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24 SUMMARY:
25  The quartz crystal microbalance can provide accurate mass and viscoelastic properties for films
26  in the micron or submicron range, which is relevant for investigations in biomedical and
27  environmental sensing, coatings, and polymer science. The sample thickness influences which
28 information can be obtained from the material in contact with the sensor.
29
30 ABSTRACT:
31 In this study, we present various examples of how thin film preparation for quartz crystal
32  microbalance experiments informs the appropriate modeling of the data and determines which
33  properties of the film can be quantified. The quartz crystal microbalance offers a uniquely
34  sensitive platform for measuring fine changes in mass and/or mechanical properties of an applied
35 film by observing the changes in mechanical resonance of a quartz crystal oscillating at high
36 frequency. The advantages of this approach include its experimental versatility, ability to study
37 changes in properties over a wide range of experimental time lengths, and the use of small
38 sample sizes. We demonstrate that, based on the thickness and shear modulus of the layer
39 deposited on the sensor, we can acquire different information from the material. Here, this
40 concept is specifically exploited to display experimental parameters resulting in mass and
41  viscoelastic calculations of adsorbed collagen on gold and polyelectrolyte complexes during
42  swelling as a function of salt concentration.
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The quartz crystal microbalance (QCM) leverages the piezoelectric effect of a quartz crystal to
monitor its resonant frequency, which is dependent on the mass adhered to the surface. The
technique compares the resonant frequency and bandwidth of an AT cut quartz crystal sensor
(typically in the range of 5 MHz)! in air or a fluid to the frequency and bandwidth of the sensor
after deposition of a film. There are several benefits for using QCM to study thin film properties
and interfaces, including the high sensitivity to mass and potentially to viscoelastic property
changes (depending on sample uniformity and thickness), the ability to perform studies in situ?,
and the ability to probe a much shorter rheological timescale than traditional shear rheology or
dynamic mechanical analysis (DMA). Probing a short rheological timescale allows observation of
how the response at this timescale changes both over extremely short (ms)® and long (years)
durations®. This capability is beneficial for the study of a variety of kinetic processes and is also a
useful extension of traditional rheometric techniques®®.

The high sensitivity of the QCM has also led to its heavy use in biological applications studying
the fundamental interactions of extremely small biomolecules. An uncoated or functionalized
sensor surface can be used to investigate protein adsorption; even further, biosensing through
complex binding events between enzymes, antibodies, and aptamers can be examined based on
changes in mass’™. For instance, the technique has been used to understand the transformation
of vesicles to a planar lipid bilayer as a two-phase process of adsorption of fluid-containing
vesicles to a rigid structure by observing correlating changes in frequency and viscoelasticity®°. In
recent years, the QCM has additionally offered a robust platform to monitor drug delivery by
vesicles or nanoparticles!l. At the intersection of materials engineering and molecular and
cellular biology, we can use the QCM to elucidate key interactions between materials and
bioactive components like proteins, nucleic acids, liposomes, and cells. For example, protein
adsorption to a biomaterial mediates downstream cellular responses such as inflammation and
is often used as a positive indicator of biocompatibility, while in other instances extracellular
protein attachment to coatings that interface with blood could induce dangerous clotting in
vessels'? 13, The QCM can therefore be used as a tool to select candidates optimal for different
needs.

Two common approaches for performing QCM experiments collect analogous data from the
experiment: the first approach records the frequency shift and the half bandwidth (I") of the
conductance peak. The second approach, QCM with dissipation (QCM-D), records the frequency
shift and the dissipation factor, which is directly proportional to I" through equation 1,4

2Iy,

D, = ,
T

(1)

where D is the dissipation factor and f is the frequency. Both D and I are related to the damping
effect the film has on the sensor, which gives an indication of the stiffness of the film. The
subscript n denotes the frequency overtone or harmonic, which are the odd resonant
frequencies of the quartz sensor (n =1, 3, 5, 7...). Further discussion of models using multiple
harmonics to obtain the mass and viscoelastic properties of a film can be found in a review by
Johannsmann* and previous papers from the Shull group®>18,
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One key consideration for preparing QCM samples is how to apply the thin film on the sensor
surface. Some common methods include spin coating, dip coating, drop coating, or adsorption of
the film onto the sensor surface during the experiment!®2°, There are four regions for QCM
samples: the Sauerbrey limit, the viscoelastic regime, the bulk regime, and the overdamped
regime. For sufficiently thin films, the Sauerbrey limit applies, where the frequency shift (Af)
provides the surface mass density of the film. Within the Sauerbrey limit, the frequency shift
scales linearly with the resonant harmonic, n, and changes in damping factor (D or I') are
generally small. In this regime sufficient information is not available to uniquely determine the
rheological properties of the layer without making additional assumptions. Data in this regime
are used to calculate the surface mass density (or thickness if the density is known a priori) of the
film. In the bulk regime where the medium in contact with the crystal is sufficiently thick, the
evanescent shear wave propagates into the medium before being completely dampened. Here,
no mass information can be obtained using Af. However, in this region, the viscoelastic
properties are reliably determined using the combination of Af and A" 1> 18, In the bulk regime,
if the medium is too rigid, the film will damp out the resonance of the sensor, preventing the
collection of any reliable data from QCM. The viscoelastic regime is the intermediate regime
where the film is thin enough to have the shear wave fully propagate through the film as well as
have reliable values for the damping factor. The damping factor and Af can then be used to
determine the viscoelastic properties of the film as well as its mass. Here, the viscoelastic
properties are given by the product of the density and the magnitude of the complex shear
modulus |G*|p and the phase angle given by ¢ = arctan(G"/G"). When films are prepared in
the Sauerbrey limit, the mass per unit area can be directly calculated based on the Sauerbrey
equation shown below??,

_ —2nff Am

Afn - A ’ (2)

Zq

where Af, is the change in the resonant frequency, n is the overtone of interest, f; is the
resonant frequency of the sensor, 4m/A is the mass per area of the film, and Z, is the acoustic
impedance of quartz, which for AT cut quartz is Z, = 8.84x 10° kg /m?s. The viscoelastic
regime is most appropriate for the study of polymer films, and the bulk limit is useful for studying
viscous polymer?? or protein solutions!®. The different regimes depend on the properties of the
material of interest, with the optimum thickness for full viscoelastic and mass characterization
generally increasing with the film stiffness. Figure 1 describes the four regions with respect to
the areal density of the film, complex shear modulus, and phase angle, where we have assumed
a specific relationship between the phase angle and the film stiffness that has been shown to be
relevant to materials of this type. Many films of practical interest are too thick for studying the
viscoelastic properties with QCM, such as certain biofilms, where the thicknesses are on the order
of tens to hundreds of microns?3. Such thick films are generally not appropriate for studying using
the QCM, but may be measured using much lower frequency resonators (such as torsional
resonators)?3, allowing the shear wave to propagate further into the film.

To determine which regime is relevant for a given QCM sample, it is important to understand the
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d/A, parameter, which is the ratio of the film thickness (d) to the shear wavelength of the
mechanical oscillation of the quartz crystal sensor (4,)'>%8, The ideal viscoelastic regime is
d/A, = 0.05— 0.2!8 where values below 0.05 are within the Sauerbrey limit and values above
0.2 approach the bulk regime. A more rigorous description of d/A,, is provided elsewhere!>18,
but it is a quantitative parameter delineating the Sauerbrey limit and the viscoelastic limit. The
analysis programs used below provide this parameter directly.

There are some additional limitations to analyzing thin films with the QCM. The Sauerbrey and
viscoelastic calculations assume the film is homogeneous both throughout the film thickness and
laterally across the electrode surface of the QCM. While this assumption makes it challenging to
study films which have voids or fillers present, there have been some QCM investigations into
films consisting of grafted nanoparticles®. If the heterogeneities are small compared to the overall
film thickness, reliable viscoelastic properties of the composite system can still be obtained. For
more heterogeneous systems, values obtained from a viscoelastic analysis should always be
viewed with great caution. Ideally, results obtained from systems with unknown heterogeneity
should be validated against systems which are known to be homogeneous. This is the approach
we have taken in the example system described in this paper.

An important point that we illustrate in this paper is the exact correspondence between QCM
measurements done in the frequency domain (where I' is reported) and the time domain
experiments (where D is reported). Results from two different QCM experiments, one time
domain and one frequency domain, are described, each involving a different but conceptually
related model system. The first system is a simple example of collagen attachment to the sensor
to illustrate representative binding kinetics and equilibration of adsorption over time during a
time domain (QCM-D) measurement. Collagen is the most abundant protein in the body, known
for its versatility of binding behaviors and morphology. The collagen solution used here does not
require additional functionalization of the sensor’s gold surface to induce adsorption®. The
second experimental system is a polyelectrolyte complex (PEC) composed of anionic polystyrene
sulfonate (PSS) and cationic poly(diallylmethyl) chloride (PDADMA) prepared in the same fashion
as Sadman et al.?%. These materials swell and become soft in salt (KBr in this case) solutions,
offering a simple platform for studying polymer mechanics using a frequency domain approach
(QCM-Z). For each protocol, the process of preparing, taking, and analyzing a measurement is
shown in Figure 2. The schematic shows that the main difference between the QCM-Z and QCM-
D approaches is in the data collection step and the instrumentation used in the experiment. All
the mentioned sample preparation techniques are compatible with both approaches, and each
approach can analyze samples in the three regions depicted in Figure 1.

Our data demonstrate that the preparation of samples, whether by sensor coating before or
during a measurement, dictates the ability to extract the viscoelastic properties of a system. By
designing the early stages of an experiment appropriately, we can determine what information
we can accurately gather during the analysis step.

PROTOCOL:
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QCM-D Collagen Adsorption
1. Sample preparation and sensor pre-cleaning

1.1.  Prepare 20 mL of 0.1 M acetate buffer, adjusting the pH with HCl and NaOH as necessary
to achieve pH =5.6.

1.2.  Add rat tail collagen solution to the 20 mL of acetate buffer under sterile conditions to a
final concentration of 10 ug/mL.

1.3.  Clean the gold-coated quartz sensor to remove organic and biological material?>2®,

1.3.1. Place the sensor active side up in a UV/Ozone chamber and treat the surface for
approximately 10 min.

1.3.2. Heat a 5:1:1 mixture of deionized water (dH,0), ammonia (25%) and hydrogen peroxide
(30%) to 75 °C. Place the sensor in the solution for 5 min.

1.3.3. Rinse the sensor with dH,0 and dry with a stream of nitrogen gas.
1.3.4. Place the sensor active side up in a UV/Ozone chamber and treat the surface for 10 min.

NOTE: The cleaning procedure should be immediately performed before a measurement to
minimize environmental contamination on the sensor surface.

2. QCM-D measurement data acquisition

2.1.  Turnon all necessary equipment to take a measurement including the pump, electronics
unit, and computer software.

2.2. Remove the flow module from the chamber platform and unscrew the large thumb
screws to open the module.

2.3. If the sensor has been left out after initial cleaning (steps 1.3.1-1.3.4), rinse the sensor
with deionized water (dH;0) and dry with a stream of nitrogen gas to ensure that there are no
contaminants on the surface.

2.4.  Mount the sensor in the flow module on the exposed O-ring, first drying the area with a
stream of nitrogen gas and checking that the O-ring is lying flat. The sensor should be placed with
the active surface side down and anchor-shaped electrode oriented toward the marker in the
flow module.

2.5.  Turn the thumb screws to seal the flow module and replace it on the chamber platform.
Attach any necessary PTFE pump tubing to the flow module and external pump.



219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262

2.6.  Using the appropriate computer software, set the temperature of the flow module to 37
°C. Monitor the changing temperature for 10-15 min to ensure that it equilibrates at the desired
value.

2.7.  Findthe initial resonance frequencies of the sensor. If any resonance frequencies are not
found by the software, check that the flow module is correctly positioned on the chamber
platform or re-mount the sensor in the flow module to ensure that it is centered and making
proper electrical contact.

2.8.  Place the inlet pump tubing in the 1x phosphate-buffered saline (PBS) solution. Start the
external pump flow at 25 puL/min and visually inspect the tubing to be sure that the fluid is flowing
through the tube.

NOTE: Fluid flow may be easier to see by momentarily increasing the fluid flow rate to 100 pL/min
or greater. If fluid does not appear to be moving through the tube, it is most likely that the two
parts of the flow module are not creating a proper seal. Try tightening the thumb screws,
tightening the connectors of the tubing to the inlet and outlet, or re-mounting the sensor to be
sure that the O-ring is flat and centered.

2.9. Allow fluid flow of the 1x PBS through the flow module for at least 15 min to properly
equilibrate.

2.10. Start the measurement in the computer software to begin data acquisition. Monitor the
frequency and dissipation values for at least 5 min to ensure a stable baseline.

2.11. Stop the pump and move the inlet tubing to the collagen-acetate buffer solution, and
resume fluid flow. Note the time of this event for later analysis.

2.12. Allow the new frequency and dissipation values to equilibrate to a stable value. Here, we
expect this stabilization to occur after 8-12 h.

2.13. Stop the pump, move the inlet tubing back to the 1x PBS solution, and resume fluid flow.
Note the time of this event for later analysis.

2.14. Allow the new frequency and dissipation values to equilibrate to a stable value. Here, this
stabilization occurs after 30 min.

NOTE: Steps 2.13 and 2.14 can be repeated for each new period of fluid flow in more rigorous
experiments with a greater number of stages.

2.15. End the data acquisition of the measurement and save the data.

2.16. Clean and dismantle the QCM equipment.
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2.16.1. Increase the fluid flow rate of the external pump to 500 puL/min or greater and place the
inlet tubing into a solution of 2% Hellmanex cleaning solution for at least 20 min.

NOTE: For other experiments, if further analysis of the sensor is desired, remove the sensor
before step 2.16.1 and place another cleaning sensor in the module.

2.16.2. Stop the pump and move the inlet tubing to dH.0, and resume fluid flow to further flush
the system for at least 20 min.

2.16.3. Stop fluid flow and remove the sensor from the flow module. Dry the sensor and inside
of the flow module with a stream of nitrogen gas. Turn off the computer software, electronics
unit, and peristaltic pump.

NOTE: The gold-coated sensors can be properly cleaned, as detailed in steps 1.3.1-1.3.4, and
reused for several measurements. Indications that a sensor can no longer be reused for reliable
measurements may include but are not limited to large variability in initial resonance frequencies
and significant drifts in baseline measurements with buffer flow. Data can be opened and
analyzed in the preferred software, including those provided by companies that specialize in
QCM-D equipment.

QCM Polyelectrolyte Complex Swelling

3. Sample preparation

NOTE: This experiment was performed using a MATLAB program developed within the Shull
research group for data collection and analysis.

3.1. Collect a reference conductance spectrum for the bare quartz crystal sensor in air.

3.2. Submerge the sample holder in a lipless 100 mL beaker filled with distilled water and
collect a reference conductance spectrum for the bare sensor in water.

3.3.  Prepare a 0.5 M solution of potassium bromide (KBr).
3.3.1. Dissolve 1.79 g of KBr in 30 mL of distilled water. Shake until dissolved.

3.3.2. Insert a small silicon wafer into the KBr solution at an angle to create a slide for the quartz
sensor during the annealing step to prevent the film from coming off the sensor.

3.4. Prepare the sensor for spin coating.

3.4.1. Set the spin coat parameters to 10,000 rpm, 8,000 acceleration, and 5 s.



307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

3.4.2. Insert the sensor onto the spin coater and turn on the vacuum.

3.4.3. Cover the surface of the sensor with ethanol and run the spin coater to clean the sensor
surface.

3.4.4. Add the PEC (PSS:PDADMA prepared in the same way as detailed in Sadman et al.??) to
the surface of the sensor.

3.4.4.1. If the complex is in two phases (polymer rich and polymer poor), slowly insert the pipet
into the solution. Evacuate the pipet by blowing bubbles while moving the pipet into the denser
polymer rich phase.

3.4.4.2. After releasing a couple bubbles in the polymer rich phase, draw up 0.5-0.75 mL of the
polymer rich solution into the pipet. Maintaining pressure on the pipet bulb to not allow the
polymer poor phase to enter the pipet, draw the pipet out of the solution.

3.4.4.3. Wipe the outside of the pipet using a Kimwipe. Add enough solution dropwise onto the
surface of the quartz sensor to completely cover the surface. Make sure there are no visible

bubbles in the solution on the sensor surface.

3.5.  Spin coat the PEC sample and immediately submerge the sensor in the 0.5 M KBr solution
to prevent salt crystallization on the film.

NOTE: This step is sometimes difficult to coordinate. Release the sensor just above the KBr
solution for best results.

3.6. Allow the film to anneal for at least 12 h.

NOTE: For ease of performing the experiment, prepare step 4 in the evening and allow the film
to anneal overnight.

4, Measurement of the film in air and water

4.1. Transfer the sensor to a beaker filled with distilled water to remove the excess KBr from
the film and back side of the sensor. Leave the sensor in the solution for 30-60 min.

4.2. Take a measurement of the film in air. Reference to the bare sensor in air. Allow the film
data to equilibrate.

4.3. Insert dried calcium sulfate into a 100 mL lipless beaker and measure the completely dry
film thickness. Remove calcium sulfate from the beaker and rinse the beaker with distilled water.

4.4. Fill the 100 mL lipless beaker with 30 mL of distilled water. Insert a stir bar to ensure the
water is circulating around the film. Measure the film in water for about 30-45 min or until the
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film data are equilibrated. Reference to the bare sensor in water.

4.5. Prepare a 15 mL solution of 5 M KBr in distilled water. Measure 5.35 g of KBr into a
graduated cylinder and fill to 15 mL with distilled water. Swirl until dissolved.

4.6. Add the KBr solution to the beaker with distilled water in 0.1 M increments. Table 1
outlines the 0.1 M increments in mL of 5 M KBr solution. Face the film away from where the KBr
solution is being added to the water so that the film does not dissolve. Make sure the system has
equilibrated before adding another addition of the KBr solution.

4.7.  After all the data has been acquired, remove the film from the holder and place in a
beaker of distilled water. Allow the salt to leave the film (30-60 min) and air dry the film.

4.8. Tocleanthe PEC film from the sensor, add KBr to the beaker and gently swirl the solution.
Allow to sit for 5-10 min. Repeat this process 2-3 times, then rinse the sensor with distilled water.

NOTE: The sensor can be cleaned and reused if the response from the sensor is still good. This
can be checked by the sensor having small absolute bandwidth readings for the harmonics of
interest (<100 Hz).

5. Data analysis

5.1. Open the QCM-D data analysis MATLAB GUI created by Sadman
(https://github.com/sadmankazi/QCM-D-Analysis-GU1).2” Open the film in air data file by
selecting “Load QCM.”

NOTE: The Shull group has developed a similar Python GUI for data collection and analysis for
QCM (https://github.com/shullgroup/rheoQCM). A portion of the analysis code is provided in the
supplementary information for both analyzing the data and generating the figures in this paper.

5.2.  Select the desired calculation (either 3,5,3 or 3,5,5), gamma, and film in air icons. Click
Plot QCM.

5.3. Determine the thickness of the dry film using the most equilibrated data point (typically
the last data point) from the experiment. Record this value.

5.4.  Open the film in water data file. Select the same parameters as in Step 5.2, except for film
in water instead of film in air.

5.5.  After each equilibration step of the swelling experiment, determine the film thickness,
complex shear modulus, and the viscoelastic phase angle. Record these values along with the

ionic strength (ranging from 0-1 M in 0.1 M increments).

5.6. Determine the percent swelling as
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swelling (%) = %Z)‘;y 100 (3)

where dp is the film thickness from the solution and dpg,, is the dry film thickness.

REPRESENTATIVE RESULTS:

The changes in frequency with time during protein adsorption exhibit a characteristic curve and
plateau shown in Figure 3A-B. The initial buffer wash of 1x PBS across the bare sensor surface
induces only negligible changes in frequency, offering a steady baseline to act as a reference for
future data points. The introduction of collagen solution causes protein adsorption to begin,
observed as a steady decrease in frequency over time, until the density of adhered collagen
plateaus at a stable baseline (Figure 3A). The exact frequency and mass values will be highly
dependent on the purity and surface energy of the sensor. Given these parameters, the final
buffer wash removes only a small amount of unadhered protein from the sensor surface,
resulting in a slight increase in frequency. We should always expect only a slight decrease in mass
during this period, demonstrating a stable amount of protein bound to the sensor (Figure 3B).

The importance of reaching a stable frequency measurement for each period cannot be
overstated. Slight fluctuations in environmental variables like temperature, humidity, and
solution concentration can lead to observable differences in the raw data. Therefore, altering
these variables before at least 5-10 min of stable frequency and dissipation factor measurements
can misrepresent the exact changes in frequency and dissipation. An example of a suboptimal
dataset is shown in Figure 3C-D. Here, the same solution concentration and flow rate parameters
are used as Figure A-B, but the instrument environment was not allowed to equilibrate before
beginning the measurement. The natural settling of the sensor’s oscillating frequency is occurring
at the same time as a changing temperature and fluid concentration, disguising any potential
baseline that will act as a reference (Figure 3C). We are instead forced to choose an average of
the entire dynamic frequency range in the period to act as a reference. Finally, the collagen flow
is not permitted to equilibrate at a stable mass before starting the final PBS wash, as seen by the
still changing frequency shifts just before the PBS enters the system. This action does not impact
the calculations of mass but does not fully characterize the adsorptive potential of the protein
on the sensor (Figure 3D).

During the early stages of the collagen adsorption experiment, the film is in the Sauerbrey regime,
indicated by values of Af /n that are independent of n (¢t < 2 h in Figure 3). As the experiment
progresses the film moves into the viscoelastic regime, indicated by values of Af /n which no
longer overlap (t > 2.5 h). Recognizing this change in behavior, the data obtained from the
collagen experiment was analyzed to look at the areal mass and viscoelastic properties using two
different methods. The first uses a Python script compiled by the Shull group. This script has the
same mathematical underpinnings as the MATLAB data collection and analysis software used for
the PEC experiment. It uses a power law model to account for property differences at adjacent
harmonics® and is provided in the supplemental information. The second method uses values
determined from a viscoelastic model in a commercial software package to calculate the areal
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mass, complex shear modulus, and phase angle of the collagen film. The viscoelastic model from
this software reports the thickness (d), elastic modulus (), and viscosity (n). The elastic modulus
and viscosity are the elements of a Kelvin-Voigt model, and are converted to the magnitude and
phase of the complex modulus via the following expressions:

1G]l = (Vi? + (nw,)?) (4)
_ tap-1 (19n
¢n = tan” (122) (5)

where w,, = 2nnf; where f; is the fundamental frequency of the quartz sensor (5 MHz). Figure
4 shows the viscoelastic properties determined for the collagen adsorption calculated from the
Af, and AD,, values of the third and fifth harmonic. Figure 5 compares the properties from Figure
4 with the properties converted from the commercial software results. As can be seen in Figure
5, the commercial software values report the film to be softer than the Python script.

Figure 6 describes a relationship which has been observed in previous QCM experiments3?2
showing a linear relationship between the viscoelastic phase angle and the logarithm of the
magnitude of the complex shear modulus. The green line indicates this linear relationship, having
end points of a Newtonian fluid such as water (|G*|p = 10° Pa-g/cm3and ¢ = 90°at f; =
15 mHz) and an elastic solid or glassy polymer (|G*|p = 10° Pa - g/cm3 and ¢ = 0°). Many
polymer materials studied using the QCM follow this general empirical trend, which was
quantified using the PSS:PDADMA complex system?2. As the PEC is subjected to solutions with
higher salt concentrations, the sample transitions from being a rigid, glassy sample to being more
viscous and fluid like; this spectrum of properties falls on the green line. For comparison
purposes, the properties calculated using the Python script for the equilibrated collagen film are
also plotted in Figure 6. The relationship between|G*|p and ¢ is expected to be the same for
both systems, given that both systems are glassy polymers swollen with water. The water content
of the film determines the specific point along the curve. Here, the PEC system with mechanical
properties closest to the collagen system corresponds to a 20 wt% polymer solution. We infer
from this comparison that the polymer concentration in the adsorbed collagen film is also close
to 20 wt.%. This result is a very useful one, obtained in our case by the comparison of results
obtained from two appropriately designed QCM experiments. One of these experiments was a
time domain (QCM-D, collagen) experiment and the other was a frequency domain (QCM-Z, PEC)
experiment, but these types of experiment are completely interchangeable, with either protocol
sufficing in either case.

FIGURE AND TABLE LEGENDS:

Figure 1. Plot of the Sauerbrey, viscoelastic, bulk, and overdamped regimes. The plot shows
regimes where different types of information can be obtained from QCM data, based on the
sample areal mass (related to thickness) and the viscoelastic properties. Below the blue line is
the Sauerbrey regime, where only the thickness of the sample is calculated. For the middle
region, the mass and viscoelastic properties of the sample can be calculated. In the bulk regime
at the upper left of the plot, viscoelastic information can be obtained but the experiments are no
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longer sensitive to the sample thickness. In the upper right, the overdamped regime indicates
the sample is too thick for a QCM measurement to be performed. In the plot, a linear relationship
is assumed between the viscoelastic phase angle at the third harmonic and the log of the
magnitude of complex shear modulus (green line in Figure 6). The bulk regime is defined as the
region where the thickness is more than twice the decay length of the shear wave. The Sauerbrey
regime is defined as the region where Af/3 and Af/5 differ by less than 10 Hz, and the
overdamped regime is the regime where I is larger than 20,000 Hz (D5 > 1600 ppm).

Figure 2. Flow diagram of major steps within a QCM measurement. Schematic of a QCM-Z or
QCM-D experiment. The diagram in the first step is a QCM sensor (gray) with the gold electrodes
(gold) and film on top of the sensor (purple), with the different techniques used to apply a film
to the sensor surface. The thickness of the film, d, is indicated. The second step highlights the
data from the QCM-Z (top) and QCM-D (bottom) experimental protocols. The third step is where
one determines the region where the sample can be analyzed. The fourth step shows the
resulting data from the given analysis region.

Figure 3. “Good” and “Bad” QCM-D data for collagen adsorption. Plots of the frequency and
dampening factors for the collagen adsorption experiment. (A) Equilibrated frequency shifts, (B)
Equilibrated dampening factor shifts, (C) Non-equilibrated frequency shifts, and (D) Non-
equilibrated dampening factor shifts. In (B) and (D), the dampening factor shift is plotted as the
dissipation factor, D, and the bandwidth, I, since the same parameter is measured by both shifts.
The frequency and gamma shifts are normalized to their respective harmonics (n = 3 or 5).

Figure 4. Viscoelastic analysis of collagen using a power law model. The (A) areal mass, (B)
complex shear modulus, and (C) viscoelastic phase angle for the collagen adsorption experiment.
The first 10 h show the main adsorption stage of the collagen to the sensor surface, with the
period between 10 and 20 showing the equilibration stage before the buffer wash performed at
20 h. The error bars represent uncertainties in the calculations for the thickness and viscoelastic
properties, assuming an error in Af and AI' equal to 1% of I'.

Figure 5. Viscoelastic analysis of collagen using a power law model and commercial software
model. The (A) areal mass, (B) complex shear modulus, and (C) viscoelastic phase angle for the
collagen adsorption experiment. The I' values are determined with the Python script using the
Af and AD values from the experimental data while the D values are converted from the results
of the viscoelastic model from the commercial software.

Figure 6. Modified Van Gurp-Palmen plot of the collagen and PSS:PDADMA data. A plot of the
viscoelastic phase angle and the complex shear modulus over the general range of samples
measurable using QCM. The green line indicates the linear relationship between the two
properties which was assumed in the development of Figure 1. Data for the PSS:PDADMA
polyelectrolyte complex (PEC) are reprinted with permission from Sadman et al.??, copyright 2017
American Chemical Society.

Table 1. Molar increments for the PEC swelling experiment. The amount (in mL) of 5 M
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potassium bromide solution necessary to increase the molarity of the water solution by 0.1 M
for the swelling experiment.

Supplementary Files. Python Code

DISCUSSION:

The collagen adsorption results span the Sauerbrey and viscoelastic regimes. By plotting the
frequency shifts normalized to the corresponding harmonic number, we observe that the
Sauerbrey limit holds true for approximately the first 2 h of the measurement. With increasing
mass adhering to the sensor, however, the normalized frequency shifts for the third and fifth
harmonics begin to deviate from one another (t > 2 h), indicating an ability to determine
viscoelastic properties of the adsorbed film.

A direct comparison between the viscoelastic modeling results from the software and the power
law modeling from the Shull group indicate a noticeable difference in calculated material
properties. Over the course of the measurement, the viscoelastic modelled data from
commercial software represented a thicker, softer layer with a lower complex shear modulus
(Figure 5). The differences in the viscoelastic properties between these models are due to the
assumptions made in the calculations for each system. One difference concerns an assumption
that needs to be made about the frequency dependence of the viscoelastic properties. Some
assumption needs to be made because the frequency response at a given harmonic (n = 3, for
example), depends on three parameters (pd, |G3|p, ¢3) but only two independent quantities
(4f; and AT, ~AD,,) are measured. Because of this discrepancy, we need to obtain at least one
additional quantity (either the frequency shift or dissipation) from an additional harmonic
without adding an additional unknown to the problem. The thickness and density obviously do
not depend on the frequency, but the complex shear modulus does. The power law approach is
based on the fact that over a small frequency range, we can assume that the phase angle is
constant, with a rheological response equivalent to a material with a power-law behavior over a
much larger range of frequencies'>'®8, The power law exponent, A, is not an adjustable
parameter but is equal to ¢/90°, with ¢ in degrees. With the power law assumption, we have

A
¢3 = ¢sand |G| = |G;] (Z—i) . For quantitative viscoelastic modeling, the power law model

represents the best combination of accuracy and simplicity, giving more reliable results than
other common approaches, including the Kelvin-Voigt model, where G’ is assumed to be
independent of n and G" is assumed to increase linearly with n.

Considering the experimental setup for the PSS:PDADMA data, experiments in the bulk and the
viscoelastic regimes were performed for generating the data in Figure 6. The protocol details the
sample preparation for the viscoelastic regime experiments, with the bulk experiments being
performed by looking at the sensor response to a solution with the PEC, salt, and water present.
In order to prepare the samples for the viscoelastic regime experiments, it is important to
understand the target thickness range for remaining within the viscoelastic regime and avoid
overdamping the response of the sensor. For the PSS:PDADMA system, this ideal range is ~0.8 —
1.6 um. Since the PEC initially increases in thickness by 45-50% when swelled in water, this
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behavior had to be accounted in the initial film thicknesses, making a target range for the initial
sample thickness of ~0.45 — 0.65 um. Having a good grasp of how the film will behave during
the experiment is important for understanding the best target thickness range as well as the best
method for sample preparation?®.

Regardless of the exact instrumental set-up, these procedures demonstrate the importance of
considering sample preparation before beginning a QCM experiment. The thickness of the
applied layer determines the information that can be extracted from the measured data. Before
beginning any measurement, the researcher must consider which information is most needed
from the experiment and understand the limitations of the technique. An understanding of the
viscoelastic properties of the film is helpful when determining the correct sample thickness and
preparation method. For appropriate samples, both time-domain and frequency domain QCM
instruments can be expertly used to gather accurate data for a wide range of applications.
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Table_1_PEC_Solution_Additions

Molarity of Solution (M)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

mL of 5 M KBr

1.1
1.2
1.3
1.4
1.5
1.6
1.8
1.9
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Name of Material/ Equipment Company Catalog Number Comments/Description

Acetic acid Sigma-Aldrich A6283 For collagen adsorption

Ammonium hydroxide solution Sigma-Aldrich 221228 For collagen adsorption

Aqueous QCM probe AWSensors CLS 00050 A For polyelectrolyte swelling

Collagen | Rat Protein, Tail Thermo Fisher Scientific A1048301 For collagen adsorption

distilled water Sigma-Aldrich EM3234 For polyelectrolyte swelling; generally easy to ac
Ethanol Sigma-Aldrich 793175-1GA-PB  For polyelectrolyte swelling

Gibco Phosphate Buffered Saline Thermo Fisher Scientific 20012-027 For collagen adsorption

Hellmanex Il Sigma-Aldrich 2805939 For collagen adsorption

Hydrogen peroxide solution Sigma-Aldrich 216763 For collagen adsorption

Kimberly-Clark Professional Kimtech
Science Kimwipes Delicate Task

Wipers, 1-Ply Fisher Scientific 06-666A For polyelectrolyte swelling

NP2K VNA Makarov Instruments For polyelectrolyte swelling
poly(4-vinylpyridine), MW 200,000 Scientific Polymers 840 For polyelectrolyte swelling; for full synthesis pr:
Poly(styrene-sulfonate) sodium salt

30% weight in water Sigma-Aldrich 561967-500G For polyelectrolyte swelling; for full synthesis pr:
Potassium Bromide Sigma-Aldrich 793604-1KG For polyelectrolyte swelling

QSense QCM Explorer System Biolin Scientific For collagen adsorption

Sodium acetate, anhydrous Sigma-Aldrich 52889 For collagen adsorption

Spin coater, Model WS-650MZ-23NPP Laurell technologies For polyelectrolyte swelling
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The importance of sample preparation in quartz crystal microbalance measurements of

Author(s):

protein adsorption and polymer mechanics

Gwen dePolo, Emily Schafer, Kazi Sadman, Jonathan Rivnay, Kenneth Shull

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

http://www.jove.com/publish) via:

& Standard Access

Item 2: Please select one of the following items:

D Open Access

gThe Author is NOT a United States government employee.

DThe 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.

DThe 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://creativecommons.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 Mylove 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, alone 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.

2. Background. The Author, who 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 all 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 modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 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.
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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
Item 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
below, 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 all 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 Item 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 Video 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 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

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such 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 be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE 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

A signed copy of this document must be sent with all new su
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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 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.

bmissions. Only one Agreement is required per submission.
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NORTHWESTERN UNIVERSITY

Department of Materials Science and Engineering
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MCCormick Gwen dePolo

Robert R. McCormick gwendepolo2023@u.northwestern.edu

School of Engineering .
and Applied Science http://shullgroup.northwestern.edu

October 1, 2019

Dr. Bing Wu
Review Editor
JoVE

Dear Dr. Wu:
This letter accompanies our revisions for the manuscript entitled “The importance of sample

preparation in quartz crystal microbalance measurements of protein adsorption and polymer
mechanics”, which we are submitting for publication in JoVE. In order to address each comment
individually, each comment has been included and italicized. The authors’ response is provided
underneath each comment in a dark blue font. Upon revising the manuscript, one of the sections
has been removed from the protocol since the information can be found in the software manual.
As a result, the responses from the authors will have slightly different numbering than the
reviewer’s comments.

Editorial Comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there

are no spelling or grammar issues.

We have reviewed the manuscript and believe we have caught most mistakes.
2. Please obtain explicit copyright permission to reuse any figures from a previous

publication. Explicit permission can be expressed in the form of a letter from the editor or
a link to the editorial policy that allows re-prints. Please upload this information as a
.doc or .docx file to your Editorial Manager account. The Figure must be cited
appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
The permissions for Macromolecules were obtained and are attached. The figure
caption was also updated to satisfy the citation requirements for Macromolecules.

3. JoVE cannot publish manuscripts containing commercial language. This includes
company names of an instrument or reagent. Please remove all commercial language
from your manuscript and use generic terms instead. All commercial products should be
sufficiently referenced in the Table of Materials and Reagents.

Thank you for the reminder. We have removed all mention of company names from
the manuscript. We have also removed section 3 from the manuscript since it heavily
focused on the use of commercial software. We have replaced this section with a note
that allows for any preferred software to act as the main means of analysis and
changed all reports of the “Dfind” software in the text to a generic commercial

Cook Hall | 2220 Campus Drive | Evanston IL 60208-3108
847-491-3675
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software. At this time, we have left the names for the analysis software developed
within the Shull research group that is open source with the proper citation. If this is
too commercial, let us know and we will move this information to the appendix.
4. Please remove trademark (™) and registered (®) symbols from the Table of Equipment
and Materials.
Thank you for the reminder. We have done this.

Reviewer #1:
Major Concerns:
None

Minor Concerns:
1. The authors may want to briefly address the reusability of sensors.

Brief notes have been included at the end of the experimental protocols discussing
how to check the response of the sensor before reusing the sensor.

2. Please check section 4.4.4.2 - which solution are you drawing into the pipet?
The polymer rich phase is being drawn into the pipet. This clarification has been
included in the method text.

3. Lines 412-413 - | think "so that the film does not dissolve™ would be clearer.
We agree that makes the text more straightforward. Thank you for catching that.

4. Line 432 - Please check comma placement to make sure that the things you are selecting

are calculations, gamma, and film in air icons.

We have adjusted the language and comma placement to more clearly denote the icons

that should be selected in this step.
5. Line 613 - Please specify the units of swelling (mass, thickness/volume)

The language has been clarified to indicate that the swelling is determined based on
the thickness. The swelling behavior was calculated using equation 3 in the protocol
section.

6. Figures 3b and d - Why is frequency given on the left y axis when dissipation is the

variable being plotted?

In Figures 3b and 3d, the left y axis is given as A'/n, not Af/n. AT is defined as the
bandwidth change for the conductance spectra of the quartz sensor response. It is
looking at the response of the sensor in the frequency, which can be easily converted
to the time domain dissipation factor D using equation 1. Since the bandwidth is a
measure of the change in the half width of the conductance spectra (collected in Hz) at
the half maximum of the harmonic peak of interest, the units are given as Hz.

Reviewer #2:
Major Concerns:
1. The protocols described for the sensor preparation are not enough detailed, for instance,

the steps 1.3.4 and 2.4 should be in rapid sequence (think on how long takes to grow a
monolayer of hydrocarbon contamination at atmospheric pressure) but this is not

Gwen dePolo | Dept. Materials Sci. and Eng. | Northwestern University | 2220 Campus Drive | Evanston IL 60208 |
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specified. On the other hand, very detailed instructions about the software are probably
not necessary since they are found in the manual (e.g., 2.7 and 2.8).
A note was added after 1.3.4 to perform the cleaning procedure immediately before a
measurement. If the sensor happens to be left out after cleaning and before a
measurement, step 2.3 should be sufficient for removing surface contamination. The
software detail has been addressed as part of the editorial comments.
2. In4.1and 4.2 is written to collect 'a spectrum’ (QCM-D is not a spectrophotometer).
In section 3 of the protocol, the procedure for collecting data based on the frequency
domain response of the quartz sensor is detailed (QCM-Z). This technique looks at the
changes in conductance and impedance spectra over the frequency ranges where the
harmonics create peaks in the spectra. The language for this step has been changed to
call the spectra “conductance spectra” for clarity.
3. 4.3.2.is not enough clear.
This step has been made more detailed as to why the silicon wafer helps with the
annealing process. The video should also help clarify why this is helpful.
4. 4.4.4. more details about PEC (composition, concentration, solvent, ....) should be
included; also, the volume to drop for the spin coating is not specified.
I have cited where the PSS/PDADMA complex was prepared. Since the data shown in
Figure 6 1s from multiple compositions, it does not make sense to specify a particular
composition at this step. The spin coat conditions are similar for all compositions. The
volume used for spin coating is qualitatively clarified in step 3.4.4.3.
5. 4.5, itis not specified how critical is to keep clean the sensor electrodes on the face
opposite to the active surface
As can be seen in step 4.1, the sensor is rinsed with deionized water after the
annealing step before the first measurement is taken. This step will wash the excess
salt from the back side of the electrode as well.
Minor Concerns:
1. Some phrases in the manuscript are highlighted in yellow, why?
As part of the JOVE writing process, the authors were asked to indicate the specific
steps in the protocol we felt needed to be included in the video which will accompany
this manuscript. We used the highlighting to indicate those steps.
2. Sometimes the used language is not enough 'scientifically sound’, for instance, in 1.1. it is
written 'to create' a solution, other wording, e.g., 'to prepare' a solution, would be
preferable.

Thank you for this suggestion — we have tried to correct any of these instances and
replace them with more scientific and professional wording.

We believe these revisions have clarified the points of the manuscript related to the use of the
quartz crystal balance and the importance of the sample preparation. If there are any further
issues, please let us know.
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gwendepolo2023@u.northwestern.edu



Sincerely yours,

.1,

Gwen dePolo
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gwendepolo2023@u.northwestern.edu
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