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Abstract: Axial coordination is a crucial biological process
to regulate biomolecules’ functions in natural enzymes.

However, it is a great challenge to determine the single or
dual axial interaction between the metal center of en-

zymes and the ligand. In this work, a controllable axial co-
ordination system was developed based on G-quadruplex/

hemin complex by designing a series of fluorescent deriv-
atives. The mechanism on axial coordination of G-quadru-
plex/hemin with coumarin-imidazole ligands was pro-

posed to be single-sided, and led to fluorescence quench-
ing of ligands. Upon addition of nitric oxide, the fluores-

cence of ligands was recovered through competitive axial
coordination, providing a “signal on” strategy for signal

transduction. More significantly, the fluorescent imaging

of intracellular nitric oxide was achieved after conjugating
with gold nanoparticles. Also, the proposed protocol pro-

vided a smart strategy to monitor the relationship be-
tween nitric oxide and p53 protein activity in living cells.

In natural enzymes, the axial coordination between the active
site of metalloenzyme and the small biomolecule ligand plays

a significant role in regulating biological functions.[1] Inspira-
tionally, chemists prepared pyridine or imidazole derivatives to
axially coordinate the Fe center of metalloporphyrins. Such co-

ordination stabilized the low-spin state of the center metal
configuration to imitate the natural enzyme structure.[2] The
axial ligands, including chloride, cyanide and nitrate, were usu-

ally coordinated to hemin on both axial sites.[3] However, in
natural enzymes, the thiolate ligand dominated the fifth coor-

dination position of metal center of hemin, while the sixth po-
sition remained open.[4] Therefore, the determination of single

or dual axial interaction between the metal center of metallo-

porphyrin and the ligand is a challenging endeavor, which usu-
ally requires complicated chemical modifications of the metal-

loporphyrin to control the single-sided coordination.[5]

To address the problem, a four-stranded nucleic acid struc-

ture, G-quadruplex (G4), was introduced to bind tightly with
hemin to form specific hemin-binding tertiary structure via in-

tramolecular guanine quadraplexes.[6] The resulting G4/hemin

complex provided one unoccupied axial site on the center Fe
in hemin due to the end-stacking at the terminals of G-quadru-

plexes against the other positions.[7] In addition, the majority
of the hemin in the G4/hemin complex was monomeric, which

resulted in a more reactive activation, compared to the aggre-
gated hemin in aqueous solution.[8] The above advantages
could bring new opportunities to decode the mechanism on

hemin-based axial interaction. Moreover, the application of the
single-sided axial coordination of G4/hemin complex as a mo-

lecular switch provided great potential in biosensing and intra-
cellular function analysis.

Due to the significance of axial Fe–NO interactions on the
biologically relevant process of ferriporphyrin,[9] nitric oxide

(NO) was taken as a model for competitive binding of the G4/
hemin system. Although hemin-functionalized graphene field-
effect transistors showed highly selective electrical detection of
NO in physiological conditions,[10a] fluorescent probes were
more applicable for NO imaging in living cells.[10b,c] Here, taking

advantages of G4/hemin, we present a “signal on” strategy
based on fluorescent ligands conjugated G4/hemin complex as

signal transduction platform for intracellular NO imaging
through competitive axial coordination. To achieve this, a
series of fluorescent ligands were first designed by conjugating

fluorescein or coumarin fluorophore with amino-containing
pyridine/imidazole derivatives. These ligands could selectively

interact with G4/hemin via axial coordination, and their fluores-
cence was quenched due to electron transfer from the fluoro-
phore to transition metals with partially filled d-shells.[11] In the

presence of NO target, the coumarin-imidazole ligand was re-
placed and the fluorescence was recovered for signal readout

(Scheme 1 A). In contrast, the fluorescence recovery was infea-
sible in the free hemin system due to the formation of a six-co-
ordinated Fe–NO hemin complex (Scheme 1 B). Furthermore,
after conjugating with gold nanoparticles (AuNPs), the
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AuNP@G4-hemin nanoscaffold could specifically recognize and
image intracellular NO via competitive axial coordination

(Scheme 1 C). The relationship between NO and p53 protein

activity was explored in living cells by the proposed protocol,
showing its broad applications in vivo.

The G4/hemin complex was prepared by incubating a paral-
lel G-quadruplex with hemin for 15 min and characterized with

circular dichroism spectra (Figure S1).[12] To investigate the axial
coordination effect of G4/hemin complex, five different ligands

were firstly synthesized by conjugating fluorescein or coumarin

fluorophore with amino-contained pyridine/imidazole deriva-
tives (Figure 1 A and S2). As shown in Figure 1 B, low fluores-

cence quenching was observed from the interaction of G4/
hemin complex with fluorescein derivatives (ligands 1–3) due

to the limitation of steric hindrance effect of the fluorophore
containing highly delocalized conjugated structure. However,

the axial interaction of coumarin fluorophore-based ligand

with G4/hemin slightly increased the fluorescence quenching
(ligand 4). Based on the higher coordination ability of imid-

azole group than pyridine group,[13] the significant quenching
effect was observed after the interaction of G4/hemin with

ligand 5 (named as CFI) containing coumarin fluorophore and
imidazole group (Figure 1 B). The formation of a desirable

hemin-CFI complex was directly confirmed by mass spectrom-
etry with the mass peaks at m/z 650.0 and 894.0 (Figure S3).

UV/Vis absorption showed that the free hemin has a Soret
absorption band of dimeric absorption centered at 386 nm in
aqueous solution (Figure 2 A).[14] After incubation with G-quad-
ruplex, a sharp hyperchromicity of the absorption center shifts

to about 404 nm represented monomeric hemin, suggesting
more reactive hemin in the G4/hemin complex.[15] Interestingly,

in the presence of ligand CFI, a much more quenched fluores-
cent intensity of CFI was obtained after binding to G4-com-
plexed hemin than free hemin (Figure 2 B and Figure S4 in the
Supporting Information). Through the UV/Vis spectrometric ti-
tration, a higher Log K value for binding constant was ob-

served for the G4/hemin complex (Log K = 4.4) than free hemin
(Log K = 3.2) (Figure 2 C), mainly due to the high reactivity on

the monomeric hemin in G4/hemin complex. From the above

investigations, we proposed that G4/hemin complex provided
high-reactive axial sites at Fe center of hemin.

Scheme 1. Schematic illustration of competitive axial coordination of (A) G-
quadruplex/hemin and (B) hemin with fluorescent ligand and target, and
(C) the structure of AuNP@G4/hemin-CFI nanoscaffold.

Figure 1. (A) Structures of fluorescent ligands 1–5. (B) Fluorescence quench-
ing efficiency of the corresponding ligands (10 mm) after the axial interac-
tions with G4/hemin complex (10 mm) in 10 mm Tris-HCl buffer (pH 7.4).

Figure 2. (A) UV/Vis spectra of hemin (7.5 mm) and G4/hemin (7.5 mm equiva-
lent hemin) before and after axial interactions with CFI (15 mm) in Tris-HCl,
and hemin (7.5 mm) in dimethylsulfoxide (DMSO). (B) Fluorescence spectra of
CFI (20 mm) in the absence and presence of individual G-quadruplex (10 mm),
hemin (20 mm), and G4/hemin complex (20 mm equivalent hemin) in Tris-HCl.
lex = 397 nm. (C) Plots of log [(A@A0)/(A1@A)] vs. Log C for UV/Vis spectral
change upon titration of CFI to hemin (black) and G4/hemin (blue) in Tris-
HCl. (D) Job’s plot for the binding of CFI to G4/hemin complex. The total
concentration of hemin and CFI was kept constant at 100 mm in Tris-HCl.
A404/A504 is the ratio of absorbance intensity at 404 to 504 nm of G4/hemin
complex. (E) Fluorescence spectral response of G4/hemin-CFI (10 mm equiva-
lent hemin) to NOC-7 at marked concentrations. Inset: Plot of F@F0 vs. loga-
rithm value of NOC-7 concentration. (F) Fluorescence response of G4/
hemin-CFI (blank, 10 mm equivalent hemin) at 445 nm to histidine (200 mm),
CORM-3 (a CO donor, 200 mm) and NOC-7 (100 mm) in Tris-HCl.
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Upon the assembly of the fluorescent ligand, the obtained
G4/hemin-CFI caused a mild redshifted Soret absorption band

and clearly increased absorbance in the UV/Vis spectrum (Fig-
ure 2 A).

According to the absorbance ratio change in UV/Vis spectra,
Job’s plot analysis revealed a 1:1 binding stoichiometry of the

coordination reaction (Figure 2 D), suggesting a single axial co-
ordination for the Fe center in the G4/hemin complex. The de-

viation between 0.4–1.0 was mainly attributed to the competi-

tive interaction of the uncomplexed hemin with CFI.[16, 17] This
result can be explained because hemin in G4 has two axial
sites, one of which gave way to the interaction within the G-
quadruplex structure due to the end-stacking of hemin,[18]

leading to one accessible axial site for the additional ligand.
The single-sided axial coordination of G4/hemin complex pro-

vides a unique competitive platform for biosensing.

After exposure of the G4/hemin-CFI complex to a solution
of NOC-7 (a common NO donor) or NO solution (Figure S5 and

S6), the fluorescence intensity increased dramatically upon ad-
dition of NOC-7 in a concentration-dependent manner (Fig-

ure 2 E). Remarkably, a good linear relationship was observed
between the fluorescence enhancement (F0 and F is the fluo-

rescence intensity in absence and presence of NOC-7, respec-

tively) and the NOC-7 concentration (inset in Figure 2 E). After
titration of G4/hemin solution with different concentrations of

NOC-7 (Figure S7),[19] the binding constant (KNO) was deter-
mined by the absorbance change at 404 nm of the G4/hemin

spectra, which was about three orders of magnitude larger
than that with CFI. In addition, the fluorescence quenching of

CFI by the G4/hemin complex was greatly inhibited when NO

had been preferentially coordinated with the metal center. The
recovered fluorescence intensity was comparable to the un-

complexed CFI (Figure S8), demonstrating the feasibility of
competitive axial coordination-based detection mechanism of

G4/hemin-CFI system.
The structure of G4/hemin-NO complex was investigated

after the axial replacement reaction (Figure S9). X-ray photo-

electron spectroscopy demonstrated that FeII played the main
role in the complex (Figure S9 A).[20] As shown in Figure S9B,

the electron spin resonance spectrum of the G4/hemin-NO
complex exhibited the five-coordinate characteristic with a

low-spin configuration.[21] In resonance Raman spectrum, the
stretching frequency around 718 and 1045 cm@1 was assigned

to Fe@NO stretching frequency, whereas the N@O stretching
mode corresponded to the frequency at 1436 and 1652 cm@1

(Figure S9C).[21a] These results successfully identified the forma-

tion of G4/hemin-NO complex.
Under the same conditions, the G4/hemin-CFI complex dis-

played negligible fluorescence changes in the presence of
other species with Fe-coordinated capability including CO and

imidazole compound (Figure 2 F). Meanwhile, the hemin-CFI
complex in the absence of G4 showed less than 10 % fluores-
cence recovery in response to NO (Figure S10). We attributed

the appearance of weak fluorescence recovery to the following
reasons: one is the preferential formation of a six-coordinate

NO complex that blocked the signal switch of the replacement
of CFI by NO;[22] the other is that the hemin aggregates in

aqueous solution are less axially reactive with NO than the
monomeric hemin in G4/hemin complex, which also reduced
the sensitivity.[21a]

For efficient imaging of NO in living cells, a typical 13 nm Au

nanoparticle (characterized in Figure S11) was employed as the
highly efficient nanocarrier for enhancing the local concentra-

tion in cells,[23] as well as preserving the G4 DNA sequence
from the effect of intracellular DNA enzymes (Figure S12). The
nanoscaffold (AuNP@G4/hemin-CFI) was prepared by the con-

jugation AuNP with G4/hemin-CFI and folate-functionalized
polyethylene glycol via Au@S bond, and was characterized by

the fluorescence and UV/Vis spectra (Figure S13). The corre-
sponding number of G4 DNA on each Au nanoparticle was cal-
culated to be 92 from the absorbance at 260 nm.

To verify the feasibility of the nanoscaffold to NO, the con-

centration-dependent fluorescence increase was shown in vitro
(Figure 3 A). The nanoscaffold possessed good biocompatibility
as cells treated with the probe for 4 h exhibited an acceptable
viability of &91 % (Figure S14). After the folate receptor-target-
ed endocytosis (Figure S15), the probe could be delivered into

lysosome (Figure S16). The fluorescence of the nanoscaffold
was clearly enhanced in response to NOC-7 transfected cell for

15 min (Figure S17). Meanwhile, the confocal fluorescence

images of the NOC-7 treated cells showed bright fluorescence
(Figure 3 B), which displayed more lighted fluorescence in the

conditions of pre-treated with cytokine stimulant.[24] The mea-
surements of fluorescence intensity from the correspondingly

extracted cell agreed with the results from the confocal fluo-

Figure 3. (A) Fluorescence spectral response of the AuNP@G4/hemin-CFI
nanoscaffold (10 mm equivalent hemin) to NOC-7 solution at marked concen-
trations. (B) Confocal fluorescence images and (C) fluorescence measure-
ments on multimode microplate reader of HeLa cells incubated with the
nanoscaffold (a, 0.1 mm equivalent hemin), the mixture of NOC-7 (20 mm)
and the nanoscaffold before (b) and after (c) pre-treated with NO stimulants
(cytokines, a combination of 50 ng mL@1 TNF-a and 25 ng mL@1 IFN-g). Scale
bars : 25 mm. (D) Fluorescence spectral response of the nanoscaffold (0.1 mm
equivalent hemin) to transfected NOC-7 in living cells at the concentration
of 0, 8.0 nm, 86 nm, 770 nm, 7.4 mm, 9.0 mm, 10.8 mm, and 18.8 mm (from a to
h). Inset : Plot of F@F0 vs. logarithm value of NOC-7 concentration. F0 and F
are the fluorescence intensity in the absence and presence of NOC-7, respec-
tively.
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rescence images (Figure 3 C), suggesting the specific response
of intracellular NO.[25] Moreover, maintaining the fluorescence

of the above treated HeLa cells under low temperatures ex-
cluded down-stream effects of NO signaling and changes in

cellular properties (Figure S18).[26] The plot of cellular fluores-
cence intensity versus the amount of NOC-7 transfected into

the cell showed a good linear relationship with a related coeffi-
cient of 0.995 in a wide range of concentrations (Figure 3 D).
Thus, the designed AuNP@G4/hemin-CFI nanoscaffold could

be used for in situ imaging and detection of intracellular NO.
Finally, we applied the nanoscaffold to investigate the quan-

titative relationship of the NO and p53 protein.[27] HeLa cells
were first incubated with different amounts of cytokines for

48 h, and then treated with the nanoscaffold for 4 h. After
washing with PBS three times, these cells were conducted on

multimode microplate reader for fluorescence measurements

in Figure 4 A. Meanwhile, the resulted cell extract pre-treated
as above was detected via in vitro nitric oxide assay kit (Fig-

ure 4 B) and p53 colorimetric kit (Figure 4 C) individually to get
the absorbance at 540 and 450 nm generated from the specific

reaction in the kits, respectively. The corresponding NO con-
centration and p53 activation could be calculated by using

linear relationship of absorbance vs. logarithmic value of their

standard concentration in the kit accordingly. Combining with
the above analyses, a plot of p53 activation versus logarithmic

value of intracellular inducible NO concentration in HeLa cell
was obtained and followed a linear regression equation of

Cp53 (ng mL@1) = 0.078 V Log CNO (nm)@0.037 (Figure 4 D), which
indicated that the designed nanoscaffold could be used for

analysis of intracellular p53-mediated physiological process.

Therefore, a fluorescent imaging method was achieved for

chemical analysis of biomolecular interaction using the de-
signed competitive axial coordination system.

In conclusion, we delicately constructed the single-sided
axial coordination system of G4/hemin complex as a molecular

switch instead of using the common catalytic property of G4/
hemin. The G4/hemin demonstrated more powerful potential

in aqueous axial ligation compared to the uncomplexed
hemin. The main reasons are as follows: Firstly, G4/hemin has
more reactive monomeric hemin, which inhibits aggregation in

aqueous solution; secondly, the single unoccupied axial site at
the Fe center of G4/hemin enhances the binding capacity of

the axial ligands. Therefore, the unique sensing strategy of G4/
hemin-CFI was established for NO detection via single-sided

competitive axial coordination, which was infeasible in the free
hemin system due to the formation of a six-coordinated Fe–

NO hemin complex. Furthermore, the conjugated AuNP@G4/
hemin-CFI nanoscaffold not only realized in situ imaging and
detection of intracellular NO, but also was successfully used to
quantify the level of the p53 protein activity in the NO-related
biological process, providing a new opportunity to understand

the complicated physiological pathway of NO.
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