
Abstract. Background/Aim: Efficient drug encapsulation and
regulation of drug release are important factors for sustained
drug release and application for release-controlled anti-cancer
and anti-inflammatory drug delivery. In the present study, a
direct evaluation system for drug-release from model carrier
(e.g., alginate-gel beads) was examined using the mitochondrial
oxygen consumption rate as an index. Materials and Methods:
Alginate-gel beads were coated with the uncoupler SF6847 (SF
beads) and used as a model microparticle-type drug. The real-
time monitoring of SF6847 release from prepared alginate-gel
beads was performed using the mitochondrial oxygen
consumption rate. Release profiles of nonsteroidal anti-
inflammatory drugs [NSAIDs, mefenamic acid (MEF) and
diclofenac (DIC)] from alginate-gel beads as well as SF beads
were investigated using the real time monitoring system.
Results: SF6847 release from alginate-gel beads was clearly
detected using the rat liver mitochondrial oxygen consumption
rate. The release features of MEF and DIC from alginate-gel
beads were defined by the present trial monitoring system, and
these NSAIDs exhibited different release profiles. Conclusion:
The present drug monitoring system detected released drugs,
and the release profile reflected the molecular properties of the
test drugs. This system may be applied to the design and
development of precise sustained drug release systems (e.g.,
anti-cancer and anti-inflammatory drugs). 

Microspheres and fine particles called micro- and nanoparticles
have been used as drug carriers in the development of drug
delivery systems (DDS). The behavior of these particles may
be controlled by adjusting their size and surface properties (e.g.,
hydrophobicity, charge, and chemical modifications). Their

binding affinities for target molecules may also be controlled
by introducing specific ligands to their surfaces. Liposomes are
one of the most frequently used drug carriers (1), and
immunoliposomes (2, 3), amphisomes (4), proteoliposomes (5),
peptide-tagged liposomes (6-9), and lectin-modified liposomes
(10) have also been employed. 

The aim of drug delivery using microparticle carriers such as
liposomes, is to release a drug at its target site. These
microparticles cannot sufficiently exert their function simply by
reaching the target site, and, thus, an appropriate drug
concentration needs to be maintained at the target site. The
construction of a real-time drug release monitoring system is
very useful for efficient DDS formulations. The controlled
release of active agents (e.g., anti-cancer drugs and hepatotoxic
drugs) is important for improving the quality of life of patients.
In experiments on drug-induced liver injury (DILI), we
previously demonstrated that mitochondria responded sensitively
to several mitochondrial inner membrane permeability transition-
inducing drugs and showed rapid oxygen consumption (11, 12).
In the present study, we developed a real-time drug release
monitoring system using the mitochondrial oxygen consumption
rate. Release properties from the carrier were used as an index
to measure the utility of the drug delivery system. Therefore, we
investigated the release of encapsulated drugs from the carrier
matrix using a directly detectable system. Drug carrier alginate
gel beads were prepared and the release profiles of uncoupling
agents (e.g., SF6847, MEF, and DIC), which exert an uncoupling
effect on the electron transport chain of the mitochondrial inner
membrane, were examined using mitochondrial oxygen
consumption rate as an index. 

Materials and Methods

Preparation of SF6847-encapsulated alginate gel beads. SF6847 was
added to a 1% (w/v) sodium alginate solution containing 25% (v/v)
DMSO to a final concentration of 20 μM and then completely
mixed. One milliliter of the solution was dropped into gelatinization
solution [0.3M CaCl2, 25%(v/v) DMSO] using a syringe equipped
with 21G needle, and then incubated for the specified time (5, 10,
30, and 60 min) at room temperature. The SF-beads prepared were
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briefly rinsed with ultra-pure water and then used after the removal
of excess fluid. The amount of SF6847 in the alginate-gel beads was
evaluated based on the measurement of the absorbance at 450 nm
(A450) of the solution for alginate-gel beads preparation. Briefly,
after the preparation of alginate-gel beads the A450 of gelatinization
solution was measured, and the concentration of SF6847 was
assessed based on the standard curve for SF6847 concentration
against A450. After calculation the concentration of SF6847 in the
gelatinization solution, encapsulation efficiency was evaluated.

Monitoring of SF6847 release from alginate-gel beads. The real-time
monitoring of SF6847 release from alginate-gel beads was performed
using the mitochondrial oxygen consumption as an index. Isolation of
mitochondria from the rat liver was conducted as previously described
(13, 14). Mitochondria were incubated in inorganic Pi-containing
medium [+Pi medium: 200 mM sucrose, 10 mM K3PO4-KH2PO4
(K/Pi) buffer, pH 7.4] at a final protein concentration of 0.7 mg/ml, and
energized by 10 mM succinate, 1 μg/ml rotenone, and 2 μM ruthenium
red (RR: calcium uniporter inhibitor). Freshly prepared SF-beads were
added to the mitochondrial suspension, and mitochondrial oxygen
consumption was monitored using the Clark oxygen electrode (Yellow
Spring 5331, Yellow Springs Instrument Co. Inc., Yellow Springs, OH,
USA). The velocity of mitochondrial oxygen consumption was
monitored, and the amount of SF6847 released was assessed using the
oxygen consumption rate. The relationship between the concentration
of SF6847 and the oxygen consumption rate was investigated. 

Real-time monitoring of drug release from alginate-gel beads.
Mefenamic acid (MEF)- or diclofenac (DIC)-encapsulated alginate-
gel beads (designated as NSAIDs-beads) were prepared as well as
SF-bead preparation, and sodium alginate solution was mixed with
NSAIDs [10 mM MEF or 10 mM DIC in 1% (w/v) sodium alginate
solution containing 5% (v/v) DMSO]. The NSAID-beads were
added to the mitochondrial suspension, and the release of
encapsulated NSAIDs was evaluated using the mitochondrial
oxygen consumption rate with a Clark oxygen electrode. 

Results
Characteristics of SF6847-encapsulated alginate-gel beads.
The alginate-gel beads prepared were spherical with a
diameter of 1.5 mm, and no significant differences were

observed in their shape or size with or without SF6847
encapsulation (Figure 1). The shape and size of the alginate-
gel beads prepared did not change following incubation at
25˚C for 20 min. The gelling time of SF6847-encapsulated
beads affected the encapsulation efficiency of SF6847, with
efficiency of 51.1% in a 5-min gelling time. Efficiency
decreased to 19.2% with 30-min gelling-time, and was
unchanged by a 60-min gelling-time (Figure 2). 

Real-time monitoring of SF6847 release from alginate-gel
beads. The alginate-gel beads prepared enhanced
mitochondrial oxygen consumption (c: SF6847-free control
beads in Figure 3A) because control beads were constructed
using calcium (0.3 M CaCl2)-containing gelatinization
solution, and calcium-induced mitochondrial permeability
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Figure 1. Alginate-gel bead. Prepared alginate-gel beads were observed by an inverted microscope (CKX41, Olympus, Tokyo, Japan). A) control
alginate-gel bead without SF6847 (control bead). B) SF6847 encapsulated alginate-gel bead (SF bead).

Figure 2. Effect of gelling time on the encapsulation efficiency of SF6847.
The encapsulation efficiency at each gelling time (5, 10, 30, and 60 min)
was determined based on SF6847remained in the gelling solution.



transition then occurred. Control beads-induced mitochondrial
oxygen consumption was suppressed by the calcium uniporter
inhibitor ruthenium red (RR) (a: 2 μM RR pretreatment in
Figure 3A). In the absence of control beads (b), the
mitochondrial oxygen consumption rate was similar to that in
the RR-pretreated condition (a). 

In the RR (2 μM)-pretreated condition, the addition of SF
beads with a gelling time of 5 min (Figure 3B) (f) or 10 min
(e) enhanced mitochondrial oxygen consumption more than
that of control beads (d). The oxygen consumption rate was
significantly increased by the addition of SF6847 (100 nM) (g). 

Relationship between SF6847 concentration and oxygen
consumption. The oxygen consumption rate increased in a
SF6847 concentration-dependent manner (Figure 4A). The
oxygen consumption rate with the addition of 100 nM
SF6847 was set to 100%, and the oxygen consumption ratio
of each SF6847 concentration was obtained (Figure 4B). The
oxygen consumption rate increased in a SF6847 dose-
dependent manner until 25 nM. At concentrations higher
than 25 nM, the oxygen consumption rate reached 100%. 

Based on the relationship between the concentration of
SF6847 and the oxygen consumption rate, the time course of
SF6847 release from SF beads was elucidated (Figure 5).
The release profile of SF6847 from SF beads was dependent
on the gelling conditions, with release being more gradual
from beads with a gelling time of 10 min (b) than 5 min (a).

Real-time monitoring of NSAID release from alginate-gel
beads. MEF and DIC exhibited mitochondrial uncoupling
activities as SF6847, and dose-dependently enhanced
mitochondrial oxygen consumption (MEF: 0-30 μM and

DIC: 0-100 μM) (11). The real-time monitoring of MEF and
DIC release from alginate-gel beads was performed using
mitochondrial oxygen consumption, and the gradual elution
of MEF from MEF-encapsulated beads was observed (open
circles in Figure 6). On the other hand, DIC was rapidly
eluted from the DIC-encapsulated beads (closed circles). The
release features of the NSAIDs tested from encapsulated
alginate-gel beads were assigned by the mitochondria applied
drug monitoring system. 

Discussion

We herein attempted to construct a system for evaluating drug
release from pharmaceuticals using mitochondrial response to
the drugs released. Alginic acid-gel beads were prepared by
gelling alginic acid, a polysaccharide contained in brown
algae, and the beads obtained were then used as a drug carrier
model. The SF6847 elution profile from SF6847-encapsulated
alginate-gel beads (SF beads) was measured using the
mitochondrial oxygen consumption rate as an index (15, 16).
The release of SF6847 from SF beads was directory detectable
in the present monitoring system. The gelation time affected
the amount of SF6847 taken up into the gel, and the
mitochondrial oxygen consumption rate varied depending on
the gelation time. The encapsulation amounts of drugs may be
regulated by controlling the gelation time. Surface-dried SF
beads exhibited a slower release of SF6847 than undried SF
beads. The SF6847 release rates of dried SF beads were 10.1
% (gelation time of 5 min) or 37.7% (gelation time of 10 min)
lower than those of undried SF beads (data not shown). The
gel surface became dry and hard, and the release of SF6847
was delayed.
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Figure 3. Real-time monitoring of SF6847 release from alginate-gel beads. Mitochondria (Mt) were suspended at a final protein concentration of 0.7
mg/ml in +Pi medium supplemented with 10 mM succinate and 1 μg/ml rotenone as respiratory substrates, and the change in dissolved oxygen was
monitored using Clark oxygen electrode (Yellow Spring 5331). A) Mitochondrial oxygen consumption in the presence of 2 μM Ruthenium red (RR) (a),
in the absence of alginate beads (b), in the presence of SF6847 free beads (control beads) without RR pretreatment (c). B) Mitochondrial oxygen
consumption with control beads in the presence of 2 μM RR (d), SF beads (10 min gelling) (e), SF beads (5 min gelling) (f), and SF6847 (100 nM) (g). 



The release of pharmaceuticals that promote
mitochondrial oxygen consumption, such as MEF and DIC,
from a carrier may be directly evaluated. NSAID-
encapsulated alginate-gel beads (MEF or DIC beads) were
prepared, and the release features were analyzed using

mitochondrial oxygen consumption as an index. Gradual
MEF release and rapid DIC release from alginate-gel beads
were observed. Furthermore, drug release from gel beads
was affected by the type of encapsulated drug. The release
profiles of MEF and DIC from other types of drug delivery
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Figure 5. Time course of SF6847 release from SF beads. SF6847 release
from SF beads after 5 min (closed circles), 10 min (open circles) gelling
was monitored, and released SF6847 was calculated as in Figure 4B. 

Figure 6. Real-time monitoring of NSAID release from alginate-gel
beads. Elution profile of NSAID (open circles: MEF, closed circles:
DIC) was determined using the mitochondrial oxygen consumption rate.
Concentration of each eluted NSAID was calculated every min using
the calibration curve of each NSAID as well as SF6847. 

Figure 4. SF6847 dependent mitochondrial oxygen consumption. Mitochondrial oxygen consumption rate was monitored as in Figure 3. The basal
oxygen consumption rate (state 4) was 25.8±1.6 atoms O/mg/min. Oxygen consumption in the presence of SF6847 (2, 5, 8, 10, 15, and 20 nM) is
shown (A). The consumption rate in the presence of 100 nM SF6847 was set to 100%, and the rate at each SF6847 concentration is plotted (B).
Results represent the mean±standard error obtained from 3 independent experiments.



carriers are currently being examined. The strategy of
utilizing the release profiles of interacting drugs from drug
delivery carrier is applicable to any drug combination, such
as anticancer drugs. Thus, a very beneficial dosing system
may be constructed. Even if drugs are simultaneously
administered, side effects may be avoided based on the
carrier selected, which may contribute to improvements in
the quality of life of patients.

The hydrophobicity of a drug is an important factor affecting
its ability to penetrate cell membranes and alginate gels.
Stereohydrophobicity (solvation free energy dGW) (a lower
dGW value means higher hydrophobicity) was previously
identified as a parameter for assessing the degree of
hydrophobicity derived from the three-dimensional structure of
a molecule (17-19). SF6847, a powerful uncoupler, has excellent
mobility in membranes and functions as a protonophore. The
dGW of SF6847 has been examined using a conformational
analysis, and the average value obtained was –62.92 kJ/mol,
which remained constant regardless of conformational changes
(11). During the conformation analysis, the dGW value of MEF
significantly changed, and the majority of MEF conformers
showed larger dGW values than the average dGW value of
SF6847 (11). The membrane effects of these MEF conformers
are considered to be weak. DIC showed a dGW value near or
below the average dGW value of SF6847 regardless of its
conformation (11), and DIC exerted similar membrane effects to
SF6847 in any conformation. DIC penetrated the membrane in
any conformation, and its elution from alginate-gel beads was
rapid due to its properties. Regarding MEF, only conformations
showing appropriate hydrophobicity penetrate the alginate gel,
and slow elution from alginate-gel beads was observed.

The system for evaluating drug release using
mitochondrial function may be employed to elucidate the
characteristics of drug carriers in detail. Even for a drug that
does not exert an uncoupling effect, release from a carrier
may be detected by including a probe that controls the proton
gradient. We are now conducting research to design and
develop this probe.
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