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Abstract

The computational capabilities inherent in the hybridization of DNA molecules were

examined. First, based on the Winfree’s previous work which demonstrated the self-assembly of
linear molecules could generate only regular language, it was proven that the linear self-assembly
can also generate linear languages, by hybridizing the linear molecules which respectively repre-
sent the left and right linear derivations. Then a new way was defined to prove that the unique set
of sequences equivalent to context-free languages can be obtained by mixed self-assembly of mole-

cules with 1-, 2-, 3- sticky ends, which is a supplement for Winfree’s theory that the self-assem-

bly of dendrimer nanostructures is equivalent to context-free language.

Keywords

1 Introduction

The basic structure of DNA molecule is doub-
le-helix, whereas some nonlinear structures of
DNA enlighten people to construct DNA molecules
with different structures using Watson-Crick com-
experiment com-

plementarity theory. Seeman’

posed complicated DNA structure for DNA Nano-
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self-assembly; language capability; sticky ends; molecule

technology. Adleman has applied linear self-assem-
bly to solve the Hamiltonian Path Problem. The
self-assembly of the molecules with different struc-
tures presents different computation abilities. Due
to the essential way of measuring the computation
ability of a computation system is to discuss the
formal language it generates, the complexity of the
formal language indicates a classification of the
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systems in terms of computational ability. There-
fore, if we can prove the relationship between dif-
ferent DNA self-assembly and the formal lan-
guage, then we could determine the computational
ability of DNA molecular computer constructed by
the self-assembly which is beneficial in our con-
struction of molecular computers.

Winfree has examined the computational capa-
bilities inherent in the self-assembly hybridization
of DNA molecules'’.
cal models, and showed that the self-assembly of

First he considered theoreti-

oligonucleotides into linear duplex DNA can only
generate sets of sequences equivalent to regular
languages. If branched DNA is used for self-as-
sembly of dendrimer structures, only sets of se-
quences equivalent to context-free languages can be
achieved. However, it is noted that this form of
self-assembly has not been widely studied in the
lab, and that full self-assembly would be limited
not only by material but also by geometric interfer-
ences and volumetric constraints. In contrast, the
self-assembly of double crossover molecules can
generate two dimensional sheets or three dimen-
sional solids, or slot-filling model. These nano-
structures resemble a single permanent binary
event that involves two binding regions. Therefore
theoretically, the two dimensional self-assembly is
equivalent to a recursively enumerable language in-
dicating a universal computation. And more re-
markably, the proof relies on a very direct simula-
tion of a universal class of cellular automaton. On
the other hand, although being faster and more ef-
ficient than 1-tape Turing Machines because of the
parallelism, the one dimensional cellular automa-
ton model is not seem to be convenient model for
computing functions.

Turing machine is the basic abstract compu-
ting model of electronic computer. Wang has testi-
fied that Turing machine can be simulated by self-
assembly model of tiles covered by plane'®. Ad-
mittedly, Wang didn’t concern concrete operation
steps, even so it has been proved that given a Tur-
ing machine T and input X, if the Turing machine
can stop, then a finite set with tile styles must be
present consequentially, and existing effective op-
eration process to make sure these tiles cover the
plane non-overlapped and non-interspaced. Hence,
to ascertain whether Turing machine can be simu-
lated by molecular self-assembly model is a mean-
ingful work. As a matter of fact, Winfree®" has
demonstrated that the surprisingly sophisticated
universal computation can be performed using tile

self-assembly model, namely tile self-assembly
model possess Turing-universal.

Computation by linear assemblies of complex
DNA tiles, which we call string tiles, was investi-
gated thoroughly™. By keeping track of the
strands as they weave back and forth through the
assembly, it can be shown that surprisingly so-
phisticated calculations can be carried out using lin-
ear string tile self-assembly. Thus, we can con-
clude that linear self-assembly of string tiles can
generate the output languages of finite-visit Tur-
ing Machines. Surprisingly, a CNF-SAT problem
of N clauses and M variables is solved using an ini-
tial set of 2M+ 2 hairpin tiles of width N, which
assemble to form all 2" distinct tile assemblies of
length M+-2.

In this paper, we design self-assembly of oth-
er linear molecules on the basis of Winfree’s work,
which is different from his and takes on distinct
calculation effect. So, the result could be consid-
ered to be a good supplement to the conclusion of
linear molecule and computation capacity. Analy-
sing DNA linear molecule self-assembly computa-
tion model, the rapid expansion of the operations
applied to DNA computing leads to exigent need
for modifying and complementing. There, we’ll
beneficially extend the language capability of the
linear self-assembly model which based on the
Winfree’s work, furthermore discuss linear mole-
cule with end self-assembly model and give a strict
mathematical proof for what Winfree didn’t.
Meanwhile, we found Winfree’s method has limi-
tation of the conjunct with linear molecules of 2
sticky ends since the theory that the self-assembly
of oligonucleotides into linear DNA molecule can
generate regular languages was extended to be
proved, for he didn’t consider left or right deriva-
tion, and the property that linear molecules could
be assembled to generate linear languages through
left and right linear derivation, particularly this is-
sue of the paper is accordant to his result that the
self-assembly of molecules with 2 sticky ends is
equivalent to regular languages.

On the other hand, Paul invested in details
about the eight types of self-assembly of oligonucle-
otides into full single-strand and molecules with 1
sticky end', which is called sticky computation.
Theorem 1~4 in the following sections respective-
ly studies the languages which are generated by
single and mixed self-assembly into linear mole-
cules with 1 and 2 sticky ends. So they could be
some extension of other molecules with more stick-
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y ends for sticky computation.

In the end, we define a new way to prove that
the unique set of sequences equivalent to context-
free languages can be obtained by mixed self-as-
sembly of molecules with 1,2, 3 sticky ends, which
is a best complement to the theory that the self-as-
sembly of dendrimer structures is equivalent to
context-free languages. What’s more, the assump-
tion and denotation in the demonstration are con-
sistent with that about linear self-assembly genera-
ting regular languages.

2 Linear Self-Assembly is Equivalent to Reg-
ular Languages

Linear self-assembly begins with oligonucle-
otides or duplex DNA with sticky ends, and pro-
ceeds at a constant temperature, allowing only per-
manent binary events with a single perfectly com-
plementary hybridization site and no intramolecular
Therefore,
whole DNA self-assembly process: Synthesize sev-
eral DNA sequences. Mix the DNA together in so-
lution.

hybridization. we must assume the

Heat the solution up and slowly cool it
down, allowing the complexes of DNA to form.
or ligate adjacent
Denature the DNA again,

whether single-stranded (or

Chemically enzymatically

strands. and search
circular-stranded )
DNA sequences are now present in the solution.
There are three operations including hybridization,
ligation, and Denaturation under the single self-as-
sembly concept; after proceeding of the three oper-
ations in the sequence may generate the linear (or

The se-
quence is the string that DNA computing can attain

circular) DNA sequences (languages).

under certain grammar, which presents its compu-
tational ability.

To describe the languages generated by linear
self-assembly of different molecules, we introduce
Consider Az., to be the
languages generated by self-assembly of the mole-

some denotations here.

cules with d sticky ends in the grammar derivation
rule set R. To be concise, we hypothesize that the
length of the sticky ends does not affect the com-
putational ability and thus ignore the discussion
about it. As a matter of fact, the length of sticky
ends can be completely varying, but whether more
computing capabilities could be achieved still need
further study.
Theorem 1. Self-assembly of the molecules
with 1 sticky end generates the phrase 3, —>37 .
Considering the grammar possessing one-step
derivation format 3y—>3; is {3v,3+,R,S}, which

can be simulated by the following formal molecule

(1) with 1 sticky end in Fig. 1 for YV—>p&R.

1% P
A A A C C T G

Molecule (1) with 1 sticky end for YV—p& R used

where the left side of molecules

Fig. 1
to be simulation,
skicky-end generation formula is nonterminal, the
right side of duplex generation formula without

sticky-end is terminal

However, the molecule (2) with 1 sticky end
in Fig. 2 can be simulated the condition when VS is

as follows.

I C A C G A C
g

Fig. 2 Molecule (2) with 1 sticky end for any S (namely
S=V) used to be simulation, where duplex strands
segment of molecules without sticky-end may encode
the grammar sequences, in addition to empty sym-
bol, and the complementary strand of S is S’ during

encoding original symbols with sticky-ends

Actually, sticky-ended hybridization process
driven by the second thermodynamics reaction can
link molecule (1) with (2) with complementary
sticky-ends, and further more the linking process
is the derivation process of 3y—37 in itself, as il-
luminated in Fig. 3.

I Ligation

14 b
S S S S S S S

A G T A

L : : :
T C A C G A C G G A C

S'=V* Ligation
A DNA molecule synthesized by molecules (1)
and (2) through

process driven by the second thermodynamics

Fig. 3
sticky-ended hybridization

reaction

If self-assembly can generate duplex linear
molecules without sticky-ends after balancing the
hybridization reaction, then we can extract the ter-
minal string Az, = p of the DNA sequences using
certain algorithm. Supposing there are simultane-
ously linear molecules (1) (2) (3) (4) with 1, 2
sticky ends (linear molecules (3) (4) exist in Theo-
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rem 2 and Inference 1) participating in self-assem-
bly. After hybridization reaction reaches equilibri-
um, if self-assembly forms an integrated duplex,
and there will be a complete derivation of a string
from the original S to the terminal. Note the gen-
erated DNA sequence as to be AR*, , (if one-side
self-assembly happens. the sequence is noted as
AR, or AP, accordingly, as follows), which
could sequence through gel electrophoresis precise-
ly. Apparently, AL .r is the sequence that is
formed of accumulated unit segment as (V, L/R,
p» V'), which not only memorizes the grammars
derive terminal string, but also memorizes the
state transitions of the corresponding grammatical
automaton during the whole derivation process.
Therefore, we need to design an effective algo-
rithm, which can extract terminal strings from
AR x » that is the language Ag 2, of grammar
derivation.

Algorithm 1. AL, » —Ar.ow.p -

Input a string A2 k)

1. Scan A%, r from left to right, delete all
characters of the string belonging to the set 3.

2. Add original ending identified symbol ¢ in
the end of A%, & -

3. Scan AR’ .p from left to right again, in-
sert non-terminal string p on the right of L and the
left of R into ¢ in turn.

4. Delete all meaningless characters ¢,e,L,R.

Output the string A%, . » which is our result
AR.Z(L.R) .

Specially, it follows that even though the self-
assembly of molecules with 1 sticky end is simple,
it is the basis for the generation of more senior
DNA sequence grammars.

Definition 1. Consider the unit of self-as-
sembly is u(‘unit’), and one-side self-assembly of
molecules with 2 sticky ends is defined as u satis-
fies the self-assembly of {u|u E R, d (u) =2}
(named as right side self-assembly); or satisfies
the self-assembly of {u|u€ L, d(u) =2} (named
as left side self-assembly).

Note that, the direction of Definition 1 is not
the growing direction of the self-assembly into
crystal lattice, but the location which of the string
the nonterminal is replaced.

Theorem 2. Mixed one-side self-assembly of
molecules with 1, 2 sticky ends is equivalent to
regular languages.

We can only prove the relationship between
the language Az ..y generated by right-side self-as-
sembly and the regular language RL; and the left-
side process is similar. The proof can be shown as

three steps to prove: Ag..x &RL.

(1) First of all, prove linear molecules with 2
sticky ends can encode the production of right-line-
ar grammars.

Consider any right linear grammars {3, ,3,
R.S}, where R:3y—31 U3+ 3y, where+is the
positive closure. Encode linear molecule (3) with 2
sticky ends as the following Fig. 4, and for any
production V—>pV’ of R, there exists only one
molecule with 2 sticky ends to simulate it.

"

Fig.4 Linear molecule (3) with 2 sticky ends encoded by
any production V—>pV’ in R, where the two sticky
ends of that respectively encode the nonterminal
around the production, and the duplex segment en-
codes the right linear derivation representative R
and the terminal string p in the right of produc-
tion. The code of terminal V and non-terminal
string p is just functional representative, which can
be changed. (+)* denotes the Watson-Crick comple-
ment of the string in the bracket

(2) Molecules with 1 sticky end can simulate
the production formed in V—p from Theorem 1.
Here we still need to use the molecule (1) with 1
sticky end described in Theorem 1 to simulate V—
p» and the molecule to simulate the one-step deri-
vation with the beginning of original character S.

Obviously, the hybridization of sticky ends
which is driven by the second thermodynamics re-
action can put molecules with 1 or 2 sticky ends to
link together. And this is also a process that gram-
mar {3v,37,R .S} derives languages in itself. If
self-assembly can generate duplex linear molecules
without sticky-ends after reaching hybridization re-
action equilibrium, we can extract the terminal string
Ax .2y of the DNA sequence by Algorithm 1, that is
to say, the sequence encodes the languages by the
right linear grammars derivation.

(3) Because the right linear grammar is equiv-

alent to the regular grammars”

, so it is obtained
that: A necessary and sufficient condition for
equality between A and RL is that there exists a
grammar that generates language A, and its pro-
duction may be as A—a or as A—aB, which is the
right linear grammars production, where A, B are
grammars variables, a is the terminal string. That

means that the right linear derivation is equivalent
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to regular grammars, and generates regular lan-
guages.

In conclusion of the verification about (1),
(2),(3), we can get Ag.,x &RL.

Inference 1. Az .., &®RL.

The proof is similar as that of Theorem 2.
Note that the left linear grammar R: 3y — 351 U
SvS+ is equivalent with the right linear grammar.
The linear molecule with 2 sticky ends simulating
the left linear grammar is illuminated in Fig. 5.
Similarly, the languages generated by self-assem-
bly could extract the meaningful string Az..q,
using Algorithm 1.

\%4 L P
T el N
A A A A T C C T G

pe ° P Py o

T A G G A C c A C

'
Fig.5 Linear molecule (4) with 2 sticky ends to simulate

the left linear grammar

Theorem 3.

Viz. .
1, 2 sticky-ended molecules can generate linear lan-
guage.

Considering the definition of LIN is the for-
mat of u—>v, where u is equal to N, v is equal to
T*UT*NT", then linear derivation can be formed
by the combination of the right linear derivation

A .s.r &LIN.
Mixing double-side self-assembly into

and the left linear derivation; but on the other
hand, the self-assembly of linear molecules with 2
sticky ends is equivalent to the right linear deriva-
tion, besides the left linear derivation. Thus, the
mixed self-assembly of linear molecules with 2
sticky ends can simulate the linear derivation
process so that the analysis can move on.

So, the proof of the theorem can be carried on
in three steps:

(1) Linear languages LIN is one of context-
free languages from the definition, containing reg-
ular languages, derived by linear grammars. If the
production has the form of 3y, =37 U373, 37,
then the quadruple [Sv,3,R.S] is a type of line-
ar grammars.

(2) On the other hand, we can consider that
in the perspective of property:

On the one hand, we have LIN C R (.x »
which means any linear grammars can be obtained
by linking a group of right linear grammars with
In fact, if
that can be rewritten two rules as follows: A—

the left linear grammars accordingly.

pC, C—>Bq for YA—>pBgER,.p.qE>S; ,A,BE
Sy »B can be empty, where C is a newly additional
nonterminal, and only can be used in the group of
production.

On the other hand, we have R . x» C LIN,
which means any combination linking the right lin-
ear production and the left cannot go beyond the
category of linear grammars, i. e. that cannot gen-
erate the context-free production. Actually, Any
context-free grammar R has its most brief form as
Sy—>3>¢ U3v>y. However, the four kinds of any
combination of the linkable right linear production
and the left
S:3v>+ s the proof of which is given as follows:

(1) Left+Left

Consider Left to be A—>Cq and C— B¢’ as
well, then (Left+Left) is A—>Cq—>Bqg.

(i) Left+Right

Consider Left to be A—Cq, and Right to be
C—pB, then (Left+Right) is A>Cq— pBaq.

(iii) Right+Left

Consider Right to be A— pC, Left to be C—
Bg, then (Right+Left) is A—>pC—pBq.

(iv) Right-+Right

Consider Right to be A—pC and C—p'B as
well, then (Right+Right) is A—>pC—>pp'B.

From the above, the case of (Left+ Left) or
(Right+Right) is equivalent to regular grammars,

only just generate the form of

but the mixing of left and right can generate more
advanced languages than regular grammars. In a
word, the four kinds combination cannot generate
the grammar in the form of 3y —>3,3y.

And then, the part has proved that the mixing
of the left and the right linear grammar is equiva-
lent to linear grammar.

(3) Furthermore, the single-side self-assem-
bly of linear molecules with 2 sticky ends corre-
sponds to the right linear grammar or the left from
Theorem 1 and Inference 1, and then we can
achieve that language Ag.,.r generated by the
mixed double side self-assembly is equivalent to the
linear language LIN described in (2), so the proof
of Ar.2.ry ©LIN is obtained.

In the proof of Theorem 1, the self-assembly
of linear molecules (1) (2) (3) can simulate the
right linear derivation; moreover molecules (1)(2)
(4) can simulate the left. Mix (1)(2)(3)(4) and
proceed process similar to Theorem 1. The sticky-
ends hybridization reaction driven by the second
thermodynamics reaction can make molecules with
1 or 2 complementary sticky ends link together,
and the linking process is the process that mixed
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left and right linear grammar derives languages in
itself. If self-assembly can generate duplex linear
molecules without sticky ends after the hybridiza-
tion reaction reaches equilibrium, then we can ex-
tract the terminal string Az .2 .r from the DNA se-
quence using Algorithm 1, which encodes the lan-
guages of mixed left and right linear grammars der-
ivation, and that is linear languages LIN.

3 Dendrimer Self-Assembly is Equivalent to
Context-Free Languages

Dendrimer self-assembly is an efficient ap-
proach to construct sizable, soft-matter nanostruc-
tures without paying a large entropic cost, as the
assembling units or building blocks are already
macromolecules of considerable size. DNA self-as-
sembly process can be generalized to set operations
by applying the operation to each branch junction
molecule in the original set, and taking the union
of dendrimer complexes that result. Thus, the
self-assembly begins with duplexes, hairpins, and
3-armed junctions with sticky ends, and proceeds
at a constant temperature, allowing only perma-
nent binary events with a single perfectly comple-
mentary hybridization site and no intramolecular
hybridization.

On the other hand, Abrahams-Gessel™™ sus-
pects that dendrimer self-assembly seems formally
identical to context-free grammars. Therefore, by
the inspiration of the Winfree’s work, we propose
a new way to prove the mix self-assembly of mole-
cules with 1, 2, 3 sticky ends is equivalent to con-
text-free languages, which is a better theoretical
supplement for the theory that dendrimer self-as-
sembly is equivalent to context-free languages.
The assumptions and symbols of the following
proof are identical to that of last section.

Theorem 4. A, ;<CFL.

Here, we need to prove that the mix self-as-
sembly of molecules with 1, 2, 3 sticky ends is
equivalent to context-free languages.

This can be proved in three steps:

(1) Linear molecules with 3 sticky ends can
encode CFG production A—BC;

(2) The self-assembly of linear molecules with
1.2, 3 sticky ends is equivalent to context-free
grammar derivation;

(3) CFG generates CFL.

Consider any context-free grammar {3y, 3,
R .S}, where the simplest form of production R in
Chomsky normal forms is R: Syv—=>>: U3y Sy. We

can encode the molecules with 3 sticky ends in

the following way of Fig.6 (i.e. three-armed
branched junction DNA) so that there exists a
unique molecule with 3 sticky ends that could sim-

ulate it.

Fig. 6 There exists a unique molecule (5) with 3 sticky
ends for any production A—BC of R, where A, B,
Cée >y, three sticky ends of the molecule encode
nonterminal A, B, C around production respective-
ly, and three arms segment of that encode meaning-

less symbol € and serial numbers “1,2,3”

Three-armed junction encodes the serial num-
bers of the nonterminal which arise in the context-
free grammar production, such as the serial num-
bers of A,B,C in A—>BC are 1,2,3 respectively.
Thus, a corresponding three-armed branched junc-
tion molecule (5) can be found to simulate all the
production of the format of A—BC.

It is shown that the molecules with 1 sticky
end can simulate the format of V— p production
from Theorem 1. Here, Fig. 7 use another mole-
cule with 1 sticky end to simulate V—p, and the
meaningless € can be encoded in the part of hairpin
for the originals so that deduction could be unaf-
fected.

Fig. 7 The molecule (6) with 1 sticky end to simulate
V—p, where the circular segment encode the ter-
minal p, the sticky-end segment encode the non-

terminal on the left of the production

Obviously, the sticky-ends hybridization reac-
tion driven by the second thermodynamics reaction
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can make the molecules with 1, 2 or 3 sticky ends
with complementary sticky ends link together, and
the linking process is the very process that the
grammar {3y, 31, R .S} derives languages in it-
self. Derivation begins with the arm labeled 1 of
molecules with 3 sticky ends, and moves to two
branches direction. If there is context-free deriva-
tion after branching, the arm labeled 2 or 3 can
link with a new 3-armed molecule, and generate
new branches; if there is linear derivation after
branching, then the molecules with 2 sticky ends
stick to the sticky-ends of the molecules with 3 and
The
hybridization process is able to persist to the point

derive sticky-ends of the next nonterminal.

that sticky-ends of all branches are combined with
corresponding hairpin molecules with 1 sticky end
and they form a integrated circular duplex, which
means all nonterminals are replaced by the terminal
in the process of derivation. Add junction enzyme
and heat the solution up after hybridization reac-
tion reaching equilibrium, if the single strands cir-
cular molecules have been formed (sequence of this
molecule can be read by circular molecules gel elec-
trophoresis), then we can extract terminal string
Ag.; of the circular DNA sequences using Algo-
rithm 2.

Supposing there exists simultaneously mole-
cules with 1, 2, 3 sticky ends involving in self-as-
sembly such as (3)(4)(5)(6) in the solution at the
same time. Add junction enzyme and heat it up af-
ter hybridization reaction reaching equilibrium, if
the

strands, then it indicates that there exists an inte-

self-assembly forms integrated circular
grated context-free derivation from the initial S to
the terminal string. Denote the generated DNA se-
quence as AR5, where A% is a circular molecule,
which could be sequenced through circular gel elec-
trophoresis. Similar to regular grammars and line-
ar grammars, A% contains not only the terminal
string derived by grammars, but also meaningless
symbol, serial number information and the re-
placed nonterminal. So we have to design an algo-
rithm to extract the language Ag.; derived by gram-
Unlike Algorithm 1, we’ll deal
with a circular string here.

Algorithm 2. A}, —Apg 5.

Input circular string A%", ,

1. Cut AY; at index 1 that corresponds to the
initial character, and form linear string.

2. Tterate through A%, from left to right and
delete all characters belonging to Sy.

mars from AYY.

3. Set adjoining layer serial numbers 1, 2, 3

to be branching locating symbols, and every bran-
ches to be a palindrome. Keep point location of ev-
ery branches steady, and search leftward and
rightward simultaneously:

(1) If symbol L is found, then fold the string
between the symmetrical place L to the right with
the original branch midpoint as symmetrical point,
and the folded parts are not folded again.

(2) If symbol R is found, then fold the string
between the symmetrical place R to the left with
the original branch midpoint as symmetrical point,
and the folded parts are not folded again.

(3) If the same layer serial number 1, 2, 3 are
found, then stop look up, and go into the above
layer.

4. Delete the serial numbers and meaningless
symbol e,

Output the string Az ;.

Well then, the sequence of circular string A%",
encodes the languages derived by context-free

grammars. That is Ag ;&CFL.
4 Discussion

The analysis of all types of DNA computation-
al model demonstrates that the self-assembly of
different DNA nanostructures molecules by self-
Assembly can generate different types of langua-
ges, which then correspond to different computa-
tional capabilities and the universal computation.
Based on Winfree’ s works, we further analysed
the language capability and computing function of
linear molecules, 3-arm branched junction den-

drimer DNA molecules. In addition, we assume
that the mixed self-assembly of the molecules with
4 sticky ends or higher pad number cannot generate

which

junction molecules join together, there is a com-

context-free languages, is because when

mon character that only one pad can hybridize,
Therefore,
choices to represent the context: one is to label all

namely join together. there are two
context, the other is to replace the nonterminal by
terminal string through special operations. How-
ever, the former is infeasible while the latter de-
serves further study.

On the other hand, Winfree has achieved some
inspiring experimental results in the two dimen-
sional self-assembly models, which shows that the
potentiality of universal computation has prevailing
meaning in nature; and still analyzed the compu-
ting capability of one dimensional string tiles and
two dimensional double-crossover (DX) molecules
by self-assembly, which has guiding effect to de-
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sign other applied models of DNA computation.

With the generation of new biological technol-
ogy, we can design more DNA computing opera-
tions, modify the original self-assembly computing
models and have further supplement, so that more
powerful computation capability can be achieved.
Besides, the self-assembly process can be used as
an interesting universal computing device, but
whether that is useful still deserves further consid-
eration and study. Perhaps it can be applied in fu-
ture nanotechnology.
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