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G-quadruplex, assembled from a square array of guanine (G) mole-
cules, is an important structure with crucial biological roles in vivo
but also a versatile template for ordered functional materials. Al-
though the understanding of G-quadruplex structures is the focus of
numerous studies, little is known regarding the control of G-quartet
stacking modes and the spontaneous orientation of G-quadruplex
fibrils. Here, the effects of different metal ions and their concentra-
tions on stacking modes of G-quartets are elucidated. Monovalent
cations (typically K+) facilitate the formation of G-quadruplex hydro-
gels with both heteropolar and homopolar stacking modes, show-
ing weak mechanical strength. In contrast, divalent metal ions (Ca2+,
Sr2+, and Ba2+) at given concentrations can control G-quartet stack-
ing modes and increase the mechanical rigidity of the resulting
hydrogels through ionic bridge effects between divalent ions and
borate. We show that for Ca2+ and Ba2+ at suitable concentrations,
the assembly of G-quadruplexes results in the establishment of a
mesoscopic chirality of the fibrils with a regular left-handed twist.
Finally, we report the discovery of nematic tactoids self-assembled
from G-quadruplex fibrils characterized by homeotropic fibril align-
ment with respect to the interface. We use the Frank–Oseen elastic
energy and the Rapini–Papoular anisotropic surface energy to
rationalize two different configurations of the tactoids. These
results deepen our understanding of G-quadruplex structures and
G-quadruplex fibrils, paving the way for their use in self-assembly
and biomaterials.
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In the last few decades, the self-assembly of nucleic acids has
significantly expanded the library of supramolecular structures

(1–3). Guanine (G)-rich DNA, which could form G-quadruplex
DNA, is widely studied because of its relevance with the activity of
telomerase in vivo (4, 5). The self-assembly of the small-molecule
guanine also has important implications in biology, materials sci-
ence, nanotechnology, and supramolecular chemistry due to its
inherent biocompatibility and biodegradability (6–8). Besides the
biological significance, the alternated perpendicular orientation
between its hydrogen bonding acceptor and donor moieties en-
dows guanine with the ability to build various ordered architec-
tures, such as G-ribbon and G-quadruplex (9–11). G-ribbon often
forms in the absence of metal ions, while G-quadruplex, which
consists of the stacking of G-quartets with rotated angle, usually
forms in the presence of metal ions (12–14). As promising building
blocks, guanine and its derivatives are usually reported as a ver-
satile template to construct functional materials with ordered
structure and tunable properties (15–18). Specifically, the stacking
modes of G-quartets, as well as the twisted or untwisted fibril
morphologies that can be generated from them, might have an
effect on the properties and functions of assembled aggregates.
Many works concerning G-quadruplex structures have shown

that several factors, such as metal ions, counterions, pH, and
concentrations, need to be taken into consideration during its

formation (19–26). In particular, metal ions are known to play an
important role in the formation of G-quadruplex (27–29). Metal
ions with ionic radii in the range of 0.13 to 0.15 nm fit well in the
channel of G-quadruplex, and different charges of metal ions
define their positions in the G-quadruplex (30). Monovalent metal
ions usually bind between every two adjacent G-quartets, while
divalent ions cannot appear in succession between G-quartets due
to their strong electrostatic repulsion and therefore commonly stay
in alternate layers (SI Appendix, Fig. S1) (13, 26, 27, 31, 32).
Despite great progress in understanding G-quadruplex structures,
few works tackled the factors affecting G-quartet stacking mode.
At larger length scales, lyotropic cholesteric and hexagonal chro-
monic mesophases have been reported in G-quadruplex systems
(11, 33, 34); however, very little is known and understood about
the spontaneous orientation of G-quadruplex fibrils at the
microscale level.
In order to shed light on G-quadruplex structures, we chose

four metal ions (a monovalent metal ion, K+, and three divalent
metal ions, Ca2+, Sr2+, and Ba2+) to elucidate the factors
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affecting the stacking modes of the G-quartet into G-quadruplex
(Fig. 1). G-quadruplex structures were then carefully character-
ized at different length-scale levels by combing different exper-
imental approaches, including circular dichroism (CD), X-ray
scattering, rheology, and atomic force microscopy (AFM) anal-
ysis. Divalent metal ions (Ca2+, Sr2+, and Ba2+) at certain
concentrations induce G-quartets to adopt the same stacking
mode through ionic bridge effect, different from G-quadruplex
structures induced by monovalent K+ ions with both heteropolar
and homopolar stacking modes. We also show that the rheo-
logical properties of G-quadruplex hydrogels are dependent on
the ion concentrations and their type.
Finally, we report that in the presence of K+, the system shows

an isotropic–nematic phase transition, where homeotropic ne-
matic tactoids are obtained in a concentration range of guano-
sine derivative from 38 to 41 mM. These experimental results are
supported by theoretical predictions based on the elastic free
energy of the system. The ability to control the morphology and
the self-assembly of G-quadruplex fibrils into biological liquid
crystalline structures can be used for applications in biotechnology
and biomedical science (35). Additionally, the spontaneous for-
mation of nematic tactoids at the microscopic level, along with the
AFM analysis on the fibril mesoscopic morphologies, give insights

into the G-quadruplex fibrils and their self-assembly across dif-
ferent length scales, making them robust building blocks in
soft matter.

Results
The Confinement of G-Quartet Stacking Mode. A guanosine de-
rivative in borate ester form (GB) is prepared by the reaction of
guanosine (G), phenylboronic acid (PBA), and sodium hydroxide
(with a molar ratio of 1:1:1, 50 mM) in water (Fig. 1A), which was
confirmed by 11B NMR experiments (SI Appendix, Fig. S2). In the
presence of suitable metal ions, GB could self-assemble into
G-quadruplex gels. Since dynamic borate ester can impart inject-
able and thixotropic properties, many analogous GB gels have been
prepared with wide applications such as three-dimensional (3D)
printing, drug delivery, catalysis, and electrochemical sensing
(36–45). Inspired by their excellent biomaterial and biomedical
applications, we investigated the effects of the monovalent ion K+,
and the three divalent ions Ca2+, Sr2+, and Ba2+ on the stacking
modes of G-quartets.
CD spectroscopy, sensitive to molecular chirality, can be used

to detect the formation of G-quadruplex, as well as the stacking
orientation of G-quartets (46, 47). CD spectrum of GB aqueous
solution does not show G-quadruplex signals in the presence of

Fig. 1. Schematic representation of the self-assembly of guanosine derivative at different scale levels: (A) guanosine derivative in a borate form (GB) was
prepared by the reaction of guanosine (G), phenylboronic acid (PBA), and sodium hydroxide in water; (B) different metal ions at different concentrations were
added to induce the self-assembly of GB into G-quartet; (C) for Sr2+ and Ba2+ at lower concentrations, and K+ ions, G-quartets stack by both heteropolar and
homopolar modes, (D) forming untwisted fibrils; (E) in the case of GB-K+ fibrils, nematic tactoids formed when the concentration of GB was in the range of 38
to 41 mM; (F) for Sr2+ and Ba2+ at higher concentrations and for Ca2+ ions, G-quartets all adopt the heteropolar stacking mode, (G) forming left-handed
twisted fibrils in some cases. For a G-quartet, when the rotation direction from hydrogen bonding donors to acceptors is clockwise, this side is defined as the
head of G-quartet, and the reverse side with counterclockwise rotation as the tail (46). The head face is shown in blue and the tail in gray. For homopolar
stacking, the head of one G-quartet faces the tail of the adjacent one, leading to the same polarity of stacked G-quartets. When the head (tail) of one
G-quartet faces the head (tail) of the adjacent one, the stacked G-quartets show opposite polarity, following heteropolar stacking (35). Since the molar ratio
of GB to G is about 3 in GB solution analyzed from 11B NMR (SI Appendix, Fig. S2), one G-quartet has four guanine parts and also three borate parts. For
simplicity, only one borate part is shown in the model. Note: B represents the borate group pointing out to the water media.

Li et al. PNAS | May 5, 2020 | vol. 117 | no. 18 | 9833

BI
O
CH

EM
IS
TR

Y
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 E

T
H

-B
ib

lio
th

ek
 o

n 
M

ay
 5

, 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919777117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919777117/-/DCSupplemental


Na+ ions, which are introduced in the preparation process (SI
Appendix, Fig. S3), and no aggregates are visible from the AFM
observation, suggesting that Na+ ions alone cannot induce
G-quadruplex. However, in the presence of monovalent cation,
K+, or divalent cations, Ca2+, Sr2+, and Ba2+, characteristic sig-
nals of G-quadruplex can be found in the CD spectra, as shown in
Fig. 2A. Specifically, there are two main characteristic types of CD
signals. One is the signal of G-quadruplex characterized by both
homopolar and heteropolar stacking modes, and it shows two sets
of CD peaks at ∼240 and 260 nm, and ∼278 and 300 nm. The
other signal is characteristic of the G-quadruplex structure with
uniform heteropolar stacking mode, and it shows only one set of
peaks at ∼278 and 300 nm. According to CD results in Fig. 2A, it is
confirmed that K+, Ca2+, Sr2+, and Ba2+ ions promote the for-
mation of G-quadruplex but with different stacking modes.
For GB-Sr2+ and GB-Ba2+ samples, CD signals change dras-

tically with ion concentrations, suggesting that the stacking modes
of G-quartet have a transition from the coexistence of heteropolar
and homopolar stacking to only heteropolar stacking (Fig. 2A).
Divalent metal ions usually stay in alternate layer of G-quartets
due to the strong electrostatic repulsion between divalent metal
ions (SI Appendix, Fig. S1), corresponding to a molar ratio of 1:8
between divalent metal ion and GB (13, 27, 31). When the ratio is
above 1:8, the channels of G-quadruplex are saturated by Sr2+ or
Ba2+ ions. Excess ions stay at the periphery of G-quadruplex and
combine with borate parts (B) at adjacent G-quartets by the ionic
bridge effect, causing the confinement of G-quartet stacking
modes. When the ratio is above 1:4, that is, the ratio between
excess divalent ions (at the periphery of G-quadruplex) and GB is
above 1:8, there is one divalent metal ion between every two layers
combining with borate parts, confining all G-quartets to a uniform

heteropolar stacking mode (Fig. 1F). This is consistent with the
transition point of CD signals (14:50 ≈ 1:4). This suggests that the
transition of CD signals occurs only when all G-quartets adopt the
same stacking mode.
For GB-K+ samples, CD signals show G-quadruplex struc-

tures with both heteropolar and homopolar stacking (Fig. 1A),
independently of ion concentration since there is no ionic bridge
effect between excess monovalent K+ ion and borate. The
G-quadruplex structures induced by Ca2+ ions only show CD
signals characteristic of heteropolar stacking mode for all of the
ion concentrations investigated (Fig. 1A), similar to GB-Sr2+ and
GB-Ba2+ samples at higher ions concentrations. The confine-
ment of G-quartet stacking modes at lower Ca2+ concentrations
suggests that there is already an ionic bridge effect between Ca2+

ions and borate. Due to a smaller octa-coordinate ionic radius
compared to Sr2+ and Ba2+ (0.112, 0.126, and 0.142 nm for
Ca2+, Sr2+, and Ba2+, respectively), Ca2+ ions possess relatively
weaker binding affinity with eight carbonyl oxygen atoms in the
channel of G-quadruplex (27). Therefore, the binding affinity of
Ca2+ ions with eight carbonyl oxygen atoms in the channel might
be similar to that with borate at the periphery of G-quadruplex.
To further verify the formation of G-quadruplex structures,

small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) measurements were performed (SI Appen-
dix, Figs. S4 and S5). A core-two-shells cylinder form factor P(q)
model was adopted in order to extract the core radius and its
polydispersity, and both the inner and outer shell thickness (48,
49). In this model, the metal ions make up the core of the fibrils,
while the aromatic nucleobases of the G-quartets make up the
inner shell, and the attached sugar residues and borate moiety
make up the outer shell (Fig. 2B). SAXS fitting results show a

Fig. 2. Characterization of G-quadruplex structures in the presence of monovalent ions (K+) and divalent ions (Ca2+, Sr2+, and Ba2+). (A) CD spectra of ions-
induced G-quadruplex with different stacking modes. (B) Molecular model of the G-quartet structure, showing the diameter of G-quartet core. (C) The elastic
modulus (G′) of ions-induced G-quadruplex hydrogels, extracted from frequency-dependent oscillatory shear experiment, as a function of ion concentration.
(D) Viscosity of ions-induced hydrogels as a function of shear rate by shear-recovery experiment. Table 1 shows the π–π stacking distance of G-quartets and the
diameter of G-quartets provided by the WAXS and SAXS analysis, respectively. The concentration of GB is 50 mM.
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core radius of ca. 3 Å, and a total shell thickness of 11.1 to 12.7 Å
(SI Appendix, Fig. S4), which is consistent with a molecular
model of the G-quartets (Fig. 2B). From this model, the radius of
the metal-occupied core and the G-quartet shell is ca. 8.0 Å and
the outer sugar-borate motif is ca. 5.7 Å, resulting into a quad-
ruplex and cylindrical diameter of ca. 16 and 28 Å, respectively
(SI Appendix, Table S1). WAXS intensity profiles on the freeze-
dried samples show a characteristic peak around 3.3 Å (Fig. 2,
Table 1), which corresponds to the π–π stacking distance of
G-quartets (50–52). Moreover, the freeze-dried fibrils show a
columnar oblique packing of the cylinders with lattice parame-
ters of ca. a = 22 Å and b = 13 Å, and γ = 100°, which fits well
with the interdigitating model of the G-quadruplex fibrils (SI
Appendix, Table S2). Therefore, SAXS and WAXS results con-
firm a G-columnar structure formed by the stacking of
G-quartets, which is consistent with CD results.
As shown in SI Appendix, Fig. S4, the SAXS intensity profiles

of these hydrogels show a deviation from the experimental data
at low q values because of the interactions between the
G-quadruplex fibrils, which is reflected by the presence of a
structure factor S(q). Thus, by dividing the SAXS intensity pro-
file I(q) by the fitted form factor P(q) from the model, the
structure factor S(q) could be obtained showing a maximum at
ca. 11 to 14 nm, which could be attributed to the most probable
distance between clusters of G-quadruplex fibrils (SI Appendix,
Fig. S6).

Rheological Properties of G-Quadruplex Hydrogels. It is expected
that G-quadruplex structures characterized by different stacking
modes might be related to different macroscopic mechanical
properties at the gel level. To verify this hypothesis, we in-
vestigated the rheological properties of G-quadruplex hydrogels
(Fig. 2 C and D and SI Appendix, Fig. S7). The elastic modulus G′
could be used to evaluate the mechanical rigidity. As shown in
Fig. 2C, the elastic modulus of GB-K+ hydrogels is very low and is
almost independent of ion concentrations. It has been reported
that the presence of K+ could promote Na+ to bind with
G-quadruplex (53). With the addition of K+ ions, Na+ ions are
involved in the construction of G-quadruplex together with K+

ions, forming G-quadruplex hydrogels. The added K+ ions grad-
ually replace Na+ ions in the channel of G-quadruplex rather than
construct new aggregates, leaving unaffected the rigidity of the
fibrous network with increasing ion concentration. Moreover, the
low elasticity implies the absence of strong bonding between fi-
brils. This is because GB-K+ hydrogels are only induced by the
simple entanglement of the fibrils (54).
For GB-Sr2+ and GB-Ba2+ hydrogels, the mechanical rigidity

does not increase at lower concentrations, behaving like GB-K+

hydrogels, and begins to increase from 8 mM. According to the
discussion in CD results, at lower concentrations, Sr2+ and Ba2+

ions go into the channel to construct G-quadruplex. In this case,
gels are induced by simple entanglement of fibrils, causing a low
elasticity. At higher concentrations, excess Sr2+ or Ba2+ ions at
the periphery of G-quadruplex structures combine with borate at
two G-quadruplex fibrils by ionic bridge effect (Fig. 1F), causing
the physical cross-linking of fibrils and thus an increase of
mechanical rigidity.
For GB-Ca2+ hydrogels, the shear modulus increases gradu-

ally with increasing ion concentration until a plateau is reached
above 12 mM. The increase of shear modulus suggests the ex-
istence of ionic bridge effect from a low concentration of Ca2+

ions, consistent with the conclusion in CD results. The confine-
ment of G-quartet stacking mode and the increase of rigidity are
both due to the ionic bridge effect of divalent metal ions with
borate at the periphery of G-quadruplex structure: The combi-
nation with borate at adjacent G-quartets causes the confinement
of stacking mode; meanwhile, the combination with borate at two
G-quadruplex fibrils causes the cross-linking of fibrils and

therefore an increase of mechanical rigidity (Fig. 1F). There have
been works reporting the cross-linking of G-quadruplex fibers
through multivalent cations such as Mg2+, Ca2+, and Fe3+ (38,
55), but little is known about the role of divalent cations in con-
trolling the stacking mode of G-quartet.
In order to demonstrate the above hypotheses, we studied the

interaction between fibrils by the shear-recovery experiment. As
shown in Fig. 2D, there are two types of shear-recovery curves. For
hydrogels formed with K+ at 8 and 16 mM, Sr2+ and Ba2+ at 8
mM, shear curves are overlapped with recovery curves. The quick
recovery implies a simple entanglement between fibrils, proving
that there is no ionic bridge effect between metal ions and borate
in systems with K+ ions, or with Sr2+ and Ba2+ ions at lower
concentrations. On the other hand, for hydrogels formed with
Sr2+ and Ba2+ at 16 mM, Ca2+ at 8 and 16 mM, recovery curves
are lower than shear curves, suggesting a delay of the complete
recovery of fibril networks. This implies that fibrils are both cross-
linked and entangling, demonstrating the presence of ionic bridge
effect in systems with Ba2+ and Sr2+ ions at higher concentrations,
and with Ca2+ ions.
We performed continuous strain step tests to confirm the self-

recovery property of hydrogels. Strain sweeps were first carried
out to determine the linear viscoelastic region (SI Appendix, Fig.
S8). A low applied strain and a high strain were chosen for the
recovery and destruction of hydrogels, respectively, in continu-
ous step strain tests (γ = 1% and 500% for hydrogels formed with
K+ at 8 and 16 mM, Sr2+ and Ba2+ at 8 mM; γ = 0.1% and 200%
for hydrogels formed with Ca2+ at 8 and 16 mM, Sr2+ and Ba2+

at 16 mM). As shown in SI Appendix, Fig. S9, when hydrogels
were subjected to high step strains, a transition from gel to sol
occurred (G′<G″); when low step strains were imposed, hydro-
gels could reform but with different recovery ratios. Hydrogels
formed with K+ at 8 and 16 mM, Sr2+ and Ba2+ at 8 mM,
showed a rapid recovery within 60 s and a recovery ratio of
more than 90% over four cycles (SI Appendix, Table S3), sug-
gesting a good self-recovery ability. In contrast, hydrogels
formed with Ca2+ at 8 and 16 mM, Sr2+ and Ba2+ at 16 mM,
showed relatively weaker ability for self-recovery with recovery
ratios of 32%, 20%, 60%, and 57%, respectively (SI Appendix,
Table S3). This result is consistent with the data in shear-
recovery experiment.

Fibril Morphology. In order to further characterize the structure
and the morphology of the supramolecular aggregates, AFM
imaging was performed on aliquots of the hydrogels formed in
the presence of these four metal ions at two different concen-
trations, 8 and 16 mM (Fig. 3A). The typical persistence length
(λ) of these fibrils is hundreds (Fig. 3B) to thousands (SI Ap-
pendix, Fig. S10) of nanometers, thus at least two orders of
magnitude larger than the Debye length. Therefore, rigidity is
expected to be rather insensitive to ionic strength, and we expect
a behavior very different from classical polyelectrolytes or
charged worm-like micelles, which increase flexibility with in-
creasing salt content (56, 57). On the contrary, we observe that
the height distribution of all fibrils with various salt series shifts
toward higher heights when increasing ion concentration from 8
to 16 mM (Fig. 3F), with the distributions becoming bimodal in
all cases of K+, Ca2+, Sr2+, and Ba2+, including the cases where
the initial distribution of height at 8 mM is clearly monomodal
(K+ and Ba2+). A systematic increase of the average height <h>
is also found in all systems. As the persistence length for semi-
flexible polymers is known to scale as λ ∼ <h>4 (58), it is con-
cluded that the persistence length of fibrils increases with ion
concentration, following a behavior opposite to traditional poly-
electrolytes. This behavior is a fingerprint of the supramolecular
coordination between the guanine molecules and the cations in
solution.
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For the thin fibrils formed with K+ and Ba2+ at 8 mM, the
average height is about 1.6 nm (Fig. 3F), which is in agreement
with the diameter of the G-quartet core obtained by SAXS ex-
periments (if the sugar moiety falls apart upon freeze-drying),
confirming that these thin fibrils are composed of stacked
G-quartets and are individual G-quadruplex without lateral
pairing. Interestingly, in the samples formed by 8 and 16 mM
Ca2+, and 16 mM Ba2+, left-handed twisted fibrils could be
observed (Fig. 3A and SI Appendix, Fig. S11). The height profiles
give the average pitches of the twisted fibrils, which are about 40,
40, and 36 nm for samples formed by 8 and 16 mM Ca2+, and
16 mM Ba2+, respectively (Fig. 3 C–E), disclosing a regular
mesoscopic chirality in metal-induced G-quadruplex fibrils. In

the samples with uniform heteropolar stacking mode left-handed
twisted fibrils occasionally were observed, while in the samples
with both heteropolar and homopolar stacking modes no twisted
fibrils are formed. Therefore, AFM observations reveal a rich
polymorphism on fibrils (twisted and untwisted) dependent on
types and concentrations of metal ions.

Nematic Tactoids with Negative Anchoring Strength. Liquid crystals,
with their self-assembling properties, are a subject of extensive
academic research and are used in various applications, such as
displays, lasers, and biochemical sensors (59). Liquid crystalline
systems based on biological semiflexible polymers are attracting
increasing attention from the research community, for their

Fig. 3. The characterization of fibril morphology formed by K+, Ca2+, Sr2+, and Ba2+ at 8 and 16 mM. (A) AFM images of the fibrils morphology. (All images
are with the same scale bar: 600 nm.) (B) Persistence length estimation for fibrils formed with 8 mM K+ by the 2D worm-like chain model. The persistence
length is about 500 nm. Height profiles showing the pitch of left-handed twisted fibrils formed by Ca2+ at 8 mM (C) and 16 mM (D), and Ba2+ at 16 mM (E). (F)
The height distribution of fibrils formed with four cations at 8 mM (orange) and 16 mM (green). The concentration of GB is 50 mM. The statistical analysis is
performed by FiberApp (70).
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potential applications in biotechnology and biomedical sciences
(35). Examples range from DNA and cellulose to amyloid fibrils
(59–61).
Colloidal rod-like particles can undergo to spontaneous liquid

crystalline phase transitions when dispersed at high enough
concentrations (62). This liquid–liquid phase separation is charac-
terized by the coexistence of a continuous isotropic phase, where
dispersed rod-like particles are randomly oriented, and a more
concentrated nematic phase, in which mesogens spontaneously as-
sume orientational order (63). These dispersed domains, also
known as tactoids, appear birefringent under cross-polarized mi-
croscope and can assume a broad range of configurations
depending on the system properties (64). In particular, the shape
and the orientational director field configuration of a tactoid de-
pend on a subtle interplay of anisotropic interfacial and bulk en-
ergies and is a vibrant area of research (65–67).
Since G-quadruplex is of vital importance in both biology and

supramolecular chemistry, it is of great significance to gain in-
sight into the nature and geometry of the interactions of
G-quadruplex fibrils. Cholesteric and hexagonal mesophases
have been observed in G-quadruplex systems, whose basic
structure is a chiral columnar aggregate based on the stacking of
G-quartets (34, 68). However, to the best of our knowledge, no
studies have reported tactoids composed of G-quadruplex fibrils.
Considering that using K+ ions G-quadruplex structures could be
effectively induced without ionic bridge effects interfering with
liquid crystalline order, G-quadruplex fibrils were prepared by
the reaction of G, PBA, and KOH (SI Appendix, Figs. S12 and
S13). Based on the formation of G-quadruplex fibrils, a phase
diagram of the ensued liquid crystalline mesophases was estab-
lished by varying the concentrations of GB and fixing the re-
action molar ratio of G, PBA, and KOH at 1:1:1 (SI Appendix,
Fig. S14). Hydrogels with the concentration of GB below 38 mM
were isotropic and showed no birefringence under polarized
light. At concentrations above 41 mM, however, they appeared
completely birefringent, implying the formation of a nematic
phase.
Between these two critical concentrations, the system shows a

biphasic behavior, characterized by the formation of liquid-
crystalline droplets as expected in the coexistence of the

isotropic and nematic phases (SI Appendix, Fig. S15). LC Pol-
Scope imaging was used to evaluate the director field configu-
ration of the nematic domains: Two different configurations of
tactoids were observed, one characterized by a homogeneous
nematic director field (Fig. 4 A–C) and one with a radial nematic
configuration (Fig. 4 D–F). In both cases, LC PolScope analysis
revealed that the nematic director field is perpendicular to the
interface, indicating homeotropic alignment for both configura-
tions (Fig. 4) (67).
The two different configurations were rationalized using the

Frank–Oseen elastic energy, coupled with the Rapini–Papoular
anisotropic surface energy (67):

F = K∫ ‖∇n‖2dV + γ∫ (1 + ω cos2 θ)dS.

The first term describes the curvature of the nematic field n, and
it is proportional to the elastic constant K. The second term,
proportional to the surface tension γ, depends on the angle θ
formed by the nematic field with the normal of the surface of
the tactoids. The parameter ω is called anchoring and quantifies
the strength of the anisotropy of the surface energy. In our case,
homeotropic alignment implies negative anchoring strength.
In the homogeneous tactoids, the elastic energy term domi-

nates, and the resulting shape follows the Wulff construction
(64, 66). According to this model, the droplet shape is oblate
(i.e., lenticular), with rotational symmetry along the minor axis
(69). These tactoids are characterized by an elongated shape
with aspect ratio d/D (D, major axis, and d, minor axis) equal to
0.50 ± 0.05, independent of the volume of the tactoid, varying in
the range of 102 to 105 μm3 (SI Appendix, Fig. S16). The tactoids
tip angle is measured to be 120° ± 3° (SI Appendix, Fig. S17).
From the aspect ratio, we estimated an anchoring strength of
ω = −0.5.
In the radial nematic tactoids, the surface energy prevails,

forcing the droplet to be spherical with homeotropic alignment.
The radial nematic tactoids are nearly spherical and character-
ized by an aspect ratio equal to 1, which is independent of the
volume (SI Appendix, Fig. S16).

Fig. 4. Liquid-crystalline tactoids: microscopy images of homogeneous nematic tactoids, showing director field always perpendicular to the long axis of the
tactoid visualized with LC PolScope color maps microscope (A), in grayscale with corresponding orientation lines in B, and corresponding theoretical simu-
lation in C; radial nematic tactoids with director field perpendicular to the interface shown as color map PolScope image, grayscale and simulation in D, E, and
F, respectively. The two dark points at the center of the tactoid shown in D and E are known as defects and are caused by the spherical confinement. As
previously reported, the theoretical model does not predict defects (65). In the color mapped PolScope images, the director field orientation is represented by
different colors as in the legend at bottom left of A. The concentrations of G, PBA, and KOH are all 40 mM.
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Discussion
In this work, we investigated the effect of metal ions on
G-quartet stacking modes by combining complementary experi-
mental approaches probing different length scales. In particular,
CD, SAXS, and WAXS analysis indicated the formation of
G-quadruplex structures promoted by K+, Ca2+, Sr2+, and Ba2+.
Additionally, CD revealed different G-quartet stacking modes
depending on the type of metal ion and their concentration. The
G-quadruplex formed in presence of monovalent K+ is charac-
terized by heteropolar and homopolar stacking modes, in-
dependently of ion concentration. In the presence of Sr2+ and
Ba2+ ions, G-quartet stacking mode shows an ion concentration-
induced transition from the coexistence of heteropolar and ho-
mopolar stacking to only heteropolar stacking, suggesting that
excess Sr2+ and Ba2+ ions confine the stacking mode.
G-quadruplex promoted by Ca2+ shows only heteropolar stack-
ing mode, independently of ion concentrations. Interestingly, the
effect of metal ion plays a key role in the establishment of a
mesoscopic chirality in the G-quadruplex fibrils, leading to a left-
handed regular twist in the case of Ca2+ and Ba2+ ions in-
tercalated via uniform G-quartet stacking mode.
Rheological experiments showed that different G-quartet stack-

ing modes translate into different rheological properties: While
G-quadruplex hydrogels with both heteropolar and homopolar
stacking modes show a weak mechanical rigidity, samples with
uniform heteropolar stacking have a stronger mechanical rigidity.
Increasing the K+ ion concentration does not affect the weak
stiffness of GB-K+ hydrogels. For GB-Sr2+ and GB-Ba2+ hydro-
gels, the shear modulus is invariant at low ions concentrations, but
starts to increase above a threshold, where G-quadruplex becomes
saturated by divalent metal ions leading to supramolecular bridges
among different G-quadruplex fibrils. The concentration of Ca2+

ions has a strong influence on the rheological properties of the gels,
making them the stiffest gel. These results suggest that ionic bridges
of divalent metal ions at the periphery of G-quadruplex are the
main factor increasing the rigidity of gels beyond that achievable by
pure fibril entanglements. According to this scenario, excess divalent
metal ions combine with borate at adjacent G-quartets, leading to the
physical cross-linking among distinct G-quadruplex fibrils and there-
fore increasing their mechanical stiffness.

In the absence of physical cross-links, and for suitable con-
centrations, G-quadruplex fibrils were found to form liquid-
crystalline phases. In the isotropic–nematic coexistence regime
of concentration, microscopy analysis revealed the formation of
two classes of liquid-crystal tactoids nucleating from an isotropic
continuous phase: homogeneous nematic and radial nematic
tactoids, both characterized by negative anchoring strength
(homeotropic fibril alignment at the interface). This makes
G-quadruplex fibrils significantly different from the greatest
majority of liquid crystalline filamentous colloids, characterized
by a positive anchoring strength and colloidal alignment parallel
to the interface. These results advance our understanding of the
self-assembly of metal coordinated G-quadruplexes at various
length scales, and provide a robust fundamental basis for the
rational design of supramolecular building blocks for liquid-
crystalline phases with controlled director field distributions.
The ability to control the morphology of G-quadruplex fibrils
and to tune their self-assembly into liquid-crystalline structures
opens to applications and theoretical studies for this class of
lyotropic liquid crystals.

Materials and Methods
GB was prepared as a G-assemblies precursor by mixing guanosine, phe-
nylboronic acid, and sodium hydroxide in water and heated to 80 °C for 2 h.
In order to obtain hydrogels, four types of salts (KCl, CaCl2, SrCl2, BaCl2) at
different concentrations were added to GB aqueous solutions, which were
then slowly cooled down to room temperature. The resulted hydrogels were
characterized at different length scales by CD, SAXS, WAXS, AFM, and
rheology. The liquid-crystalline droplets assembled from G-quadruplex fibrils
were prepared by guanosine, phenylboronic acid, and potassium hydroxide
(in water) with a molar ratio of 1:1:1. The formed liquid-crystal droplets
were characterized by LC Polscope. More information about materials and
methods is given in SI Appendix.
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will also be made available via direct inquires.
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