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SHORT ABSTRACT:
A protocol for the direct measurement of particle size distribution in concentrated solutions using dynamic light scattering microscopy is presented.

LONG ABSTRACT: 
A protocol for measuring polydispersity of concentrated polymer solutions using dynamic light scattering is described. Dynamic light scattering is a technique used to measure the size distribution of polymer solutions or colloidal particles. Although this technique is widely used for the assessment of polymer solutions, it is difficult to measure the particle size in concentrated solutions due to the multiple scattering effect or strong light absorption. Therefore, the concentrated solutions should be diluted before measurement. Implementation of the confocal optical component in a dynamic light scattering microscope1 helps to overcome this barrier. Using such a microscopic system, both transparent and turbid systems can be analyzed under the same experimental setup without a dilution. As a representative example, a size distribution measurement of a temperature-responsive polymer solution was performed. The sizes of the polymer chains in an aqueous solution were several tens of nanometers at a temperature below the lower critical solution temperature (LCST). In contrast, the sizes increased to more than 1.0 µm when above the LCST. This result is consistent with the observation that the solution turned turbid above the LCST. 

INTRODUCTION: 
Particle size is one of the most fundamental properties of colloidal and polymer solutions. Numerous techniques are used to measure the particle size. Particle sizes of 1.0 µm or larger can be measured directly using an optical microscope. For smaller particles, alternative techniques, such as laser diffraction, electron microscopy, or atomic force microscopy, are used2,3. Dynamic light scattering is a commonly-used technique for the measurement of particle size distributions in solutions4. The results obtained using this technique are not derived from images of the particles but from the characteristic time of the fluctuations in scattered light intensity. These fluctuations originate from Brownian motion, which is characterized by a diffusion constant. The size distribution is obtained from the distribution of diffusion constants using the Einstein-Stokes equation. Due to its simplicity, dynamic light scattering is widely used for the routine assessment of solutions, such as paints and food colloids.

Pretreatment is required for most of the techniques used for the particle size measurement of solution samples. In the case of electron microscopy and atomic force microscopy, the sample must be analyzed under vacuum conditions. Therefore, it is difficult to observe the samples in their native forms. Furthermore, for laser diffraction and dynamic light scattering, only diluted samples that are free from multiple scattering and light absorption can be measured. To overcome this difficulty, several new techniques have been proposed for the measurement of dynamic light scattering from undiluted, concentrated solutions, such as cross-correlation spectroscopy5,6, low-coherence dynamic light scattering7,8, diffusing-wave spectroscopy9,10, and differential dynamic microscopy11,12.

We have developed a new apparatus called a dynamic light scattering microscope1. This apparatus enables us to measure turbid samples without dilution by means of a confocal optical system in which multiple scattering is eliminated using a pinhole. However, the measurement procedure and data analysis are slightly more complicated than those of commercially-available instruments. This video explains the measurement procedure and data analysis in detail using the analysis of the temperature-responsive polymer, poly(N-isopropylacrylamide), as an example.

PROTOCOL:

1. Sample Preparation

1.1) Purification of temperature-responsive monomers

1.1.1) Dissolve 20 g of N-isopropylacrylamide (NIPA) in 100 mL of toluene. 

1.1.2) Filter the solution under suction to eliminate dust.

1.1.3) Mix the filtrate with 500 mL of petroleum ether.

1.1.4) Place the reaction vessel in an ice-water bath.

1.1.5) Stir the solution until the monomers are precipitated (typically 30 min).

1.1.6) Filter the solution under suction to obtain the precipitated monomers.

1.1.7) Dry the monomers under reduced pressure (100 Pa) overnight.

1.2) Preparation of the temperature-responsive polymer solution

1.2.1) Degas 20 mL of deionized water for 1.0 min using a diaphragm pump.

1.2.2) Dissolve 780.8 mg of the purified NIPA in 9.5 mL of degassed and deionized water.

1.2.3) Place the reaction vessel in an ice-water bath.

1.2.4) Shield the reaction from light by covering the apparatus with aluminum foil.

1.2.5) Stir the solution gently for 10 min while introducing a moderate flow of Ar gas gently via a pipette tip attached to the gas cylinder with a tube.

1.2.6) Add 11.9 µL of N,N,N',N'-tetramethylethylenediamine to the solution via a micropipette.

1.2.7) Stir the solution for 1.0 min while introducing Ar gas, as mentioned in step 1.2.5.

1.2.8) While stirring the sample, dissolve 4.0 mg of ammonium persulfate in 0.5 mL of degassed and deionized water.

1.2.9) Mix the sample solution (from step 1.2.7) and ammonium persulfate solution (from step 1.2.8).

1.2.10) Stir the solution for 30 s while introducing Ar gas, as mentioned in step 1.2.5.

1.2.11) Cover the solution with aluminum foil and keep it in a refrigerator (4 °C) overnight.

1.3) Preparation of sample mounts

1.3.1) Place 60 µL of the sample solution (from step 1.2.11) in a cavity slide.

1.3.2) Cover the solution with a circular cover glass. Be careful not to trap air bubbles. 

1.3.3) Remove excess solution using a micropipette and laboratory wipes.

1.3.4) Seal the sample with glue. Let the glue dry at room temperature (typically 6 h).

1.3.5) Prepare another slide filled with 0.1 wt% polystyrene latex (100-nm particle diameter) suspension by following steps 1.3.1-1.3.4. This slide is used as a standard. 

2. Particle Size Measurement with a Dynamic Light Scattering Microscope

2.1) Optimization of the instrument 

2.1.1) Place the polystyrene latex suspension slide (from step 1.3.5) on the stage of the inverted microscope. The cover glass side should face downward.

2.1.2) Place a beam damper in front of the detector (an avalanche photodiode and an autocorrelator).

2.1.3) Apply a laser beam (Ar-Kr ion laser, λ = 514.5 nm, 200 mW, continuous wave) to the sample through an objective lens (×10). A portion of the reflected light goes through a launch mirror of the microscope and is observed by a CCD camera mounted at the side port of the microscope (Figure 1(a)).

2.1.4) Adjust the direction of the laser beam by using two mirrors before the microscope (Figure 1(b), mirrors A and B). 

2.1.4.1) First, tilt one mirror mount to move the focal point. In this step, the laser beam is not vertically introduced into the objective lens. 

2.1.4.2) Then, tilt the other mirror mount to vertically direct the laser to the objective lens. When the laser is vertically introduced into the objective lens, the position of the reflected image remains unaffected, even when varying the height of the objective lens. 

2.1.4.3) While performing these procedures, place the position of the focal point at the center of the objective lens (i.e., at the center of the observed image recorded by the CCD camera).

2.1.5) Adjust the height of objective lens to set the focal point at the sample suspension by shifting the height of objective lens from the low-to-high position. During this procedure, the reflected image is focused three times: at the surface of the cover glass, at the interface between the cover glass and the sample, and at the interface between the sample and the hole-slide glass. Set the focal point between the second and third points.

2.1.6) Attenuate the scattered light intensity by inserting neutral density filters to protect the detector from overcurrent. Typically, two filters with optical densities of 1.0 and 2.0 are inserted. 

2.1.7) Introduce the scattered light into the detector by removing the beam damper in front of the detector. This unit measures the time correlation of the light intensity.

2.1.8) Set a pinhole (ϕ = 50 µm) between the microscope and the detector to achieve the confocal effect. Adjust the position of the pinhole to maximize the light intensity at the detector. If necessary, remove the neutral density filters.

2.1.9) Measure the time correlation function of scattered light intensity for 30 s by initiating the operation of the correlator via a computer. The measured correlation function is often expressed as , where  is the correlation time4 and . Here,  is the scattered light intensity at the time  and  is time averaging. The decay time will be approximately 0.1 ms.

2.1.10) Adjust the focal point to obtain a wide range for the initial amplitude of the time correlation function (). 

Note: The initial amplitude is strongly affected by the amount of reflected light. By moving the focal point toward the interface between the cover glass and the sample, the amount of reflected light increases. For strong light scatterers, such as polystyrene latex, the initial amplitude can be altered from 0 to 1. However, it is difficult to set the initial amplitude close to 1 for more common polymer solutions because the intensity of the reflected light is much higher than that of the scattered light.

2.1.11) Apply the inverse Laplace transformation (using the constrained regularization program CONTIN13,14) to the obtained time correlation function to acquire the size distribution function. In cases where the initial amplitude is set to less than 0.2, the distribution function of the hydrodynamic radius will show a sharp peak around 100 nm, which is twice the actual radius (see the discussion for details).

2.2) Sample measurement

2.2.1) Set the stage temperature to 25 °C.

2.2.2) Place a slide prepared with poly-NIPA (PNIPA) solution (step 1.3.4) on the stage of the microscope. 

2.2.3) Measure the time correlation function of the scattered light intensity by following steps 2.1.5-2.1.9. If the initial amplitude is larger than 0.2, adjust the focal point to make the initial amplitude of the time correlation function less than 0.2 by following step 2.1.10. A small initial amplitude simplifies the analysis.

2.2.4) Set the stage temperature to 35 °C and wait until the solution turns turbid. The lower critical solution temperature (LCST) of PNIPA solution is 32 °C15.

2.2.5) Measure the time correlation function by following steps 2.1.5-2.1.9. If feasible, adjust the position of the focal point to make the initial amplitude of the time correlation function less than 0.2. For turbid solutions, their initial amplitudes tend to increase, since the intensity of the scattered light increases while that of the reflected light remains constant.

2.2.6) Apply the inverse Laplace transformation to the obtained time correlation functions to obtain the size distribution functions. Note that the actual size is half the obtained value in cases where the initial amplitude is less than 0.2.

REPRESENTATIVE RESULTS: 
Time correlation functions of scattered light intensity for a polystyrene latex suspension (particle radius: 50 nm) were measured at different focal points, as shown in Figure 2(a). These correlation functions were converted into the distribution functions of the hydrodynamic radius by the inverse Laplace transformation (refer to Figure 2(b) and (c)). Using the same procedure, the time correlation functions and distribution functions of the hydrodynamic radius of the PNIPA solution were obtained at 25 °C and 35 °C, respectively. Figures 3(a) and (b) show the time correlation functions of the scattered light intensity and the corresponding size distribution functions of the PNIPA solution below (25 °C) and above (35 °C) the LCST. The size distribution functions were obtained by the inverse Laplace transformation followed by the correction of the partial heterodyne. The average hydrodynamic radius below the LCST is several tens of nanometers, which is typical for polymer solutions. In contrast, the hydrodynamic radius above the LCST is about 1.0 µm. This result is consistent with the fact that the solution is turbid above the LCST. The red and blue lines in Figure 3 represent the size distribution of PNIPA solutions obtained immediately after and 20 min after the solution became turbid, respectively. Figure 3(b) clearly indicates the growth of the aggregation.

Figure Legends:
Figure 1. Schematics of the dynamic light scattering microscope. (a) Schematic of the dynamic light scattering microscope: variable neutral density (VND) filter, pinhole (PH), beam splitter (BS), polarizer (Pol), and avalanche photodiode (APD). (b) Layout of the optical components. Mirrors A and B, which are used for the alignment described in step 2.1.4, are indicated by red letters.

Figure 2. Representative results for a polystyrene latex suspension. (a) Time correlation functions of the scattered light intensity for the polystyrene latex suspension. The nominal radius is 50 nm and the concentration is 0.1 wt%. Two datasets were obtained from different scattering points. (b), (c) Corresponding size distribution functions for the polystyrene latex suspension obtained by the inverse Laplace transformation of Figure 2(a). The red line corresponds to the time correlation function whose initial amplitude is approximately 1.0, and the blue line corresponds to that with an initial amplitude that is approximately 0.2. The horizontal axis was calculated without (b) and with (c) considering the effect of partial heterodyning (PHD) when . 

Figure 3. Representative results for a PNIPA solution. (a) Time correlation functions of scattered light intensity for the PNIPA solution. (b) Corresponding size distribution functions for the PNIPA solution obtained by the inverse Laplace transformation of Figure 3(a). The horizontal axis was calculated considering the effect of partial heterodyning for each data set. The black line represents the data obtained at 25 °C. The red line represents the data obtained just after the solution turned turbid (35 °C). The blue line represents the data obtained after a 20-min measurement of the red line.

DISCUSSION: 
The initial amplitude of the time correlation function heavily depends on the focal point, as shown in Figure 2(a). This seemingly contradicts the fact that the solution is homogeneous (except for the thin layer at the interface)8. This variation in the initial amplitude is attributed to a variation in the amount of reflected light. Partial heterodyne theory16 predicts that the initial amplitude, A, the scattered light Intensity, Is, and the reflected light intensity, Ir, satisfy the following equation1:

This equation shows that the larger Ir becomes, the smaller A becomes. Therefore, A is reduced by setting the focal position close to the interface. The apparent diffusion constant DA can be obtained by fitting the time correlation function in the case of monodisperse solutions:

where .  Here, n is the refractive index of the solvent (water, 1.33),  is the scattered angle (180°), and  is the wavelength of light (514.5 nm). Since we applied backscattering geometry, the value of q is fixed. However, this point is solved by using different wavelengths of light. Please note that any kind of continuous-wave laser source is available to construct the DLS microscope. Thanks to the small irradiated volume, the coherence factor17 is estimated to be more than 0.99 and is negligible. For polydisperse solutions, the distribution function of DA is obtained by the inverse Laplace transformation. Partial heterodyne theory also predicts that DA is not the same as the actual diffusion constant D. These two diffusion constants satisfy the following equation:

The diffusion constant  is converted into the hydrodynamic radius  using the Einstein-Stokes equation4. When , this relationship becomes . In this case, the data conversion process is the same as that for the common dynamic light scattering. The red line shown in Figure 2(b) corresponds to this case. In contrast, this relationship becomes  at the limit of . Therefore, the size is estimated to be twice as large as the actual size when  is small (practically, less than 0.2), as shown by the blue line of Figure 2(b). If we know that A is significantly small, the horizontal axis can be shifted, as shown in Figure 2(c). In principle, we can convert DA into D for any value of A. In practice, however, it is better to set the initial amplitude smaller than 0.2, since the simple approximation  holds true.

The prominent features of the dynamic light scattering microscope technique were demonstrated using a PNIPA solution. The conformation of PNIPA below and above the LCST has been extensively studied using small-angle neutron scattering15,18. In contrast, dynamic light scattering has not been utilized for the analysis of PNIPA above the LCST because of its turbidity19. This problem is solved by the dynamic light scattering microscope, as shown in Figures 3(a) and (b). The size of these aggregates is several µm, which cannot be obtained by either small-angle X-ray/neutron scattering or conventional light scattering techniques. Time-resolved measurements using this system give information on the aggregation process during the temperature change.

The drawback of the dynamic light scattering microscope is also illustrated in Figure 3. For the result below the LCST, the time correlation function is strongly affected by the very small amount of dust present (the black lines in Figure 3). For example, the time correlation function does not decay completely, even with correlation times in the order of 1.0 s. This is because the volume irradiated with this apparatus (approximately 1.0 µm) is significantly smaller than that irradiated with the usual dynamic light scattering apparatus (approximately 100 µm). In cases where the intensity of scattered light is weak, the signal is obscured by the noise, such as that caused by small amounts of dust in the solution. Therefore, the three peaks shown in Figure 3(b) may not have quantitative importance although the general order of the size is meaningful. Note that such a weak scatterer can be measured by a conventional dynamic light scattering apparatus.

We have demonstrated that the dynamic light scattering microscope enables us to measure both transparent and turbid samples with the same setup. Since the optical path length in the samples is short, this technique can be applied to strong light-absorbing samples, such as carbon nanotube suspensions20. In addition, due to its high spatial resolution, this technique can be applied to biological cells. For its application to biology, this method can also be combined with other imaging techniques, such as fluorescence and Raman imaging. Thus, we believe that the dynamic light scattering microscope is a powerful tool for a wide range of research fields.

ACKNOWLEDGMENTS: 
This work has been financially supported by Grants-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology (No. 25248027 to M.S.).

DISCLOSURES: 
The authors have nothing to disclose.

REFERENCES:
1	Hiroi, T. & Shibayama, M. Dynamic Light Scattering Microscope: Accessing Opaque Samples with High Spatial Resolution. Opt. Express 21, 20260-20267, doi:10.1364/OE.21.020260 (2013).
2	Barth, H. G. & Flippen, R. B. Particle Size Analysis. Anal. Chem. 67, 257-272, doi:10.1021/ac00108a013 (1995).
3	Liu, Y., Wang, Z. & Zhang, X. Characterization of supramolecular polymers. Chem. Soc. Rev. 41, 5922-5932, doi:10.1039/C2CS35084J (2012).
4	Berne, B. J. & Pecora, R. Dynamic Light Scattering with Applications to Chemistry, Biology and Physics.  (Dover Publications, Inc., 2000).
5	Phillies, G. D. J. Experimental demonstration of ruultiple-scattering suppression in quasielastic-light-scattering spectroscopy by homodyne coincidence techniques. Phys. Rev. A 24, 1939-1943, doi:10.1103/PhysRevA.24.1939 (1981).
6	Phillies, G. D. J. Suppression of multiple scattering effects in quasielastic light scattering by homodyne crosscorrelation techniques. J. Chem. Phys. 74, 260-262, doi:10.1063/1.440884 (1981).
7	Ishii, K., Yoshida, R. & Iwai, T. Single-scattering spectroscopy for extremely dense colloidal suspensions by use of a low-coherence interferometer. Opt. Lett. 30, 555-557, doi:10.1364/OL.30.000555 (2005).
8	Xia, H., Ishi, K. & Iwai, T. Hydrodynamic Radius Sizing of Nanoparticles in Dense Polydisperse Media by Low-Coherence Dynamic Light Scattering. Jpn. J. Appl. Phys. 44, 6261-6264, doi:10.1143/JJAP.44.6261 (2005).
9	Maret, G. & Wolf, P. E. Multiple light scattering from disordered media. The effect of brownian motion of scatterers. Z. Phys. B 65, 409-413, doi:10.1007/BF01303762 (1987).
10	Pine, D. J., Weitz, D. A., Chaikin, P. M. & Herbolzheimer, E. Diffusing wave spectroscopy. Phys. Rev. Lett. 60, 1134-1137, doi:10.1103/PhysRevLett.60.1134 (1988).
11	Cerbino, R. & Trappe, V. Differential Dynamic Microscopy: ProbingWave Vector Dependent Dynamics with a Microscope. Phys. Rev. Lett. 108, 188102, doi:10.1103/PhysRevLett.100.188102 (2012).
12	Lu, P. J. et al. Characterizing Concentrated, Multiply Scattering, and Actively Driven Fluorescent Systems with Confocal Differential Dynamic Microscopy. Phys. Rev. Lett. 108, 218103, doi:10.1103/PhysRevLett.108.218103 (2012).
13	Provencher, S. W. A constrained regularization method for investing data represented by linear algebraic or integral equations. Comp. Phys. Comm. 27, 213-227 (1982).
14	Provencher, S. W. & Stepanek, P. Global analysis of dynamic light scattering autocorrelation functions. Part. Part. Syst. Charact. 13, 291 (1996).
15	Takata, S., Norisuye, T. & Shibayama, M. Small-angle Neutron Scattering Study on Preparation Temperature Dependence of Thermosensitive Gels. Macromolecules 35, 4779-4784 (2002).
16	Pusey, P. N. & van Megen, W. Dynamic Light Scattering by Non-Ergodic Media. Physica A 157, 705-741 (1989).
17	Chu, B. Laser Light Scattering. 2nd Ed. edn,  (Academic Press, 1991).
18	Shibayama, M., Tanaka, T. & Han, C. C. Small-Angle Neutron-Scattering Study on Poly(N-Isopropyl Acrylamide) Gels near Their Volume-Phase Transition-Temperature. J. Chem. Phys. 97, 6829-6841, doi:Doi 10.1063/1.463636 (1992).
19	Tanaka, T., Sato, E., Hirokawa, Y., Hirotsu, S. & Peetermans, J. Critical Kinetics of Volume Phase Transition of Gels. Phys. Rev. Lett. 55, 2455-2458 (1985).
20	Hiroi, T., Ata, S. & Shibayama, M. Transitions of Aggregation States for Concentrated Carbon Nanotube Dispersion. J. Phys. Chem. C 120, 5776-5782, doi:10.1021/acs.jpcc.5b12464 (2016).
Page 1 of 9									   rev. October 2013	

Page 2 of 9									   rev. October 2013
