FULL PAPER

Programmable DNA Nanoindicator-Based Platform
for Large-Scale Square Root Logic Biocomputing

Chunyang Zhou, Hongmei Geng, Pengfei Wang,* and Chunlei Guo*

The prospect of programming molecular computing systems to realize
complex autonomous tasks has advanced the design of synthetic bio-
chemical logic circuits. One way to implement digital and analog integrated

such as molecular diagnostic, smart drug
delivery, single molecular analysis, and
responsive plasmonic structures.'™ For
biocomputing, various logic gates based
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circuits is to use noncovalent hybridization and strand displacement reac-
tions in cell-free and enzyme-free nucleic acid systems. To date, DNA-based
circuits involving tens of logic gates capable of implementing basic and
complex logic functions have been demonstrated experimentally. However,
most of these circuits are still incapable of realizing complex mathematical
operations, such as square root logic operations, which can only be carried
out with 4 bit binary numbers. A high-capacity DNA biocomputing system is
demonstrated through the development of a 10 bit square root logic circuit.
It can calculate the square root of a 10 bit binary number (within the decimal
integer 900) by designing DNA sequences and programming DNA strand
displacement reactions. The input signals are optimized through the output
feedback to improve performance in more complex logical operations. This
study provides a more universal approach for applications in biotechnology

and bioengineering.

1. Introduction

Over the past decade, DNA nanotechnology has been used for
the development of biocomputing and functional nanodevices,
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on molecular assembliesP®! and organic/
inorganic nanomaterials®’! have been
developed. Among these computing mate-
rials, DNA has been considered as an
ideal biocomputing substrate since the
first demonstration of solving the seven-
city Hamiltonian path problem in 1994.1%
The reliable prediction of DNA hybridiza-
tion reaction based on the Watson—Crick
base-pairing principle is indispensable
in the construction of biocomputing sys-
tems.'13] Its simple synthesis method,
predictable molecular behavior, and good
biocompatibility can largely reduce oper-
ating cost, facilitate practical operations
in vivo and in vitro, and also provide the
potential for the construction of informa-
tion processing systems.'* Since George
Boole used binary numbers to operate
logical operations, assigning “true” to “1” and “false” to “0”
in forms of bits, the “Boolean logic computation” was estab-
lished.”] Logic gates are basic devices that perform Boolean
logic operations, triggered by binary coded inputs (0/1) that
produce binary outputs (0/1).!*l However, in biocomputing, the
molecular logic gates use binary-encoded molecules as inputs
(present as “1” and absence as “0”) and optical/electrochemical
signals as outputs (high as “1” and low as “0”). Up to now,
more basic and advanced biochemical logic gates have been
realized, including AND, OR, XOR, NOR, NAND, INHIBIT,
encoders, decoders, voters, and keypad locks.7-29l However,
for DNA-based biological computing, the key challenge may be
the integration and expansion of logic circuits. On this basis,
more complex large-scale logic circuits can be realized, thus
promoting the development of DNA computing in various
research fields.

In order to develop a desirable and programmable method
to realize the large-scale logic circuits, the key mechanism that
enables DNA circuits to be rationally programmable is generally
based on the powerful DNA hybridization and toehold-medi-
ated DNA strand displacement (TDSD).2!l In particular, the
TDSD can dynamically and flexibly manipulate DNA hybridi-
zation based on toehold site in a predictable manner,?2-2¢]
which opens up the possibility of coding DNA for large-scale
biocomputing. In contrast to previous works,?72>32 most of
them are based on the DNA hybridization, the interaction of
DNA with nanomaterials, catalytic nucleic acids (DNAzymes)
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Figure 1. The summary of the possible reactions between the inputs and

and enzymes to participate in logical operations, which greatly
limits the complexity and reaction environment of logical oper-
ations. For example, Hu and co-workers developed a novel two-
way toehold activation strategy based on the tunable toehold
protector on host gold nanoparticles to realize the INH, XOR
logic gates, and a halfsubtractor.?*! Willner and co-workers
have successfully implemented a variety of logic circuits by
using libraries of Mg?*-dependent DNAzyme subunits as com-
putational moduli, such as full adder, 2:1 and 4:1 multiplexers
and 1:2 demultiplexer.3®34 Li and co-workers have used three
different kinds of enzymes belonging to several classes (i.e.,
exonuclease, endonuclease, and polymerase) to active or inhibit
toehold-mediated DNA strand displacement reaction to many
applications including biocomputing and biosensing.* In
this work, in order to solve this limitation, based on the DNA
hybridization, TDSD and the segmentation coding strategy of
the input signals, a series of robust and smart nanoindicators
are designed (Figure 1). These nanoindicators can serve as the
reacting platform to construct the large-scale 10 bit square root
logic operation, which can calculate the square root of a 10 bit
binary number (within the decimal number 900). There are
four main reasons to build the nanoindicator-based platform,
instead of other indicators, such as hairpin-shaped molecular
beacons. First of all, as shown in Figure S1 (Supporting Infor-
mation), the “four feet protruding” (ty;, to;, ag;, and ag,) nanoin-
dicators are composed of three single-stranded DNAs, and
two of them are modified with fluorophore and corresponding
quencher. Such designed structures perform a perfect low
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between inputs and the nanoindicators.

background signals compare with the hairpin-shaped switches
as shown in Figure S1b (Supporting Information). Second,
the dissociation of each individual DNA nanoindicator allows
distinct displacement reaction to occur in parallel, which is cru-
cial to realizing the large-scale logic circuits. Third, the unique
multiple toehold-mediated sites on each nanoindicator greatly
improve the programmability and provide more critical and
controllable hybridizations for expanding the operation scale
of logic circuit. Forth, the introduction of single-stranded DNA
with (GGGT); as one of the nanoindicators provide stable
and controllable fluorescence signal when comes to the DNA
with (GGGT) fragment and form the G-quadruple structure
(G4). The formation of G4 can be used as an intermediate to
interact with N-methyl mesoporphyrin IX (NMM, emission
max at 609 nm) and enhance its fluorescence intensity.l3¢37]
This unique structure can cooperate well with other “four feet
protruding” nanoindicators and simplify the experiment and
reduce the cost, making programming the 10 bit square root
logical operation more efficient.

In order to systematic illustrate the operation of 10 bit square
root logic circuit, three modular building blocks are built in
this work, including the cognitive module, biocomputing
module, and definition module. In the “cognitive module,” the
ten inputs are encoded to recognize one or two specific DNA
nanoindicators based on the corresponding toehold-mediated
sites (Figure 1). Therefore, the different cognitive inputs can
enhance the fluorescence in the nanoindicator, which can
be used as an extension of each digit. In the “biocomputing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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module,” the realization of 10 bit square root logic operation
is based on the hybridization reaction between different input
combinations and reaction platform, and then different fluores-
cence signals are obtained as output results. When one or more
inputs are combined according to the truth table (Figure 2) to
calculate the square root of a particular value, two possible kinds

www.small-journal.com

of hybridization reactions may occur. The first possibility is the
TDSD reactions between the inputs and reaction platform,
in which there is no hybridization between the inputs. The
second possibility is the inevitable hybridization of the inputs
before being added to the reaction platform. By encoding the
input sequences, the two possible reactions can be controlled

LT I
| [»[zr ]|z 2 222 v v v3 vz | vi|
-IIIIIIIIII-----

\
4

EEEEEEE- - = -c-Ss-sch-s-m-s-s-k

0
0
0
0
0
0
0
0
0
0
0
0
0
0
E
[i]
]
1]
[
i
[l
0
0
0
0
0
2]
1]

0
0
0
0
0
0
0
0
0
0
K
[]
s
]
0
0
0
0
(1]
s
[
0
0
0
@
[
0
0
L]

Figure 2. The truth table of the 10 bit square root logic operation.
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to realize the operation mechanism of the large-scale square
root logic operations. After the first two modules are success-
fully completed, the “definition module” is needed to threshold
the outputs by fluorescence signals to showcase the successful
operation of the 10 bit square root logic circuit.

2. Results and Discussion

Figure 1 shows the working mechanism for the implementa-
tion of the 10 bit square root logic circuit by summarizing the
possible reactions between inputs and the interaction between
inputs and nanoindicators. First of all, the DNA-based nano-
indicator platform is prepared in advance before running the
10 Dbit square root logic operation. In this work, five kinds of
nanoindicators are designed as the reaction platform and are
divided into two forms. The first form (P-1, P-2, P-4, and P-5)
is a double-stranded DNA structure consisting of three DNA
strands and having four “protruding feet,” which provide
toehold-mediate sites and are programmed to specifically rec-
ognize the corresponding input signals. The optimized con-
structions of the nanoindicators of P-1, P-2, P-4, and P-5 were
obtained (details are given in Figures S2 and S3 in the Sup-
porting Information). The second form consists of two single-
stranded DNAs with (GGGT); segments, which also have four
protruding feet and hold the same function as the first form.
As shown in Figure 1a, the two single-stranded DNAs with
(GGGT); segments (P-3-1 and P-3-2) are grouped together and
named as P-3. This paper will expound these three modules
in depth, reveal the working mechanism and interrelation of
each module, and finally realize the successful operation of the
10 bit square root logical operation.

2.1. Cognitive Module

First, in the “cognitive module,” each nanoindicator is designed
to specifically recognize one or more inputs based on the par-
ticular toehold-mediated site. As shown in Figure 1, each input
has the priority to hybridize with the corresponding nano-
indicator. Some individual input sequences may hybridize
with multiple nanoindicators, such as input H, which can
hybridize with both P-3 and P-4. However, in order to sim-
plify the programming, it can be summarized as P-4-specific
nanoswitch. The concentrations of all inputs have been opti-
mized according to the preoptimized nanoindicator-based reac-
tion platform (details are given in Figure S4 in the Supporting
information). Before the addition of inputs to the platform, all
the nanoindicators perform very low fluorescence signals due
to the close distance between the fluorescence and quenching
group, and the fluorescence resonance energy transfer (FRET)
occurs (Figure 3b, curves a, ¢, e, g, and i). When the optimized
inputs are added to the platform, each of them acts as a switch
that lights up the fluorescence signal of the platform. The
native polyacrylamide gel electrophoresis (PAGE) experiments
(Figure 3c) are performed to further demonstrate the hybridiza-
tion of the corresponding DNA components in the formation
of DNA nanoindicators (detailed explanation is shown in the
Supporting Information).
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2.2. Biocomputing Module

Second, in the “biocomputing module,” we focus on the basic
principles of our design in the case of how do inputs interact with
each other and with the nanoindicators. First of all, there was no
interaction between inputs. When one or more inputs are added
to the nanoindicator-based platform, they hybridize directly with
the platform according to TDSD and output the corresponding
fluorescence signal. The operations that meet this condition
include the square root of “1, 4, 9, 16, 36, 64, 144, 256, 576"
(RM1=1,34=23/9=3,316=4,336 =6, 64 =8, /144 =12,3/256 = 16,3/576 = 24).
Second, inputs interact with each other. When more than one
inputs are added to the platform according to the truth table
(Figure 2), hybridizations may occur preferentially between them
instead of the hybridization with platform. In some calculations,
different inputs are encoded to inhibit hybridization by other
inputs (including inhibiting hybridization with other inputs or
with platform, which has been discussed in detail below).

Based on the above programming rules, Figure 4 summarizes
how to implement the 10 bit square root logic computing by
classifying the operation range of square root decimal numbers
(Figure4a, N=1,1<N<9,16 < N<49,64 < N<225,256< N<900).
Such classification is based on the nodes that can in turn enhance
the five kinds of fluorescence output signals (ranging from Y1
to Y5). First of all, as shown in Figure 4b, the operation is begin-
ning with the square root calculation of the binary number
“000 000 0001,” which is equal to the decimal positive integer
“1” (Figure 4c, curve al). Second, in order to operate the square
root of the decimal numbers within the range of “1 < N<9,” the
binary number “000 000 0100” and “000 000 1001” can be calcu-
lated, which is equal to the decimal positive integer “4” and “9.”
In this case, the input C or inputs D and A are involved according
to the truth table (Figure 4c, curve b2, and curves c1 and c2).

The hybridization reaction in the above two calculation
ranges belongs to the first case that summarized above, that is,
the inputs do not hybridize with each other, but react with the
nanodirectors. However, with the expansion of the calculation
range, more and more inputs are involved in the logic opera-
tion. Therefore, the hybridization reaction in the second case
summarized above may occur, that is, the hybridization occurs
preferentially between the input DNAs. For example, in the case
of operating the square root of the decimal numbers within the
range of “16 < N < 49,” in order to calculate the square root of
“000 001 1001” (decimal positive integer “25”), the inputs A,
D, and E are needed. The corresponding desired fluorescently
enhanced output signals should be 6-carboxyfluorescein (FAM)
and NMM, namely, Y1 and Y3 represent as “high voltage.”
Therefore, the enhancement of He2+-specific 6-carboxy-X-rho-
damine (ROX) fluorescence by input D should be inhibited to
make Y2 behaves as a “low voltage.” Based on these operational
requirements, the input E needs to be encoded, and a sequence
fragment (P,;) that can hybridize with input D (P,;*) can be
added to block the TDSD site where D hybridizes with P-2, thus
inhibiting the enhancement of ROX (Figure 4c, curve d2).

As the calculation increases to the range of “64 < N < 225,
the number of bits of the binary output signal is increased to Y4
(Figure 4b,c). For example, in the case of calculating the square
root of “000 111 1001” (decimal positive integer “121”), in order
to inhibit the enhancement of output signal Y3 (fluorescence

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) The reaction mechanism of the inputs to hybridize with the corresponding nanoindicators. b) The fluorescence intensities of the nano-
indicators before and after the inputs are added. c) The native polyacrylamide gel electrophoresis (PAGE) experiments to further demonstrate the
hybridization of the corresponding DNA components in the formation of each DNA nanoindicator.

of NMM) induced by inputs E and F, the input G is encoded
to add a segment (t;;-ACCCA) that can hybridize with the seg-
ment of “TGGGT-t;,*” in inputs E and F. Therefore, it can
block the hybridization sites of inputs E and F to form a G4
structure with P-3, which can lead to the decrease of NMM flu-
orescence (Figure 4c, curve e3).

Next, as the calculation range extended to “256 < N < 900,”
in order to realize the square root operation in this range, a
new output signal needs to be extended to Y5. For example,
in the case of calculating the square root of “011 110 0100”
(decimal positive integer “484”), two coding requirements of
the inputs need to be noted. First, in addition to enhancing
the fluorescence of hexachlorofluorescein (HEX) to make Y4
perform as “high voltage,” input H also need to be encoded
to hybridize with P-3 through “t;,*- TGGGT” and form the G4
structure, which can lead to the enhancement of NMM fluo-
rescence (Figure 4c, curve £3). Second, in order to inhibit the
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enhancement of HEX fluorescence induced by inputs G and
H, the input [ is encoded to add a segment (P,) to hybridize
with “P,*” segment in inputs G and H. Therefore, the sites
where hybridization occurred between inputs G and H and
P-4 are blocked, and the fluorescence of HEX is inhibited
(Figure 4c, curve f4). In the case of calculating the square root
of “111 000 0100” (decimal number “900”) with the result of
“30” (the binary number “11110,” 2/900 = 30), Y4 is required
to perform a “high voltage.” Therefore, new coding rules need
to be added. At first, the input I is encoded to add a segment of
“m5*-(P,g*)” as shown in Figure 4b. Then, input J-2 is encoded
to add a hairpin structure of “(P,g)-m;-(P,r*)-a,*.” Based on
these encoded information, the input I can open the hairpin
structure of J-2 through the toehold site of “m7+*.” At this
time, the “(P,g*)-a,*” fragment is released and can hybridize
with P-4, thus making the output Y4 behave as “high voltage”
(Figure 4c, curve g4).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) The classification of the square root range of computing binary numbers. b) The reaction description of the inputs and nanoindicators to

demonstrate the successful operation of 10 bit square root logic circuit du

Based on the DNA nanoindicator platform, the 10 bit square
root logic computing has been successfully operated according to
the five different fluorescence outputs. Within each calculation
range, only a small number of calculations are enumerated in
the article, and the other calculation steps to calculate the 10 bit
square root logic circuit within the decimal number 900 have been
described in detail in Figures S5-S9 (Supporting Information).

2.3. Thresholding Module

Thresholding is actually the digital abstraction of the output
signal, namely binarization operation as shown in Figure 1lc. It

Small 2019, 15, 1903489 1903489

ring each of the calculation range, which is corresponding to (a).

is the basic principle of digital logic in electronics—by pushing
essentially analog signals toward ideal ON or OFF value, which
is the binary number of “0” or “1.”1% In this work, the Figure 5
describes the threshold value setting after normalization of the
five fluorescence output signals obtained in the 10 bit square root
operation. Similar to the approach applies in electronic circuits,
the output threshold value is defined as “1” when the normal-
ized fluorescence intensities are higher than 0.5. On the con-
trary, the output threshold value can be defined as “0” when the
normalized fluorescence intensities are lower than 0.5. Because
of thresholding, although there may be signal interference in the
case of multiple input signals, the output still achieves ideal OFF
and ON, and maintains the digital abstraction.

(6 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The histogram of the normalized fluorescence intensities of the corresponding reaction platforms. The error bars are obtained via three

independent experiments and donate standard deviation (S.D.).

3. Conclusion

In summary, three modules with general principles guided us
to successfully realize the complexity of 10 bit square root logic
circuit through DNA strand displacement reactions. Cognitive
module: First of all, each input is encoded to be classified to rec-
ognize specific DNA nanodirector based on the specific toehold-
mediated site, which serves as the basis for the implementation
of the 10 bit square root logic operation. Biocomputing module:
According to the truth table, each cell encodes how the input
signals interact with each other and how the input signals react
with the nanoindicator-based platform. Finally, the 10 bit square
root logical operation is improved. Definition module: The
resulting logic output signals need to be threshold, by pushing
essentially analog signals toward ideal ON or OFF value, which
is the basic principle of digital logic in electronics. Based on
these, a series of robust and smart nanoindicators are designed
and serve as the reacting platform to construct the 10 bit square
root logic operation, which can implement the decimal number
within 900 square root operation. Such designed platform per-
formed a perfect low background signals compared with other
hairpin-shaped switches. Significantly, the realization of such
a relatively large-scale logic system is only based on the pre-
dictable DNA strand displacement reaction, which provides a
powerful database and a unique structural programmability to

Small 2019, 15, 1903489

1903489 (7 of 9)

DNA to open up inspiring horizons for the designation of novel
functional devices and complicated computing circuits. We
promise that, in the future, based on the design concept of this
work and strong DNA strand displacement reaction to simulate
digital or analog signals, and hopefully achieve a wider range of
square root calculation, rather than just the square root calcula-
tion of integer.

4. Experimental Section

Chemicals and Apparatus: The DNAs used in this work were
synthesized by Sangon Biotechnology Company (Shanghai, China) and
listed in Table S1 (Supporting Information). All the DNAs were dissolved
in distilled water and quantified by Nanodrop One from Thermo with the
following extinction coefficients (€260 nm, m~' cm™): A = 15400, G =
11 500, C = 7400, T = 8700. The Acrylamide, ammonium persulfate, Tris
(hydroxymethyl) aminomethane, and Boric acid were purchased from
Aladdin Biochemical Technology Co. LTD. Ethylene diamine tetraacetic
acid (EDTA) was purchased from Sangon Biotechnology Company.
NMM was purchased from J&K (Beijing, China). All chemicals used
were of analytical reagent without further purification. All solutions
were prepared by ultrapure water (18.2 MQ cm) obtained from Milli-Q
purification system. The DNA sequences were dissolved in water as
stock solution and diluted with Tris—=HCI buffer (20 x 107 m Tris—HCI,
200 x 1073 m KCl, and 10 x 1073 m MgCl,, pH 8.0) for hybridization in
the logic operation. The native polyacrylamide gel electrophoresis

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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experiments were done by electrophoresis tank from Bio Rad. The
gel images were obtained by the BioDoc-It2 Imager from UVP. The
fluorescence emission spectra were collected by the Cary Eclipse
Fluorescence Spectrophotometer from Agilent Technologies.

Fluorescence Measurement: The fluorescence emission spectra of
different samples were collected in Tris—HCl buffer (20 x 1073 m Tris—HCl,
200 x 1073 m KCl, and 10 x 1073 m MgCl,, pH 8.0) at room temperature.
The emission spectra of FAM were collected from 500 to 560 nm with
the excitation wavelength of 494 nm and slit widths for the excitation
and emission were all 5 nm. The emission spectra of ROX were collected
from 593 to 640 nm with the excitation wavelength of 585 nm and slit
widths for the excitation and emission were all 5 nm. The emission
spectra of HEX were collected from 545 to 575 nm with the excitation
wavelength of 535 nm and slit widths for the excitation and emission
were all 5 nm. The emission spectra of cyanine 5 (Cy5) were collected
from 651 to 700 nm with the excitation wavelength of 643 nm and slit
widths for the excitation and emission were all 5 nm. For the emission
spectra of NMM, they were collected from 575 to 700 nm after excited at
399 nm. The slit widths for the excitation and emission were all 10 nm.

Native Polyacrylamide Gel Electrophoresis: Before use, the DNA stock
solutions were diluted to 2 x 10 m by Tris—=HCI buffer (20 x 1073 wm
Tris=HCl, 200 x 1073 m KCI, and 10 x 103 m MgCl,, pH 8.0). After
that, they were heated at 90 °C for 10 min and slowly cooled down
to room temperature. Then, the desired volume of the platforms and
corresponding inputs were added into the mixture to the final volume
of 50 uL and incubated for 30 min. After the preparation of 15% native
polyacrylamide gel, the electrophoresis was conducted in 1x TBE buffer
(17.8 x 107% m boric acid, 17.8 X 1073 m Tris, 2 x 10 m EDTA, pH 8.0) at
a constant voltage of 100 V for about 1.5 h. Finally, the finished gels were
scanned by UV transilluminator.

Statistical Analysis: Before the operation of 10 bit square root
logic circuit, the optimized experiments should be done during the
hybridization of DNA strands. First of all, the concentrations of the DNA-
based nanoindicators, including P-1, P-2, P-3, P-4, and P-5, should be
optimized to perform a lower background. The concentrations of the Py,
P,, P4, and Ps were confirmed to be 150 x 107, 175 x 107, 125 x 107%,
and 150 x 107 wm, respectively (Figure S2, Supporting Information). The
concentrations of P3-1 and P3-2 were all confirmed to be 200 x 107 wm.
Also, the concentrations of Pyy, Py, P4y, and Ps; were all confirmed to be
125 x 107° m, respectively. The optimized concentrations of Py,, Py, Py,
and Ps;, were confirmed based on the fluorescence intensity of FAM, ROX,
HEX, and Cy5 to be 200 x 107, 175 x 107%, 225 X 10, and 175 x 10 m
(Figure S3, Supporting Information). The optimized concentrations
of the inputs that involved the hybridization (A, C, D, G, H, I, )) for
the operation of 10 bit square root logic circuit were all confirmed to
be 175 x 107° wm, respectively (Figure S4, Supporting Information).
The optimized concentrations of inputs E and F were confirmed to be
325% 107° and 275 x 10~° m (Figure S4, Supporting Information).

Operation of 10 Bit Square Root Logic Circuit: The mixture of optimized
nanoindicators (P-1, P-2, P-3, P-4, and P-5) was used as the universal
system of all the 10 bit square root logic operation. Different DNA strand
solutions were heated at 90 °C for about 10 min and slowly cooled
down to room temperature. The operations were performed according
to five different calculating ranges (N =1, T < N <9, 16 < N < 49,
64 < N <225, 256 < N < 900). In order to save the reaction time, cost,
and improve the efficiency of calculation, the required different input
strands were selected to mix together in advance according to the truth
table. Then, the mixture was added into nanoindicator platform-based
logic system. The optimized concentrations of inputs and DNA-based
nanoindicators were mixed to a final volume of 400 pL and incubated at
room temperature. After about 1 h reaction, the fluorescence spectra of
FAM, ROX, NMM, HEX, and Cy5 were collected.

Supporting Information

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