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Introduction

Over the past two decades, the synthesis of new organome-
tallic compounds and investigation of their biomedical ef-
fects against various diseases have been the focus for many
researchers in bioorganometallic chemistry.[1] Typically, fer-
rocenyl derivatives have attracted considerable attention.[2]

Different types of ferrocenyl derivatives show highly prom-
ising activities, such as DNA-cleaving,[3a] antibacterial,[3b] an-
timalarial,[3c] and anticancer activity.[3d] Owing to the lipophi-
licity and hydrophicity of the ferrocenyl group, modification

of bioactive peptides with a ferrocenyl unit has improved
their physicochemical and biological properties.[4] For in-
stance, the ferrocenyl triazole peptide conjugate has demon-
strated its ability to reduce its off-rate and to enhance its af-
finity and antiviral potency for HIV-1 gp120.[4c] As potent
pharmaceuticals for breast cancer therapy, ferrocifen (the
ferrocenenyl-appended tamoxifen) and its derivatives act by
changing the conformation of estrogen receptor proteins
(hormone protein) in a noncovalent way and induce DNA
damage by the generation of reactive radical species.[2a,5]

On the other hand, carborane derivatives have been ex-
tensively involved in areas of drug discovery,[6a] molecular
imaging,[6b,c] and targeted radionuclide therapy (i.e. the
boron neutron capture therapy (BNCT) for cancer).[6b–d] The
hydrophobic character of carboranes could enhance the in-
teractions between pharmaceuticals and their receptors.
And their unique three-dimensional structure and synthetic
flexibility allow us to probe protein binding in an unprece-
dented manner, thus tuning the pharmacokinetics of new
drug candidates.[6b,c] The reported carborane-containing ex-
amples of estrogen agonists,[7a] androgen antagonists,[7b] and
transthyretin amyloidosis inhibitors[7c] displayed significant
biological activities similar or even superior to those of their
nonboronated counterparts. Besides, cobaltacarboranes have
been recently identified as potent inhibitors of HIV-1 pro-
tease in AIDS therapy.[8]
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On the basis of the characteristics of ferrocenyl and car-
boranyl groups, we have explored the biological properties
of a new type of molecules conjugated by these two bioac-
tive units through sulfur atoms, denoted as FcSB1 and
FcSB2, a pair of geometrical isomers.[9] This paper focuses

on the description of the biointeractions of the two ferro-
cene-substituted dithio-o-carboranes with the heme protein,
myoglobin (Mb). Mb was chosen since it is a very important
protein for transporting O2/CO2 in living systems and has
been well investigated as a typical model protein for bioin-
teractions with various drugs or ligands.[10,11] A cobaltACHTUNGTRENNUNG(III)
Schiff base complex was found to selectively unfold Mb as a
molten globule because of the bond formed between cobalt
and an imidazole nitrogen atom of a histidine unit.[11c] In
particular, special concern should be directed to the interac-
tions of drugs with blood components, for example, heme
proteins, in view of the fact that a vast majority of cytotoxic
metal-containing compounds are administered intravenous-
ly.[11d,e] The relevant work could be of significance pertaining
to the promising bioapplications of these multifunctional or-
ganometallic complexes.

Results and Discussion

Electrochemical studies of the interactions between the fer-
rocene-substituted ditho-o-carborane isomers (FcSB1/
FcSB2) and Mb : The redox-active ferrocenyl group has
been extensively utilized as an electrochemical probe in bio-
molecular interactions and detections.[12,13] In this study, our
investigation indicates that FcSB1 and FcSB2 have good
electrochemical properties, thus their interplay with Mb has
been probed by electrochemical studies. As shown in Fig-
ure 1a and b, the results of the differential pulse voltammet-
ric (DPV) study illustrate that both FcSB1 and FcSB2 could
interact strongly with Mb. Upon addition of the protein,
dramatic positive shifts in the peak potentials of FcSB1 and
FcSB2 occur with the significant decrease of relevant peak
currents. The latter attributes to the diffusion of a mixture
of the free and protein-bound ferrocene-substituted dithio-
o-carboranes to the electrode surface.[12e–f, 13] In addition, the
remarkable positive shifts of the potentials indicate that oxi-
dation of the ferrocenyl groups becomes increasingly diffi-
cult.[13a] This clearly reflects the variations in the electronic
environment around the ferrocenyl groups. In structure,
both FcSB1 and FcSB2 have two electron-rich sulfur
atoms[9] and Mb has a weakly bound H2O or O2 molecule in

its heme iron center at the sixth axial position. Thus, we
assume that the sixth coordination position occupied by the
H2O or O2 molecule has been replaced by one of the two
sulfur atoms of the organometallic isomers (see Scheme 1).
As a result, the coordination of sulfur to the iron atom of

Figure 1. The changes of DPV for FcSB1 (a) and FcSB2 (b) (51.0 mm) in
phosphate buffer saline (PBS, 0.02 m, pH 7.40) when titrated with Mb.
a) From A to H, [Mb]/ ACHTUNGTRENNUNG[FcSB1]=0 (c), 0.02, 0.05, 0.09, 0.14, 0.18, 0.27,
0.36. b) From A to H, [Mb]/ ACHTUNGTRENNUNG[FcSB2]= 0 (c), 0.07, 0.11, 0.16, 0.18, 0.25,
0.33, 0.38. Parts c) and d) reflect the peak current (c) and peak poten-
tial (d) changes versus different concentration ratios of [Mb]/ ACHTUNGTRENNUNG[complex].
&: FcSB1, ~: FcSB2.
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the heme center decreases the electron density of the adja-
cent iron center of the ferrocenyl group. This is clearly re-
flected by the electrochemical studies (Figure 1). Note that
the ready replacement of H2O or O2 at the sixth coordina-
tive site in Mb and related model complexes coordinated by
small sulfur donor ligands and other ligands (i.e. CN�, N3

�)
has been extensively described.[14]

Figure 1c and d illustrate plots of Ip/Ip0 and DEp of
FcSB1 and FcSB2 as a function of protein concentration, re-
spectively. A linear relationship is initially observed and
then the curves slowly reach a steady state, indicative of sat-
uration of complexation. For FcSB1, an approximately
120 mV positive shift of peak potential is seen with a de-
crease to approximately 20 % of the peak current at the con-
centration ratio of [Mb]/ACHTUNGTRENNUNG[FcSB1] =0.36, whereas for FcSB2,
an approximately 165 mV positive shift of peak potential is
observed with the peak current reduced to approximately
12 % at [Mb]/ACHTUNGTRENNUNG[FcSB2] =0.36. The greater apparent change
of the peak potential for FcSB2 indicates a stronger binding
to Mb that induces a larger influence on the electronic envi-
ronment around the ferrocenyl group. This could be ex-
plained by their solid-state structures. FcSB1 has a tripod
structure with two environmentally equivalent sulfur
atoms,[9a] whereas FcSB2 contains a bent six-membered ring
with the S(2) atom showing less steric hindrance for coordi-
nation.[9b] Moreover, the existence of the vinyl group be-
tween the ferrocenyl group and S(2) in FcSB2 should en-
hance electrochemical alterations. Thus FcSB2 versus FcSB1
has a stronger binding capacity to Mb.

UV/Vis absorption spectroscopic studies of interactions be-
tween FcSB1/FcSB2 and Mb : Based on above effective ob-
servations, UV/Vis absorption spectroscopy was further uti-
lized to investigate the interactions between the two organo-
metallic isomers and the selected protein to obtain the infor-
mation on the electronic structure of the heme center. It is
well known that Mb has the characteristic bands: one Soret
band at around 400 nm and two Q-bands in the range of
500–600 nm, both arising from the p-electron transitions
inside the porphyrin ring, and one CT1 band around 630 nm

caused by the charge transfer from porphyrin to iron.[15]

Upon titration of FcSB1 or FcSB2 to Mb, both lead to red-
shifts of the Soret band (i.e. from 408 to 412 nm) and the Q
bands (i.e. from 504 to 535 and 535 to 564 nm, respectively)
in the same degrees, as well as disappearance of the CT1
band (see Figure 2 and Table 1). These observations reflect
that both organometallic compounds can exert a significant
effect on the heme center. The isosbestic points at 386 and

Scheme 1. Schematic presentation of the interaction of Mb with FcSB2.

Figure 2. UV/Vis spectral changes of Mb (6.72 mm) in phosphate buffer
saline (PBS, 0.02 m, pH 7.40) when titrated with FcSB1 (a and b) and
FcSB2 (c and d). a and b) From A to F, [FcSB1]/[Mb] =0 (c), 2.35,
7.03, 11.7, 16.3, 20.8. c and d) From A to H, [FcSB2]/[Mb]=0 (c),
3.89, 6.41, 9.58, 12.7, 15.9, 18.9, 22.0.
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416 nm indicate the formation of a ground-state complex be-
tween Mb and FcSB1 and FcSB2, respectively.

The UV/Vis spectral features depend on the metal oxida-
tion state, peripheral substituents, axial ligands, coordination
number, spin state, nearby amino acid residues, etc. As re-
ported in the literature, the intense Soret band (409 nm), Q
bands (504 and 535 nm), and the CT1 band (634 nm) in Mb
correspond to a six-coordinate high spin state (6-cHS), in
which H2O or O2 is bound to iron from the opposite direc-
tion of the F8-histidine (His-93).[16a] Whereas, the Soret
band at 414 nm and Q bands at 535 and 567 nm characterize
a six-coordinate low spin state (6-cLS) when a stronger
ligand occupies the sixth axial site instead of the weakly
bound H2O or O2.

[16b,c] Thus, the similar spectral changes of
Mb upon binding to FcSB1 or FcSB2 demonstrate that both
compounds can induce the spin-state change of the heme
iron atom from 6-cHS to 6-cLS. Obviously, this results from
sulfur donor atom replacement of H2O or O2. In addition,
the Fe�S axial coordination has occurred in a number of
heme proteins (e.g. cytochrome c[17a] and cytochrome P-
450[17b]) and enzymes (e.g. chloroperoxidase[17b] and nitric
oxide synthase[17c]). Binding of exdogenous sulfur donor li-
gands (i.e. thiol, thiolate, thioether and disulfide) to the
heme centers of cytochrome P-450-CAM and Mb have also
been reported.[14a,b]

Furthermore, the apparent binding constants Kb were cal-
culated (see Equation S1 in the Supporting Information)[18]

and listed in Table 1. The values of the apparent binding
constants obtained here for the two organometallic species
to the selected protein show that FcSB2 has a stronger affin-
ity to the heme iron center, parallel to the electrochemical
studies. This might be attributed to the decreased steric hin-
drance around the S(2) donor atom in FcSB2 relative to
that in FcSB1, which makes its coordination to iron more fa-
vorable. To further verify the steric influence of the ferro-
cenyl group on the coordination capability in FcSB1 and
FcSB2, dithio-o-carborane (denoted as BSH, see Scheme S1
in the Supporting Information) was tested for comparison.
Indeed, the result shows that BSH has a larger binding con-
stant to Mb (see Table 1 and Figure S1a in the Supporting
Information). Additionally, o-carborane was also tested, and
no effect on the relevant spectrum of the target protein was
found (data not shown). Hence, there is no doubt that

FcSB1 and FcSB2 serve as metal ligands to competitively
bind to the heme iron center of Mb via the electron-rich
dithio units.

Circular dichroism (CD) spectroscopic studies of the effect
of FcSB1/FcSB2 on Mb : To further investigate the effect of
ferrocene–carborane conjugates on Mb, the CD spectra
were explored. CD is a sensitive technique to monitor the
conformational changes of proteins upon their interaction
with ligands. It is well-known that Mb has three distinct re-
gions in the CD spectrum (see Figure S2 in the Supporting
Information). The far-UV region (from 190 to 240 nm) cor-
relates with the secondary structure of the macromolecule,
that is, a-helix, parallel and antiparallel b-sheet, b-turn, and
no ordered region content.[19a] The near-UV region (from
240 to 300 nm) originates from the aromatic amino acid side
chains, which gives detailed information on ��local’� chain–
chain interactions.[19a,b] In the visible region, the Soret CD
spectrum of Mb (~400 nm) results from the interactions be-
tween the p–p* transition of the heme chromophore and
the surrounding aromatic amino acids. It is greatly influ-
enced by the orientation of the aromatic amino acid resi-
dues with respect to the heme, and the positions of these
residues in the primary structure.[19c,d] Thus, the change of
the Soret CD spectrum shows the variations not only in the
electronic state of the heme, but also in its microenviron-
ment.[19e]

Upon addition of FcSB1 or FcSB2, the relevant CD
bands of Mb display obvious variations as shown in
Figure 3. In comparison, the isomers do not exhibit any CD
bands. The Soret CD signal at 408 nm for Mb is gradually
diminished with the increasing of the concentration of
FcSB1 or FcSB2 (Figure 3a and b, respectively), which indi-
cates that the Mb protein matrix is gradually unfolded.[20a,b]

Finally, the characteristic Soret CD bands of Mb completely
disappear when the ratio of [FcSB1]/[Mb] and [FcSB2]/[Mb]
reaches 19.6 and 14.5, respectively. Figure 3c shows the un-
folding percentage as a function of the concentration ratio;
it is observed that FcSB2 has a stronger unfolding effect on
the heme protein than FcSB1. The Soret CD band directly
relates to the molecular structures around the heme pros-
thetic groups, which are sensitive to the changes in the qua-
ternary and tertiary structures of the hemoproteins.[20b,c]

Clearly, the heme environment of Mb is profoundly affected
by the ferrocene–carborane conjugates as observed by the
remarkable change of the Soret CD band. In Mb, the heme
prosthetic group is totally buried in a hydrophobic cleft
formed by helixes A to H. Hydrophobic interactions be-
tween the tetrapyrrole ring and the hydrophobic amino acid
groups on the interior of the cleft could strongly stabilize
the heme protein conjugates.[11a] FcSB1 and FcSB2 could
easily gain access to the heme pocket owing to their hydro-
phobic properties. The electron-rich dithio groups of the iso-
mers can readily replace H2O and coordinate to the heme
iron center at the sixth axial position (see Scheme 1).

Additionally, both FcSB1 and FcSB2 can also exert an in-
fluence on the near-UV CD bands. For example, at a ratio

Table 1. UV/Vis spectral data and Stern–Volmer quenching constants
(Ksv) of FcSB1 and FcSB2 when binding to Mb.

Soret
band
[nm]

Q
band
[nm]

CT1
band
[nm]

Kb � 103

[m�1]
Ksv � 103

[m�1]
V � 103

[m�1]

Mb 408 504 635
535

FcSB1–
Mb

412 535 7.1�0.3 6.9 7.1
564

FcSB2–
Mb

412 535 8.3�0.3 17.0 2.7
564

BSH–
Mb

412 532 12.5�0.3
561
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of 14.5:1 for [FcSB2]/[Mb], virtually no CD signal could be
observed, as shown in Figure 3d. The loss of the near-UV
bands indicates the diminished packing around the aromatic
amino acids.[11c] It is reported that the near-UV CD bands at
270 nm could be assigned to electronic transitions in trypto-
phans (Trp) and tyrosines (Tyr),[21] probing the tertiary struc-

ture of Mb only in the AGH domain. Thus above observa-
tions suggest that the tertiary fold in the AGH domain may
smear out upon addition of these organometallic com-
pounds. The detailed effect of the isomers on the aromatic
groups can be further explored by fluorescence experiments.
In fact, the secondary structural transitions can be easily
studied by the far-UV CD (190–250 nm) spectrum, for ex-
ample, the decrease of ellipticity at 222 nm (i.e. the elliptici-
ty is decreased by 16 and 22 % for FcSB1 and FcSB2 at the
[complex]/[Mb] ratio=9.7, respectively; see Figure S3 in the
Supporting Information) demonstrates that the secondary
structure is slightly affected. However, the effect of the
higher concentration of isomers cannot be detected owing
to the extremely high absorbance of DMSO solvent in this
region.

Fluorescence investigation on the protein-binding behavior
of FcSB1 and FcSB2 : The intrinsic fluorescence of proteins
originates from the Trp and Tyr fluorophores and is sensitive
to the microenvironment of the amino acid residues.
Changes in emission spectra are in response to protein con-
formational transitions, subunit association, substrate bind-
ing, or denaturation.[22] Besides, fluorescence measurements
can give information on the binding of small molecules to
proteins on a molecular level, such as binding mechanism,
binding constant, and binding mode.

In the present study, the effect of nonfluorescent FcSB1
and FcSB2 on the fluorescence of Mb was explored. As
shown in Figure 4, both FcSB1 and FcSB2 (Figure 4a and b,
respectively) significantly decrease the fluorescence intensity
(FI) of Mb, accompanied with the progressive redshift of
the emission peak, that is, up to 10 nm for FcSB1 and 25 nm
for FcSB2. This phenomenon suggests that the fluorophore
residues in Mb have been moved away from the heme
owing to incorporation of the organometallic species and
become more exposed to the solvent.[16b] Figure 4c shows
the quenching comparisons of Mb fluorescence by the two
isomers, and it can be seen that FcSB2 versus FcSB1 dis-
plays a stronger quenching effect. Clearly, this is caused by
the structural differences of the isomers that lead to the in-
teractions with the fluorophore residues in different degrees.
Similar enhanced fluorescence quenching phenomena have
also occurred in other ferrocene-containing conjugates.[13c]

Two types of fluorescence quenching are present, that is,
dynamic and static quenching. The former is caused by colli-
sion between a fluorescence substance and a quencher,
whereas the latter is attributed to the formation of a
ground-state complex between a fluorophore molecule and
a quencher.[23a] In many cases, both quenching types are
present. To discover the quenching mechanism in our
system by FcSB1 and FcSB2, the data have been analyzed
by using the Stern–Volmer equation (see Equation S2 in the
Supporting Information),[23b] and the upward curvature
curves were obtained as shown in Figure 4d. This equation
reveals a characteristic plot of combined quenching mecha-
nisms, that is, both the static and the dynamic types.[23c–e]

The static quenching constant V and the dynamic quenching

Figure 3. The visible CD spectra of Mb (6.72 mm) in PBS (0.02 m, pH 7.40)
containing DMSO (VDMSO/VPBS = 0.24 %) after interacting with FcSB1 (a)
and FcSB2 (b). a) From A to F, [FcSB1]/[Mb] =0 (c), 2.4, 4.8, 9.7,
14.5, 19.6. b) From A to F, [FcSB2]/[Mb] =0 (c), 2.4, 4.8, 7.3, 9.7, 14.5.
c) Illustration of the unfolding profile of Mb interacting with FcSB1 (&)
and FcSB2 (~). d) The near-UV CD of Mb (c) after interacting with
FcSB1 (b ; 132 mm) and FcSB2 (a ; 97 mm).
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constant Ksv were further calculated from the slopes (inset
in Figure 4d; see Equation S3 in the Supporting Informa-
tion).[23f] Both values are presented in Table 1, and the data
show that FcSB1 quenches the fluorescence of Mb with a
nearly equal static and dynamic quenching constant. Where-
as for FcSB2, the apparent difference between the values of

Ksv and V indicates that the quenching is dominated by the
dynamic quenching type.

Several types of forces could be responsible for the fluo-
rescent changes when a ligand interacts with a protein, for
instance, chemical bonds, hydrogen bonding, electrostatic,
van der Waals forces, hydrophobic, and hydrophilic interac-
tions.[24] From the structural characteristics of the two iso-
mers and the target protein, hydrophobic interactions would
be predominant, and electrostatic interactions are weak
since FcSB1 and FcSB2 are neutral and Mb is almost electri-
cally neutral at pH 7.4 (isoelectric point of 7.2[25]). The hy-
drophobic groups of the ferrocenyl and carboranyl units in
the two organometallic compounds could more easily inter-
act with the monomeric Mb matrix through hydrophobic in-
teractions with the nonpolar parts of the surface and the in-
terior of the protein. Besides, the “nick” S atoms in both
FcSB1 and FcSB2 are ready to generate intermolecular hy-
drogen bonding with Mb, which may also contribute to the
fluorescent changes.

Synchronous fluorescence spectroscopic studies of the influ-
ence of FcSB1/FcSB2 on the aromatic residues : Synchro-
nous fluorescence spectroscopy (SFS) was further utilized to
explore the effect of FcSB1 and FcSB2 on the microenviro-
ments in a vicinity of the aromatic residues of Mb. Since the
SFS technique involves simultaneous scanning of the excita-
tion and emission monochromators while maintaining a con-
stant wavelength interval, it can identify the overlapped ex-
citation peaks of Trp and Tyr residues of proteins.[26a] If Dl

between excitation and emission wavelengths is used at 15
and 60 nm, SFS can give the characteristic information on
the individual Tyr and Trp residues.[26b] The shifts in the
maximum emission wavelength of the Trp and Tyr residues
correspond to the changes in polarity around the chromo-
sphere molecules. The redshift suggests that the aromatic
residues buried in nonpolar hydrophobic cavities have
moved to a more hydrophilic environment, whereas the
blueshift signifies the enhancement of hydrophobicity.[20a, 27]

As shown in Figure 5a and b, upon addition of FcSB1, the
maximum emission wavelengths of both Trp and Tyr resi-
dues are shifted to red by approximately 10 nm. This reflects
the increased polarity around the Trp and Tyr residues (i.e.
the two aromatic residues are moved into a more hydrophil-
ic environment) and the decreased hydrophobicity.[20a, 27]

However, after addition of FcSB2, the peak of the Trp resi-
dues has a redshift of approximately 6 nm (Figure 5c),
whereas the peak of the Tyr residues is shifted to blue by
approximately 12 nm (Figure 5d). These observations also
demonstrate the conformational changes surrounding the
Tyr and Trp residues. Similarly, the redshift of the Trp resi-
dues corresponds to the increased polarity around the resi-
dues, hence the decreased hydrophobicity. Whereas, the
blueshift of the Tyr residues displays the decreased polarity
around the residues and the increased hydrophobicity.[28]

It is known that two types of Trp residues are present in
helix A in Mb, one is located at the 7th position (Trp-7) and
exposed to water, whereas the other is located at the 14th

Figure 4. Fluorescent spectral changes of Mb (3.36 mm) in PBS (0.02 m,
pH 7.40) when titrated with FcSB1 (a) and FcSB2 (b). a) From A to F,
[FcSB1]/[Mb] =0 (c), 11.7, 16.3, 23.5, 35.2, 52.6. b) From A to F,
[FcSB2]/[Mb] =0 (c), 3.22, 9.67, 19.3, 32.0, 50.9. c) The quenching
comparisons of Mb fluorescence by FcSB1 (&) and FcSB2 (~). d) The
Stern–Volmer curves and modified Stern–Volmer curves (inset) with
FcSB1 (&) and FcSB2 (~) binding to Mb.
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position (Trp-14) and buried under the hydrophobic protein
matrix.[29a] The Tyr-103 and Tyr-146 of Mb are located in he-
lixes G and H, respectively.[29b] Therefore, our observations
imply the rearrangement of the tertiary structure in the sur-
rounding of Trp and Tyr residues in the helixes A, G, and H
owing to the incorporation of FcSB1 and FcSB2. FcSB1 is
possibly situated closer to the Trp residues since the FI of
the Trp residues decreases faster than that of the Tyr resi-
dues (Figure 5e), and FcSB2 may be equally close to both
Trp and Trp residues since their FIs decrease by a nearly
equal degree (Figure 5f).

Conclusion

In summary, we have studied the interactions between the
two ferrocene-substituted dithio-o-carboranes, FcSB1 and
FcSB2, and the heme protein myoglobin. The investigations
from electrochemistry, UV/Vis absorption, and CD spectros-
copy demonstrate that these ferrocene–carborane conju-

gates could bind to the heme
iron center through the replace-
ment of the weakly bound H2O/
O2 in the distal heme pocket by
their electron-rich sulfur
donors. The metal complexes
also lead to the change of the
spin state of the heme iron
atom, that is, from a six-coordi-
nate high spin state to a six-co-
ordinate low spin state. The ter-
tiary structure of myoglobin, es-
pecially the native heme envi-
ronment is substantially disrupt-
ed as demonstrated by the
change of the Soret CD band.
Moreover, introduction of these
organometallic species can alter
the microenvironment around
the Trp and Tyr fluorophores,
thus quenching the fluorescence
of the target protein owing to
the change in polarity, hydro-
phobic interactions and hydro-
gen bonding, and so on. The
structural differences of the two
organometallic isomers lead to
different performances when in-
teracted with Mb as revealed
by the techniques used. Thus,
studies on the protein-binding
behavior of the ferrocene–car-
borane conjugates, such as
FcSB1 and FcSB2, containing
multifunctional groups would
give meaningful insights on the
evaluation of their promising

biomedical applications and the benefits of the development
of potential multifunctional metallodrugs.

Experimental Section

Reagents : Compounds FcSB1, FcSB2, and dithio-o-carborane (BSH)
were synthesized according to the literature.[9, 30] Myoglobin from equine
skeletal muscle (methemoglobin) was purchased from Sigma and used
without further purification. The Mb protein was dissolved in PBS
(0.02 m, pH 7.40) with doubly distilled water. The concentration of Mb
was determined spectrophotometrically according to the molar absorp-
tion coefficient e =157 000 L cm�1 mol�1 at 406 nm respectively. Solutions
prepared in this way were used as the protein native state. The other re-
agents used were of analytical grade. The stock solutions of FcSB1,
FcSB2, and BSH were prepared in DMSO with concentrations of
22.2 mm, 54.3 mm, and 0.12 m, respectively. The stock solution of o-carbor-
ane (C2B10H12) was prepared in DMSO with a concentration of 61.0 mm.

Electrochemical studies : DPV studies were performed on a CHI660b
electrochemical workstation. All measurements were carried out at ambi-
ent temperature (22�2 8C) under the nitrogen environment in a three-
component electrochemical cell consisting of a glassy-carbon electrode as

Figure 5. Synchronous fluorescence spectral changes of Mb (3.36 mm) in PBS (0.02 m, pH 7.40) when titrated
with FcSB1 (a and b) and FcSB2 (c and d). a and b) From A to F, [FcSB1]/[Mb] =0 (c), 11.7, 16.3, 23.5,
35.2, 52.6. c and d) From A to F, [FcSB2]/[Mb] =0 (c), 3.22, 9.67, 19.3, 32.0, 50.9. e and f) The quenching
comparisons of Mb synchronous fluorescence caused by FcSB1 (e) and FcSB2 (f). N : Trp residues, *: Tyr resi-
dues. For a) and c), Dl =60 nm for Trp residues. For b) and d), Dl=15 nm for Tyr residues.
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the working electrode, a Pt wire as the counter-electrode and a saturated
calomel electrode SCE as the reference electrode. Pulse amplitude:
0.05 V, pulse width: 0.05 s, pulse period: 0.1 s. A 2.5 mL diluted PBS
(0.02 m, pH 7.40) solution of FcSB1 (51.0 mm) and FcSB2 (51.0 mm) in an
electrochemical cell were kept constant while varying the concentration
of Mb in solution. Aliquots of a known volume of Mb (1.22 mm) were
added. The solutions were kept for 5 min before measurement. Prior to
every electrochemical assay, the GCE was polished to a mirrorlike sur-
face with 0.05 mm Al2O3, then sonicated in water for 5 min to carry out
the electrochemical detection.

UV/Vis absorption spectroscopic studies : The UV/Vis absorption spec-
troscopic study was performed on a U-4100 (HITACHI) spectrometer.
Absorption spectra were recorded between 300–700 nm. The data inter-
val was 2 nm. Titrations were carried out by keeping the concentration of
Mb constant, while varying the concentration of compounds (FcSB1,
FcSB2, BSH, and o-carborane). A 2.5 mL solution of PBS (0.02 m,
pH 7.40) in a septum-capped quartz cuvette (1 cm path length), contain-
ing Mb (6.72 mm), was titrated by successive additions of the appropriate
diluted solution of carborane compound. Titrations were carried out
manually by using trace syringes. In the titration process, the total added
volume was kept to less than 50 mL. The solutions were allowed to equili-
brate for 5 min before measurements. The spectrum was recorded after
each addition. The control experimental results show that the maximum
concentration of DMSO used (VDMSO/VPBS =2.4%) has little effect on the
UV/Vis absorption spectrum of the Mb protein (see Figure S1b in the
Supporting Information).

CD spectroscopic studies : CD measurements were performed on a
JASC0–810 CD spectropolarimeter. The protein concentration used was
6.72 mm in PBS (0.02 m, pH 7.40) containing DMSO (VDMSO/VPBS =

0.24 %), and the curettes of 0.1 cm path length were used in the far-UV
(190–240 nm) region and 1.0 cm path length in the near-UV (240–
340 nm) and visible regions (340–550 nm), respectively. The spectropo-
larimeter was sufficiently purged with 99.9 % dry nitrogen before starting
the instrument. Photomultiplier absorbance did not exceed 600 V in the
spectral regions measured. All the measurements were performed at
room temperature (22�2 8C) under a nitrogen flow (3 L h�1). The spectra
were collected at a scan speed of 100 nm min�1 and a response time of
1 s. Each spectrum was signal-averaged two times, and baseline-corrected
by subtracting the buffer spectrum containing DMSO (VDMSO/VPBS =

0.24 %). The unfolding percentage of Mb is calculated as follows: (1�ACHTUNGTRENNUNG(q/q0)) � 100 %, in which q and q0 are the ellipticity of the Soret CD band
of Mb in the presence and absence of FcSB1 and FcSB2, respectively.

Fluorescence and synchronous fluorescence spectroscopic studies : Fluo-
rescence spectra were measured on a Perkin–Elmer LS50B spectro-
fluorimeter at room temperature (22�2 8C). The slit width is 10.0 nm for
both the excitation and emission monochromators. The excited wave-
lengths were 280 nm. The synchronous fluorescence spectra were record-
ed in the “both scan” mode in which both excitation and emission mono-
chromators move simultaneously at a fixed difference between excitation
and emission wavelength (15 and 60 nm). The data were presented as the
average of three scan in all cases. Titrations were carried out by keeping
the concentration of Mb constant, while varying the concentration of
complexes (FcSB1 and FcSB2). A 2.5 mL solution of PBS (0.02 m,
pH 7.40) in a septum-capped quartz cuvette (1 cm path length), contain-
ing Mb (3.36 mm), was titrated by successive additions of the appropriate
diluted solution of FcSB1 and FcSB2. Titrations were done manually by
using trace syringes. And in the titration process, the total added volume
was kept to less than 50 mL. The control experimental results show that
the maximum concentration of DMSO used (VDMSO/VPBS =2.0 %) has
little effect on the fluorescence and synchronous fluorescence spectra of
the Mb protein (see Figure S4 in the Supporting Information).

Fluorescence quenching study : Fluorescence quenching is the decrease of
the quantum yield of fluorescence from a fluorophore induced by a varie-
ty of molecular interactions with quencher molecule. Quenching may
result from a variety of processes, such as excited-state reactions, mole-
cule rearrangement, energy transfers, ground-state complex formation,
and collisional processes.[23b] Quenching types often include static and dy-
namic quenching. The dynamic quenching is when the fluorescence sub-

stance collides with quencher, which brings about a decrease of quantum
yield and fluorescence strength. Static quenching is due to the formation
of a ground-state complex between fluorophore and quencher.[23a] In
many instances, the fluorophore can be quenched both by collision and
by complex formation with the same quencher. The quenching type
could be differentiated from the Stern–Volmer (SV) plot derived from
the equation:[23b] F0/F =1 +Ksv � [Q], in which F0 and F denote the
steady-state fluorescence intensity in the absence and presence of
quencher, respectively. Ksv is the SV quenching constant and [Q] is the
concentration of the quencher. Within certain concentrations, the Stern–
Volmer curve would be linear if the quenching type is single static or dy-
namic quenching.[23b,c] If the quenching is combined by both static and dy-
namic types, the Stern–Volmer plot becomes an upward curvature.[23d,e] In
the case of both the dynamic and static quenching mechanism, the fluo-
rescence data can be analyzed by the following modified SV equation:[23f]

F0/F= 1+Ksv � [Q]� exp(V[Q]), in which V is the static quenching con-
stant and could be obtained from the equation by plotting (F0/F) versus
([Q]� exp(V[Q]) by varying V until a linear plot was acquired. Ksv could
then be obtained from the slope.
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