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Abstract

Physiological studies require sensitive tools to directly quantify transport kinetics in the cell/tissue
spatial domain under physiological conditions. Although biosensors are capable of measuring
concentration, their applications in physiological studies are limited due to the relatively low
sensitivity, excessive drift/noise, and inability to quantify analyte transport. Nanomaterials
significantly improve the electrochemical transduction of microelectrodes, and make the
construction of highly sensitive microbiosensors possible. Furthermore, a novel biosensor
modality, self-referencing (SR), enables direct measurement of real-time flux and drift/noise
subtraction. SR microbiosensors based on nanomaterials have been used to measure the real-time
analyte transport in several cell/tissue studies coupled with various stimulators/inhibitors. These
studies include: glucose uptake in pancreatic  cells, cancer cells, muscle tissues, intestinal tissues
and P. Aeruginosa biofilms; glutamate flux near neuronal cells; and endogenous indole-3-acetic
acid flux near the surface of Zea mays roots. Results from the SR studies provide important
insights into cancer, diabetes, nutrition, neurophysiology, environmental and plant physiology
studies under dynamic physiological conditions, demonstrating that the SR microbiosensors are an
extremely valuable tool for physiology research.
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1. Introduction

Electrochemical biosensors are transducers that convert biological information (such as
analyte concentration) into electrical signals (such as current or voltage). Electrochemical
biosensors are more efficient than conventional measurement techniques (including

radioisotope tracing (Guillam et al., 2000; Hellman et al., 1974; Sweet et al., 1996; Zawalich

and Matschinsky, 1977), NMR spectroscopy (Weiss et al., 1989), and microfluorometry
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assays (Moley et al., 1998; Passonneau and Lowry, 1993)) due to the high sensitivity, real-
time monitoring capabilities and low cost, while the conventional techniques are complex,
expensive and severely limited in terms of spatial and temporal resolution. Most
electrochemical biosensors have two major components: the biorecognition element and the
transduction element. Biorecognition elements include enzymes (for amperometric sensors
(Gouveia-Caridade et al., 2008; Hrapovic et al., 2004; Kang et al., 2007; Salimi et al., 2004;
Yao and Shiu, 2007; Zou et al., 2008)) and ionophores (for potentiometric sensors
(McLamore and Porterfield, 2011; McLamore et al., 2009; Porterfield, 2007; Porterfield et
al., 2009), and the transduction elements include the electrode and nanomaterials (Shi and
Porterfield, 2011). Most biosensors function based on a two-step scheme: biorecognition and
transauction (Shi and Porterfield, 2011). In biorecognition, the biorecognition element
recognizes and binds to the target compound. The specificity associated with the binding
ensures the selectivity of the biosensor. In transduction, a series of electrochemical reactions
take place in the proximity of the transduction element(s), and sometimes the reactions are
driven by an externally applied potential (working potential). The final outcome is an
electrical signal (current or voltage) which is proportional to compound concentration.

2. Amperometric biosensor

Amperometric biosensors are used to measure the electroactive molecules such as H,O»
(Marc et al., 1997), NADH (Santos et al., 2006; Tsai et al., 2007) and indole-3-acetic acid
(McLamore et al., 2010a). The target molecule is oxidized or reduced by the working
potential, and a current proportional to concentration is generated. When coupled with
enzymes (biorecognition element of amperometric sensor), amperometric biosensors can
measure non-electroactive molecules such as glucose (Shi et al., 2011a), glutamate
(McLamore et al., 2010b) and ethanol (Azevedo et al., 2005), because enzymes convert the
target compound into an electro-active intermediate such as H,O,. Enzymes can be
immobilized on the biosensor via a covalent linker such as glutaraldehyde (Shi et al.,
2011b), or via adsorption by polymers (Shi et al., 2011b). Oxidase and dehydrogenase are
the most commonly used enzymes. Biosensors based on oxidase rely on H,0, as the
electroactive intermediate, while those based on dehydrogenase rely on NADH as the
intermediate. Take ethanol biosensors as an example. Alcohol dehydrogenase (ADH)
(Santos et al., 2006; Tsai et al., 2007) and alcohol oxidase (AOX) (Gouveia-Caridade et al.,
2008; Yildiz and Toppare, 2006) have been used for ethanol biosensing. ADH converts
ethanol into acetaldehyde and NADH in the presence of NAD* as a cofactor. NADH is then
oxidized:

Ethanol+NAD" — CH3;CHO+NADH+H*
NADH — NAD*+H*+2e~

AOx converts ethanol into acetaldehyde and hydrogen peroxide. Hydrogen peroxide is then
oxidized:

Ethanol+0, — CH;CHO+H,0,
H,0, — 0,42 H*+2e"

The use of ADH or AOx has both advantages and disadvantages. Biosensors based on ADH
require external NAD™ for the production of NADH. The inefficient diffusion of NAD*
towards the ADH immobilized on the biosensor complicates the measurement process and
affects the biosensor sensitivity, detection limit and linear detection range (Azevedo et al.,
2005). Biosensors based on AOXx require O, to oxidize ethanol. When the ethanol
concentration in the analyte is low, the O, from ambient air is adequate for the reactions to
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occur. However, when ethanol concentration increases, O, is gradually depleted and the
oxidation of ethanol is constrained (although the oxidation of H,O, also generates O,).
Therefore, the oxidation of ethanol becomes inadequate. This is reflected as a gradually
attenuated current response when ethanol concentration increases. In other words, the
current-concentration curve in the high concentration region is non-linear, where it is
theoretically linear based on biosensing mechanism.

3. Nanomaterials and biosensing

In order to apply biosensors to physiological research, miniaturization of sensors is required
for a high spatial resolution, because the sensors are often operated at cell or tissue level.
Miniaturization increases the resistance of the sensor, which significantly decreases the
maximum attainable sensitivity (Bard and Faulkner, 2000). The sensitivity issue affects not
only the limit of detection, but also the capability of measuring very small changes in
concentration over time (Shi et al., 2011a), while the small changes can be key to exploring
important physiological phenomena, such as p cell glucose consumption during insulin
secretion (Jung et al., 2000). One effective way to solve the low sensitivity problem is to
enhance electrochemical transduction via incorporating nanomaterials. Carbon nanotube
(CNT) (Claussen et al., 2011; McLamore et al., 2010a; McLamore et al., 2010b; McLamore
et al., 2011; Shi et al., 2011a; Shi et al., 2011b; Shi et al., 2011c), graphene (Kang et al.,
2009; Shao et al., 2010; Zhang et al., 2011), graphene oxide (Shi et al., in press) and metal
nanomaterials (Claussen et al., 2011; McLamore et al., 2010a; McLamore et al., 2010b;
McLamore et al., 2011; Shi et al., 2011a; Shi et al., 2011b; Shi et al., 2011c) are the most
commonly used nanomaterials for biosensing enhancement. Carbon nanomaterials increase
electrochemical transduction partially due to the unique structure and the different local
density of states, which increase the electronic interaction width and decrease the activation
energy for redox reactions (Nugent et al., 2001), and partially due to the defect sites which
facilitate the chemisorption of molecules and lower the activation energy (Chakrapani et al.,
2003). Metal nanomaterials possess electrocatalytic activities due to the multiple oxidation
states, enabling reactants such as H,O, to form intermediates at the surface, and lowering
the activation energy of reactions such as H,O, oxidation (Li et al., 2005).

The combination of metal and carbon nanomaterials for biosensor enhancement has proved
to be feasible and more effective than using a single material (Hrapovic et al., 2004; Kang et
al., 2007, 2008; McLamore et al., 2010a; McLamore et al., 2010b; McLamore et al., 2011;
Shi et al., 2011a; Shi et al., 2011c; Shi and Porterfield, 2011; Zou et al., 2008). For example,
CNT can act as the molecular template for Pt black electrodeposition, and the resultant
hybrid nanocomposite is more effective in enhancing biosensor performance compared with
either CNT or Pt black used (Shi et al., 2011a).

4. Self-referencing

While most biosensors only measure the concentration of the target compound, there has
been a need to measure the real-time transport (flux) of the compound, as flux characterizes
the dynamic transmembrane transport activities, which is important for studying transport
related physiological processes. Self-referencing (SR) technique has been developed for this
purpose (Porterfield, 2007). SR, based on Fick’s first law of diffusion (eq.1), operates within
a concentration gradient produced by cells or tissues (Porterfield, 2007):

J=—-D(AC/AX) (1)

where Jis the flux between two points termed the “near pole” and the “far pole” at the
surface of the tissues or cells, Dis the diffusion coefficient of the target compound, A Cis
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the concentration difference of the target compound between the near pole and the far pole,
and A Xis the distance between the near pole and the far pole (10-50 pm). From eqg. 1, Jis
proportional to A C, thus, the dynamic flux can be derived from the static differential
concentration. SR microbiosensor was first used by Zisman to measure the contact potential
difference in metals (Zisman, 1932), while Jeffe et al. significantly refined this technique by
using a lock-in amplifier (Jaffe and Nuccitelli, 1974).

A typical SR system consists of a microscope and a head-stage sensor amplifier driven by a
translational motion control system. A microbiosensor is connected to the amplifier. During
measurements, the microbiosensor oscillates between the near pole and the far pole, and
takes measurements at both positions (move-wait-measure). The position and the movement
of the microbiosensor are controlled by the computer driven motion control system
(Porterfield, 2007) and the frequency of the translational movement is usually 0.2-0.5 Hz
(Kuhtreiber and Jaffe, 1990). SR technique has been combined with amperometric
(McLamore et al., 2010a; McLamore et al., 2010b; McLamore et al., 2011; Shi et al.,
2011c), potentiometric (Smith et al., 1999) and optical (Porterfield et al., 2006)
microbiosensors with a detection limit of as low as 1 fmol cm=2 s™1. One advantage of the
SR technique is that a static concentration sensor is converted into a dynamic biophysical
flux sensor, which provides information on both magnitude and direction of transport.
Another advantage is the high signal-to-noise ratio because the drift and noise patterns are
common to the output signals at both the near pole and the far pole. By calculating A C, the
interferences are eliminated from the differential signal (phase discrimination) (Porterfield,
2007). A schematic of the SR system is shown in Fig. S1.

5. Physiological applications of SR microbiosensors based on
nanomaterials

A previous paper reviewed the applications of SR ion, NO, ascorbate, HO5 and O, sensors
for physiological studies (Porterfield, 2007). Recently, the development of enzyme based SR
microbiosensors enabled the flux measurement for many non-electroactive species (e.g.,
glucose and glutamate), while the incorporation of nanomaterials into sensor construction
significantly increased the sensitivity and detection limit. These improvements have
significantly broadened the applications of the SR technique (McLamore et al., 2010g;
McLamore et al., 2010b; McLamore et al., 2011; Shi et al., 2011c¢).

5.1. SR glucose sensor

Glucose is the key molecule in many biochemical pathways, such as glycolysis. Glucose
biosensors measure glucose via two steps:

Step 1. The biorecognition element glucose oxidase (GOXx) converts glucose and O, into
gluconic acid and H,0,

Glucose+0, — Gluconic acid+H,0,

Step 2. H,05, is electrochemically oxidized at +500 mV vs. Ag/AgCl,

HyOp — O2+2 Hf+2e”

Recent works incorporated multi-walled carbon nanotubes (MWCNT) and Pt black in
glucose microbiosensor construction, and the microbiosensor was combined with the SR
platform for the measurement of glucose flux (McLamore et al., 2011; Shi et al., 2011c). In
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this scheme, Pt black was first electrodeposited on a Pt/Ir microelectrode to increase
electrocatalytic transduction, and MWCNT was subsequently immobilized using Nafion.
MWCNT/Nafion was used for adsorbing enzymes (Wang et al., 2003). A sigmoid CV curve
with steady state diffusion-limited current was observed for unmodified microelectrodes
(Fig. 1a), which was characteristic of microelectrodes (Heinze, 1993). For the
bionanocomposite sensor, non-steady state diffusion-limited characteristics was observed
(Fig. 1a), which was likely due to the high film resistance of Nafion (Hrapovic et al., 2004).
According to the following equation (Heinze, 1993),

1;im=KnFDCr

where 7, is the diffusion-limited current, K'is a geometric constant (K=2r for
hemispherical diffusion model), n7is the number of electrons transferred during the redox of

Fe(CN)g‘, Fis the faradic constant, Dis the diffusion coefficient for potassium ferricyanide
(6.70£0.02 x 1078 cm?/s), C'is the concentration of potassium ferricyanide (4 mM) and ris
the microelectrode tip radius, the area of the CV curve reflects the effective surface area.
Thus, the surface area for bionanocomposite modified microelectrodes has been
significantly increased compared with unmodified microelectrodes. The electrocatalytic
activities in terms of H,O, sensitivity have been shown to be increased as well (Fig.1b)
(McLamore et al., 2011; Shi et al., 2011c).

The capability of SR glucose sensor for measuring flux was calibrated through “step-back”
experiment that involved using gradients created from artificial sources (e.g., pipette filled
with agar and concentrated glucose solution) (Porterfield, 2007). The process was mainly
used to characterize the impact of moving the sensor within the concentration gradient,
because the movement of the sensor may cause mechanical convection to flux measurement.
The flux values versus the distance to the source were compared to the mathematically
modeled flux. The coefficient of correlation between the measured and modeled flux
represented the dynamic efficiency of the sensor. As shown in Fig. 1c, a efficiency of 0.99
indicated that the SR glucose microbiosensor based on Pt black/ MWCNT/Nafion could be
readily used for glucose flux measurement (Shi et al., 2011c).

The SR glucose sensor was used to measure glucose flux in various cells/tissues (Fig. 2).
With the SR sensor, we reported a higher glucose uptake in tumor cells than non-tumor cells
(Fig. 2a), because tumor cells produce energy at a much higher rate than normal cells due to
a higher rate of aerobic glycolysis, while normal cells produce most ATP in oxidative
phosphorylation (Warburg effect) (Lu et al., 2002; Matoba et al., 2006; Pelicano et al., 2006;
Xu et al., 2005). The soleus muscle tissue showed a significantly higher glucose uptake than
the EDL tissue because soleus contained more slow-contracting type fibers, significantly
more mitochondria, and typically more transmembrane glucose transport proteins (Fig. 2b)
(Balon and Nadler, 1997; Holloszy and Hansen, 1996; Lagord et al., 1998). For intestine
tissues, glucose uptake in upper jejunum tissue was significantly higher than the average
flux in lower jejunum tissue due to higher sucrase activity in the upper section (Fig. 2c)
(Goda and Koldovsk, 1985).

P. aeruginosa is an opportunistic pathogen in water that may cause infectious disease in
cystic fibrosis patients (Costerton et al., 1999). The measurement of glucose flux in 2.
aeruginosa and other bacteria was combined with antimicrobial studies, such as the effects
of ionic silver on P. aeruginosa glucose metabolism (Hwang et al., 2007). Results showed
that after AgNOs treatment, glucose uptake was inhibited (Fig. 2d), indicating a sharp
reduction in metabolism due to the anti-microbial activities of silver. This experiment has
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provided useful information on the physiology of biofilm, and the efficiency of
antimicrobials in disinfecting drinking water.

B cells are a type of cell in the mammalian pancreas that secrete insulin in a stimulus-
secretion oscillatory manner (Bergstrom et al., 1989; Chou and Ipp, 1990; Lefebvre et al.,
1987; Longo et al., 1991; Weigle, 1987a). The SR glucose sensor was used to measure
glucose uptake around  cells and observed an oscillatory manner with a period around 3
min for the uptake (Fig. 3a & b) (Shi et al., 2011c), which was close to the period of oxygen
influx, cytosolic Ca2*, ATP/ADP ratio, and insulin secretion (Barbosa et al., 1996; Kennedy
et al., 2002; Longo et al., 1991; Nilsson et al., 1996; Porterfield et al., 2000). Since
oscillations correlate with insulin secretion (Tornheim, 1997), and the oscillatory secretion
of insulin is lost in both individuals with type 2 diabetes and their near relatives due to
defective temporal coordination of B cell function (O’Rahilly et al., 1988; Polonsky et al.,
1988; Weigle, 1987Db), the measurement of flux oscillation in pancreatic p cells would
contribute to the understanding of B cell physiology and diabetes. Subsequently, the kinetics
of glucose transporters, and the effects of inhibitors (Fig. 3c) (e.g., phloretin (GLUT2
inhibitor) and KCN (oxidative phosphorylation inhibitor)) on glucose metabolism were
studied using this technique, demonstrating the application of the SR sensor as a useful tool
for pharmacology research.

5.2. SR glutamate sensor

Glutamate is an important neurotransmitter in the central nervous system. The release and
uptake of glutamate plays a vital role in synaptic plasticity, differentiation, apoptosis, and
long-term potentiation (McLamore et al., 2010b; Ye et al., 1999). We have constructed a
glutamate microbiosensor based on the scheme similar to that for the glucose
microbiosensor, which incorporated Pt black and MWCNT. Glutamate oxidase was used as
the biorecognition element, and the following reactions took place during measurement:

Step 1. The biorecognition element glutamate oxidase converts glutamate, H,O and O, into
2-oxoglutarate, NH3 and H,0,,

L — glutamate+0O,+H,0 — 2 — oxoglutarate+NH3+H,O»

Step 2. H,05, is electrochemically oxidized at + 700 mV vs. Ag/AgCl. The oxidation
potential used (+ 700 mV) was different from the potential used for SR glucose sensor
(+500 mV), because the rate of H,O, production by step 1 (glutamate oxidase catalyzed
reaction) was much slower compared with glucose oxidase catalyzed reaction. To obtain the
same level of current response, a higher oxidation potential was used.

H202 e 02+2 H+2e”

The sensor was operated in the SR modality to measure the physiological glutamate release
and uptake in the extrasynaptic space of mixed neural culture (neurons, astrocytes,
oligodendrocytes and fibroblasts), and we reported that when cells were electrochemically
stimulated with Locke’s buffer containing 53 mM potassium, rapid efflux (release) of
glutamate was observed (negative flux), followed by subsequent uptake (positive flux) (Fig.
4a), because potassium stimulated glutamate release via EAAT transporters (Wu and
Fujikawa, 2002). To verify this underlying mechanism, we added threo-f-
benzyloxyaspartate (TBOA), an effective competitive inhibitor of glutamate uptake by all of
the major EAATS (Jabaudon et al., 1999), to the cells prior to stimulation. Although
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potassium stimulation was observed for TBOA treated cells, the average surface flux was
significantly lower than for untreated cells (Fig. 4b), indicating inhibited glutamate transport
by TBOA. The ability to quantify the direction and magnitude of glutamate transport will
improve our understanding of spatially and temporally dynamic glutamate transport, and
provide important insights into neuroscience research.

5.3. SR indole-3-acetic acid sensor

Indole-3-acetic acid (IAA) is a primary phytohormone produced in the cells of apex (bud)
and very young leaves of a plant. The distribution and transport of IAA regulates plant
growth and development. IAA contains a pyrrole ring, and the nitrogen atom in which could
be electro-oxidized by the working potential of the biosensor, generating a current
proportional to IAA concentration (Wu et al., 2003). To overcome the low sensitivity issue
commonly associated with microbiosensors, we electrodeposited Pt black on the tip of the
microelectrode, and then applied MWCNT suspended in dimethyl formamide to the
modified electrode (McLamore et al., 2010a). The sensor showed excellent performance
towards measuring 1AA concentration (Fig. 5a) and flux from an artificial source (Fig. 5b).
When operated in the SR modality, we observed induced I1AA influx from B73 maize roots
(Fig. 5¢). We also observed that the IAA uptake in the distal elongation zone (DEZ) in B73
roots was significantly higher than in mutant br2roots for all external additions of IAA (Fig.
5d), indicating a significant reduced capacity for polar auxin transport in the 6r2 mutant.

We then measured 1AA flux without external IAA stimulation, and observed that
integretated flux followed an oscillatory pattern (Fig. 5e), which indicated that the IAA
transport at the DEZ was transient. Inhibition studies using the non-competitive IAA uptake
inhibitor NPA showed decreased I1AA iFlux (Fig. 5 f). Results from the experiments
demonstrated that the SR IAA sensor was an important tool for studying the biochemical
mechanisms involved in root development and plant physiology.

6. Conclusions and future perspectives

We have reviewed the physiological applications of SR microbiosensors incorporating
enzymes and nanomaterials under a wide range of cell/tissue culture conditions. The ability
to directly measure transmembrane (or trans-tissue) flux is a major technological
improvement over the conventional biosensor techniques which can characterize
concentration only. Compared with other analytical techniques such as mass spectrometry
and liquid chromatography which require sample extraction, the SR technique is non-
invasive and real-time. In addition, SR provides a high signal-to-noise ratio by eliminating
the drift and noise associated with physiological measurements. The incorporation of
enzymes greatly extends the list of target compounds which can be measured by the SR
sensor, and the incorporation of nanomaterials significantly enhances the performance of the
sensor by overcoming the low sensitivity issue due to miniaturization. The nanomaterial
based SR sensors have demonstrated applications in cancer cell physiology,
neurophysiology, diabetes, muscle physiology, nutrition, microbial biofilm physiology and
plant physiology studies. This highly sensitive/selective biosensor technique is a powerful
tool to study transport related phenomena in biomedical, environmental, and agricultural
research. Currently, omics research mainly relies on mass spectrometry and NMR for data
collection. The ability of the SR sensor to characterize cellular mechanisms including
biophysical transport makes it a potential tool for omics research. In the meanwhile, there
has always been a need to characterize sub-cellular transport for physiological research,
which constantly motivates researchers to develop more sensitive and selective nanoscale
sensing technology.
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(@) CVin 4 mM Fe(CN)63-/1 M KNO3 for a bare micro electrode and a bionanocomposite

sensor at a scan rate 20 mV/s. (b) Representative current response to H,O, for a

bionanocomposite sensor and a bare electrode. (c) Abiotic step back experiment from pulled

micropipette containing 3 mM glucose and 0.5% agar in PBS at 37 °C. Correlation

coefficient () between measured (@) and predicted flux (solid line) was 0.99. All error bars
represent the standard error of the arithmetic mean. (Reprinted with permission from (Shi et

al. 2011c)).
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Fig. 2.

(a) Average glucose flux at the surface of tumorogenic and non-tumorogeinc human breast
endothelial cells in a MEM (r=3). Glucose flux in cancerous cells was significantly higher
than non-tumorogenic cells. (b) Average glucose flux at the surface of soleus and
gastrocnemius muscle tissue from a mouse model (7=3). Glucose uptake in soleus tissue was
significantly higher than gastrocnemius tissue for all preps. (c) Average glucose flux at the
surface of upper jejunum and lower jejunum of excised mouse small intestinal tissue in
RPMI media (1=3). Glucose flux in upper intestinal tissue was significantly higher than the
lower intestine tissue. (d) Glucose flux into a mature (30 day old) Pseudomonas aeruginosa
biofilm grown on a hollow fiber silicone membrane. (Reprinted with permission from
(McLamore et al. 2011)).
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Fig. 3.

(a) Representative oscillatory glucose flux in four replicate confluent INS 1 clusters out of
12 total. Average oscillation period (indicated by a vertical dashed line) was 2.9+0.6 min
(m7=12). (b) Average glucose flux (dots, 7=12 replicate confluent INS 1 cells) and harmonic
oscillator model (solid line): JEJy+a* sin(2r/ 7) *{&=1.75 wmol cm=2 571, 7=2.9 min,
J5=6.41 pmol cm=2 s71). Average basal glucose influx in cultured B cell (INS 1) clusters
was 5.9+1.4 pmol cm=2 571 (7=12). Correlation coefficient between modeled and measured
data was 0.78. (c) Representative glucose flux measured at the surface of cultured INS 1
cells during inhibition by external addition of phloretin. A minimum of three successive
oscillations were measured under basal conditions (average period was 2.9+£0.4 min), and
glucose transport was then inhibited by addition of 40 uM phloretin and 80 M phloretin
(total concentration noted). Glucose transport was subsequently abolished via addition of 10
mM KCN. (Reprinted with permission from (Shi et al. 2011)).
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Fig. 4.

(a) Flux recorded 1 M above the cells during three successive potassium stimulations with
150 pL of Locke’s buffer containing 53 mM KCI. Increase in Glu concentration and
subsequent decrease in concentration were observed following stimulation. Phase sensitive
detection provided signal noise filtration required to quantify biophysical glutamate efflux
and influx. (b) Potassium stimulation of neural cells following 30 min of exposure to 100
KM threo-p-benzyloxyaspartate (TBOA). (Reprinted with permission from (McLamore et
al. 2010b)).
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Fig. 5.

(a) Calibration curve of Pt black/CNT-modified IAA sensor between 0 and 40 .M IAA in %4
MS media. Data are means and standard deviations of five independent experiments,
R2=0.98. (b) Abiotic validation of SR IAA microsensor. Validation was achieved by
measuring the gradient formed near the tip of a pipette filled with 5 mM IAA and 2% agar
immersed in ¥ MS media. Data are means and standard deviations of three independent
experiments. Solid line indicates predicted value based on empirical Fickian diffusion
model. The correlation (e) between the predicted and measured IAA efflux was 0.98,
validating the use of the SR microsensor in growth media. (c) Induced IAA influx for a 4-
day B73 root in ¥+ MS media following increasing external addition of IAA. The area where
maximum induced influx occurred (i.e. distal elongation zone) was approximately 1.45+0.2
mm from the root tip (linearized to account for root curvature, /7=5). (d) Induced IAA influx
at the distal elongation zone of B73 and br2 roots. (e) Oscillation of IAA flux at DEZ.
Integrated IAA flux at the distal elongation zone showing oscillatory patterns for B73
integrated efflux. (f) Endogenous IAA flux at the DEZ of 4-day B73 roots. After 20 min of
continuous measurement, 2.5 M NPA was added, causing a decrease in IAA iEfflux after
approximately 20 min (ilnflux trended below basal levels over the next 60 min). (Reprinted
with permission from (McLamore et al. 2010a)).
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