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Saliva provides a useful and noninvasive alternative to
blood for many biomedical diagnostic assays. The level
of the hormone cortisol in blood and saliva is related to
the level of stress. We present here the development of a
portable surface plasmon resonance (SPR) biosensor
system for detection of cortisol in saliva. Cortisol-specific
monoclonal antibodies were used to develop a competition
assay with a six-channel portable SPR biosensor designed
in our laboratory. The detection limit of cortisol in laboratory buffers was 0.36 ng/mL (1.0 nM). An in-line filter
based on diffusion through a hollow fiber hydrophilic
membrane served to separate small molecules from the
complex macromolecular matrix of saliva prior to introduction to the sensor surface. The filtering flow cell
provided in-line separation of small molecules from
salivary mucins and other large molecules with only a 29%
reduction of signal compared with direct flow of the same
concentration of analyte over the sensor surface. A
standard curve for detection of cortisol in saliva was
generated with a detection limit of 1.0 ng/mL (3.6 nM),
sufficiently sensitive for clinical use. The system will also
be useful for a wide range of applications where small
molecular weight analytes are found in complex matrixes.
The steroid hormone cortisol is required for the regulation of
blood pressure, cardiovascular function, and many metabolic
activities. The body regulates cortisol levels by controlling cortisol
secretion and production based on levels in the bloodstream.1 An
excess of cortisol leads to Cushing’s syndrome with symptoms
that include obesity, fatigue, and skin and bone fragility.2 A
deficiency in cortisol leads to Addison’s disease with symptoms
including weight loss, fatigue, and darkening of skin folds and
scars.3 Normal serum levels of cortisol vary on a diurnal cycle
from 30 to 140 ng/mL (100-500 nM), peaking in early morning.4
Cortisol levels increase in response to physical stresses such as
injury and illness as well as psychological stresses including
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depression and fatigue.5 Measuring serum cortisol levels has
become an important diagnostic indicator of overall stress as well
as disease state of patients.
Analysis of cortisol in saliva is a useful alternative to the
standard method of measuring serum cortisol levels for several
reasons. First, serum cortisol measurements include the cortisol
bound to transport proteins and albumin while the fraction of free
cortisol is thought to be more biologically active.6 Also, levels of
salivary cortisol have been shown to correlate well with levels of
unbound serum cortisol;7,8 however, overall levels of cortisol in
saliva are up to 100-fold lower than in serum.9 Morning salivary
cortisol levels range from 1 to 8 ng/mL (3.5-27 nM) in healthy
adults.9 Finally, methods used for collecting blood may create
stress and result in misleading cortisol values.10,11 It is also difficult
to collect serum samples over the course of a whole day, while
collecting saliva is easy and the samples remain useful for analysis
for up to one week following collection.12 Methods for determining
salivary cortisol provide an opportunity to increase ease and
accuracy in detecting disease or stress level.
Several commercial kits use competitive enzyme-linked immunosorbant assay (cELISA) technology to measure cortisol in
saliva, including kits available from Salimetrics (State College, PA)
and Orion Diagnostica (Espoo, Finland). The cELISA methods
provide accurate and reproducible results but require several
hours for analysis. Other immunoassays have been used to
measure salivary cortisol levels including time-resolved fluoroimmunoassay,13 rapid quantitative immunodetection using a lateral
flow assay,14 and luminescence immunoassays.15,16 These immu(5)
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noassays also take considerable time or lack quantifiable results.
One protocol for detecting salivary cortisol uses liquid chromatography-tandem mass spectrometry but requires a slow cortisol
extraction step.17 A near real-time method for detection of cortisol
in saliva with little sample preparation has not yet been reported.
Surface plasmon resonance (SPR) detection of cortisol provides
a method for rapid measurement of cortisol in saliva. SPR
technology measures the changes in refractive index (RI) near
the sensor surface in response to molecular interactions. Specific
receptor molecules can be immobilized onto the gold sensor
surface for detecting target analytes in solution. Binding of targets
to the receptors results in measurable changes in RI. Binding of
large target analytes such as proteins, viruses, spores, and
microbes to specific antibodies immobilized on the gold surface
is easily monitored in near real time. Due to the significant change
in RI occurring when these analytes are bound, labels or
amplifying reagents are unnecessary for many SPR applications.
A general review of SPR can be found in a book edited by Davies.18
Small organic molecules such as cortisol require different methods
for detection since direct binding of small targets to receptor
molecules does not result in large changes in RI. As a result,
competition or displacement assays are used to detect small
analytes at clinically relevant levels. Competition assays are based
on the inhibition of antibody binding to immobilized target by
free analyte in solution. SPR competition assays have been used
to successfully detect small molecules including the herbicide
atrazine,19 the pesticides fenitrothion,20 DDT, chlorpyrifos, and
carbaryl,21 the pesticide metabolite paraoxon,22 the antiepileptic
drug phenytoin,23 the hormones thyroxine24 and estradiol,25 and
the shellfish toxin domoic acid.26,27
Here, we report the detection of cortisol in saliva using a
portable SPR biosensor and competition-based assays combined
with a specially designed flow cell that reduces nonspecific binding
by retaining large molecules in the sample but delivering small
molecular weight analytes to the sensor surface.
EXPERIMENTAL SECTION
Surface Plasmon Resonance Sensor Preparation. The gold
surfaces of Texas Instruments (TI) Spreeta 2000 sensor chips
(available from ICx Nomadics, Oklahoma City, OK) were sequentially washed with 10% nitric acid for 10 min, 95% ethanol for 15 s,
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conjugated bovine serum albumin (BSA) (Fitzgerald, Concord,
MA) was incubated on the gold surface for 1 h. After being washed
with phosphate-buffered saline (PBS), the sensor surfaces were
coated with 0.1% casein in PBS for 30 min. Following a final wash
with PBS, the sensors were blocked with a storage reagent
containing 2.5% trehalose and 2.5% dextran (average MW 500 000)
buffered with 10 mM Tris, pH 8.0 and air-dried. Surface-bound
reagents are stable for at least a year under these conditions.27
Reference sensors were prepared as above using BSA.
SPR Biosensor. The six-channel SPR biosensor used in these
experiments contained two three-channel TI Spreeta 2000 sensing
chips and has been described previously.27–30 For the initial
competition experiments, samples were introduced sequentially
through the injection port into the sample loop and allowed to
flow under positive pressure at a flow rate of 25 µL/min over the
two sensor surfaces. The temperature of the sensors was maintained at 23 ± 0.01 °C. Data were transmitted to a laptop computer
and analyzed using TI Multispr software version 10.82.
Analysis of Cortisol by Competition Assay. After placing
the cortisol conjugate and reference coated Spreeta 2000 sensors
into the biosensor system, the sensors were calibrated for RI by
exposing the sensor surfaces to aqueous solutions of known RI
as described previously.31 PBS was flowed over the sensors to
generate a baseline. PBS containing 1:15 000 diluted mouse
monoclonal anticortisol antibodies (clone XM210 AbCam, Cambridge, UK, 1 mg/mL stock) was flowed over the sensor surfaces
for 5 min to establish an initial rate of antibody binding. Next,
sequential additions of antibodies mixed with known concentrations of cortisol (Sigma, St. Louis, MO), alternating with cortisolfree antibody samples were flowed over the sensors for 5-10 min
(Figure 1). Introduction of the structurally similar steroid hormone
estriol mixed with anticortisol antibody and then introduced to
the sensors demonstrated the specificity of the cortisol antibodies
(Figure 1). Cortisol solutions of known concentration were used
to generate a standard curve (Figure 2). The sensors were
regenerated by desorbing bound antibodies with a 5-min, low-pH
wash of 100 mM glycine, pH 2.2.
Detection of Cortisol in Saliva Using an In-Line Filtering
Flow Cell. Collection of saliva was performed using human
subjects authorized protocol 02-5536-EA03. Saliva was collected
from seven healthy adults. Volunteers were asked to rinse their
mouths, and saliva was collected by placing Salivettes (Sarstedt,
Newton, NC) into their mouths for 10 min. The Salivettes were
used according to manufacturer’s instructions. The saliva samples
were pooled and frozen in 1-mL aliquots for later use.
A cortisol antibody affinity column was used to generate saliva
depleted of endogenous cortisol. Anticortisol monoclonal antibodies (0.4 mg) (XM210) were first dialyzed against 1 L of PBS. The
antibodies were then attached to 1 mL of column matrix using an
AminoLink Plus immobilization kit (Pierce, Rockford, IL) following
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Figure 1. SPR competition assay for cortisol. The SPR biosensor
surfaces were coated with either cortisol-conjugated BSA or BSA
(reference channels). Mouse monoclonal anticortisol antibodies were
introduced to the sensors at time ) 12 min. Alternating pretreated
samples with varying concentrations of cortisol were pulsed through
the flow system. Reduction in binding slopes during antibody binding
to the cortisol-conjugated BSA surface was used to measure cortisol.
At time ) 102 min, the sensors were washed with buffer alone, and
then sensor surfaces were regenerated (at time ) 104 min) using
100 mM glycine, pH 2.2. The data from three sensor channels were
averaged for both the cortisol and reference measurements.

Figure 2. Standard curve for cortisol detection in laboratory buffer.
A log-log plot shows competition data for detection of cortisol in PBS.
Error bars represent standard deviations for experiments run in
triplicate.

the manufacturer’s instructions. Next, 10 mL of saliva was flowed
through the cortisol affinity column. The column was regenerated
by washing with 100 mM glycine, pH 2.2, and then equilibrating
with PBS. The pooled saliva column flow-through was passed
through the cortisol affinity column a second time. Cortisol
concentrations in the saliva as well as in the column flow through
fractions were measured using a Salivary Cortisol Enzyme
Immunoassay Kit (Salimetrics) to ensure that all cortisol was
maximally depleted.
Cortisol-depleted saliva was diluted 1:2 in PBS containing 0.1%
Tween-20 (PBST) and spiked with known concentrations of
cortisol. PBST containing cortisol antibodies (1:15 000 dilution)
was flowed through the fiber at a rate of 25 µL/min. Simultaneously, diluted saliva solutions spiked with varying concentrations

Figure 3. External, in-line filtering flow cell, which directs flow into
the SPR system. (A) Construction of the in-line filtering flow cell
required sliding a 1.6-mm Tee connector (1) (T210-1,Valve Plastics,
Fort Collins, CO) over the ends of 0.75-mm inner diameter PEEK
tube (2) (1533, Upchurch Scientific, Oak Harbor, WA), followed by
drilling a hole into the PEEK tube to allow sample flow, and then
sealing the PEEK tube to the tee with urethane adhesive (Lord Corp.,
Cary, NC). A hydrophilic hollow fiber (3) (Minntech, Minneapolis, MN)
with a molecular weight cutoff of 20 000 was inserted into the PEEK
tube, and both ends were sealed with urethane adhesive (4).
Following sealing of the hollow fiber into the PEEK tube, the ends of
the hollow fiber were cut flush with the tee preserving the opening to
the hollow fiber. (B) Salivary samples were diluted 1:2 with buffer
and flowed through tubing external to the hollow fiber. The antibody
solution was flowed countercurrent through the hydrophilic hollow fiber
and then through the SPR biosensor system. Diffusion may also be
aided by bulk flow across the hollow fiber wall controlled by a pressure
differential created by higher flow rates outside the hollow fiber (not
drawn to scale).

of cortisol was flowed outside the fiber at a rate of 50 µL/min.
The solution flowing inside the fiber was then directed over the
sensor surface (Figure 3).
Data Analysis. Standard curves and cortisol competition
values were generated from the raw data collected using the TI
Multispr program. The RI versus time slope values for reference
channels were averaged and subtracted from the cortisol channel
RI versus time slope values to compensate for changes in RI due
to bulk solution RI changes and nonspecific binding to the gold
sensor surfaces. Next, the initial slope of RI change versus time
was calculated for each addition of antibody without cortisol and
antibody with cortisol in samples. The initial slopes for each
sample were converted to a percentage of the cortisol-free samples
by comparing slopes of samples containing cortisol to the average
slopes of the cortisol-free samples detected immediately preceding
and following injection of each sample. All samples were analyzed
in triplicate and standard deviations were calculated.
RESULTS AND DISCUSSION
Detection of Cortisol by SPR Competition Assay. Competition
assays were performed by flowing a constant concentration (67
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ng/mL) of monoclonal anticortisol antibody over the sensors.
Periodic pulses of known amounts of cortisol were added to the
antibodies. Each TI Spreeta 2000 sensor contains three sensor
channels. The three channels of one biosensor chip were coated
with cortisol-conjugated BSA while the three channels of the
reference chip were coated with BSA. Data were collected and
displayed as RI versus time (Figure 1). A standard curve for the
cortisol competition assay was generated by subtracting the
reference channel data from the cortisol channel data and
comparing the change in slope for samples with cortisol to the
slope for cortisol-free samples. The reference channels were used
to compensate for bulk RI changes, minor temperature fluctuations, and nonspecific binding to the sensor surfaces. The standard
curve is based on experiments performed in triplicate and is
presented as a log-log plot (Figure 2).
Design of an In-Line Filtered Flow Cell. Detection of small
molecules in complex matrixes, like saliva, requires pretreatment
for optimal sensitivity. A flow cell was developed that can eliminate
contact between complex matrixes such as saliva and the SPR
sensor surface. A 10-cm-long hydrophilic hollow fiber (Minntech)
with a molecular weight cutoff of 20 000 was used to create the
in-line filtering flow cell. The fiber was enclosed within a 0.75mm-inner diameter PEEK tube (Upchurch Scientific) by sliding
the hollow fiber into the PEEK tube and sealing the ends with
urethane adhesive (Lord Corp.). Manufacture of the in-line
filtering flow cell was simple and inexpensive. Flowing an analyte
collection stream outside the hollow fiber, countercurrent to the
flow of sample, allowed the diffusion of the small molecular weight
components of saliva to the flow to the sensor surface and
prevented the large molecular weight components such as the
mucins and other large molecular weight components common
in saliva samples from contacting the sensor surface (Figure 3).
The in-line filtering flow cell allowed diffusion of small molecular
weight analytes between the sample stream and the sensor flow
stream. Diffusion was also aided by bulk flow across the hollow
fiber generated by a pressure differential created by an external
flow rate of 50 µL/min and an internal hollow fiber flow rate at
25 µL/min. Molecules that were small enough to flow through
the wall of the fiber passed freely between the two liquids while
larger molecules and particulates were restricted. The compound
flow cell was tested using 100-400 mM NaCl (MW 58.44)
solutions to follow small-molecule diffusion across the hollow fiber
wall. NaCl has a strong effect on the RI detected by the sensors
(Figure 4). The signal generated by flowing NaCl through the
exterior of the hollow fiber and measuring the NaCl diffused
through the fiber resulted in a 29% reduction in RI signal when
compared to flowing NaCl directly over the sensor surface.
Detection of Cortisol in Buffer and Saliva Using the InLine Filtering Flow Cell. The in-line filtering flow cell system
was used for detection of cortisol in saliva. PBST was used as the
buffer both inside and outside the hollow fiber. Antibody flowed
through the hollow fiber at a flow rate of 25 µL/min while known
concentrations of cortisol flowed outside the fiber at flow rates of
50 µL/min. Figure 5 shows a sensorgram generated using two
concentrations of cortisol (7.7 and 0.77 ng/mL).
Saliva was collected from seven adults and pooled to create a
source of saliva for these experiments. The pooled saliva contained
1.8 ± 0.2 ng/mL cortisol as determined using a salivary cortosol
6750
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Figure 4. Small-molecule diffusion across the external, in-line filtering
flow cell hollow fiber. PBS buffer solutions containing varying quantities (shown) of NaCl were flowed through the tubing external to the
hollow fiber followed after 5 min with NaCl solution flowing directly
over the sensor surface. The plateaus in signal RI represent the
diffusion of NaCl at equilibrium for each condition. For external NaCl
conditions, any NaCl that diffused into the hollow fiber resulted in an
increase in RI on the SPR sensor. Flowing NaCl directly through the
hollow fiber onto the sensor surface demonstrated the maximum RI
change produced from each NaCl concentration.

Figure 5. Detection of cortisol in laboratory buffer using the external,
in-line filtering flow cell. Alternating flow through the external PEEK
tube of buffer containing no cortisol (2, 22, and 36 min) with buffer
containing 7.7 (28 nM) (8 min) or 0.77 ng/mL cortisol (2.8 nM) (28
min) demonstrated the detection of cortisol from the hollow fiber flow
containing 1:15 000 diluted anticortisol antibody.

detection kit (Salimetrics). Given the sensitivity of the SPR
biosensor using laboratory buffers, cortisol-depleted saliva was
needed to examine the sensitivity of the SPR system in saliva.
The pooled saliva sample was depleted of cortisol as described
in the Experimental Section. After one pass through the column,
the cortisol level was 0.20 ± 0.05 ng/mL. Following a second pass
through the column, the cortisol level was 0.05 ± 0.05 ng/mL
cortisol. Protein levels in the cortisol-depleted saliva were 90% of
the initial sample.
Cortisol-depleted saliva was diluted 1:2 with PBST and flowed
outside the hollow fiber while antibodies were flowed countercurrent through the hollow fiber of the in-line filtering flow cell.
Sensorgrams were generated by flowing saliva samples spiked
with known quantities of cortisol through the exterior of the hollow

Figure 6. Example of a sensorgram for detection of cortisol in saliva
using the external in-line filtering flow cell. Alternating flow through
the external PEEK tube of 1:2 diluted cortisol-depleted saliva containing no cortisol (4, 15, and 26 min) or containing 2.0 (10 min) or 4.0
ng/mL cortisol (20 min) demonstrated detection of cortisol from the
hollow fiber flow containing 1:15 000 diluted anticortisol antibody.

fiber. A typical sensorgram for two concentrations of cortisol is
shown in Figure 6. A standard curve for the salivary cortisol
competition assay was generated by subtracting the reference
channel data from the cortisol channel data and comparing
the changes in slopes for samples with cortisol to the slopes for
cortisol-free samples (Figure 7). Cortisol was detected in saliva
at concentrations as low as 1.0 ng/mL. The assay had a useful
detection range between 1.5 and 10 ng/mL (5.4 and 36 nM). For
these experiments, the concentration of antibody was selected to
give optimal sensitivity in the low range of detection. For use with
clinical samples, the high-end detection range can be extended
by increasing the concentration of antibody or diluting the sample.
Future experiments will also explore increased sensitivity at the
low end of detection by attaching antibodies to colloidal particles
that significantly increase the change in RI per antibody molecule
(data not shown).
CONCLUSIONS
We report here a rapid assay for measuring cortisol levels in
saliva. The small, portable SPR biosensor used for measurements
of cortisol will allow for analysis in the field as well as in
emergency rooms and provides results in less than 10 min. Levels
of cortisol in blood and saliva can be measured and used as an
indicator of stress. While measurements of cortisol in saliva are
as much as 100× lower than in blood, it is thought that salivary
cortisol and free cortisol in blood correlate more closely with stress

Figure 7. Standard curve for cortisol detection in saliva. The log-log
plot shows competition data for detection of cortisol in PBS. Error
bars represent standard deviations for experiments run in triplicate.

than does total blood cortisol.6 Also, collecting blood may induce
stress and alter the measurement while saliva collection is stressfree. The collection of saliva does not require trained medical skills
and can, therefore, simplify collection of samples at numerous
time points.
The in-line filtering flow cell described here will be useful for
detecting many other small molecular weight analytes in complex
matrixes. Detection of cortisol in a complex matrix such as saliva
has been simplified by the addition of the external in-line filtering
flow cell that allows for diffusion and bulk flow of small molecular
weight analytes into the sensor feed stream while excluding
particulates and larger organic molecules that can cause an
increase in background signal. The external in-line filtering flow
cell can be easily adapted for use in other SPR devices as well as
many other diagnostic biosensors with upstream processing
capabilities.
ACKNOWLEDGMENT
This work was supported in part by NIH/NIDCR Grants
1-UO1DE14971 and NIEHS P50 ES012762–NSF OCE-0434087, by
the Department of Defense, and by Grant 66-0618 from the Center
for Process Analytical Chemistry, University of Washington. Its
contents are the sole responsibility of the authors and do not
necessarily represent the views of NIH, NIEHS, or NSF.
Received for review April 30, 2008. Accepted May 28,
2008.
AC800892H

Analytical Chemistry, Vol. 80, No. 17, September 1, 2008

6751

