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ABSTRACT: Protein—polysaccharide composite materials have generated much interest due
to their potential use in medical science and biotechnology. A comprehensive understanding of
the assembly mechanism and the mesoscale architecture is needed for fabricating protein— Qo
polysaccharide composite materials with desired properties. In this study, complex assemblies
were built on silica surfaces through a layer-by-layer (LbL) approach using bovine beta-
lactoglobulin variant A (fLgA) and pectin as model protein and polysaccharide, respectively.
We demonstrated the combined use of quartz crystal microbalance with dissipation monitoring
(QCM-D) and neutron reflectometry (NR) for elucidating the assembly mechanism as well as
the internal architecture of the protein—polysaccharide complexes formed at the solid—liquid L
interface. Our results show that SLgA and pectin interacted with each other and formed a = f [
cohesive matrix structure at the interface consisting of intertwined pectin chains that were ;‘"-
cross-linked by fLgA-rich domains. Although the complexes were fabricated in an LbL fashion, C
the complexes appeared to be relatively homogeneous with SLgA and pectin molecules
spatially distributed within the matrix structure. Our results also demonstrate that the density

of fLgA-pectin complex assemblies increased with both the overall and local charge density of pectin molecules. Therefore, the
physical properties of the protein—polysaccharide matrix structure, including density and level of hydration, can be tuned by using
polysaccharides with varying charge patterns, thus promoting the development of composite materials with desired properties.
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B INTRODUCTION

Composite materials are formed by combining two or more

In nature, proteins and polysaccharides coexist in almost all
living biological systems.''~'® They can interact and form

materials with different physical and chemical properties.
Composite materials can be found extensively in nature,
ranging from natural wood to bones and connective tissues.'
Man-made composite materials can be traced back to the early
days when ancient Egyptians mixed mud and straws to make
bricks as building materials.” In recent years, the fabrication of
novel composite materials has always been an active area of
research, through which materials with diverse and unique
properties are developed and used in a wide range of
applications that span from spacecraft to orthopedic im-
plants.”*

Composite materials can be made from various components
to suit different needs. Metals, ceramics, nanoparticles,
synthetic polymers, and biopolymers are all popularly used
to develop composites with desired properties including high
mechanical strength,® controlled porosity,”” low density,® and
excellent resistance to fatigue.” The unique properties
possessed by a composite material are not only related to
the physical/chemical features of individual components but
they can stem from the interactions and arrangements between
individual components, leading to the formation of hierarchical
assemblies with novel structural and mechanical properties.'
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matrices surrounding living cells, leading to cohesive and
functional biological structures. Such a structure is known as
the extracellular matrix (ECM). Inspired by nature, composite
materials consisting of proteins and polysaccharides have been
developed for a wide range of biomedical applications
including tissue engineering and drug delivery systems.'*™"¢
The interactions and spatial arrangements of protein and
polysaccharide molecules within the complex structure are
critical in determining the macroscopic properties of such
composite materials.'”~"?

There are many ways to fabricate protein—polysaccharide
composite materials, ranging from electrospinning and
complex coacervation to film casting.”’">* Of these methods,
film casting via the LbL approach represents an easy but robust
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method for fabricating protein—polysaccharide nanocompo-
sites with tunable thickness and microstructures for desired
applications.”>~*° In the LbL approach, oppositely charged
protein and polysaccharide molecules are alternativel};
adsorbed onto a solid substrate via electrostatic interactions,”
leading to the formation of multilayered assemblies whose
thickness can be easily controlled at the nanometer scale.”®

Characterizations of protein—polysaccharide composites are
often focused on their morphological and mechanical proper-
ties at the macroscopic scale."®”” The ability to characterize
the assembly mechanism of protein—polysaccharide compo-
sites will benefit the design and development of such materials
by providing molecular-level information on the interactions
and spatial arrangements of biomacromolecules as the building
process proceeds. Motivated by this goal, this study
demonstrates the combined use of quartz crystal microbalance
with dissipation monitoring (QCM-D) and neutron reflec-
tometry (NR) for characterizing the assembly mechanism of
protein—polysaccharide matrices formed via the LbL approach,
on a hydrophilic silica surface. New structures deposited onto
the silica surface after each surface treatment was characterized
in detail, and such information allows for better control of the
mesoscale architectures of protein—polysaccharide matrices.

In this study, we chose bovine beta-lactoglobulin variant A
(PLgA) and pectin as the model protein and polysaccharide,
respectively. In particular, pectins with varying charge patterns
were used to investigate if we could control the structure of
protein—polysaccharide composite materials by tuning the
electrostatic interactions between protein and polysaccharide
molecules. For pectin samples, the degree of methyl-
esterification (DM) determines the overall charge carried by
the pectin molecules: the higher the DM, the less charge
carried by the pectin molecule, and vice versa. The distribution
pattern of the galacturonic acid (GalA) units along the pectin
chain can be either random or block-wise. Therefore, the
degree of blockiness (DB) is indicative of the local charge
density of the pectin molecules: the higher the DB, the higher
the local charge density of pectin. Collectively, DM and DB
determine the overall and local charge densities carried by
pectin, controlling the strength of electrostatic interactions
between SLgA and pectin molecules.””*° QCM-D and NR
measurements were made to characterize the assembly
mechanism and structure of fLgA-pectin matrices formed on
the silica surface in situ.

B EXPERIMENTAL

Bovine beta-lactoglobulin variant A (SLgA) and pectin with 75%
degree of methyl-esterification (7SR) were purchased from Sigma-
Aldrich (Missouri, US). Pectin with a 5% degree of methyl-
esterification (SR) was purchased from Elicityl (Crolles, France).
Pectins with a 37% degree of methyl-esterification were a gift from
C.P. Kelco (Georgia, US). These pectin samples had been
enzymatically de-esterified from highly methyl-esterified pectins
using fungal and plant pectin methyl-esterase to create random and
block-wise distributed methyl-ester groups (37R and 37B). Pectin
samples were named as SR, 37B, 37R, and 75R. The numbers indicate
the degree of methyl-esterification, and the letters ‘R’ and ‘B’ denote a
random or block distribution pattern of the methyl-ester groups
(Figure 1). Pectin samples used in this study have molecular weights
in the range from 90 to 120 kDa. The polydispersity index (PDI) of
all pectin samples is expected to be around 2 based on results from a
previous study.>" All other chemicals were of analytical grade from
Sigma-Aldrich (Missouri, USA) and used without further purification.
All samples were prepared in 5 mM citrate buffer at pH 4: fLgA and
pectin were prepared at S and 1 mg/mL, respectively. To prepare a
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Figure 1. Illustration of pectins used in this study. The overall charge
density of pectin decreases from SR to 7SR with an increasing amount
of methyl-esterification; 37B pectin has a higher local charge density
than 37R since the charged galacturonic acid groups are arranged in

blocks.

deuterated citrate buffer, D,O was used instead of H,0. The unit M
stands for the molar concentration of mol/L, whereas mM stands for
the concentration of 1073 mol/L. Samples were allowed to hydrate
overnight at 4 °C. All solutions were filtered through a 0.45 um PTFE
syringe filter before use.

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D is a sensitive surface characterization technique
that utilizes the piezoelectric property of quartz crystals to measure
adsorbed mass with a subnanogram resolution. Deposition of mass
onto the crystal surface leads to a decrease in the resonant frequency,
F. If a thin and rigid film of mass is adsorbed onto the crystal surface,
then the relationship between the adsorbed mass (Am) and the
change in oscillating frequency (AF) can be expressed by Sauerbrey
equation:‘zz’33

Am = —EAF

n (1)
where n is the harmonic or overtone number, and C is the mass
sensitivity constant related to the thickness, density, and resonant
frequency of the crystal. If the deposited material is viscoelastic, the
crystal oscillation is damped, and the Sauerbrey equation is no longer
valid. Instead, the energy dissipation of the crystal expressed by the
dissipation factor D has to be taken into account:

1

Q 2 ()

where Q is the quality factor of the crystal, E; is the energy dissipated
or lost during one oscillation cycle, and E; is the total energy stored in
the oscillating system.** In a typical QCM-D experiment, a decrease
in frequency implies mass adsorption onto the quartz crystal. A small
dissipation value suggests that the surface layer is dense and rigid,
while a large dissipation value is indicative of a viscoelastic surface
structure.

The assembly of fLgA/pectin complexes was monitored in situ by
an E4 QCM-D instrument (Q-Sense, Gothenburg, Sweden). The
instrument has a measurement platform consisting of four temper-
ature-controlled flow cells, supporting four simultaneous measure-
ments. All measurements were collected in batch mode at 25 °C.
Sensor crystals coated with SiO, were cleaned by soaking in 2% v/v
Hellmanex (Hellma Analytics, NY, USA) solution for 20 min,
followed by repetitive washing in ultrapure water. The sensor was
dried by a gentle nitrogen flow and cleaned by UV-ozone for 20 min.
Measurements were started by equilibrating the system with citrate
buffer at a flow rate of 0.05 mL/min, with 5 mg/mL BLgA solution
being introduced into the cell chamber when the baseline was stable.
After adsorption equilibrium was reached, the system was flushed with
S mM citrate buffer at pH 4. The same procedure was followed for the
deposition of pectin and a subsequent layer of SLgA. During the
entire process, changes in frequency and dissipation were recorded as
a function of time. Adsorption was monitored from the third to the
11th overtone. The seventh overtone was used in interpreting the
QCM-D data due to the minimal noise level.

Neutron Reflectometry (NR). Neutron reflectometry (NR)
experiments were performed on the PLATYPUS time-of-flight
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neutron reflectometer at ANSTO, Australia.®® Neutron pulses were
generated using a disk chopper system with 3.3% wavelength
resolution. For all NR measurements, the 8 cm X 4 cm X 0.5 cm
(100)-cut silicon wafers (EL-CAT Inc., NJ, USA) were cleaned by
soaking in 5% Decon 90 (Decon Laboratories Limited, East Sussex,
UK) solution for 3 h first. Right before NR measurements, the silicon
wafers were cleaned in a UV-ozone oven for 20 min, rinsed with
ultrapure water and propan-2-ol, and dried under nitrogen flow.
Cleaned wafers were assembled into a custom-made fluid cell with
300 uL of exchangeable backing solution reservoir adjacent to the
sample surface. After assembly, 3 mL of the SLgA solution was
injected into the fluid cell and incubated with the silica surface for 2 h
until an equilibrium was reached. The SLgA solution was then
replaced by injecting 10 mL of citrate buffer in H,O, followed by NR
measurement to characterize the surface in hydrogenated buffer
background. After measurements were done in the hydrogenous
buffer, citrate buffer in D,O was injected into the wet cell, with the
neutron reflectivity from the surface measured again. Therefore, after
each surface treatment, two contrasts (H,O and D,0) were measured
for each sample. The same procedure was followed for the deposition
of pectin and another layer of SLgA. The neutron reflectivity R was
measured at three different incidence angles: 0.65° (1.53 mm slit 2
and 0.55 mm slit 3), 2.5° (5.88 mm slit 2 and 2.12 mm slit 3), and
3.8° (8.94 mm slit 2 and 3.23 mm slit 3) covering a Q-range of
0.0079—0.3 A™!, where Q is the scattering vector (Q = 4z sin 0/4,
where 0 is the angle of incidence and A the neutron wavelength). For
each sample, reflectivity was measured for 600 s with the incident
angle of 0.65° 1800 s at 2.5°, and 7200 s at 3.8° to ensure good
statistics.

Reflectivity data were reduced using the SLIM module from the
MOTOFIT reflectometry analzsis software.’® The slab model was
used to fit the reflectivity data.””** To this end, we considered each
slab as a layer of the sample that could be characterized by a particular
neutron scattering length density (nSLD) value, differing from
adjacent regions along the z direction.”® The structural information
on deposited films was extracted from the reflectivity profile by
corefining H,0O- and D,0O-based contrasts using the MOTOFIT*
reflectometry analysis software. Utilizing multiple solvent contrasts
lowers the uncertainty of the structural model and allows the degree
of solvent penetration to be determined.*" The nSLD values of H,O,
D,O, Si, and SiO, were calculated using the SLD calculator
implemented in MOTOFIT. Considering hydrogen—deuterium
exchange, the nSLD value of SLgA was calculated to be 2.50 X
107% A7% in deuterated buffer and 1.76 X 107° A=? in hydrated buffer
(biomolecular scattering length density calculator, ISIS Neutron and
Muon Source (http://psldc.isis.rl.ac.uk/Psldc/).42 Similarly, the
nSLD values of various pectins were calculated using a method
described in a previous study® (Table 1).

Table 1. Calculated nSLD Values of Pectins with Different
Charge Densities

nSLD of pectin SR 37R and 37B 7SR
In D,O (x107° A7%) 4.16 4.06 3.93
In H,0 (x107¢ A™?) 291 2.82 2.72

During the fitting process, the roughness of each layer was fixed at
4 A. Other parameters, including thickness, nSLD value, and solvent
percentage, were also included to describe each layer. The nSLD value
of each layer is only related to the amount of fLgA and pectin present
in that layer (i.e, no contribution from solvent), whereas solvent
percentage accounts for the amount of water present in the layer.
Since the nSLD value of a mixed layer reflects the amount of fLgA
and pectin that coexist in that layer, the nSLD value could be used to
calculate the percentage of SLgA and pectin in the mixed layer since
the nSLD values of both macromolecules are known (eq 3):

nSLD = Py 4 X nSLDyy 4 + (1 = Byyp) X nSLD, ., 3)

where Py, is the percentage of fLgA in the mixed layer, and the
percentage of pectin is 1 — Pyp4. Solvent percentage of each layer was
determined through the fitting process, representing the volume
fraction occupied by solvent in that layer. The percentages of fLgA
and pectin in the mixed layer calculated from eq 3 were then
converted to their corresponding volume fractions by taking the
amount of solvent present in that layer into account (eq 4):

¢/}LgA = P/ngA X (1 - @olvent)
¢pectin = (l - PﬁLgA) X (1 - qﬁsolvent) (4)

where ¢4 and @, are the volume fractions of SLgA and pectin,
respectively, in the mixed layer; ¢, is the solvent percentage
obtained from the fitting process. For example, if solvent accounts for
30% of the layer, then SLgA and pectin together make up 70%. The
volume fraction of SLgA and pectin can then be calculated by
multiplying the percentage of each in the mixed layer by 70%.
Collectively, the volume fraction of SLgA, pectin, and solvent have a
sum of 100%. Surface coverage (I') of SLgA and pectin after each
surface treatment was calculated using

I'=pp (%)

where 7 is the layer thickness in cm, ¢ is the volume fraction of fLgA
or pectin, and p is the mass density of the corresponding
macromolecule with the unit of g/cm’. The density of BLgA is
~1.32 g/cm®, whereas the density of pectin is ~1.75 g/cm?, according
to previous research.*’**

For the same surface, two contrasts were measured by NR
experiments: one in a hydrogenated buffer and the other in a
deuterated buffer. For the mixed layer containing SLgA and pectin,
the amount of protein and polysaccharide was expected to remain the
same in both contrasts (since only the buffer was replaced between
the two measurements). Therefore, a list of nSLD values was
calculated and tabulated for a wide range of SLgA and pectin
compositions for both contrasts. During the corefining process, the
nSLD value of the mixed layer was set to a particular paired nSLD
values (one for deuterated and one for hydrogenated buffer
background) for a certain fLgA and pectin composition (Table
S1). The nSLD values were allowed to vary in a narrow range for each
contrast, thus ensuring the composition of the mixed layer remained
constant in both buffer backgrounds. Different nSLD values were
trialed, and the set of values given the lowest y* values was recorded.
The obtained structure parameters including thickness, nSLD value,
and solvent percentage for each layer after each surface treatment are
shown in Tables S2 and S3.

B RESULTS AND DISCUSSION

Monitoring the Deposition of fLgA and Pectin onto
Silica Surface Using QCM-D. The alternating adsorptions of
PLgA and pectin onto quartz crystal coated with SiO, were
studied by QCM-D first to confirm the successful assembly of
the complex structure at the solid—liquid interface. In order to
exclude the effect of fLgA readsorption, instead of incubating
the system alternatively with SLgA and pectin, a parallel
experiment was conducted by introducing SLgA three times
into the QCM chamber. This sample was treated as a negative
control. Figure 2a represents a typical QCM-D profile
measured from the SLgA/37B pectin system at different
overtones, where significant changes in both frequency (AF)
and dissipation (AD) were observed after each surface
treatment.

To better understand the QCM-D results, a AF—AD plot
was used to present the synchronous changes in frequency and
dissipation after each surface treatment.*> The AF—AD plots
measured from all the fLgA-pectin systems looked similar and
demonstrated similar surface deposition mechanisms (Figure
S1). Taking the SLgA-SR pectin system as a representative, the
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Figure 2. QCM-D profile measurement of SLgA/pectin systems. (a)
Typical changes of resonant frequencies (AF) and energy dissipations
(AD) versus time measured during the multiple incubation steps at
various overtones. (1) Adsorption of SLgA onto silica surface; (2)
deposition of 37B pectin layer to the existing fLgA layer; (3) final
PLgA incubation. The QCM chip was rinsed with buffer after each
incubation process, as indicated in the graph by the dashed arrows.
The letter n represents the overtone number. (b) AF—AD plot from
alternative adsorptions of SLgA and SR pectin onto a silica surface.
Steps 1 to 4 denote the four processes during the formation of the
LbL assemblies.

direction of AF—AD profile changed after reaching each of the
three turning points. It was anticipated that the observed
direction change in AF—AD profile was indicative of four
mechanistic processes (Figure 2b). The first involved the
adsorption of SLgA onto the silica surface, forming a rigid
protein layer as evidenced by the minor change in dissipation.
Second, incubating the surface with SR pectin led to a
significant increase in dissipation, indicating the formation of a
flexible and highly hydrated layer. Third, after incubating the
surface with SLgA for a second time, the drop in dissipation
suggests the formation of a more rigid and compact surface
structure. Finally, the system was washed with buffer to remove
loosely bound PSLgA, and a slight decrease in mass was
observed while the dissipation value remained unchanged.
The measured AF and AD values for all SLgA-pectin
systems are summarized in Figure 3. All systems showed a
systematic decrease in frequency and a similar trend in
dissipation shifts. The greatest AF and AD values were

16k I I _
i ADissipation

BLgA only
141 2 BLgA-5R pectin system
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12 [T BLgA-37R pectin system| _|
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(=]
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Initial BLgA Incubation Pectin Incubation Final BLgA Incubation

Figure 3. Measured changes in frequency (top) and dissipation
(bottom), after each surface treatment for all fLgA-pectin systems.
PLgA negative control refers to the sample incubated only with fLgA
solution. Error bars represent one standard deviation.

measured for fLgA-SR system, implying that the film structure
had more mass and was more viscoelastic than other systems.
It is anticipated that the large number of negative charges
carried by SR pectin promoted their adsorption onto the SLgA
surface through electrostatic interactions. On the other hand,
the large dissipation value observed for the SR pectin system
could have resulted from the electrostatic repulsions among
the charged pectin backbones, leading to a more expanded
matrix structure. Comparable AF and AD values were
measured for SLgA-37B and SLgA-37R systems, implying
that both had similar mass and viscoelastic properties.
Compared to 37B and 37R, the 7SR pectin has more
methyl-esterified GalA groups and therefore a smaller overall
charge density. However, more significant changes in
frequency and dissipation are observed for the 7SR system.
The large AF and AD values recorded for the SLgA-7SR
system are potentially due to their higher molecular weight and
a larger number of noncharged methyl-esterified segments that
do not interact with SLgA molecules. Consequently, they
would contribute to the surface mass and form a more
extended structure, resulting in high dissipation values.*”*” For
the surface that was repeatedly incubated with SLgA (Figure
S1), the frequency and dissipation showed very little change
after each surface treatment compared to those observed for
PLgA-pectin systems.

Sequential fLgA and Pectin Surface Deposition
Characterized by NR. After confirming the successful
assembly of SLgA-pectin complexes via QCM-D measure-
ments, NR experiments were performed to probe the internal
organization of the LbL structure in situ. Figure 4 shows a set
of NR profiles measured from the fLgA-37B pectin system in
D,O contrast. The measured reflectivity data are plotted as
RQ* vs Q to increase the visibility of features in the reflectivity
profiles. The NR profiles decrease in reflectivity after each
addition step, showing successful deposition of protein and
polysaccharide onto the silica surface. After the pectin and the
second SLgA incubation, Kiessig fringes started to develop,
indicating that surface-deposited macromolecules formed a
thicker and more well-defined film.
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Figure 4. Measured (open circles) and calculated (solid lines)
neutron reflectivity profiles obtained from the silicon wafer in D,0O
contrast after three consecutive surface treatments, namely SLgA
(blue), 37B pectin (green), and fLgA again (orange). Error bars
represent standard deviations calculated from the neutron count data.

NR curves measured after SfLgA incubation in D,0O and
H,O-based buffer were corefined using a single layer of protein
model (Figure S2). A two-protein layers model was also
considered; however, the fitting result was much worse,
suggesting that fLgA formed a monolayer on the silica surface.
The thickness of the adsorbed LgA layer was 33 + 2.0 A, with
a solvent percentage of 64 + 4.0 v/v%. This layer thickness is
slightly less than the reported diameter of the globular SLgA
protein®® (36 A), implying that a monolayer of SLgA was
formed and that the conformation of SLgA changed slightly
upon surface adsorption. Based on the fitting result, the surface
coverage of PLgA was calculated to be 1.57 X 1077 g/ cm?
using eq S, similar to that reported in a previous study by
Wahlgren et al.*’ Collectively, results from QCM-D and NR
experiments suggest that after the first fLgA incubation, fLgA
molecules formed a rigid and compact monolayer on the silica
surface, presumably through electrostatic interactions.”””’

After a stable SfLgA monolayer was formed, pectins with
different charge patterns were introduced into the sample cell
chamber. The reflectivity for each PLgA-pectin system was
modeled with a three-layer structure: (1) a layer of SiO,, (2) a
hydrated inner layer of fLgA mixed with pectin, and (3) a
hydrated pectin outer layer (Figure S).

The three-layer model assumed that some charged segments
of pectin were able to interact with fLgA through electrostatic
interactions (train-like structure), while the other parts of the
long chain molecule projected out of the SLgA layer and
formed a loose pectin outer layer (loops and tails), as evident
by the large dissipation values from QCM-D measurements.
Therefore, the mixed SLgA-pectin layers were of comparable
thickness to that of the fLgA monolayer alone (Table S2),
while the change in nSLD values suggested the incorporation
of a certain amount of pectin molecules also in this layer. The
outer pectin layer contained only pectin molecules (as evident
by the nSLD value) and appeared to be highly hydrated, as
expected. Under the studied buffer conditions, pectin
molecules and the silica surface were both negatively charged;
as a result, the adsorption of pectin onto silica surface was not
likely to happen. Indeed, a series of QCM-D experiments were
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Figure S. nSLD profiles obtained from NR data fitting for each system
after alternative adsorption of fLgA and pectin. Reflectivity data were
collected in D,0 (curves with nSLD values ranging from 2 X 107 A2
to 6 X 107 A™2) and H,O (curves with nSLD values ranging from 2
x 107 A7 to —0.6 X 107° A™2). Data sets are colored as SLgA-SR
pectin (green); SfLgA-37B pectin (blue); SfLgA-37R pectin (orange);
PLgA-7SR pectin (purple). Colored background is provided to
illustrate the different layers used to fit the NR data.

performed to confirm that pectin molecules did not attach to
silica surfaces (results not shown).

Therefore, the internal organization of the LbL assembly was
revealed in great detail by fitting the NR data. With the solvent
percentage and the known nSLD values of fLgA and pectin
molecules, we were able to calculate the volume fractions of
both macromolecules using eqs 3 and 4. The estimated volume
fraction of SLgA and pectin in each layer is represented in
Figure S3. Using the fitted results from NR, we calculated the
surface coverage of both macromolecules in each layer using eq
S (Figure 6). After incubating the surface with pectin solutions,
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Figure 6. Calculated surface coverage of SLgA and pectin in
individual layers after pectin adsorption. Error bars represent +5% of
the derived surface coverage values. Data sets are colored to represent
various SLgA-pectin systems.

the amount of fLgA remaining on the surface decreased from
1.57 X 1077 g/cm2 to around 0.75 X 1077 g/cm2 among all
examined PLgA-pectin systems. Such a decrease in surface-
bound SLgA could have resulted from repetitive washing and
buffer exchange during NR measurements. The amount of
pectin attached to the surface demonstrates dependence on the
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charge density of the molecule. It is anticipated that the higher
the overall charge possessed by pectin, the stronger the
electrostatic interactions with SLgA. Therefore, more pectin
molecules were attached to surface-bound fLgAs. Since SR
had the highest local charge density, it interacted with SLgA
more strongly, resulting in a less solvated matrix structure. For
pectins with similar overall charge densities (37B and 37R),
blocky pectin with higher local charge density interacted with
PLgA more strongly. As a result, the amount of surface-
immobilized pectin was greater in the fLgA-37B system. The
lowest amount of pectin was found in the SfLgA-75R system.
This can be explained by the overall low charge carried by 75R
compared to other pectin samples. It should also be noted that
the more pectins penetrated into the SLgA layer, the less
solvated the mixed layer became (Table S2).

After the pectin treatment, the surface was incubated with
PLgA again. NR profile measured from each SLgA-pectin
system was fitted using a three-layer model first (a SiO, layer, a
PLgA-pectin mixed layer, and another LgA layer on top).
However, it appeared that the three-layer model was not
appropriate to describe the newly formed matrix structure due
to the poor fitting quality. Therefore, considering the
sequential surface modification steps, a four-layer model was
proposed: (1) a uniform SiO, layer, (2) a fLgA monolayer
mixed with penetrating pectin, (3) a fLgA and pectin mixed
layer, and (4) a highly hydrated top layer with sparsely
decorated PLgA. The quality of the fitting was significantly
improved. Fitting parameters are listed in Table S3.

Although the NR data were better fitted using a four-layer
model to account for compositional fluctuations across
different layers, the fitted NR results implied that the internal
structure of the LbL assembly was generally homogeneous
with the presence of two mixed protein—polysaccharide layers:
the inner layer adjacent to the silica surface consisting of fLgA
monolayer and pectin, and the outer layer containing pectin
and newly introduced LgA molecules (Figure 7). Results in
Tables S2 and S3 show that after the final SLgA deposition, the
thickness of the inner BLgA-pectin mixed layer remained
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Figure 7. NSLD profiles obtained from NR data fitting for each
system after alternative adsorption of SLgA-pectin-fLgA. Reflectivity
data was collected in D,O (curves with nSLD values ranging from 2 X
10 A2 t0 6 X 107° A=2) and H,O (curves with nSLD values ranging
from 2 X 107 A™2 to —0.6 X 107® A™?). Data sets are colored as
PLgA-SR pectin system (green); SLgA-37B pectin system (blue);
PLgA-37R pectin system (orange); fLgA-75R pectin system (purple).
Colored background is provided to illustrate the different layers used
to fit the NR data.

unchanged. The thickness of the outer SLgA-pectin mixed
layer increased proportionally with the overall charge density
on pectin. The SLgA top layer was highly hydrated with a
solvent percentage varied between 87 and 97%, depending on
the types of pectin used to form the matrix structure. The
thickness of the outer SLgA layer varied between 44 and 50 A
amonyg different systems, consistently greater than the reported
diameter of fLgA (around 36 A>), implying that the fLgA
molecules could have formed oligomers/aggregates upon
interaction with pectin. This observation is in line with our
previous study on JLgA/pectin complexes, where we found
that fLgA could form oligomers or fLgA-rich clusters when
interacting with pectin molecules in solution.>

The volume fraction of fLgA and pectin in each layer can be
found in Figure S4. The surface coverage of fLgA and pectin
in each layer was calculated and represented in Figure 8.

300 x10° T T T T

BLYA-5R Pectin System

BLgA-37B Pectin System
1 BLYA-37R Pectin System| ]
£ BLYA-75R Pectin System

2

Surface Coverage (g/cm’)

Figure 8. Calculated surface coverage of SLgA and pectin in
individual layers after final incubation in SLgA solution. Error bars
represent +5% of the derived surface coverage values. Data sets are
colored to represent various fLgA-pectin systems.

Compared to the results shown in Figure 6, it can be seen that
the amount of SLgA in the first mixed layer increased in all
systems. This implied that after the final surface incubation
with fLgA, the fLgA molecules not only interacted with pectin
molecules but some penetrated through the complex structures
and attached to the silica surface. The readsorption of SLgA
may be due to the insufficient coverage on the silica surface.
When more LgA molecules are introduced into the system,
they may be able to deposit onto the vacant spots where
sufficient negative charges remain on the surface. If we
compare all fLgA-pectin systems, we can see that the degree of
PLgA readsorption was more significant in 37R and 75R pectin
systems. For pectin molecules that are highly charged, the
majority of fLgA will be adsorbed onto pectin networks rather
than onto the silica surface. Moreover, as the secondary fLgA
molecules interact with pectins, the outer SfLgA-pectin mixed
layer becomes more compact. Therefore, the readsorption of
PLgA is hindered by the denser matrix network formed with
more charged pectins.

NR results also suggested the presence of a fLgA layer on
top of the intertwined SLgA-pectin matrix structure after the
final surface treatment with SLgA. The thickness of fLgA layer
was greater than the diameter of fLgA monomer, suggesting
the possible presence of SLgA oligomers. The solvent
percentage of the LgA layer was as high as 90% (Table
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Figure 9. Illustration showing the assembly mechanism and structure of SLgA-pectin complexes formed on silica surface. fLgA molecules are
illustrated with orange spheres, while pectins are represented by green curves.

S3), implying that the top surface of the final fLgA/pectin
complex structures was decorated with several isolated protein-
rich domains. It is also noted that the thickness and density of
the PLgA layer were proportional to the overall and local
charge densities carried by pectin. Previously, we studied the
interactions between fLgA and pectin in solution under the
same buffer conditions, i.e., pH 4 with low ionic strength. We
found that PLgA underwent considerable conformational
changes and formed clusters upon interaction with pectin.’”>*
Therefore, it is anticipated that the last-introduced SLgA
molecules interacted with extended pectin segments, and this
further led to the nucleated growth of SLgA-rich domains
among individual pectin chains. In this case, fLgA aggregates
acted as the “cross-linkers” to hold the flexible pectin
molecules together, in concordance with the significant
decrease in dissipation value (Figure 3). Therefore, in
combination with all QCM-D and NR results, we propose
an assembly mechanism for the formation of SLgA-pectin
complex structures at the solid—liquid interface (Figure 9).

Model System and Characterization Techniques. In
this study, fLgA and pectin were chosen as the model protein
and polysaccharide, respectively. fLgA is a globular protein
that is abundant in bovine milk.>> The isoelectric point of
PLgA is around pH 5.2, below which the proteins are overall
positively charged and above which the proteins are negatively
charged.” Pectin is a charged polysaccharide with a pK, value
of 3.5°7 above which the pectin molecules are negatively
charged. Therefore, in order to promote the electrostatic
interactions between JLgA and pectin and ensure the
successful assembly of LbL structures, we chose to prepare
our samples in pH 4 buffer with low salt, where SLgA and
pectin molecules carried positive and negative charges,
respectively.

In our study, QCM-D measurements were performed first to
ensure that complex structures could be built on silica surfaces
in an LbL fashion and that the complex structures were stable
in the time frame needed for neutron reflectometry measure-
ments. Since high dissipation values were measured from all
PLgA and pectin systems, we used parameters obtained from

NR measurements to quantify the amount of fLgA and pectin
molecules in their complex structures formed at the solid—
liquid interface.

Assembly Mechanism and Mesoscale Architecture of
Protein—polysaccharide Composite Materials Formed
at Solid—Liquid Interface. At pH 4, the silanol groups on
the silica surface were de?rotonated, leaving the surface
carrying a negative charge.”® Therefore, positively charged
PLgA molecules were attached to silica surfaces through
mainly electrostatic interactions. NR fitting results also implied
that fLgA formed a monolayer on hydrophilic silica surfaces.
The adsorption of proteins to charged surfaces has been
extensively studied for both fundamental and application
purposes.”” %> In particular, the formation of protein
monolayer on silica surfaces has been reported for many
proteins including lysozyme,*” bovine serum albumin,®’
tropoelastin,”* and fLg.°* It is now commonly accepted that
as proteins adsorb onto solid surfaces, they are prone to
conformational changes, through which their interactions with
the surface can be maximized.”>*® In our study, the thickness
of SLgA layer was 33 + 2.0 A, which was slightly smaller than
the diameter of a native protein at 36 A, suggesting that SLgA
molecules adopted a slightly compressed conformation upon
surface immobilization, facilitating their attachment to the
silica surface. The surface-bound SLgA molecules then acted as
anchoring points for the subsequent growth of matrix
structures.

After incubating the PALgA-covered surface in pectin
solutions, two layers of structures with distinct compositions
were characterized: a mixed SLgA-pectin layer at the solid—
liquid interface and an extended pectin layer on top.
Previously, Ettelaie et al. used the self-consistent field (SCF)
approach to predict the structure of protein—polysaccharide
complexes formed at an interface.”” Their result suggests that i
polysaccharide molecules are homogeneously charged, then
one mixed layer of protein—polysaccharide is formed; if
polysaccharide molecules are nonuniformly charged, the
resulting complex will demonstrate two layers: a mixed
protein—polysaccharide layer and an extended pectin layer.®”
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In our study, we used real pectin samples with both charged
and noncharged segments that were either randomly or block-
wisely distributed along the polymer chain. Therefore, our
experimental result is in good agreement with the hypothesis
made by Ettelaie et al. that nonuniformly charged poly-
saccharides will lead to interfacial structures with two distinct
layers.

In this study, the surface coverage of SLgA and pectin
molecules was calculated from the NR fitting results using eq S.
Changes in surface coverage of PLgA after each surface
treatment are shown in Figure S5. The amount of surface-
bound SLgA molecules reduced systematically after the second
surface treatment, i.e., incubating in pectin solutions and then
rinsing. The amount of fLgA molecules that remained surface-
bound was consistent across different pectin systems,
suggesting that the SLgA molecules might be lost due to
several rounds of rinsing (including both washing and buffer
exchanging between hydrogenated and deuterated buffer).
Therefore, the amount of mass loss did not show dependence
on the type of pectins used. After the third surface treatment,
the total surface coverage of SLgA in the complex assemblies
increased significantly and exceeded its surface coverage
reached after the first surface treatment. The surface coverage
of fLgA after the third surface treatment increased as overall
and local charge density of the pectin molecule increased. Such
increase in SLgA surface coverage was anticipated to come
from two routes: (1) by interacting with pectin molecules and
(2) through readsorption to the silica surface. Different from
PLgA, the surface coverage of pectin estimated after the second
and third surface treatments remained at a comparable level for
the SR pectin system, suggesting the firm attachment of pectin
molecules to the surface-bound SLgA layer. A reduction in
pectin surface coverage was observed after the third surface
treatment for other pectin systems: the smaller the overall or
local charge density carried by pectin, the more significant the
mass loss (Figure SS), possibly due to weaker interactions
between fLgA and pectin molecules.

It was recognized through fitting the NR data that the final
complex assembly formed at the interface has SLgA and pectin
molecules intertwined into a matrix structure. Although a four-
layer model was used to fit the NR data after the final surface
treatment process, two inner layers are composed of both
PLgA and pectin, although with varying solvent percentages
and amounts of individual macromolecules. Therefore,
although the SLgA and pectin assemblies were prepared in a
LbL fashion, the resulting complexes did not exhibit structures
with clearly separated fLgA and pectin layers. Instead, a rather
homogeneous matrix structure was formed with fLgA and
pectin molecules interconnected into a three-dimensional
network. Moreover, our results demonstrated that SLgA
formed oligomers or fLgA-rich domains as they interact with
pectin molecules under the studied buffer conditions. This is in
agreement with our previous study, where we characterized the
structure of SLgA and pectin complexes formed in solution
under the same buffer condition.”" It is anticipated that the
PLgA-rich domains could act as cross-linkers and bring flexible
pectin chains together into a porous network. A previous study
by Ganzevles et al. characterized the interfacial structure of
Plg-pectin complexes formed at the air—water interface.”®
With NR measurements, they found that SLg molecules
formed a monolayer at the interface first. As pectin molecules
were added to the system, they not only penetrated into the
PLg monolayer at the interface but also interacted with fLg

molecules in solution and formed a dense matrix structure
beneath the interfacial SLg-pectin layer.”® Comparing our
result to the study by Ganzevles et al, it can be seen that
similar structures were formed when fLg and pectin formed
complexes at both air—water and solid—liquid interfaces via a
sequential adsorption approach. The study by Ganzevles et al.
also mentioned the hamﬁpered mobility of fLg at or in close
vicinity to the interface.”® Although we did not measure the
diftusivity of SLgA molecules within the complex assemblies
formed on the silica surface, our results did show that fLgA
molecules could go through some level of conformational
changes as they were in contact with the silica surface over
time. Such conformational change is believed to maximize their
contact with the surface.”> Therefore, the surface-bound PLgA
molecules are less mobile. Moreover, fLgA could go through
nucleated growth and form clusters when interacting with
pectin molecules; therefore, the mobility of SLgA molecules
could be further reduced.

Potential Applications and Future Directions. The
biological importance of extracellular matrix (ECM) inspired
the development of protein—polysaccharide composite materi-
als to be used in biomedical research as artificial tissues or
implants."*°*’" To better recapitulate the structural and
topographical features of ECM, protein—polysaccharide
composites are carefully fabricated so that they exhibit similar
or improved properties that are critical for the biological
functions of ECM. For example, the porosity and density of
ECM play significant roles in controlling the mass transfer of
chemicals and the proliferation of cells within the matrix
structure. Therefore, the ability to tune the interactions and
subsequently the hierarchical structure of protein and
polysaccharide complex assemblies is critical in developing
composite materials for desired applications. In this study, we
show that the structure of fLgA-pectin complexes formed via
an LbL approach varies with pectin charge properties: the
higher the overall and local charge density carried by the
pectin, the stronger they interact with SLgA molecules, and
subsequently, the denser and less solvated the matrix
structures. Therefore, our research demonstrates that the
hierarchical structure of protein—polysaccharide composite
materials can be controlled and tuned by using polysaccharides
with varying charge patterns. Conveniently, polysaccharides
with varying charge patterns can be produced either by
chemical treatments or more efliciently via enzymatic
reactions.””’> Our findings will permit the development of
protein—polysaccharide composites with desired properties
including porosity, density and level of hydration. All these
characteristics are important for designing matrix structures
that benefit the transportation, adhesion, and proliferation of
cells. Moreover, the combined use of QCM-D and NR allows
for the in situ characterization of the compositional and
architectural changes of biological complexes formed at the
solid—liquid interface, representing a unique characterization
tool for studying the dynamics and structure of a wide range of
model biological systems.

B CONCLUSIONS

The viscoelastic property and internal composition of the self-
assembled LbL structures formed with SLgA and pectin were
characterized by QCM-D and NR. Our results demonstrate
that rather than forming a distinct multilayered structure with
clear boundaries between individual phases, fLgA and pectin
molecules interacted with each other and formed a cohesive

https://doi.org/10.1021/acs.langmuir.2c02003
Langmuir 2022, 38, 12551-12561


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c02003/suppl_file/la2c02003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c02003/suppl_file/la2c02003_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

matrix structure at the solid—liquid interface. The final
complex structure was featured by surface-bound SLgA
molecules as anchoring points for the matrix consisting of
intertwined pectin chains that were cross-linked by SLgA-rich
clusters. The PLgA/pectin complexes formed at the solid—
liquid interface exhibited similar structural features to those
formed in solution. Our results also show that the density of
protein—polysaccharide matrix structure is dependent on the
charge properties of polysaccharides; the higher the overall or
local charge density possessed by pectin, the denser and less
solvated the matrix structure. Hence, the microstructure of
protein—polysaccharide complex assemblies can be controlled
by using polysaccharides with different charge properties. Such
knowledge will benefit the design and development of
protein—polysaccharide composite materials with desired
properties that can be used for various biomedical applications.
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