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The drag force of polyethyleneglycol thiol (mPEG-SH) attached to a cantilever probe in the flows of glycerol and
polyethyleneglycol (PEG) solutions was measured. The effects of the molecular weights of mMPEG-SH, solute, and molecular

weights of PEGs in the flows on the drag force were investigated. The drag force of mPEG-SH with any molecular weight in

the flows of glycerol solutions was described well by the stem and ellipsoidal-flower model proposed in a previous study

[51]. However, the drag force further increased in the flow of the PEG solutions. To describe the increment, an assumption

of polymer entanglement with mPEG-SH attached to the probe in the flow was employed. The modified stem and ellipsoidal-

flower model that employed polymer entanglements fit well to the drag force of mPEG-SH with any molecular weight in the

flow of the polymer solution.

1. Introduction

The deformation of flexible polymers in fluids causes non-
Newtonian fluid behavior of dilute polymer solutions, such as
drag reduction [1-4], elastic instability [5, 6], and sudden
increase in extensional viscosity. These characteristic behaviors
were caused by the extension of polymers in the fluids, which
affects the dynamics of the fluids. For instance, in the drag
reduction phenomenon, extended polymers affect the vortex
generation in the buffer layer, which modifies the energy transfer
in the turbulent flow [1, 2]. Elastic instability is enhanced by
polymer entanglements owing to polymer extension [6]. These
complex phenomena need to be elucidated for related industrial
applications, as well as on the fundamental polymer dynamics.
However, it is difficult to observe the polymer behavior in fluids
directly and predict the interaction with inherent fluid motion.
Conventional experimental techniques obtain averaged
quantities of polymers in fluids, which are usually sufficiently
complex.

The extension of deoxyribonucleic acid (DNA) as a giant
polymer in shear or extensional flow has been used to explain
polymer dynamics in fluids [7]. Perkins ef al. [8] and Smith et al.
[9] conducted pioneering work visualizing DNA extension in
shear and extensional flow. Their work inspired single-molecule
science in flows, which shows the heterogeneity of individual
chains [8, 9]. The observation of DNA extension in microfluidic
devices has become increasingly important because of the great
interest in biophysical and genomic applications. Many types of

microfluidic device have been developed to stretch DNA [10],
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such as an optimized cross slot and hyperbolic microchannel
[11-14], a microfluidic device with a micropillar array [15, 16],
and an extensional microfluidic device with obstacles for
electrophoretic stretching [17, 18]. These devices are used to
investigate the properties of DNA under
homogeneous straining flow.

mechanical

Observing the extension of a tethered polymer in a resting
solution reveals the mechanical properties of a single polymer.
The experimental technique known as “nanofishing” using an
atomic force microscope [19-25] and a method using optical
tweezers together with a single molecule analysis [26] are
utilized to obtain a force—extension curve of a tethered single
polymer in a resting solution. The force—extension curve
obtained by this method can be analyzed using the freely jointed
chain (FJC) and worm-like chain (WLC) models to elucidate the
entropic and enthalpic elasticity of a single chain. The FJC model
describes a single, isolated, flexible polymer chain without long-
range interactions. The WLC model describes a polymer chain
with intermediate behavior between a rigid rod and a flexible coil
[19, 25, 27, 28]. Therefore, these models are useful for
quantifying the interaction between polymers and solvents [29].
The force—extension curve was also effective in revealing 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 during chemical reactions [33].

Tethered polymer dynamics in a flow have also been an
important topic for several decades, as seen in the pioneering
works of Perkins et al. [34] and Marko and Siggia [35]. This is
because the tethered polymer conformation in a flow is related to
many topics, such as biophysical and genomic applications [36],
lubrication of grafted polymers on a surface [37, 38], and the
fundamental polymer dynamics that induce non-Newtonian fluid
properties [39—41]. Visualization of tethered DNA in flows
derives precise information of polymer conformation; therefore,



tethered DNA stretching in flows was observed to better
understand the model describing the extension [35, 42—44]. DNA
extension is affected by flow velocity, elasticity, and relaxation
processes.

The pioneering theoretical work on the stretching of tethered
polymer chains under flows and sequential works were proposed
by Brochard-Wyart and coworkers [45—49]. They investigated
the conformation of polymer chains subjected to uniform flow.
Chain elongation starts when the frictional force on a blob
overcomes the thermal agitation of the polymer.

Because the Stokes friction force depends on the velocity
around the blob, the confirmation depends on the velocity of the
flow. Brochard-Wyart et al. [49] proposed an index (¢) to predict
polymer conformation. The index ¢ is described as ¢ =
flyo/kgT, where f is the uniform tension force applied to the
polymer, lop
Boltzmann’s constant, and 7 is temperature. When ¢ is greater

is the unperturbed persistent length, 4B is

than 1, the polymer is in a taut regime. When ¢ s less than 1, the
polymer conformation varies following the unperturbed state,
trumpet regime, and stem-and-flower regime with increasing
flow velocity. Moreover, the trumpet regime occurs only for a
very limited range of velocities [47]; thus, the polymers are likely
to be in the stem-and-flower regime under uniform flow. The
stem-and-flower regime was experimentally confirmed by Fisher
et al. through visualizing the DNA relaxation dynamics [43]. In
their work, the polymer deformation predicted by calculation ¢
was also confirmed [43].

The extension of the polymer is affected by the tension force
on the polymer owing to entropic elasticity. The chain tension
increases from the free end to the attached end. Thus, in the case
of the stem-and-flower regime, the steady polymer conformation
was derived by the balance of the force pulling the coil portion
at the free end and the Stokes friction of this portion [47]. Rzehak
et al. conducted a more detailed numerical simulation of the
deformation of a tethered polymer in a uniform flow [50]. They
calculated the distribution of the free ends of a tethered polymer
by considering the excluded volume and hydrodynamic
interactions. They predicted the tethered polymer conformation
and calculated the total drag force exerted on the polymer by
external flow.

As described
microfluidics experiments and numerical studies have been

above, a large number of nanofishing
performed to investigate polymer conformation in a solution or
flow based on mechanical properties and drag force. However,
experiments in which the drag force of polymers, especially
synthetic polymers, was measured directly are few. In a previous
study, a method combining a scanning probe microscope (SPM)
and a flow channel was proposed to measure the drag force
caused by a synthetic polymer [51]. The drag force of
polyethyleneglycol (PEG) was measured in flows of several
viscosities, and it was confirmed by calculating the drag force of
the polymers, assuming the polymer conformation as a stem and
ellipsoidal-flower shape. The model and the calculation were
simple; however, the model successfully explained the drag
force obtained experimentally. In the present study, the drag
force of PEG with several molecular weights was measured, and
the model was tested on the results. Furthermore, the drag force
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was measured in the flows of the polymer solutions. In these
experiments, the drag forces of polymers that were affected by
the polymer—fluid and polymer—polymer interactions were
directly measured. Such interaction in a boundary layer in flows
is important for characterizing non-Newtonian fluids.

The remainder of this article is organized as follows. In
Section 2, the materials and experimental setup used in this study
are summarized. In Section 3, the force measured by the
experiments is described, and the validity of the experiments is
verified. Then, the stem and ellipsoidal-flower models are
adopted for the results. To describe the drag force of polymers in
the flow of the polymer solution, polymer entanglements in the
flow are considered. The main conclusions are summarized in
Section 4.

2. Experimental

2.1 Material and rheological property measurements

Glycerol (FUJIFILM Wako Pure Chem. Corp.) and PEG
(FUJIFILM Wako Pure Chem. Corp.) solutions were prepared in
a wide range of concentrations, as shown in Table SI1. The
molecular weights of PEG were varied as 10k (PEG10k), 20k
(PEG20k), and 35k (PEG35k). The concentrations of these
solutions were adjusted to obtain similar viscosities at each level.
The viscosities of the sample solutions were measured using a
rheometer (MCR301: Anton Paar) with a cone-plate device. All
PEG solutions used in the drag force measurements show
Newtonian viscosity, that is, the viscosities of PEG solutions
were constant at all shear rates. To quantify the solution
properties, the overlap and entanglement concentration were
determined by zero-shear specific viscosity; it is shown in Fig.
SI1. The concentration of PEG solutions used in the drag force
measurements are in dilute or semidilute unentangled regime.
The entanglement molecular weight of PEG is about 2000. The
density of each solution was measured using a densimeter.

To attach polymers to the cantilever probe, methoxy
polyethyleneglycol thiol (mPEG-SH), which has a free thiol
group at one end, was dissolved in pure water at a concentration
of 1 wt%. The thiol group was bonded to a gold-coated cantilever
probe, as described later. The molecular weights of mPEG-SH
were 10k (mPEG-SH 10k, Laysan Bio Inc.), 20k (mPEG-SH20k,
Laysan Bio Inc.), and 40k (mPEG-SH40k, Biochempeg
Scientific).

Here, a gold-coated cantilever probe with a V-shaped tip
(Biolever, BL-RC150VB-C1, B lever, Olympus) was used.
Geometrically, it is a hollow pyramid that is 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 a 12 um base and 7 pum height. An
upside-down image of the cantilever illustrating the V- shaped
probe and the front view of the probe are shown in Figs. 6(b)—
(d). The spring constant of the probe is about 6 pN/nm, which
was provided by Olympus Corp. We assumed that the spring
constant was not influenced by grafted polymers. For the
measurement calibration, the diffraction signal (DS) was
measured in each experiment. DS is a conversion coefficient
between the cantilever displacement and the sensor signal. The

This journal is © The Royal Society of Chemistry 20xx



signal detected by the voltage was converted to the force using
DS value and the spring constant.

2.2 Experimental procedure to measure drag force

The experimental system for measuring the drag force of
polymers combines several apparatuses. The main apparatus
used was an SPM (Innova, Bruker Nano). A small channel was
attached to the sample stage of the SPM and connected to two
syringes by tubing. A syringe was filled with sample solutions,
and the flow rates of the 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(a), whereas Figs. 1(b) and (c) 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 [51].
The cover glass shown in Fig. 1(b) was used only when the
velocity profiles at the test position was measured. The cover
glass helps to achieve a similar flow profile to the flow in the
channel covered by the microcell holding the cantilever, as
shown in Fig. 1(c). To measure the velocity profile in the channel,
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 by the particle tracking velocimetry method (PTV). The
velocity profiles at the test position normalized by the mean
velocity is shown in Fig. 1(e). Here, the mean velocity was
calculated by the flow rates divided by the cross-sectional area
at the test position. The velocity profiles were compared to the
theoretical velocity profile of the fully-developed laminar flow
of Newtonian fluids in a duct, which confirms that the flow is
fully developed [51, 53].

The velocity profiles shown in Fig. 1(e) were obtained
without the cantilever, which may be varied in the cantilever
presence during the drag force measurement. 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 test position, as the actual characteristic velocity [51].

The cantilever was held by a microcell of the SPM, which
was attached to a probe cartridge, as shown in Fig. 1(c), and the
probe cartridge was inserted into the probe head. As shown in
Figs. 1(c) and (d), the cantilever was held by the microcell at an
angle 6 of approximately 15°. The apex of the probe was placed
in the middle of the channel, and the force applied to the
cantilever in the flow was detected. The signal from the SPM
was measured using an oscilloscope (WaveAce 1001, Teledyne
LeCroy). The oscilloscope did not detect any force when the
sample solution was at rest. However, when the sample solution
flowed through the channel, the oscilloscope detected a drag
force (Fig. SI2). The increase in the force measured by the probe
was analyzed to study the polymer—fluid and polymer—polymer
interactions.

The drag forces were measured under several conditions, as
shown in Fig. 2. First, the originally gold-coated cantilever probe
was used to measure the drag forces in flows of glycerol PEG10k,
PEG20k, and PEG35k solutions—see Figs. 2(a)—(d).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Experimental system to measure drag force applied to a
cantilever in flows. (a) The hole image of the channel attached
to the SPM. (b) The schematic of the lateral view of the channel.
(c) The real image of the lateral view of the channel with a
cantilever. (d) The cantilever was held with the angel of 8= 15°.
(e) Normalized velocity profile for each glycerol solution at
different flow rates.
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The viscosities of these solutions were similar, allowing
observation the effects of solute and molecular weight of PEGs
in the flows on the drag force. Subsequently, 1 wt% mPEG-
SH10k, 20k, and 40k solutions were prepared and each mPEG-
SH attached to a gold-coated cantilever. The thiol group attached
to the gold-coated surface through coordinate bonding when the
cantilever was immersed in the mPEG-SH solution for 2 h, as
shown in Fig. 2(e). The saturation of the bonding was confirmed
by measurements using a quartz crystal microbalance
(QCM922A, SEIKO EG&G CO.). After the bonding, the
polymer-bonded cantilever was moved to the flow of glycerol
and PEG solutions to detect an increase in the drag force because
of the polymers attached to the cantilever—see Figs. 2(f)—(k). In
the flow of glycerol solutions, the molecular weight of mPEG-
SH attached to the cantilever probe is thought to affect the force
detected by the polymer-bonded cantilever, as in Figs. 2(f)—(h).
In the flows of PEG solutions, the polymer-bonded cantilever
detected additional force resulting from the PEGs in the flow—
see Figs. 2(i)—(k). Thus, the force measured by the polymer-
bonded cantilever detects polymer—fluid and polymer—polymer
interactions in flows.

(a) (b) (c) (d)

LY VY Y

NS S SN

Glycerol sol. PEG10k sol. PEG20k sol. PEG35k sol.
(f)
(e) PEG SH
Gold-coated 10k 2°k
cantilever *
Attachegli‘ Glycerolsol.  Glycerolsol. Glycerolsol.
(i) (i) (k)
1 ._mMPEG-SH m@?\ S T
P
> >
Thiolend A
PEG10k sol. PEG20k sol. PEG35k sol.

Fig. 2 Schematic of the experimental procedure. A cantilever
with the original gold-coated probe was positioned in flowing
solutions of (a) glycerol, (b) PEG10k, (c) 20k, and (d) 35k
solutions. The cantilever was further immersed in mPEG-SH10k,
20k, and 40k solutions to attach the thiol end to the gold-coated
probe (e). The mPEG-SH-bonded cantilever probe was further

immersed in the flow of (f)—(h) glycerol and (i)—(k) PEG solutions.

3. Results and Discussion

3.1 Force measurement in the flow and validity of the
experiments

A cantilever with and without polymers was used to detect
the drag force in a flow of several sample solutions. The force
measured by a polymer-bonded cantilever was increased
compared to that measured by a naked cantilever, which was
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attributable to the polymers attached to the cantilever. However,
before discussing the contribution of polymers to the drag force,
it is necessary to verify the validity of the experiments. Therefore,
the drag coefficient, C4[-], of the cantilever probe was calculated
using the following expression.

F

Cq = €Y

1 27 52

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 at
the middle height at the test position shown in Fig. 1(b), and d
[m] is the equivalent diameter of the probe. The front view of the
presents an isosceles-triangular shape with a 12 pum base and a 7
um height with an apex angle of 2« [°]—see Fig. 6(d). Thus, the
equivalent diameter d [m] of the probing area is 7.4 um. Fig. 3
shows the Ca 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 Re = pVd/n. As shown
in Fig. 3, the Cq of a naked cantilever probe depends only on Re.
The Ca value was not affected by the solute; such as glycerol or
PEG20k; the concentration; or the solution viscosity. The Ca
values of the naked cantilever probe measured in the PEG10k
and PEG35k solutions are shown in Fig. SI3, which are also a
function of Re. Cé—Re is independent of the solution around the
naked cantilever, verifying the validity of the measurements.
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<O Glycerol 6wt%.
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Fig. 4 shows the force detected by the naked and polymer-
bonded cantilever in the flows of several solutions at several
velocities. The force detected by a naked cantilever was not
affected by the solutions, such as glycerol 15 wt%, PEG10k 2.0

This journal is © The Royal Society of Chemistry 20xx
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wt%, PEG20k 1.5 wt%, and PEG35k 1.0 wt%—see Fig. 4(a).
The viscosities of the solutions were almost the same.
Conversely, the detected force increased in the flow of the
glycerol solution when mPEG-SH was attached to the cantilever
probe. Furthermore, the force was slightly affected by the
molecular weight of the mPEG-SH attached to the cantilever
probe. The probe with mPEG-SH, having a larger molecular
weight, detects a larger force, as in Fig. 4(a). In the case of the
polymer-bonded cantilever in PEG solutions, the force was
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Fig. 4 (a) Comparison of the force measured by a naked
cantilever in flowing glycerol and PEG solutions and that of
mMPEG-SH-bonded cantilever in glycerol solutions. The
molecular weights of mPEG-SH were varied. (b) The force
measured for the several molecular weights of mPEG-SH-
in PEG solutions. The viscosities of the
flowing glycerol and PEG solutions are similar, as shown in Table
SI1.

bonded cantilever
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Fig. 5 Force difference, AF, affected by the viscosity of flows,
the molecular weight of mMPEG-SH attached to the cantilever
probe, and that of PEGs in flows. The open symbols are the
comparison between (a) and (f)—(h) in Fig. 2. The solid symbols
are the comparison between (b) and (i), (c) and (j), and (d) and
(k) in Fig. 2, respectively.

influenced by the molecular weight of mPEG-SH attached to the
cantilever probe and that of the PEGs in the flow—see Fig. 4(b).
The larger molecular weights of mPEG-SHs and PEGs increased
the detected force. The force differences, AF' [pN], that is the
increase in the detected force calculated as the difference
between the forces measured by the polymer-bonded probe and
by the naked probe are compared in Fig. 5. Here, the velocity
around the cantilever was fixed at approximately /= 3.14 mm/s,
which corresponds to 4 mL/min, controlled by the syringe driver.
The viscosity difference was caused by the concentration of each
glycerol and PEG solution. In addition, AF was increased by
increasing the viscosity of the flow. The AF measured in PEG
solutions was higher than that in glycerol solutions, and AF was
influenced by the molecular weight of mPEG-SH bonded to the
cantilever probe and the molecular weight of the PEGs in the
flows. These differences are considered to result from polymer—
fluid and polymer—polymer interactions in the flows.

3.2 Polymer conformation and drag force caused by polymers

The increase in the detected force, AF, resulted from the
mPEG-SH attached to the cantilever probe. Therefore, the drag
force caused by mPEG-SH was calculated, which contributes to
AF. To calculate the drag force of a single polymer, it is
necessary to know the polymer conformation in the flow. The
conformation of polymers, such as the unperturbed coil regime,
trumpet regime, stem-and-flower regime, or extended state, was
determined by the
conformation, the index ¢ was calculated using the following
procedure.

The force f[N], which is required for calculating ¢, acting on
a single polymer was derived using Eqgs. (2) and (3).

index ¢@. To estimate the polymer

J. Name., 2013, 00, 1-3 | 5
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n
AFL = (Z fli x cosa) X 2 X cosf 2

i=1

n

1
Zflixeosa=f><Al><§n(n—1)><cosa 3)

i=1

Here, L [m] is the length of the cantilever beam, that is, 100 um,
as shown in Fig. 6(a). The left term of Eq. (2) indicates the torque
applied to the cantilever, which equals the summation of the
torque from each single polymer attached to the probe. As shown
in Fig. 6, n [-] is the number of bonded polymers in a line along
the hypotenuse of the V-shaped probe, which was calculated
based on the grafting distance, Al. Here, only the polymers
attached to the edge of the V-shaped probe were considered. This
is because the laminar boundary layer develops from the front
edge of the oblique side of the probe, as shown in Fig. 6(c). The
boundary layer on the wall of the probe was much thicker than
the polymer sizes [51]. Therefore, only the mPEG-SH attached
at the edge was subjected to flow and considered in the
calculation. In addition, /i [m] is the length between the upper
edge of the probe and the position where the polymer is attached.
The angle O is the tilt angle of the cantilever, and the angle o is
half the apex angle. Here, the grafting distance, A/, was
calculated based on data obtained from previous studies; A/ of
mPEG-SH10k, mPEG-SH20k, and mPEG-SH40k were 2.5, 3.9,
and 4.9 nm, respectively [51, 52]. The index ¢ of mPEG-SH
calculated by f'was varied from 0.015 to 0.1. Here, the persistent
length /op in the calculation of ¢ was referred to a previous study,
which is 3.8 x 107! m [54]. The value of ¢ suggests that the
mPEG-SH attached to the cantilever probe did not reach an
extended state only by the force applied in the flow. However,
the conformation of polymers densely grafted on a surface tends
to be stretched [52]. Therefore, the stem and ellipsoidal-flower
shape was proposed as a mPEG-SH conformation to calculate
the contribution of each polymer molecule to the flow on AF—
see Figs. 7(a) and (b) [51].

As shown in Figs. 7(a) and (b), to estimate the polymer
conformation, the number of monomers in the stem part, Nstem [-],
and that in the ellipsoidal-flower part, Naower [-], must be
calculated. Therefore, the force balance between the stem and
ellipsoidal-flower parts was examined. Here, the sum of Nstem
and Nrower 18 the total number of monomers, Notal [-], in a single
mPEG-SH. The force owing to the stem part, FwLc [N], was
calculated using the WLC model. The model described in Eq. (4)
is used to calculate the force required to stretch a single polymer
chain [22, 25, 27].

F _ kgT [ 1 + x 1] @
wie lop 4(1 — x/Liota)  Liotat 4

where lop is the persistent length, which is the same as in the
calculation, ¢, x [m] is the extension length, and Liota [m] is the
contour length. Here, x = Nstem X lop, and Liotal = Niotal X lop. The
force resulting from the ellipsoidal-flower part, Fistokes [N], was
calculated using the Stokes drag model of the ellipsoid [55, 56]:

6 | J. Name., 2012, 00, 1-3

p

1
Fstokes = 6T, {1 - g(l - T_)}V
a

Q)

Here, ra [m] and v [m] are the radii of the minor and major axes
of the ellipsoidal-flower part, respectively—see Fig. 7(b).
Moreover, ra was assumed to be half length of the grafting
distance, which is a constant value. To keep the stem and
ellipsoidal-flower shape of a polymer molecule in the flow
steadily, FwLc and Fiswokes should be balanced. Therefore, the
force balance between Fwic and Fisiokes Was used to obtain 7b at
each velocity and solution viscosity. In the calculations, 7. was
fixed at the half length of the grafting distance, and 7 was
gradually varied to minimize the difference between Fwrc and
Fswokes. Then, r was used to calculate the number of monomers
in the ellipsoidal-flower part by 7o = a(Nfiower)*, where a [m] =
3.8 x 1071 m is the diameter of a monomer in PEG. The number
of monomers in the stem part was also obtained by Nstem = Niotal
— Nrower. Indeed, most of the monomers in a single polymer chain
are in the ellipsoidal-flower part. Thus, it can be concluded that
only the ellipsoidal-flower part that was mainly subjected to the
flow contributed to the increase in the drag force. Consequently,
the drag force, Fiwokes, caused by the ellipsoidal-flower part was
considered a contribution of a single polymer chain, fsingie [N], as
Jfsingle = Fiswokes. Finally, Eq. (6) was derived to compare the
experimentally obtained value AF' to the value calculated by the
drag force of the polymer chains attached to the probe edge. In
addition, Eq. (7) was derived by combining Eq. (6) with Egs. (3)
and (5) to clarify the relationship between AF and V. As
summarized in Eq. (7), our model simply describes the effects of
velocity and polymer conformation on the increase of ' without
any fitting parameter.

(@)  L=100pm ~‘

3
2
]
<«
X
;‘ f

@ .

n=1
n=2 '."Q.‘o
2 Tum
¢ n

~12um

, Ly Xcosa

7pum
;X cosa

n=i-1

____________________ "™ Laminar boundary layer

develops from the edge

Fig. 6 (a) Lateral view of the cantilever with gold-coated probe
where the mPEG-SH attached, (b) upside-down image of the
cantilever to illustrate the V-shaped probe, where mPEG-SH
molecules attach to both its lateral sides, (c) close-up figure of
the probe to indicate /i and A/ along the edge, and the initial
point of the laminar boundary layer development, and (d) close-
up figure of the probe from the downstream view showing the
apex angle.
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(a)

Flow  wic= Ftokes

F, Stokes

Niower = Niota= Vstem

Polymer attached to Entangled polymer

the surface
Fig. 7 (a) Force balance between the stem part and the
ellipsoidal-flower part in a flow, (b) close-up figure of the
polymer, focusing on the number of monomers, and (c)
schematic of polymer entanglement in a flow; a polymer in a
flow is entangled with a polymer attached to the gold-coated
surface.

(Z};lfsingleli X cosa) X 2 X cosf

AF 3 )

AF =A XV, @)

Figure 8 shows the comparison described in Eq. (7), which
was applied to the increase in force, AF, in the flows of glycerol
solutions. Here, AF was calculated by comparing the forces
measured by a naked cantilever and by a mPEG-SH-bonded
cantilever. The molecular weight of mPEG-SH was varied from
10k to 40k, and the concentration of the glycerol solution was
varied from 5 to 35 wt%. The open symbols show the
experimental values with error bars, and the solid lines show the
calculated values obtained using Eq. (7). The experimental and
calculated values are similar for each glycerol solution and for
each molecular weight of mPEG-SH. Therefore, the assumption
of the polymer conformation as a stem and ellipsoidal-flower
model and the drag force calculated by the Stokes drag of the
ellipsoidal flower was more generalized for several molecular
weights of mPEG-SH.

However, in the case of AF—comparing the force measured
by a naked cantilever and by a mPEG-SH-bonded cantilever in
the flow of PEG solutions—the increase was larger than that in
the flow of glycerol solutions. Thus, the assumption of the stem
and ellipsoidal-flower model for a single chain to calculate the
drag force based on the velocity around the polymer chain and
the viscosity of the solution did not fit well. It is considered that
the increase resulted from polymer—polymer interaction in the
flow: for instance, PEG molecules in the flow were caught by
mPEG-SH attached to the probe, as shown in Fig. 7(c). Although
PEG solutions flowing in the channel were categorized in dilute
or semidilute unentangled regime, the cantilever was subjected
to the flow, and the PEG solutions were continued to flow.
Therefore, polymers in the flow may entangle or attach to the
polymers grafted on the cantilever. Here, it is assumed that PEG

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

in the flow was entangled with the mPEG-SH on the probe, and
the Stokes drag from these polymers was calculated. To calculate
the drag force of polymers, i.e., the mPEG-SH entangled with
PEG, as shown in Fig. 7(c), the molecular weight of PEG was
added to that of mPEG-SH as if a larger molecular weight of

Exp. Cale.
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Glycerol 10wt%, A& ———
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a Glycerol 22wt%. © ———
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Velocity [mm/s]
Fig. 8 Comparison of the experimentally obtained AF (Exp.) and
the value obtained by Eq. (7) (Calc.) in the flows of glycerol
solutions. The molecular weights of mPEG-SH attached to the
cantilever probe were (a) 10k, (b) 20k, and (c) 40k.
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Fig. 9 Comparison of the experimentally obtained AF (Exp.) and
the value obtained by Eq. (7) (Calc.) in the flow of PEG solutions.
The molecular weights of mPEG-SH attached to the cantilever
probe were (a) 10k, (b) 20k, and (c) 40k. The black dot-line in
the figure shows the value of calculated AF without
entanglement in (a) PEG 10k 5.0wt%, (b) PEG 20k 3.0wt% and
(c) PEG 40k 2.0wt% solution.
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mPEG-SH were attached to the probe. The cantilevers with
mPEG-SH10k, mPEG-SH20k, and mPEG-SH40k were
immersed in the flow of PEG10k, PEG20k, and PEG35k
solutions, respectively. The difference in AF measured in PEG
solutions became larger when the molecular weight of mPEG-
SH attached to the probe and PEG in the flows was higher (see
Figs. 5 and 9). To describe the increase in AF depending on the
molecular weight of mPEG-SHs and PEGs, the number of
entangled polymers were varied. The 0.6 PEG10k chain on
average was entangled with mPEG-SH10k, a single PEG20k
chain on average was entangled with the mPEG-SH20k, and two
PEG35k chains on average were entangled with mPEG-SH40k.
Although the assumption was simple, the model illustrated in Fig.
7(c) describes the experimental data well, as shown in Fig. 9.
Therefore, the stem and ellipsoidal-flower model with the
assumption of polymer entanglement was considered reasonable
for explaining the increase in drag force caused by polymers in
the flow of the polymer solution. This model should be useful for
describing polymer—fluid and polymer—polymer interactions in a
flow. Because such small-scale interactions affect fluid behavior
on a larger scale, the model proposed in this study can elucidate
the complex behaviors of polymer solutions, which will be
considered in future work.

4. Conclusions

The drag force of mPEG-SH with several molecular weights
was measured in flows of glycerol and PEG solutions. The drag
force was affected by the molecular weights of mPEG-SH
attached to the cantilever probe, the solute, and the molecular
weight of the PEGs in the flows. The stem and ellipsoidal-flower
model proposed in a previous study [51] was adapted to describe
the drag force. The model fitted well to the drag force of mPEG-
SH with any molecular weight in glycerol solution flows.
However, the drag force measured in the flow of the PEG
solutions deviated from the model. This was attributed to the
polymer—polymer interaction in flows between mPEG-SH
attached to the probe and PEGs in the flow. To describe the
polymer—polymer interaction, the entanglement of polymers
with the mPEG-SH attached to the probe was considered in the
calculation. The drag force calculated by the stem and
ellipsoidal-flower model containing the increase in the force
resulting from polymer entanglement fit the experimental value
well. The model assumption was simple, but it described the drag
force of polymers well. Polymer deformations, entanglements,
and the force caused by these polymers in the near-wall region
affect the flows of non-Newtonian fluids. Therefore, the polymer
drag force prediction based on a simple model is deemed
promising.
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Drag force of polyethyleneglycol in flows of polymer solutions measured by a

scanning probe microscope
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SI1. Physical properties of glycerol and PEG solutions
The glycerol (FUJIFILM Wako Pure Chem. Corp.) and polyethyleneglycol (PEG,

FUJIFILM Wako Pure Chem. Corp.) solutions were prepared in a wide range of concentrations for the
drag force measurements. The concentration of each solution, viscosities, and densities are

summarized in Table SI1.

Table SI1. Physical properties of (a) glycerol, (b) PEG10k, (c) PEG20k and (d) PEG35k solution.

(a) (b)

Glycerol Concentration ~ Viscosity ~ Density PEG10k Concentration ~ Viscosity  Density
[Wt%] [x103Pa-s] [kg/m?] [Wt%] [x103Pa-s] [kg/m?]

5 1.15 1013 0.75 1.13 1002

6 1.24 1016 1.0 1.20 1004

8 1.32 1021 1.25 1.30 1008

10 1.4 1026 1.5 1.37 1009

15 1.59 1039 2.0 1.53 1013

22 1.88 1058 3.0 1.81 1025

35 241 1093 5.0 2.46 1046

(c) (d)

PEG20k Concentration Viscosity  Density PEG35k Concentration ~ Viscosity ~ Density
[wt%] [x103Pa-s] [kg/m?] [wt%] [x103Pa-s] [kg/m?]

0.5 1.13 1001 0.25 1.12 1001

0.75 1.23 1002 0.35 1.21 1001

1.0 1.32 1003 0.50 1.31 1001

1.25 1.39 1003 0.75 1.37 1003

1.5 1.59 1003 1.0 1.55 1003

2.0 1.83 1005 1.5 1.86 1008

3.0 241 1008 2.0 247 1010




Zero-shear specific viscosity, 7 [-], which is defined with the zero-shear viscosity 70 [Pa*
s] and the solution viscosity 75 [Pa-s], as 7 = (70 — 775)/ 735, of PEG solutions, was used to find the
overlap concentration, c* [g/ml], and entanglement concentration, c. [g/ml]. 7, of PEG solutions. 77

obtained in the present study reasonably follows the scaling index suggested in the previous studies as
shown in Fig. SI1 [1, 2]. ¢* and ¢, are shown in each figure.

102 T T 102 T T 102
() (b) (c)
101} . 1101} 101}
*;- E E |
& = i = ¢~ 7.0 g/ml
¢+ 7.9 g/ml & -
100 . 100} 096 : 1 100 87 ;
ic*~ 4.5 g/ml K : : 3
! c’ﬂ;k 25 g/ml c%+1.25 g/ml
101 : 101 e 101 - —
10 10" 10 102 10 10° 10! 102 107! 10° 10!
¢ [g/ml]

10?
¢ [g/ml]

¢ |g/ml]
Fig. SI1 7, of (a) PEG10k, (b) PEG20k and (c) PEG35k solutions.

S12. Example of the measurement data

An example of the experimental data detected by the SPM through the oscilloscope. The
oscilloscope did not detect any force when the sample solution was at rest. However, when the sample

solution flowed through the channel, the oscilloscope detected a drag force as shown in Fig. SI2.

Flowing sp
300 P A -
Z 200}
2 Resting
g
S 100}

0 10 20 30 40
Time [sec]

Fig. SI2 The force detected by the cantilever in the flow of glycerol 22wt% solution at the flow rate
of 4mL/min.



S13. Evaluation of the experiments

The Cq4 values of the naked cantilever probe measured in the PEG10k and PEG35k solutions
are shown in Fig. SI3, which are also a function of Re. Cs—Re is independent of the solution around

the naked cantilever, verifying the validity of the measurements.

(a) (b)
105 without mPEG-SH 105 without mPEG-SH
' in PEG 10k sol. ' in PEG 35k sol.
O PEG 0.75wt%. 0 PEG 0.25wt%.
O PEG 1.0wt%. <O PEG 0.35wt%.
+ PEG 1.25wt%. + PEG 0.5wt%.
® PEG 1.5wt%. ® PEG 0.75wt%.
& PEG 2.0wt%. ¢ PEG 1.0wt%.
vPEG 3.0“t°/3. — vPEG l.S“t"/z.
- . 5] NPEG 5.0wt%. . 4 - NPEG 2.0wt%.
S 104} b < 104} v
o % | S ISD%
Yy Ty
® .%%
103 . 103 -
103 102 101 103 102 101
Re[-] Re [-]

Fig. SI3 Cy-Re plot for the naked cantilever probe in (a) PEG10k and (b) PEG35k solutions.

SI4. Parameters and examples of calculated values to obtain AF by Eq. (5)

Here we summarize several important parameters and calculated values to obtain AF by Eq.
(5). Dimensions of the cantilever and calculated values based on the dimensions are summarized in
Table SI2. The grafting distance, A/, was calculated based on data obtained from previous studies,
which is summarized in Table SI3. Table SI4 summarized the velocities ' [mm/s] of glycerol solution

at each flow rate as examples. Table SI5 summarized the averaged values of fingle [pN] of each PEG

in glycerol solutions at each flow rate as examples.

Table SI2. Dimensions of the cantilever.

cosa cosd L [nm]

0.754 0.966 100

Table SI3. The grafting distance, A/, of mMPEG-SH of each molecular weight.

mPEG-SH Al [nm]
10k 25
20k 3.9

40k 4.9




Table SI4. The velocity, V' [mm/s], of each glycerol solution at each flow rate. The position measured

the velocity was the height of 1.4 mm, at the test position in the flow channel.

Flow rates [mL/min] 5 wt% 10 wt% 15 wt% 22 wt% 35 wt%
2.0 1.69 1.69 1.69 1.68 1.68
3.0 2.50 2.48 2.46 2.43 2.39
4.0 3.41 3.39 3.38 3.36 3.32
5.0 4.33 4.29 4.26 422 4.14

Table SIS. The averaged values of fingle [pN] of mPEG-SH (a) 10k, (b) 20k and (c) 40k in glycerol

solution at each concentration at each flow rate.

(a)
Flow rates [mL/min] 5 wt% 10 wt% 15 wt% 22 wt% 35 wt%
2.0 0.108 0.132 0.149 0.176 0.226
3.0 0.160 0.194 0.218 0.255 0.321
4.0 0.218 0.265 0.299 0.352 0.446
5.0 0.277 0.336 0.377 0.442 0.557
(b)
Flow rates [mL/min] 5 wt% 10 wt% 15 wt% 22 wt% 35 wt%
2.0 0.165 0.202 0.228 0.269 0.345
3.0 0.244 0.295 0.332 0.388 0.487
4.0 0.333 0.404 0.454 0.533 0.675
5.0 0.421 0.509 0.571 0.668 0.838
(c)
Flow rates [mL/min] 5 wt% 10 wt% 15 wt% 22 wt% 35 wt%
2.0 0.235 0.287 0.324 0.382 0.489
3.0 0.347 0.419 0.470 0.551 0.688
4.0 0.472 0.574 0.641 0.754 0.957
5.0 0.598 0.720 0.809 0.947 1.194
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