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Drag force of polyethyleneglycol in flow measured
by a scanning probe microscope
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We propose a method to measure the drag force due to synthetic polymers in flowing
fluids by using a scanning probe microscope (SPM). Methoxy polyethyleneglycol thiol
(mPEG-SH) was attached to the cantilever probe of the SPM, which was further immersed
in flows of glycerol and polyethyleneglycol (PEG) solutions. The mPEG-SH-bonded
cantilever detects the extra force due to polymer-polymer and polymer-fluids interaction
in flowing fluids. The conformation of the mPEG-SH polymer bonded to the probe of the
cantilever was predicted as having a stem and ellipsoidal-flower shape, and the drag force
due to the deformed mPEG-SH was calculated. The forces detected by experiments using
the SPM and the forces obtained by model calculations were compared and found to be
reasonably close.

DOI: 10.1103/PhysRevFluids.4.074201

I. INTRODUCTION

The addition of a little amount of polymer to Newtonian fluids induces complex behaviors, such
as drag reduction [1-9], elastic instabilities [10-14], and increase of extensional relaxation time or
extensional viscosities [15-20]. Polymers in fluids are deformed during the flow and may interact
with each other, which affects the rheological properties of the fluids. However, it is difficult to
make a direct measurement of the polymer behavior in flowing fluids and, therefore, it is difficult to
predict the impacts of adding synthetic polymers to the fluids.

When we focus on direct measurements of polymers’ properties in fluids, an experimental
technique is known to measure the mechanical properties of a single polymer chain in a resting
solution. The experimental technique known as nanofishing uses an atomic force microscope (AFM)
to obtain a force-extension curve of a tethered single polymer in a resting solution. By using this
technique, many experimental studies have been made in the past several decades.

It has been a hot topic to elucidate the entropic and enthalpic elasticity of a single chain via
the force-extension curve measured by the nanofishing. Extension curves of biopolymers and
synthetic polymers were observed and used to discuss their entropic elasticity [21-26]. Two main
mechanical models, the freely jointed chain (FJC) and the worm like chain (WLC) models, were
utilized to describe the force-extension curves. The FJC model describes a single, isolated, flexible,
polymer chain without any long-range interactions. The WLC model describes a polymer chain
with intermediate behavior between a rigid-rod and a flexible coil [21,27,28]. In addition, further
development of these models is still an important research topic [29]. The force extension curve was
also utilized to reveal the conformational change of a single polymer chain, such as the unfolding
of proteins [30,31], the elasticity switch of single photochromic macromolecules [32], and the
mechanical stability of proteins in the presence of chemical reactions [33]. There are also previous
studies that focus on the force extension curve in terms of the type of interaction. For example, the
interaction in a polymer [34], the interaction between polymers and the solvent [35], the interaction
between polymers and a substrate [36], and the polymer-nanoparticle interaction [37] are reported.
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Here, we focus on the dynamics of a tethered polymer in a flow, which has been studied both
numerically [38—42] and experimentally [43—46]. The pioneering numerical studies of Brochard-
Wyart and coworkers showed the elongation of a tethered DNA molecule under force or in flows
[38,39]. They proposed three types of conformation of the DNA molecules in flows based on a
uniform tension force due to the fluid velocities. The first type is an unperturbed conformation
at low velocities. The second type is the “Trumpet” model that is partly stretched by certain
scaling laws, which occurs at intermediate velocities. The third type is the “Stem and Flower”
model, which consists of a completely stretched part and a coiled part, occurring at high velocities.
Brochard-Wyart et al. [47] proposed an index (¢) to predict the polymer conformation. The index ¢
is described as follows:

Flpo
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where f is the uniform tension force applied to the polymer, [, is the unperturbed persistent length,
kg is Boltzmann’s constant, and 7 is temperature. When ¢ is greater than 1, the polymer is in a
taut regime. When ¢ is below 1, polymer is in an unperturbed coil regime, a trumpet regime, or
in a stem-and-flower regime. Rzehak et al. conducted a more detailed numerical simulation about
the deformation of a tethered polymer in a uniform flow [40]. They calculated the distribution of
free ends of a tethered polymer by taking into account the excluded-volume and hydrodynamic
interactions. They predicted the tethered polymer conformation and calculated the total drag force
exerted on the polymer by the external flow. The effects of the polymer length on its dynamics were
also discussed [40], and it is still a hot topic to be explored [42].

Experimental studies of a tethered DNA molecule in a shear flow have been reported based on
the great interest on biophysical and genomic applications, as well as on the fundamental polymer
dynamics [43—46]. For instance, Fisher et al. visualized the DNA relaxation dynamics as a means to
probe the intracellular environment [46], Perkins et al. stretched DNA molecules in a microchannel
by applying extensional flow [43], and Ladoux and Doyle calculated the force required to stretch
DNA due to shear stress based on the FIC and WLC models [44]. In these experimental studies, the
polymer deformation predicted by calculating ¢ was confirmed.

As described above, a large number of AFM nanofishing experiments of bio and synthetic
polymers in solutions were conducted, and many numerical and experimental studies describing
the behavior of a tethered DNA molecule in a flow were reported. However, there are only a few
experimental studies discussing the behavior of synthetic polymers in a flow [48]. This is because
the size of synthetic polymers is too small to allow a proper visualization. In addition, to the best of
our knowledge, no experimental study combining AFM and a flow to detect the drag force caused
by polymers, especially synthetic polymers, was conducted so far.

In this study, we propose a method to measure the drag force due to synthetic polymers in a flow
by using a scanning probe microscope (SPM). Polymers were attached to a cantilever probe held by
the SPM, and the cantilever was further immersed in a flow. Glycerol and polymer solutions were
prepared to be used as flow solutions. We measured the drag force on the cantilever probe in the flow
of glycerol and polymer solutions. By comparing the drag force on the probe in several conditions,
we predict the drag force due to polymers that were attached to the probe. We also predict the
force due to the interaction between the attached polymers with the flow, and the force due to the
mutual interaction between the polymers attached to the probe with the polymers in the flow. From
now on, we call these interactions as polymer-fluids interactions and polymer-polymer interactions,
respectively.

(1)

II. EXPERIMENTAL PROCEDURES

A. Materials

The glycerol (FUJIFILM Wako Pure Chem. Corp.) solutions used as Newtonian fluids were
prepared in a wide range of concentrations, as shown in Table I. Polyethyleneglycol (PEG,

074201-2



DRAG FORCE OF POLYETHYLENEGLYCOL IN FLOW ...

TABLE 1. Viscosity and density of each glycerol solution.

Glycerol concentration (wt%) Viscosity (1073 Pa s) Density (kgm™3)
5 1.15 1013
6 1.24 1016
8 1.32 1021
10 1.40 1026
15 1.59 1039
22 1.88 1058
35 241 1093

molecular weight: 20 000, FUJIFILM Wako Pure Chem. Corp.) was used as a polymer, wherein
concentrations were varied as shown in Table II. The viscosity of the sample solutions was measured
by using a rheometer (MCR301: Anton Paar) with a cone-plate device. The concentrations of the
glycerol solutions were controlled to achieve similar viscosities to each PEG solution. The density
of each solution was measured by a densimeter.

To attach polymers to the cantilever probe, methoxy polyethyleneglycol thiol (mPEG-SH,
molecular weight: 20 000, Laysan Bio Inc.), which has a free thiol group at one end, was dissolved
in pure water at the concentration of 1 wt%. The thiol group became bonded to the gold-coated
cantilever probe, as described later.

B. Experimental apparatus to measure drag force

The experiments were performed combining the several apparatuses shown in Fig. 1(a). The
main apparatus is a scanning probe microscope (SPM, Innova: Bruker Nano). A small channel
was attached to the sample stage of the SPM and connected to two syringes by tubing [Figs. 1(b)
and 1(c)]. A syringe was filled with sample solutions, and the flow rates of inlet sample solutions
were controlled by two syringe drivers. The flow rates were varied from 2 to 5 ml/min. A whole
image representation of the flow channel is shown in Fig. 1(c), while Fig. 2(d) and Fig. 4 show the
lateral view of the channel. A small stainless-steel piece was sunk in the channel to stabilize the
flow, producing a uniform flow at the inlet and a fully developed flow around the cantilever probe.
Here we use a gold-coated cantilever probe with a V-shaped tip (Biolever, BL-RC150VB-C1, B
lever, Olympus). Geometrically, it is a hollow pyramid vertically sliced in half, with a sharpened
apex. The convex surface of the probe is fully coated with gold. The front view of the probe, from
the convex side, is a triangle with 12 um base and 7 um height. An upside-down image of the
cantilever illustrating the V-shaped probe, and the front view of the probe, are shown in Figs. 12(c)
and 12(d), respectively. The spring constant of the probe is 6 pN/nm.

TABLE II. Viscosity and density of each PEG solution.

PEG concentration (wt%) Viscosity (1073 Pa s) Density (kgm™)
0.50 1.13 1001
0.75 1.23 1002
1.00 1.32 1003
1.25 1.39 1003
1.50 1.59 1003
2.00 1.83 1005
3.00 241 1008
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FIG. 1. (a) Whole image of the experimental setup. (b) Flow channel attached on the sample stage of the
SPM. (c) Schematic of the flow channel connected to two syringes by tubes. The size of the small stainless-steel
piece in the channel is indicated. (d) An example of the experimental data detected by the SPM. When the

sample solution was at rest, the measured force was close to 0. When the sample solution was flowing, a
cantilever attached to the SPM detected the drag forces.

The cantilever was held by a microcell of the SPM, which was attached to a probe cartridge
as shown in Figs. 2(a) and 2(b). The probe cartridge was inserted to a probe head [Fig. 2(c)]. The
microcell consists of glass window and metal part that allows the laser beam of the SPM to pass
through the glass window towards the probe. Figure 2(d) shows a lateral view of the sample stage.
The bottom face of the microcell was attached horizontally to the flow surface, at a 2.8 mm height

Probe head
© ,

(a) Flow Probe cartridge (b)
R |

Microcell
10mm
—

Probe
(d) Probe cartridge

Flow

tainless steel piece Cantilever

SPM sample stage

FIG. 2. (a) Top view of the flow channel where the microcell was immersed. (b) The probe cartridge
holding the microcell. (c) The probe head of the SPM where the probe cartridge was mounted. (d) The lateral
view of the sample stage. The cantilever probe was positioned in the middle of the channel. (e) A close-up

image and an illustration of the cantilever. The cantilever was immersed in the flow at an approximate angle
0 =15°.
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FIG. 3. Schematic illustration of the experimental procedure. A cantilever with the original gold-coated
probe was positioned in flowing solutions of (a) glycerol and (b) PEG. The cantilever was further immersed
in a mPEG-SH solution (c) to attach thiol-end to the gold-coated probe (d). The mPEG-SH-coated cantilever
probe was further immersed in (e) glycerol and (f) PEG solutions.

measured from the top surface of the stainless-steel piece. Figure 2(e) shows a close-up image and
the illustration of the cantilever. Since the cantilever dimensions are very small, we cannot see the
probe itself in the image. The cantilever was held by the microcell at an angle 6 of approximately
15°. The cantilever bows slightly when a force is applied, and this movement is detected through
the displacement of the laser beam. The signal from the SPM was measured by an oscilloscope
(WaveAce 1001: Teledyne LeCroy). When the sample solution was at rest, the oscilloscope did
not detect any force. However, when the sample solution was flowing through the channel, the
oscilloscope detects a drag force [Fig. 1(d)]. The increase of the force measured by the probe was
analyzed to discuss polymer-fluids interactions and polymer-polymer interactions.

The drag forces were measured at several conditions as shown in Fig. 3. First, the originally
gold-coated cantilever probe was used to measure the drag forces in flows of glycerol and PEG
solutions [Figs. 3(a) and 3(b)]. Next, we compared drag forces on the original cantilever with that
measured on a polymer-bonded cantilever. To prepare the polymer-bonded probe, the cantilever
with the original gold coating was sunk in a 1 wt% mPEG-SH solution for 2 h to attach the thiol
group via coordinate bonding [Figs. 3(c) and 3(d)]. Previously, we have tested variations on the
soaking time of the cantilever from 30 min to 48 h, but the obtained results became constant after a
2 h period. The cantilever was slowly pulled up from the mPEG-SH solution and positioned in the
flow channel. The polymer-bonded cantilever with mPEG-SH was used to detect drag forces in the
flows of glycerol and PEG solutions [Figs. 3(e) and 3(f)].

To confirm that the adsorbed mass of mPEG-SH was constant after 2 h, and to estimate
the number of mPEG-SH molecules on the gold-coated probe, we have used a quartz crystal
microbalance (QCM, QCM922A, SEIKO EG&G CO.), with a fundamental resonance frequency
of 9 MHz. The diameter of the piezoelectrically active area was 5 mm, which was placed in the flow
cell. During the experiments, pure water was injected into the flow cell at a constant flow rate of
50 pL/min for about 15 min to obtain the baseline. The solution was then changed to the 1 wt%
solution mPEG-SH, injected at the same flow rate for 2 h.
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FIG. 4. Schematic illustration of the cross-sectional area of the flow channel. The stainless-steel piece
helped to stabilize the flow, producing uniform flow fields at the inlet.

C. Velocity profile measurements in a flow channel

Prior to the previously described experiments, we measured the velocity profiles to certify that
the laminar flow was fully developed. The flows were visualized and the velocity profiles were
measured using the particle tracking velocimetry method (PTV).

Figure 4 shows the lateral view of the flow channel. The inside dimensions of the channel were
12 mm width, 12 mm depth, and 6 mm high. The dimensions of the stainless-steel piece used
to stabilize the flow were 9 mm width, 12 mm depth, and 3 mm high. The sample solutions
were injected into the flow channel through the pipe. The chosen test area was that above the
stainless-steel piece. As described in the previous section, since the microcell covered the flow
surface during the SPM experiments [Fig. 2(d)], a cover glass was set to cover the flow surface
during the flow visualization to realize similar velocity fields (Fig. 4). The bottom surface of the
cover glass was placed 2.8 mm above the top surface of the stainless-steel piece. The cross-sectional
area of the testing section was 2.8 x 12mm?. The center line of the channel was illuminated by a
laser sheet with a thickness of 1 mm. Polystyrene particles, with a diameter of 6.83 um, were seeded
in the sample solutions to calculate the velocity profiles by PTV method. The velocity profiles were
obtained in the normal direction of the channel at three streamwise positions, P1, P2, and P3, located
at 1 mm, 4.5 mm, and at 8 mm, respectively, measured from the top-left corner of the stainless-steel
piece.

III. RESULTS AND DISCUSSIONS
A. Velocity profiles in the flow

The velocity profiles measured at the positions P1, P2, and P3 in the channel are shown in Fig. 5.
Figure 5(a) shows the velocity profile for the 22 wt% glycerol solution, and Fig. 5(b) shows the
same results for the 35 wt% glycerol solution, at the flow rate of 4 ml/min. Reynolds number, Re,
[-], for each solution was obtained via the following equation:

VD
Re,, = 2om2H )
n

Here, p[kg/m?] is the solution density, V;, [m/s] is mean velocity, calculated by dividing the flow
rates by the cross-sectional area at P2, Dy [m] is the hydraulic diameter of the channel (=4.54 mm),
and n [Pa.s] is the viscosity of each solution. The Re,, found for the 22 wt% glycerol solution was
5.08, and 4.09 for the 35 wt% solution. In both cases, the velocity profile at each streamwise position
was almost the same. We also compared the velocity profiles normalized by the mean velocity, Vi,
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FIG. 5. Local velocity profiles measured at the positions P1, P2, and P3 in 22 wt% and 35 wt% glycerol
solutions. The flow rate was 4 ml/min.

as seen in Fig. 6. In the figure, the theoretical velocity profile of the fully-developed laminar flow of
Newtonian fluids in a duct with an aspect ratio of 0.233 [49] is plotted (solid line). From this, it is
found that the experimentally obtained velocity profiles are in well agreement with the theoretical
model, at any Reynolds number from 2.04 to 8.24, proving that the flow is fully developed at the
test section in the present study. Heaton et al. [50] reported the entry length, Ly [m], of Newtonian
fluid as follows:

. DHRem

L,
20

3)

From this, the entry length can be estimated as being 1.15 mm in the case when Re,, = 5.08.
In this study, the largest Re,, was 8.24. Even in this condition, the entry length is at most about
1.87 mm. Thus, the velocity field was fully developed at P2 in any condition.

The probe of the cantilever was then immersed in the center of the channel at a position close
to P2, and at a height close to 1.4 mm, measured from the top surface of the stainless-steel piece.

w
)

—O— Shah— London (1978) [49]

E O  Glycerol 10wt%, 2mL/min, Re = 3.29
g25¢[ < 1 A  Glycerol 10wt%, SmL/min, Re = 8.24
— O  Glycerol 15wt%, 4mL/min, Re = 5.90
g 20F 1 Glycerol 22wt%, SmL/min, Re = 6.34
% : X Glycerol 35wt%, 2mL/min, Re = 2.04
=
“1.5F 1
2]
=
A
E1.0f 1
- 2
S
‘g 051 .
== A
0 L ) -
0 0.5 1 1.5 2
Normalized Velocity

FIG. 6. Normalized velocity profile for each glycerol solution.
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FIG. 7. An example of the change in the resonant frequency AFreq during a QCM experiment.

Thus, we used the velocity at the height of 1.4 mm at the position P2 for the following analysis.
Since the velocity profiles were fully developed as shown in Figs. 5 and 6, the velocity gradient in
any direction is almost zero at the middle height. Therefore, lift forces on the probe can be neglected.
The velocity profiles shown in Figs. 5 and 6 were obtained without the cantilever, therefore, they
may be varied in the cantilever presence. However, we can assume the change in the velocity fields
to be small because the equivalent diameter of the cantilever probe is less than 0.26% of the channel
height, and its width is only 0.25% of the channel width. Therefore, we used the velocity at the
height of 1.4 mm, at the position P2, as the actual characteristic velocity.

B. QCM measurements and distance between two mPEG-SH attached to the probe

The adsorption mass of mPEG-SH on the gold surface of the probe accumulated for 2 h was
measured by QCM experiments. The mass of mPEG-SH adsorbed on the gold sensor was calculated
by the frequency change in the sensor oscillation, AFreq [Hz], by using the Sauerbrey equation [51].

2 Freq® Am
AFreq = ——— —_, 4)
VBqPg Dot A

where Am[ng/cmz] is the adsorbed mass, A[m?] is the piezoelectric quartz sensor area, Freq [Hz]
is the fundamental resonance frequency, ny [-] is the overtone number, p,[kg/m - s?] is the shear
modulus of the quartz, and ,oq[kg/m3] is the density of quartz. Here, no; = 1.

An example of the change in the resonant frequency AFreq during an experiment is shown in
Fig. 7. The adsorption of mPEG-SH starts very quickly after the injection of the 1 wt% mPEG-SH
solution. The AFreq reaches a constant value of about AFreq = —160Hz after 2 h. According
to Eq. (4), the mass of mPEG-SH adsorbed on the gold surface is 880 ng/cm?, higher than the
220 ng/cm? value suggested in previous studies [52]. We considered the AFreq obtained with a
QCM coupled with the effects of the viscoelasticity of the mPEG-SH itself and the viscoelasticity
of the mPEG-SH solution around the sensor as suggested in the previous studies [52,53]. Therefore,
AFreq became lower than the expected value. However, the most important result obtained here is
the mPEG-SH adsorbed mass on the gold surface of the sensor became constant after 2 h.

Here we assume that the mPEG-SH grafting distance, which is the spacing between two
polymers, as being 3.9 nm, obtained by Surface Plasmon Resonance [52]. According to the previous
study, which used the same mPEG-SH of the present study, mPEG-SH was grafted on a gold surface
with the distance of 3.9 &= 0.4 nm. In addition, the grafted mPEG-SH was extended as the length of
18.7 & 2.7 nm [52]. These values were referred to calculate the drag force of mPEG-SH in flows,
to discuss experimental data of the following section.
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FIG. 8. Forces detected by the naked probe cantilever and by the polymer-bonded cantilever, in flowing
solutions at several velocities. The viscosities of the 8 wt% glycerol solution and of the 1 wt% PEG solution
are the same.

C. Force measurements in the flow

Figure 8 shows the forces detected by the cantilever in flows of an 8 wt% glycerol solution and
a 1 wt% PEG solution, at several velocities. The viscosity of the glycerol and PEG solutions was
the same, as shown in Tables I and II. The force measured by the naked cantilever probe in the 8
wt% glycerol solution is almost the same as the force measured in the 1 wt% PEG solution. The
schematic image of this comparison is shown in Figs. 3(a) and 3(b). When the mPEG-SH molecules
are attached to the cantilever probe, the detected force is increased at any velocity in the glycerol
solution. The increase in the detected force measured by the polymer-bonded cantilever is also
observed in the flow of the 1 wt% PEG solution. The variation on the force detected by the cantilever
with or without mPEG-SH, in the flow of the PEG solution, is larger than that in the glycerol solution
at a corresponding velocity. As illustrated in Figs. 3(e) and 3(f), we attribute the increase of the force
measured by the polymer-bonded cantilever in the PEG solution, when compared to the glycerol
solution, to be caused by interactions between the mPEG-SH and the PEG of the solution. The
PEG molecules dissolved in the flowing fluid touch the mPEG-SH bonded to the cantilever probe,
increasing the drag force. In the present study, we called this interaction as a polymer-polymer
interaction.

To verify the validity of the results, we calculated the drag coefficient, Cq [-], of the cantilever
probe using the following expression:

c, = 5)

HAG T

Here, F [N] is the force applied to the cantilever, p[kg/ m?] is the density of each solution, V [m/s]
is the velocity at the location (middle height, position P2), and d [m] is the equivalent diameter of
the probe. The front view of the probe has an isosceles triangular shape with a 12-um base and a
7-um height with an apex angle of 2« [°] [Fig. 12(e)]. Thus, the equivalent diameter d [m] of the
probing area is 7.4 um. Figure 9 shows the Cy values found for the naked cantilever probe, plotted
as a function of the Reynolds number, Re. In the figure, Re was calculated using the local velocity,
V, and the equivalent diameter of the probe, d, as described in Eq. (6):

_ pvd
.

Re (6)
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105 0 Glycerol 5wt%. O PEG 0.5wt%.
© Glycerol 6wt%. O PEG 0.75wt%.
+ Glycerol 8wt%. + PEG 1.0wt%.
® Glycerol 10wt%. mPEG 1.25wt%.
# Glycerol 15wt%. & PEG 1.5wt%.
v Glycerol 22wt%. V¥ PEG 2.0wt%.
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FIG. 9. Cy4-Re plot for the naked cantilever probe in glycerol and PEG solutions.

In the case of a naked cantilever probe, Cy4 should depend only on Re. From the figure, it is found
that Cy is not affected by the solute, the concentration, or the solution viscosity. Thus, the Cy plot as
a function of Re, for the naked cantilever, verifies the validity of our measurements.

We compared the Cyq values of the naked cantilever probe with those of the polymer-bonded
cantilever probe. Figure 10(a) shows the Cyq values of the considered probes in glycerol solutions,
and Fig. 10(b) shows those in PEG solutions. The Cy of the polymer-bonded probe was higher
compared to that of the naked one, in both solutions. The increase of C4, namely, the ACy indicated
in the figure, is higher for PEG than for glycerol solutions. We attribute the ACy increase in the
flowing PEG solution to be caused by the interactions between polymers bonded at cantilever probe
and polymers in the flow. In other words, this difference is caused by polymer-polymer interactions.

without with without with

mPEG-SH mPEG-SH mPEG-SH mPEG-SH
Glycerol Swt%. o o PEG 0.5wt%. o o}
Glycerol 6wt%. < < PEG 0.75wt%. o <o
Glycerol 8wt%. + + PEG 1.0wt%. + +
Glycerol 10wt%. ® [ ] PEG 1.25wt%. ® [ ]
Glycerol 15wt%. * L 4 PEG 1.5wt%. * *
Glycerol 22wt%. v v PEG 2.0wt%. v v
Glycerol 35wt%. I\ N PEG 3.0wt%. N N

105 . 105 :
(a) (b)
Ac,|”
4G, )" dI o %
] 4| I ] = N * 4
J10 =y, J 104 W %
e, NS
E’Sb(:' QQ&W.*.
N"g‘bo. e
oo ”A_OO
kS %
103 - 103 -
103 102 101 1073 102 10!
Re Re

FIG. 10. Comparison between the Cy values of a naked cantilever probe, and a polymer-bonded cantilever

probe (a) in glycerol solutions and (b) in PEG solutions.
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FIG. 11. The ACy in each solution plotted as a function of their viscosities.

The ACy in each solution was plotted as a function of their viscosities and shown in Fig. 11.
From the figure, the polymer-polymer interaction was clearly observed, affecting the force measured
by the polymer-bonded probe in flowing PEG solutions.

D. Discussion on the polymer conformation and the drag force due to polymers

To consider the increase of the Cy values, the drag force due to polymers attached on the
cantilever probe was calculated. For that, we first predict how the attached polymers are deformed
in the flow, and then we calculate the drag force due to the deformed molecules.

For the first part, we refer to the index ¢ described in Eq. (1). We calculated ¢ for each attached
polymer in flowing glycerol solutions. To do so, the force f [N] acting on a single polymer needs to
be identified. Here, we derived f [N] via experimental data using the following procedure.

Firstly, we calculated increase of the torque applied to a cantilever due to attached polymers,
AF x L [N.m]. Here, AF [N] is the increase of the detected force, calculated as the difference
between the forces on the polymer-bonded probe and the naked probe, at an equal flow rate and
solution. L [m] is the length of the cantilever beam, that is 100 xm [Fig. 12(b)]. Then, AF x L
equals the summation of torque due to each single polymer attached on the probe:

n
AFL = (Zflixcosoc) X 2 X cosf. (7

i=1

The cantilever was immersed in the flow with an angle of 6 = 15° [Fig. 12(a)]. As shown in
Figs. 12(b)-12(d), n [-] is the number of bonded polymers in a line along the probe, and /; [m]
is the length between the upper edge of the probe and the position where the polymer attached.
In the calculation, we took into account only the polymers that attached to the edge of the probe,
and the reason for this is explained in the next paragraph. As shown in the same figure, only these
polymers were subjected to the flow. In addition, since the probe is V-shaped, the torque must be
calculated for the both sides of the probe [Figs. 12(c)—12(e)], explaining the factor “x 2” in Eq. (7).
It is also required to take into account the apex angle 2« for the calculation of the torque applied in

074201-11



HIDEMA, HAYASHI, AND SUZUKI

(@ () £=100pm

ol n=1
------------- 3 PRSI > . n=2
L 2 3l g :
Flow El 2| X
S| x| F

------------- n=i-1

>
! ~12pm

FIG. 12. (a) Schematic of the cantilever, tilted with an angle 8 = 15° to the flow. (b) Schematic of the
mPEG-SH attached to the gold-coated probe of the cantilever from the lateral view. (c) Upside-down image
of the cantilever to illustrate the V-shaped probe, where mPEG-SH molecules attach to its both lateral sides.
(d) Close-up figure of the probe to indicate /; and A/ along the edge. (e) Close-up figure of the probe from the
downstream view showing the apex angle.

the same axis. Here, the summation of the right side of Eq. (7) results in Eq. (8):

n

1
Zflixcosoczfolx En(n—l)xcosa, (8)
i=1

where Al [m] is the grafting distance, which is 3.9 nm as described in the Sec. III B. In addition,
the length of the V-shaped edge was calculated as being about 9.3 pum. Therefore, the calculated
number of bonded polymer molecules at the edge on the probe, n, is approximately 2380. Combining
Eqgs. (7) and (8), f was obtained and used to calculate ¢. The ¢ value for a single polymer molecule
in glycerol solutions was between 0.02 and 0.07. The value of ¢ increased with the flow rate, as
well as with the glycerol concentration. Since ¢ is less than 1, polymers are not deformed only by
the effects of the flow. In the present condition, the steric repulsion effect between each mPEG-SH
molecule attached to the probe causes the stretching of the polymers themselves [52]. To estimate
the contribution of each polymer molecule in the flow on AF, we assume here a stem and ellipsoidal-
flower shape as the mPEG-SH conformation. We suggest the ellipsoidal-flower shape because of the
short grafting distance, so that the flower part does not have enough space to keep its spherical shape.
In this manner, we tried to simplify the shape of the polymers deformed by the steric repulsive effect.

The reason why only the polymers at the rear edge were considered in the calculation is related
to a boundary layer developed on the probe during the flow. As shown in Figs. 12(c) and 12(d),
the flow sweeps the probe from its oblique side towards the V-shaped edge. Therefore, a laminar
boundary layer develops from the front edge of the oblique side of the probe. According to previous
calculations [54], the laminar boundary layer on the wall of the probe is much thicker than the
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FIG. 13. (a) Force balance between the stem part and the ellipsoidal-flower part. (b) Close-up figure of the
polymer, focusing on the number of monomers.

polymer size. Therefore, even in the case where the polymers attached to the oblique side of the
probe are fully extended, the velocity at this position is only 0.3% of the characteristic velocity.
Therefore, the polymers attached to the side walls of the probe are not subjected to the main flow,
except those at the rear edge where the flow turns around the edge.

For the second step, that focused on predicting the conformation of the molecules, it is required
to calculate the number of monomers in the stem part, Ngem [-], and in the ellipsoidal-flower part,
Nower [-] (Fig. 13). Here, the total number of monomers in a polymer, Ny, iS given by the
summation Ny = Nyem + Niower- If We focus on a single polymer, there is a force balance between
the stem part and the ellipsoidal-flower part. Therefore, we calculated the force due to the stem part,
Fwic [N], by using the worm like chain (WLC) model. This model was proposed to describe the
force curve to stretch a single polymer molecule, as follows [24,27]:

— kBT[ 1 L X 1} ©)
M T L4 = x/Low)  Low  4)

where [, is the persistent length, the same as in Eq. (1), x [m] is the extension length, and Ly [m]
is the contour length. Here, x = Ngem X lop, and Liga1 = Nyotar X lop. The force due to the ellipsoidal-
flower part, Fyokes [N], was calculated by using the stokes drag model [55,56]:

1
Fstokes = 67ana{l - g(l - E) }V (10)

rll

Here, r, [m] is the radius of the minor axis and r, [m] is the radius of the major axis, both
of the ellipsoidal-flower part [Fig. 13(b)]. We assume that 7, = 1.95 x 10~ m, the half of the
grafting distance, which is a constant value. The Fyrc and Fyokes should balance each other in a
polymer molecule during the flow to keep the stem and flower shape steady. Therefore, the force
balance between Fywic and Fyores Was used to obtain r, at each velocity and solution viscosity.
Then we estimated the number of monomers in the ellipsoidal-flower part by r, = a(Naower)">,
where a[m] = 3.8 x 10~'9m is the diameter of a monomer in PEG. The number of monomers
in the stem part was obtained by Nyem = Niotal — Nower- We have also calculated the total length
of each polymer during each flow, which is the sum of the lengths of stem and ellipsoidal-flower
parts: a X Ngem + 2rp. The calculated lengths were about 31 to 37 nm at each condition, which
is reasonably close to the length of the grafted PEG, of 18.7 2.7 nm, measured by SPR [52].
The difference on the lengths was considered to be caused by the effects of the flow. Therefore,
we conclude that our assumption of deformed polymers, in the stem and ellipsoidal-flower shape
conformations, calculated by the grafting distance of 3.9 nm [52], was reasonable. Then, we assume
the force due to the ellipsoidal-flower part, Fyores [N], obtained by Eq. (10), to be the drag force due
to a single deformed polymer, fiingle [N]:

fsingle = Fitokes- (11)
Finally, we can compare the left side and the right side in Eq. (12):

(301 feingleli X cosa) x 2 x cos 6

AF = )
L

12)
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FIG. 14. Comparison of AF on the left and the right side of Eq. (12). The former was obtained
experimentally (Exp.), and the latter was obtained by calculations (Calc.). AF is the difference between the
force measured by the polymer-bonded probe cantilever and the force measured by a naked probe cantilever.
To eliminate the measurement noise, the force measured by each cantilever was fitted by least squares prior to
the calculation of AF. Experiments were done with multiple cantilevers, therefore the experimental value is
indicated with the error bar.

where AF is the above-described experimental value in Eq. (7), and the right side is obtained by
the previously discussed calculation. Figure 14 shows the comparison of AF and the right side
of Eq. (12). The force due to bonded polymers measured experimentally, AF, are reasonably
close to the force calculated based on a stem and ellipsoidal-flower model in flowing glycerol
solutions. It was verified in Fig. 14 that the tendency of the force to increase with the velocities
was surprisingly the same. Therefore, we consider that our assumption of the polymer deformation,
and the force due to a single polymer, is reasonable to describe the polymer properties in flowing
solutions.

IV. CONCLUSION

In this study, we conducted the measurements of the drag force due to synthetic polymers in
a flow using a SPM. A mPEG-SH-bonded cantilever held by the SPM was immersed in flows
of glycerol and PEG solutions. The cantilever detects the extra force due to polymer-fluids and
polymer-polymer interactions, quantified by the drag coefficients of the cantilever probe. To confirm
the origin of the drag force, the conformation of the mPEG-SH polymer bonded at the cantilever
probe was predicted by the ¢ index. In the present conditions, ¢ was sufficiently small, preventing
the polymer to be deformed only by the flow effects. However, since the grafting distance was small,
it is reasonable to consider that each polymer was stretched due to the steric repulsive effect. We
assumed that the polymer conformation was the stem and ellipsoidal-flower types and calculated
the drag force of each mPEG-SH molecule based on the Stokes’ drag of the flower part. The drag
force due to the attached polymers, obtained by the calculations, was close to the force measured by
experiments. Thus, our assumption of deformed polymers, in the stem and ellipsoidal-flower shape
conformations, calculated by the grafting distance of 3.9 nm was considered to be reasonable. To
the best of our knowledge, this trial is the first to measure the drag force of synthetic polymers in a
flow. The method proposed in this study can be applied to detect polymer conformations in a flow.
We believe the findings obtained in the present study will contribute to clarify many topics, such as
the complex behavior of dilute polymer solutions, and the biopolymer conformation in biological
flowing fluids.
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