are constants, and Ty, is the equilibrium
melting point of ice (see ESI}). J, is the product of an attempt
frequency and the number of INAs per droplet. As a conse-
quence of this definition, the value of J, will change if the con-
centration of INAs is changed. For these experiments the
concentration of DNA origami was always the same. 7 is equal

167y T2 . . .

o} TR f, where L is the latent heat of fusion of ice (per
unit volume). Eqn (3) assumes that y is independent of r,
which is the capillarity approximation.>® We also assume that y
and J, are independent of T to reduce the number of free para-
meters to two (J, and 5) and because the range of temperatures
that we model is small.>® The fitted values of the parameters
are J, =275 s ' and 5 = 1.0 x 10° K°.

We can also use CNT to model the isothermal freezing data
for the unannealed DNA. We can safely assume that the rare
INAs responsible for ice nucleation in these samples will have
a wide range of ice nucleating efficiencies, and consequently a
wide range of 5. Although we do not know how these are dis-
tributed, as a first approximation, we assume that the freezing
rate for each droplet R; is dominated by the most efficient INA
present in that droplet. We further assume that # for this most
efficient INA is log normally distributed with the mean and
standard deviation of In(;/K®) given by u, and o, respectively.
Since variations in 7 have a much greater effect on the freezing
rate, we ignore possible variations in J,. Details of our model

This journal is © The Royal Society of Chemistry 2025
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are given in the ESL{ Fig. 2 and S27 show that this assumption
leads to good fits to the data, with values of J,, 4, and ¢, that
are mutually consistent across the temperatures studied (see
ESI Table S17 for fitted values). Here it is important to point
out that the data of Fig. 2 and S27 exclude those droplets that
freeze before the required temperature is reached. Since these
are likely to be the droplets containing the most efficient INAs,
our model will underestimate the maximum ice nucleating
efficiency of the unannealed DNA samples.i The number of
droplets sampled and modelled is nevertheless a significant
fraction (40-65%) of the total (see Table S27).

Note that for heterogeneous nucleation to be effective the
contact angle-dependent factor f that appears in the expression
for n and determines the ice nucleating efficiency must be less
than one. Taking physically reasonable values for L for bulk
water (3.1 x 10% J m™) and a typical value of y ~ 25 m] m>,*% 5,
must therefore be less than approximately 1.5 x 10” K°. Hence
the value of 5 obtained by fitting the experimental values of
R(T) for annealed DNA using CNT (7 = 1.0 x 10° K?) is phys-
ically reasonable. Similarly, for the fits to the freezing data for
unannealed DNA, it is interesting to note that the median
value of 5 is typically around 7 = 3.0 x 10°> K* (see ESI
Table S1t). Since a lower value of # corresponds to a higher ice
nucleating efficiency, this means that the rare INAs responsible
for ice nucleation in the unannealed samples are much more
efficient than those in the annealed samples. A reduction from
7 =1.0 x 10° K* to = 3.0 x 10° K> corresponds to an increase
in the nucleation rate per INA by a factor of approximately 100
at T = —25 °C. INAs in the low- tail of the efficiency distri-
bution for unannealed DNA will nucleate ice even more
rapidly. The rare INAs in the unannealed DNA samples that
nucleate ice more efficiently than the DNA tiles are likely to be
aggregates of multiple scaffold strands and staples, consistent
with earlier work suggesting that aggregation of biomolecules
increases their ice nucleating efficiency.?*3?

To understand the behaviours of aerosol droplets in the
environment, it is often important to know the temperature at
which they freeze as the temperature falls. Experimentally, this
can be determined by a temperature ramp experiment. Fig. 4
compares temperature ramp data for 1 pL droplets containing
100 nM annealed (well-folded) DNA origami tiles and the same
mass of unannealed origami. After pre-cooling to —5 °C at
20 °C min~", the cooling rate was 1 °C min~' for both
samples. The frozen fraction plotted in Fig. 4 is defined as
(T) _ Nrrozen

, where Nio4en is the number of unfrozen droplets
tot

at temperature 7.

Note that in the temperature ramp experiments the unan-
nealed DNA origami samples freeze, on average, before the
annealed ones.§ This is despite the fact that our isothermal
data show that over the temperature range —24.0 °C to
—26.5 °C, a significant fraction of the unannealed DNA
origami samples nucleate ice less rapidly than annealed
origami. Although remarkable, this behaviour is completely
consistent with CNT. It occurs because the unannealed DNA
origami samples contain a lower concentration of more

Nanoscale, 2025, 17, 16616-16621 | 16619
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Fig. 4 Temperature ramp data for 1 puL droplets of Tris buffer containing
100 nM annealed (well-folded) DNA origami tiles (red dots), the same
mass of unannealed origami (black dots), or without DNA (blue dots).
Droplet arrays were pre-cooled to -5 °C at 20 °C min~?, after which the
frozen fraction was measured as the temperature was reduced further at
a rate of 1 °C min~™. The annealed origami data were modelled assuming
Jo = 275 s™ and 5 = 1.25 x 10° K® (see eqn (3)). The unannealed origami
data were modelled assuming Jo = 0.55 s7%, 4, = 12.9 and ¢, = 0.25 (see
text).

effective INAs, which results in both J, and » being lower for
the unannealed DNA origami samples. This means there is a
crossover temperature, above which the predicted freezing rate
is greater for the unannealed samples (see ESI{), even though
the freezing rate is greater at low temperatures for the
annealed origami. Hence, in a temperature ramp experiment,
the former will generally freeze first, providing the cooling rate
is sufficiently slow. For the model of Fig. 4, the crossover temp-
erature is approximately —23.5 °C.

For heterogeneous samples where different droplets have
different freezing rates, like the unannealed DNA, numerical
simulations are helpful. The solid lines in Fig. 4 are calculated
using the same CNT model that was used for Fig. 2 and 3. The
numbers of droplets freezing before the start of our isothermal
measurements are also qualitatively consistent with this
model - see the ESL. ¥

To calculate the frozen fraction from the freezing rate given
by eqn (3) we use

dF(T) = (1~ F(T)R(T) - dT., (1)

dr . .
where a = O s the temperature ramp rate, and (1 — F(T)) is

the unfrozen fraction. As before, for the annealed DNA
origami samples we assume a homogeneous population of
nuclei. For the unannealed samples we again assume that the
freezing rate for each droplet is dominated by the most
efficient INA and that # for this INA is log normally distributed
(see ESIT for the relevant equations). The same values of J,
that were obtained from the fits of Fig. 2 were used to model
the data in Fig. 4 but the values of », and u, were increased

16620 | Nanoscale, 2025, 17, 16616-16621
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while that of ¢, was decreased to improve the fit to the data.q
Nevertheless, despite these changes, the freezing rates calcu-
lated using our CNT model remain lower for the unannealed
DNA than for the annealed DNA at lower temperatures (see
Fig. S3 and S47). This calculation demonstrates the important
point that lower freezing rates for certain samples compared to
others at low temperatures can be consistent with their freez-
ing faster in a temperature ramp experiment.

Conclusion

The ice nucleating efficiencies of fixed concentrations of unan-
nealed DNA scaffold and staples are very different from those
of the same molecules folded into origami tiles. This is a
direct demonstration of the importance of molecular confor-
mation for ice-nucleating biomolecules. Isothermal measure-
ments show time-dependent (decreasing) freezing rates for the
unannealed DNA sample and constant freezing rates for
annealed DNA origami, indicating that the INAs that dominate
ice nucleation in the former are at much lower concentration
than those in the latter. Although at low temperatures the
freezing rate for annealed DNA origami is higher than for
unannealed samples, in temperature ramp measurements, on
average, the latter freeze first, if the cooling rate is
sufficiently slow (see the ESIf). Classical nucleation theory
(CNT) explains this phenomenon and provides approximate
fits to the data.

Our results show the potential of DNA origami as a model
ice nucleating agent. DNA origami offers the possibility of
studying more complex INA geometries and is amenable to tai-
lored surface functionalization: we believe that it will prove a
very valuable tool for future ice nucleation studies.
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