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ABSTRACT: Understanding the transport and thermodynamics of polymers in confined N 7

spaces is helpful for many separation processes like water purification, drug delivery, and oil  soutionfe___ ' €

recovery. Specifically, for water purification, dextran has been used as a “model” foulant. coversip,_ rZ/@S |”°
Uncovering how these polymers interact in confinement can reduce the fouling of organic ( D ]

membranes and will lead to better separation processes overall. We have determined the
diffusion coefficient, D, of dextran and sodium polyacrylate in convex lens-induced
confinement using differential dynamic microscopy. In this setup, the gap height ranges
continuously from 0.077—21.8 um. It was found that polymer diffusion becomes slower in
higher confinement, which is consistent with a change in the increase of the hydrodynamic
resistance to macromolecule motion and depends on the surface properties. These findings
indicate that dextran diffusion changes in confinement and can lead to a better
understanding of separation processes.
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P olymer diffusion in confinement is important for many confinement increases, which is consistent with hydrodynamic
applications such as membrane separation,'~* oil theory.""

recovery,s’6 and materials processing.7’8 In oil recovery, Recently, using CLiC and particle tracking, Berard et al.'®
polyacrylamide and other polymers are used as additives to found that DNA molecules diffuse slower with increasing
aid the process.”® More specifically for membrane separation, confinement, which ranged from 100—150 nm. Leith et al.'’
polysaccharides like dextran typically foul poly(ether sulfone) used CLiC as well to determine how the conformational free
(PES) ultrafiltration (UF) membranes.”'® Because of this it is energy of DNA molecules changes in confinement ranging
important to understand how these model foulants diffuse in from 100 to 1600 nm. Like Berard, Leith found that DNA
confinement, which can lead to more efficient membrane molecules diffuse slower in strong confinement, and that the
separation and aid separation processes overall. In this Letter conformational free energy is much stronger than in the bulk.
we have determined the diffusion of dextran and sodium Because of these changes in conformational free energy, the
polyacrylate in confinement using Differential Dynamic DNA molecules were found to be more rod-like and extended
Microscopy (DDM) and Convex Lens-induced Confinement in high confinement and more coil-like in the bulk. The
(CLiC). Schwartz group has also used CLiC and particle tracking to
There has been much research done to investigate the study the dynamics of short DNA molecules in confinement
dynamics of polymers in confinement, but direct determination ranging from 112.5—187.5 nm and polyelectrolyte surface
of flexible polymer dynamics in a large range of confinement diffusion.'"™"” They found that the DNA diffusion was
has been difficult to obtain. Davidson and Deen studied the hindered for shorter fragments as well. In the polyelectrolyte
diffusion of differ.ent \.,vatelr-soluble polymers in membranes anlcll surface diffusion study, they found that chemically modifying
found that the diffusion is slowed as confinement increases. the glass surface used in CLiC can affect the diffusion of poly-

12 1 .
Guo et al. * used Dynamic Light Scattering (DLS) to look at L-lysine in confinement. CLiC has been shown to be a versatile

the diffusion of polystyrene in glass pores. Sigxilar to Davidson technique used to study confinement effects, but due to a lack
and Deen, they found that the diffusion is slowed due to of contrast, most of the research has focused on slower surface

hydrodynamic changes near the surface and decreases diffusion or diffusion of semiflexible polymers like DNA.
monotonically with confinement. This is primarily due to the

nonslip condition at the boundary. Sevick et al. have found - TETT—-
that, for fluid—fluid interfaces, the nonslip condition no longer Received:  January 9, 2023 LT
applies, which reduces the effect of hydrodynamic drag.'’ Acce_Pted’ January 23, 2023 égx,
Bohrer et al."* further investigated the findings of Deen et al."® Published: January 27, 2023 e J
that examined the diffusion of two different polysaccharides, &
dextran and ficoll. All these hindered diffusion studies reached m—
similar conclusions: that flexible polymers diffuse slower as the
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Light scattering ensemble-averaged techniques, such as DLS
are well suited to investigate the dynamics of polymers in
solution.”””' However, using DLS sacrifices real-space
information and is generally limited in terms of sample
preparation, whereas DDM can take real-space information
and analyze it in the Fourier domain. By converting these real-
space images into a Fourier domain, the real-space information
will still be retained even in the Fourier-space analysis.”” In this
way, DDM is a powerful tool that can be used to determine
diffusion in place of DLS. Previous studies conducted by
Cerbino and Giavazzi have also confirmed that DDM can
provide similar information to that of DLS and provides
information at lower scattering wave vectors, q.23’21’24_26 The
main advantage of this technique is that optical resolution is
not necessary, so diffusion studies of molecules not resolved in
the microscope are possible, without the use of expensive
camera setups. Because of this, DDM can be used to study the
dynamics of flexible polymers and high concentrations of
particles.””** Notably, DDM can be used to analyze confocal,
fluorescent microscopy, and other microscopy videos.””
Recently, we have also shown that in a CLiC setup, DDM
can be used to understand local viscosity changes due to
surfaces and may be used as a powerful tool to investigate how
different surface interactions change local dynamics.

In this Letter we report the dynamics of flexible polymers,
such as dextran and sodium polyacrylate, near glass surfaces,
and surfaces stabilized by a surfactant layer. To generate
confinement, we have used CLiC techniques, with a total gap
height range of 0.077—21.8 um. We demonstrate that using the
combination of DDM and CLiC makes studying flexible
polymer dynamics in confinement feasible and will potentially
lead to a better understanding of the behavior of model
“foulants” near surfaces with different boundary conditions.

Dextran solutions were prepared by dissolving Sigma
tetramethylrhodamine isothiocyanate (dextran; MW ~
500000 g/mol) and Invitrogen dextran, tetramethylrhodamine
(70000 and 2000000 g/mol) in deionized water. The polymer
was already fluorescently conjugated, with 3—6 dyes per 70000
g/mol, so no further action was necessary. The solutions were
filtered through a 0.45 pm poly(ether sulfone) (PES) filter
prior to imaging. While the 0.5—1 mg/mL experiments were
repeated once, the 2 mg/mL data was repeated 3 times.
Sodium polyacrylate (NaPA) solutions were prepared by
dissolving 10 mg of Polymer Source poly(acrylic acid sodium
salt) (M,: 432000, M,: 478000, PDI: 1.10) in 10 mL of DI
water. It was then fluorescently tagged via a triazine coupling”’
using 125 uL of Alexa Fluor 488 dye and 30 mg of Aldrich 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM). The DLS measurements were taken with
the Brookhaven Instruments Corporation BI-200SM Goni-
ometer. Before measurement, all solutions were filtered into
clean vials with a 045 um PES filter. Light scattering
measurements were taken at angles @ = 50, 70, 90, 110, and
120°, using a laser with a wavelength ~640 nm. The
autocorrelation function was then fit with a cumulant fit with
a relaxation rate I'™:

&
C(t) = A exp| —2I't + Ki7* — ?313 +B

(1)

here K, and Kj are constants related to the dispersity and the
skew of the distribution. Then the diffusion coefficient, D, was
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calculated from the slope of I' versus q°, assuming that the
dynamics are Brownian:

q ()

where q is the scattering vector, equal to % sin(6/2), for

which # is the index of refraction of the solvent (~1.33) and A
is the laser wavelength.

To image and examine dextran diffusion in confinement,
CLiC (Figure 1) was used in combination with DDM. A

X
«—>

lens

coversli&

Figure 1. Convex lens-induced confinement setup.

solution—{=

=3

TECHSPEC 25.4 mm diameter X 200 mm FL, uncoated
ultrafast thin PCX convex lens (radius of curvature ~ 91.80
mm) was secured on top of a 25 mm Electron Microscopy
Sciences photoetched glass coverslip using an in-house 3D
printed sample holder.”” A 25 mm ruler was placed on top of
the convex lens. The ruler, lens, and coverslip were cleaned
with acetone and then rinsed with deionized water twice. The
surfaces were then ozone etched using the Jelight UV-Ozone
Model 24 for 15 min. This setup was secured on a 40 X 80 mm
flat plate sample holder with four 15 mm height and 7 mm
diameter posts. The Leica DMI 4000B microscope was used
and connected to a Basler Ace camera, where a series of
micrographs (480 X 480 pixels) were collected at 100—200
frames per second, depending on the molecular weight. The
pixel size in these images is 0.064 um. The exposure time was
5000—10000 ps, and an oil immersive 100X objective was used
for all radial positions and heights. Two thousand micrographs
were collected for each sample, and diffusion coeflicients for
four separate z locations within the channel, at the surface, 200
nm, 400 nm, and 1 ym, were averaged.

The heights within the channel were determined by loading
a dye in a phosphate buffer saline solution in the CLiC setup.
Three different Alexa Fluor 488 dye concentrations (0.01, 0.0,
and 0.1 mg/mL) were imaged at the contact point at the same
exposure time. The images were then azimuthally averaged to
determine the height profile within the CLiC setup. The
theoretical height was based off the curvature of the lens:*

2
X

°T 3R,

3)
where hj is the height within the channel, x is the radial
distance from the contact point, and R, is the lens radius of
curvature.

DDM analyzes temporal intensity fluctuations, much like
DLS. These intensity fluctuations are found by taking a time
difference between all the images for different time intervals
and is given by

I(y, t, At) = I(y, t + At) — I(y, t) (4)

As shown in Figure S2, a Fourier transform is then done on
these intensity fluctuations at different time delays and

https://doi.org/10.1021/acsmacrolett.3c00015
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averaged out to produce the Intermediate Scattering Function

(ISE):

ISF(q, At) = (1Al(q, At)P) (s)

Finally, the relaxation rates were obtained by fitting with
ISF(q, At) = A(q)[1 — exp(-=I'(g)At)] + B(q) (6)

where A(q) and B(q) depend on the microscope’s optical
properties, and g is the wave-vector that corresponds to the

inverse spatial position in the image, ¢ = Zﬂﬂluj + uy2 , where

u, and u, are the coordinates of the image in the Fourier

27 . P . .
space.”’ Alternatively, if a single exponential fit is not able to
capture the shape of the DDM function, a cumulant fit can be
+ B(q)

used:
el - 7y
® 7.(q) 2
(7)

where 7.(q) is the wave-vector dependent relaxation time and
ut* is the relative polydispersity.’

The DDM results are compared to DLS results in Figure 2
by plotting the averaged I versus ¢* data for 0.5, 1, and 2 mg/

A(q, 7) = A(q)

T
1 mg/mL DDM
1 mg/mL DLS
NaPA DLS
NaPA DDM £4
2 mg/mL DDM
2 mg/mL DLS A
* 0.5 mg/mL 500K DDM A E
0.5 mg/mL 500K DLS
A 0.5mg/mL70KDLS
0.5 mg/mL 2000K DLS|

100 E

10000

1000 |

r(1fs)

1 10
9% (um?)
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Figure 2. Comparison of DDM and DLS data for various dextran
concentrations in the bulk.

mL dextran in DI water at x = 2.0 mm, hy = 21.8 pm with the
bulk DLS results. For our system, the DLS and DDM
measurements are very similar (Table 1). While the data
within each channel is very consistent, there is a spread of ~1.5
ﬂmz/ s between independent trials, which makes the 0.5 and 1
mg/mL data within error of each other. We attribute any
differences to the slightly different ways of determining the

Table 1. DDM and DLS Diffusion Coefficient and
Hydrodynamic Radius Values for Various Dextran
Concentrations

Dy (um?®/s) Ry,(nm)

(mg/mL) DDM DLS PDI” DDM DLS
0.5 (500k) 8+1 10 + 1 0.5 26 + 3 22 +2
1 (S00k) 9+08 8+1 0.5 23+2 26+ 3
2 (500k) 7+13 7x1 05 31+6 30 + 4
0.5 (70k) 35+1 0.6 6+ 02
2 (70k) 47 £ 1 4.6 + 0.1
0.5 (2000k) 6+1 0.5 3
1 (NaPA) 65+ 1 6+1 34+5 35+6

“Measured at hy = 12—21.8 yum. *PDI = K,/T™
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relaxation times, since a cumulant fit was used to analyze the
DLS results. The NaPA data DLS and DDM data has been fit
with a single exponential and are within error of each other.
Therefore, DDM can be a comparable technique to DLS.
From the I' versus q* trends (Figure 2), the diffusion
coefficient, D, was obtained. All the observed trends were
linear, indicating there is Brownian motion within the channel.
In Figure 3b, all the diffusion coeflicients are normalized by
D, to give the mean relative diffusion coefficient, D/D,. Here,

1 T T
a) ® 1mg/mL
10} [ ® 2mgmL ]
) s
. 9| ] _
[ 1]
£ Lo i
Q gl 1 J
¢ $
51 | ]
L]
s ]
3 1 1 1
0.1 1 10
hy (um)
b T T T T
) 12t
1.0¢
¥ 08 )
g 1 i
0.6 ® 1 mg/mL Dextran| ®
: ® 2mg/mL Dextran T ’
A 2 mg/mL NaPA
0.2 mg/mL NaPA|
0.4 - |—Theoretical
0.001 0.01 0.1 1

g

Figure 3. (a) Measured diffusion coefficient for 1 and 2 mg/mL as a
function of total gap height h,. (b) Normalized diffusion of 1 and 2
mg/mL dextran in deionized water as function of the confinement
parameter, Ayy. Theoretical line is given by eq 9.

D, is the diffusion coefficient value at the gap height of 21.8
um, which is considered to be the bulk dynamics regime
(Table 1). D/Dy is plotted against the confinement parameter
Ay, which is equal to 2Ry /hy. Ry, is the hydrodynamic radius
(~30 nm for dextran in the bulk) and A, is the confinement
height ranging from 0.077—21.8 pum. Ry, was calculated using
the Stokes—Einstein equation:

kT
6mR,,

which relates D, to the hydrodynamic radius of the polymer.
The experimental result matches the theoretical prediction

of the diffusion of flexible, coiled, water-soluble polymers in
confinement due to changes in hydrodynamics in a channel:"!

D

0

(8)

11

= OK™!

D, )
where @ the partition coefficient, equal to (1 — 4)* for hard
sphere interactions, and K™ is the increased hydrodynamic
drag on the macromolecule. According to Davidson and Deen:

K™'=1— 2848, + 3.2691; — 1.3614; (10)
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The model accounts for the hydrodynamic drag experienced
by the macromolecules due to the confined space of the pore
in the absence of interactions like electrostatics when flux is
governed by diffusivity using the centerline approximation.
The polynomial is an approximate solution from the calculated
hydrodynamic model, tabulated in Davidson and Deen’”
accurate to within 2% for 4 < 0.87.

Equation 9 is plotted in Figure 3b against the experimental
results for 1 and 2 mg/mL dextran in deionized water. As Ay
tends to 0, D/D, for dextran for both 1 and 2 mg/mL
concentrations is close to what is predicted theoretically. For
the 1 mg/mL sample, diffusion is slower than expected, even in
moderate confinement. For the 2 mg/mL, diffusion is higher
than predicted. This may be attributed to the concentration
dependence of D, and how the polymer partitions in the
geometry. As shown in Figure 3a, the 1 and 2 mg/mL data are
different in the “bulk”, but quickly converge to the same value
in confinement. It is known that the concentration in
confinement is much lower than the bulk, and the two D
values match for hy < 5 pm.” Similarly, the diffusion of the
charged polymer NaPA follows eq 9. As the confinement
increased, the signal became increasingly too weak to measure
any diffusion for 0.2 mg/mL. Equation 9 also assumes a
cylindrical pore, therefore, our experimental results may
deviate from the theory provided. This can especially be
important when considering that dextran is polydisperse and
size separation is likely in confinement.

To study the effect of molecular weight, the diffusion of
70000, 500000, and 2000000 g/mol dextran solutions was
determined (Figure 4). For hy = 12.25 pm, D scales as v = 0.9

e 500,000 g/mol
. e 70,000 g/mol

D (um?'s)

{§§§

0.01

0.001
A

Figure 4. D vs Ay for two molecular weight dextrans (70000 and
500000 g/mol).

with molecular weight, which is much larger than the DLS
result of v = 0.5 for 0.5 mg/mL, consistent with the differences
in fitting. At Ay ~ 0.02, diffusion scales with molecular weight
to the 0.44 power, which may indicate size partitioning in the
channel, since the confinement is not strong enough to lead to
conformational changes.’* This value is expected for dextran
and the larger v = 0.9 bulk value may be due to dispersity or
aggregation in solution. In strong confinement to even
intermediate confinement (h, = 0.08—5.45 um), no diffusion
was measured for the 2000000 g/mol dextran up to S mg/mL
of total concentration. We assume that almost all high
molecular weight dextran is adsorbed to the glass surface in
that confinement region. Measured diffusion in the bulk (h, =
12.25—21.8 pum) is reported in the SI (Figure S7). Confocal
images of the surfaces are in the SI (Figure S8).
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The diffusion of dextran was further investigated on
chemically modified surfaces. The surface was cleaned as
described earlier and then treated with perfluorodecyltrichlor-
osilane via molecular vapor deposition, creating a hydrophobic
monolayer on both the lens and coverslip. Triton X-100 was
added to the dextran solutions below the critical micelle
concentration to stabilize the hydrophobic surfaces in the
CLiC setup. Interestingly, in strong confinement the diffusion
on the modified surfaced varied drastically, compared to the
unmodified surface, and fluctuated around a constant value,
even as Ay approached 1 (Figure S). This indicates that either

9t 4
8t ' .
@ -
% T - f ) 1
& ?
€ |
= 6f T
Q e I
5r + k
s | 4
® 500,000 g/mol UM i
3 1 1 1
0.001 0.01 0.1 1

Ay

Figure 5. Measured diffusion vs Ay for 2 mg/mL dextran (MW
500000 g/mol) on unmodified (UM) and chemically modified (CM)

surfaces.

the surface treatment or the stabilizing surfactant layer
suppressed changes in hydrodynamics near the glass surface.
This has been observed for liquid—liquid interfaces, where
diffusion is effected by the viscosity of both liquids and is an
interesting finding that requires further study.'>*>*® To
completely understand how “softer” surfaces influence the
surface-induced hydrodynamic drag, the DDM/CLIiC setup
may be used with other surface modifications, including lipid
bilayers, polymer brushes, and gels.

The behavior observed in these experiments demonstrates
an important step in understanding the dynamics of flexible
polymers in confinement, and the change in hydrodynamics as
a function of surface treatment. In this letter, we demonstrate
that DDM and CLIiC can effectively be used to determine how
flexible polymers diffuse near surfaces with different boundary
conditions. The confinement range in this setup was from
0.077—21.8 ym. The diffusion of model polymers dextran and
sodium polyacrylate slows down in high confinement, which is
predicted by hydrodynamics. Near surfactant-stabilized hydro-
phobic surfaces, however, no change in dextran diffusion is
observed. Ultimately, we believe that these results will be
beneficial to future applications, including membrane separa-
tion, oil recovery, and much more. These findings also validate
the use of CLiC and DDM in predicting the diffusion of these
flexible polymers near complex surfaces.
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