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In this study, a protocol for the direct measurement of particle size distributions of concentrated
solutions by using a dynamic light scattering microscope is presented. Dynamic light scattering is a
technique to measure a size distribution of polymer solutions. Although this technique is widely used
for the assessment of polymer solutions, it is difficult to measure concentrated solutions due to the
existence of multiple scattering or strong light absorption. Therefore, it has been common knowledge
that the concentrated solution should be diluted before the measurement of dynamic light scattering. A
dynamic light scattering microscope, which has been developed recently, overcomes this difficulty by
using a confocal optical system. By using this microscope, we can measure both transparent and
turbid systems under the same experimental setup without dilution. As a representative example, a
measurement of the size distribution of a temperature-responsive polymer solution was performed.
The size of the temperature-responsive polymer in an aqueous solution is the order of several tens
nanometer at the temperature below their lower critical solution temperature (LCST). In contrast to
this, the size became more than 1 [Im above LCST. This result is consistent with the fact that this
solution becomes turbid at the temperature above LCST. Details of the protocol and data analysis are
presented.
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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 microscope? 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 Um when above the LCST. This result is consistent with the
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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 pum 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
used?3. Dynamic light scattering is a commonly-used technique for the measurement of particle
size distributions in solutions®. 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
spectroscopy>®, low-coherence dynamic light scattering’2, diffusing-wave spectroscopy®*°, and
differential dynamic microscopy!%*2,

We have developed a new apparatus called a dynamic light scattering microscope®. 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.
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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 UL 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 pL 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.
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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, A = 514.5 nm, 200 mW, continuous wave) to the
sample through an objective lens (x10). 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
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the detector. This unit measures the time correlation of the light intensity.

2.1.8) Set a pinhole (¢ = 50 um) 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 g@(t) — 1, where t is the correlation time?* and g®@ (t) = (1(0)I(t));/{I(t))2.
Here, I(t) is the scattered light intensity at the time t and (:-- )1 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 (g® (t = 0) — 1).

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
CONTIN?'314) 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 °C*>.

2.2.5) Measure the time correlation function by following steps 2.1.5-2.1.9. If feasible, adjust
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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 um. 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 A «< 1.

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

Page 6 of 9 rev. October 2013



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 theory!® predicts that the initial
amplitude, A, the scattered light Intensity, /5, and the reflected light intensity, I, satisfy the

following equation®:
2

I
1=1-()
I + I
This equation shows that the larger I; 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:

g@(t) — 1 = Ae~2Dad’t
where g = 4mn sin (g) /A. Here, n is the refractive index of the solvent (water, 1.33), @is the

scattered angle (180°), and A 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 factor!’ is
estimated to be more than 0.99 and is negligible. For polydisperse solutions, the distribution
function of D4 is obtained by the inverse Laplace transformation. Partial heterodyne theory also
predicts that Ds is not the same as the actual diffusion constant D. These two diffusion
constants satisfy the following equation:

D,=——"D

The diffusion constant D is converted into the hydrodynamic radius R; using the Einstein-
Stokes equation®. When A = 1, this relationship becomes D, = D. 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 D, = 0.5D
at the limit of A — 0. Therefore, the size is estimated to be twice as large as the actual size
when A 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 D, ~ 0.5D 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 scattering>12. In contrast, dynamic light
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scattering has not been utilized for the analysis of PNIPA above the LCST because of its
turbidity'®. 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 im, 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 pm) is significantly smaller than that
irradiated with the usual dynamic light scattering apparatus (approximately 100 pm). 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 suspensions?. 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.
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Name of Reagent/ Equipment

N-isopropylacrylamide, 98%

toluene, 99%

petroleum ether, distillation
temperature 30~ 60 ° C
N,N,N',N'=
tetramethylethylenediamine, 99%
ammonium persulfate, 98%
polystyrene latex suspension, 1

wt%

argon

cavity slide

inverted microscope
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Sigma
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Corporation
Koike Sanso
Kogyo Co.,
Ltd.

Matsunami
Glass
Ind.,Ltd.
Nikon
Instech Co.,
Ltd.

Catalog Number
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169-22565

T9281
248614

3500A

83-0336
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Comments/Description

purity > 99.999 vol.%
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Author(s):

ltem 1 (check one box): The Author elects to have the Materials be made available (as described at

ad Open Access

http://www.jove.com/publish ) via: I Standard Access

ltem 2 (check one box):

X The Author is NOT a United States government employee.

{...| The Author is a United States government employee and the Materials were prepared in the

course of his or her duties as a United States government employee.

__| The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommeons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE"
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; "Parties”
means the Author and JoVE; “Video” means any video{s) made
by the Author, alane or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, whe is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works {including,
without limitation, the Video) or Collective Works based on ali
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such maodifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in ltem 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.




4, Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in ltem 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 beiow,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
ali such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
ftem 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual {for the full term of copyright in the
Article, including any extensions thereto) license {a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, {b} to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Videc and exercise all
of the rights set forth in (a} above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (¢} to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to he amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Auther
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, andfor modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without fimitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
invalving human and animal subjects has been approved by
the Author's relevant institutional review board.

10, JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have



full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, gquality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successers and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Auther further agrees to indemnify and
hold harmiess JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, faws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by loVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Answer to Reviewers Click here to download Rebuttal Comments
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Response to Reviewers

First of all, we would like to thank the reviewers for valuable comments and suggestions. We
took all of them into account and made a revision as listed below. Please let us know if
further revision is required.

Editorial comments:

1) All of your previous revisions have been incorporated into the most recent version of the
manuscript. In addition, Editor may have made minor copy edits to your manuscript and
formatting changes to comply with the JOVE format. Please maintain these changes. On the
JoVE submission site, you can find the updated manuscript under "file inventory" and
download the microsoft word document. Please use this updated version for any future
revisions and track all changes using the track changes function in Microsoft Word.

OK.

2) Grammar:

-Please copyedit the manuscript for numerous grammatical errors. Such editing is required
prior to acceptance, and some errors are indicated below.

-Line 38 — “of confocal optical system”; “in recently developed dynamic light scattering
microscope”

-Line 43 — “in the order of”

-Line 49 — “polymer solutions.,” — punctuation

-2.1.4 — “suspensio”

We fixed these errors.

3) Visualization: Please provide a photographic image of the custom setup, which can be
supplied as a supplementary file.

We attached a photo of the image.

In addition, I'd like to ask about the setup. We did the experiment introduced in this
manuscript by using the setup in this manuscript. However, we modified some parts for the
current project and the setup is a little bit different from the attached photo. Is it better to
return the setup shown in the manuscript at the time of filming?

4) Additional detail is required:
-1.2.6 — How is the solution added? Via a syringe or pipette?
Via a micropipette. We added the explanation.

-2.1.6 — How is this done? Does this mean to turn on the light source? Or are they placed
somewhere?
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It is done by removing the beam damper in front of the detector. We added the step 2.1.2
and also fixed the explanation in 2.1.7.

-2.1.8. 2.1.9 — Please define all terms. What is g?
We added the definition of g®(t) explicitly in 2.1.9.

-2.2.3 — How would the focal point be adjusted here?
It is done by following step 2.1.10. We added this statement in 2.2.3.

5) Branding: 2.1.10 — CONTIN, ALV - software name and company should appear in the
materials table only.

We deleted the company name from the manuscript. The company name has already
written in the materials table. Note that “CONTIN” is not the name of software but the name
of algorithm.

6) Results: Please discuss what the results of the analyses are in the results section. That is,
what is the interpretation of the data shown? What was the particle size distribution
detected? Such interpretation should be moved from the discussion to the results section
(see lines 289 — 300).

I’'m sorry but | cannot understand the meaning of this point. It seems that the discussion
should be done not in discussion section but in result section. Please note that the contents
written in lines 289 — 300 (original version) are also written in the results section and figure
legends. That is, the interpretation of the data shown in the results is clearly shown. The
reason why we wrote the similar contents in two sections is to clarify the flow of discussion.

7) Discussion: Please discuss any troubleshooting/modifications that can be performed.
The most probable modification is the wavelength of light. We added this point in line
274-277.

8) Please disregard the comment below if all of your figures are original.

If you are re-using figures from a previous publication, you must obtain explicit permission to
re-use the figure from the previous publisher (this can be in the form of a letter from an editor
or a link to the editorial policies that allows you to re-publish the figure). Please upload the
text of the re-print permission (may be copied and pasted from an email/website) as a Word
document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)"
section. Please also cite the figure appropriately in the figure legend, i.e. "This figure has
been modified from [citation]."

N/A



Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This manuscript describes an application of a dynamic light scattering microscope that can
be applied to turbid media. In order to extend this technique to opaque samples, a confocal
approach has been implemented. As with any confocal system, the reduction of the imaging
region to that of a pinhole greatly reduces the imaging region, but will also significant reduce
multiple scattering events. As such, this implementation will allow for the acquisition of data
from turbid media.

Major Concerns:

With regards to the general applicability of this technique, there are serious concerns. It is
very difficult to call this method a dynamic light scattering microscope. DLS is a widely use
technique that is typically used in spectroscopy mode where scattered light from a small
sample region within a cuvette is acquired and fed into an autocorrelator. The method
described in this manuscript is more of an improvement or extension of the spectroscopic
method rather than a true extension to a microscope technique. Performing a search in the
literature came up with the description of a technique by the same name in a 2004
Biophysical Journal article from Dzakpasu and Axelrod. There, they used a focused line
illumination along with a motorized stage to image an entire biological cell and were able to
visualize different rates of motion throughout the sample. Here, with the sample region,
biological or otherwise, reduced to just a pin hole, a very small and non-representative point
cab be acquired, which will limit its scope.

We have cited the article of Dzakpasu and Axelrod in our first report (Ref. 1) but their method
is completely different from ours. They utilized the streaking of CCD camera to measure the
intensity time correlation function. Thanks to this, they can measure 2D image of the
correlation function at once. However, the resolution of correlation time is restricted to 300
us. This means that they cannot measure small particles less than 100 nm. In contrast to this,
we can achieve the high time resolution around 1 ps by usingO000000000000000
Please note that this time resolution is typical for conventional DLS apparatus. The new
point is that we achieved the measurement of turbid and light-absorbing suspension without
loss of time resolution. From this point of view, we believe that the method described in this
manuscript is “a true extension to a microscope”.

Minor Concerns:

There are a couple of questions regarding the optical setup that needs to be addressed for
clarity, with regards to figure 1.:

1. There is both a variable and fixed neutral density filter. Why is the fixed ND used when a
variable one is present?

Fixed ND was used during the alignment of the apparatus. During the alignment procedure,



strong light reflection may be introduced to the autocorrelator, which induces fatal damage to
the autocorrelator. To protect the autocorrelator from such damage, we inserted fixed ND
filter to achieve high attenuation of light intensity, which is not achieved by a variable ND
(Procedure 2.1.6).

2. A CCD camera is used to focus the reflected light that is transmitted through the from the
sample. It is not clear why this is necessary when the APD is used to collect the scattered
light for the autocorrelator.

CCD camera is used for alignment (Procedure 2.1.3). During the measurement, we do not
have to use CCD camera. However, we can also measure the position dependence of size
distribution functions by combining the image information of the CCD camera and the time
correlation functions from the autocorrelator, which is desired for inhomogeneous samples
such as biological cells.

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

The manuscript describes a novel technique, dynamic light scattering microscopy, to
measure the particle size distribution of turbid samples. The technique combines dynamic
light scattering with confocal optics, which allows a scattering volume with small enough
optical path to avoid multiple scattering. The technique is demonstrated for PNIPA solutions,
which size and turbidity depend on temperature. The manuscript is well written. However,
few crucial points are missing.

Major Concerns:

My main concern deals with three aspects:

1. To summarise DLS in a nutshell: DLS measures particle dynamics at a specific
length-scale, or more commonly a scattering vector amplitude "q". Thus, the time correlation
function g(2)-1 depends on the value of g, and correspondingly the characteristic time tc
depends on g. While g is mentioned in the expression of g(2)-1, there is no indication on
either its value and/or how to determine its value, which is crucial to extract the diffusion
coefficient, and thus particle size distribution.

The magnitude of scattering vector, g, is determined by the wavelength of light (514.5 nm),
the refractive index of the solvent (water, 1.332) and the scattered angle (180°). We added
the definition of g explicitly (line 273).

2. My second point deal with the focal position. The authors clearly explain that their



technique mainly works near the glass wall interface so that the reflected light is negligible.
However, it is well know that particle dynamics, and therefore their diffusion coefficients are
affected at a glass wall. Unfortunately, no information is given about the focal position
relative to the glass wall, which is again crucial to extract a reliable particle size distribution.
As Reviewer 2 pointed out, the reduction of particle movement at the glass-suspension
interface has already reported (For example, Ref. 8). We also reported the position
dependence of nominal particle size in Ref. 1 though the result is different from other
reports.

As for this manuscript, we measured the data at the position where we do not have to care
about the reduction of particle movement. Please note that our technique works not only
near the glass but also every point in the suspension thanks to the partial heterodyne
method.

3. The authors makes clear that multiple scattering is avoided due to a small optical path of
about 1um. However, with such small optical path, one would expect strong effect from
number fluctuations, i.e. particle comes and leaves the scattering volume, which again could
affect significantly the extracted particle size distribution. A clear discussion on this topic is
required so that readers know how to deal with it. There is one sentence that might deal with
it (lines 308-310), but requires strong expertise to the field to make the connection.

At this stage, we cannot measure the number fluctuation since the number of particles in the
irradiated volume is still large. Like fluorescence correlation spectroscopy, the number of
particles in the irradiated volume should be one or two to measure number fluctuation.
Quantitatively, the intensity time correlation is proportional to:

O o< (N ([P + 1) + (SN (©0)6N(D))

where N is the number of scatterers in the irradiated volume and g(l)(t) is the
self-intermediate scattering function (Ref. 4). If (N) is more than 10, which is the case for
our setup, the second term is almost negligible. Please note that we cannot measure when
(N) is around one as mentioned in line 308-310 (current version: line 317-319).

Minor Concerns:

line 327: indicate type of cross-section for the cavity slide, e.g. rectangular, circular?

The cross-section is circular. We don’t know the cavity slide whose cross-section is
rectangular.

line 163: missing "n" at "suspensio”
Thank you for pointing it out. We fixed this part.

line 176: indicate size of pinhole
Thank you for pointing it out. We added the size (¢ = 50 um) in the text and also in Figure 1.



line 177: detail further on how to maximise? what value to maximise by moving pinhole?
What we maximize is the light intensity at the detector. We modified the word “throughput”
into “the light intensity at the detector”. We cannot describe how to maximize in greater detail
since what we have to do is just moving the position of pinhole as already mentioned.

line 183: the time 0.1ms depends on particle size and value of g. Indicate the corresponding
value of g, here.

Of course the characteristic decay time of particles depends on the size of particles. Please
note that the corresponding part is focused on the measurement of polystyrene latex
suspension whose diameter is 100 nm. We added the explanation of the definition and
required parameters for q in line 273.

line 188-193: How deep in the sample can one measure? mention potential interactions with
wall.

We wrote about potential interaction in the previous comments. In principle, there is no
limitation for the depth of the focus point. In practice, the depth is determined by the depth of
the cavity (200 um).

line 265: it would more useful to give A as a function of Is and Ir
Thank you for your suggestion. This is definitely true. We changed the form of equation (line
269).

line 269: give clear information on how to measure q and the range of accessible g values
We added the explanation of the definition and required parameters for g in line 273.

line 294: "which typical”
Thank you for pointing it out. We fixed this part.

line 308-310: Do the authors mean effects from number fluctuations here? If so, detalil
further.
We wrote about this issue in the previous comments.

Additional Comments to Authors:
N/A

Reviewer #3:
Manuscript Summary:
The manuscript Measurement of Particle Size Distribution in Turbid Solutions by Dynamic



Light Scattering Microscopy by T. Hiroi and M. Shibayama describes an apparatus that
combines a microscope and a digital autocorrelator+PMT for the determination of the
particle size distribution in dense solutions exhibiting multiple scattering. The procedure is
carefully described (read below for some exceptions) but | am not sure that an
implementation by a potential JOVE reader will be smooth and painless. Nevertheless,
before recommending publication | would like the Authors to address the following issues.

Major Concerns:

1) In this work, as in the cited Ref. 10 the Authors have to deal with the interference between
the scattered light and the reflected beam (heterodyne detection). | have to say that | am not
entirely satisfied of how the authors address this issue in the present manuscript. My major
concern is that the zero-time intercept of the intensity autocorrelation function is not solely
determined by this effect. It is well known that even in the absence of heterodyning, the
intercept of g2-1 can be smaller than 1 because of the overall efficiency of the speckle
detection scheme, an effect that can only be made worse by the presence of multiple
scattering. The Authors should discuss in more detail this aspect to provide a convincing and
unambiguous proof that they are doing the right assumptions. Also, they should guide the
potential user very clearly in this respect.

Coherence factor, B, is estimated as follows:

1

e (G Rae g

B =

where Rpp, Rgp, I are the length scale of irradiated volume (~ 10 um), the length scale of the
beam size at the detector (~ 100 um), and the distance between the detector and the lens in
front of the detector (~ 10 cm). Thanks to the small irradiated volume, g is estimated to be
larger than 0.99 in our setup. This is also experimentally proved that we obtained the time
correlation function whose initial amplitude is almost 1 (data not shown). We added this fact
in line 277-278.

2) Another point that deserves attention is that the Authors never really show insensitivity to
multiple scattering in their measurements. They claim it but they never prove it. It would be
very important to show that the samples could not be measured reliably with standard DLS,
by showing for instance the results that would be obtained in that case.

Thank you for your suggestion. That point has already been proved in our previous paper
(Ref. 1). The main focus of this paper is not to show the validity but to show how to use and
analyze the data of the DLS microscope.

Minor Concerns:



1) The Authors should discuss what differences are expected if the interested reader who
want to implement the method has a different laser or a different microscope (i.e. not
inverted) or a different correlator and so on...

Thank you for your suggestion. The most probable modification is the wavelength of light.
We added this point in line 274-277.

2) The relevant quantities should be defined. For instance, | did not find a definition of g2.
Please, consider that a potential user would like to have a concise but complete description
of the technique, including the theoretical basics.

Thank you for pointing it out. We added the definition of g®(t) explicitly in 2.1.9.

3) Figure 2 is quite confusing. | understood it after 10 minutes. The Authors may want to
consider an alternative way of showing the data, maybe on two different graph or maybe on
the same graph but only after correcting for the effect of heterodyning.

Thank you for your suggestion. We decided to divide the Figure 2(b) into two (Figure 2(b)
and 2(c)).

Additional Comments to Authors:

The Authors do not cite or compare with relevant work in which the dynamics of soft matter
is determined by using a commercial microscope. In particular, | refer to Differential Dynamic
Microscopy (DDM) [1,2] and Confocal Differential Dynamic Microscopy (ConDDM [3]). |
assume that the Authors are not familiar with these methods but in a recent review (where
their Ref 10 is also cite) they will find a good discussion of the topic [4]. The comparison of
[1-4] with the propose method would be very useful, since also DDM and ConDDM have
been shown to be very user friendly and, more importantly for this work, quite insensitive to
multiple scattering.

[1] Differential dynamic microscopy: Probing wavevector-dependent dynamics with a
microscope by R. Cerbino, V. Trappe, Phys. Rev. Lett. 100, 188102 (2008)

[2] Scattering information obtained by optical microscopy: Differential Dynamic Microscopy
and beyond by F. Giavazzi, D. Brogioli, V. Trappe, T. Bellini, R. Cerbino, Phys. Rev. E 80,
031403 (2009)

[3] Characterizing concentrated, multiply-scattering and actively-driven fluorescent systems
with confocal differential dynamic microscopy by P.J. Lu, F. Giavazzi, T.E. Angelini, E.
Zaccarelli, F. Jargstorff, A.B. Schofield, J.N. Wilking, M.B. Romanowsky, D.A. Weitz, R.
Cerbino, Phys. Reuv. Lett. 108, 218103 (2012)

[4] Digital Fourier Microscopy for Soft Matter Dynamics by F. Giavazzi, R. Cerbino, J. Opt. 16,
083001 (2014)

Thank you for your information. We read suggested papers and they surely deserve citation.
We added [1] and [3] as references (Ref. 11, 12).
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