
Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 2
7 

 2
02

1.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7-

05
-2

02
5 

 9
:1

3:
03

. 

View Article Online
View Journal  | View Issue
Investigating pro
aDepartment of Pharmaceutical Chemistry, U

USA. E-mail: lou0@ku.edu; mhageman@ku
bBiopharmaceutical Innovation and Optim

Lawrence, KS, 66047, USA

Cite this: Anal. Methods, 2022, 14, 241

Received 28th October 2021
Accepted 25th December 2021

DOI: 10.1039/d1ay01832a

rsc.li/methods

This journal is © The Royal Society o
tein diffusivities in diluted
hyaluronic acid solutions using dynamic light
scattering

Hao Lou *ab and Michael J. Hageman*ab

This study aimed to investigate the diffusivities of lysozyme (LYS), ovalbumin (OVA), and hyaluronic acid (HA)

in buffered solvents using dynamic light scattering (DLS). For protein/solvent andHA/solvent binary systems,

the diffusion coefficients of protein or HA were obtained from autocorrelation function (ACF) curve fitting.

Whereas, for protein/HA/solvent ternary systems, the two eigenvalues of the mutual diffusion coefficient

matrix were obtained from ACF curve fitting. The results of binary systems showed that at low ionic

strength, the diffusion coefficients of protein and HA increased linearly with concentration; at high ionic

strength, the diffusion coefficients of OVA and LYS were independent on protein concentration; for HA,

the positive linear relationship between diffusion coefficient and concentration existed at high and low

ionic strengths, but the slope at high ionic strength was smaller compared to that at low ionic strength.

For OVA/HA/solvent ternary systems, the sum of two eigenvalues (D1
DLS + D2

DLS) was slightly smaller

compared to (DOVA + DHA), where DOVA and DHA were the diffusion coefficients in their binary systems.

On the contrary, for LYS/HA/solvent ternary systems, (D1
DLS + D2

DLS) were significantly smaller than (DLYS +

DHA) and the diffusion coefficients in binary and ternary systems exhibited an opposite trend with respect

to ionic strength change. The DLS and MD simulation results indicated strong attractive intermolecular

interaction existed between LYS and HA molecules, especially at low ionic strength. By using DLS, it was

possible to characterize the diffusion coefficients of diluted protein/HA binary and ternary systems.
1. Introduction

Hyaluronic acid (HA) is a linear, un-branched polysaccharide that
is composed of repeatable disaccharide monomers of D-glucur-
onic acid (GlcNAc) and N-acetyl-D-glucosamine (GlcA) linked via
a b-1,4 glycosidic bond. For human beings and other vertebrates,
HA exists widely and ubiquitously in the extracellular matrix
(ECM), and its distribution varies on concentration and molec-
ular weight throughout different species, organs, and tissues.1–3

While delivering peptide and protein based biotherapeutics via
different routes such as subcutaneous (SC), ocular, and intra-
tumor routes, HA slows down the migration of biotherapeutics
inside the ECM, because HA is highly viscous and can act as
a molecular sieve.4 Further, because GlcA's carboxylic acid group
is negatively charged at physiological pH (e.g., 7.4), HA tends to
interact with some positively charged biotherapeutics and even
lead to the formation of insoluble complexes.5 Therefore, an in
vitro method that can characterize the diffusivity of bio-
therapeutics in HA solution is pivotal and would help to better
understand biotherapeutic transport inside the ECM in vivo.
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The dynamic light scattering (DLS) technique offers a solu-
tion. Based on light intensity uctuation caused by the Brow-
nian motion of nano-colloids, DLS generates an autocorrelation
function (ACF) versus time, and the decay constant(s) of this
ACF is directly associated with the mutual diffusion coeffi-
cient(s).6,7 For binary systems, the diffusion coefficient (DDLS)
obtained from ACF curve tting aligns with the diffusion coef-
cient dened by the Fick's rst law.6,7

J ¼ �DVC (1)

For ternary systems, two diffusion coefficients (D1
DLS and

D2
DLS) can be obtained from ACF curve tting. However,

according to the extended Fick's rst law, diffusion is described
by a diffusion coefficient matrix containing four diffusion
coefficients, as shown in eqn(2) and (3):

J1 ¼ �D11VC1 � D12VC2 (2)

J2 ¼ �D21VC1 � D22VC2 (3)

where J1 and J2 are the uxes of two solutes, D11 and D22 are
the main diffusion coefficients at their own concentration
gradients, whereas D12 and D21 are the cross-diffusion
coefficients.
Anal. Methods, 2022, 14, 241–249 | 241
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It is reported that the two diffusion coefficients obtained
from DLS (D1

DLS and D2
DLS) coincide with the two eigenvalues

D

 
2
1

!
of the mutual diffusion coefficient matrix (shown in eqn

(4)):8

D

 
2
1

!
¼

D11 þD22 � ðD22 �D11Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

h
4D12D21

.
ðD22 �D11Þ2

ir
2

(4)

If ternary systems are diluted and consist of non-ionic, low
molecular weight molecules, using some theoretical
computation/simulation methods, the DLS ACF might be
further deconvoluted to attain D11, D22, D12, and D21, separately,
and these diffusion coefficients are consistent with those
measured by other techniques such as Taylor dispersion.8–10

However, to the best of our knowledge, to date, there is a lack of
deconvolution methods that can apply to the complex ternary
systems such as the systems in the present study, where both
protein and HA are macromolecules with un-uniform surface
charge density and strong intermolecular interactions. Never-
theless, the eigenvalues can still reveal valuable information
about molecule diffusivity. Also, using DLS for diffusivity
characterization possesses lots of advantages such as accuracy,
convenience, fast measurement, high resolution, and small
sample size.

This study aims to characterize protein/HA diffusivities in
a series of diluted binary systems (e.g., protein/solvent, HA/
solvent) and ternary systems (e.g., protein/HA/solvent) using
DLS. The effect of various factors such as concentration, ionic
strength, and temperature on macromolecule diffusivity is
thoroughly explored. In addition, compared to the systems
investigated in the present study, characterizing molecule
diffusivities in a physiologically relevant system(s) is more
challenging since (1) ECM is a mixture containing multiple
components; and (2) for some tissues and organs, the HA level
inside ECM is higher than the regime investigated in this study.
In general, concentrated systems are more likely to experience
some issues such as multiple scattering.11 Hence, the proposed
DLS method might be only capable to analyze diluted binary
and ternary systems. Nevertheless, the knowledge gained in this
work may help to further understand protein diffusion in more
complicated systems such as physiologically relevant
conditions.
2. Materials and methods
2.1. Material and sample preparation

Lysozyme (LYS) from chicken egg white (lyophilized powder,
MW 14.3 kDa), ovalbumin (OVA) from chicken egg white
(lyophilized powder, MW 44.3 kDa), sodium phosphate dibasic,
and sodium phosphate monobasic were purchased from Sigma
Aldrich (MO, USA). Sodium hyaluronate (HA) (average MW 1.5
MDa) was purchased from Lifecore Biomedical LLC (MN, USA).
Gibco phosphate buffered saline (PBS) (pH 7.4, 1�) was
242 | Anal. Methods, 2022, 14, 241–249
purchased from ThermoFisher (MA, USA). All solvents used in
this study were of analytical grade.

A series of buffered solvent systems with different total ionic
strengths were prepared bymixing 10mMphosphate buffer (pH
7.4, total ionic strength: 26 mM) and PBS 1� (pH 7.4, total ionic
strength: approximately 163 mM) with preset ratios. Each
sample was prepared by weighing and dissolving HA and/or
protein powders in buffered solvents, followed by the ltra-
tion through 0.22 mm lters (Whatman plc, Maidstone, UK).

2.2. DLS measurements

Diffusivity measurements were carried out using a Malvern
Zetasizer® (Malvern Instruments, Malvern, UK), equipped with
a 633 nm laser at 173� scattering angle with the backscatter
detection only. Samples were evaluated at four temperatures:
25, 30, 34, and 37 �C. Prior to each run, 1 mL of freshly prepared
sample was loaded into an ultramicro UV cuvette, followed by
the capping with an LDPE plug. The loaded sample was pre-
equilibrated for 120 seconds, and then measured at controlled
temperatures. For each experimental condition/sample combi-
nation, a total of nine replicates (n ¼ 9) were performed.

2.3. ACF curve tting algorithms

DLS provides a normalized second-order ACF intensity curve
(G2(t) � 1) versus time (t). Since (1) light intensities were
predominantly contributed by macromolecules such as HA and
proteins rather than small ions/molecules; (2) cross-diffusion
coefficients caused by small ions should be much less notable
compared to those caused by macromolecules, it was reason-
able to treat solvent as one component, HA/solvent and protein/
solvent as a pseudo-binary system, and HA/protein/solvent as
a pseudo-ternary system. The ACF curve was t by nonlinear
regression based on the ‘Levenberg–Marquardt’ algorithm
using the following equations.

For LYS/solvent binary systems, the ACF curve was t by eqn
(5),

G2(t) � 1 ¼ (If exp(�t/sf) + Is exp(�t/sse))
2 (5)

where If and Is were the intensities of the fast and slow relaxa-
tion modes, sf was the characteristic decay time related to
diffusion, and sse was the characteristic decay time associated
with slow relaxation such as molecular moiety relaxation and/or
disengagement of side chains of molecules, molecule entan-
glement, as well as some imperfect signal collection if there was
any.12,13 For OVA/solvent and HA/solvent systems, the ACF curve
was t by eqn (6),

G2(t) � 1 ¼ (If exp(�t/sf) + Is exp(�t/sse)
b)2 (6)

Compared to eqn (5), a new term b, used as a correction
factor within the range of (0,1) to dene the width and shape of
the slow relaxation modes, was added for better curve tting.
Noteworthy, the size exclusion chromatograph data from
previous literature14 and our preliminary data found that, by
nature, OVA molecules prepared by dissolving lyophilized
powder stayed in a monomeric form and a dimeric form
This journal is © The Royal Society of Chemistry 2022
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approximately with a ratio of 5 : 1 by weight. However, the DLS
signals of these two forms were not separated out and were still
expressed by one exponential term in eqn (6). Therefore, in this
study, DLS measured the diffusion coefficient of all OVA forms
as a whole.

For HA/protein/solvent ternary systems, ACF was t by three
exponential terms, as shown in eqn (7),

G2(t) � 1 ¼ (If1 exp(�t/sf1) + If2 exp(�t/sf2) + Is exp(�t/sse)
b)2(7)

where the former two terms were related to the eigenvalues of
the mutual diffusion coefficient matrix for HA and protein, and
the third term was associated with slow relaxation and imper-
fect signal collection.
2.4. Diffusion coefficient calculation

Knowing the value of sf, DDLS was determined by the equation

DDLS ¼ 1/q2sf, with q ¼ 4pn0
l

sin
�
q

2

�
, where n0 was solvent

refractive index, l was the wavelength of incident light, and q
Fig. 1 Four examples of the autocorrelation functions.

This journal is © The Royal Society of Chemistry 2022
was the angle of incident light.6 For binary systems, DDLS was
the mutual diffusion coefficient of protein or HA. By contrary,
for ternary systems, the sum of two eigenvalues (D1

DLS +
D2
DLS), which was equivalent to (D11 + D22) (this relation can be

derived from eqn (4)), was chosen for further data analysis and
discussion, since the individual diffusion coefficients could not
be isolated using the current methodologies.
2.5. Molecular dynamic simulation

To further understand the effect of ionic strength on LYS–HA
intermolecular interaction, molecular dynamic (MD) simula-
tion was performed using GROMACS, version 2020.3.15 Due to
the computation capacity, this simulation was carried out in
a small system that was not a strict duplication of the actual
ternary systems of the present study. The MD simulation
parameters and procedures were listed as follows. The OPLS-AA/
L all-atom force eld was applied. The topology of LYS was built
based on the published lysozyme structure with PDB code
1AKI.16 The topology of HA monomer (molecular charge: �1)
was generated using LigParGen server.17,18 Water was modeled
Anal. Methods, 2022, 14, 241–249 | 243
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using SPC/E water model. At the initial state, 1 LYS molecule
and 8 HA monomer molecules were randomly inserted into
a (7.01 nm)3 cubic box lled with around 104 water molecules.
To simulate different ionic strengths, according to our calcu-
lation, 45 mM was correspondent to 9 Na+ and 9 Cl� ions
randomly distributed in the box, 80 mM was correspondent to
17 Na+ and 17 Cl� ions, and 150 mM was correspondent to 31
Na+ and 31 Cl� ions. Next, the system was relaxed through
energy minimization and equilibrated under NVT and NPT
conditions. The full MD simulation was conducted for 10 ps
with a 2 fs time step. For short-range electrostatics and short-
range van der Waals interactions, 1 nm was used as the cutoff
distance. For long-range electrostatic interactions, particle-
mesh-Ewald (PME) method was used. V-rescale method was
chosen for temperature coupling with 0.1 ps time constant and
307 K reference temperature. Parrinello–Rahman method was
chosen for pressure coupling with 2 ps time constant, 1 bar
reference pressure, and 4.5 � 10�5 per bar compressibility. To
analyze LYS–HA interaction, LYS and HA were grouped and the
simulation trajectory was re-ran to calculate the interaction
energy.
Fig. 2 Diffusion coefficients of LYS in binary systems (a) under 26 mM
ionic strength; (b) under 163 mM ionic strength; (c) ln(D) vs. 1/T.
3. Results and discussion
3.1. Autocorrelation functions

Fig. 1 presented four examples of the curve tting of the ACFs
for both the binary and the ternary systems. As shown, the
equations with two exponential terms could accurately t the
ACFs of the binary systems, and the equations with three
exponential terms could t the ACFs of the ternary systems. It
was worth pointing out that the exponential term representing
the slow relaxation mode could signicantly improve the curve
tting of the experimental data. For the ACFs of the binary
systems, the fast mode term had more contributions to the ACF
intensity compared to the slow mode term, e.g., the If/Is value of
the LYS/PBS system (5 mg mL�1 at 37 �C) was 6.8 � 3.2, the If/Is
value of the OVA/PBS system (5 mgmL�1 at 37 �C) was 1.9� 0.4,
and the If/Is value of the HA/PBS system (5 mg mL�1 at 37 �C)
was 1.1 � 0.1. These values also suggested that larger nano-
colloids tended to have a smaller If/Is and a higher intensity of
the slow mode term. With regards to characteristic decay time,
sse (slow relaxation-related decay time) was much larger and
more variable than sf (diffusion-related decay time), e.g., for the
HA/PBS system (5 mg mL�1 at 37 �C), the value of sf was 42.0 �
2.2 ms, whereas the value of sse was 1223 � 692 ms. These
standard deviation values, sf: 2.2 ms (relative standard deviation:
5%) vs. sse: 692 ms (relative standard deviation: 57%), indicated
that diffusion coefficient was a more certain and predictable
parameter compared to relaxation.
3.2. LYS/solvent and OVA/solvent binary systems

Fig. 2(a) and (b) showed the LYS diffusion coefficients at low (26
mM) and high (163 mM) ionic strengths. It was found that our
measured values were similar (less than 10% different) to those
measured using other techniques.14 Also, at low ionic strength,
244 | Anal. Methods, 2022, 14, 241–249
the correlation of diffusion coefficient and concentration could
be t by eqn (8).

D ¼ D0(1 + kDC) (8)

where D is the diffusion coefficient value measured by DLS, D0 is
the diffusion coefficient at innitesimal concentration, and kD
is interaction parameter. As seen in Table 1, at low ionic
strength, all kD values were positive and signicantly larger than
3.8 mL g�1 (a useful reference point related to the excluded
volume term), denoting the existence of strong long-ranging
repulsive protein–protein interaction in the diluted protein
This journal is © The Royal Society of Chemistry 2022
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Table 1 kD values (in mL g�1) at 26 mM ionic strength calculated from
eqn 8

LYS OVA

25 �C 12.6 17.5
30 �C 13.6 21.4
34 �C 18.6 18.7
37 �C 21.1 19.6
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systems.19 Moreover, the repulsive interaction was highly likely
to be contributed by electrostatic repulsion since other inter-
molecular forces such as van der Waals interaction,
Fig. 3 Diffusion coefficients of OVA in binary systems (a) under 26mM
ionic strength; (b) under 163 mM ionic strength; (c) ln(D) vs. 1/T.

This journal is © The Royal Society of Chemistry 2022
hydrophobic interaction, and hydrogen bond generally caused
attractive interactions.20 On the contrary, at high ionic strength,
the kD values was close to zero, indicating that intermolecular
interaction was profoundly diminished by other ions in the
solvent. It was also worthwhile to point out that the extrapolated
diffusion coefficient values at innitesimal concentration were
similar (less than 10% in differences) between high and low
ionic strengths, suggesting intermolecular interaction was
extremely small at innitely diluted state. Fig. 2(c) presented the
relationship of ln(D) and 1/T, which followed the Arrhenius
equation, as shown in eqn (9).
Fig. 4 Diffusion coefficients of HA in binary systems (a) under 26 mM
ionic strength; (b) under 163 mM ionic strength; (c) versus ionic
strength.

Anal. Methods, 2022, 14, 241–249 | 245
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D ¼ DN$exp

�
� E

RT

�
(9)

where DNis the innite-temperature diffusivity, E is the activa-
tion energy, and R is the universal gas constant.

Fig. 3(a) and (b) showed the OVA diffusion coefficient values
at low (26 mM) and high (163 mM) ionic strengths. The corre-
lation of diffusion coefficient and concentration could also be t
by eqn (8). At low ionic strength, similar to LYS, the positive kD
values (listed in Table 1) indicated strong repulsive intermolec-
ular interaction within the system. At high ionic strength, the kD
values were close to zero, which implied the dramatic weakening
of intermolecular interaction. Compared to LYS, OVA was less
diffusive, which was partially due to larger molecular volume/
size. According to Wilke and Chang's equations, the diffusion
coefficient was inversely proportional to solute molar volume at
its boiling point to the order of 0.6.21 For OVA, ln(D) versus 1/T
also had an Arrhenius-type relationship, as shown in Fig. 3(c).

In addition, for the LYS (20 mg mL�1)/PBS and the OVA
(30 mg mL�1)/PBS binary systems, the samples were still opti-
cally clear and the measured protein diffusion coefficients were
equivalent to those measured in the lower concentrations,
indicating that the ACFs were attained primarily from the singly
scattered light. On the contrary, if there was an extensive pres-
ence of multiple scattering, which was a phenomenon that
photons were re-scattered by neighboring particles before
reaching the detector, then the more concentrated systems (e.g.,
20 or 30 mg mL�1) tended to have a shorter decay time, a faster
Fig. 5 Diffusion coefficients of OVA/HA/solvent ternary systems.

246 | Anal. Methods, 2022, 14, 241–249
diffusion, as well as more signal randomness, compared to the
less concentrated systems (e.g., 1 or 3 mg mL�1).22

3.3. HA/solvent binary systems

Fig. 4(a) and (b) showed that, for HA, diffusion coefficient and
concentration also had a positive correlation. Further,
compared to proteins, the diffusion coefficients of HA demon-
strated a much stronger dependence on concentration (espe-
cially at 26 mM ionic strength), which might be due to the high
density of negative charges on the HA chains. Even at high ionic
strength (163 mM), the linear relationship between diffusion
coefficient and concentration still existed, but the slope was
much smaller compared to that at low ionic strength (26 mM).
This effect of ionic strength on HA diffusion coefficients was
also reported by other researchers.23

Fig. 4(c) presented HA diffusion coefficients at concentration
2.5 mg mL�1. As seen, diffusion coefficients at 26 mM ionic
strength were almost two-fold of those at modest and high ionic
strengths, i.e., at 25 �C, diffusion coefficient dropped from 3.8�
10�7 cm2 s�1 (at 26 mM ionic strength) to 1.8� 10�7 cm2 s�1 (at
60 mM ionic strength). Further, in the range of 60 mM and
163 mM, diffusion coefficients leveled out.

3.4. OVA/HA/solvent ternary systems

For OVA/HA/solvent ternary systems, Fig. 5 presented (D1
DLS +

D2
DLS), equivalent to (D11 + D22), under a series of concentration/

ionic strength combinations. Overall, the diffusion coefficients
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Diffusion coefficients of LYS/HA/solvent ternary systems (a) at
2.5 mg mL�1 HA & 2 mg mL�1 LYS; (b) at 2.5 mg mL�1 HA & 4 mg mL�1

LYS.
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at low ionic strength (26 mM) were marginally higher compared
to those at high (163 mM) ionic strength, which was due to the
stronger repulsive intermolecular interactions for both OVA and
HA molecules at low ionic strength. This explanation was
further supported by the ndings that the diffusion coefficients
of more-concentrated systems (4 mg mL�1 OVA, 2.5 mg mL�1

HA) were slightly higher than those of less-concentrated
systems (2 mg mL�1 OVA, 2.5 mg mL�1 HA), particularly at
low ionic strength. It was also noted that diffusion coefficients
in binary systems (e.g., OVA/solvent and HA/solvent systems)
and ternary systems changed in similar trends against ionic
strength, concentration, and temperature. In addition, since
OVAmolecules diffused much faster than HAmolecules in their
corresponding binary systems, it was reasonable to extrapolate
that, in ternary systems, D11 (for OVA) was larger than D22 (for
HA). Further, Fig. 5 indicated that (D1

DLS + D
2
DLS) (plotted as bars)

were on average 12% lower than (DOVA + DHA) (plotted as signs
“�”), where DOVA and DHA were separately measured from their
corresponding HA/solvent and OVA/solvent binary systems.
This discrepancy might be caused by the lowering of OVA
diffusivity in presence of HA, which could be explained by two
mechanisms suggested by Filippov et al.:24 (1) high solvent
viscosity: the interaction between HA and water molecules
substantially lowered the mobility of water molecules and
increased water “local-viscosity or micro-viscosity”. The HA
solution had high “macro-viscosity”, which was mainly due to
the formation of the HA network. However, the diffusion of OVA
in the water phase was more related to water “micro-viscosity”.
In the presence of HA, water “micro-viscosity” increased
because large quantities of water molecules bonded to HA and
became less mobile, although water “micro-viscosity” should
still be much lower than “macro-viscosity”.24 (2) volume fraction
of HA in the solvent: OVA diffusion was hindered by the volume
occupied by HA chains, which acted as mobile obstacles to exert
steric effects. For a small mass fraction of HA (wHA), the volume
fraction of HA (4HA) could be calculated using eqn (10).

4HA zwHA

nurs

mu

(10)

where mu is the molecular weight of a HA monomer (379 g
mol�1), vu is the estimated molecular volume of a HA monomer
(estimated to be 395 Å3),24 rs is the density of solvent (assumed
to be equivalent to water density, 1 g mL�1). For instance, at
2.5 mgmL�1 HA concentration, the volume fraction was around
0.26%.

3.5. LYS/HA/solvent ternary systems

For LYS/HA/solvent ternary systems, Fig. 6(a) and (b) presented
(D1

DLS + D2
DLS) under a series of concentration/ionic strength

combinations. As we observed, at low ionic strengths (e.g., 26
mM), insoluble complex coacervates were formed in the
systems containing 2 (or 4) mg mL�1 of LYS and 2.5 mg mL�1 of
HA. Water et al. found that this coacervation was driven by the
attractive electrostatic interaction between LYS and HA, and
high ionic strength could effectively inhibit its formation.25

Therefore, to prevent coacervate formation, diffusion coefficient
characterization was undertaken at modest and high ionic
This journal is © The Royal Society of Chemistry 2022
strengths. As seen, as ionic strength became stronger, there was
an increase of (D1

DLS + D2
DLS), e.g., approximately a 50–70%

increase from modest ionic strength (e.g., 60 mM) to high ionic
strength (e.g., 163 mM).

Furthermore, the values of (D1
DLS + D2

DLS) were signicantly
lower than (DLYS + DHA), where DLYS and DHA were separately
measured from their corresponding HA/solvent and LYS/solvent
binary systems, e.g., the ternary system was about 50% lower
than the binary ones at modest ionic strength. It was also
worthwhile pointing out that, for binary systems, a higher
diffusion coefficient was observed at low (e.g., 26 mM) ionic
strength; oppositely, for ternary systems, a higher diffusion
coefficient was observed at high (e.g., 163 mM) ionic strength.
This opposite trend of diffusion coefficients versus ionic
strength was not observed in OVA binary and ternary systems,
and could not be interpreted only using the two mechanisms
listed in the Section of “OVA/HA/solvent ternary systems”. We
believed this opposite trend in LYS systems was mainly attrib-
uted to the “transient bound state” caused by the attractive
intermolecular interaction between LYS and HA.24,26 The surface
electrostatic potential map at pH 7.4 (calculated by APBS/
Anal. Methods, 2022, 14, 241–249 | 247
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Fig. 7 Surface electrostatic potential map of LYS and OVA at pH 7.4.

Table 2 MD simulation of 1 LYS molecule and 8 HA monomers in 10
ps timeframe

Ionic strength
(mM)

Electrostatic
(kJ mol�1)

van der Waals
(kJ mol�1)

45 �293.1 � 128.2 �190.7 � 47.8
80 �135.7 � 84.6 �151.7 � 73.6
150 �65.5 � 69.1 �50.2 � 45.3
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PDB2PQR27,28) in Fig. 7 exhibited that the OVA (PDB code
1OVA29) surface had a high density of negatively charged
patches, whereas the LYS (PDB code 1AKI16) surface was mostly
covered by positively charged patches. HA is negatively charged,
so the interaction between OVA and HA is repulsive, but the
interaction between LYS and HA is attractive. Further, utilizing
small-angle neutron scattering, Morn et al. found that HA
chains preferably stayed in “rod-like” elongated conguration
in solvents, and multiple LYS molecules could reversibly attach
to the HA chain.30 Unfortunately, this dynamic exchange of LYS
molecules between “bound state” and “free state” might be too
transient to be detected by DLS, and the apparent diffusion
coefficients provided by DLS was an interplay of “bound” and
“free” states.

The interaction between LYS and HA was also studied using
MD simulation. Table 2 listed the van der Waals and electro-
static interactions between LYS and HAmolecules within the 10
ps simulation timeframe. As seen, as ionic strength increased,
the attractive electrostatic interaction dropped drastically, e.g.,
�293.1 kJ mol�1 (45 mM) vs. �65.5 kJ mol�1 (150 mM). In
addition, with the higher ionic strength, perhaps due to the
further distance between LYS and HA molecules, van der Waals
interaction also became smaller. Overall, these simulation
results, along with the DLS results, both revealed that higher
ionic strength profoundly weakened the interaction between
LYS and HA.
4. Conclusion

This study showed that by using DLS it was possible to char-
acterize the diffusion coefficients of multiple diluted protein
and HA systems. For LYS/solvent and OVA/solvent binary
248 | Anal. Methods, 2022, 14, 241–249
systems, the diffusion coefficient was linearly correlated to
protein concentration at low ionic strength (26 mM) but became
independent of protein concentration at high ionic strength
(163 mM). For HA/solvent binary systems, the positive linear
correlation between diffusion coefficient and concentration
existed at both low and high ionic strengths, but the slope at
high ionic strength was much atter compared to that at low
ionic strength.

For the ternary systems, DLS provided the sum of two
eigenvalues of the diffusion coefficient matrix. For OVA/HA/
solvent systems, the sum of two eigenvalues (D1

DLS +
D2
DLS) were slightly lower compared to (DOVA + DHA) obtained

from their binary systems. This difference might be due to the
increased solvent viscosity and the steric effect of HA as
a “mobile obstacle”. Oppositely, for LYS/HA/solvent systems,
(D1

DLS + D
2
DLS) was signicantly lower as compared to (DLYS + DHA)

obtained from their binary systems, and diffusion coefficients
in binary and ternary systems presented an opposite trend to
ionic strength change. The DLS results, along with the MD
simulation results, suggested the existence of strong attractive
intermolecular interaction between LYS and HA molecules,
especially at low ionic strength.
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