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ABSTRACT: Methylcobalamin, which is used for the clinical treatment of patients with neuropathy, can have an impact on 
the sensorineural components associated with the cochlea and it is possible that the auditory threshold in a certain population 
of patients with deafness may be recovered.  Nonetheless, it remains uncertain whether the action site of methylcobalamin is 
localized inside or outside the cochlea and which cellular or tissue element is targeted by the drug.  In the present work, we 
developed a method to realize in vivo real-time simultaneous examination of the drug kinetics in two separate locations using 
boron-doped diamond (BDD) microelectrodes.  First, the analytical performance of methylcobalamin was studied and the 
measurement protocol was optimized in vitro.  Then, the optimized protocol was applied to carry out real-time measurements 
inside the cochlea and leg muscle in live guinea pigs while systemically administering methylcobalamin.  The results showed 

that, methylcobalamin concentration in the cochlea was below the limit of detection for the microelectrodes or the drug did not reach 

the cochlea, whereas the compound clearly reached the leg muscle. 

Introduction 

Vitamin B12 is an organometallic compound that contains a 
cobalt-carbon bond and plays a pivotal role in a variety of 
biological processes such as the production of red blood 
cells and the synthesis of DNA.1  Methylcobalamin, an active 
form of vitamin B12, is necessary for the maintenance of the 
peripheral nervous system and, as such, is used for the clin-
ical treatment of patients with different types of neuropa-
thy.2 In several Asian countries, administration of this rea-
gent is a typical pharmacotherapy used to treat sensorineu-
ral hearing loss, which is caused primarily by a disorder of 
the inner ear, in particular, the cochlea.3  The cochlea com-
prises three compartments that are filled with different ex-
tracellular solutions and is made up of sensory hair cells, 
neuronal fibers, ganglion neurons, epithelial cells, fibro-
cytes, and an extracellular matrix.  The mechanical energy 
of sound is converted by the hair cells into electrical signals, 
which are transmitted through the afferent auditory nerve 
to the central nervous system.4 The cochlea is also inner-
vated and functionally controlled by the efferent nerve that 
originates from the brainstem.5  Systemically administrated 
methylcobalamin may affect the sensorineural components 
associated with the cochlea and it is likely that the auditory 

threshold in certain populations of patients with deafness 
can be recovered.6  Nonetheless, it remains uncertain 
whether the action site of methylcobalamin is localized in-
side or outside the cochlea and which cellular or tissue ele-
ment is targeted by the drug.  In addition, with  pharma-
cotherapy, it is important to carry out in vivo studies of the 
changes in drug concentration in a number of separate lo-
cations, especially in real time; however, no such analysis 
has yet been attempted using conventional approaches. 

Methylcobalamin can be measured by high performance liq-
uid chromatography/inductively coupled plasma mass 
spectrometry7,8 as well as chemiluminescence analysis.7,9  
These methods require manual harvesting of the analytes 
and so have low sampling rates.  Moreover, the collection of 
multiple samples from a tiny cochlea (size: 1.5–5 mm in ro-
dents) might, over time, damage its fine structure, interfer-
ing with the stable and continuous monitoring of the drug 
concentration in live animals.  Electrochemical techniques 
can track the behavior of chemical compounds over time 
with high time resolution.10,11  In this context, methylcobal-
amin is detectable in vitro with mercury, gold, or silver elec-
trodes.12-15  Nevertheless, the size of each of these classical 
electrodes is too large for in vivo analysis in a cochlear 
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microenvironment.  Biocompatible carbon fiber electrodes 
may be applicable for local measurements; however, this is 
unlikely to be suitable for longitudinal detection of the drug, 
due to its fragility, unstable response and relatively high 
background noise.16 

On the other hand, boron-doped diamond (BDD) electrodes 
are attracting increasing attention as one of the next-gener-
ation of electrode materials.17-21  The superior electrochem-
ical properties of BDD electrodes, such as the wide potential 
window in aqueous solutions and the low background cur-
rent make it particularly attractive for use in highly sensi-
tive electroanalysis.22 In addition, the high chemical and 
physical durability of the sp3 hybridized structure, good bi-
ocompatibility, the rapid and stable response, and the high 
resistance to non-specific absorption make BDD an excel-
lent choice as an electrode.  Furthermore, needle-like BDD 
microelectrodes with small electroactive areas can be fabri-
cated, and they have unique properties such as spherical 
diffusion, an increased rate of mass transport, and reduced 
capacitance allowing a fast response.16,23-29 Moreover, the 
sample volume required for these microelectrodes need 
only be very small, so it is possible to carry out sensitive an-
alytical in vivo studies in local areas by using microelec-
trodes with tip diameters of 5-20 µm. In our earlier work, 
BDD microelectrodes were inserted into the cochlea of a 
guinea pig and into the brain of a rat, and we succeeded in 
making real-time measurements of changes in concentra-
tion of a few different drugs, which were intravascularly in-
jected into the animals. 30   

On the basis of this technique, in the present work, we de-
veloped a novel system with two BDD microelectrodes that 
allows us to simultaneously examine two separate local ar-
eas in vivo.  In order to realize the system, first, we investi-
gated the electrochemical reaction of methylcobalamin in-
cluding the analytical performance using BDD microelec-
trodes and optimized the measurement protocol in vitro.  
Then, the optimized protocol was applied to carry out real-
time measurements inside the cochlea and a leg muscle in 
live guinea pigs that were systemically administrated with 
methylcobalamin.  An anticancer drug, doxorubicin, when 
vascularly applied, is detected in the guinea-pig cochlea by 
BDD microelectrodes30; therefore, this drug was sequen-
tially administrated after the injection of methylcobalamin 
to verify the electrodes in the cochlea and muscle.  A clear 
difference between the uptake of the drug in the two re-
gions was revealed. 

 

Experimental Section 

 

Preparation of boron-doped diamond (BDD) electrodes 

 The method used to prepare the BDD electrodes was simi-
lar to that given in our previous reports.22, 23, 30 Briefly, pol-
ycrystalline BDD films were deposited on silicon wafers and 
on tungsten wires to fabricate plate electrodes and microe-
lectrodes, respectively.  For microelectrodes, initially, the 
50 or 100 µm diameter tungsten wires were electropolished 
in a solution of 2 M KOH to achieve a conical shape.  The 
deposition was done in a microwave plasma-assisted chem-
ical vapor deposition (MPCVD) system (AX5250M, Cornes 
Technologies, Ltd.), with plasma powers of 5.0 kW and 3.0 

kW applied for 6 h and 2h with deposition pressures of 100 
Torr and 60 Torr, respectively. A mixture of acetone and tri-
methoxyborane was used for the carbon and boron sources 
with a boron/carbon ratio of 1%. The surface morphology 
and crystalline structure was characterized using scanning 
electron microscopy (SEM) (JCM-6000 plus, JEOL, Ltd.) (Fig-
ure S11(a)(b)). The film quality was confirmed by Raman 
spectroscopy (Acton SP2500, Princeton Instruments, Inc.) 
(Figure S11(c)(d)). The BDD microelectrodes were insu-
lated with glass capillaries to define the electrode surface 
area.  A capillary (G-100, Narishige) was pulled by capillary 
puller (PC-10, Narishige). The tip of the capillary was then 
cut by microforge (MF-900, Narishige) to cover the BDD 
needle with the tip extruding by ca. 100–200 µm. The capil-
lary-covered BDD needle was heated at ca. 700 ºC for 30 s 
in argon atmosphere. The capillary was evacuated by a dia-
phragm pump (DIVAC 0.6L, Lenbold) during the heating. 
This procedure was necessary for a tight seal between the 
BDD and the glass capillary (Figure SX).  Then, copper wires 
were connected to the microelectrodes with silver paste. 
The details of the preparation have been described previ-
ously. The sizes of the conducting tips of the electrodes were 
< 30 µm in diameter and 50-300 µm in length. 

 

Chemicals 

Methylcobalamin and potassium hexacyanoferrate(II) tri-
hydrate (K4[Fe(CN)6]) were purchased from FUJIFILM 
Wako Pure Chemical Corporation and used without any pu-
rification. A 0.1 M phosphate buffer (PB) solution with pH 
7.4 was used as the electrolyte. This solution contained 19 
mM sodium dihydrogen phosphate (NaH2PO4) and 81 mM 
sodium hydrogen phosphate (Na2HPO4). A 1 M aqueous so-
lution of sulfuric acid (H2SO4) was used to clean the BDD 
electrode by cathodic reduction. All the solutions were pre-
pared with pure water supplied from DIRECT-Q 3 UV 
(Merck Millipore Corp.) with a specific resistivity of 18.2 
MΩ·cm. 

 

In vitro electrochemical measurements 

Electrochemical measurements were carried out using a po-
tentiostat (ALS 852cs, BAS Inc.) controlled by a laptop com-
puter. Initially, cyclic voltammetry (CV) was conducted with 
the potentiostat using a single-compartment three-elec-
trode polytetrafluoroethylene (PTFE) cell with an Ag/AgCl 
(saturated KCl) reference electrode and a coiled Pt wire 
counter electrode. The electrical contacts for the electro-
chemical measurements were made by connecting copper 
wires to the BDD surface with silver paste. The BDD (Pt and 
GC) electrode was fixed with an O-ring (electrode area: 0.36 
cm2) and connected to the potentiostat through a copper 
plate placed under the working electrode. 

For continuous measurements, a BDD microelectrode was 
used as the working electrode.  The 3 electrodes (working 
electrode, counter electrode and reference electrode) were 
immersed in a beaker containing 5 ml of phosphate buffer 
solution (Figure S4). Three different measurement proto-
cols were examined. For each protocol, stock solutions of 
methylcobalamin were added to the PB solution in the 
beaker, which was then stirred with a magnetic bar for 3 
seconds. 



 

 

In vivo measurements of methylcobalamin 

Each BDD microelectrode was used for only one series of in 
vivo measurements in a guinea pig and was not used in 
other animals.  Before being used in an in vivo experiment, 
the microelectrode was immersed in a 1 M H2SO4 solution 
and 3.0 V (vs. Ag/AgCl) was applied for 30 s and subse-
quently –4.0 V (vs. Ag/AgCl) for 1200 s.  With these anodic 
and cathodic pretreatments, the BDD surface was rid of any 
impurities and dominated by hydrogen termination.  The 
electrode was then subjected to a cyclic voltammetry proto-
col (sweep rate, 0.1 V/s; potential window, –1.0 V to 1.5 V 
(vs. Ag/AgCl); and initial potential, 0.0 V (vs. Ag/AgCl)) in 
PB solution until the background signal became stable.  
Thereafter, a calibration curve for the microelectrode was 
determined in vitro.  Any electrode which failed to have a 
slope ≥ 1.0 was discarded. 

Healthy male Hartley guinea pigs (350–700 g, 2–12 weeks 
old; SLC Inc., Hamamatsu, Japan), the hearing levels of 
which were evaluated in advance by Preyer’s reflex test and 
confirmed to be normal, were used for the in vivo experi-
ments.  Urethane (1.5 g kg–1, Sigma-Aldrich Japan, Tokyo, Ja-
pan) was intraperitoneally injected into the animals for 
deep anesthesia.  The depth of the anesthesia was continu-
ously monitored with a toe pinch, the corneal reflex, and the 
respiratory rate.  During the recording, the body tempera-
ture was maintained at 37 °C on a heating blanket (BWT-
100A, BioResearch Center, Nagoya, Japan).  To inject 
methylcobalamin, an ethylene tetrafluoroethylene tube was 
inserted into the right external jugular vein of each guinea 
pig.  5 mg of methylcobalamin was dissolved in 1 ml of PB 
solution immediately before being injected into each guinea 
pig for the in vivo measurements; the dosage was 10 mg kg–

1 for each guinea pig. 

 

Results and Discussion 

 

Electrochemical reduction of methylcobalamin 

Cyclic voltammograms (CVs) of 100 µM methylcobalamin 
with a normal amount of dissolved oxygen using a BDD disk 
electrode are shown in Figure 1.  The experimental methods 
can be found in Supporting Information.  The reduction po-
tential of methylcobalamin is at −0.7 V (vs. Ag/AgCl) and the 
reduction potential of the dissolved oxygen is at −0.9 ~ −1.0 
V (vs. Ag/AgCl). In order to understand the mechanism of 
the reduction reaction, CVs of 100 µM methylcobalamin in 
degassed by nitrogen and oxygen saturated 0.1 M phos-
phate buffer solutions were also measured (Figure S2(b) 
and Figure S2(d), respectively).  When oxygen is present, 
two reduction peaks (−0.7V~−0.8V and −0.8~−0.9V (vs. 
Ag/AgCl)) are observed, while no peaks are observed with-
out oxygen (Figure S2(b)). The normal situation with dis-
solved oxygen (6-8 mg/L at 20 oC) also has two similar re-
duction peaks (Figure 1(b), Figure S2(c)).  The reduction 
peaks can be explained by a catalytic mechanism involving 

oxygen reduction. 31-33 It is suggested that, in the initial part 
of the negative scan, Co(II)-O2, in which O2 is an axial ligand 
of Co(II), is reduced to Co(II)-H2O2 (which can be Co(II) and 
H2O2) by two-electron reduction (Scheme S1 (1)).  The ob-
served first peak at −0.7V~−0.8V (vs. Ag/AgCl) can be as-
signed as the two-electron reduction.  Then, as the potential 
goes more negative, H2O2 can be reduced to H2O.  Further-
more, when the potential reaches around −0.8 V (vs. 
Ag/AgCl), the inert Co(II) is reduced to Co(I) with the mo-
lecular oxygen fixed axially to Co (Co(I)-O2).  At more nega-
tive potentials, direct four-electron reduction of Co(I) and 
H2O can occur.  The observed second peak (−0.8~−1.2 V (vs. 
Ag/AgCl)) can be assigned as the overlapping of these reac-
tions (Scheme S1 (2)-(4)).  Although the reduction mecha-
nisms are complicated, it is possible to determine the con-
centration of methylcobalamin from the first reduction 
peak at −0.7V~−0.8V (vs. Ag/AgCl). 

To compare the performance of BDD electrodes with con-
ventional electrode materials, CVs were obtained using 
glassy carbon (GC) and Pt electrodes, respectively (Figure 
S3). Since the background current was much higher with GC 
than with the BDD electrode, the reduction response is not 
as clear as that observed using the BDD electrodes.  In the 
case of the Pt electrode, the reduction peak cannot be ob-
served because the surface of the Pt can be easily poisoned 
to form PtO. (Figure S2(a3)).34 Accordingly, the signal to 
background ratios were 4.7, 1.4, and 1.1, for the BDD, GC, 
and Pt electrodes, respectively (Figure S3(b)).   

 

 

  

Figure 1. Cyclic voltammograms (CVs) of 0.1 M phosphate 
buffer (PB) solution at a scan rate of 0.1 V/s (a) in the ab-
sence and (b) in the presence of 100 µM methylcobalamin 
using a BDD disk electrode. 
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Figure 2. Optimization of the in vitro measurement protocol. 

(a) Protocol A: (a1) The chronoamperometry protocol. The electrode potential was fixed at −0.7 V (vs. Ag/AgCl), and the 
current was monitored every 4 seconds (red points); (a2) Amperometric response. Methylcobalamin (0, 1, 3, 10, 30, 100 nM 
dissolved in PB solution) was added in stages. The measurements were made when the current had reached a steady state, 
and is shown by the arrows; (a3) The variation in steady-state current with methylcobalamin concentration. 

(b) Protocol B: (b1) The two-step protocol. Potentials of +1.4 V (vs. Ag/AgCl) for 2 seconds and −0.7 V (vs. Ag/AgCl) for 2 
seconds were applied to the electrode, and the current was monitored every 4 seconds (red points); (b2) Amperometric re-
sponse. Methylcobalamin (0, 1, 3, 10, 30, 100 nM dissolved in PB solution) was added in stages. The measurements were made 
when the current had reached a steady state, and is shown by the red arrows; (b3) The variation in steady-state current with 
methylcobalamin concentration. 

(c) Protocol C: (c1) The three-step protocol. Potentials of +1.4 V (vs. Ag/AgCl) for 2 seconds, −0.7 V (vs. Ag/AgCl) for 2 seconds, 
and 2.0 V (vs. Ag/AgCl) for 1 second were applied to the electrode.  The current was monitored every 5 seconds (red points)., 
(c2) Amperometric response. Methylcobalamin (0, 1, 3, 10, 30, 100 nM dissolved in PB solution) was added in stages. The 
measurements were made when the current had reached a steady state, and is shown by the red arrows; (c3) The variation 
in steady-state current with methylcobalamin concentration. The slope and r2 of the regression line are shown. 

 

Optimization of the in vitro measurement protocol  

In order to optimize the measurement protocol for in vivo 
measurements, continuous in vitro measurements by chron-
oamperometry were conducted using BDD microelectrodes 
(Figure S4).  Here, 3 different protocols (1 step, 2 steps, and 
3 steps) were investigated (Figure 2(a1), 2(b1), and 2(c1)).  
For each protocol, the current at the reduction potential of 
methylcobalamin, −0.7 V (vs. Ag/AgCl) (red points) was 

measured, after the adding drops of methylcobalamin.  Cal-
ibration curves, i.e., the dependence of current on the con-
centration of methylcobalamin, is plotted for each protocol 
in Fig. 2(a3), 2(b3), and 2(c3).  

Protocol A is a single-step process. The potential was fixed 
at −0.7 V (vs. Ag/AgCl), and the current was monitored 
every 4 seconds. The background current increased gradu-
ally even without methylcobalamin (Figure 2(a2)), and the 
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current with methylcobalamin was unstable and independ-
ent of the concentration (Figure 2(a3)). Protocol B is a two-
step process. In order to supply oxygen and to stabilize the 
background current, a positive potential (+ 1.4 V (vs. 
Ag/AgCl)) was applied for 2 seconds before the measure-
ments at −0.7 V (vs. Ag/AgCl).  Protocol C is a three-step pro-
cess. After the measurements at −0.7 V (vs. Ag/AgCl), −2.0 V 
(vs. Ag/AgCl) was applied for 1 second to initialize the sur-
face termination to hydrogen.   

The relative standard deviation of the background current 
for 200 seconds before adding drops of the methylcobala-
min indicates that the current measured using Protocol C 
was more stable compared to Protocols A and B (Figure 2, 
Figure S5).  Furthermore, a good linear calibration curve 
was obtained for Protocol C. To initialize the surfaces of the 
BDD electrodes, control of the surface termination is im-
portant, because the electrochemical performance depends 
on the surface termination.35-37  

Typical surface terminations are hydrogen-termination and 
oxygen-termination. BDD produced by chemical vapor dep-
osition (CVD) system is terminated by hydrogen due to syn-
thesis in a hydrogen ambient.  The hydrogen termination 
can be oxidized to oxygen-termination by anodic oxidation 
(AO) treatment or exposing the BDD to an oxygen plasma, 
and so on.  On the other hand, the conversion from oxygen-
termination to hydrogen-termination can be achieved by ca-
thodic reduction (CR) or exposing it to a hydrogen plasma.   

When the measurement is made, the surface should always 
have identical termination to give accurate current values.  
When the surface termination is unstable, incorrect values 
are obtained. First, we need to understand how the surface 
termination varies using Protocols A, B, and C.  Here, CVs of 
a 1 mM K4[Fe(CN)6] redox couple were measured.  After op-
eration for 1 hour, the CVs were acquired again just before 
collecting the data (at −0.7 V (vs. Ag/AgCl)) (Figure 3). The 
separations between the peaks, ΔEp, are summarized in Fig-
ure 3(b).  With Protocol A and C, the values of ΔEp were iden-
tical before and after operating for 1 hour (Figure 3(a1), 
3(a3)). In contrast, for Protocol B, ΔEp increased from 86 mV 
to 168 mV after 1 hour operation, suggesting that the BDD 
surface had become more oxygen-terminated (Figure 
3(a2)).  That is, we demonstrated that the application of al-
ternate positive and negative potentials in addition to ap-
plying the methylcobalamin reduction potential (−0.7 V vs. 
Ag/AgCl) successfully maintained the BDD surface termina-
tion. Because, moreover, the calibration curve (methylco-
balamin concentration dependence) for Protocol C shows 
good linearity (Figure 2(c3)), Protocol C (three-step pro-
cess) was selected as the optimum one. 

Next, each parameter in Protocol C, i.e. the positive poten-
tial, the measurement potential, and the negative potential, 
was optimized.    

First, the applied positive potential was optimized by CV 
measurements after applying various positive potentials 
from 0.0 V to +1.5 V.  The current obtained at −0.7 V (vs. 
Ag/AgCl) after the various applied potentials is plotted in 
Figure S5.  Higher currents were obtained when the applied 
potential was more than +0.8 V (vs. Ag/AgCl).  Thus, the op-
timum applied potential was fixed at +1.4 V (vs. Ag/AgCl). 
Note that oxygen generated by the positive potential can 
also contribute to the reduction reaction of methylcobala-
min at −0.7V~−0.8V (vs. Ag/AgCl) via a catalytic mechanism 
involving oxygen reduction, as mentioned above.  The re-
sults in Figure S6 suggest that the oxygen contribution can 
be generated by applying potentials greater than +0.8 V (vs. 
Ag/AgCl), so the oxygen generation at +1.4 V (vs. Ag/AgCl) 
is beneficial.  That is, application of a positive potential not 
only provides the means for oxidation of the surface (change 
in termination) but also enables the generation of catalytic 
oxygen for the methylcobalamin reduction reaction.   

Second, the measurement potential for data collection, i.e., 
the reduction potential of methylcobalamin, was optimized 
by making measurements in the range from −0.6 V (vs. 
Ag/AgCl) to −1.0 V (vs. Ag/AgCl) (Figure S7).  With poten-
tials from −0.8V to −1.0 V (vs. Ag/AgCl), the calibration 
curves were nonlinear due to interference by the oxygen re-
duction reaction (Figure S7(a3), S7(a4)).  Linear calibration 
curves were obtained in the case of −0.6 V and −0.7 V (vs. 
Ag/AgCl) (Figure S7(a1), S7(a2)), and the best analytical 
performance was obtained at −0.7 V (vs. Ag/AgCl) (Figure 
S7(a2)), which showed less errors and a low limit of detec-
tion (LOD) of 0.09 nM (Figure S7(b) and S7(c)).  Therefore, 
the optimum measurement potential for data collection was 
fixed at −0.7 V (vs. Ag/AgCl).  

Third, the applied negative potential was optimized in the 
range from −1.0 V (vs. Ag/AgCl) to −2.0 V (vs. Ag/AgCl) (Fig-
ure S8).  The best result was obtained with the potential at 
−2.0 V (vs. Ag/AgCl), while the calibration curves at −1.0 V 
(vs. Ag/AgCl) and −1.5 V (vs. Ag/AgCl) were nonlinear. Elec-
trochemical cathodic reduction with BDD electrodes at neg-
ative potentials has been widely used to hydrogenate sur-
faces to obtain hydrogen termination.30 The results are con-
sistent with those given in our previous report in which we 
showed that a negative potential was needed for hydrogena-
tion by cathodic reduction. 

Taking the above results into account, the optimum protocol 
has the potential held at +1.4 V (vs. Ag/AgCl) for 2 s, stepped 
to −0.7 V (vs. Ag/AgCl) for 2 s, and then stepped to −2.0 V 
(vs. Ag/AgCl) for 1 s. 

 

 



 

 

  

 

Figure 3. Cyclic voltammograms in aqueous solutions of 1 mM K4[Fe(CN)6] in 0.1 M phosphate  buffer (PB) solution before 
and after operation for 1 hour using (a1) Protocol A, (a2) Protocol B, and (a3) Protocol C, respectively. The scan rates were 
0.1 V/s. (b) The peak separation (ΔEp) before and after operation. 

 

 

In vivo measurement of methylcobalamin in the cochlea 

Before the in vivo experiment, the calibration curve for 
methylcobalamin (1−10 nM) was acquired for each BDD mi-
croelectrode in vitro (Figure 4(a)(b)).  The optimum proto-
col (Protocol C) was used. Linear calibration curves for the 
methylcobalamin concentration were obtained for each 
BDD microelectrode, although the sensitivities of these 
were not the same due to individual differences between 
them (Figure 4(b)). 

We then used the BDD microelectrodes to determine 
whether or not systemically administrated methylcobala-
min can reach the cochlea in the inner ear of a guinea pig.   
The cochlea has a snail-like structure with three tubular 
chambers, which spiral from the base to the apex (Figure 
4(c)).  Two chambers, the scala tympani and scala vestibuli, 
contain perilymph whose ionic composition is similar to 
regular extracellular fluid, whereas the other chamber, the 
scala media, is filled with a K+-rich extracellular fluid, endo-
lymph.  There are several elements crucial for the correct 
neuronal function in the cochlea, including the sensory hair 
cells, ganglion neurons and the nerve fibers connecting 
these two components together. These are bathed in the 

perilymph of the scala tympani,38,39 so this space was se-
lected as the target for the measurement.  For comparison, 
we simultaneously monitored the response to the drug in 
the gracilis muscle of the right hind leg.  For this, we used an 
integrated system comprising two BDD microelectrodes 
(Figure 4c; also see Experimental Methods in Supporting In-
formation).   

One of the BDD microelectrodes was inserted into the coch-
lear perilymph of an anesthetized guinea pig while the other 
was inserted into the extracellular space of a leg muscle in 
the same guinea pig (Figure 4c).  Under controlled condi-
tions, cyclic voltammograms with the microelectrodes at 
each of these locations showed prominent anodic currents 
at potentials exceeding approximately 0.4 V (vs. Ag/AgCl) 
(Figure S9).  Negligible cathodic current was observed at 
negative potentials.  These characteristics were deemed un-
likely to interfere with electrochemical measurements of 
methylcobalamin, because the current arising in the pres-
ence of this drug occurs at negative potentials (at −0.7 V (vs. 
Ag/AgCl) in the in vitro study (see Figure 1)). 
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Figure 4.  In vivo detection of methylcobalamin in a guinea pig. 

(a and b) In vitro calibration of the BDD microelectrodes for measurements in the cochlea (electrode E1) and leg muscle 
(electrode E2).  The protocol provided for the electrodes was Protocol C (Figure 2(c1)) (+1.4 V (vs. Ag/AgCl) for 2 seconds, 
−0.7 V (vs. Ag/AgCl) for 2 seconds, and −2.0 V (vs. Ag/AgCl) for 1 second)).  Methylcobalamin (1−10 nM dissolved in PB 
solution) was added incrementally to the electrolyte; the cathodic current at −0.7 V (vs. Ag/AgCl) for each drug concentration 
was measured (red points in Figure 2(c1)).  The steady-state current (shown by the arrows in (a)) is plotted against the drug 
concentration in (b).  The slope and r2 of the regression line for each electrode are shown. 

(c) The in vivo experimental setup.  A schematic illustration of the cochlea is shown on the right.  The system we developed 
included two boron-doped diamond (BDD) microelectrodes; each electrode was inserted into the perilymph in the scala tym-
pani (ST) or into the extracellular space in the gracilis muscle of the right hind leg.  A microcapillary containing the reference 
and counter electrodes (RE and CE) was placed in the ST in the vicinity of the BDD microsensor.  SM; scala media, SV; scala 
vestibuli, StV; stria vascularis. 

(d and e) In vivo assay in a live guinea pig.  The current in the cochlear perilymph of the scala tympani (blue) and that in the 
leg muscle were measured with the calibrated BDD microelectrodes E1 and E2, respectively.  Protocol C (Figure 2(c1)) was 
applied to the microelectrodes.  10 mg kg−1 methylcobalamin was injected into the right external jugular vein 30 min (filled 
arrowhead in (d)) after starting recording.  Then, 5 mg kg−1 doxorubicin was injected via the same route.  The trace in the 
boxed region in (d) is enlarged in panel (e).  Methylcobalamin concentrations in the cochlea and the muscle (blue and red 



 

axes, respectively, on the right hand side) were obtained using the calibration curves in (b), as mentioned in the main text.  
The blue and red dotted lines indicate the ‘in vivo’ limits of detection for microsensors E1 and E2, respectively.  These values 
were obtained as described in ‘Experimental Methods’(Supporting Information). 

For local measurement of the methylcobalamin (Figure 4d), 
we switched to the aforementioned chronoamperometry 
conditions and the steady-state response at −0.7 V (vs. 
Ag/AgCl) was recorded every 5 seconds.  The background 
current measured in the absence of the drug gradually 
changed and became stable around 15 min after the start of 
recording.  A solution containing methylcobalamin (10 mg 
kg−1) was injected into the left external jugular vein in the 
guinea pig 30 min after starting recording.  In the cochlear 
perilymph, little action was observed over a period of 120 
min after injection.  On the other hand, there was a marked 
response in the muscle, as follows.  The current began to in-
crease immediately after injection of the drug and reached 
a maximum of −1.3 nA in approximately 45 min.  Then, there 
was a gradual and moderate decrease in current.  To esti-
mate the drug concentration from the in vivo response, the 
average value of the background current recorded for 10 
min before injection was set as the baseline for the calcula-
tion by means of the calibration curves shown in Figure 4b.  
The maximum drug concentration during the measurement 
in the muscle was 0.4 µM (Figure 4d, right y axis).  Further-
more, 150 min after starting recording, doxorubicin (5 mg 
kg−1), which has been found in in vitro experiments to give 
rise to a cathodic current with a BDD electrode at −0.7 V (vs. 
Ag/AgCl),30 was injected into the vein (Figure 4d).  The in-
jection resulted in a rapid and immediate increase in cur-
rent in both the cochlea and the muscle.  This observation in 
the cochlea was similar to the result obtained in our earlier 
work (Figure 4e).30 

The magnitudes and patterns of the background noise in the 
cochlear perilymph and the leg muscle are clearly different.  
Furthermore, the properties of the BDD microelectrode 
used in the cochlea differed from those of the BDD microe-
lectrode used in the muscle.  Therefore, for the experiment 
illustrated in Figure 4d, we calculated the ‘in vivo’ limit of 
detection (LOD) for each microelectrode from the back-
ground current and the slope of the in vitro calibration curve 
(see Methods in Supporting Information).  In the cochlea, 
the measurements from the time of methylcobalamin injec-
tion to that of doxorubicin injection never reach the LOD 
value.  On the other hand, in the muscle most of the meas-
urements clearly exceed the LOD value.  The pharmacoki-
netics, i.e., declining kinetics of methylcobalamin in the leg 
muscle in Figure 4d is discussed in Supporting Information 
(see also Figure S12 and Table S1 in Supporting Infor-
mation). 

In the in vivo experiment described above, the sensitivity to 
the drug of the BDD microelectrode in the cochlear peri-
lymph was lower than that for the muscle (Figure 4(a)(b)).  
In light of this, two additional guinea pigs were tested for 
local measurements of methylcobalamin with the same ex-
perimental protocol as in Figure 4.  In each guinea pig, we 
used a pair of different BDD microelectrodes characterized 
as follows; the slope of the calibration curve of the microe-
lectrode used for the cochlea was larger than that used for 
the muscle (Figure S10(b)(e)).  As shown in Figure 
S10(c)(f), the results obtained at the two separate locations 
in both animals were similar to the observation displayed in 

Figure 4d.  Parameters characterizing in vivo pharmacoki-
netics of methylcobalamin in the muscle for three tested an-
imals are described in Supporting Information (Figure S11 
and Table S1).  Considering all these results, we can con-
clude that the concentration of the drug was below the detection 

limit of the BDD microelectrodes in the perilymph but it was 

clearly measured in the muscle.   

The clinical dose for single administration of methylcobala-
min is typically 500 µg or approximately 10 µg kg−1.40  In this 
study, when a larger dose (10 mg kg−1) was intravenously 
injected into normal guinea pigs, the concentration in the 
cochlear perilymph of the scala tympani never exceeded the 
LOD of the BDD microelectrodes (0.006–0.04 nM) (Figure 4 
and Figure S10).  Therefore, the amount of the drug reaching 
the cells and tissues immersed in the perilymph, such as the 
sensory hair cells, neuronal fibers, and ganglion neurons, 
was likely to be negligible.  Thus, the function of the blood-
labyrinth barrier can be compared to that of the blood-brain 
barrier, which allows the permeation of compounds with 
molecular weights up to 400–800 g mol−1 41,42; this maxi-
mum limit is less than the molecular weight of methylcobal-
amin (1344.4 g mol−1).43  On the basis of these observations, 
the likely target(s) of methylcobalamin are the following.  
The first candidates are the afferent and/or efferent nerves 
outside the cochlea.  Secondly, the drug could pass through 
the capillary endothelial cells of the epithelial tissue, the 
stria vasularis, and be conveyed into the endolymph in the 
scala media (see Figure 4c), where the apical surfaces of 
sensory hair cells are exposed.  Indeed, on this pathway sys-
temically administrated aminoglycosides enter the hair 
cells and destroy them.44  Alternatively, we cannot rule out 
the possibility that a metabolite of methylcobalamin that is 
undetectable by the BDD microelectrode, can reach inside 
the cochlea and elicit a therapeutic activity.  In addition, the 
pathological sources for deafness such as inflammation, vi-
rus or bacterial infection, and acoustic trauma, may modu-
late the structure of the blood-labyrinth barrier and in-
crease the permeability for methylcobalamin.  Further stud-
ies using the microsensing system developed in this study 
will enable us to more precisely determine the target of the 
drug and help clarify the mechanism of the pharmacothera-
peutic process. 

 

Conclusions 

In the present work, we developed a novel method to realize 
in vivo real-time simultaneous examinations of the drug ki-
netics at two separate locations using boron-doped dia-
mond (BDD) microelectrodes.  An optimized protocol was 
applied to carry out real-time measurements inside the 
cochlea and leg muscle in live guinea pigs that were system-
ically administrated with methylcobalamin.  It was found 
that the amount of methylcobalamin reaching the cochlea 
was likely to be negligible, while it does reach the leg mus-
cle. The results of this study demonstrate that it is possible 
to make “in vivo real-time simultaneous examinations of 
drug kinetics at a number of separate locations in various 
organs”. 
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