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Abstract 

This study describes the development of a non-contact and two-dimensional fluid viscosity 15 

measurement technique which is based on fluorescence polarization microscopy. This 

technique exploits fluorescence depolarization due to rotational Brownian motion of 

fluorophores and determines fluid viscosity in microchannel flow by measuring steady-state 

fluorescence polarization. The main advantage of the technique is that planar distributions of 

fluid viscosity can be visualized by non-contact optical measurement, while commonly used 20 

mechanical viscometers measure viscosity of bulk liquids. Moreover, steady-state 

polarization measurements are realized by a simple experimental setup compared to other 

non-contact techniques such as time-resolved fluorescence lifetime/polarization 

measurements. The relationship between the fluid viscosity () and the fluorescence 

polarization degree (P) was experimentally obtained by using casein molecules labeled with 25 

fluorescein isothiocyanate as a fluorescent probe. The fluid viscosity was controlled within 

the range of 0.73.0 mPa·s, which is often encountered in the biological materials, by mixing 

sucrose or glucose with the solution. The fluid temperature was maintained uniform at 30 C 

during the measurement. The calibration result showed that 1/P linearly increased with 1/ 

which agreed qualitatively well with the theoretical prediction. The measurement uncertainty 30 

was 7.59.5% based on the slope of the calibration curve. Viscosity gradient generated by the 

mass diffusion between the two solutions co-flowing in the Y-shaped microchannel was 

clearly visualized under uniform temperature condition by applying the calibration curve. 

Finally, the influence of the temperature change on P was experimentally evaluated. The 

results supported the applicability of the present technique for visualization of the viscosity 35 

distribution induced by temperature change. These results confirmed the feasibility of the 

present technique for analyzing microscale viscosity fields associated with mass transport or 

temperature change.  
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1. Introduction 5 

 In recent years, the drastic advances in microfabrication techniques have stimulated 

the miniaturization and integration of chemical and biochemical analysis systems. Such 

integrated systems, termed micro total analysis systems and lab-on-a-chip devices [1-3], offer 

several advantages; reducing the size of the device, reduction of sample and waste volume, 

high throughput in multiplexed processing, shorter analysis time, and low unit cost. For 10 

designing and developing these systems, it is essential to understand flow behavior and mass 

transport in microchannel, where various operations including sample injection, 

concentration, mixing, reaction, separation, and detection take place. Fluid viscosity depends 

on solute concentration and temperature, and can change over space and time in 

microchannel during the above operations. This leads to the changes in flow field, diffusion 15 

coefficient and the species distributions[4,5], which eventually affects fluid viscosity in a 

coupled manner. Thus, determination of local viscosity in microscopic scale is an important 

issue in terms of detailed understanding of the flow structure, mass transport and 

hydrodynamic effect. It also provides useful and quantitative information for evaluating 

chemical processes and mixing performance in the microfluidic systems, since fluid viscosity 20 

is linked with composition change and transport of chemical components in the sample 

solution. In addition to this, microscale viscosity mapping is useful for analyzing biological 

samples such as cells and blood plasma for biomedical applications. 

A variety of methods for measuring fluid viscosity have been developed to date. 

Conventional mechanical viscometers, such as tube viscometers and rotational viscometers 25 

[6] have been widely used in various researches and industries. These methods determine the 

viscosity of bulk liquids, i.e., viscosity averaged over the whole sample, using the 

relationship between strain rate and shear stress. Over the last decade, many researchers have 

addressed the miniaturization of viscometers to reduce sample volume and proposed different 

kinds of microfluidic viscometers[7-12]. These devices are based on various operating 30 

principles, such as microfluidic capillary viscometers[7], microchannels equipped with 

pressure sensors[8], microcantilevers[9], microchannels employing laminar parallel 

flows[10,11] and droplet-based viscometer with flow-focusing geometry[12]. They, however, 

focus on characterization of rheological properties of bulk sample inside the 

specifically-designed channels or flow cell rather than in-situ measurement of local viscosity 35 

in generic microfluidic devices． 

To achieve in-situ and local measurements of fluid viscosity in microscopic scale, 

optical-based techniques are promising. One approach is to use synthetic fluorescent probe 

whose fluorescence emission is sensitive to the viscosity of the surrounding environment. 



 
 

3 
 

3

Molecular rotors[13,14] are representative viscosity probes, in which fluorescence intensity 

and lifetime are altered depending on intramolecular torsional or rotational dynamics in 

excited state. They have been used for mapping heterogeneous viscosity distribution 

especially in a biological environment including live cells. In such imaging applications, 

fluorescence lifetime imaging [15], ratiometric fluorescence imaging [16], and polarization 5 

technique [17] can provide higher accuracy compared to intensity-based measurement since 

intensity-based method is difficult to be coupled with the viscosity variation due to the spatial 

variation of probe concentration and excitation intensity. More recently, fluorophores with 

different structural design have also been proposed as a viscosity probe, in which emission 

wavelength changes with flapping-like conformational change of the fluorophore[18].  10 

Another optical approach is to exploit translational or rotational Brownian motion of 

small particles and fluorophores. Dynamic light scattering[19], Brownian microscopy[20], 

fluorescence recovery after photobleaching[21], and fluorescence correlation 

spectroscopy[22] are the methods in which one monitors translational diffusion kinetics of 

Brownian particles and determines viscosity of the surrounding medium based on 15 

Stokes–Einstein equation. There are also the methods for probing rotational diffusion of 

fluorophores, such as time-resolved and steady-state fluorescence polarization methods. Both 

methods exploit fluorescence depolarization due to the rational Brownian motion of 

fluorophores, but the former analyzes the dynamics of the fluorescence emission [23,24] 

while the latter observes the fluorescence integrated over the fluorescence lifetime[24-26]. 20 

Among these techniques, the present study employs steady-state fluorescence polarization 

(also known as fluorescence anisotropy). When fluorophores dissolved in fluid are exposed to 

a linearly-polarized light, they experience rotational Brownian motion during the 

fluorescence lifetime, and as a consequent, the polarization direction of the fluorescence 

shows greater randomness. This results in a decrease in polarization degree of the 25 

fluorescence, i.e., fluorescence depolarization. The degree of the depolarization is mainly 

determined by the extent of the Brownian rotation, which is related to the fluid temperature, 

viscosity, and the molecular size. Therefore, these parameters can be probed by polarization 

measurement. Based on this physics, this method has long been a popular tool mainly for 

analyzing interactions and binding of biomolecules in clinical and biochemical assays[27,28]. 30 

Furthermore, fluorescence polarization method can easily be applied to microscopic 

measurement in combination with optical microscope and thus has already been used for 

microfluidic applications. Some groups have developed microchip-based analysis systems for 

various biological reactions such as immunoassays and protein-protein binding [29-31]. The 

authors’ group has evaluated the relationship between the fluorescence polarization degree 35 

and the fluid temperature, and performed measurements of two-dimensional temperature 

distribution in a microchannel [32,33].  

In the present study, we focus on a development of a technique for in-situ and 

two-dimensional viscosity mapping in microchannel flow based on steady-state fluorescence 

polarization. The main advantage of employing this technique for viscosity measurement is 40 
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that two-dimensional distributions can be visualized at micron resolution with relatively 

simple experimental setup, compared to time-resolved measurements. Moreover, unlike the 

techniques using molecular rotors, any fluorophore can be used as a probe, providing it 

possesses an adequate molecular size and fluorescence lifetime for detection of 

depolarization. In addition, polarization measurement is less susceptible to sample 5 

heterogeneity and environmental disturbance (such as inhomogeneity of fluorophore 

concentration, spatio-temporal variation in excitation intensity, and quenching effect by pH 

change) than fluorescence intensity measurement, which makes the technique useful 

especially for imaging applications. It should be stated, however, that the present technique as 

well as many other optical approaches measures “local viscosity” which can be sensed by 10 

nanoscale fluorophores, and it may be different from the “viscosity in bulk” measured by 

mechanical approaches especially in complex fluids. That is, the viscosity measured by the 

present technique is expected to be less influenced by the existence of particles and networks 

(such as blood cells and polymer entanglements) in liquids.  

The rest of this paper is organized as follows. First, measurement principle is detailed in section 2, 15 

followed by a description of the experimental methods in section 3 containing optical system for 

polarization measurement, microchannel and prepared slide used for sample holder, properties of the 

fluorophores and working fluids, and procedure of image processing. In subsection 4.1, the 

relationship between the polarization degree and the fluid viscosity is evaluated to examine the 

feasibility of the technique using three fluorophores and two solutes. The fluid viscosity is varied by 20 

changing solute concentration and the fluid temperature is maintained uniform and constant. The 

influences of fluorescence intensity variation and the flow field on polarization measurement are 

discussed in subsection 4.2. We also comment on some point which should be considered when 

applying the present method. In subsection 4.3, we demonstrate a two-dimensional measurement for 

the mass diffusion between parallel flows of two solutions in a Y-shaped microchannel. The 25 

measurement result is compared with the result of numerical calculation to validate the present 

technique. Finally, in subsection 4.4, the influence of the temperature change on polarization degree 

is evaluated to examine the applicability of the present technique for measurement of the viscosity 

distribution associated with temperature change. 
 30 

2. Measurement Principle 

Figure 1 illustrates the polarization characteristics of fluorescence, which is determined 

by the relative angle between the polarization directions of the excitation light and the 

absorption/emission moments of the fluorophore. When fluorophores are irradiated by a 

linearly polarized excitation light, only those with the absorption moments appropriately 35 

aligned to the excitation polarization direction can absorb the light. Specifically, the 

probability of the absorption is proportional to the value cos2, where  represents the angle 

between the directions of the excitation polarization and the absorption moment. Hence, the 

absorption rate is maximum when the absorption moment of the fluorophore is parallel to the 

polarization direction of the excitation light (º) and the absorption rate decreases to 0 40 
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contrastingly when the absorption moment is perpendicular to the excitation light (º).  

When the fluorophores are excited (at the time t = 0), they emit fluorescence polarized in 

the direction of the emission moment during their fluorescence lifetime (at t ~ ). The 

directions of absorption and emission moments of the fluorophore can be assumed to be 

identical in general. Therefore, when an infinite number of randomly oriented fluorophores 5 

are exposed to a linearly polarized excitation light, molecules are stochastically excited and 

emit fluorescence with the probability depending on  As a result, the observed fluorescence 

is partially polarized with the maximum intensity component in the same direction with the 

excitation light. The lower part of figure 1 shows the probability density distributions of  for 

absorption and emission. If the molecules are at stationary state (figure 1(a)), they emit 10 

fluorescence polarized in the same direction of the absorption moment at t = 0. Therefore, the 

probability density distributions for absorption and emission overlap each other. On the other 

hand, if the fluorophores are suspended in fluid (figure 1(b)), they can rotate and experience 

rotational Brownian motion during the period from excitation to emission. Consequently, the 

emission moments at t =  are randomized depending on the extent of their rotation. This 15 

makes the probability density distribution for emission broadened and thus the observed 

fluorescence is depolarized compared with the case of stationary condition with the degree 

which is related to the fluid viscosity, temperature, the molecular size, and the fluorescence 

lifetime. This is the fluorescence depolarization due to the rotational Brownian motion of 

fluorophores. 20 

 The degree of fluorescence polarization can be evaluated by polarization degree, P, which 

is defined as follows: 

 

         = ( ( ))   P I I I I ,           (1) 

 25 

where I|| and I are the fluorescence intensities of the components that are parallel and 

perpendicular to the polarization direction of the excitation light, respectively Perrin[34] and 

Weber[35] theoretically derived the equation which relates P value to the fluorescence 

lifetime and the rotational diffusion of fluorophores as follows: 

 30 
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where kB [J/K] is the Boltzmann constant, V [m3] is the hydrodynamic volume of the rotating 

unit, and  [s] is the fluorescence lifetime. T [K] and [Pa·s] are the absolute temperature 

and viscosity of the fluid, respectively. P0 is the intrinsic or limiting polarization defined as 35 

the polarization degree of the molecule at stationary condition (in the absence of rotation), 

and it shows constant value of 0.5 when absorption and emission moments are collinear. 
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Clearly seen from equation (2), the reciprocal of P has a linear relationship with T/. 

Therefore, if V and  remain constant during the measurement, the fluid viscosity can be 

determined by measuring P under fixed temperature condition. The proposed technique 

measures fluid viscosity based on this principle. It should be noted that both fluid viscosity 

and temperature influence the P value and that their influences cannot be distinguished from 5 

each other. The present study basically focuses on the measurement of fluid viscosity under 

known uniform temperature. Therefore, the calibration between viscosity and the polarization 

degree is carried out by changing solute concentration (in subsections 4.1-4.2), and the 

calibration result is applied to the flow field at the same temperature condition (in subsection 

4.3). The applicability of the calibration result to the viscosity field under varying 10 

temperature condition will be discussed in subsection 4.4. 

 Polarization-based measurement is advantageous for imaging application compared to 

intensity-based measurement since it is less influenced by spatial heterogeneity of the sample 

and external disturbances. When attenuation of excitation light and re-absorption of 

fluorescence emission are negligible, the fluorescence intensity observed from fluorophore 15 

solution, If [W m-2], is expressed as the following equation [36]: 

 

     f eI A I C L  ,              (3) 

 

where A [-] is the collection efficiency of the detection system, Ie [W m-2] is the excitation 20 

intensity, C [mol l-1] is the concentration of fluorophores,  [-] is the quantum efficiency,  [l 
mol-1 m-1] is the molar absorption coefficient, and L [m] is the length along the optical path of 

the excitation light. Generally, excitation intensity and fluorophore concentration are not 

uniform over the measurement area and can temporally fluctuate during the experiment. In 

addition, the quantum efficiency is susceptible to pH and the quencher concentration in the 25 

sample fluid. Although these above factors significantly influence the fluorescence intensity, 

polarization degree P is less influenced since it is normalized by the fluorescence intensity (I|| 

+ I) as equation (1) and follows the rotational motion of the fluorophores only. This leads to 

the robust and reliable measurement of two-dimensional viscosity distribution.  
 30 

3. Measurement Methods 

3.1 Optical system 

Figure 2 shows a schematic of the optical system for fluorescence polarization 

measurement, mainly consisting of an inverted microscope (Olympus; IX-73), an LED light 

source,  polarizing elements, and two high sensitivity cameras (Andor Zyla; 4.2 PLUS, 35 

2048×2048 pixels, 16bit). The LED light was linearly polarized by a polarizer (Edmund; 

#47216), filtered by a bandpass filter and was focused to the sample by an objective lens 

(Olympus; LMPlanFL N, 10x). The fluorescence emitted from the sample was collected by 

the same objective lens, filtered by another bandpass filter and split into two components (I|| 
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and I) by a polarizing prism (Thorlabs; PBS251). I|| and I were simultaneously measured by 

camera 1 and camera 2, respectively. The exposure time was set at 1.0 s and the camera was 

operated at the fastest readout rate, which corresponds to the frame rate of 0.990 for full 

image (2048  2048 pixels). The total magnification of the system was approximately 10.2 

and the spatial resolution was calculated to be 0.64 m/pixel using the magnification of the 5 

pixel size of the camera (6.5 m). In the present study, only the low-magnification objective 

lens was used for the measurement. Therefore the obtained fluorescence images show the 

intensity distribution integrated over the whole sample height although the focal plane of the 

objective lens was set at the middle height of the microchannel. The temperature of the 

microscope stage was controlled by circulating water from an isothermal bath (As One; 10 

LTCi-150H) so that the fluctuation and deviation of the sample temperature was maintained 

within ± 0.5C from the set temperature. In addition, the temperature uniformity of sample on 

the temperature controlling stage was examined using thermocouples prior to the 

measurement. The thermocouples were attached to the upper surface of a cover glass on the 

stage along the center line with equal spacing of 1mm. The temperature variation among of 15 

the three was within ± 0.2C. Note that the LED light source and the set of optical filters were 

appropriately selected with consideration of the fluorescence characteristics of the 

fluorophores. Table 1 shows the list of optical components for each fluorophore used in this 

study. 

In the present study, two-camera configuration is employed for polarization measurement 20 

since it can obtain two polarizing intensities I|| and I simultaneously and thus provide 

accurate results even if the fluorescence intensity changes over time due to the various factors 

such as variations of excitation intensity and fluorophore concentration, and fluorescence 

degradation. It is also advantageous for the measurements in unsteady flows. In one-camera 

configuration, on the other hand, two polarizing intensities are obtained with some time lag 25 

by rotating or switching the polarizers. However, it can be used for the measurement in 

steady flows if this time lag is sufficiently small compared to the time scale of the 

fluorescence intensity variation. 

 

3.2 Prepared slide and microchannel  30 

Sample solution was filled in a prepared slide or supplied to a composite microchannel at 

a constant flow rate using a syringe pump (Nihon Koden; CFV-3200). The prepared slide 

consisted of bottom and upper cover glasses spaced by two strips of 120 m thick parafilm 

and was used for the experiments on probe selection. The microchannel was comprised of 

poly(dimethylsiloxane) (PDMS) chip and a silica glass slide. The channel structure was 35 

3040 m tall, molded in a PDMS layer by soft lithography, and bonded to the cover glass by 

oxygen-plasma treatment. A straight PDMS microchannel (figure 3(a)) was used for 

calibration experiment and a Y-shaped microchannel (figure 3(b)) was used for measurement 

of viscosity distribution. Teflon tube was used to connect the inlet of the microchannel and a 

glass syringe (Hamilton; 1001LT) set on the syringe pump. The aspect ratio (the ratio of 40 
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channel height to width) of the microchannel is small enough (~0.07) to assume the channel 

flow as two-dimensional. To monitor the channel temperature during the polarization 

measurement, K-type thermocouples of 100 m in diameter were attached to the cover glass 

of the prepared slide or inserted in 1-mm diameter holes of PDMS chip. The signal from the 

thermocouples was acquired by a data logger (National Instruments; NI-9219) and converted 5 

to the temperature. 

 

3.3 Fluorophores and working fluids 

The present study employed uranine (Nacalai Tesque, #3581692), rhodamine B (Nacalai 

Tesque, #3010822) and casein molecules labeled with fluorescein isothiocyanate (AAT 10 

Bioquest; #13440; C-FITC) as fluorescent probes. The properties of these fluorophores are 

summarized in table 2. The concentration of the fluorophore was set to be 1.0×10-4mol/l for 

uranine and rhodamine B solutions, and 4.0×10-5 mol/l for C-FITC solution in the present 

study.  

Aqueous solution was used as working fluid. Sucrose or glucose was added to pure water 15 

for adjusting the fluid viscosity. In anticipation of the future application to biological 

materials, the viscosity of sample solution in the present study was controlled in the range 

0.73.0 mPas at 30C. The relationships between the solute concentration and the solution 

viscosity at 30C were acquired preliminarily by viscosity measurement using a rheometer 

(Anton Paar; MCR301). The measured values were fitted by third-order polynomial 20 

regression function, which was used for viscosity estimation for solution of known 

concentration. 

 

3.4 Image processing 

In this section, the procedure for calculating the distribution of polarization degree is described in 25 

detail. The coordinates of the images detected by the two cameras were precisely registered by 

employing the below image processing to obtain the polarization degree on a pixel-by-pixel basis. A 

glass plate with a grid pattern (line width: 10 μm, spacing: 100 μm) was used as a calibration target 

and positioned on the microscope stage. The grid pattern image was aquired by each camera via 

transmission illumination using a halogen lamp and then intersections of the grid lines were extracted 30 

as reference points. The number of the grid points imaged in a whole image of 20482048 pixels 

was up to 169 and the typical number of the reference points which could be extracted by image 

processing was ~150 out of 169. The coordinates of the image plane of camera 2 were registered to 

those of camera 1 affine transformation [44,45] using the pixel positions of the corresponding pairs 

of reference points. This image registration method can describe image deformations including 35 

scaling, rotation, shear, translation and reflection, although only translation, rotation and reflection 

between two image planes were observed in the present study. By using the obtained affine 

transformation matrix, the image plane of camera 2 was transformed into alignment with that of 

camera 1 at the accuracy of about 0.5 pixels on average, which corresponds to about 0.33m in 

physical plane. Since affine transformation cannot describe curvature or twist, a more advanced 40 
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method using non-linear terms [45,46] should be employed when the image distortion is 

non-negligible. 

 Fluorescence images, which were simultaneously acquired by two cameras in the polarization 

measurement, were registered to one another by using the affine transformation matrix obtained in 

the above procedure and converted into distributions of polarization degree using equation (2). 5 

Figure 4(a) shows a typical example of P distribution (640 320 m2) obtained from 35wt% sucrose 

solution with C-FITC molecule. Although the sample is homogeneous and therefore the viscosity is 

uniform over the measurement area, there exists a spatial pattern in the P distribution, which results 

in the considerable error in viscosity measurement (approximately 7.7%). This pattern was found for 

all samples, and thus it could be a kind of systematic error arising from the spatial distribution of 10 

efficiency of optical components (including camera sensitivity and transmission of filters). Dusts 

attached to the optical components are also responsible for the spatial pattern. In the present study, 

influence of this fixed pattern in the polarization degree was eliminated as following: a spatial 

average iP  was calculated for each of polarization degree distributions Pi(x, y) which were obtained 

under uniform viscosity conditions. iP  was then subtracted from the value of each position Pi(x, y) 15 

to derive the distribution of deviation Bi(x, y). Finally, the ensemble average B(x, y) was calculated 

and subtracted from each of the distributions Pi(x, y). Figure 4(b) shows the result of the above 

procedure applied to the distribution in figure 4(a) and presents a uniform distribution over the 

measurement area. The standard deviation of P values in the distribution was reduced from 1.43% to 

0.42%, which corresponds to the error of 2.1% in viscosity measurement.  20 

 

4. Results and Discussion 

4.1 Selection of fluorescent probe  

As one can see in equation (2), P theoretically decreases with 1/under an isothermal 

fluid condition and the slope changes with  and V. Therefore, the sensitivity and precision of 25 

the viscosity measurement highly depend on the characteristic properties of the fluorescent 

probe. To select a suitable probe for the present viscosity range (0.73.0 mPas), polarization 

measurement was carried out using uranine, rhodamine B and C-FITC which were added to 

sucrose solution. Sample solutions were filled in a prepared slide or microchannel and 

remained at rest in both cases (i.e., no flow condition). 10 pairs of fluorescence images were 30 

obtained for each condition.  

Figure 5 shows the relationship between the measured polarization degree P and the 

reciprocal of fluid viscosity μ. Each plot shows the time and spatial averaged value. The 

theoretical values for the fluorophores derived by equation (2) are also shown in solid lines 

for reference. The properties of fluorophores (in table 2) were applied for the calculation and 35 

the hydrodynamic volume V was calculated by assuming the fluorophore as a rigid sphere 

with the given diameter. In figure 5, the measured P values decreased with 1/μ in all cases, 

which is reasonable since the degree of the Brownian motion gets intense with decreasing 
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viscosity and thus the direction of the emission moments are randomized. In uranine and 

rhodamine B cases, the viscosity dependence of P obtained by polarization measurement 

shows qualitatively similar trend with the theoretical result, although there are some 

difference in the absolute values. On comparison of these two molecules, rhodamine B shows 

larger P values, which is due to its larger molecular volume and shorter fluorescence lifetime 5 

compared to uranine.  

In the C-FITC case, on the other hand, experimental and theoretical values are 

substantially different. The experimental result shows the averaged value of four 

measurements and the error bars show the 95% confidence interval (considering the 

variations in polarization measurement and viscosity measurement). The experimental result 10 

shows a considerable decrease in P with increasing 1/, similar to those of uranine and 

rhodamine B cases, while theoretical prediction shows almost constant P value at 0.5. This 

difference between theory and experiment is attributed to the molecular structure of C-FITC. 

C-FITC is a casein molecule whose surface is labeled with several FITCs. Since the 

molecular weight (Mw) of FITC is ~389, the number of FITCs linked to a single casein 15 

molecule is estimated to be ~20 based on the difference in molecular weight between 

-casein (Mw ~19000) and C-FITC (Mw ~26000). In calculating the theoretical value in 

figure 5, we assumed that the FITC molecules are fixed to the surface of the casein molecule 

and cannot rotate relative to the casein. Therefore, only the depolarization due to the rotation 

of casein molecule was taken into account in the calculation. Since the diameter of the casein 20 

is large (~30 nm), P remained constant near 0.5 and was not affected by the fluid viscosity. 

However, the experimental result infers that the FITC molecules are able to rotate on casein 

molecule to some degree and therefore the polarization degree exhibits viscosity dependence 

in reality.  

Moreover, the measured P values for C-FITC are noticeably small compared to the 25 

theoretical prediction, which is attributed to the phenomenon called concentration 

depolarization [42]. When the separation distance between the fluorophores is sufficiently 

small (up to ~10 nm), radiationless excitation energy transfer occurs from primarily excited 

molecules (donors) to the surrounding unexcited molecules (acceptors). In this case, the 

acceptors emit depolarized fluorescence and the polarization degree of the measured 30 

fluorescence is decreased as a whole. As already mentioned, several FITCs are linked to the 

casein surface in a C-FITC molecule. The distances between these FITCs are considered to be 

small enough to incur concentration depolarization. In addition to this, concentration 

depolarization between neighboring C-FITCs can occur to some degree depending on the 

fluorophore concentration. According to the relationship between the C-FITC concentration 35 

C and the degree of concentration depolarization estimated by the theoretical equation [43] 

(see Supplementary Material for detail), the depolarization between neighboring C-FITCs 

occurs at C > 10-7 mol/l and the fluorescence is almost completely depolarized at C = 10-4 

mol/l. From this result, C should be lower than 10-6 mol/l to avoid significant influence of 

concentration depolarization. On the other hand, such low concentration leads to the 40 
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difficulty in the measurement of weak fluorescence. To obtain sufficient intensity while 

suppressing the depolarization, the concentration of C-FITC was set to be 4.0×10-5 mol/l in 

the present study. The actual concentration of C-FITC solutions used in the present 

experiments was in the range 3.810-54.110-5 mol/l. The influence of this concentration 

variation within ±5% on measured P value is estimated to be ±710-4 based on the sensitivity 5 

of P on fluorophore concentration dP/dC, which corresponds to the viscosity value of ±1.6 % 

in the present viscosity range (see Supplementary Material for detail). 

Focusing on the slopes of the measured P values, they are almost comparable for the three 

fluorophores, and thus the sensitivities to viscosity change are considered to be equivalent in 

uranine, rhodamine B and C-FITC. On the other hand, the absolute value of P is the largest in 10 

the C-FITC case among the three. For example, the measured P value of C- FITC is about 

0.15 at 1/ = 1010 (Pa·s)-1, which is 1.3 times larger than that of rhodamine B, and 2.1 times 

larger than that of uranine. If the fluorescence intensities of the fluorophores are in the 

comparable level, the difference in two polarizing intensities (I|| I) becomes larger when 

the polarization degree P has a higher value. For example, the difference (I|| I) is doubled if 15 

P value increases two-fold, which makes the measurement less susceptible to the noise 

component assuming that the magnitude of noise is constant. Therefore, the signal to noise 

ratio and measurement reliability can be increased by using C-FITC showing the highest P 

value among the three. According to the above discussion, C-FITC was selected as a probe in 

the present study. 20 

 

4.2 Calibration experiments 

Prior to a two-dimensional viscosity measurement, calibration experiments were 

conducted using C-FITC as a probe under uniform and constant fluid temperature at 30C. 

The relationship between 1/P and 1/ was evaluated in the calibration since a simple linear 25 

correlation was expected between these values according to equation (2). Sucrose solutions 

with seven different concentrations (035wt%) and glucose solutions with five different 

concentrations (035wt%) were used for the experiments. Each solution was supplied to the 

straight microchannel (figure 3(a)) by the syringe pump at constant flow rate of 0.56l/min 

during the polarization measurement. This flow rate corresponds to the cross-sectional 30 

average velocity of 0.53 mm/s and Reynolds number of 0.010.04. 10 pairs of fluorescence 

images were obtained for each sample solution, and time and spatial averaged values of P of 

the measurement area (1000  500 pixels which corresponds to 640 320 m2) were 

calculated. The measurement area was positioned at the center of the straight microchannel 

with a sufficient distance from the channel inlet, where the thermal boundary layer was fully 35 

developed and fluid temperature was assumed to be uniform. 

Figure 6 shows the calibration result for sucrose and glucose solutions. For the sucrose 

case, the results shown in figure 5 are also plotted. Each plot of sucrose solution represents 

the averaged value of four measurements and the error bars show the 95% confidence interval 

(considering the variations in polarization measurement and viscosity measurement). 40 
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Similarly, plots and error bars for the glucose case were calculated from the results of three 

measurements. No significant difference was found between sucrose and glucose solutions 

with respect to the relationship between 1/P and 1/which supports the versatility of the 

present method for viscosity measurement. 1/P increased linearly with 1/as theoretically 

predicted by equation (2). This trend seems reasonable since molecular volume and 5 

fluorescent lifetime are assumed to be sufficiently constant in the present experiment 

conducted under constant temperature of 30C ± 0.5C. The straight lines in figure 6 were 

derived by least squares regression and the line obtained for sucrose solutions was used as a 

calibration line for the viscosity distribution measurement in the following section. The 

measurement uncertainty was estimated to be 0.07 mPa·s for 0wt% sucrose solution (i.e., 10 

water) and 0.22 mPa·s for 35wt% sucrose solution which corresponds to the measurement 

error of 9.5% and 7.5%, respectively. 

Figure 7 shows the fluorescence intensities I and polarization degrees P of 35wt% sucrose 

solution measured on different eight days, which are normalized by the values of Day 1. Each 

plot shows the time and spatial averaged value and the error bar shows the standard deviation 15 

of the spatial distribution. Although the fluorescent intensity varied significantly (more than 

40%) mainly due to the differences in excitation intensity and channel height, but the 

polarization degree showed almost constant value (within 5%). This result enables the 

calibration line obtained on one certain day to be applied to a polarization distribution 

obtained on the other days. In addition to this, we can see that the spatial variation of P 20 

(before subtracting the systematic error B) was significantly small compared to that of I, 

which supports the robustness of the polarization measurement against the variation of the 

fluorescence intensity over space and time.  

 In order to examine the influence of shear flow on the rotational motion of fluorophores 

(FITC), the rotational angle is roughly estimated as mentioned below. Given that the velocity 25 

gradient is linear in the straight microchannel, spanwise and depthwise velocity gradients 

(u/y and u/z) are calculated to be 4.0 s-1 and 57.1 s-1, respectively, for the typical 

maximum flow velocity u= 1 mm/s. This results in the angular velocity  = 

0.5((-u/y)2+(u/z)2)1/2 can be estimated to be 28.6 s-1 and the rotational angle of 6.510-6 
during the fluorescence lifetime (~ 4 ns). On the other hand, rotational angle of FITC 30 

molecule due to the rotational Brownian motion is estimated to be 55 during its lifetime (see 

for example section 1.2 of reference [35] for the calculation). Therefore, the influence of 

shear flow is negligibly small compared to Brownian rotation in typical low Reynolds 

number flow in microchannels. In fact, the polarization degree in the present calibration 

experiment showed identical value irrespective of whether sample solution was at rest or 35 

flowing (results are not shown here). 

At the end of this section, we shall discuss about the applicability of this technique to measure 

the viscosity of complex fluids composed of large size molecules. In the present set of experiments, 

only solutes with low molecular weight were used for viscosity adjustment and the solute 

concentration was not exceedingly high. Therefore, the resultant solutions were purely Newtonian. In 40 



 
 

13 
 

13 

this case, the viscosity of bulk sample measured by rheometer can be successfully correlated to the 

polarization degree P in accordance with the theoretical prediction (equation (2)). However, in the 

case of more complex fluids such as polymer and micellar solutions and biological fluids, the 

viscosity change is mainly attributed to the aggregation and formation of a network structure of the 

macromolecules, the scale of which is from sub-micrometer to micrometer. As a result, the bulk 5 

rheological properties are no longer correlated with the local viscosity in nanometer scale nor P 

values [47,48]. Although not shown here, we applied the present method to the polymer solutions 

containing hydroxyethyl cellulose (Daicel; SE600) and carboxymethyl cellulose (Nippon paper; 

F800HC), and the measured P values were much smaller than those estimated from the viscosities of 

the bulk fluid. In fact, the values were similar to (but slightly larger than) the values estimated from 10 

solvent viscosity. The present technique therefore cannot be used to estimate the viscosity of bulk 

complex fluids although it could provide some information on the microscopic environment arounds 

fluorophores which may interact with the macromolecules in the fluids. 

 

4.3 Visualization of viscosity distribution in microchannel flow 15 

Two-dimensional viscosity distribution measurement of a diffusion layer between parallel 

flows of two miscible solutions formed in a Y-shaped microchannel (figure 3(b)) was 

performed under uniform and constant temperature condition of 30C. The 35wt% and 0% 

sucrose solutions with viscosity of 2.95 mPa･s and 0.78 mPa･s were supplied to each inlet at 

the same flow rate of 0.6l/min by syringe pumps. Cross-sectional average velocity was 0.6 20 

mm/s in the branched channels, and Reynolds number was calculated to be 0.01 and 0.05 for 

35wt % and 0 wt% solutions, respectively. The measurement was conducted in the region 

shown in figure 3(c) and the two-dimensional distribution of fluid viscosity was visualized at 

a spatial resolution of 1.3 m × 1.3 m based on 2×2 pixels binning. The calibration result in 

figure 6 was used to convert the polarization degree to the fluid viscosity. 25 

To examine the validity of the present technique, three-dimensional numerical computation was 

conducted for the viscosity distribution in the mixing layer and compared with the measurement 

result. A commercial finite element method computation software (COMSOL Multiphysics 4.3a) 

was used for the calculation. Continuity, momentum conservation equations of the flow, and binary 

diffusion equation were solved under steady-state laminar condition. Figure 3(d) shows the 30 

three-dimensional computational domain. The height and width were set to be same as the Y-shape 

microchannel used in the experiment. The computational domain was meshed with 264,810 cuboid 

control volumes of 7m (x) ×5m (y) ×2.5m (z). No-slip condition and zero flux condition were 

applied to the channel walls as the boundary conditions for flow and mass concentration, respectively. 

Neumann condition was applied to the channel outlet. 0wt% and 35wt% sucrose-water solution were 35 

supplied from each inlet of the channel with uniform velocity distribution. In order to calculate the 

viscosity distribution with taking account of the concentration dependencies of transport coefficients, 

the concentration-dependent viscosity, density[49], and diffusion coefficient of the sucrose solution 

were applied to the computation. The relationship between sucrose concentration and viscosity was 

obtained by the measurement using the rheometer. The mutual diffusion coefficient of sucrose and 40 
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water for 30C was obtained by linear interpolation between the literature values for 25C and 50C 

[50].  

It should be noted that during the measurement, the position of the solution interface was 

fluctuated over time due to the pulsating flow caused by the syringe pumps. To reflect this effect on 

the viscosity distributions in the calculation, the positions of the solution interface of five 5 

instantaneous viscosity distributions during a period were obtained from the experiment, and the 

instantaneous flow rates of the solutions at each moment were evaluated. Instantaneous viscosity 

distributions were calculated for these flow rates and the time averaged value will be discussed here.  

Figure 8(a) shows the measurement result of the time average viscosity distribution. The 

measured viscosities in the areas y < 50 m and y > 150 m agreed with the viscosities of 0wt% and 10 

35wt% sucrose solutions, respectively. Further, the viscosity gradually changed in the spanwise 

direction in the area 50 m < y < 150 m where two fluids were in contact and diffusion takes place. 

We can also see that the width of the diffusion layer increases in the downstream. The diffusion layer 

is slightly distorted near x = 270 m in the measurement, which was due to the flow perturbation 

produced by an air bubble attached to the channel side wall. Figure 8(b) shows the viscosity 15 

distribution at the middle height of the channel obtained by the computation. The distributions of the 

calculation and measurement show a good agreement over the measurement area. These results 

show that the viscosity distribution influenced by the mass diffusion is successfully visualized by the 

present polarization technique.  

Figure 9 shows the comparison of the spanwise distributions of the measured and calculated 20 

viscosities at the streamwise distances, x =10 m and 900 m. The measured distributions 

agreed markedly well with the numerical calculation, quantitatively. The difference between 

the measured and calculated distributions in the viscosity gradients was less than 1.0%. Some 

deviation is observed in the area of 35wt% sucrose solution (200m < y < 450m), which 

can be accounted for by the relationship between polarization degree P and viscosity . The 25 

magnitude of the random error in P measurement was on the same order for the present 

viscosity range as shown in figure 5. However, when the error was converted to  using the 

calibration result, the error in viscosity was larger in 35wt% solution than 0wt% solution. The 

reason for this is that the viscosity dependence of P is lower in higher viscosity range (see 

Supplementary Material for detail). The slope between P and  around 0.78 mPa･s (0wt% 30 

sucrose solution) was approximately five times larger than that around 2.95 mPa･s (35wt% 

sucrose solution) according to the measurement result. This led to the larger deviation in the 

35wt% sucrose solution area in figure 9. These results confirmed the validity of the present 

technique for two-dimensional measurement of viscosity distribution associated with mass 

transport under uniform and constant temperature condition in microchannel flow. 35 

 

4.4 Evaluation of temperature effect on polarization degree 

In the chapters so far, the fluid temperature was maintained uniform and constant, and the solute 

concentration was the cause of viscosity change. The viscosity can vary in the application due to the 

temperature change. For example, the temperature inside the microfluidics is often non-uniform and 40 
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changes with time due to Joule heating and chemical reactions. Therefore, we will extend the 

discussion a little further if the present technique can be applied to visualize the fluid viscosity 

change induced by the temperature variation. As seen from equation (2), the influence of the 

temperature change on the polarization degree P appears in two aspects: (1) direct influence due to 

the change in temperature T and (2) the indirect influence associated with the temperature 5 

dependence of the fluid viscosity . To evaluate the degree of these influences, polarization 

measurement was carried out at different temperature and compared with the viscosity calibration 

result in section 4.2. C-FITC molecule was dissolved in pure water at the concentration of 4.010-5 

mol/l as the probe. The sample solution was supplied to a straight microchannel placed on a 

temperature-controlled stage at a constant flow rate of 3.2 l/min. The height and width of the 10 

microchannel was 44 m and 3 mm, respectively. The stage is equipped with four Peltier modules 

and can produce uniform temperature distribution in the channel (details are in reference [32]). The 

fluid temperature was changed in the range 2240C and monitored by two K-type thermocouples 

inserted in the PDMS chip. 30 pairs of fluorescence images were obtained for each temperature 

condition, and time and spatial averaged P values were calculated. 15 

Figure 10(a) shows the measurement result. Each plot shows the averaged value of three 

measurements and the error bar shows the 95% confidence interval. The reciprocal of P linearly 

increased with the fluid temperature T. The data in figure 10(a) are re-plotted in figure 10(b) in terms 

of the reciprocal of fluid viscosity . The viscosity of the measured temperature was obtained from 

the literature value for water [51] and the fitting curve based on Andrade equation [52]. In each 20 

measurement, 1/P shows linear relationship with 1/ and the gradient is same with that of the 

calibration line for sucrose solution in figure 6 which is also plotted in figure 10(b).  

From equation (2), the direct effect of the change in T on P will appear as the change in the 

gradient. However, being inside the measurement uncertainty, the direct influence of T was not 

noticeable in figure 10(b). The direct effect was estimated to be 13% of the total influence calculated 25 

from equation (2) for the condition of temperature range of 2240C and using FITC water solution. 

Therefore, the relationship between the fluid temperature and polarization degree was mainly 

represented by the temperature dependence of the fluid viscosity in the present case. If the fluid has 

higher temperature dependence of viscosity compared to water, the direct influence of temperature is 

estimated to be even smaller. Hence, the viscosity change associated with temperature change can be 30 

measured using the calibration data obtained by varying the solute concentration under certain 

temperature, if the deviation associated with the direct influence of T on P is acceptable. It should be 

noted that if the concentration of the solution is constant and the temperature dependence of the 

solution viscosity is known, the calibration data obtained directly for the relationship between the 

polarization degree and temperature (as shown in figure 10(a)) will give a more accurate viscosity 35 

measurement.  
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5. Summary and conclusions 

An optical measurement technique for in-situ and two-dimensional viscosity mapping in 

microscale was developed based on fluorescence polarization method. The optical system for 

polarization imaging was constructed using two synchronized cameras which simultaneously obtain 5 

the fluorescence images of different polarization components.  

The proposed technique was applied to the measurement of viscosity distribution associated with 

concentration distribution under uniform and constant temperature condition. The relationship 

between the polarization degree P and fluid viscosity  was experimentally evaluated at 30 C using 

three kinds of fluorophores, and C-FITC was selected as viscosity probe in terms of reliability giving 10 

the largest P values among the three. The calibration experiment conducted in the range 0.73.0 

mPa·s using C-FITC showed that the reciprocal of P showed a linear relationship with the reciprocal 

of fluid viscosity, which qualitatively agreed with the theoretical prediction. The calibration results 

obtained for sucrose and glucose solutions were almost equivalent, which supports the versatility of 

the present technique. The measurement uncertainty was estimated to be 7.59.5% corresponding to 15 

0.07 mPa·s for 0 wt% sucrose solution (i.e., water) and 0.22 mPa·s for 35wt% sucrose solution. 

Viscosity measurement was performed in the Y-shaped microchannel to which two miscible 

solutions with different viscosities were supplied from each inlet. The viscosity distribution in the 

diffusion layer with the width of ~100 m was successfully visualized in the flow direction at a 

spatial resolution of 1.3×1.3 m2 and agreed quantitatively with the result of numerical calculation. 20 

These results indicate the potential of the present technique for contributing to microscale analyses of 

chemical processes and biological fluids. 

In addition to this, the polarization measurement was conducted for water at different 

temperature conditions (2040 C). The result showed a linear relationship between 1/and 1/P, 

which was comparable to the viscosity calibration result using sucrose solutions. The direct influence 25 

of temperature change on the polarization degree was estimated to be 13% of the total influence and 

the present technique could be applied to two-dimensional visualization of the viscosity distribution 

associated with temperature change with that accuracy. 
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Table 1. Optical components for fluorescence measurement 

 C-FITC and uranine Rhodamine B 

LED light Thorlabs; M490L4 Thorlabs; M565L3 

Excitation filter Semrock; FF01-482/35 Semrock; FF01-536/35 

Dichroic mirror Semrock; FF506-Di03 Olympus; DM570 

Emission filter Semrock; FF01-536/40 Olympus; BA575IF 

 

 

Table 2. Properties of the fluorophores applied to equation (2) to estimate the viscosity 5 

dependence of polarization degree 

 Uranine Rhodamine B C-FITC FITC 

Molecular weight 376.27 479.01 26000 389.38 

Diameter [nm] 1.03 [37] 1.6 [39] 30 [32] 1.28 [41] 

Fluorescence lifetime [ns] 4.16 [38] 1.44 [40] 4.16 [38] 4.16 [38] 

Excitation wavelength [nm] 490 555 494 494 

Emission wavelength [nm] 520 580 520 520 
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Figure 1. Schematic of the polarization characteristics of the fluorescence in the cases of (a) 

fluorophores in stationary state and (b) those dissolved in solution. Upper figures show the 

relationship between the linearly-polarized excitation light and fluorescence polarization. 5 

Lower figures show the probability density distributions of the angle between the excitation 

polarization direction (along z-axis) and absorption/emission dipole moments (shown in black 

and gray dotted line, respectively). 

 

Objective lens

Polarizing prism

Microchannel

z

x
y

LED

Polarizer

Temperature 
controlling stage

Camera 2 (I)

Camera 1 (I||)

Dichroic mirror

Emission filter

Excitation filter

Polarization directions

Polarization 
direction

 10 

Figure 2. Schematic of the optical system for polarization measurement using an inverted 

microscope.  
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Figure 3. Top and cross-sectional views of (a) straight microchannel used for calibration experiment 

and (b) Y-shaped microchannel used for viscosity distribution measurement. (c) The measurement 5 

area located downstream of the junction. (d) Computational domain for the three-dimensional 

numerical simulation of mass transport in microchannel flow. The height and width are same as the 

Y-shape microchannel. 

 

10 



 
 

25 
 

25 

 

0 100 200 300 400 500 600
0

50

100

150

200

250

300

x [m]

y 
[

m
]

0.205

0.210

0.215

0.220

0.225
P

0 100 200 300 400 500 600
0

50

100

150

200

250

300

x [m]

y 
[

m
]

0.205

0.210

0.215

0.220

0.225
P(a)

(b)

 
Figure 4. (a) Example of P distribution obtained from 35wt% sucrose solution before subtracting the 

systematic error and (b) the resultant distribution after the error correction procedure. 
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Figure 5. Relationship between the reciprocal of the fluid viscosity 1/ and polarization degree P in 

the case of C-FITC, rhodamine B and uranine. The solid lines represent the theoretical values 10 

obtained by applying the values shown in table 2 to equation (2). 
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Figure 6. Relationship between the reciprocal of the fluid viscosity 1/ and the reciprocal of the 

polarization degree 1/P in the cases of sucrose and glucose solutions. The straight lines were 

obtained based on the least square approximation. 5 
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Figure 7. Comparison of variations in fluorescence intensity I and polarization degree P measured 10 

on different day. I and P are normalized by the values of Day 1. 
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Figure 8. (a) Viscosity distribution in the Y-shaped microchannel obtained by polarization 

measurement. Distribution of polarization degree P was converted to the fluid viscosity  using the 

calibration line for sucrose solution shown in figure 6. (b) Viscosity distribution obtained by 

numerical computation. The distribution of sucrose concentration was calculated in the domain 5 

shown in figure 3(d) and converted to the fluid viscosity  
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Figure 9. Comparison of spanwise distributions of fluid viscosity at x=10 m and 900 m obtained 

by polarization measurement and numerical calculation.  
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 10 

Figure 10. (a) Relationship between the fluid temperature T and the reciprocal of the polarization 

degree (1/P) obtained using C-FITC in water. (b) The values in figure 10(a) are plotted again in terms 

of the reciprocal of water viscosity 1/ and compared with the viscosity calibration data in figure 6. 
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This Supplementary Information includes the descriptions for the research article entitled “Two-

dimensional fluid viscosity measurement in microchannel flow using fluorescence polarization 

imaging.” Details for the evaluation of the concentration depolarization of fluorophores, and the 

viscosity dependence of the polarization degree are provided. 

 

Evaluation of concentration depolarization 

To obtain sufficient fluorescence intensity and polarization signal, the concentration of fluorophore 

should be determined carefully considering the effect called concentration depolarization. When the 

concentration of fluorophores is higher than a certain value, i.e., the separation distance between 

fluorophores is sufficiently small (up to ~10 nm), radiationless excitation energy transfer occurs from 

primarily excited molecules (donors) to the surrounding unexcited molecules (acceptors). In this case, 

the acceptors emit depolarized fluorescence and the polarization degree of the measured fluorescence 

is decreased as a whole. This phenomenon is called concentration depolarization, alternatively self-

depolarization or polarization quenching [S1], and its degree is highly dependent on the separation 

between donner and acceptor, i.e., the concentration of fluorophores. Here, the influence of the 

concentration depolarization is estimated based on the theoretical equation proposed by Jablónski [S2], 

which is expressed as, 
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where r is fluorescence anisotropy defined as r ≡ (I||  I(I|| + 2IP/(3-P), and r0 is the maximum 

fluorescence anisotropy observed when no depolarization effects are present.  represents the average 

number of fluorophores (acceptors) within a so-called “active sphere”, expressed as,  
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where Rs [nm] is the effective range of the Förster interaction and corresponds to the radius of the 

active sphere. R0 [nm] is the Förster separation distance at which the energy transfer efficiency is 50%, 

nd [m-3] is the number density of the fluorophore, and < 2> is a factor depending on the mutual 

orientation of the transition moments of the interacting molecules [S1]. Figure S1(a) shows the 

relationships between the fluorophore concentration C [mol l-1] and r/r0 calculated for the three 

fluorophores. For fluorescein and rhodamine B, the properties listed in table S1 were applied to 

equation (S2). Note that uranine and FITC are both derivatives of fluorescein and therefore their 

fluorescence behaviors are expected to be quite similar to one another. In figure S1(a), r/r0 decreases 

notably in the range C = 10-410-2 mol/l and falls to almost 0 at C = 10-1 mol/l for both fluorescein and 

rhodamine B. This means that the accuracy of polarization measurement decreases when C > 10-4 mol/l. 

The theoretical curve of rhodamine B was compared with experimental values and a good agreement 

was confirmed in our previous report [S3]. 

In the case of C-FITC, the degree of concentration depolarization should be evaluated with taking 

into account its molecular structure. C-FITC is a casein molecule whose surface is labeled with several 

FITCs. Since the molecular weight (Mw) of FITC is ~389, the number of FITCs linked to a single 

casein molecule, mFITC, is estimated to be ~20 from the difference in molecular weight between -

casein (Mw ~19000) and C-FITC (Mw ~26000). The densely distributed FITCs are expected to cause 

concentration depolarization within a single C-FITC. Moreover, the size of the active sphere of C-

FITC is supposed to be different from that of a simple FITC molecule. To take this into the 

consideration,  was calculated as follows assuming that the active sphere of C-FITC is represented 

by a simple model shown in figure S1(b),  
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where d is the diameter of C-FITC. The degree of concentration depolarization can then be estimated 

by equation (S1) but it should be noted that r0 of the case of C-FITC represents the anisotropy when 

only the concentration depolarization between FITCs on the same C-FITC molecule takes place and 

that between neighboring C-FITC molecules is negligible. Black solid line in figure S1(a) shows the 

concentration dependence of r/r0 for C-FITC. The concentration depolarization occurs at C > 10-7mol/l 

and the fluorescence is almost completely depolarized at C = 10-4 mol/l. This result indicates that C 

should be lower than 10-6 mol/l to avoid significant influence of concentration depolarization. On the 

other hand, such low concentration leads to the difficulty in the measurement of extremely weak 

fluorescence. In addition to this, the sensitivity of the polarization degree P on fluorophore 
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concentration is high at C < 10-5 mol/L as shown in figure S1(c), which leads to the considerable 

change in P when the fluorophore concentration fluctuates. When the C-FITC concentration is 

controlled around 4.010-5 mol/l, the influence of the concentration variation within ±5% on measured 

viscosity value is estimated to be about ±1.6 % in the present viscosity range. 

To obtain sufficient intensity while suppressing the influence of concentration depolarization, the 

fluorophore concentration was set to be 4.0×10-5 mol/l for C-FITC and 1.0×10-4 mol/l for uranine and 

rhodamine B in the present study. 

 

Table S1. Properties of the fluorophores applied to equation (S2) to estimate the degree of 

concentration depolarization (from Ref [S1]). 

 Fluorescein  Rhodamine B 

R0 [nm] 4.18 5.03 

Rs/R0  1.6 1.6 

< >  0.476 0.476 

 

 
Figure S1. (a) Relationship between the fluorophore concentration C and the degree of concentration 

depolarization r/r0 calculated for C-FITC, rhodamine B, and fluorescein. (b) Schematic of the model 

for the apparent active sphere of C-FITC and the region where the donor-acceptor energy transfer 

occurs. (c) The sensitivity d(P/P0)/dC plotted against the concentration.   
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Viscosity dependence of the depolarization degree 

The theoretical equation which relates P value to the fluorescence lifetime and the rotational 

diffusion of fluorophores is expressed as follows: 
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where kB [J/K] is the Boltzmann constant, V [m3] is the hydrodynamic volume of the rotating unit, and 

 [s] is the fluorescence lifetime. T [K] and [Pa·s] are the absolute temperature and viscosity of the 

fluid, respectively. P0 is the intrinsic or limiting polarization defined as the polarization degree of the 

molecule at stationary condition (in the absence of rotation). From this equation, we obtain the 

following relationship: 
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and the viscosity dependence of P value: 
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From equation (S6), it is clear that the viscosity dependency of P becomes lower and when  increases. 

This results in the larger deviation in the 35wt% sucrose solution area in figure 9 as explained in the 

last paragraph of subsection 4.2.  
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