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Abstract: Game theory—the scientific study of interactive, rational decision making—describes the
interaction of two or more players from macroscopic organisms to microscopic cellular and subcellular
levels. Life based on molecules is the highest and most complex expression of molecular interactions.
However, using simple molecules to expand game theory for molecular decision-making remains
challenging. Herein, we demonstrate a proof-of-concept molecular game-theoretical system (molecular
prisoner’s dilemma) that relies on formation of the thymine–Hg2+–thymine hairpin structure specifically
induced by Hg2+ and fluorescence quenching and molecular adsorption capacities of cobalt oxyhydroxide
(CoOOH) nanosheets, resulting in fluorescence intensity and distribution change of polythymine
oligonucleotide 33-repeat thymines (T33). The “bait” molecule, T33, interacted with two molecular
players, CoOOH and Hg2+, in different states (absence = silence and presence = betrayal), regarded as
strategies. We created conflicts (sharing or self-interest) of fluorescence distribution of T33, quantifiable in
a 2 × 2 payoff matrix. In addition, the molecular game-theoretical-system based on T33 and CoOOH
was used for sensing Hg2+ over the range of 20 to 600 nM with the detection limit of 7.94 nM (3σ) and
for determination of Hg2+ in pond water. Inspired by the proof-of-concept for molecular game theory,
various molecular decision-making systems could be developed, which would help promote molecular
information processing and generating novel molecular intelligent decision systems for environmental
monitoring and molecular diagnosis and therapy.

Keywords: cobalt oxyhydroxide nanosheets; fluorescent sensing; game theory; Hg2+;
thymine–Hg2+–thymine

1. Introduction

Game theory—the mathematical modeling of the strategic interaction between rational
decision-makers—describes the interaction of two or more agents (or players), where the payoff
for each player is determined not only by their own decision, but also by the strategies adopted
by the coplayers [1]. There are various game types, including the prisoner’s dilemma, hawk-dove
game, battle of the sexes, and harmony games. Game theory originated in economics, but is today
an interdisciplinary area of study, including political science, psychology, logic, and even biology [2].
For example, evolutionary game theory, which is derived from the combination of game theory and
biology, has been under development for decades to focus on the interactions among macroscopic
organisms [3]. Not only macroscopic organisms as a whole but also cells [1] and some macromolecules
(RNAs [4], viruses [5], proteins) [6] within cells can be considered as players in game theory [6].
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Life based on molecules is the highest and most complex expression of molecular interaction [7].
However, the molecular (or chemical) level has not been as well explored in game theory as
interactions among macroscopic organisms or cells. As stated by Richard Feynman, for various
interdisciplinary sciences, there is also plenty of room at the bottom [8]. Inspired by the natural logic
of various information flows in life [9], simple biological systems and artificial molecular systems
have been abstracted to develop biological [10,11] or molecular computing devices, such as Boolean
logic circuits [12,13], neural network computation [14,15], and molecular security systems [16–19],
by utilizing engineered biological units (such as the living cell) as building blocks in life systems [10,11],
biochemical molecules nucleic acids [14,15,20], or organic molecules [16,18] in complex chemical
systems. However, using simple molecules to expand game theory for molecular decision-making
remains a challenge.

The interaction between simple molecules offers a unique opportunity to expand game theory,
such as the prisoner’s dilemma, because molecular interactions (molecular competition, synergy,
or decomposition) between two or more molecular players will create conflicts (“silent” or “betray”)
similar to those assumed in game theory [21]. Cognitive and rational capabilities are not prerequisites
of players in game-theoretical models [6]. Thus, molecules with different states (regarded as strategies
or decisions) can generate different outcomes of the whole system and individuals, which are
described using a payoff matrix. From the perspective of combinatorial chemistry, nucleic acids with
compositional and conformational diversity have various molecular interaction capabilities, such as
specific recognition of aptamers [22], catalytic activity of DNAzymes [23], and interaction of DNA bases
with metal ions [24]. For example, thymine–Hg2+–thymine (T–Hg2+–T) and cytosine–Ag+–cytosine
(C–Ag+–C), have drawn considerable attention in sensing [24] and logic computing applications [25].
Because Hg2+ is capable of selectively coordinating T bases and forms a strong and stable T–Hg2+–T
mismatch [26], there is increasingly interest [27,28] in the combination of T–Hg2+–T [29] and
nanomaterials (gold nanoparticles [30,31], graphene oxide [32], MoS2 [33], and quantum dots [34]) for
Hg2+ sensing [35]. The combination not only provides a more accurate strategy for molecular sensing
(such as reversible dual-signal sensing [36]), but also provides a universal and convenient model and
platform to study molecular game theory.

Herein, we demonstrate a successful example of the application of game theory (prisoner’s
dilemma) to interactions among simple molecules, which relies on the hairpin structure of polythymine
oligonucleotide 33-repeat thymines (T33) specifically induced by Hg2+ and fluorescence quenching
and molecular adsorption capacities of cobalt oxyhydroxide (CoOOH) nanosheets [37], resulting in
fluorescence intensity and distribution change in T33. Two molecular players, CoOOH and Hg2, with
different states (absence = silence or presence = betrayal), regarded as strategies, interact with the
“bait” molecule T33 and create conflicts (sharing or self-interest) of fluorescence distribution of T33,
quantifiable in a 2 × 2 payoff matrix. Because both CoOOH and Hg2+ competitively interact with
T33 to form a T–Hg2+–T–CoOOH ternary complex, resulting in the largest signal change of the system,
the molecular game-theoretical system was used to sensitively and selectively sense Hg2+. Inspired by
the proof-of-concept of the feasibility of molecular game theory, a variety of molecular decision-making
devices can be developed and applied, creating a new field of interdisciplinary science that would
help to break through the traditional information processing paradigm and aid in the development of
novel molecular intelligent decision systems for environmental monitoring and molecular diagnosis
and therapy.

2. Experiment Materials and Methods

2.1. Materials and Reagents

The oligonucleotides used in this study were synthesized by Sangon Biotechnology Co., Ltd.
(Shanghai, China), they have a carboxyfluorescein (FAM)-label on the 5′ end, and the sequences
were composed of 33-repeat thymines (T33). Cobaltous chloride (CoCl2·6H2O) was obtained from
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Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tris (hydroxymethyl) aminomethane (Tris),
NaOH, NaClO, acridine orange, fluorescein, rhodamine B, eosin Y, calcein, and all of the metal salts
used in this work were purchased from Aladdin Reagents Co., Ltd. (Shanghai, China). All reagents
were of analytical grade. Hg2+ stock solution (10 mM) was prepared by dissolving Hg(NO3)2 with
0.5% HNO3. All reagents were used as received without further purification. All aqueous solutions
were prepared with ultrapure water, which was provided by a Millipore Milli-Q water purification
system (Bedford, MA, USA) and had an electric resistance >18.2 MΩ·cm.

2.2. Instruments

The transmission electron microscopy (TEM) images were collected on a Tecnai F20 transmission
electron microscope (FEI, Hillsboro, OR, USA) operated at 120 kV. The scanning electron microscopy
(SEM) images were collected on a SU8010 scanning electron microscope (Hitachi, Tokyo, Japan)
operated at 2.0 kV. Zeta potential was carried out on a Malvern Zetasizer Nano ZS90 (UK). Atomic force
microscopy (AFM) images were observed on a Bruker Multimode 8 AFM/SPM (Ettlingen, Germany)
system in tapping mode and processed with freely available software: Gwyddion 2.30. The fluorescence
spectra were measured using a SpectraMax M5 multi-mode microplate reader (Molecular Devices,
San Jose, CA, USA) with the emission spectra ranging from 495 nm to 700 nm with an excitation of
485 nm at room temperature. The ultraviolet-visible (UV-Vis) absorption spectra were acquired from a
DR6000 UV-Vis spectrophotometer (Hach, Loveland, CO, USA). Circular dichroism (CD) spectra were
performed on a MOS-500 circular dichroism spectrometer (Bio-Logic, Seyssinet-Pariset, France) with a
0.1 cm quartz cell at 200—350 nm using standard procedures.

2.3. Synthesis of Cobalt Oxyhydroxide (CoOOH) Nanosheets

The CoOOH nanosheets were synthesized per a previously reported method [37]. First, 125 µL of
sodium hydroxide (NaOH, 1 M) was added to 500 µL of CoCl2·6H2O solution (10 mM), and then the
mixture was sonicated for 1 min. Then, 25 µL of sodium hypochlorite solution (NaClO, 0.9 M) was added
to the mixture and sonicated for 10 min. Subsequently, the mixture was centrifuged at 14,000 rpm for
15 min and washed three times with deionized water. Finally, the product was re-dispersed in 1 mL of
water to a final concentration of 0.25 mg/mL and stored at room temperature for further use.

2.4. Construction and Demonstration of Molecular Game-Theoretical System and Application in Sensing Metal Ions

Firstly, the T33 solution was diluted 100 µM to 100 nM using the Tris-HCl buffer solution (5 mM,
pH 7.4). Then, 7.5 µL of CoOOH (0.25 mg/mL), after ultrasonication for 30 min, was added to 400 µL
of T33 solution (100 nM), resulting in a T33–CoOOH complex (100 nM T33, 4.69 µg/mL CoOOH).
The initial fluorescence spectrum of the T33–CoOOH mixture after 4 min of reaction was measured.
Afterward, upon addition of different concentration of metal ions, the fluorescence spectra of T33 and
the resulting T33–CoOOH complex were measured after 3 min of reaction. Finally, the fluorescence
intensity was normalized and quenching ratio (F0 − F)/F0 was calculated.

2.5. Real Sample Analysis

A pond water sample from the Yuewang Pavilion of Hunan Normal University (Changsha, China)
was filtered through a 0.2-µm membrane and then boiled for 5 min. Then, the pond water (5 µL) and
standard solutions (5 µL) containing different amounts of Hg2+ were added into the T33–CoOOH
complex (400 µL, 100 nM T33, 4.69 µg/mL CoOOH). After incubation for 3 min at room temperature,
the fluorescence of the resulting mixtures was measured and calculated.
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3. Results and Discussion

3.1. Construction and Characterization of Molecular Game-Theoretical System Based on Molecular Interactions

We first constructed an artificial molecular system based on molecular interactions among
polythymine oligonucleotide T33, metal ions (Hg2+), and CoOOH nanosheets (Figure 1). FAM-labeled
T33 random coils in aqueous solution had strong fluorescence (normalized F = 1.0 a.u.) at 520 nm.
Due to its unique fluorescence quenching and molecular adsorption capacities (Figure S1) [37], when
positively charged hexagonal CoOOH nanosheets (TEM and SEM images in Figure S2A) were added
into the solution, the negatively charged T33 adsorbed onto the surface of CoOOH nanosheets,
resulting in fluorescence quenching (normalized F = 0.67 a.u., Figure 1a). This result may be attributed
to the electrostatic adsorption (Figure S3) of T33 on CoOOH nanosheets and the effective fluorescence
resonance energy transfer (FRET) between FAM and CoOOH nanosheets (Figure S2B) [38,39]. Only in
the presence of Hg2+ did T33 change its conformation from a random coil to a T–Hg2+–T hairpin
structure, resulting in slight fluorescence quenching (normalized F = 0.96 a.u., Figure 1b). In the
simultaneous presence of CoOOH and Hg2+, Hg2+ may combine with T33 on the CoOOH nanosheets to
form a T–Hg2+–T hairpin structure, which increases the tightness of the bond of the three components,
resulting in stronger quenching (normalized F = 0.3 a.u., Figure 1c).
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Figure 1. Schematic illustration and fluorescence emission spectra change of an artificial molecular
system based on molecular interactions among polythymine oligonucleotide T33, metal ions (Hg2+),
CoOOH nanosheets. (a–c) the formation of T33–CoOOH (a); T–Hg2+–T pairs (b); T33–CoOOH–Hg2+ (c).
T33: 100 nM, CoOOH nanosheets: 4.69 µg/mL, Hg2+: 10 µM. The excitation and emission wavelength
are 485 and 520 nm. The fluorescence intensity is normalized. Buffer: 5 mM Tris-HCl buffer solution
(pH 7.4); FAM: carboxyfluorescein; CoOOH: cobalt oxyhydroxide.

Atomic force microscopy (AFM), UV-Vis absorption spectroscopy, and CD) spectroscopy were
used to characterize the above-mentioned molecular interaction process. The AFM results showed
that the thickness of the CoOOH nanosheets was 12–16 nm (Figure 2A, n = 15). The thickness of the
T33–CoOOH composites increased to 15–19 nm (Figure 2B, n = 15), indicating that T33 was adsorbed
on the CoOOH nanosheets. The thickness of the T33–CoOOH–Hg2+ mixture increased to 21–23 nm
(Figure 2C, n = 15). Figure 3A shows the absorption spectra of T33 and T33–CoOOH in the presence
of various concentrations of Hg2+. The optical density decreased as Hg2+ concentration increased
and their absorption spectra displayed a slight redshift (264→270 nm, Figure 3A). In Figure 3B, CD
spectra of T33 and T33–CoOOH in the presence of various concentrations of Hg2+ are shown. After the
addition of Hg2+, the positive band at 278 nm reduced. The experimental results clearly indicate
the formation of T–Hg2+–T pairs [40]. By further comparison with the fluorescence changes of free
fluorescein, T3, and T33–CoOOH complex, at the different concentrations of Hg2+, the fluorescence
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of free fluorescein and T33 slightly decreased with increasing concentration of Hg2+ (Figure S4),
indicating that the CoOOH nanosheets play an important role in enhancing the sensitivity of Hg2+

detection. We further investigated fluorescence responses of the T33–CoOOH complex to T33’s fully
complementary DNA A33. As a result, the formation of a T33–A33 duplex DNA also lead to similar
quenching (normalized F from 0.67 to 0.51 a.u., Figure 3C). Thymine residues in T33 preferentially
bind to Hg2+ through covalent N–Hg bonds [40]. Co3+ ions, which easily coordinate with nitrogen and
oxygen atoms [41,42], likely bind to the remaining oxygen atoms of thymine residues. Thus, Hg2+ may
combine with T33 on the CoOOH nanosheets to form a T–Hg2+–T hairpin structure, which causes the
three components to bind more tightly [43], probably due to the coordination of Co3+ of the CoOOH
nanosheets to the oxygen atoms of T–Hg2+–T complexes.
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3.2. Demonstration of Molecular Game-Theoretical System

Game theory is an effective and powerful tool for analyzing strategic interactions between two or
more agents or players. The prisoner’s dilemma, a game theory classic, is a paradox in decision analysis in
which acting for individual interests is pitted against acting for collective advantage. Generally, each player
in the game chooses either “silence” or “betrayal” [21]. If both players are silent, they both receive the
reward R. If both players betray, they both receive the punishment payoff P. If one betrays and the other
keeps silent, the defector receives the temptation payoff T, while the silencer receives the “sucker’s” payoff
S. The rank order of payoffs (Figure 4A) is usually T > R > P > S. Because pursuing individual reward
logically leads both players to betray, they would receive a better reward if both remain silent as 2R > T + S.

With the development of game theory in biology (especially at the cellular level), there are some
predictions that game theory could be useful in the interpretation of molecular systems [1,6]. To extend
game-theoretic treatment to an abiotic situation, our above-mentioned constructed artificial molecular
system is a successful example of the application of game theory (prisoner’s dilemma) to interactions
among simple molecules, which relies on the hairpin structure of T33, specifically induced by Hg2+ and
fluorescence quenching, and the molecular adsorption capacities of CoOOH nanosheets [37], resulting
in fluorescence intensity and a distribution change in T33 (Figure 4B). From a game theory perspective,
the molecular interaction of the “bait” molecule T33 with CoOOH and Hg2+ can be considered a “game”
in which CoOOH and Hg2+ have two possible states: absence (silence) or presence (betrayal) regarded
as two possible strategies, resulting in conflicts (sharing or self-interest) of the fluorescence distribution
of T33, which conforms to the prisoner’s dilemma. If both were absent (silent) and the bait molecule
T33 did not interact with them, exhibiting its full fluorescence in which that payoff of the whole system
was represented as 1, and then each molecular player was equivalent to share the average payoff R =
0.5. If one was absent (silent) and the other was present (betrayal), the existing one selfishly interacted
with T33 to form the complex, resulting in fluorescence quenching. That is, in the presence (betrayal)
of CoOOH and absence (silence) of Hg2+, CoOOH selfishly owned the whole system’s payoff T + S =
0.67 (note that T = 0.67, S = 0). Payoff S of Hg2+ was zero. Similarly, in the presence betrayal”) of Hg2+

and absence (silence) of CoOOH, Hg2+ selfishly owned the whole system’s payoff T + S = 0.96 (note
that T = 0.96, S = 0), payoff S of CoOOH was zero. If both were present (betrayal), both competitively
interacted with T33 to form T–Hg2+–T–CoOOH ternary complex, resulting in stronger quenching of
T33. Each molecular player received punishment (payoff P = 0.15), the payoff of the whole system was
lowest (2P = 0.3). In this molecular game-theoretical system, the payoff of each molecular player is
determined not only by its own state, but also by the state adopted by the molecular coplayers.
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Figure 4. (A) Generalized payoff matrix for prisoner’s dilemma where the two players are represented
by red and black, and each player chooses to either silence or betrayal; (B) Realized payoff matrix for the
molecular interaction of the bait molecule T33 with two molecular players, CoOOH and Hg2+, with different
states (absence = silence and presence = betrayal) regarded as strategies, resulting in conflicts (sharing or
self-interest) of fluorescence distribution change of T33, which conforms to the prisoner’s dilemma.
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3.3. Molecular Game-Theoretical System for Sensing Hg2+

According to the demonstration process of above-mentioned molecular game-theoretical system,
both CoOOH and Hg2+ competitively interacted with T33 to form the T–Hg2+–T–CoOOH ternary
complex, resulting in the largest signal change (payoff from 2R = 1.0 to 2P = 0.3) of the whole system,
suggesting that the T33–CoOOH complex sensitively senses Hg2+. Under optimum conditions (100 nM
T33, 4.69 µg/mL CoOOH, 5 mM Tris-HCl, pH 7.4, Figures S5 and S6), the T33–CoOOH complex was
used for detection of Hg2+. As shown in Figure 5A, the fluorescence intensity gradually decreased
with increasing concentration of Hg2+ from 0 to 2000 nM. Similarly, the fluorescence quenching
ratio (F0 − F)/F0 gradually increased with increasing concentration of Hg2+ from 0 to 2000 nM
(Figure 5B). Figure 5C shows the good linear relationship between the value of (F0− F)/F0 and the Hg2+

concentration in the range of 20 to 600 nM. The calibration equation was y = 0.00036x + 0.04076 with a
correlation coefficient (R2) of 0.995. The limit of detection was 7.94 nM according to the 3σ rule, which
is below the maximum level (10 nM) of Hg2+ permitted by the U.S. Environmental Protection Agency
for drinking water. Compared with other previously reported Hg2+ assays, our proposed approach
has a much lower detection limit (Table S1). The result indicates that the molecular game-theoretical
system based on T33 and CoOOH nanosheets can sensitively detect Hg2+.
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Figure 5. (A) Fluorescence emission spectra of T33–CoOOH complex (100 nM:4.69 µg/mL) upon
addition of various concentrations of Hg2+ (from top to bottom: 0, 20, 80, 139, 198, 259, 320, 381,
441, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, and 2000 nM); (B) The dependence of the
fluorescence intensity changes (F0 − F)/F0 at 520 nm on the concentration of Hg2+; (C) The linear
relationship between (F0 − F)/F0 and the Hg2+ concentrations in the range from 20 to 600 nM; (D) The
selectivity of the T33–CoOOH complex (100 nM:4.69 µg/mL) for Hg2+ assay (Hg2+: 600 nM, other
metal ions: 1.2 µM). Buffer: 5 mM Tris-HCl, pH 7.4.
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To further evaluate the specificity of the T33–CoOOH complex under optimum conditions,
we first investigated the responses of our method to Hg2+ (600 nM) against other metal ions (Ag+,
Pb2+, Cu2+, Cd2+, Mg2+, Co2+, Ba2+, Be2+, K+, Ni3+, and Ca2+; each 1.2 µM). As shown in the Figure 5D,
the T33–CoOOH complex was highly selective for sensing Hg2+, although the concentration of other
interfering metal ions was much higher (two-fold) than that of Hg2+. Zn2+ exhibited a certain degree
of interference. Zn2+ may incorporate into CoOOH for formation of Zn-doped CoOOH [44,45] and
Zn-doped CoOOH may bind to thymines, probably by interacting with the Zn2+ metal center with
the deprotonated N3 imide of thymine and stacking the aromatic pendent group on the thymine
nucleobase [46,47].

A competition experiment in the presence of potentially competitive metal ions was also performed
to further confirm the selectivity of this sensing system toward Hg2+. As shown in Figure S7A, Hg2+ can
efficiently quench the fluorescence of this sensing system even if the other metal ions slightly affected the
fluorescence intensity. As shown in Figure S7B, common anions did not remarkably affect the fluorescence
change. In addition, the fluorescence quenching ratio (F0 − F)/F0 gradually increased with increasing
concentration of A33 from 20 to 270 nM, and there was a good linear relationship between the quenching
ratio (F0− F)/F0 and the A33 concentration in the range of 20 to 270 nM (y = 0.00091x + 0.00447, R2 = 0.992,
Figure S8).

We applied the T33–CoOOH complex to determinate the concentration of Hg2+ in pond water,
to evaluate its performance in a real water sample. In order to avoid the adverse effects of sediments
and nucleases in the real water sample on the sensing system, we first filtered and boiled the real water
sample. As shown in Table 1, the spike recovery for Hg2+ in the concentration ranged from 104.93 to
108.29%, and the relative standard deviation (RSD) ranged from 0.59 to 1.15%, which indicated the
developed method has great potential for detection Hg2+ in real water samples.

Table 1. Determination of Hg2+ in real water samples (n = 3).

Sample Added (nM) Found (nM) Recovery (%) RSD (%)

Pond water
84.00 90.96 108.29 0.59

155.00 162.64 104.93 1.15

4. Conclusions

In summary, we demonstrated a proof-of-concept molecular game-theoretical system (molecular
prisoner’s dilemma) that relies on the formation of the T–Hg2+–T hairpin structure specifically induced
by Hg2+ and fluorescence quenching and molecular adsorption capacities of CoOOH nanosheets,
resulting in fluorescence intensity and distribution change in polythymine oligonucleotide T33. The bait
molecule T33 interacted with two molecular players, CoOOH and Hg2+, with different states (absence =
silence and presence = betrayal) regarded as strategies, and created conflicts (sharing or self-interest) of
fluorescence distribution of T33, quantifiable in a 2 × 2 payoff matrix. The molecular game-theoretical
system based on T33 and CoOOH was used for sensing Hg2+ in the range of 20 to 600 nM with
a detection limit of 7.94 nM (3σ) and for determination of Hg2+ in pond water. Although the
demonstrated molecular game system is relatively simple, it has high versatility and broad applicability
and can be extended to various other molecular systems, such as RNA/DNA/peptide-based systems,
nano-based systems, host–guest supramolecular systems, and solid-phase molecular self-assembly
systems. Inspired by the proof-of-concept for the feasibility of molecular game theory, a variety
of molecular decision-making platforms will be developed, which will help promote molecular
information processing and generating novel molecular intelligent decision systems for environmental
monitoring and molecular diagnosis and therapy.
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