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Effect of trimethylamine-N-oxide on the phase
separation of aqueous polyethylene
glycol-600-Dextran-75 two-phase systemsf
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The emergence of phase separation in both intracellular biomolecular condensates (membrane-less
organelles) and in vitro aqueous two-phase systems (ATPS) relies on the formation of immiscible water-
based phases/domains. The solvent properties and arrangement of hydrogen bonds within these
domains have been shown to differ and can be modulated with the addition of various inorganic salts
and osmolytes. The naturally occuring osmolyte, trimethylamine-N-oxide (TMAO), is well established as
a biological condensate stabilizer whose presence results in enhanced phase separation of intracellular
membrane-less compartments. Here, we show the unique effect of TMAO on the mechanism of phase
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separation in model PEG-600-Dextran-75 ATPS using dynamic and static light scattering in conjunction
with ATR-FTIR and solvatochromic analysis. We observe that the presence of TMAO may enhance
or destabilize phase separation depending on the concentration of phase forming components.
Additionally, the behavior and density of mesoscopic polymer agglomerates, which arise prior to
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Introduction

Liquid-liquid phase separation (LLPS) is a universal process
that drives the formation of numerous membrane-less intra-
cellular compartments, such as stress-granules, Cajal bodies,
P-bodies, and centrosomes,'™ which can be found in the
nucleus, cytoplasm, and mitochondria/chloroplasts of eukar-
yotic cells, as well as within bacteria and archaea. These
compartmentalized cellular bodies (foci, puncta, membrane-
less organelles, or biomolecular condensates) contain vastly
different protein/RNA/macromolecule concentrations com-
pared to the surrounding cytosol, nucleosol or mitochondrial
matrix despite the absence of a lipid boundary. LLPS is one of
the fundamental mechanisms for organizing intracellular
space, but currently different models of the mechanism behind
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macroscopic phase separation, are altered by the presence and concentration of TMAO.

LLPS formation are debated.’®** However, there seems to be
an agreement that water, specifically the structure and strength
of its interactions, plays an important role in the cellular LLPS
processes.'”

Aqueous two-phase systems (ATPSs) have been proposed as
the simplest in vitro model system for analyzing the governing
principles behind the emergence of LLPS.>® ATPSs are formed
from mixtures of two polymers or a single polymer and
inorganic/organic salt or other low molecular weight organic
compounds, ionic liquids, surfactants, proteins, polysac-
charides, etc. in water.”**® When the concentrations of
phase-forming solutes exceed a particular threshold (e.g., bino-
dal line in Fig. 1), the mixture separates into two phases
containing predominantly one of the phase-forming solutes,
a small concentration of the other solute, and water at a
concentration approximately in the range of 80-90 mol%.

An example of a typical two-dimensional phase diagram for
ATPSs formed with two polymers (Dextran-75 and PEG-8000)
is presented in Fig. 1. The curved, binodal line separates two
regions of polymer compositions. All compositions below the
binodal line correspond to a visually homogeneous single-
phase region, while those above the binodal line correspond
to the region of two-phase systems. Points representing the
compositions of the upper and lower phases lie on the binodal
curve. The line connecting the compositions of the two co-
existing phases and the overall composition of the system is
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Fig.1 Phase diagram of Dextran-75-PEG-8000 ATPS in 0.15 M NaCl/
0.01 M Na-phosphate buffer (NaPB), pH 7.4. Ao, A, and A, represent
systems with the three different volume ratios lying on a straight tie-line
between compositions of the coexisting phases represented by points D
(lower, Dextran-rich phase) and P (upper, PEG-rich phase). C represents
the critical point determined by extrapolation through the midpoints of
several tie-lines. Data taken from ref. 31.

called a tie line. The length of the tie line decreases as the
concentrations of the two polymers in a given ATPS is reduced.
At a certain point called the critical point (point C in Fig. 1) the
compositions of the two coexisting phases are identical.

It is well established that the solvent properties of aqueous
media in the phases of ATPSs are different and depend upon
the specific composition of the phases.'®?¢2% The solvent
properties of water in individual phases of ATPSs can be
characterized using the Kamlet-Taft solvatochromic compar-
ison method, allowing for the estimation of a solvent’s ability to
participate in dipole-dipole and dipole-induced-dipole interac-
tions (solvent dipolarity/polarizability, n*), donate a hydrogen
bond (hydrogen bond donor (HBD) acidity, «), and accept
a hydrogen bond (solvent hydrogen bond acceptor (HBA)
basicity, ). The partition behavior of various solutes between
the phases of an ATPS are governed by these solvent
properties.'82673¢

The differences in solvent properties between phases have
been suggested to originate from the rearrangement of water
hydrogen bonds (H-bonds).** The arrangement of H-bonds can be
estimated by analyzing the OH-stretch band (4000-2500 cm™ ") of
aqueous solutions. We have previously established a model based
on the decomposition of the OH-stretch band into four Gaussian
components assigned to different subpopulations of water.*>
Components at lower optical frequencies are generally assigned
to water molecules forming strong, ice-like, H-bonds, while those
at higher frequencies are assigned to water molecules in an
environment with weaker and/or distorted H-bonds. We have
recently established that the arrangement of H-bonds in the two
phases of ATPS are different and strongly correlate with the solvent
properties of the individual phases.>*** A theoretical model has
been proposed, in which different water domains with dissimilar
solvent properties are formed, and both their size and difference
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amplify with the increase of polymer concentrations, leading to
emergence of interfacial tension and the formation of two aqueous
phases.?**? We have previously found that at concentrations below
the threshold of phase separation, the arrangement of H-bonds in
water abruptly changes, and agglomerates of one of the polymers
in the mixture are formed.”® We suggest that the underlying
principles of this agglomerate formation and phase separation
in ATPS are comparable to those governing LLPS in the formation
of membrane-less biocondensates.>"

Solvent properties also strongly correlate with changes in
protein and nucleic acid stability with the addition of osmo-
lytes.”® Osmolytes are a critical component of LLPS as they
affect cellular homeostasis in aqueous solution by countering
external changes in osmotic pressure, resulting in enhanced
phase separation of membrane-less compartments.**> The
osmolyte, trimethylamine-N-oxide (TMAO), has been shown to
stabilize biological condensate droplets and protect proteins
and nucleic acids from denaturation.>***° This stabilizing
effect of TMAO has been suggested to occur via strengthening
of the H-bond network via reorganization of H-bonds in aqu-
eous solution.**?°*> It has also been suggested that the
direct stabilization of proteins by TMAO is less significant
than TMAO’s indirect stabilizing effect via TMAO-water
complexes.*® Here, we examine in detail the effects of TMAO
on phase separation, agglomerate formation and structure, and
H-bond arrangement in model ATPS formed by two nonionic
polymers (polyethylene glycol and Dextran).

Materials and methods

Materials

Polymers. Polyethylene glycol (PEG-600, lot. 1KD0658) with
an average molecular weight of 600 g mol ' was obtained by
Spectrum Chemical Mfg. Corp. (New Brunswick, NJ, USA).
Dextran-75 (lot. 119945) with an average molecular weight of
75000 was obtained by USB Corporation (Cleveland, OH, USA).

Organic compounds and other chemicals. Trimethylamine
N-oxide (TMAO) and 4-nitrophenol of the highest purity grade
were purchased from Sigma-Aldrich and used without further
purification. 4-Nitroanisole (GC, >99%) was supplied by Acros
organic (New Jersey, USA). Reichardt’s carboxylated betaine dye
sodium (2,6-diphenul-4-[4-(4-carboxylato-phenyl)-2,6-diphenylpyri-
dinium-1-yl)phenolate] was synthesized as previously described.**
Ultrapure water (18.5 mQ) purified using a Milli-Q™ lab water
system (EMD Millipore Sigma, Burlington, MA, USA) was used for
the preparation of all solutions.

Methods

Aqueous two-phase systems (ATPS). ATPS were prepared by
mixing appropriate amounts of the aqueous stock solutions for
PEG-600 (90 wt%), Dextran-75 (42 wt%), TMAO (5.0 M), 3 M
NaCl in 0.2 M sodium phosphate buffer (NaPB), pH 7.4, and
water. Separate stock solutions of 0.15 M NaCl/0.01 M NaPB,
pH 7.4 with no TMAO, 2 wt% TMAO and 7.2 wt% TMAO were
prepared and used as the diluents for mixed ATPS of the same
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ATPS PEG-600 (Wt%) Dextran-75 (wt%) TMAO (Wt%) Buffer

1 18.5 8.5 — 0.15 M NaCl in 0.01 M NaPB, pH 7.4
2 20 8.5 2 0.15 M NaCl in 0.01 M NaPB, pH 7.4
3 20 8.5 7.2 0.15 M NaCl in 0.01 M NaPB, pH 7.4

TMAO concentration. ATPS compositions used in this study are
listed below in Table 1.

Solutions were mixed vigorously and allowed to settle at
room temperature (20-23 °C). For ATR-FTIR, DLS, and SLS
analysis each system was vigorously mixed, quickly aliquoted
and diluted with 0.15 M NaCl in 0.01 M NaPB, pH 7.4, with or
without the addition of TMAO, to ~50, 70, 80, 90, 95, and
97 wt% of the initial ATPS. For experiments requiring an
isolated phase of an ATPS, the mixture was centrifuged, and
aliquots of the individual phases were withdrawn and diluted
with 0.15 M NaCl in 0.01 M NaPB, pH 7.4, with or without the
addition of TMAO, to ~ 50, 70, 80, 90, 95, 97, and 100 wt% of
each phase. Actual wt% varied from these exact values and were
calculated to 0.1 wt%.

Solvatochromic studies. The solvatochromic probes 4-nitro-
anisole, 4-nitrophenol, and Reichardt’s carboxylated betaine
dye were used to determine the solvent dipolarity/polarizability
n*, H-bond acceptor (HBA) basicity 8, and H-bond donor (HBD)
acidity « of the media in the separated phases of the PEG-
Dextran-TMAO) ATPS as previously described.'®*

Spinning drop tensiometry. ATPS were prepared as described
above and individual phases were removed and stored separately
for testing. SDT measurements were conducted by Kriiss Scientific
(Charlotte, NC, USA). The bottom, denser phase was aspirated into
a glass sample holder with a Teflon plug. A 1.0 pL drop of the top,
less dense phase was dispensed into the glass sample holder
containing the bottom phase and capped with the Teflon plug. The
sample holder was then placed into the SDT and spun at 4500 rpm
at 25 °C for 60 minutes. The liquid-liquid boundary of the
drop was imaged in real time using a high-resolution camera
and fit using the intelligence image evaluation algorithm software,
ADVANCE. Drop shape was evaluated using the standard Vonne-
gut method,"® and the average of three independent experiments
was reported.

Analysis of TMAO concentration in the phases of ATPS.
Identical systems to those listed in Table 1 were prepared along
with a 20 wt% PEG-600/8.5 wt% Dextran-75/0.15 M NacCl in
0.01 M NaPB, pH 7.4 ATPS. Systems were centrifuged and
individual phases were withdrawn and diluted to a dilution
factor of 2, 5, 10, 12, 15, 18, and/or 20 with water. TMAO
concentrations in the phases were measured by total nitrogen
assay with chemiluminescent nitrogen detector (CLND) by
Analiza Inc. (Cleveland, OH, USA) as previously described.*”

Fourier transform infrared (FTIR) spectroscopy analysis.
ATR-FTIR spectra for each sample were measured in two
separately prepared solutions using an Alpha II FT-IR spectro-
meter (Bruker) equipped with Platinum single reflection ATR
single reflection diamond ATR module (Bruker Scientific, LLC,
Billerica, MA, USA). All measurements were performed at
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ambient temperature (approximately 23 °C) using 24 scans for
each sample and 24 scans for background in the spectral range
of 4000-1000 cm ™" with resolution of 4 cm™". The spectra were
reproducible to better than 1 cm™".

ATR-FTIR spectra were analyzed using custom software written
in Wolfram Mathematica and run under version 12. Details on the
software and protocol used can be found in ref. 21.

Dynamic and static light scattering measurements. An Argon
gas laser (Spectra Physics, Stabilite 2017) with a wavelength of
488 nm and output power of 250 mW was used as the light source
for both DLS and SLS measurements. A photomultiplier tube
(BI DS2) attached to a goniometer (BI 200SM) was used to take
measurements at different angles. The data was analyzed by BI
9000 digital correlator. All samples were filtered (with 0.45 pm
filter) into borosilicate glass test tubes and submerged in decalin
vat to minimize reflection from the glass. All samples were kept at
25 °C during SLS/DLS experiments by a bath circulator (NesLab
RTE-111). DLS data was analyzed using the spectral time moment
analysis following.*®

For SLS measurements, the scattering intensities were mea-
sured at 13 angles at a range of 60-120° in increments of 5°.
Each sample was measured at the same angles twice and the
intensity values were averaged for the Zimm analysis.*® Details
described further in (ESIt). Proper SLS measurements require
determination of the specific refractive index increment (dn/dc)
for the samples studied. The dn/dc values were directly mea-
sured using a Brice-Phoenix refractometer (BPR) and the
procedure described in ref. 50. The concentrations used to
measure dn/dc in BPR mirror the ones used for SLS experi-
ments. Since no wavelength dependence of dn/dc was observed
across three wavelengths (436, 546, and 589 nm), an average
value of those measurements was taken as dn/dc for each
system.

Sample concentrations for SLS centered around 10 wt%, the
lowest concentration used for each system in DLS, were used in
SLS. DLS measurements used concentrations of 10, 30, 50, 60,
70, and 80 wt% across three systems. For DLS, three 2-3 min
measurements were taken at each of the five scattering angles,
60, 75, 90, 105, 120°.

Additional details regarding DLS and SLS analysis can be
found in ESL.¥

Results

Phase diagrams of Dextran-75-PEG-600 in 0.15 M NaCl and
0.01 M sodium phosphate buffer (NaPB), pH 7.4 ATPSs with
varying concentrations of TMAO are presented in Fig. 2. The
upward shift of the left side of the binodal line in the presence
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Fig. 2 Binodal lines for aqueous Dextran-75-PEG-600 two-phase systems
in the absence of TMAO (black, dotted curve); in the presence of 2 wt% TMAO
(red, solid curve) and 7.2 wt% TMAO (blue, dashed curve). Additional detailed
phase diagrams for the same systems are presented in Fig. S1 and S2 in ESI.{

of 7.2 wt% TMAO (blue curve), relative to that for the same
ATPS containing 2 wt% TMAO (red curve), implies the hin-
drance of phase separation with increasing TMAO concen-
tration. However, the downward shift of the right side of the
binodal line for systems containing 7.2 wt% TMAO indicates
the enhancement of phase separation in comparison to the 2
wt% TMAO-containing systems. The binodal line for systems in
absence of TMAO (black curve) is provided as a reference, in
which the presence of TMAO diminishes phase separation
overall. The most commonly observed trend for ATPSs formed
by two nonionic polymers with additives of inorganic salts is
either the downward or upward shift of the binodal line (see in
ref. 23) with the most pronounced difference in the central part
of the binodal line.

The only example of the binodal change in the manner
shown in Fig. 2 to the authors’ knowledge was observed when
comparing the binodal lines for the systems formed by poly-
propylene glycol (PPG) with a molecular weight of 725 Da and
sodium citrate®® and by Ucon (copolymer of ethylene glycol
and propylene glycol) with a molecular weight of 4 kDa and
the same salt.’> A much less pronounced, but similar effect
was observed when 2 mol kg™' urea was added to ATPSs
formed by Dextran-75 and polyvinyl alcohol.”> We have also
previously shown”” that PEG-600 and TMAO, in the absence of
Dextran, phase separate in 0.01 M NaPB at relatively high
concentrations.

Empirically, we have observed a similar trend for the effects
of TMAO addition to ATPSs formed with a higher molecular
weight PEG (35000 ¢ mol™ ') and bovine serum albumin (BSA),
shown in Fig. 3. In this case, we observed again a variable effect
of TMAO on the formation of ATPS, which appears to be
dependent upon the total amount of TMAO in a given system.
To further illustrate this point, an ATPS formed with 10 wt%
PEG-35K, 10 wt% BSA, and 0.15 M NaCl in 0.01 M NaPB, pH 7.4
was prepared. This system was well mixed, and 100 pL was
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Fig. 3 Binodal lines for aqueous bovine serum albumin (BSA)-PEG-
35000 two-phase systems in the absence of TMAO (black, dotted curve);
in the presence of 2 wt% TMAO (red, solid curve) and 7.2 wt% TMAO (blue,
dashed curve).

dispensed on a glass slide and imaged using an Olympus BX51
microscope under 20x magnification. Small droplets of one
phase within the other can be observed in Fig. 4A. However,
when an aliquot of 40 uL of 4 M TMAO in 0.15 M NaCl and
0.01 M NaPB, pH 7.4 was added to this slide, all small droplets
were removed (Fig. 4B), suggesting the diminishment of phase
separation. In order to ensure that this was not just due to
dilution of the system, the same process was repeated but with
water in place of 4 M TMAO (Fig. 4C).

The distribution of TMAO between the phases of these
ATPSs is characterized as a ratio of the TMAO concentration
in the upper, PEG-rich phase to that in the lower, Dextran-rich
phase. The function of the distribution of TMAO concentra-
tions in the top and bottom phases of the systems measured
here are presented in Fig. S3 (ESI?). It is well documented® that
salt additives in ATPS formed by two nonionic polymers gen-
erally distribute between the phases differently. The distribu-
tion ratio for these additives may be described as:

Log(Dsalt) = bsalt X D[FOI}’mel‘i] (1)

where Dg,; is the ratio of the salt concentrations in the top and
bottom phases; D[polymer;] is the difference between the poly-
mer i concentrations in the same phases; and b, is a constant
with the value depending on the type of polymers and on the
type and concentration of salt additive.

Fig. 4 Microscope images of a mixed ATPS formed with 10 wt% bovine
serum albumin (BSA) and 10 wt% PEG-35000 alone (A), with the addition
of 40 uL 4 M TMAO (B), or with the addition of 40 pL water (C).

Phys. Chem. Chem. Phys., 2024, 26, 10546-10556 | 10549


https://doi.org/10.1039/d3cp06200g

Published on 12 March 2024. Downloaded on 12/3/2025 6:59:51 AM.

PCCP

View Article Online

Paper

Table 2 Compositions and solvent properties of aqueous media in the phases of examined ATPSs. Compositions for each ATPS are as follows:
1-18.5 wt% PEG-600/8.5 wt% Dextran-75; 2—-20 wt% PEG-600/8.5 wt% Dextran-75/2 wt% TMAO; 3-20 wt% PEG-600/8.5 wt% Dextran-75/7.2 wt%

TMAO. All ATPS contain 0.15 M NaCl in 0.01 M NaPB, pH 7.4

Top phase Bottom phase
ATPS PEG Dextran PEG Dextran An* Ao AB 7 (UNm™)
1 21.40% 1.10% 13.80% 22.10% —0.057 £ 0.004 0.024 £+ 0.005 —0.007 £+ 0.004 3.361 £ 0.392
2 25.20% 0.35% 11.10% 23.10% —0.032 £ 0.004 0.022 £+ 0.003 —0.010 £ 0.004 —
3 24.40% 0.05% 11.00% 26.40% —0.008 £ 0.003 0.048 £+ 0.003 —0.041 £+ 0.005 14.154 + 3.815

It follows from eqn (1) that the linear dependence of
Log(Dsarr) = 0 when D[polymer;] = 0, implying that in the ATPS
composition corresponding to the critical point of phase dia-
gram (when compositions of both phases are identical), the salt
additive distributes evenly between the phases, with distribu-
tion ratio of 1. In the case of TMAQ, its distribution behavior
differs from that of salt additives and may be described as:

(2)

where D0 is the ratio of the TMAO concentrations in the top
and bottom phases; D[PEG-600] is the difference between the
PEG-600 concentrations in the same phases; aryao and bryao
are coefficients which depend on the TMAO concentration in
ATPSs formed by Dextran-75 and PEG-600.

Listed in Table 2 are the solvent properties measured via
Kamlet-Taft solvatochromic analysis of these systems, where
we see an increase in solvent dipolarity/polarizability, n*, and
reduction in HBA basicity, ff, with increasing in TMAO concen-
tration across all systems.

We have previously reported® that the arrangement of H-
bonds in mixtures of polymers in water abruptly changes prior
to macroscopic phase separation. For studying the H-bond
arrangement of aqueous solutions, we analyze the OH-stretch
band using Attenuated Total Reflection-Fourier Transfer
Infrared spectroscopy (ATR-FTIR) and the previously reported
model.”"** This simple model is based on the decomposition

Log(Drmao) = @rmao + Prvao X D[PEG-600]

of the OH-stretch band into four Gaussian components
assigned to different subpopulations of water.>* The positions
of the Gaussian curves are fixed for pure water as well as for
aqueous solutions of individual compounds and their mix-
tures. In our model, the four Gaussian components are
assigned to the following subpopulations: water with four
tetrahedrally arranged H-bonds (3080 cm™'), water with four
distorted H-bonds (3230 ¢cm™'), water with loosely arranged
three or four H-bonds (3400 cm™ '), and water with three, two,
or one H-bond(s) (3550 cm™"). Although the estimated relative
contributions of these components depend on the solute type
and concentration, the physical dimensions of each sub-
population remain unknown. Therefore, our assignment of
the Gaussian components is only a rough approximation of
the complex H-bond network existing in water.**>> The frac-
tions of these subpopulations have been shown®’ to change
with the type and concentration of a solute in aqueous solution.

The concentration dependences of the fractions of the water
subpopulations in the mixtures of Dextran-75 and PEG-600 with
the Dextran/PEG ratio of 0.459 are shown in Fig. 5a-d. The first
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Fig. 5 Concentration dependences of the water subpopulation fractions
represented by the relative contribution of Gaussian components | (a),
I (b), 1l (c), IV (d) on dilutions of mixed ATPS consisting of 18.5 wt%
PEG-600/8.5 wt% Dextran-75 in 0.15 M NaCl/0.01 M NaPB, pH 7.4 (black
circles connected by dotted line). The vertical dashed line represents the
estimated disruption point of this system according to its phase diagram.

abrupt change in the concentration dependences of each water
subpopulation is observed at the PEG-600 concentration of
0.6 wt% followed by that at the PEG-600 concentration of
3.25 wt%.

Qualitatively similar, but quantitatively quite distinct,
concentration dependences of the fractions of the water sub-
populations in the mixtures of Dextran-75 and PEG-600 with
the Dextran/PEG ratio of 0.425 in the presence of 2 wt% TMAO
are shown in Fig. 6a-d. Here again, the first abrupt change in
the concentration dependences of each water subpopulation is
observed at the PEG-600 concentration of 0.6 wt%.

Concentration dependencies of the water subpopulations’
fractions in the mixtures of Dextran-75 and PEG-600 with the
Dextran/PEG ratio of 0.425 in the presence of 7.2 wt% TMAO
are shown in Fig. 7a-d. These dependencies also demonstrate
abrupt changes in the H-bonds arrangement at the same PEG-
600 concentration of 0.6 wt%. However, this initial abrupt
change appears to be less drastic than that observed in the
presence of 2 wt% TMAO or in the absence of TMAO.

It is well established that TMAO as a protective osmolyte
does not interact directly with proteins, but rather increases
their stability through H-bond reorganization.?®3%3%3%41,43
We decided, however, to explore potential TMAO interactions
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Fig. 6 Concentration dependences of the water subpopulation fractions
represented by the relative contribution of Gaussian components | (a),
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Fig. 7 Concentration dependences of the water subpopulation fractions
represented by the relative contribution of Gaussian components | (a),
11 (b), Il (c), IV (d) on dilutions of mixed ATPS consisting of 20 wt% PEG-
600/8.5 wt% Dextran-75/7.2 wt% TMAO in a diluent consisting of 0.15 M
NaCl/7.2 wt% TMAO/0.01 M NaPB, pH 7.4 (black circles connected by
dotted line). The vertical dashed line represents the estimated disruption
point of this system according to its phase diagram.

with the nonionic polymers used in this study as we have
previously observed changes in the H-bond rearrangement of
polymer solutions dissolved in water compared to those dis-
solved in 0.15 M NaCl in 0.01 M NaPB, pH 7.4 (data not shown).
The relative contributions of the Gaussian components I-IV
aqueous solutions of 25 wt% PEG-600 and 25 wt% Dextran-75
alone and in the presence of 7.2 wt% of TMAO are shown in
Fig. 8a-d and 9a-d, respectively.
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The difference between each water subpopulation fraction
for a given polymer in the presence of TMAO and that in the
solution of the same polymer in the absence of TMAO was
calculated. Since the experiments in the solutions of each
polymer in the absence and the presence of TMAO were
performed at slightly different concentrations, the differences
were calculated between the curves, fitting the experimental
data with correlation coefficients exceeding 0.99 in each case
and evaluating with identical intervals of 0.25.

The estimated differences are listed for each polymer in
Table S1 (ESIT). The differences for each water subpopulation
of both polymers were very close, amounting to 8.28 & 0.039 for
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water subpopulation I; —4.69 + 0.024 for water subpopulation
II; —2.14 £ 0.010 for water subpopulation III; and —1.444 +
0.007 for water subpopulation IV. The difference between the
fractions of the different water subpopulations in 0.15 M NaCl
and 0.01 M NaPB, pH 7.4 alone versus with the addition of
7.2 wt% TMAO amounts to 7.46 £ 0.25 for water subpopulation
I; —4.24 £+ 0.45 for water subpopulation II; —1.89 £ 0.34 for
water subpopulation III; and —1.33 £ 0.15 for water subpopula-
tion IV. These data confirm that TMAO does not interact
directly with either polymer used in this study, and that the
TMAO effect on the arrangement of H-bonds in aqueous
solutions of both polymers is identical and additive to that of
each polymer.

The previously observed abrupt changes in the H-bond
arrangement of water in dilute ATPS mixtures, formed with
PEG-polymer and PEG-Na,SO,4, have been suggested to arise
from the formation of PEG agglomerates prior to macroscopic
phase separation.>® Here, we performed static and dynamic
light scattering (SLS and DLS, respectively) experiments to
examine the PEG agglomerates formed in the dilute ATPS
mixtures used in this study.

The hydrodynamic radii (R;,) measured with DLS, calculated
by the Stokes-Einstein equation (further described in ESIt), of
the three PEG-600/Dextran-75/(TMAO) ATPS are presented as a
function of total system wt% in Table 3 and as a function of
PEG-600 concentration in Fig. 10. For monodisperse particles
with spherical geometry, the intercept of spectral decay rate to
scattering vector, I'(¢%), should be close to zero. This trend is
largely followed by all three systems, I'(g*) shown in Fig. $4 in
ESI.¥ However, as seen from Table 3 for all three ATPSs, the
relative intercept of I' vs. ¢> decreases as ATPS concentration
increases. Correspondingly, the agreement between the calcu-
lated diffusion coefficient (Dy) from the I'(¢%) slope and the Dy
measurements at each angle increases with increasing ATPS
mixture concentration. Therefore, we observe more diffusive
particles that as the concentration of the ATPS mixture
increases toward the binodal in all three systems.

The hydrodynamic radius of detected agglomerates appears
to increase non-linearly with increasing ATPS and PEG-600
concentration for all systems, in line with our previous
findings.>" As PEG concentration increases from 2 to 16 wt%,
Ry, from 7-9 to 33-58 nm depending on the system. This
increase in Ry, corresponds to increase in volume by a factor
of at least 65 and as much as 250. R}, of these agglomerates also
appears to increase substantially with the addition of 7.2 wt%
TMAO. Agglomerate sizes are similar across the systems at low
ATPS concentration, less than a factor of 1.4 at 10 wt%, and the
difference becomes more pronounced at higher ATPS concen-
trations, ~ factor of 1.8 at 80 wt%.

A summary of SLS analysis for observed agglomerates at
concentrations near 10 wt% of each ATPS (~2 wt% PEG-600)
can be found in Table 4. Assuming spherical particles, Ry, values
determined via DLS at 10 wt% total ATPS concentration were
used to find the volume of the particle. Molecular weight (M,,)
and apparent density decrease dramatically (almost two orders
of magnitude) when TMAO is introduced. Addition of more of

10552 | Phys. Chem. Chem. Phys., 2024, 26, 10546-10556

Table 3 The slopes and intercepts of I' vs. > at each concentration for all three systems. Ratios compare the intercept to the largest gamma of each run. Dr values from the I' vs. g° and resulting
Ry values are also shown. Compositions of each system at 100 wt% are as follows: ATPS #1 — 18.5 wt% PEG-600/8.5 wt% Dextran-75; ATPS #2 — 20 wt% PEG-600/8.5 wt% Dextran-75/2 wt% TMAQO;

ATPS #3 — 20 wt% PEG-600/8.5 wt% Dextran-75/7.2 wt% TMAO. all ATPS contain 0.15 M NaCl in 0.01 M NaPB, pH 7.4
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Fig. 10 Hydrodynamic radius (Ry) as a function of PEG-600 concen-
tration in mixed dilutions of 18.5 wt% PEG-600/8.5 wt% Dextran-75 in
0.15 M NaCl/0.01 M NaPB, pH 7.4 (black circles), 20 wt% PEG-600/8.5 wt%
Dextran-75/2% TMAOQO in 0.15 M NaCl/2 wt% TMAO/0.01 M NaPB, pH 7.4
(red circles), and 20 wt% PEG-600/8.5 wt% Dextran-75/7.2 wt% TMAO in
0.15 M NaCl/7.2 wt% TMAO/0.01 M NaPB, pH 7.4 (blue circles).

TMAO (7.2 wt% as opposed to 2 wt%), leads to a further
decrease of Mw and density but to a lesser extent. R, also
decreases with the addition of 2 wt% TMAO but slightly
increases with the addition of 7.2 wt% TMAO.

Discussion

Here, our ATR-FTIR data shows that the addition of TMAO
decreases both the amount and intensity of abrupt changes
in water H-bond arrangement. We have previously reported
evidence of an abrupt rearrangement of H-bonds in aqueous
mixtures of two phase-forming polymers or a single polymer
and inorganic salt prior to phase separation. We have also
shown that in polymer-polymer and polymer-salt ATPS,
agglomerates of one of the polymers in the mixture are formed
at concentrations below the threshold of phase separation.*!
The results reported here suggest that the agglomerates which
form in Dextran-75/PEG-600/(TMAO) systems follow the same
trend as previously described, but that the addition of TMAO
changes the behavior and density of the observed agglomerates.
These data also suggest that TMAO can either enhance or
inhibit phase separation in Dextran-75/PEG-600 ATPSs depend-
ing on the specific ratio of the phase forming components.
The DLS results reported here indicate that these agglom-
erates are largely diffusive, with the diffusive nature of these
clusters increasing as ATPS concentration increases. However,
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for all three systems, samples with low ATPS concentration
showed noticeable non-zero intercept of I'(g*) and an increase
in Dy with increasing g. This behavior can be due to geometrical
anisotropy of samples (where a rotational diffusion is added to
translational), significant polydispersity of samples (with large
particles scattering significantly less at high angles), or sam-
pling apparent internal motion.”® Agglomerates in samples at
higher ATPS concentration exhibit behavior similar to that of
monodisperse spheres, with Dy being independent of g and
I'(¢*) having small intercept, particularly for the system without
TMAO. The DLS data also show that the hydrodynamic radius,
Ry, of the clusters increases more dramatically with increasing
ATPS concentration in the presence of TMAO, specifically
at 7.2 wt% where the hydrodynamic volume of the particles
over the range the range of concentrations grew by a factor of
about 250.

The apparent density determined from SLS-measured Mw
and DLS-measured hydrodynamic volume, V;, decreases with
the addition of TMAO, indicating that in the presence of this
osmolyte, PEG agglomerates are also less dense. Therefore, the
combined DLS and SLS results suggest that at lower ATPS
concentrations, the apparent densities of the observed agglom-
erates significantly decrease with the addition of TMAO at both
2 wt% and 7.2 wt%. These changes in density are not correlated
with changes in agglomerate volume. The apparent radius of
gyration decreases with the addition of TMAO, suggesting the
possibility that in the absence of this osmolyte, PEG clusters are
non-spherical and upon the addition of TMAO these agglo-
merates become more sphere-like. The second virial coeffi-
cient (4, in Table 4) is positive for all three ATPS with this
force being larger in the presence of TMAO, indicating a
presence of repulsive force between pairs of chains in the
PEG clusters. Mandalaparthy & Noid>* recently showed that
when the concentration of TMAO in an aqueous mixture
increases, its interfacial preference decreases due to repulsive
interactions with other TMAO molecules, which is in agree-
ment with our findings here.

Conclusions

Phase separation in aqueous solutions is dependent on multi-
ple complex, dynamic mechanisms including direct interac-
tions of the solutes themselves, water-solute interactions, and
modification of water properties by the solute. In polymer-
polymer ATPS, the two polymers form different polymer-
specific water H-bond network domains, which have dissimilar
solvent properties. There are two types of domains that exist in
the polymer mixtures until the polymer concentrations exceed a

Table 4 Compositions and SLS results of observed agglomerates in each examined ATPS: (1 — 18.5 wt% PEG-600; 8.5 wt% Dextran-75; 2 — 20 wt% PEG-
600; 8.5 wt% Dextran-75; 2 wt% TMAO; 3 — 20 wt% PEG-600; 8.5 wt% Dextran-75; 7.2 wt% TMAO; all ATPS contain 0.01 M NaPB, pH 7.4)

ATPS  PEG-600 conc. (wt%) Dextran-75 conc. (wt%) M, (gmol ") A4, (cm®molg™?) Ry (nm) Ry, (nm) Density (g cm™?)
1 18.5 8.5 1.44 x 10° 9.36 x 1072 82.9 + 539.0 6.89 +£0.24 1.75 x 10°

2 20 8.5 3.03 x 10* 5.90 x 10™* 12.85 + 17.0 6.83 £ 0.16 3.77 x 1072

3 20 8.5 1.93 x 10* 4.87 x 1074 15.3 + 4.3 9.15+ 0.15 9.99 x 103

This journal is © the Owner Societies 2024
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threshold beyond which the domains become immiscible, at
which point the emerging interfacial tension leads to the
formation of micro-droplets, eventually coalescing into sepa-
rate layers controlled by the density of the phases.*" It is well
established that phase separation takes place in the miscibility
gap composed of both metastable and unstable regions. Micro-
droplet coalescence describes phase separation via nucleation
and growth which occurs in metastable regions, where the
continuous change of phase is stable from small fluctuations
(i.e., temperature, pressure, etc.), but is unstable to large
fluctuations.>>® There also exists an unstable region in which
phase separation is driven by spinodal decomposition which
has a drastically different density profile compared to that of
droplet nucleation and growth.

Based on the results presented here, we hypothesize that we
are potentially seeing spinodal decomposition, i.e. elongation
of agglomerates, in PEG-600/Dextran-75/TMAO systems, and
that this may in part be controlled by TMAO. Studies on the
dynamics of aqueous TMAO solutions focusing on the inter-
action of water with the hydrophilic N-O group observed a
pronounced asymmetric broadening toward lower wavenum-
bers for the O-H stretch band of water.**”” The commonly
accepted argument is that the TMAO-water molecule bonds are
stronger than the mean water-water bonds in aqueous solu-
tions containing TMAO.”” TMAO has also been shown to
counteract droplet dissolution by pressure due to these strong
interactions.’® This is in agreement with the biological effect of
TMAO, which is to regulate the volume of cells by counteracting
external osmotic pressure. It has been suggested that this occurs
via TMAO reducing the activity of water inside a cell and thus
reducing the activity gradient along the cell membrane.*?
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