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Abstract

We describe a new approach to fluorescence sensing which relies on visual determination the 

polarization. The sensing device consists of a fluorescent probe, which changes intensity in 

responses to the analyte, and an oriented fluorescent film, which is not affected by the analyte. An 

emission filter is selected to observe the emission from both the film and the sensing fluorophore. 

Changes in the probe intensity result in changes in the polarization of the combined emission from 

the sensor and reference. The degree of polarization can be detected visually using a dual polarizer 

with adjacent sections oriented orthogonally to each other. The emission passing through the dual 

polarizer is viewed with a second analyzing polarizer. This analyzer is rotated manually to yield 

equal intensities from both sides of the dual polarizer. This approach was used to measure the 

concentration of RhB in intralipid and to measure pH using 6-carboxyfluorescein. The analyzer 

angle is typically accurate to 1°, providing pH values accurate to ±0.1 pH unit at the midpoint of 

the titration curve. We also describe a method of visual polarization sensing that does not require 

an oriented film and that can use the same fluorophore for the sample and reference. These 

approaches to visual sensing are generic and can be applied to a wide variety of analytes for which 

fluorescent probes are available. Importantly, the devices are simple, with the only electronic 

component being the light source.

During the past 10 years there have been remarkable advances in the technology for 

fluorescence sensing.1–7 There has been extensive development of new fluorescent 

probes8–10 and the introduction of time-resolved fluorescence to chemical sensing, which is 

referred to as lifetime-based sensing.11–13 Additionally, the time scale of fluorescence has 

been extended from the nanosecond range to the microsecond range by the use of long-

lifetime metal–ligand complexes.14,15

New approaches to fluorescence sensing continue to appear. During the past year, a new 

approach to sensing was developed which uses reference fluorophores in addition to the 

sensing fluorophores. The concept is to mix a sensing fluorophore that is sensitive to analyte 

with a second fluorophore that is not sensitive to analyte. One then measures the combined 

emission of the sensor and reference fluorophores, which can be used to determine the 

analyte concentration. This approach has been used with the long-lifetime metal–ligand 

complexes (MLC) as the reference fluorophore and a pH-sensitive probe, to determine pH or 

pCO2 from the phase angle of the emission.16,17 In this laboratory, we have also used such 

mixtures to determine pH, calcium, and glucose concentrations. In our studies, we used the 

low-frequency modulation of the emission, rather than the phase angle, to determine the 

analyte concentration.18–21 We showed that the low-frequency modulation can be used to 
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determine the fractional intensity of the nanosecond fluorophore, relative to that of the 

metal–ligand complex with its microsecond decay time.

In a recently submitted paper,22 we extended the idea of using a reference fluorophore to 

sensing based on anisotropy measurements. The concept is based on the additivity of 

anisotropy.23–25 This rule states that the anisotropy for a mixture of fluorophores is the 

weighted average of the value for each fluorophore and their fractional contributions to the 

total intensity. We developed sensing methods in which the reference was a fluorophore in a 

stretch-oriented film of poly(vinyl alcohol). We used anisotropy-based sensing to measure 

pH using 6-carboxyfluorescein or the concentration of labeled protein in the sample.22

While the sensing methods described above can be accomplished with simple devices, it is 

desirable to further simplify the measurements. Hence we developed a method to perform 

anisotropy-based sensing with visual detection. This work was stimulated by the concepts 

shown in Chart 1. We imagined that back-illuminated hand-held devices could be used for 

point-of-care medical testing (top). Alternatively, it would be valuable to have watchlike 

devices that can perform measurements through the skin (bottom). The basic idea is for the 

doctor or patient to perform the measurement by visual comparison of two intensities. These 

fluorescent intensities will be seen side by side through a pair of adjacent crossed polarizers, 

as shown on the face of the watch (Chart 1, lower panel). The analyte concentration will 

determine the relative intensities seen through each polarizer orientation. The polarization or 

anisotropy of the sample can be determined by simple rotation of the analyzer polarizer to 

yield equal intensities for each side of the crossed polarizer. With such a device, the only 

required electronics is for the light source. Hence, one can readily imagine portable battery-

powered devices for measurement of blood gases, electrolytes, glucose, and a wide variety 

of analytes.

MATERIALS AND METHODS

N-Methyl-4-(pyrrolidinyl)styrylpyridinium iodide (MPSPI) was obtained from Molecular 

Probes (Eugene, OR), rhodamine B (RhB) was from Exciton, Inc. (Dayton, OH), and 6-

carboxyfluorescein (6-CF) was from Eastman Kodak (Rochester, NY). Intralipid (20%) was 

obtained from Kabi Vitrum, Inc. (Clayton, NC) and diluted 40-fold to 0.5% in 50 mM tris 

buffer at the desired pH values.

Several excitation sources were used. We used a HeNe laser (543 nm) from Meles Griot or a 

blue LED from Nichia Chemical Industries (Tokushima, Japan). When an LED was used, an 

excitation band-pass of 466 ± 26 nm26 was selected using a 510-nm short-wave-pass filter. 

We also used an electroluminescent device, which was obtained from Lumitek International, 

Inc. (Ijamsville, MD). Its output was visually blue, with a maximum near 480 nm and a half-

width of 80 nm. Polarizing plastic films were from Rolyn Optics (Covina, CA).

The fluorescence from RhB was observed through a 590-nm long-pass glass filter, and 6-CF 

was observed through a 540 nm wide band interference filter from Chroma Technology 

Corp.

Gryczynski et al. Page 2

Anal Chem. Author manuscript; available in PMC 2019 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Films of poly(vinyl alcohol) were prepared as described previously.27,28 These films were 

physically stretched up to 6-fold to orient the MPSPI molecules, and the film was then 

pressed against the side of the cuvette (Chart 2). When stretched films are used, the 

stretching ratio (RS) is defined as the axial ratio a/b of an ellipse formed when stretching an 

imaginary circle in the unoriented film.29 The volume of the circle or ellipse is assumed to 

be conserved. Under these conditions

Rs = N3 2 (1)

where N is the physical fold of the stretch.

Stretched films provide an easily available reference fluorophore with a high polarization 

near unity. Such values can be obtained for fluorophores in stretched polymer films, which 

result in elongated fluorophores being aligned along the stretching axis.27 In such systems, 

the electronic transitions of the fluorophore are all aligned in one direction or more precisely 

display a uniaxial orientation. The emission polarization from such samples are typically in 

the range of 0.6–0.8 and can approach 1.0.28,29 Stretched polymer films retain their 

orientation for extended periods of time and thus can be practical for real-world applications.

THEORY

Operating Principle of the Visual Polarization Sensor.

Schematic diagrams of two possible geometries for visual polarization sensing are shown in 

Chart 2. In the in-line geometry, the light passes through the sample. In the front-face 

geometry, the emission from the sample is viewed from the illuminated surface. In both 

cases, the absorption of the stretched film is adjusted so that the exciting light is only 

partially absorbed, and adequate intensity remains to excite the sample. A filter is used to 

eliminate the excitation and to transmit the emission.

An important part of the visual polarization sensor is the dual polarizer (DP). This 

component consists of two adjacent sheet polarizers with the optical axis of one rotated 90° 

relative to the other polarizer (Chart 2). If the sample is uniformly illuminated, the intensity 

transmitted by each half of the dual polarizer represents the parallel (‖) and perpendicular 

(⊥) components of the emission. This emission has two components, from the reference film 

and from the sample.

Visual detection of the degree of polarization is accomplished by viewing the dual polarizer 

through an analyzer polarizer (P). This polarizer is rotated until the intensities are equal for 

both sides of the observation window. The total range of polarizer angles for the in-line 

geometry is 45°, as the emission ranges from 100%from the reference film to 100%from the 

sample. We found that it is easy to visually detect the position of equal intensities. As will be 

shown below, visual observation was found to provide 1° of accuracy in adjusting the 

analyzer polarizer.

The operating principle is the same whether the geometry is in-line or front face. However, 

the front-face geometry allows the use of an additional polarizer (P⊥) after the stretched film 
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but before the sample. This polarizer (P⊥) can be used to selectively observe only the 

perpendicular component of the emission from the sample. As will be shown below, the use 

of P⊥ increases the range of angles to 90°.

In-Line Geometry.

In the biophysical use of fluorescence, it is common to use the anisotropy of the emission. 

However, in the present report, we are visually observing the emission from the front surface 

(front-face geometry) or directly through (inline) the sample (in-line geometry). For these 

geometric conditions, we find it easier to describe the results in terms of the polarization of 

the emission,

P = (I∥ − I⊥) (I∥ + I⊥) (2)

where I‖ and I⊥ are the intensities seen parallel (‖) or perpendicular (⊥) to the orientation of 

the reference film.

The theory for visual detection of the polarization can be developed using Chart 3. This 

scheme shows the various polarized intensities from the sample (S) and reference (R) that 

are present along the optical path. Suppose the sample is illuminated with unpolarized light. 

The emission from the stretched film is polarized along its stretch axis (IR
‖). Since the 

alignment is never perfect, there is also a smaller component perpendicular to the stretch 

axis (IR
⊥). The starting angle of the polarizer measured from the vertical axis(α0) will be 

near 90°. The angle will be near 90° because the film emission is highly polarized, and the 

vertical component (IR
⊥) must be significantly attenuated to yield equal intensities in each 

half of the dual polarizer.

Suppose now there is significant emission from the sample (Chart 3, lower panel). Since the 

excitation is not polarized, and the sample is not oriented, the sample adds components of 

equal intensity in both directions (IS
‖ = IS

⊥. We have assumed that the stretched film is 

optically thin, so that it does not act like a polarizer. The emission transmitted through each 

side of the dual polarizer is the sum of the two polarized components

I∥ = IR
∥ + IS

∥
(3)

I⊥ = IR
⊥ + IS

⊥
(4)

Assume now that these two components are observed through the analyzer polarizer. The 

intensities observed through the vertical (V) and horizontal (H) regions of the dual polarizer 

are given by

IV = (IR
∥ + IS

∥) cos2 α (5)

IH = (IR
⊥ + IS

⊥) sin2 α (6)
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where α is the analyzer polarizer angle from the vertical position.

For visual measurement, the analyzer is rotated until the intensity is equal for both sides of 

the DP. For this condition one has

(IR
∥ + IS

∥) cos2 α = (IR
⊥ + IS

⊥) sin2 α (7)

and

tan2 α = (IR
∥ + IS

∥) (IR
⊥ + IS

⊥) (8)

The stretched film displays a constant polarization value, which can be defined in terms of 

the ratio of the polarized intensities,

k = IR
∥ IR

⊥
(9)

For an isotropic film, there is no polarization and k = 1. Hence the initial angle for the 

analyzer polarizer is given by tan2 α0 = 1.0 or α0 = 45°. For a perfectly oriented film k 
equals infinity, tan2 α0 is very large so that α0 is near 90°. In practice, one obtains highly but 

imperfectly oriented samples with values of k ranging from 10 to 12 in the case of isotropic 

excitation.

It is instructive to examine how the polarizer angle depends on the relative fluorescence 

intensity from the sample and the reference. Let the total intensity from the reference be 

defined as

IR
T = IR

∥ + IR
⊥

(10)

Dividing the numerator and denominator in eq 8 by IR
T yields

tan2 α =
k (k + 1) + IS

∥ IR
T

1 (k + 1) + IS
⊥ IR

T (11)

For many situations the emission from the sample will be unpolarized, IS
‖ = IS

⊥. For this 

condition one can define the ratio n, which is the ratio of the total emission from the sample 

to that of the reference,

n = IS
T IR

T = (IS
∥ + IS

⊥) IR
T

(12)

Introduction of this ratio into eq 11 yields

tan2 α = k (k + 1) + n 2
1 (k + 1) + n 2 (13)
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This expression (eq 13) describes the angle of the polarizer needed to equalize the intensities 

in terms of the polarization ratio of the reference (k) and the relative intensity of the sample 

to that of the reference (n).

It is informative to examine the range of polarizer angles that can occur as the intensity of 

the sample increases. The initial condition (α0) is found when there is no emission from the 

sample, so that all the signal originates with the reference film. If the emission from the film 

were completely polarized (k = ∞), then the analyzer would need to be oriented at 90° to 

equalize the intensities to zero. Basically, one would have to nearly extinguish the signal IR
‖ 

by orienting the analyzer nearly perpendicular to the film axis.

In practice, the emission from the film is not completely polarized but is defined by a finite 

value of the k value. For a typical value of k = 12, the initial angle α0 with no fluorescence 

from the sample is ~74°, which can be found using eq 13 with n = 0. Alternatively, one can 

calculate α0 using

tan α0 = k (14)

Now consider the condition when the emission from the sample is the dominant emission. 

We also assume that the sample emission is not polarized. Under these conditions the 

intensities IV and IH will be equal yielding tan2 α = 1.0. The intensities seen through the 

analyzer will be equal when the analyzer is rotated 45° from the vertical. This value can be 

found by noting that as n becomes much larger than k, tan α approaches unity (eq 13) so α 
approaches 45°.

It is convenient to examine the changes in polarizer angle (Δα) in the absence and presence 

of sample. We call this value the “compensation angle”. This change in angle is given by

Δ α = α0 − α = arctan k − arctan k (k + 1) + n 2
1 (k + 1) + n 2 (15)

Simulated values of Δα are shown in Figure 1 (top panel). These values were calculated for 

various values of k, and for a 10-fold range of relative intensities n = IS
T/IR

T. In the absence 

of fluorescence from the sample, the polarizer remains at the initial value near 90° with Δα 
= 0. As the sample intensity increases, the polarizer must be rotated toward 45° to equalize 

the intensities. For experimentally accessible values of k near 12, the range of Δα values is 

~30°. When the in-line geometry is used without the additional polarizer (P⊥ in Chart 2), the 

range of angles depends on the orientation (k) of the film. The film must be oriented to some 

extent (k > 1) otherwise there is no change in the compensation angle. More highly oriented 

films, or larger values of k, yield larger changes in α.

Front-Face Geometry.

The operational principles of the front-face polarization sensor (Chart 2, lower panel) can be 

understood by similar reasoning. The front-face sensor can be used without the extra 

polarizer P⊥, in which case the range of angles is the same described above for the in-line 

geometry. An alternative approach is to use a polarizer P⊥ in front of the sample. This 
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polarizer selects for the perpendicular component of the sample emission. Under this 

condition, IS
‖ is zero. Assuming the sample emission is unpolarized, the total emission from 

the sample is IS
T = IS

⊥ and eq 11 becomes

tan2 α = k (k + 1)
1 (k + 1) + n (16)

The limiting conditions for the front-face sensor can be understood from Chart 4. In the 

absence of emission from the sample the, polarizer angle α0 is defined by the value of k. For 

a perfectly aligned reference film (k = ∞) the analyzer polarizer must be oriented near 90° 

to equalize the intensities (top). At intermediate sample intensities (middle panel), the value 

of α to equalize the intensities will be between 0 and 90°. If emission from the sample is the 

dominant emission, then most of the emitted light is horizontally polarized, and the 

polarization angle must be near zero to equalize the signals (lower panel). This can be seen 

from eq 16. As n becomes large, tan α approaches zero, so α approaches zero. This result 

illustrates an important effect of using the additional polarizer P⊥. The range of polarization 

angles doubles to 90° as compared to the in-line geometry without the polarizer P⊥.

For the front-face sensor, the compensation angles Δα are given by

Δ α = α0 − α = arctan k − arctan k (k + 1)
1 (k + 1) + n

(17)

Simulated values of Δα are shown in Figure 1, middle and lower panels. As the sample 

intensity increases, the value of Δα approaches 90°. For available values of k near 12, Δα 
can be as large as 60°. Compared to the in-line geometry, it seems that a greater range of 

sample intensities can be measured using the front-face geometry than using the in-line 

geometry (lower panel).

The simulated values of Δα for the front-face geometry reveal another possibility, which is 

to perform anisotropy sensing without an oriented sample. This can be seen in Figure 1 

(middle and lower panels) for k = 1, which is an unpolarized reference. A range of 45° is 

available using even an unpolarized reference. This possibility results from the additional 

polarizer P⊥, which transmits only one polarized component from the sample. Since the 

reference can be unpolarized, the reference can consist of the sensing fluorophore itself, 

rather than a different fluorophore in an oriented film.

Precision of Polarization Sensing with Visual Detection.

The principle of polarization sensing with visual detection is to equalize the light intensities 

transmitted through both sides of the dual polarizer. In our initial experiments, we were 

surprised to find that the polarizer angle could be determined to within 1°. As pointed out by 

the conscientious reviewer of this paper, the relative intensities change slowly for values of 

α near 45°, so that the precision we observed seemed to be unexpectedly high. For this 

reason we performed analyses to determine the expected precision of the α values.
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The error in determining α should depend on the initial value of α (α0), the accuracy of the 

rotary stage, and the sensitivity of our eyes to detect the intensity differences. Our rotary 

stage was accurate to 1°, and more accurate stages are readily available. Hence we 

considered the effects of various values of α0 and the eye sensitivity. From eq 5 one can 

show that the relative intensity through each side of the dual polarizer is given by

IH IV = tan2 α (18)

We used this expression to calculate the relative change in intensity for changes in α of 1, 2, 

or 3° (Figure 2). If α0 is close to 0 or 90°, the intensity ratio is strongly dependent on the 

polarizer angle α. For example, a change in α from 45 to 46° changes the intensity ratio to 

1.072, and a change of 2°, 45 to 47°, results in a relative intensity change of 15% Hence it 

appears that we must consider the sensitivity of the human eye to detecting relative 

intensities in adjacent images.

To answer the question of detectability of intensity differences we performed the following 

tests. We used a high concentration of RhB in ethanol to obtain a starting value near 45°. 

Next we inserted quartz plates in front of one side of the dual polarizer. The measured 

transmission of these plates were 93.4, 87.3, 81.8, and 76.1% for one, two, three and four 

plates, respectively.

How many plates were needed to obtain a detectable intensity difference between the two 

sides of the dual polarizer? We were surprised that most of us could detect the presence of 

only one plate on either side of the dual polarizer. Everyone in this laboratory could 

recognize the presence of two plates, which provides an intensity difference of 1.14-fold or 

14% From these observations we judged that the average individual can detect an intensity 

ratio of 1.10, or a difference of 10%. This suggests that the polarizer angle can be adjusted to 

~1.4° in the worst-case situation for α0 near 45°.

We repeated these tests using a hand lamp and a red filter transmitting above 590 nm, with 

no sample or reference solution. Once again we could recognize a difference due to just a 

single plate. For angles from 0 to 25°, or from 65 to 90°, it is probable that the accuracy of 

the polarizer angle can be greater than 1°. We did not perform such tests due to the limited 

resolution of our rotary stage. In summary, these results indicate that the accuracy in the 

polarizer angle should be 1° under most experimental conditions. This accuracy will be 

shown below to be adequate for typical sensing applications.

RESULTS

Polarization of an Oriented Film.

Prior to showing examples of polarization sensing, it is valuable to discuss the spectral 

properties of the reference film. We chose the dye MPSPI because of its favorable 

absorption and emission spectra and its large Stokes’ shift (Figure 3). MPSPI can be excited 

with either the 543-nm HeNe laser or the blue LED. Importantly, MPSPI displays a high 

fundamental anisotropy (r0) across its absorption and emission spectra.
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The elongated shape of MPSPI allows it to be strongly oriented in stretched poly(vinyl 

alcohol) (PVA) films. This is shown in Figure 4 which gives the fluorescence polarization as 

a function of the stretching ratio. As the stretching ratio increases, the polarization increases 

to over 0.8. It is valuable to notice that it is not necessary to use polarized excitation. The use 

of unpolarized excitation was mimicked by adjusting the excitation polarization at 45° from 

the vertical. Prior to stretching, the polarization is near zero for unpolarized (45°) excitation. 

However, for the stretched samples this polarization increases to over 0.8. The increase in 

polarization occurs irrespective of whether the film is excited with vertically polarized or 

unpolarized light. Hence, polarized emission from the reference film can be obtained 

without an excitation polarizer.

Polarization Sensing of RhB.

To characterize the polarization sensor, we examined solutions of RhB in ethanol at various 

RhB concentrations. Initially we use the in-line geometry (Chart 2, top). Emission spectra 

are shown in Figure 5 for excitation at 543 nm. RhB displays a narrow emission with an 

emission maximum near 575 nm. The emission maximum of the MPSPI reference is at a 

similar wavelength, but the emission spectra of MPSPI is somewhat broader than RhB. As 

the RhB concentration increases, its emission becomes dominant over that of the MPSPI 

reference. For the polarization measurements, the combined emission of MPSPI and RhB 

was observed using a filter that transmits above 580 nm.

Figure 6 shows the visual images seen through the analyzer polarizer for increasing 

concentrations of RhB. The polarization angle was initially adjusted to yield equal 

intensities in the absence of RhB. Since the reference film is highly polarized, the initial 

value α0 is near 75°. All images were recorded with the analyzer polarizer in this same 

position. As the RhB concentration increases, the intensities through each side of the dual 

polarizer become unequal. The direction of the intensity changes can be understood by 

noting that the right side contains the horizontal polarizer and the emission from RhB is 

unpolarized. Addition of RhB results in an increased relative intensity on the right side, 

where the dual polarizer and the analyzer polarizer are in the horizontal position. The 

intensity increase is weaker on the left side, where the polarizers are nearly crossed.

Next we examined the changes in the polarizer angle, the compensation angle, needed to 

equalize the intensities seen from each half of the dual polarizer (Figure 7). To determine the 

compensation angle, we measured the difference between the analyzer angles needed to 

equalize the intensities in the absence and presence of the RhB sample. As the RhB 

concentration increased to 15 μM, the compensation angle increased by over 20°. During 

these measurements we asked several members of this laboratory to adjust the polarizer and 

measure the difference angle Δα. Most individuals measured the same value of Δα to within 

1°. It is interesting to consider the uncertainty in the RhB concentration resulting from the 1° 

uncertainty in the compensation angle. At low RhB concentrations, the uncertainty in 

0.5μM, or about one part in four. At higher RhB concentrations, the uncertainty is ~1 μM, or 

one part in ten. While this accuracy is somewhat poor, it is probably adequate for some 

clinical determinations, particularly those that report a yes/no answer rather than a specific 

value. We note that the range of concentrations is determined by the brightness of the 
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reference film. Lower fluorophore concentrations could be measured if the reference film is 

less fluorescent.

Fluorophores in Scattering Media.

In many situations it is desirable to measure the fluorescence from tissues, which can be due 

to intrinsic tissue fluorescence or due to extrinsic probes. Such measurements are becoming 

more important with the development of red or near-infrared (NIR) probes30–32 and with the 

use of these probes for transdermal measurements.33,34 Hence we decided to test the visual 

polarization sensor to measure the concentration of RhB in 0.5% intralipid. Such solutions 

are highly scattering and mimic the scattering properties of skin.

As for the previous case, RhB and MPSPI were excited at 543 nm using a HeNe laser. In this 

case we used the front-face geometry, as shown in Chart 2 (lower panel), including the 

polarizer (P⊥) in front of the sample. The compensation angles are shown in Figure 8. 

Compared to the previous data for the in-line geometry (Figure 7), the front-face geometry 

results in a wider range of compensation angles, up to 30° or larger. This wider range is due 

to the additional polarizer (P⊥), which selected only the horizontal component of the RhB 

emission. We did not notice any decrease in resolution due to the intralipid.

We note that it is not obvious that one can use polarization measurements to measure 

fluorophore concentrations in scattering media. It is well-known that light scattering results 

in depolarization of the emission from fluorophores within the scattering media. In the 

present situation this effect is not important because the polarization is imposed on the 

emission after it exits the scattering media.

Polarization Sensing of pH.

As a practical illustration of polarization sensing, we used 6-CF as a pH-sensitive 

fluorophore. Fluorescein has been widely used as a pH-sensitive probe.35–37 The pH-

dependent fluorescence intensity is due to the carboxy group. Fluorescein is highly 

fluorescent at higher pH values where this group is ionized, and more weakly fluorescent at 

low pH. The intensity of fluorescein and its carboxy derivatives increases dramatically over 

the pH range from 5 to 8.

Figure 9 shows the emission spectrum of fluorescein in the front-face geometry, including 

the reference MPSPI film. In this case, excitation was accomplished with the 470-nm output 

of a blue light-emitting diode (LED). This solid-state light source can be powered by a 9-V 

battery. The fluorescein emission at 525 nm increases ~5-fold from pH 5 to 9. The emission 

of the MPSPI reference is at somewhat longer wavelengths. This illustrates one minor 

technical challenge in the design of a visual polarization sensor; the colors on each side of 

the dual polarizer can be slightly different due to the different relative intensities of the 

fluorophore and the reference. In the present case, we minimized these visual differences by 

selecting a relatively narrow range of wavelengths for visual observation, from 540 to 560 

nm. In practice it should not be difficult to obtain similar visual colors for this sample and 

reference emission. A wide variety of fluorescent sensors are available,8 and a large number 

of fluorophores can be oriented in stretched films.27
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Compensation angles for the polarization pH sensor are shown in Figure 10. These angles 

display the usual sigmoidal behavior for a pH sensor. For this initial visual pH sensor, the 1° 

accuracy of the compensation angle results in a pH accuracy to ±0.1 pH unit at the center of 

the titration curve. For clinical pH measurements, the required accuracy is (0.02.38–40 

Hence, the present sensor is not adequate for use in blood gas measurements. However, an 

accuracy of ±0.1 pH unit is adequate in a wide range of less critical applications. We note 

that the pH accuracy is less than ±0.1 pH unit at pH values away from the central pH value 

near 6.5. This is a characteristic of any optical indicator based on a single dissociation 

constant.

It should be noted that the approach used for the fluorescein polarization sensor can be 

applied to a wide variety of analytes. The only requirement is a fluorophore that changes 

intensity in response to the analyte. Such fluorescent probes are known for a wide variety of 

species, including sodium, potassium, calcium, magnesium, zinc, chloride, phosphate, and 

oxygen.41–50 Hence, visual sensors can be anticipated for a wide range of analytes.

Visual Polarization Sensing Using the Same Substance as the Reference.

As a final illustration of polarization sensing, we show how the measurement can be 

accomplished using the same fluorophore as the sample and as the reference. This 

possibility was discussed above (Chart 2 and Figure 1) where we described the use of an 

additional polarizer in front of the sample to select the perpendicular component of the 

sample emission. The optical arrangement is shown in Figure 11 (top). In this case, the light 

source was an electroluminescent device which was powered by a 9-V battery. The output 

from the ELL was blue and centered near 480 nm.

To illustrate this method of visual sensing, we used a sample that contained varying 

concentrations of [Ru(bpy)3]2+. Such metal–ligand complexes are now being widely used as 

luminescent probes when covalently attached to macromolecules51–55 and as chemical 

sensors.56–61 As the reference, we used the same fluorophore [Ru(bpy)3]2+ at a constant 

concentration. The emission from this reference sample was viewed through a polarizer (P⊥) 

to select just the perpendicular component at its emission. The combined emission from the 

sample and reference was then viewed through the dual-polarizer analyzer–polarizer 

combination. The optical arrangement is shown on the top of Figure 11.

The compensation angles for various concentrations of [Ru-(bpy)3]2+ are shown in Figure 

11. These angles are the differences between the polarizer angles needed to equalize the 

intensities in the absence and presence of the indicated [Ru(bpy)3]2+ concentration. These 

results demonstrated that visual polarization sensing is possible using the same fluorophore 

as the reference. This approach has the advantages of automatically providing the same 

visual wavelengths for the sample and reference and thereby avoiding any difference in color 

on each side of the dual polarizer.

It should be noted that these results suggest the use of visual polarization sensing in a 

number of common applications. Luminescent metal–ligand complexes have been used in 

immunoassays,53,54 so that one can anticipate visual immunoassays based on intensity 

changes of metal–ligand complexes. Visual immunoassays may also be possible with the 
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usual fluorophores with nanosecond decay times. Changes in the luminescence intensity can 

be caused by energy transfer or a variety of other mechanisms.62,63 Another possible 

application is for industrial or household determination of oxygen, pH, or salt 

concentrations. Metal–ligand probes are known that are sensitive to oxygen56,57 or pH,60 

and probes are known that are quenched by chloride.48,49 Hence, one could develop visual 

sensors for these common analytes.

DISCUSSION

What are the advantages of polarization sensing with visual detection? One immediately 

obvious advantage is a simple device. The only electronic component is the light source. 

Excitation could be accomplished with LEDs, laser diodes, or electroluminescent devices. 

All this light sources can be powered using small batteries. Hence, one can readily imagine 

such sensors being developed for use in emergency health care, doctor’s offices, and other 

medical applications. Additionally, the devices should be sufficiently inexpensive to allow 

their use in less critical situations such as bioprocessing and process control.

It should be noted that the visual polarization sensor relies on intensity ratios and will thus 

be sensitive to any factor that alters the relative intensities of each polarized component. 

Hence the calibration curve will depend on the concentration and/or intensity of the sensing 

and reference fluorophores. If one fluorophore photobleaches at a rate different from the 

other fluorophore, then the calibration curve will change. However, we expect visual 

polarization sensors to be used with large-area low-intensity illumination, which should 

minimize photobleaching. Additionally, the inherent proximity focusing of the visual 

polarization sensor will avoid the intensity changes that occur with multiple optical 

components. Hence, we expect a visual polarization sensor to provide stable readings for 

extended periods of time.

In closing, we note that practical fluorescence sensing has been the goal of numerous 

research projects for the past 20 years. It now appears that the basic knowledge accumulated 

over these years can now be combined to yield simple and robust devices.
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Figure 1. 
Calculated compensation angles for in-line anisotropy sensing (top) and front-face 

anisotropy sensing (middle and bottom). The lower two panels are similar, except for the 

scale of the x axis.
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Figure 2. 
Dependence of the intensity ratio for change in α of 1, 2, or 3°. The x axis is the starting 

angle α0. The intensity ratio was plotted as a value greater than unity.

Gryczynski et al. Page 17

Anal Chem. Author manuscript; available in PMC 2019 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Absorption and emission spectra of the reference fluorophore MPSPI in an unoriented 

poly(vinyl alcohol) film. Also shown are the excitation and emission anisotropy spectra in 

the PVA film. The excitation wavelengths available from the LED and HeNe laser are 

indicated on the xaxis.
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Figure 4. 
Fluorescence polarization of MPSPI in the PVA film as a function of the stretching ratio. 

The stretching ratio RS is related to the actual physical fold of the stretch N by RS = N3/2 

[29].
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Figure 5. 
Emission spectra of rhodamine B in ethanol with (—) and without (•••) with the MPSPI 

reference. The dashed line (---) shows the emission spectrum of MPSPI alone. The 

additional dotted line shows transmission profile of the emission filter.
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Figure 6. 
Emitted light observed through the analyzer polarizer (P) for different concentrations of 

rhodamine B using the MPSPI reference and the in-line geometry. The position of the 

analyzer polarizer is at α0 near 75° for all images. The listed values are the compensation 

angles (Δα) needed to equalize the intensities.
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Figure 7. 
Dependence of the compensation angle (Δα) on the concentration of rhodamine B using the 

in-line geometry (Chart 2, top). The uncertainty in the compensation angle is shown as ΔΔα.
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Figure 8. 
Dependence of the compensation angle on the rhodamine B concentration in 0.5% intralipid. 

These data were obtained using the front-face geometry (Chart 2, lower panel). The inset 

shows the emission spectra observed for the rhodamine B–MPSPI sample. The dashed line 

emission spectrum is of the MPSPI reference alone.
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Figure 9. 
Emission spectra of a front-face anisotropy pH sensor based on 6-carboxyfluorescein. The 

dashed line shows the transmission profile of the emission filter used for the visual 

measurements.
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Figure 10. 
Compensation angles for the front-face polarization pH sensor.
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Figure 11. 
Visual detection of the concentration of [Ru(bpy)3]2+ measured using the same compound as 

the reference: ELL, electroluminescent light source; Fex, excitation filter; R, reference 

solution with a constant concentration of [Ru(bpy)3]2+, P⊥, polarizer; S, sample with 

varying concentrations of [Ru(bpy)3]2+, Fem, emission filter; DP, dual polarizer; P, analyzer 

polarizer.
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Chart 1. Anisotropy-Based Sensing for Blood Chemistry and Transdermal Measurementsa

a (top) The excitation source, sample, and detector in an inline geometry. (bottom) The 

fluorescence from the implanted patch and/or tissue is observed using front-face geometry.
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Chart 2. Optical System for Anisotropy-Based Sensing with Visual Detectiona

a (top) In-line geometry with the stretched film. (bottom) Front-face geometry. In the front-

face geometry with the stretched film, it is possible to use an additional polarizer P⊥ which 

allows selective detection of the horizontal component of the fluorescence from the sample 

cuvette K. Such a configuration extends the range of angles (angles needed to equalize the 

transmittance of both polarizers in DP) to 90°. Front-face anisotropy sensing can be 

performed without the additional polarizer, resulting in the 45° range of angles. It does not 
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seem practical to use the polarizer P⊥ in the in-line geometry when using an oriented film as 

the reference.
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Chart 3. Polarizer Angles for In-Line Anisotropy Sensinga

a In the top panel there is no emission from the sample. For a strongly oriented reference, the 

initial polarizer angle is near 90° from the vertical. In the lower panel, the sample emission 

is dominant, and the angle is near 45° from the vertical.
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Chart 4. Polarizer Angles for Front-Face Anisotropy Sensinga

a In the top panel, there is no emission from the sample. For a strongly oriented reference 

film, the initial polarizer angle is near 90° from the vertical. In the bottom panel, the sample 

emission is dominant, and the angle approaches 0° from the vertical.
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