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20 SUMMARY
21  Here, a protocol to apply voltage to solution during dynamic light scattering particle size
22  measurements with the intent to explore the effect of voltage and temperature changes on
23 polymer aggregation is presented.
24
25  ABSTRACT:
26  Dynamic light scattering (DLS) is a common method for characterizing the size distribution of
27  polymers, proteins, and other nano- and microparticles. Modern instrumentation permits
28 measurement of particle size as a function of time and/or temperature, but currently there is no
29  simple method for performing DLS particle size distribution measurements in the presence of
30 applied voltage. The ability to perform such measurements would be useful in the development
31  of electroactive, stimuli-responsive polymers for applications such as sensing, soft robotics, and
32  energy storage. Here, a technique using applied voltage coupled with DLS and a temperature
33  ramp to observe changes in aggregation and particle size in thermoresponsive polymers with and
34  without electroactive monomers is presented. The changes in aggregation behavior observed in
35 these experiments were only possible through the combined application of voltage and
36 temperature control. To obtain these results, a potentiostat was connected to a modified cuvette
37 in order to apply voltage to a solution. Changes in polymer particle size were monitored using
38 DLS in the presence of constant voltage. Simultaneously, current data were produced, which
39  could be compared with particle size data, to understand the relationship between current and
40  particle behavior. The polymer poly(N-isopropylacrylamide) (pNIPAM) served as a test polymer
41  for this technique, as pNIPAM’s response to temperature is well-studied. Changes in the lower-
42  critical solution temperature (LCST) aggregation behavior of pNIPAM and poly(N-
43  isopropylacrylamide)-block-poly(ferrocenylmethyl methacrylate), an electrochemically active
44  block-copolymer, in the presence of applied voltage are observed. Understanding the
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mechanisms behind such changes will be important when trying to achieve reversible polymer
structures in the presence of applied voltage.

INTRODUCTION:

Dynamic light scattering (DLS) is a technique to determine particle size through the use of random
changes in intensity of light scattered through solution?. DLS is capable of measuring aggregation
of polymers by determining particle size. For this experiment, DLS was coupled with controlled
temperature changes to observe when a polymer aggregates which is indicative of exceeding the
lower critical solution temperature (LCST)*3. Below the LCST, there exists one homogeneous
liquid phase; above the LCST, the polymer becomes less soluble, aggregates, and condenses out
of solution. An applied voltage (i.e., applied potential or electric field) was introduced across the
scattering field to observe the effects of the electric field on aggregation behavior and LCST. The
application of voltage in particle sizing measurements allows for new insights into particle
behavior and subsequent applications in the fields of sensors, energy storage, drug delivery
systems, soft robotics, and others.

In this protocol, two example polymers were used. Poly(N-isopropylacrylamide), or pNIPAM, is a
thermal sensitive polymer, which contains both a hydrophilic amide group and a hydrophobic
isopropyl group on the macromolecular chain*®. Thermal-responsive polymer materials like
pNIPAM have been widely used in controlled drug release, biochemical separation, and chemical
sensors in recent years®*. The LCST literature value of pNIPAM is around 30-35 °C*. pNIPAM is
typically not electrochemically active. Therefore, as a second sample polymer an
electrochemically-active block to the polymer, specifically ferrocenylmethyl methacrylate, is
used to create a poly(N-isopropylacrylamide)-block-poly(ferrocenylmethyl methacrylate) block-
copolymer, or p(NIPAM-b-FMMA)®’. Both example polymers were synthesized by reversible
addition fragmentation chain-transfer polymerization with controlled chain length®1°. The non-
electrochemically active polymer, pNIPAM, was synthesized as 100 mer pure pNIPAM. The
electrochemically active polymer, p(NIPAM-b-FMMA), was also 100 mer chain length, which
contains 4% ferrocenylmethyl methacrylate (FMMA) and 96% NIPAM.

In this article, a protocol and methodology to study the effect of applied voltage on polymer
aggregation is demonstrated. This method could also be extended to other applications of DLS,
such as the analysis of protein folding/unfolding, protein-protein interactions, and agglomeration
of electrostatically charged particles to name a few. The sample was heated from 20 °C to 40 °C
to identify the LCST in the absence and presence of a 1 V applied field. Then, the sample was
cooled from 40 °C to 20 °C without disrupting the applied field to study any hysteric or
equilibrium effects.

PROTOCOL
1. Example polymer preparations

1.1. pNIPAM polymer synthesis
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NOTE: This preparation produces 10 mL of 1 g/L solution, which is enough for 3-4 experiments.

1.1.1. Prepare the Schlenk line apparatus. Ensure the cold trap Dewar flask is filled with a slurry
of dry ice and acetone, or if a mechanical refrigeration trap is used, ensure that the trap has
reached an appropriate temperature.

1.1.2. Ina 50 mL round-bottom flask, add 0.566 g of N-isopropylacrylamide (NIPAM) monomer,
0.016 g of reversible addition fragmentation chain transfer polymerization (RAFT) agent
(phthalimidomethyl butyl trithiocarbonate), 0.0008 g of 2,2-azobis(2-methylpropionitrile) (AIBN)
and 10 mL of 1,4-dioxane. Put a stir bar into the flask. Seal the flask with a rubber septum, wrap
with vinyl tape, and dissolve the monomers in 1,4-dioxane.

1.1.3. Perform freeze-pump-thaw degassing as follows: Freeze the solution by immersing the
round-bottom flask in a Dewar flask containing a slurry of dry ice and methanol. Once all material
is frozen, use the vacuum manifold of the Schlenk line to evacuate the flask to an internal
pressure under 100 kPa. Isolate the flask, and thaw under static vacuum, using warm water.
Return the flask to atmospheric pressure using the nitrogen manifold of the Schlenk line.

1.1.4. Repeat step 1.1.3 three times to minimize the internal oxygen concentration.

1.1.5. Sparge the solution with nitrogen to balance the pressure to atmosphere. Heat the
mixture to 85 °C using an oil bath and stir at 200 rpm for 36 h.

1.1.6. To a 50 mL beaker, add 40 mL of hexane. Then add the polymer mixture to the hexane
dropwise. The pNIPAM should precipitate out as white floccule.

NOTE: NIPAM monomer is soluble in hexane, but pNIPAM has a poor solubility in hexane.

1.1.7. Pour the cloudy mixture into a Bichner funnel to collect the white pNIPAM powder.
Transfer the powder to a 20 mL vial and put it in a vacuum oven overnight to remove leftover
solvent. Store in a sealed container at room temperature until needed.

1.2. pNIPAM-block-poly(ferrocenylmethyl methacrylate) block-copolymer (p(NIPAM-b-
FMMA)) synthesis

NOTE: This preparation produces 10 mL of 1 g/L solution, which is enough for 3-4 experiments.

1.2.1. Prepare the Schlenk line apparatus. Ensure the cold trap Dewar flask is filled with a slurry
of dry ice and acetone, or if a mechanical refrigeration trap is used, ensure that the trap has
reached an appropriate temperature.

1.2.2. In a 50 mL round-bottom flask, add 0.057g of ferrocenylmethyl methacrylate (FMMA)
monomer, 0.016 g of RAFT agent, 0.0008 g of AIBN and 10 mL of 1,4-dioxane. Put a stir bar into
the flask. Seal the flask with a rubber septum, wrap with vinyl tape, and dissolve the monomers
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in 1,4-dioxane.

1.2.3. Perform freeze-pump-thaw degassing as follows: Freeze the solution by immersing the
round-bottom flask in a Dewar flask containing a slurry of dry ice and methanol. Once all material
is frozen, use the vacuum manifold of the Schlenk line to evacuate the flask to an internal
pressure under 100 kPa. Isolate the flask, and thaw under static vacuum, using warm water.
Return the flask to atmospheric pressure using the nitrogen manifold of the Schlenk line.

1.2.4. Repeat step 1.2.3 three times to minimize the internal oxygen concentration.

1.2.5. Sparge the solution with nitrogen to balance the pressure to atmosphere. Heat the
mixture to 85 °C using an oil bath and stir it for 10 h.

1.2.6. Dissolve 0.543 g of NIPAM and 0.0002 g of AIBN into 3 mL of 1,4-dioxane. Add the solution
into the flask under nitrogen and sparge for 30 min. Heat the mixture to 85 °C using an oil bath
and stir it at 200 rpm for another 36 h.

1.2.7. Add 40 mL of hexane to a 50 mL beaker. Then add the polymer mixture to the hexane
dropwise. The p(NIPAM-b-FMMA) should precipitate out as brown powder because the FMMA
monomer has a dark yellow color.

NOTE: NIPAM and FMMA monomers are soluble in hexane, but p(NIPAM-b-FMMA) has poor
solubility in hexane.

1.2.8. Pour the yellow cloudy mixture into a Blichner funnel to collect the brown p(NIPAM-b-
FMMA) powder. Transfer the powder to a 20 mL vial and put it in vacuum oven overnight to
remove leftover solvent. Store in a sealed container at room temperature until needed.

2. DLS sample and cuvette preparation

NOTE: This section prepares the cuvette for applied voltage and the sample for DLS
measurements.

2.1. Measure 10 mg of polymer powder and dissolve in 10 mL of filtered deionized (DI) water.
Put the mixture in a refrigerator overnight. When ready to start the experiment, keep the sample
on ice.

NOTE: The polymer concentration used in these experiments was 1 g/L, but the optimal range of
concentrations for each sample will be unique. Also, best practice is to keep the polymer below
the LCST until it is ready for testing.

2.2. Cuttwo pieces of 6.3 mm x 7 cm single-sided copper tape (Figure 1). Use tweezers to stick
each piece to opposite sides of the inside of the DLS sample cuvette, perpendicular to the light
path. The bottom of the tape should reach near the bottom of the cuvette. Fold the edges of the
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copper tape over the top of the cuvette. Make sure the copper tape is near/wrapped on the top
of the sample cuvette to ensure good electrical contact. Also make sure the copper tape does
not connect with the metal contacts associated with the DLS equipment used for Zeta potential
measurements.

2.3. Wash the cuvette with DI water three times, then dab the excess water off with a
Kimwipe.

3. DLS instrument controls and set up

NOTE: Three controls are recommended to complete before running each DLS experiment: (1)
blank water solution; (2) a size standard; (3) measurement of the polymer before the start of a
temperature ramp or applied voltage. Please consult the instrument manual before operation
for guidance on preparing a sample, choosing settings, and assessing sample and data quality.

3.1. Transfer 1.5 mL of filtered solvent to the cuvette. Use DI water.

3.2. Insert the cuvette to the cuvette holder, ensuring the small arrow on the top of the
cuvette is aligned with the cuvette holder. Close the lid.

3.3.  Within the Zetasizer software, select Measure on the toolbar. Manual measurements
were set up for the controls. Set the Temperature to the experimental starting point. Select 20
°C for this experiment.

3.4. Once the text at the bottom of the window says, Insert cell and press start when ready,
hit the green triangle start button at the top of the screen. This starts the experiment, and the
cuvette holder should not be opened after this.

3.5. Click on the tab Multi-view to observe real-time results. Continuously monitor the sample
and data quality by observing count rate and the correlation function. Because this sample is just
solvent, no clear signal corresponding to the presence of particles should be observed.

3.6. Add two drops of a standard solution to the cuvette or just use the water control, and
repeat steps 3.2-3.6. Use a 20 nm NIST-traceable polystyrene size standard for this experiment.

NOTE: If the water or standard solution control runs show data that are inconsistent with the
expected results, troubleshoot the error and repeat until the controls read as expected.

3.7. Rinsethe cuvette and add the filtered polymer/test solution. Repeat steps 3.2-3.5. A clear
measurement of the initial test solution should be observed. It is recommended to do this before

any temperature ramp or applied voltage for a baseline measurement.

4, DLS SOP set up
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NOTE: This section refers specifically to the temperature ramping operation of a Malvern
Zetasizer NanoZS DLS instrument. Before starting experiments, it is strongly recommended to
consult the instrument manual extensively for guidance on selecting a cell, preparing a sample,
choosing measurement settings, and assessing sample and data quality.

4.1. Within the Zetasizer software (version 7.11), choose File, then click New to set up a new
SOP (Figure 2).

4.2. Click Measurement type to select Trend > Temperature > Size.

4.3. In Material, choose the appropriate material and refractive index. Choose Protein and
the refractive index (RI) of 1.450 for this experiment. If exact values for refractive index are
desired for more accurate calculation of volume distribution, the experimenter should determine
the refractive index of their sample experimentally.

4.4. In Dispersant, choose the appropriate solvent. Choose Water as a solvent in this
experiment.

4.5. In Cell, choose the cuvette being used. Use Disposable cuvettes (DTS0012) for this
experiment.

4.6. In Sequence, set Start temperature and End temperature. For heating experiments, set
the Start temperature at 20 °C and set the End temperature as 40 °C. For cooling experiments,
choose the opposite. Uncheck the Return to starting temperature box.

4.7. Select aninterval for each temperature step change. For these experiments, select 1.5 °C.
4.8. In Size measurement, set Equilibrium time. For these experiments, set the duration to
120 s. Choose number of measurements. Choose 3 measurements and Automatic for
measurement duration.

4.9. Save SOP, then close the file.

4.10. If applied voltage is to be used, set up the potentiostat (Section 5) before continuing.

4.11. Once the potentiostat is set up, or if applied voltage is not used, return to the Zetasizer
software and click Measure on the toolbar, then click Start SOP.

4.12. Once the text at the bottom of the SOP window says, Insert cell and press start when
ready, hit the green triangle start button at the top of the screen. This starts the experiment, and
the cuvette holder should not be opened after this.
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4.13. Click on the tab Multi-view to observe real-time results. Continuously monitor the sample
and data quality by observing count rate and the correlation function. See Figures 3-5 for
representative experimental results.

5. Potentiostat Setup

NOTE: It is recommended to use the same computer for particle size and applied voltage
operations to time-sync the data, and therefore, easier to evaluate later. Please consult the
applied voltage instrument manuals for guidance on wiring set up, software consultation, and
choosing appropriate parameters. A Gamry potentiostat was used in these experiments.

5.1. Prepare two wires that are thin enough to fit through the small crevice on the upper right
edge of the DLS cuvette holder area (Figure 6). On one end of the prepared wire, strip off the
insulation to allow for a connection to the potentiostat. On the opposite end, solder a short
alligator clamp to the wire and connect to the cuvette. Make sure the DLS sample lid is closed.

5.2. Clamp the white reference potentiostat lead and the red counter potentiostat lead
together to one of the prepared wires. Clamp the green working potentiostat lead and the blue
working sense potentiostat lead to the other prepared wire. For this experiment, do not the
orange counter sense and black ground potentiostat leads and leave them floating. To ensure
the circuit does short, these wires should not touch any other lead or conductive surface.

NOTE: It does not matter which side each lead is connected to.

5.3. Within the software toolbar, click Experiment, then click option E Physical
Electrochemistry, and select Chronoamperometry. For the purposes of this protocol, use a
simple applied voltage by applying a single voltage with current response measured over time
(i.e., chronoamperometry). Regardless of the specific electrochemical methodology, it is
recommended to monitor the system response over time.

5.3.1. Set Pre-step, Step 1, and Step 2 Voltage vs Reference. This will be the applied voltage
across the entire field/cuvette. Set Voltage to 1 V vs Reference for all three steps.

5.3.2. Set Pre-step Delay Time. For these experiments, set to 0.5 s to make sure a stable system
at the desired voltage before recording a signal.

5.3.3. Setthe time for both Step 1 Time and Step 2 Time. This controls how long the voltage will
be applied. Set both to 14,400 s to make sure the applied voltage will continue throughout the
DLS experiment.

5.3.4. Set Sample Period. This is how frequently the graph will read and record current and
voltage values. Use 10.0 s in this experiment.
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NTE: The other settings are not significant for the data presented here. The default values in the
system were used.

5.4. Click Collect. Top toolbar will display an Active sign, indicating voltage is being applied.
The current should give a moderate response (1A), and not overload the potentiostat. If no signal
or excessive signal is observed, the system might be connected incorrectly, and therefore,
troubleshoot the error and repeat until the expected current is observed.

5.5. Return to step 4.10 to start the DLS SOP.
6. Data analysis
NOTE: This section details preliminary analysis to understand the data obtained.

6.1. Import data into preferred data analysis and graphing software. Use Excel to analyze
volume average sizes, derived from the main volume distribution peak, as a function of
temperature.

6.2.  For each run within a set of measurements at a given temperature, determine the particle
volume size of the peak with the largest volume percent.

6.3. Calculate the average and standard deviation of the volume size over the three recorded
measurements at a given temperature.

6.4. For each experiment, plot average size + standard deviation on the y-axis (log scale) versus
temperature on the x-axis (linear scale).

6.5. Import Gamry current data for analysis. Plot current data with time on the x-axis and
current (in microamps) on the y-axis.

6.6. In order to relate current data to particle size data, compare the timestamp of the
Zetasizer data to the Gamry current timestamp. This is possible if the two types of data are
collected from the same computer. Otherwise, match recorded times as best as possible.

REPRESENTATIVE RESULTS:

The real-time file output of each run in the temperature ramp is presented as a table, as seen in
Figure 3. Each record can be chosen independently to see the volume size (Figure 4) and
correlation coefficient (Figure 5). Volume particle size distribution (PSD) is the most accurate data
to interpret the overall distribution and LCST, but the quality of data should be assessed via
correlation graph (Figure 5) to determine if any points should be excluded from analysis.
Correlation graphs (Figure 5) that have a generally smooth curve are considered good quality,
where non-smooth graphs or low-quality data should be considered for exclusion in the analysis.
The curves at 24.5 °C have some bumps and minor peaks in the curves, but this can be attributed
to the rapid change in polymer aggregation, and therefore these data were included. This
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confirms that DLS data collected in our modified system in the presence of voltage are of
equivalent quality to normal DLS data.

As seen in Figure 7 (red lines), pNIPAM exhibited an LCST at 30 °C, a temperature close to the
literature-described values*. Without voltage, pNIPAM was able to aggregate and disaggregate
within the tested temperature range, returning to its original size and indicating expected
reversibility. With voltage (Figure 7, black lines) pNIPAM went from being soluble to aggregating
to a size of 2000 nm, then being reduced to a size of around 1000 nm during cooling, never
returning to the original soluble state. Figure 8 shows the current data from pNIPAM with applied
voltage and heating and cooling experiments corresponding to Figure 7 (black lines). The first
vertical red line, at 26 °C, is a key transition point of pNIPAM where a phase change is observed
with DLS. The second vertical line, at 40 °C, shows the maximum temperature in our
measurement before the cooling cycle.

As seenin Figure 9 (red lines), the p(NIPAM-b-FMMA) polymer containing an electroactive FMMA
block exhibited an LCST at 33 °C. Without voltage, p(NIPAM-b-FMMA) was able to aggregate and
disaggregate, returning to its original size. With voltage (Figure 9, black lines), the LCST of
p(NIPAM-b-FMMA) shifted to 28 °C. Again, with applied voltage, the p(NIPAM-b-FMMA) was not
able to disaggregate and return to its original size during the cooling cycle. Figure 10 shows the
current data from p(NIPAM-b-FMMA) with applied voltage and heating and cooling experiments
corresponding to Figure 9 (black lines). The first vertical red line, at 28 °C, is just above the phase
change observed with DLS. The second vertical line, at 40 °C, is at the maximum temperature in
our measurement before cooling.

Evaluation of the current response data from the applied voltage is crucial to understanding the
size response. If current is not carefully monitored, data will be misconstrued and potentially
misunderstood. In one trial displayed in Figure 11, the voltage cut in and out as a result of
accidental short circuiting. As a result of a short circuit, the voltage was only applied randomly
and sporadically, and this resulted in a trend more similar to the no-voltage condition.

FIGURE LEGENDS:

Figure 1. Disposable DLS cuvettes modified by adding copper tape to the sides to allow for
applied voltage. The copper tape extends to the bottom and is wrapped around the top to ensure
a good connection.

Figure 2. A screenshot of DLS SOP setup, including sequence set up, size measurement
specifications, and trend set up procedures. The screen depicted here acts as a main page where
all other, more specific aspects and subpages of the data, can be observed.

Figure 3. Example of record view of data collection in Zetasizer software. These records contain
in-depth measurements of factors like intensity, volume size, correlation data, and quality of

data.

Figure 4. Volume particle size distribution (PSD) for a single measurement at 31 °C of pNIPAM
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with 1V of applied voltage. This screen can be accessed by selecting the desired data point found
in the records view tab (Figure 4) and provides detailed sizing information.

Figure 5. Correlation data of an experiment with acceptable, reproducible correlation functions
for each temperature in the presence of applied voltage. The correlation functions of three
repeated runs at three different temperatures are plotted.

Figure 6. DLS experiment setup using Gamry Potentiostat to apply constant voltage to the
solution. This image depicts the wiring setup and general assembly of the circuitry required for
this system.

Figure 7. Plot of pNIPAM particle size versus temperature. Black lines = applied voltage, red lines
= no voltage, square data points = heating trend, triangle data points = cooling trend. Without
applied voltage, the LCST was 30 °C during heating and 24 °C during cooling. With applied voltage,
the LCST was 26 °C during heating and no disaggregation was observed during cooling.

Figure 8. Current data from pNIPAM with heating and cooling. The first vertical red line is the
LCST of pNIPAM where the phase change is observed in the DLS data (Figure 7). The second
vertical line shows the time at which heating was completed and cooling was initiated. The x-axis
indicates time since start of experiment, as well as temperature at various time points.

Figure 9. Plot of p(NIPAM-b-FMMA) particle size versus temperature. Black lines = applied
voltage, red lines = no voltage, square data points = heating trend, triangle data points = cooling
trend. Without applied voltage, the LCST was 33 °C during heating and 28 °C during cooling. With
applied voltage, the LCST was 28 °C during heating and no disaggregation was observed during
cooling.

Figure 10. Current data from the p(NIPAM-b-FMMA) with heating and cooling. The first vertical
red line is just above the LCST of p(NIPAM-b-FMMA) where the phase change is observed in the
DLS data (Figure 9). The x-axis indicates time since start of experiment, as well as temperature at
various time points.

Figure 11. Poorly connected circuit leading to error in data in a pNIPAM trial. The DLS data,
pictured left, is similar to data from trials without voltage, which is explained by a disconnected
and incomplete circuit. This theory of a poorly connected circuit is supported by the scattered
current data, pictured right.

DISCUSSION:

Applying voltage to either pNIPAM or p(NIPAM-b-FMMA) solutions changed the polymer
aggregation behavior in response to temperature. With both materials, when an applied voltage
was present, the polymers’ volume size remained high even when the solutions were cooled
below their LCST. This was an unexpected result, as the trials with no voltage showed the
polymers returning to their original sizes. These experiments allow us to conclude that for our
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temperature range, and with an applied voltage, polymer aggregation is not fully reversible,
regardless of electroactive monomers added to the pNIPAM.

Another interesting result can be seen upon further inspection of Figure 9 and p(NIPAM-b-
FMMA) LCST changes. Without voltage, the maximum volume size is around 1000 nm, and
aggregation is reversible. However, with applied voltage, the stable agglomeration is
approximately 100 nm and non-reversible. This would indicate a new stable agglomeration state
formed with applied voltage compared to the absence of voltage.

The current response from the constant applied voltage may also provide insights into
aggregation response. Because the files are timestamped, the current with relative changes in
temperature can be matched, although there is not equal spacing between the temperature and
time due to the automatic optimization at each step based on the scattering intensity and
attenuation settings in the DLS. Our data indicate the current increases with temperature, then
starts decreasing immediately after the LCST is passed. Clear trends are associated with the
approximate time of aggregation, showing a low resistance in solution, resulting in less current.
During cooling, current increases, but does not increase as rapidly as it did during heating. The
current data adds information and possible insight into the polymer behavior.

The methodology of applying a voltage to dynamic light scattering particle size distribution
measurements was successful. Differences in polymer aggregation behavior associated with
particle size distribution measurements were observed when an applied voltage was present
during a temperature ramp trend compared to the no-voltage case. The observed behavior was
only present when both an applied voltage and temperature ramp were used.
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if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9 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.
10. 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 Author 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, and/or 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 limitation 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 involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. 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
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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, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors 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 Author further
agrees to indemnify and hold harmless 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, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, 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
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
deconiamination procedures shall  be solely the
responsibility of the Author and shall be undertaken at the
Author’s 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.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of 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.

14. 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 is required per submission.

CORRESPONDING AUTHOR
Name: paryy

Jetre, M Hedper
Department:
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Title: Assishat Professor

Signature:

Date: (//3//7

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6

For questions, please contact us at submissions@jove.com or +1.617.945.9051.



Rebuttal Letter

Click here to access/download;Rebuttal Letter;Response letter

to reviewers.docx

Dear Editor,

We want to thank the reviewers for taking the time to provide an in-depth response to our manuscript.
In this latest submission, we addressed all of the concerns. We provide additional information below in
red. In addition, we also addressed all the editorial comments and edits requested. Please accept this
draft for publication.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This manuscript described an interesting experiment utilizing DLS to monitor aggregation process in
presence of an electric field at various temperature.

Thank you for your summary and review.

Reviewer #2:

Manuscript Summary:

This manuscript describes an experimental procedure to carry out a DLS measurement under applied
potential conditions in solution. The protocols are well written. The figures are clear. The instruments
used in this work are commercially available. Because of these reasons, | think the readers will be able to
carry out the measurements using the protocols provided.

Thank you for this summary and review.

Minor Concerns:
The experiment presented is based on a two-electrode configuration, would it be easier to control the
applied potential using a three-electrode configuration?

A three-electrode configuration, often encouraged for traditional electrochemical cells, does allow for a
better interpretation of the system. In this configuration, the potential isn’t necessarily better
controlled, but the current response would be easier to interpret. Yet, we predict no electrochemical
measurements in the system. The same metal is chosen for the anode and cathode (copper) to try and
create an even electric field distribution over the entire 1 cm cuvette distance. If three-electrode
configuration, or even a proper reference electrode is use, the distribution would not be uniform, and
favored towards one electrode. More information can be requested on this subject if needed.

Reviewer #3:

Manuscript Summary:

This work shows results from looking at the effects on the hydrodynamic size as a result of a constant
applied electric field. The authors modified a commercial DLS system to allow the application of an
electric field within the sample cuvette. The PNIPAM based sample system exhibits a temperature
specific aggregation behavior which they show is altered in the presence of the applied field. The steps
to repeat the experiments are listed in detail. In addition to cited interest, this work may have potential
applications in the development of battery materials.

Thank you for this summary and review.

Major Concerns:
None

*
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Minor Concerns:

Line 84: you use the abbreviation "RAFT" and have never before introduced it. Please state the full
description reversible addition-fragmentation chain-transfer polymerization to introduce the term.
Line 195: might be beneficial to add the Zetasizer software version, e.g. v 7.12

Thank you for the above suggestions, we have added these valuable suggestions.

Line 199: the refractive index of PNIPAM may be different from protein, see for example
https://refractiveindex.info/?shelf=organic&book=poly(N-isopropylacrylamide)&page=Brasse - this will
not have a substantial affect on your conclusions, but may alter the size values

You are correct that the refractive index could alter the size values but should not substantially effect your
conclusions. While the pNIPAM refractive index is known, as cited in the link above as 1.5031, the
refractive answered can also change as a function of temperature. Because the refractive answered can be
looked up or measured, and entered manually, we added the language “If exact values for refractive index
are desired for more accurate calculation of volume distribution, the experimenter should determine
the refractive index of their sample experimentally.”

Line 271:you indicated using the "volume average size" . Please clarify - is this the z-average size (which
is an intensity average) or is this the mean size of the main volume distribution peak?
Line 300: instead of "double-clicking" just "selecting"

Thank you for the above suggestions, we have added these valuable suggestions.

Line 303/304: possibly append "The Zetasizer software indicates good size result quality (as shown in
Figure 5)."

For dissolved pNIPAM, the Zetasizer software does not always assign a “good size result quality” for low
signal-to-noise measurements, even when correlation graphs are reproducible and interpretable. We do
not recommend relying on this output for assessment of measurement quality. We prefer to
recommend interpretation of the correlation graphs as a best practice.

Line 304: suggest to add: The correlation functions of three repeated runs at three different
temperatures are plotted.

This has been added

Line 306/7: The colors red and black appear to be opposite in the figure caption of what is used in the
graph legend. Please triple check this!

Thank you for discovering this. As you indicated, we originally had different colors. The latest draft has
been corrected.

Line 313: suggested addition, after modification of Fig 8: x-axis indicates time since start of experiment,
as well as temperature at various time points.

Great suggestion. We updated the figures and added the line to the caption


https://refractiveindex.info/?shelf=organic&book=poly(N-isopropylacrylamide)&page=Brasse

Line 315: figure caption says "black lines - no voltage", whereas graph legend shows black data applied
voltage. Please triple check this!

Thank you for discovering this. The latest draft has been corrected.

Line 325: suggested addition, after modification of Fig 10: x-axis indicates time since start of experiment,
as well as temperature at various time points.

Great suggestion. We updated the figures and added the line to the caption

Line 332: suggest to extend the sentence "...good quality, as also confirmed by the Zetasizer software
result quality indicator."

For dissolved pNIPAM, the Zetasizer software does not always assign a “good size result quality” for low
signal-to-noise measurements, even when correlation graphs are reproducible and interpretable. We do
not recommend relying on this output for assessment of measurement quality. We prefer to
recommend interpretation of the correlation graphs as a best practice.

Line 336: "black lines" should be "red lines". Please triple check this!

Line 339: "red lines" should be "black lines". Please triple check this!

Line 342: "red lines" should be "black lines". Please triple check this!

Line 347: "black lines" should be "red lines". Please triple check this!

Line 349: "red lines" should be "black lines". Please triple check this!

Line 353: "red lines" should be "black lines". Please triple check this!

Figure 7: You appear to have changed the color scheme at some time in your manuscript preparation.
Please triple check that colors in text and in graph are consistent!

Thank you for discovering this. As you indicated, we originally had different colors. The latest draft has
been corrected.

Figure 8: | think the readability of this figure could be improved significantly by adding some
temperature points to the time scale, i.e. 20, 25, 30 35 40 35, 30, 25 20 maybe above the x-axis

Great suggestion. We updated the figures and added the line to the caption

Figure 9: You appear to have changed the color scheme at some time in your manuscript preparation.
Please triple check that colors in text and in graph are consistent!

Thank you for discovering this. As you indicated, we originally had different colors. The latest draft has
been corrected.

Figure 10: | think the readability of this figure could be improved significantly by adding some
temperature points to the time scale, i.e. 20, 25, 30 35 40 35, 30, 25 20 maybe above the x-axis

Figure 11: Figure 8: | think the readability of this figure could be improved significantly by adding some
temperature points to the time scale, i.e. 20, 25, 30 35 40 35, 30, 25 20 maybe above the x-axis of the
graph on the right side.

Great suggestion. We updated the figures and added the line to the caption



