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Abstract

We describe a new method of fluorescence sensing based on fluorescence polarization. The sensor
consists of two compartments, both of which contain the sensing fluorophore. One side of the
sensor contains a constant concentration of analyte, and the other contains the unknown
concentration. Emission from both sides is observed through polarizers, with the polarization from
the sample being rotated 90° from that of the reference. Changes in the fluorescence intensity of
the sample result in changes in the measured polarization for the combined emission. We show
that this approach can be used to measure glucose and calcium using fluorophores which show
analyte-dependent intensity changes, and no change in the spectral shape. Only a single
fluorophore is required, this being the sensing fluorophore in both sides of the sensor. We also
show that polarization sensing of glucose and calcium can be performed with visual detection of
the polarization. In this case the only electronic component is the light source. These simple
schemes can be used with a variety of analytes. The only requirement is a change in fluorescence
intensity in response to the analyte.

Index Headings:
Fluorescence sensing; Glucose; Calcium; Protein sensors; Polarization; Anistropy

INTRODUCTION

During the past decade there have been continued advances in the methodology for
fluorescence sensing.1=> Numerous new sensing fluorophores have been developed that
provide responses to specific analytes, especially to cations and anions.5-10 A significant
problem in fluorescence sensing is the difficulty of performing intensity measurements in a
real-world situation. Intensity measurements are typically unreliable or require frequent re-
calibration because of a variety of chemical and instrumental factors. Hence, there has been
a considerable effort to develop sensing fluorophores that display spectral shifts in response
to analyte binding, the so-called wavelength-ratiometric probes. Such probes are available
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for Ca2* 11-13 Mg2+ 14.15 and pH.16 However, it has not been possible to develop
wavelength-ratiometric probes for all analytes, particularly analytes such as chloridel?-18
and oxygen,19-23 which act as collisional quenchers.

Methods have been developed to avoid the dependence on intensity measurements. One
approach is to use the fluorescence lifetime instead of the intensity, which is called lifetime-
based sensing.2425 In this case, one selects a fluorophore that displays a change in lifetime
in response to the analyte. Lifetime-based sensing has been reported for a wide range of
analytes, including collisional quenchers.26:27

Another method to avoid the need for absolute intensity measurements is to use fluorescent
internal standards. In this case the sensor contains two fluorophores, one of which responds
to changes in the analyte concentration. This approach has been used with phase-modulation
fluorometry to develop sensors for pH and pCO5,28:29 glucose,3° and calcium.3! These
approaches require the use of an amplitude-modulated light source, which is available from
simple light-emitting diode light sources.32-3%

We now describe a new method of internal referencing that can be accomplished with only
steady-state measurements and can be used whenever the fluorescence intensity changes in
response to the analyte. This self-reference method is shown in Scheme I. The sensor
consists of two parts. One side contains the sensing fluorophore and a constant concentration
of analyte, and is regarded as the reference (R). The other side contains the unknown
concentration of analyte, and is regarded as the sample (S). The emission from each side
passes through a film polarizer prior to reaching the detector. The orientation of the sample
polarizer (P, ) is rotated 90° relative to the reference polarizer (A;). The emission from both
sides of the sensor is observed through an analyzer polarizer, which allows measurement of
the parallel (4R) and perpendicular (/; S) components of the combined emission. The
parallel (II) orientation is taken as the laboratory vertical axis. The combined emission is then
observed through an analyzer polarizer. Because of the emission polarizers on the sample,
the parallel measurement reveals the intensity of the reference (4R), and the perpendicular
measurement reveals the intensity of the sample (/;5). These values are used to calculate the
polarization of the combined emission. Changes in the intensity from the sample (/,S) result
in changes in the polarization values.

The approach shown in Scheme | promises to be both simple and reliable. Only a single
sensing fluorophore is needed, and it is used on both sides of the sensor. Furthermore, it
seems likely that factors which affect the intensity of the sensing fluorophore will be similar
for both sides of the sensor, which should result in good long-term stability of the calibration
curve.

In the present report we describe the operating principles of the polarization sensor (Scheme
I). We then show how this approach can be used to measure glucose and calcium, in both
cases using probes which change intensity in response to the analyte but do not show
spectral shifts. We also show how the sensor shown in Scheme | can be adapted for use with
visual detection of the polarization.
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Polarization-Based Sensing.

The theory describing the polarization values from the combined sensor can be developed
with a few simple considerations. The polarization of the combined emission from the
sample and reference is given by

nr- It
T[T I @
I+
where the superscript T indicates the sum of the intensities from the sample and reference.
The subscripts indicate the parallel (II) and perpendicular (L) components of the emission as
measured through the analyzer polarizer. Because of the polarizers in front of the reference
and sample sides of the sensor, the polarized intensities are given by

It =nR @

nLrT=1,°5 ©)]

where /R and /, S represent the intensities from the reference and sample, respectively. In
the present cases, and in many situations, the emission from the sample and reference is
unpolarized, so that the polarized intensities are proportional to the total intensity from each
side of the sensor.

The intensities from the sample and reference depend on a number of instrumental factors,
including the excitation intensity, the probe concentration, the filter transmission, the
polarizer efficiency, the quantum yield, the observation wavelength, and the intensity of each
light source. For simplicity, we chose not to explicitly indicate these factors.

Substituting Egs. 2 and 3 into Eqg. 1 yields

IR = 145
= IRTT.S" )
I8+ I
The measured polarization depends on the intensity of the sample relative to the reference. If
the sample intensity is very low, then the polarization approaches 1.0. If the emission from
the sample dominates, then the polarization approaches —1.0. Hence a wide range of
polarization values is available, resulting in a wide dynamic range for the sensor.

It is important to notice that polarization-based sensing can be accomplished without a
change in the polarization of the sample. This counterintuitive result is obtained because the
polarizers on the emission side of the sensor provide polarized light from sample and
reference.
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Polarization-Based Sensing with Visual Detection.

Polarization-based sensing can also be accomplished with visual detection using the
apparatus in Scheme I1. In this case the emission sides of the reference and sample are again
covered with film polarizers in the vertical and horizontal orientations, respectively. The
emission is observed visually through a long-pass filter and a second analyzer polarizer. The
intensities on the vertical and horizontal sides of the image are given by

1¥ = I||Rcos2a (5)

Iy = I,Ssin’«a ©)

where a is the angular displacement of the analyzer from the vertical position. For visual
measurements, the analyzer is rotated until the intensities from the reference and sample are
perceived to be equal. For this condition one has

I”Rcosza = IJ_Ssinza M
and
tan’a = fl—f;. ®)
Changes in the intensity from the sample result in changes of the analyzer angle needed to
equalize the intensities. We call this difference the compensation angle, Aa..
A =ay— «a. 9)

In this expression a refers to the angle needed to equalize the intensities in the absence of
analyte, or some other chosen initial condition. The value of ag will depend on the intensity
of the reference relative to that from the sample with no analyte or at the initial condition.

At first glance one is tempted to believe that the accuracy would be poor in visual
determination of a. In fact, we found that an accuracy of one to two degrees can be routinely
obtained.3¢ This excellent accuracy is due to the high sensitivity of the human eye in
detecting small differences in relative intensity. To be more precise, we found that a 10%
difference in intensity is detectable by most individuals, and a 10% difference is adequate to
determine a to within one to two degrees.36

MATERIALS AND METHODS

Human serum albumin (HSA) and 8-anilino-1-naphthalenesulfonic acid (ANS) were
obtained from Sigma, Inc. and used without further purification. The HSA concentration
was 3.3 mg/mL. The ANS concentration was 1.2 x 107 M as calculated from € (372 nm) =
7800 M~ cm=1. The solution of HSA and ANS was in 0.05 M phosphate buffer, pH = 7.
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The glucose assay was accomplished by using the glucose/galactose binding protein
(GGBP) from E. coli. We used a mutant which contained a single cysteine residue at
position 26.30 This protein was labeled with (4’ -iodoacetamidoanilino)naphthalene-6-
sulfonic acid (I-ANS) from Molecular Probes, Inc. A solution containing 2.5 mg/mL Q26C
GGBP in 20 mM phosphate, 1 mM tris-(2-carboxyethyl)phosphine (TCEP), pH 7.0, was
reacted with 50 pL of a 20 mM solution of I-ANS in tetrahydrofuran (purchased from
Molecular Probes, Inc.). The resulting labeled protein was separated from the free dye by
passing the solution through a Sephadex G-25 column. The protein-ANS conjugate was
purified further on Sephadex G-100 and dissolved in 20 mM phosphate, pH 7.0.

Fluo-3 was obtained from Molecular Probes, Inc. The calcium concentration was controlled
by using calcium buffer kits, C-3009, also from Molecular Probes, Inc.

Operating Principle of Self-Referenced Polarization Sensing.

To illustrate the principles of polarization sensing, we chose to initially present our results
using two different fiuorophores. One side (V) of the sensor contained a constant
concentration of HSA with noncovalently bound ANS. The other side (H) of the sensor
contained the glucose/galactose binding protein from E. coli. These samples displayed
similar but slightly different emission spectra. The emission maxima for ANS/HSA and
ANS-Q26C GGBP (cysteine26 mutant of GGBP labeled with I-ANS) were 485 and 450 nm,
respectively.

The different emission maxima for the two sides of the sensor allow visualization for
determining the contribution from each fiuorophore to the total emission. The emission
spectra were recorded from the combined sensor (Fig. 1). When the emission polarizer was
in the vertical orientation, the emission spectrum was characteristic of ANS/HSA. When the
emission polarizer was in the horizontal position, the emission spectrum was characteristic
of labeled GGBP. These results demonstrate that Eqs. 2 and 3 provide an accurate
description of the polarized components of the emission. More specifically, the emission
spectra observed through a vertically or horizontally oriented polarizer represent the
emission from ANS/HSA and ANS-Q26C GGBP, respectively.

GGBP labeled with I-ANS displays only a moderate change in intensity due to glucose.
From other experiments we know that the glucose binding constant is near 1 pM.30 Addition
of 8 uM glucose to labeled GGBP results in an approximately twofold decrease in the
intensity of the ANS label (Fig. 1). We used this decrease as the basis of our polarization
Sensor.

Polarization values were measured across the emission spectra from the combined sensor
(Fig. 2). The polarization values increase with increasing wavelength. This effect is due to
the increasing contribution of ANS/HSA at longer wavelengths, and the vertically oriented
polarizer in front of ANS/HSA. The polarization values are lower and even negative at
shorter wavelengths because of the shorter wavelength emission of ANS-Q26C GGBP and
the horizontal polarizer in front of this sample. The polarization values were also found to be
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dependent on the glucose concentration. Increasing amounts of glucose result in larger
polarization values. This change occurs because binding of glucose to labeled GGBP
decreases its intensity. Hence the polarization shifts towards the value of +1.0—
characteristic of the ANS/HSA side of the sensor.

We used the glucose-dependent polarization values to develop a calibration curve for
glucose (Fig. 3). It is surprising that the polarization increases substantially from 0.06 to
0.36. This range is larger than that encountered for typical polarization assays in which the
polarization change is due to changes in the rotational correlation time of the fluorophore.
This larger range of polarization values is the result of using a pair of orthogonally oriented
polarizers as part of the sensor design. The increase in polarization is complete above 6 pM
glucose. This result occurs because ANS-Q26C GGBP becomes saturated with glucose and
the intensity becomes constant.

It is informative to consider the potential accuracy of these glucose measurements. Since
polarization measurements are easily accurate to +0.01, we estimate the accuracy in glucose
concentrations to be about £0.1 pM. In the future one can expect glucose binding proteins
that display larger changes in intensity than shown by ANS-Q26C GGBP. In these cases the
polarization change will be larger, and the accuracy in the glucose concentration will be
higher. Of course the maximum accuracy will be found near the midpoint of the glucose-
GGBP binding curve. The accuracy will decrease as the glucose concentration becomes
much smaller or much larger than the glucose binding constant.

Glucose Assay with a Self-Reference.

We next examined a sensor that contained ANS-Q26C GGBP on both sides of the sensor.
The reference solution was observed through a vertical polarizer, and the solution with
various glucose concentrations was observed through a horizontal polarizer (Fig. 4, top).
When the analyze polarizer was in the vertical orientation, the emission spectrum was
independent of glucose concentration (——). This result occurs because the vertical
analyzer polarizer selects for emission from the reference side of the sensor. When the
analyzer polarizer is in the horizontal orientation, the emission spectra display decreasing
intensity with increasing glucose concentration (— — ). This result occurs because the
horizontal analyzer selects the emission from the side of the sensor that contains the variable
glucose concentration.

We measured the polarization spectra for the combined emission from the sensor (Fig. 4,
bottom). In this case the polarization values are independent of wavelength because both
sides of the sensor display the same emission spectra. This is an advantage of using the
sensor as the reference: there is no dependence of the polarization values on the observation
wavelength. As the glucose concentration increases, the polarization increases. This increase
occurs because the intensity of ANS-labeled GGBP decreases in the presence of glucose, so
that the vertically polarized reference emission contributes a larger fraction to the total
emission.

The polarization values were again used to develop a glucose calibration curve (Fig. 5). In
this case the polarization changes from near zero to over 0.3. This change in polarization
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occurs for only a twofold change in sample intensity. Since the reference and sample are the
same fluorophore, one expects both sides of the sensor to display similar photobleaching or
dependence on temperature. Hence the glucose calibration curve should be stable for
extended periods of time.

The reader may question the usefulness of a glucose sensor with micromolar sensitivity
when the concentration of glucose in the blood is near 5 mM. High glucose affinity is useful
for two reasons. First, one can use a minimum volume of blood, which is then diluted into
the sample in contact with the sensor. Second, there is increasing interest in the use of
extracted interstitial fluid to monitor blood glucose. In this sample the glucose concentration
is often in the micromolar range.3’

Sensing of Calcium.

Fluorescence sensing methods are needed for a variety of cations and anions, particularly for
blood gases and electrolytes. Hence we examined how our polarization sensor could be used
to measure calcium. For these experiments we chose the calcium-sensitive fluorophore
Fluo-3.38 This fluorophore displays a dramatic increase in fluorescence upon binding
calcium, approximately 100-fold.3° While the intensity change of Fluo-3 is dramatic, there
is no spectral shift upon calcium binding. Hence, wavelength-ratiometric measurements are
not possible. Furthermore, Fluo-3 is not useful with lifetime-based sensing. This is because
Fluo-3 is nonfluorescent in the absence of calcium. If the lifetime is measured, one observes
only the emission from the calcium-bound form. Hence, the lifetimes are independent of
calcium concentration.

While Fluo-3 is not useful as a wavelength-ratiometric of lifetime sensor, its large change in
intensity makes it well suited for use in polarization sensing. The sensor was configured
with Fluo-3 in both sides. The calcium concentration was constant at 1.35 uM in the
reference (vertical) side and was variable in the sample (horizontal) side of the sensor.
Emission spectra were recorded through the analyzer polarizer (Fig. 6, top). The spectrum
was constant with the analyzer in the vertical orientation because of the constant signal from
the vertical side of the sensor. The emission spectrum seen with the analyzer in the
horizontal position increases with the calcium concentration because of the intensity
increase of Fluo-3.

Since the sensor contained Fluo-3 on both sides, the polarization was independent of
wavelength (Fig. 6, bottom). The polarization decreased dramatically from 0.8 to 0.0 with
increasing calcium concentrations. The decrease in polarization occurs because the intensity
from the horizontally polarized side of the sensor increases as the calcium concentration
increases. The calibration curve for the polarization values (Fig. 7) shows a dramatic
dependence on the calcium concentration. In this case the calcium concentrations are
expected to be accurate to +0.01 pM. Once again, since the same fluorophore is present on
both sides of the sensor, one expects similar changes in the emission due to temperature or
photobleaching. Hence one can anticipate a stable calcium calibration curve. If desired, the
polarization could increase with higher calcium concentrations by reversing the sample and
reference in Scheme I. The calcium-sensitive range is from 0 to 400 nM Ca2*, which is the
typical range for intracellular calcium.
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Glucose and Calcium Sensing with Visual Detection.

In another report we described polarization sensing with visual detection.36 The basic idea is
to visually observe the emission from both sides of the sensor through an analyzer polarizer
(Scheme I11). The analyzer is rotated until the adjacent intensities from the vertically and
horizontally polarized emission are equalized. The angle of the analyzer polarizer is used to
determine the analyte concentration.

We applied this method to sensing of glucose and calcium, using the apparatus shown in
Scheme Il. The images seen through the analyzer polarizer are shown in Fig. 8. For these
images the initial angular rotation of the analyzer (ag) was adjusted to match the intensities
seen from both sides of the sensor. The images were then recorded for various analyte
concentrations, with the analyzer left in the same angular position (). As the glucose
concentration increases, the intensity from the horizontal (right) side of the sensor decreases,
as can be seen in the top panel of Fig. 8. As the calcium concentration increases, the
intensity in the horizontal (right) side of the sensor increases, as can be seen in the lower
panel.

The angular position of the analyzer can be adjusted to yield visually equivalent intensities.
These angles are shown under the images in Fig. 8. For glucose the angles of the analyzer
must be increased to equalize the intensities. This effect is due to the decreased horizontal
intensity, as well as the need to increase the horizontal intensity to visually match both sides
of the sensor. For increasing concentrations of calcium, the angle of the analyzer must be
decreased to equalize the intensities. This direction of change is needed because the
increased intensity from the horizontal component must be attenuated to yield visually
equivalent intensities.

Figures 9 and 10 show the calibration curves for the compensation angles for glucose and
calcium, respectively. In another report we found that the compensation angles are typically
accurate to one or two degrees.3® An accuracy of 1° in the compensation angle results in an
accuracy of £0.5 UM in glucose and £0.05 uM in calcium, as found for the most sensitive
part of the curve. While the accuracy is somewhat less than that available with electronic
detection, the accuracy may be adequate for some clinical or analytical applications,
particularly where a yes/no answer is adequate.

DISCUSSION

What are the advantages of the polarization sensing schemes described above? One
advantage is the need for just one fluorophore, which is used in both sides of the sensor. This
arrangement should result in stable calibration curves that are insensitive to many
instrumental or chemical changes in the sample. Another advantage is the wide dynamic
range of polarization values, from +1.0 to —1.0. Importantly, this range of values is available
without any change in the actual polarization of the emission of the sensing fluorophores.
The polarization values of +1.0 and —1.0 are imposed on the sensor by the use of polarizers
through which the emission is observed.
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Perhaps the most important characteristic of polarization sensing is that the approach is
generic and can be used in any situation where an intensity change occurs. For instance,
intensity changes occur for the sodium and potassium probes SBFI and PBFS,0 but the
spectral shifts are rather small. As shown for the glucose sensor, a twofold change in
intensity is easily adequate for a polarization sensor. Also, polarization sensing can be used
for collisional-quenched fluorophores that do not display spectral shifts. Hence, one can
imagine polarization sensors for Na*, K*, MgZ*, CI~, pH, and O, to name a few.

It is also important to recognize the increasing availability of intensity-based fluorophores
for glucose. These probes contain boron and depend on binding of the glucose diol to the
boron, resulting in a change in probe intensity.#1-4% Such glucose-specific fluorophores
could be used with polarization sensing to develop low-cost devices for measuring glucose
in blood.

In summary, polarization sensing provides a simple method to convert any change in
intensity into a change in polarization. The use of polarizers within the sensor design results
in a wide range of polarization values. Polarization sensors can most probably be designed
with solid-state light sources and detectors, making clinical measurements available for
point-of-care applications.
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APPENDIX

In the case of glucose sensing, the labeled protein provided only a modest twofold change in
intensity in response to glucose. When one is using visual detection with such sensors, it is
important to select initial conditions that result in the largest overall change in a. Suppose
the initial (0) polarized intensities of the sample and reference are 4° and 4R, where we
have dropped the polarization subscript for simplicity. According to Eq. 8 the initial angle is
given by

IR
tanlay = —— = n (A1)

where nequals the initial intensity ratio. Hence
ap = atany/n. (A2)

Now suppose the addition of analyte changes the intensity on the sample side of the sensor
by a factor a.. The sample intensity is then given by

15 = dIs. (A3)

The compensation angle needed to equalize the intensities is then given by
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a = atam/n/d. (A4)

Hence, the change in compensation angle for a factor of dchange in sample intensity is
given by

Aa = a — ag = atany/n/d — atan\/ﬁ. (A5)
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4o, COMPENSATION ANGLE

Fig. 11.
Effect of the initial conditions on the total change in angle for visual sensing.

We used Eq. A5 to calculate the values of 77 needed to obtain the maximum changes in a.
These simulations are shown in Fig. 11. The calcium sensor displays a large increase in
intensity upon binding calcium; that is, dis larger than 10. For this situation, it is preferable
to chose the initial conditions so that 7is near 3; that is, the reference is about threefold
more intense than the sample. For the glucose sensor, the intensity decreases upon glucose
binding, and d'is near 0.5. In this case it is desirable to begin the experiment with 77 near 0.5,
which is the case where the sensor is about twofold more fluorescent than the reference.
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Fig. 1.

Er%ission spectra of the vertical (V) and horizontal (H) components from the combined
sensor. The vertical polarizer is placed in front of the ANS/HSA solution. The horizontal
polarizer is placed in front of the ANS-Q26C GGBP sample. The upper and lower panels
show the component spectra in the absence and presence of 8 UM glucose, respectively.

Appl Spectrosc. Author manuscript; available in PMC 2020 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

LAKOWICZ et al.

Page 15
0.8
ANS - Q26C GGBP and ANS/HSA
0.6
[Glucose] ,uM
0.4+
3
= 0.2
<
N
x
<
-J
o O Sensor: ANS-Q26C GGBP
Reference : ANS/HSA
-0.2
-0.4 ' ' 1

450 475 500
WAVELENGTH (nm)

Fig. 2.
Wavelength-dependent polarization of the combined emission from ANS-Q26C GGBP and

ANS/HSA. The arrow shows the wavelength chosen for measurement of the glucose
concentration.
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Fig. 3.
Glucose-dependent polarization values from the two-part sensor.
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Emission spectra (top) and polarization spectra (bottom) for a two-part sensor consisting of
only ANS-Q26C GGBP in both sides of the sensor. The glucose concentration was constant
on the left (V) side of the sensor and was varied in the right (H) side of the sensor (see

Scheme 1).
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Glucose-dependent polarization sensing using only ANS-Q26C GGBP in both sides of the

Sensor.
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Fig. 6.

Poglarization sensing of calcium using Fluo-3. The top panel shows the emission spectra of
the vertical component (Scheme I, R) and of the horizontal component (Scheme I, S). The
calcium concentration is constant at 1.35 pM in the left side (R) of the sensor. The calcium
concentration is variable in the right side of the sensor (S). The lower panel shows the
polarization across the emission spectra.
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Fig. 7.

Calcium-dependent polarization values using only Fluo-3 in both sides of the sensor.
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Fig. 8.

Images seen through the analyzer for different concentrations of glucose (top) and calcium
(bottom). In each case the initial angle of the analyzer was adjusted to yield equal intensities
in the absence of glucose on calcium. The images were then recorded at this same analyzer
angle. The values under the images are the analyzer angles needed to equalize the intensities,
not the angle needed to equalize the intensities.
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Fig. 9.
Calibration curve for glucose sensing with visual detection.
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Fig. 10.
Calibration curve for calcium sensing with visual detection.
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Experimental configuration for polarization-based sensing.
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Schemell.
Polarization sensing with visual detection. The values of a is zero degrees when the

analyzer polarizer is oriented vertically.
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