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The amplification of specific DNA molecules by over 5000-fold
was achieved inside cell-sized lipid vesicles at isothermal and
physiological temperature. Real-time monitoring revealed that
differences in the amplification behaviour between in test tubes
and vesicles. Furthermore, photo-triggered amplification was
also demonstrated.
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An isothermal amplification circuit for specific DNA molecules was
implemented in giant unilamellar vesicles. Using this circuit, over
5000-fold amplification of output DNAs was achieved, and the
amplification behaviour depended on the concentration of input
signal DNAs in a cell-sized compartment. Moreover, initiation of the
amplification by photo-stimulation was demonstrated.

In living organisms, biochemical reactions that regulate various
biological functions occur in enclosed environments within the
lipid membrane. A giant unilamellar vesicle (GUV) is widely
used as a suitable model of a cell-sized compartment because of
its overall similarity to biomembranes and well-established
preparation methods." In particular, encapsulation of biochemical
components into GUVs has been explored as a feasible approach
to create models of biological systems for synthetic biology or
artificial cell studies.” The GUV-based artificial biological systems
that exhibit gene expression using synthetic gene-circuits,? drug
delivery, and artificial evolution of a protein’® have been con-
structed through bottom-up approaches from the molecular level.

In such an approach, DNA is one of the promising materials
for the construction of molecular logic circuits or designed bio-
chemical reactions owing to their sequence-specific hybridisation.®
This feature allows the construction of artificial molecular systems
that are able to determine their own behaviour based on a molecular
reaction regulated by DNA signals or other external stimuli. Indeed,
previous studies had reported the programmable behaviour of
systems in response to DNA signals;* for example, cargo release
from lipid vesicles through DNA nanopores,** DNA-based protein
assembly,*” and control of conformational change of GUVs using
DNA clutch.” However, these molecular systems cannot be
effectively controlled by the low signal DNA concentrations
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required by the system. The amplification circuit of DNAs can
overcome this limitation.

Amplification of DNA in lipid vesicles has been achieved
using the polymerase chain reaction (PCR);> however, PCR requires
repetitive thermal cycles over a high temperature range, which often
induces damage to the delicate biomolecules constituting biological
systems. Isothermal amplification techniques® provide an alterna-
tive method for signal DNA amplification, and have been used in
test tubes or water-in-oil droplets for the detection/quantification of
a target DNA and production of genome-like long DNA.*” Torino
et al.® had reported the isothermal replication of 85-bp DNA inside
lipid vesicles using thermostable proteins at 65 °C for building
cell-like structures. Okano et al.’ had reported the isothermal
amplification of T4 phage DNA at 45 °C using a random primer
inside GUVs to induce osmotic stress. However, the amplification
process in GUVs, at a physiological temperature of 37 °C, for
DNAs with a specific sequence that are applicable as signals, has
not been reported to date.

We herein report the isothermal amplification of DNA with a
specific sequence, achieved in GUVs, at a physiological tem-
perature of 37 °C. A schematic illustration of the amplification
circuit is shown in Fig. 1. In brief, amplification begins with
hybridisation of the signal and converter DNAs (Fig. 1a(I)). The
hybridised signal DNA is then elongated on the converter DNA
by DNA polymerase (Fig. 1a(Il)), and the recognition site in the
elongated part is cut by the nickase (Fig. 1a(IlI)). Consequently,
the cut DNA detaches from the converter DNA when the DNA
polymerase again elongates the signal DNA (Fig. 1a(IV)). As a
result, “output” DNAs are produced, serving as output signals,
which hybridise to amplifier DNA (Fig. 1a(V)). The amplifier
DNA has complementary sequences to that of the output DNA
at both sides of the recognition site. The output DNA is then
further amplified, since the enzymatic reaction on the amplifier
DNA is similar to that on the converter DNA (Fig. 1a(VI)-(VIII)).
Through the above reactions, output DNAs are exponentially
amplified upon triggering, from only a small quantity of signal
DNA at physiological temperature (Fig. S1, ESIT). Although the
use of amplifier DNA allows efficient amplification, it also

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic representation of the amplification circuit. (a) Components
and a reaction scheme of the amplification circuit. White regions in the converter
and amplifier DNAs indicate the recognition sites for nickase. (b) and (c)
Schematics of the closed-beacon (b) and opened-beacon (c). Hybridisation of
the output and beacon DNA results in an increase of the fluorescence intensity.

causes non-specific amplification in the absence of the signal
DNA (Fig. S2, ESIt). Thus, to suppress such leaky amplification,
locked nucleic acids were introduced in the amplifier.'

A beacon DNA probe, labelled with a fluorophore (Alexa 488)
and a quencher (DABCYL) at both ends, was used to detect
amplification (Fig. 1b and c). When the beacon forms a hairpin
shape in the closed state, it exhibits weak fluorescence due to the
proximity between the fluorophore and quencher (Fig. 1b), whereas
hybridisation with the output DNA opens the beacon, thereby
increasing the fluorescence intensity (FI) (Fig. 1c and Fig. S3, ESIT).
The DNA sequences and detailed compositions of the amplification
circuit are shown in Tables S1 and S2 in the ESL¥

The amplification circuit was encapsulated into GUVs composed
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC): cholesterol at a
molar ratio of 9: 1 by a water-in-oil emulsion transfer method."” The
prepared GUVs, whose membranes contained rhodamine B-labelled
lipids, were deposited onto a glass slide and observed using a
confocal laser-scanning microscope with a stage incubator at 37 °C.

An increase in green FI was detected in the GUVs, indicating
the successful production and amplification of output DNAs
from the signal DNA (Fig. 2). The average FI with respect to time
at each signal concentration is shown in Fig. 2e. The FI reached a
plateau in a sigmoidal curve, typical of an exponential increase in
the presence of the signal. Since the concentration of beacon
DNA was 500 nM, the fact that FI reached a plateau indicates that
over 50-, 500-, and 5000-fold amplification of the output DNAs
was achieved at signal concentrations of 10 nM, 1 nM, and
0.1 nM, respectively. The FI increases in GUVs were detected at
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Fig. 2 Isothermal amplification reaction in GUVs. (a)-(d) Representative

microscopic images of GUVs entrapping the amplification circuit at signal
concentrations of 10 (a), 1 (b), 0.1 (c), and 0 nM (d). t = O indicates the start
time of the observation. Green and magenta indicate the fluorescence of
Alexa 488 and rhodamine B-labelled lipid (rhodamine-DHPE). Scale bars:
40 um. (e) Time series of changes in the averaged fluorescence intensity of
GUVs in representative experiments shown in (a)-(d). Error bars indicate
standard deviations. n = 28, 23, 34, and 20 with a 10 nM, 1 nM, 0.1 nM and
0 nM signal concentration, respectively. t = O indicates the time point when
observations were started after adjusting the focus of the microscope.

highly similar time points, with a signal concentration of 10 nM
or 1 nM, based on microscopic observations (Fig. 2a and b). In
contrast, the FI increase in GUVs at a signal concentration of 0.1 nM
was detected at various time points (Fig. 2c). This suggests that a
lower signal concentration would induce timing fluctuation of
amplification initiation in GUVs. Note that no FI increase was
observed under the 0 nM signal conditions or for GUVs with a
10 nM signal incubated at 4 °C (Fig. 2d and Fig. S4, ESI¥).

To gain further insights into the amplification behaviour in
GUVs, we also conducted the amplification in test tubes, for
comparison (Fig. S5 in the ESI}). The obtained data from both
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Fig. 3 Summary of the amplification characteristics. (a) Schematic illustrations
of the amplification rise time (ART) indicating tgsx—tis;, and the amplification
timing fluctuation (ATF), a coefficient of variation of tsgy. (b) Box plots of ART.
The black lines inside boxes indicate the median values. (c) ATF in test tubes.
n =5 in test tubes and n = 53, 48, and 76 in GUVs for 10, 1, and 0.1 nM signal
concentration, respectively.

GUVs and test tubes were fitted using log-logistic curves'" so as
to reduce the measurement noise (see the ESIt for detailed
methods). We calculated the amplification rise time (ART) as
the median value for the time between reaching an intensity of
85% (tgs9) and 15% (t150,) compared to the maximum value,
and calculated the amplification timing fluctuation (ATF) as the
coefficient of variation of the time at which the intensity
reached 50% (s00,) (Fig. 3a).

The median values of ART with signal concentrations of 10, 1,
and 0.1 nM were 6.6, 7.1, and 9.3 min in test tubes, and 8.6, 10.0,
and 10.4 min in GUVs, respectively (Fig. 3b). These data suggest that
ART tends to become larger as the signal concentration decreases.
ART differences in GUVs were smaller than in test tubes. The ATF
values exhibited a similar trend, showing an increase as the signal
concentration decreased (Fig. 3c). Both the ART and ATF values
tended to be larger in the GUVs than in test tubes.

Several factors can contribute to the observed signal
concentration-dependent differences in the ART and ATF. Regarding
the ART, we attributed these differences to the existence of
non-triggered converter DNAs with which signal DNAs do not
hybridise. In our amplification circuit, amplification of the
output DNA initiates on the converter DNA, hybridised to the
signal DNA, and further amplification of the output DNA
propagates to the amplifier DNA (Fig. 1). At a lower signal
concentration, the non-triggered converter DNA that does not
produce the output DNA remains in the reaction, resulting in a
lower production rate of output DNA in both the test tubes and
GUVs to induce a large ART. On the other hand, the differences
were not significantly confirmed in GUVs. Compartmentalisa-
tion of reaction components into GUVs would hide the signal-
dependent differences.
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The large ATF obtained for the lower signal concentration
could be attributed to the competitive hybridisation between
the output DNA and other DNAs. The output DNA can hybridise to
not only the beacon DNA or the 3’ end of the amplifier DNA but also
the 5" end of non-triggered converter DNA or amplifier DNA. When
this occurs, amplification of the output will not proceed. Thus,
hybridisation of the output DNA to the non-triggered converter
DNA, whose existence ratio increases as the signal concentration
decreases, may cause the large ATF observed.

Moreover, we suspect that the differences between amplifi-
cation in test tubes and GUVs are largely due to an interaction
between lipid membranes and DNAs. We confirmed that the
ART and ATF exhibited large values with an increase of the total
lipid concentration (Fig. S6, ESIT) when the amplification
circuit was mixed in test tubes with large unilamellar vesicles
(LUVs) having the same lipid composition as the GUVs. A
previous study had indicated that in the presence of divalent
cations, DNAs interact with a phospholipid membrane consisting of
zwitterionic lipids."* Under our experimental conditions, the GUV
membranes comprised of PC lipids (which are zwitterionic), and
10 mM MgCl, was included in the amplification reaction. Relatively
larger ATF values were obtained in the GUVs at a signal concen-
tration of 0.1 nM compared to those obtained at other concentra-
tions. Although the size of compartments has been reported to
affect PCR amplification,”” a relationship between the size of GUVs
and amplification timing was not confirmed with 0.1 nM signal
(Fig. S7, ESIY). In addition, the number of molecules encapsulated
in lipid vesicles has been reported to follow Poisson distribution;"?
however, there was no significant number fluctuation in the
measurement size-range of GUVs: 0.1 nM signal <3%, converter
<0.3%, and amplifier <0.2% (Fig. S8, ESIf). These number
fluctuations were much smaller than ATF in GUVs at 0.1 nM signal
(Fig. 3c). Taken together, we considered the interaction of DNA and
lipid membranes to likely contribute to the larger ART and ATF in
GUVs, and to remarkably appear in 0.1 nM concentration.

Finally, to demonstrate that our amplification circuit can be
initiated by an external stimulation, we employed caged-signal
DNA, which is hairpin-shaped DNA with photo-cleavable sites
covering the ‘“signal” sequence (Fig. 4a and Fig. S9, ESIt). The
cover in the caged-signal is unlocked by ultraviolet (UV) irradiation
(Fig. 4a and Fig. S10, ESIT). The caged-signal was encapsulated into
the GUVs at a 10 nM concentration. To ensure that the amplification
did not occur before UV irradiation, the sample was incubated and
observed for 30 min prior to irradiation at 37 °C. After irradiation for
5 min, the FI inside GUVs increased, indicating that the amplifica-
tion of output DNAs was successfully triggered via photo-stimulation
(Fig. 4b). Although the increases in FI with a normal signal of 10 nM
(Fig. 2a and e) were detected at similar time points, those generated
by 10 nM caged-signal were detected at various time points (Fig. 4b).
In addition, the time taken for FI to reach the plateau level was
delayed in the caged-signal (Fig. 4c) compared to that with the
normal trigger (Fig. 2e). This delay may be due to UV-induced DNA
damage and the hybridisation between signal DNAs and fragmented
DNAs that covered the signal sequence.

In conclusion, we achieved isothermal amplification of DNA
with a specific sequence inside GUVs. Our amplification circuit

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Initiation control of the amplification via photo-irradiation. (a) Schematic
illustration of the caged-signal. (b) Microscopic images of GUVs entrapping the
amplification circuit with a 10 nM caged-signal. t = O indicates the time point
immediately after UV irradiation. Green and magenta indicate the fluorescence
of Alexa 488 and rhodamine-DHPE, respectively. Scale bar: 40 um. (c) Time
series of changes in the average fluorescence intensity of GUVs (n = 28). Error
bars indicate standard deviations. The purple striped box in the graph indicates
UV irradiation for 5 min.

amplified the output DNAs by over 5000-fold with only 0.1 nM
signal DNAs in GUVs. Furthermore, real-time monitoring
revealed differences in the amplification behaviour between
GUVs and test tubes owing to the interaction between DNA and
lipid membranes. Further investigation of the detailed mechanisms
underlying the differences mentioned would reveal the effects of
compartmentalisation in artificial molecular systems. In addition,
the amplification reaction can be triggered by photo-stimulation.
Photo-triggered DNA amplification would enable spatiotemporal
control of the production and assembly of nanostructures in GUVs,
such as the artificial cytoskeleton.* We believe that our results will
become the basis for the creation of novel artificial molecular
systems with isothermal DNA amplification function; for instance,
in autonomous replication, sustainable growth, and evolution of
artificial cells and molecular robots.*®
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