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Abstract
Extracellular Adenosine-5′-triphosphate (ATP) is an important multi-functional molecule which
can mediate numerous physiological activities by activating purinergic P2 receptors. The objective
of this study was to develop a novel optical ATP sensor for in-situ extracellular ATP measurement
in biological tissues. The optical ATP sensor was made by applying two layers of sol-gel coating
to the end of an optical fiber probe end. The first layer contained ruthenium complex for sensing
changes in oxygen concentration which resulted from oxidation of ATP by glycerol kinase and
glycerol 3-phosphate oxidase entrapped in the second layer. It was demonstrated that the optical
ATP sensor was capable of detecting ATP concentration at a broad range of 10−3 mM to 1.5 mM.
A compensation method was established to enable the optical sensor to determine ATP
concentration at different oxygen levels. This study also demonstrated the capability of ATP
sensor to measure extracellular ATP content in biological tissues (i.e., porcine intervertebral disc).
In addition, it was shown that the optical ATP sensor was not affected by pH and derivatives of
extracellular ATP. Therefore, the newly developed optical ATP sensor is a good option for in-situ
extracellular ATP measurement.
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INTRODUCTION
Adenosine-5′-triphosphate (ATP) is an important multi-functional molecule which was first
discovered in 1929 by Karl Lohmann and has long been recognized as “the molecular unit of
currency” (Knowles 1980; Lohmann 1929). ATP has two phosphate groups which release
energy when hydrolyzed, and this is the energy source for the metabolic activities of
ubiquitous organisms (Knowles 1980). When it is released to the extracellular environment,
ATP can mediate numerous physiological activities by activating purinergic P2 receptors
(ligand-gated ion channel) (Cook et al. 1997) which are widely distributed in the nervous
system, muscle, bone, endothelia and epithelia (Burnstock 2000; North 2002). In the
nervous system, ATP acts as a transmitter of the senses of pain (Cook et al. 1997),
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temperature (Souslova et al. 2000), and mechanical loading (Cockayne et al. 2000;
Vlaskovska et al. 2001) by activating P2X receptors. ATP also plays an essential role in
diseases, such as particular ischemia (Bush et al. 2000) and Parkinson’s disease (Przedborski
and Vila 2001). In addition, ATP can initiate and modulate calcification of cartilaginous
tissues (Felix and Fleisch 1976; Golub 2011; Hsu and Anderson 1996). It was found that 1
mM of ATP can promote tissue calcification, while higher ATP concentrations (e.g., 4 mM)
can inhibit calcification (Hsu et al. 1999). Therefore, the sensing of extracellular ATP in-
vivo has recently attracted increasing interest (Brown and Dale 2002; Schneider et al. 1999;
Seminario-Vidal et al. 2009; Trautmann 2009). However, the lack of efficient direct
measurement techniques limits future studies of the comprehensive role of ATP.

The luciferin-luciferase method for measuring ATP content is well known for its high
sensitivity and has been widely applied for ATP analysis (Rong et al. 2003). However, it is
only feasible to apply this method for ATP measurement in solution (Brown and Dale 2002).
Recently, amperometric ATP biosensors were developed to detect ATP using multi-
enzymatic reactions (Compagnone and Guilbault 1997; Katsu et al. 1994; Kueng et al. 2004;
Llaudet et al. 2005). The biosensor containing glucose oxidase and hexokinase was able to
determine ATP concentration in the presence of glucose with a detection sensitivity of 10nM
(Kueng et al. 2004). In that biosensor, glucose was catalyzed by hexokinase in the presence
of ATP, which reduced the production of hydrogen dioxide from oxidation of glucose by
glucose oxidase. Recent studies developed amperometric ATP biosensor based on sequential
enzymatic reactions of glycerol kinase (GK) and glycerol 3-phosphate oxidase (G3POX),
which broke down ATP and produced hydrogen dioxide (Katsu et al. 1994; Llaudet et al.
2005). In those biosensors, ATP concentration was determined by measuring electrical
current using a polarized platinum electrode which oxidized hydrogen dioxide to oxygen
and water. However, since those amperometric biosensors can be affected by many other
compounds that naturally exist in biological tissues such as ascorbate and glucose (Kueng et
al. 2004; Llaudet et al. 2005), it could potentially be problematic when they are used for in-
vivo measurements. To avoid this problem, in this study, an optical ATP biosensor was
developed using an optical oxygen sensing technique, based on fluorescence quenching of
excited ruthenium complexes, which determined changes in oxygen concentration during
enzymatic ATP breakdown. A compensation method was also developed to enable the new
ATP optical biosensor to determine ATP concentration at different oxygen levels after
calibration tests.

EXPERIMENTS
Materials

1. Tetramethoxysilane (TMOS), methyltrimethoxysilane (Me-TriMOS), GK, G3POX, poly
(ethylene glycol) (PEG), glycerol and Tris (4,7-diphenyl-1,10-phenanthroline) ruthenium
(II) bis (hexafluorophosphate) complex were obtained from Sigma (St. Louis, MO, USA).
Adenosine 5′-triphosphate sodium salt purchased from Sigma (St. Louis, MO, USA) was
used for making standard solution. Cyanoacrylate glue was obtained from Pacer Technology
(Rancho Cucamonga, CA, USA). NeoFox phase measurement systems were purchased from
Ocean Optic Co. (Dunedin, FL, USA). L-ascorbic acid was purchased from Sigma (St.
Louis, MO, USA).

Fabrication of ATP optical sensor
(a) Chemical mechanism—The mechanism of the ATP optical biosensor developed in
this study was based on the following sequence of enzymatic reactions (Murphy and Galley
1994):
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(1)

(2)

As shown in these enzymatic reactions, ATP can be catalyzed by GK to ADP in the
presence of glycerol and yields glycerol-3-phosphatewhich is further oxidized into
dihydroxyacetone phosphate by G3POX. During the second chemical reaction, oxygen is
consumed. Therefore, the ATP concentration can be determined by measuring changes in
oxygen concentration.

(b) Design of the ATP optical sensor—The ATP biosensor was fabricated by coating
two sol-gel layers on the tip of an optical fiber (Figure 1). In the first layer (i.e., oxygen
sensing layer), ruthenium complexes were entrapped in silicate matrix which was fixed to
the end of the optical fiber using cyanoacrylate glue (Figure 1). This layer was used to detect
change in oxygen concentration. On the top of the first layer, a layer of silicate matrix
containing G3POX and GK was coated (i.e., enzyme layer), yielding the ATP optical
biosensor. Glycerol and PEG were also included in the silicate matrix to stabilize the activity
of the enzymes (Llaudet et al. 2005). During the measurement, a semi-permeable silicate
matrix allowed ATP to diffuse into the enzyme layer and induce enzymatic reactions
described in the reactions (1) and (2). Since, due to chemical reactions, change in the oxygen
concentration in silicate matrix can alter the quenching of ruthenium complexes and thus
change the decay time of fluorescence emission (Lakowicz 2006; Lippitsch et al. 1988).
ANeoFox® phase measurement system was used to determine the decay time of
fluorescence emission of ruthenium complexes in this study. The precision of decay time
measurement is 0.000084μs. To test and calibrate the ATP sensor, a linear relationship
between the inverse of decay time and the standard ATP concentration was examined (see
the section of calibration test).

(c) Preparation of the oxygen sensing layer—The oxygen sensing layer was
prepared based on a modified version of the protocols previously described in literature
(McEvoy et al. 1996; McNamara et al. 1998; Xiong et al. 2010). Briefly, a silicate solution
was made by mixing 7μl of MeTri MOS, 13 μl of TMOS, 60μl of de-ionized water and 1μl
of 40mM HCl. The ratio of the reagents is essential for coating pore size and morphology.
Then the silicate solution was sonicated for at least 15 minutes and stirred for 1 hour. These
processes are critical to yield a firm and crack-free coating layer. A solution of ruthenium
complexes was made by dissolving ruthenium complexes in methanol (5.4 μg/μl). This
ruthenium complex solution was mixed with equal amounts of the silicate solution and
phosphate buffer solution (PBS) at pH 7.5. Immediately after applying a very thin layer of
cyanoacrylate glue on the end of the optical fiber, one microliter of the ruthenium complex-
silicate mixture was spread on the top of the cyanoacrylate glue layer. Cyanoacrylate glue
was used to provide a firm adhesion of the ruthenium complex-silicate layer on the optical
fiber and prevent detachment of the coating during measurement. The coated optical fiber
was left in ambient condition for 10 minutes before being stored at 4°Covernight. Once the
coating became solid, the probe was ready for coating the second enzyme layer or was used
for measurement of oxygen concentration.

(d) Preparation of the enzyme layer—Similar to the oxygen sensing layer, a silicate
solution was prepared as described in the previous section and used to entrap enzymes in the
second layer (Figure 1). GK and G3POX were dissolved in PBS with a supplement of PEG
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and glycerol. The enzyme concentration depends on the ATP concentration range to be
measured, varying from 500–1500 units/ml of each. PEG is well known for its ability to
form crosslinks (Kulkarni et al. 2005) which help to immobilize enzymes and maintain
enzymatic activities. The silicate solution and the enzyme solution were then mixed at a 1:1
ratio. One microliter of the enzyme-silicate mixture was immediately spread on top of the
oxygen sensing layer to complete the ATP biosensor. The biosensor was ready for ATP
measurement after overnight storage in a 4°C environment away from light. To maintain
enzymatic activity, the biosensor was stored in PBS with 2 mM glycerol after re-hydration.

Calibration test of the ATP sensor
Oxygen sensing is based on the fluorescence quenching of ruthenium complex in the
presence of oxygen which can be described by the Stern-Volmer equation:

(3)

where τ0 and τ are the decay times in the absence and presence of oxygen, respectively, Ksv
is the Stern-Volmer quenching constant, and [O2] is the oxygen concentration. The decrease
in the oxygen concentration (Δ[O2]) due to the enzymatic reactions was assumed to be
linearly proportional to the ATP concentration ([ATP]):

(4)

where k is the enzymatic reaction parameter which is a function of initial oxygen level and
enzyme concentration. In the presence of ATP, the quenching of ruthenium complex in the
coating can be described by:

(5)

When the reference oxygen level ([O2]) and the enzyme concentration in the coating remain
constant, the enzymatic reaction parameter k can be assumed to be a constant. Based on Eq.
5, a linear relationship between the inverse of decay time and the ATP concentration can be
derived as:

(6)

where  and .

In the calibration test, the ATP biosensor was connected to the NeoFox phase measurement
system which determined the decay time of fluorescence emission at the wavelength of 600
nm by exciting ruthenium complexes with an impulse light (44 kHz) at the wavelength of
465 nm. The resolution of decay time measurement was 10−4 sec. The biosensor was
immersed in the PBS containing 2 mM glycerol in a beaker. A magnetic stirring bar was
used to stir the solution to distribute all solutes uniformly. After a reference decay time was
established, a stock ATP solution of 1 mM was added to achieve designated ATP
concentrations in the PBS. The decay time was measured for individual ATP concentrations
to determine the linear relationship described in Eq. 6. The stability of the ATP sensor was
also studied. The responses of three sensors to zero and 200 μM ATP were measured for
five consecutive days. The sensors were stored in PBS contain 2 mM glycerol at 4°C
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between measurements. The stability of the ATP sensor was analyzed by comparing the
difference in the inverse of decay time between the responses to zero and 200 μM ATP.

Examination of the effects of pH on the ATP biosensor
pH in biological tissues may be different from that in the in-vitro calibration condition. This
difference may affect the in-situ measurement of the biosensor. Therefore, it is necessary to
either calibrate the biosensor under the same conditions as biological tissues or develop a
method to compensate for the possible effect that might be introduced by the difference in
pH. In this study, the effect of pH on the biosensor measurement was examined by adding
an acidic solution to alter the pH in the PBS solution during the calibration test described in
the previous section. Then, the measurements of the ATP biosensor at different pH was
recorded and normalized for comparison.

Examination of the effects of ADP, AMP, adenosine, and ascorbate on the ATP biosensor
Extracellular ATP is often hydrolyzed into ADP, AMP, or adenosine by ectonucleotidases
(Meghji et al. 1992). Those adenine nucleotides may coexist with ATP in biological tissues.
In addition, previous study showed that ascorbate affects ATP measurement of
amperometric biosensors (Katsu et al. 1994; Kueng et al. 2004; Llaudet et al. 2005).
Therefore, the effects of ADP, AMP, adenosine and ascorbate on the ATP biosensor were
examined on three sensors in this study.

Compensation of the ATP biosensor under different oxygen levels
As described in Eq. 6, a linear relationship between the inverse of decay time and the ATP
concentration can be established at the same initial oxygen level. Due to differences in tissue
material properties, tissue oxygenation varies among different biological tissues. In order to
measure ATP concentration under different oxygen levels, a compensation method was
developed based on the following mathematical background. It was assumed that the
chemical reaction parameter k in Eq. 6 is a function of the oxygen level [O2]:

(7)

where C and D are the material constants. After Ksv, τ0, C, and D are experimentally
determined, Eq. 6 can be used to determine the ATP concentration (i.e., [ATP]) based on the
measurements of the oxygen level (i.e., [O2]) and the delay time (i.e., τ). To test this
compensation method, Ksv, τ0, C, and D for the ATP biosensor were determined from two
calibration tests conducted at the oxygen levels of 10% and 20%. Experimental data
obtained from another calibration test at the oxygen level of 15% were used to verify the
compensation method. An oxygen regulated incubator was used to provide desired oxygen
conditions.

In situ measurement of extracellular ATP in porcine intervertebral disc
To test the capability of the ATP biosensor to measure ATP level in biological tissue, the
measurement of extracellular ATP was performed on lumbar intervertebral discs of 12
month-old pigs obtained within 3 hours of sacrifice. Functional spinal units (FSUs) were
isolated as described in our previous study (Fernando et al. 2011). The harvested FSUs were
then placed and cultured in custom built chambers overnight at 37°C with continuous
circulation of culture medium. After overnight culture, a transversal cut was made at the
mid-disc height of the FSUs and the nucleus pulposus region was exposed to the ambient
condition (20% oxygen level). In order to avoid temperature effect, the ATP measurement
was performed using the ATP biosensor when the temperature of the tissues was reduced to
the same level as the calibration test of the sensors (i.e., ambient temperature). The
temperature of tissues was monitored using a thermometer. An extra sensor was prepared
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without the second enzyme layer for determining in-situ oxygen level at the same locations.
Calibration of the sensors was performed at the oxygen levels of 10% and 20%. In addition,
based on our pilot study, the decay time returned to original value at zero ATP level after the
sensors were washed in PBS solution with stirring for 10 minutes between measurements.
This was applied to prevent carry over effect.

RESULTS
Calibration test of the ATP biosensor

In the calibration test, when ATP diffused into the enzyme layer of the biosensor, catalysis
of ATP decreased local oxygen concentration and thus increased the decay time of
fluorescence emitted by theruthenium complexes. Typical response and calibration curve of
the ATP biosensor for different ATP concentrations are shown in Figure 2. The rising part
of the decay time in the response curve of the ATP biosensor reflected diffusion of ATP into
the enzyme layer and initiation of the chemical reactions which reduced the local oxygen
partial pressure to a certain level (Figure 2a). The inverse of decay time was linearly
proportional to the ATP concentration (Figure 2b) as described in Eq. 6. As shown in Figure
2b, the calibration was performed 3 times within 6 hours and small standard deviations
indicated the sensor had a good repeatability. By changing the concentration of enzymes, the
ATP sensor can be used for different measuring ranges. Based on our experiments, the ATP
biosensor had a low detecting limit of 10−3 mM (Figure 2c) and saturated at 1.5 mM (Figure
2d).

The effects of ADP, AMP, adenosine, ascorbate and pH on the ATP biosensor
To examine the effect of ADP, AMP, and adenosine, three ATP biosensors were first
equilibrated in the PBS solution without ATP and other adenine nucleotides and then a stock
solution of either ADP, AMP, or adenosine was added to a final concentration of 200 mM in
the PBS and the decay time was recorded. It was found that the ATP biosensors developed
in this study exhibited no responses to adenosine, AMP and ADP (Figure 3a). Similarly,
ascorbate (400 μM) did not exhibit any effect on the ATP biosensors (data not shown).

For the pH test, the responses of three ATP biosensors were tested at the ATP concentration
of 100 μM. The values of pH were chosen based on pH in the normal organism tissues
which mostly varies from 6.5–7.5 (Gerweck and Seetharaman 1996). No significant effects
of pH were found on the ATP biosensors (Figure 3b). This is consistent with the previous
study (Llaudet et al. 2005).

Compensation of the ATP biosensor under different oxygen levels
To verify the compensation method proposed in this study, Ksv, τ0, C, and D for the ATP
biosensor determined from the calibration tests at oxygen levels of 10% and 20% were used
to predict the experimental data obtained at the oxygen level of 15% (Figure 4a). After the
parameter A (the slope of calibration curve) at different oxygen levels was determined from
the calibration tests (Figure 4a) and the decay times obtained at zero ATP concentration
from different oxygen levels were used to determine Ksv and τ0 using Eq. 3, the parameter k
was calculated based on Eq. 6. A linear relationship between the parameter k and the oxygen
concentration was found between 10% and 20% oxygen levels (Figure 4b) as described in
Eq. 7. Furthermore, the errors in the ATP measurement by the compensation method for the
oxygen level of 15% were found to be less than 5% at different ATP levels (Figure 4c).

Sensor Stability
The responses of three sensors to 200 μM ATP solution were examined for five consecutive
days. The signal strength of florescence, which is defined as the difference between the
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inverse of decay times measured at 0 and 200 μM ATP, gradually decreased and fell to
about 65% at day 5 compared to day 1 (Figure 5). This may mainly attribute to the diffuse
out of enzyme loosely entrapped at the top of the coating layer (Kueng et al. 2004).

Measurement of extracellular ATP in porcine intervertebral disc
Typical responses of the oxygen and ATP sensors during the extracellular ATP
measurement in the nucleus pulposus region of the porcine intervertebral disc were shown in
Figure 6. After the tissue was exposed to the ambient condition (i.e., 20% oxygen) for a
certain time (about 10 min), the oxygen level was still less than the ambient oxygen level
(20%)(Figure 6). The differences in oxygen measurement between the ATP and oxygen
sensors indicated oxygen consumption by enzymatic ATP breakdown and were used to
determine ATP concentration using Eq. 4 with k determined from the calibration tests at
10% and 20% oxygen levels. The extracellular ATP concentration in the nucleus pulposus
region of the porcine intervertebral disc was 190 ± 30 μM (n=3).

DISCUSSION
This study successfully developed a new optical biosensor for in-situ ATP measurement,
which was demonstrated by the calibration test and the extracellular ATP measurement in
theporcine intervertebral disc. The optical ATP biosensor utilizes the principle of
fluorescence emission of ruthenium complexes which does not exhibit any common electro
active interferences by naturally occurring compounds (e.g., ascorbate) as described in
previous studies of amperometric biosensors (Katsu et al. 1994; Kueng et al. 2004; Llaudet
et al. 2005). Therefore, the optical ATP biosensor provides a good alternative method for
ATP measurements especially for in-vivo and in-situ measurements.

When the optical ATP biosensor is immersed in a solution containing certain ATP levels,
ATP diffuses into the coating layer through the microspores and is catalyzed by enzymes.
The process of diffusion is driven by a concentration gradient. Since the concentration
gradient is determined by normalizing the concentration difference between the solution and
the enzyme layer of the ATP biosensor by the thickness of coating, the response time of the
biosensor inversely depends on the coating thickness. Therefore, the response of the ATP
biosensor can be further improved by decreasing the thickness of coating. Furthermore,
since the rate of oxygen consumption in the enzymatic reactions depends on the
concentration of enzymes, the sensitivity of the ATP biosensor can be enhanced by
increasing the enzyme concentration in the coating layer.

In the extracellular ATP measurement of porcine intervertebral discs, the oxygen level in the
tissue still remained low (Figure 6) after the temperature of the tissue was equilibrated with
the ambient condition (i.e., 25°C and 20%oxygen level). It suggested that the oxygen
solubility in biological tissues is different from the condition in the calibration test.
Therefore, the oxygen compensation method established in the study is a key component for
precise in-situ ATP measurement. By using this method, the optical ATP biosensor was able
to determine the extracellular ATP content in the intervertebral disc.

The ambient air temperature for calibration is often around 25 °C and the body temperature
is around 37 °C. Since the principle of oxygen sensing using ruthenium complexes involves
energy transfer, previous studies have demonstrated that Stern-Volmer quenching constant
(Ksv) and τ0 are dependent on temperature (Lakowicz 2006; Morris et al. 2007). In addition,
the enzyme activities could be affected by temperature. Therefore, the temperature effects
on k, τ0 and Ksv need to be compensated if the temperature at the measurement sites is
different from that in the calibration test.
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Luciferin-luciferase assay has long been used for determining the extracellular ATP content
(Leach 1981). This method has many advantages such as ability to detect ATP at low
concentration (Spielmann et al. 1981). However, luciferin-luciferase assay also requires
strict conditions and operations and many factors can cause contamination to the assay
which limits its application in in-vivo/in situ measurements. Additionally, luciferin-
luciferase assay is not feasible for real time monitoring ATP content change (Lundin 2000).
Electrochemical ATP sensors with high sensitivity were developed by other researchers
(Kueng et al. 2004; Llaudet et al. 2005). However, these sensors measured ATP by detecting
current produced during chemical reaction and thus can be affected by other charged
molecules such as ascorbic acid and urinate (Miele and Fillenz 1996). For example,
ascorbate has an concentration range of 200–400 mM in human tissue and can generate up
to 100 nA of current when using an electrode with 0.5 mm length and 50 μm diameter
(Llaudet et al. 2005; Rice 2000). In addition, the chemical reaction required in
electrochemical ATP sensors may be affected by substances in body tissues. For instance,
the ATP sensor developed by Kueng et al. requires glucose to be present at a known
concentration. In human tissues, however, glucose content varies from different tissue and at
different time points during a day (Daly et al. 1998; Maggs et al. 1995). These factors make
electrochemical ATP sensors difficult to be used for in vivo/in situ ATP measurement. The
design of our sensor, however, has advantages in in vivo/in situ ATP measurement and
potential for real time monitoring changes in ATP level. Furthermore, it was reported that
that extracellular ATP concentration can reach several hundred micromolars at tumor
interstitium (Pellegatti et al. 2008), while extracellular ATP concentrations are around 4 mM
in rabbit central nervous system during systematic inflammatory response (Gourine et al.
2007). Therefore, the new ATP sensor developed in our study can be used to monitor ATP
level in those in-vivo conditions.

CONCLUSION
A new optical ATP biosensor was successfully developed with less chemical interferences.
The compensation method was also established to enable the new biosensor to detect ATP at
different oxygen levels. This study demonstrated that the newly developed optical biosensor
is feasible for in-situ extracellular ATP measurement.
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Highlights

• A novel ATP biosensor developed based on optical oxygen sensing technique
and enzymatic ATP breakdown.

• The new biosensor can detect the ATP concentrations ranged from 10−3 mM to
1.5 mM.

• A compensation method for different oxygen levels was proposed and tested.

• An in situ measurement of extracellular ATP level in intervertebral disc was
presented.
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Figure 1.
Cross sectional view of the ATP sensor

Wang et al. Page 12

Biosens Bioelectron. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wang et al. Page 13

Biosens Bioelectron. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wang et al. Page 14

Biosens Bioelectron. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(a) A typical decay time curve of the ATP sensor in response to the ATP concentrations of
50, 100, 200, and 300 μM and (b) the corresponding calibration curve (mean values ±
standard deviation); (c) A typical sensor response at low ATP levels (1, 5, 10 and 20 μM)
and (d) a representative calibration curve showing a linear relationship between the inverse
of decay time and the ATP concentration up to 1.5 mM.
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Figure 3.
(a) The typical reaction of the ATP sensor to ADP, AMP and adenosine of 200 μM
compared to ATP of 100 μM; (b) Normalized signal of the ATP sensor in response to 100
μM ATP at different pH conditions (n=3). The data were normalized to the response at pH
7.5 and are expressed as mean values ± standard deviation in (b).
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Figure 4.
(a) Typical calibration curves obtained at different oxygen concentration and (b) the
corresponding linear relationship between the parameter k and oxygen concentration. (c)
Accuracy of the oxygen compensation method on determination of ATP concentration at
15% oxygen level using the parameters obtained from the calibration tests at 10% and 20%
oxygen levels (n=3). The data were normalized to the corresponding ATP concentration and
expressed as mean values ± standard deviation in (c).
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Figure 5.
Stability of the ATP biosensor. The signal strength of floresscence is defined as the
difference between the inverse of decay times measured at 0 and 200 μM ATP. The data are
expressed as mean values ± standard deviation.
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Figure 6.
Typical responses of the oxygen and ATP sensors during the extracellular ATP
measurement in the porcine intervertebral disc.
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