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Abstract: Biopolymer polyelectrolyte multilayers are a commonly studied soft matter system for
wound healing applications due to the biocompatibility and beneficial properties of naturally
occurring polyelectrolytes. In this work, a popular biopolymer, chitosan, was combined with the
lesser known polysaccharide, fucoidan, to create a multilayer film capable of sequestering growth
factor for later release. Fucoidan has been shown to act as a heparin-mimic due to similarities in
the structure of the two molecules, however, the binding of fibroblast growth factor-2 to fucoidan
has not been demonstrated in a multilayer system. This study assesses the ability of fucoidan to
bind fibroblast growth factor-2 within a fucoidan/chitosan polyelectrolyte multilayer structure using
attenuated total internal reflectance infrared spectroscopy and quartz crystal microbalance with
dissipation monitoring. The fibroblast growth factor-2 was sequestered into the polyelectrolyte
multilayer as a cationic layer in the uppermost layers of the film structure. In addition, the diffusion
of fibroblast growth factor-2 into the multilayer has been assessed.

Keywords: fucoidan; chitosan; fibroblast growth factor-2; polyelectrolyte multilayer; infrared
spectroscopy; quartz crystal microbalance

1. Introduction

The use of growth factors in tissue engineering has been widely studied due to their ability to
encourage healing and tissue growth [1]. A key example of an application where growth factors
could provide significant benefit is for enhancing healing of chronic wounds. Chronic wounds are
a significant issue in healthcare, severely affecting quality of life of affected people and contributing
2% to the total health care expenditure in countries such as Australia, the U.K. and the U.S.A. [2,3].
Applying growth factors to a wound site could promote healing by mimicking a healthy body’s
natural response to injury, i.e., by delivering the growth factors to a wound bed, the migration and
proliferation of cells will be promoted. Of particular interest is fibroblast growth factor-2 (FGF-2) which
is one of several biomolecules that are responsible for signalling cell migration and proliferation in the
body [4]. FGF-2 is part of the 22-member FGF-family and has been shown to promote angiogenesis,
cell proliferation, migration, and differentiation [5]. FGF-2 is commonly studied as a model growth
factor in materials science studies for wound healing applications [6–10] and has been shown to
reduce healing time [11,12]. However, there are limitations in regards to the delivery of growth factors,
i.e., the growth factor must be protected from degradation and delivered at the optimal stage of healing
at the right dose and for the correct duration [13].

Polyelectrolyte multilayers (PEMs) are surface coatings that offer potential advantages for
delivering growth factors in many biomedical applications, such as vascular repair [14] and also
in wound healing. When deployed for wound treatment, the architecture of the PEM film can
be designed to give a burst release [15–17] or slow diffusion of the peptides from the film [18].
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Delivery of target molecules can be partially controlled through changing the conditions of multilayer
assembly including ionic strength [19], pH [16,20,21], temperature [22] and polyelectrolyte species [8].
In addition, PEMs can be applied to many surfaces including flat planes [23], nanoparticles [24] and
nanocapsules [25,26], and three-dimensional (3D) porous scaffolds [27]. Furthermore, growth factors
often show no conformational change or reorganisation upon binding to polyelectrolytes in PEMs
when absorbed from solution at room temperature [5,28,29].

The goal of our study into growth factor-loaded PEM films was two-fold. First, to create a
multilayer that will act as a natural matrix for the growth factor. Second, to create a multilayer host film
that could have potential for synergistic therapeutic effect. Both of these goals were addressed through
the choice of the polymers used to create the multilayers. Our work has made use of two naturally
occurring biopolymers as the two major multilayer components; fucoidan and chitosan. The latter of
these two polymers finds widespread application and study in the area of would healing, due to its
properties: non-toxic, biocompatible, biodegradable, and anti-fungal. Past studies have also shown
that chitosan promotes fibroblast proliferation [30,31]

Fibroblast growth factor-2 (FGF-2) needs to be embedded within the PEM to ensure it is protected
from degradation but can remain biologically active [32]. The heparin binding site of FGF-2 is a
highly positive environment due to the basic amino acid groups present [28] and can interact with
negatively charged sulfate groups in heparin and heparin-mimics, including fucoidan [33–38] to create
a ternary complex with the growth factor cell receptors. This complex is required for FGF-2 to be
bioactive [33] and has been shown to improve skin healing [39]. Combining fucoidan and growth
factors has been attempted by other groups, and has been shown to improve angiogenesis [40,41] and
cell proliferation [42]. A single previous example exists of fucoidan combined with a growth factor
(vascular endothelial growth factor) in a multilayer film [43]. This study found improved anti-thrombic
properties and re-endothelialisation of a decellurised heart valve in response to interaction with this
multilayer system.

Furthermore, fucoidan can be pro-angiogenic [38], anti-inflammatory, anti-viral, and promotes
anti-bacterial activity of other molecules [44,45]. In addition, it can be pro- or anti-coagulant
depending on molecular weight [46], promotes cell proliferation and migration [35,39,47] and can be
immuno-modulating depending on the molecular weight and structure [48–50]. Fucoidan also inhibits
MMP-2 (matrix metalloproteinase-2), an enzyme that degrades type IV collagen, a major component
of basement membranes upon which the epithelium is constructed [51]. Meanwhile, chitosan has
been shown to offer protection of FGF-2 against denaturation from heat, proteolysis and acid [52].
Chitosan has been shown to accelerate healing in diabetic mice (chronic wound models), acting as a
delivery method for FGF-2 to further promote healing [52,53].

We have used attenuated total internal reflectance Fourier transform infrared spectroscopy
and quartz crystal microbalance with dissipation monitoring to investigate the fucoidan/chitosan
polyelectrolyte multilayers as a potential reservoir for FGF-2. Additionally, the permeation of FGF-2
into the multilayer was compared to the permeation of lysozyme. Lysozyme is a small protein of
similar size and charge to FGF-2 and has been shown to permeate into these multilayers in our
previous work [54]. Our overall aim has been to determine how FGF-2 can be incorporated into
multilayer films, either pre-prepared for deployment in biomaterials applications, or as a sink within a
biofluid environment to harvest and protect released FGF-2, to allow it to survive for longer in the
environment in which it needs to act.

2. Results

2.1. QCM-D

Gorouhi et al. found that epidermal growth factor was still effective at promoting cell proliferation
when covered by two bilayers in a PEM [32], thus, FGF-2 was placed at bilayer 6 of 8 in our study.
Quartz crystal microbalance with dissipation (QCM-D) monitoring experiments were performed to
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monitor the build-up of the multilayers, either with, or without, the inclusion of the growth factor.
In the case of a growth factor-embedded film, the PEM was constructed with sequential exposure of
the substrate to the two polysaccharides until bilayer 5.5 (fucoidan terminating). The PEM was then
exposed to PBS (phosphate buffer solution) for 5 min followed by 15 min FGF-2 25 µg·mL−1 solution,
then a 5 min rinse with PBS to remove any unbound FGF-2. This PBS/FGF-2/PBS cycle substituted
as the 6th CS (chitosan) layer. The PEM construction was continued as normal from the fucoidan
terminating seventh bilayer, until 8 bilayers were deposited. For the non-embedded/blank system
(i.e., without growth factor incorporation), the multilayer was exposed to PBS at the 5.5. bilayer
formation point, and then chitosan was added in place of the growth factor, prior to continuing the
formation until 8 bilayers were formed. Two independent experiments were performed with a total of
two sensors for each condition. A representative measurement is shown in Figure 1, whilst the average
Sauerbrey thickness, average hydrated mass and average dissipation can be found in Figure 2.Mar. Drugs 2020, 18, x FOR PEER REVIEW 4 of 21 

 

 
Figure 1. A representative QCM-D (Quartz crystal microbalance with dissipation) plot of frequency 
(A) and dissipation (B) for build-up of 8 bilayers for FUC/CS (fucoidan/chitosan) multilayers on gold 
sensors (5th overtone) where the PEM (polyelectrolyte multilayer) exposed to FGF-2 (fibroblast 
growth factor-2) are indicated by an orange line, whilst the control PEM exposed to only PBS 
(phosphate buffer solution) is marked with a blue line. The vertical dashed lines indicate the start of 
the adsorption step of each polymer. *Indicates were FGF-2 adsorption began for the data set 
presented in orange. 

The pattern seen in the early layers, of lower frequency and dissipation for chitosan layers, and 
a sharp increase in both frequency magnitude and dissipation for fucoidan layers, continues after 
PBS exposure with some differences, the first fucoidan layer after PBS exposure shows the same 
frequency as the previous fucoidan layer. The dissipation increases sharply with the fucoidan 
adsorption after PBS. The seventh and eighth chitosan layers show a decrease from the previous 
reported fucoidan layers in the frequency magnitude and dissipation values. The hydrated mass 
calculated using the Sauerbrey relation and the Sauerbrey thickness (panel A and B of Figure 2), show 
that the incorporation of FGF-2 does not have a significant impact on these two attributes of the 
multilayer compared to a PEM only exposed to PBS. The hydrated mass can be seen to follow a linear 
profile up to bilayer 3 where a saw-tooth profile emerges, with the chitosan layers having a lower 
hydrated mass than the previous fucoidan layers. Upon exposure to PBS the hydrated mass can be 
seen to decrease, following this exposure the continued build-up of the multilayer again shows a saw-
tooth profile similar to before the PBS/FGF-2/PBS cycle. The PEM that was only exposed to PBS 

Figure 1. A representative QCM-D (Quartz crystal microbalance with dissipation) plot of frequency
(A) and dissipation (B) for build-up of 8 bilayers for FUC/CS (fucoidan/chitosan) multilayers on gold
sensors (5th overtone) where the PEM (polyelectrolyte multilayer) exposed to FGF-2 (fibroblast growth
factor-2) are indicated by an orange line, whilst the control PEM exposed to only PBS (phosphate buffer
solution) is marked with a blue line. The vertical dashed lines indicate the start of the adsorption step
of each polymer. * Indicates were FGF-2 adsorption began for the data set presented in orange.
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Figure 2. QCM-D calculations for (A) the average hydrated Sauerbrey mass, (B) the average Sauerbrey 
thickness; and (C) the average dissipation of the 8 bilayer FUC/CS PEM with embedded FGF-2 
Figure 2. QCM-D calculations for (A) the average hydrated Sauerbrey mass, (B) the average Sauerbrey
thickness; and (C) the average dissipation of the 8 bilayer FUC/CS PEM with embedded FGF-2 (orange
with square markers–and highlighted with an asterisk on the x-axis) and PBS without FGF-2 (blue with
circle markers).
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The QCM-D data presented in Figure 1 indicate that the fucoidan layers show an increase in both
frequency magnitude and dissipation, which becomes larger with increasing layer number, reflecting
the supra-linear growth of the multilayer. The chitosan layers show a sharp decrease in both frequency
magnitude and dissipation. In both panels of Figure 1 a sharp spike can be seen when the multilayer
is initially exposed to PBS. The frequency magnitude and dissipation then decrease to values less
than the 6 bilayer fucoidan-terminating PEM within 5 min for both multilayers exposed to FGF-2 in
PBS and PBS only. There is a small but continual decrease in the frequency when the film is exposed
to PBS (both with FGF-2 and without) indicating a mass loss during this time. However, QCM-D
cannot distinguish between polymer mass and water mass loss. Our previous work has shown that
10 bilayer fucoidan/chitosan multilayers experience both a degree of mass loss and swelling when
exposed to PBS [54]. However, any swelling occurring here (Figure 1) cannot be seen in the frequency
measurements after the initial spike, in fact, a decrease in thickness is observed (see Figure 2).

The pattern seen in the early layers, of lower frequency and dissipation for chitosan layers, and a
sharp increase in both frequency magnitude and dissipation for fucoidan layers, continues after PBS
exposure with some differences, the first fucoidan layer after PBS exposure shows the same frequency as
the previous fucoidan layer. The dissipation increases sharply with the fucoidan adsorption after PBS.
The seventh and eighth chitosan layers show a decrease from the previous reported fucoidan layers in
the frequency magnitude and dissipation values. The hydrated mass calculated using the Sauerbrey
relation and the Sauerbrey thickness (panel A and B of Figure 2), show that the incorporation of FGF-2
does not have a significant impact on these two attributes of the multilayer compared to a PEM only
exposed to PBS. The hydrated mass can be seen to follow a linear profile up to bilayer 3 where a
saw-tooth profile emerges, with the chitosan layers having a lower hydrated mass than the previous
fucoidan layers. Upon exposure to PBS the hydrated mass can be seen to decrease, following this
exposure the continued build-up of the multilayer again shows a saw-tooth profile similar to before
the PBS/FGF-2/PBS cycle. The PEM that was only exposed to PBS appears to show a marginally higher
adsorbed mass, however, this was present prior to PBS exposure so is likely caused by a variation in
the samples themselves.

Similarly, the thickness data in panel B of Figure 2, show a similar profile to the mass calculations
prior to PBS exposure, where the linear profile ends at bilayer 3 and the saw-tooth begins. Again,
when chitosan is adsorbed to the fucoidan-terminating multilayer the film becomes thinner, when the
next layer of fucoidan is adsorbed the entire multilayer become thicker. When exposed to PBS,
the thickness of the multilayer increases, upon the adsorption of the first subsequent bilayer pair,
consisting of fucoidan then chitosan, the thickness decreases. These changes in thickness and mass
show a swelling and deswelling profile. No polymer is added during the PBS only rinse and very little
mass is added during the PBS/FGF-2/PBS cycle, yet the mass and thickness both increase.

The average dissipation data is presented in panel C of Figure 2, the PEMs with and without
growth factor have very similar dissipations after being exposed to FGF-2 in PBS or only PBS. Though,
this small difference may be due to variation in the samples that exists prior to the PBS exposure.
For the seventh layer of fucoidan, there was a significant difference in the dissipation with the PBS
only system having a much greater dissipation than the multilayer with embedded FGF-2, the eighth
fucoidan layer shows a similar difference. However, the dissipation of the seventh and eighth chitosan
layers are the same for both the multilayer with embedded FGF-2 and the multilayer that was only
exposed to PBS.

2.2. ATR FTIR

The ATR FTIR (attenuated total reflectance Fourier transform infrared) spectroscopy build-up
and growth factor embedding experiments were performed with two independent repeats on a ZnSe
IRE (internal reflection element). The spectra in Figure 3 show the PEM build-up proceeded as
expected up to 5.5 bilayers (some of the later layer spectra have been offset vertically for clarity).
The spectra show the characteristic peaks of fucoidan and chitosan (assigned previously [55–57]).
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The characteristic peaks assigned to chitosan are the amide I/C=O at 1633 cm−1 and amide II at
1535 cm−1. While the characteristic peaks attributed to the sulfate stretching vibration are at 1249 cm−1

and 1220 cm−1. Other peaks of interest include the overlapping peaks at 1167 cm−1 assigned to
C–O–C stretching vibration fucoidan and 1152 cm−1 assigned to C–O–C/C–N stretching vibrations of
chitosan. The glycosidic linkages and skeletal C–O stretching vibrations is encompassed by the peaks
at 1090 cm−1, 1051 cm−1 and 1025 cm−1 for both polysaccharides. A complete list of peak positions
and assignments can be found in Table 1.
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Figure 3. ATR FTIR (attenuated total reflectance Fourier transform infrared) spectra of build-up of a
8 bilayer FUC/CS PEM on a ZnSe IRE, where FGF-2 was embedded at bilayer 6. The grey line represents
the spectrum of PEI, green lines represent FUC layers, red lines represent CS, and the orange line shows
the spectrum of FGF-2 after a 5 min PBS rinse.

During the individual layer adsorption steps, when fucoidan was adsorbed an increase in the
sulfonate stretching band at 1238 cm−1 is clearly seen along with increases in the lower wavenumbers
of the glycosidic linkage region (1100–950 cm−1). As chitosan adsorbs the greatest differences are
increases in the entire glycosidic linkage region and in the amide I and II bands. These amide bands
decrease slightly upon subsequent fucoidan adsorption. This decrease is the result of stripping of
chitosan from the multilayer upon adsorption of fucoidan. Stripping of polyelectrolytes has been
observed in fucoidan/chitosan multilayers in past work from this group (and is commonly observed
more broadly with polyions of dissimilar molecular weights), when fucoidan of much lower molecular
weight has been used (see [56] and references contained therein).

The spectrum of the PBS rinse after FGF-2 adsorption displays some significant changes.
At 5.5 bilayers the PEM has been calculated to be 192 ± 10 nm thick using the Sauerbrey equation
from the QCM-D measurements presented in Figure 2, panel B. When the film was exposed to
PBS/FGF-2/PBS the Sauerbrey thickness decreased to 168 ± 5 nm, despite an initial spike caused
by PBS. The significant decrease in absorbance after the PBS/FGF-2/PBS cycle indicates mass loss of
polysaccharides from the film. The peak heights of the sulfonate bands and the glycosidic region match
that of the 5th bilayer, chitosan terminating film suggesting much of the previously adsorbed fucoidan
layer has been removed. In addition, increases in the amide I/II bands indicating that FGF-2 adsorbed
to the multilayer.
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Table 1. Assignment of bands observed for ATR FTIR (attenuated total reflectance Fourier transform
infrared) spectra of (i) a 9.5 bilayer fucoidan/chitosan polyelectrolyte multilayer on a Ge IRE (internal
reflection element) and (ii) an 8 bilayer fucoidan/chitosan polyelectrolyte multilayer with FGF-2
embedded at bilayer 6 built on a ZnSe IRE [27,30–40]. Annotations: ν is stretching vibration, νas is
asymmetric stretching vibration, νs is symmetric stretching vibration, γ is out-of-plane bending
vibration, δ is in-plane bending vibration.

Peak Assignment 9.5 BL Chitosan/Fucoidan
(Ge IRE)

8 BL Chitosan/Fucoidan with FGF-2
Embedded at BL 6 (ZnSe IRE)

νs(C-O-S) 838 838
νs(C-H) 898 898

ν(C-O), νs(C-O-S) 961 961
ν(C-O-C), ν(C-O), ν(C-C) 1025 1024

ν(C-O-C), ν(C-O), ν(S=O) 1052 1052
1089 1091

ν(C-N), γ(C-O-C) 1155 1155
γ(C-O-C) 1167 1167

νas(S=O) 1222 1220
1248 1248

γ(CH3) 1386 1386
δ(CH2) 1416 1416
δ(CH2) 1454 1454

Amide II, δ(N-H),
νas(COO-) 1538 1536

Amide I, δ(O-H) 1632 1635

Following the PBS/FGF-2/PBS cycle the multilayer build-up was continued. The first fucoidan
layer after this cycle has the same peak heights as the preceding fucoidan layer that was diminished by
the adsorption of the FGF-2 layer (and associated PBS rinse cycles). The characteristic peaks in the next
chitosan layer spectra increase very little, whilst the next bilayer appears to return to a more typical
build-up as seen with the early layers prior to PBS/FGF-2 exposure. There is one additional difference
in the final chitosan layer; the sulfate band attributed to fucoidan increases, likely due to underlying
chitosan peaks in the spectrum and the large amount of chitosan that appears to be adsorbing to
this layer. It is unlikely to be a result of the penetration depth of the evanescent wave as the dp of the
ZnSe IRE is approximately 850 nm (ñ = 1650 cm−1) and the Sauerbrey thickness of the multilayer at the
time of formation of the eighth chitosan layer is 193 ± 5 nm for the film with embedded FGF-2 (see the
supporting information of our previous work [54] for calculations of dp).

The spectra presented in Figure 4, show more clearly the spectral change associated with the
adsorption step of the growth factor. The amide I/II bands characteristic of proteins, in this case FGF-2,
are sharp and clear, and are found at peak maxima of 1642 cm−1 and 1541 cm−1, respectively. The amide
I/II bands increase over the 15 min adsorption. It is clear that FGF-2 has adsorbed to the surface of
the multilayer. The subsequent PBS rinse showed no further change in the polysaccharide peaks or the
amide bands suggesting the FGF-2 remained bound onto the multilayer surface and no further mass
loss of the polysaccharides occurred. The FGF-2 exposure spectra will also include some contribution
from the bulk solution above the PEM as well as any FGF-2 adsorbed to the PEM.

Finally, it was important to confirm that the FGF-2 remains bound within the PEM after build-up
is continued, i.e., it is not removed by polyelectrolyte stripping. The spectra of the layers added
after FGF-2 were processed by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio
from each. These spectra are then processed to remove the O-H bending mode of water lost during
this adsorption step, by summing the spectrum with a spectrum of PBS. Representative spectra are
presented in Figure 5. Negative changes in the amide bands of the spectra in this figure may show if
FGF-2 was desorbing or being removed from the multilayer.



Mar. Drugs 2020, 18, 531 8 of 20

Mar. Drugs 2020, 18, x FOR PEER REVIEW 8 of 21 

 

next chitosan layer spectra increase very little, whilst the next bilayer appears to return to a more 
typical build-up as seen with the early layers prior to PBS/FGF-2 exposure. There is one additional 
difference in the final chitosan layer; the sulfate band attributed to fucoidan increases, likely due to 
underlying chitosan peaks in the spectrum and the large amount of chitosan that appears to be 
adsorbing to this layer. It is unlikely to be a result of the penetration depth of the evanescent wave as 
the dp of the ZnSe IRE is approximately 850 nm (ñ = 1650 cm−1) and the Sauerbrey thickness of the 
multilayer at the time of formation of the eighth chitosan layer is 193 ± 5 nm for the film with 
embedded FGF-2 (see the supporting information of our previous work [54] for calculations of dp). 

The spectra presented in Figure 4, show more clearly the spectral change associated with the 
adsorption step of the growth factor. The amide I/II bands characteristic of proteins, in this case FGF-
2, are sharp and clear, and are found at peak maxima of 1642 cm−1 and 1541 cm−1, respectively. The 
amide I/II bands increase over the 15 min adsorption. It is clear that FGF-2 has adsorbed to the surface 
of the multilayer. The subsequent PBS rinse showed no further change in the polysaccharide peaks 
or the amide bands suggesting the FGF-2 remained bound onto the multilayer surface and no further 
mass loss of the polysaccharides occurred. The FGF-2 exposure spectra will also include some 
contribution from the bulk solution above the PEM as well as any FGF-2 adsorbed to the PEM. 

 
Figure 4. ATR FTIR individual layer spectra of the FGF-2 adsorption every 5 min in orange and the 
subsequent PBS rinse in blue. FGF-2 spectra are produced by 1 to 1 subtraction of the prior PBS rinse 
spectrum from each spectrum collected over the adsorption time, followed by subtraction of a PBS 
spectra to remove the O-H bending mode contribution of water. 

Finally, it was important to confirm that the FGF-2 remains bound within the PEM after build-
up is continued, i.e., it is not removed by polyelectrolyte stripping. The spectra of the layers added 
after FGF-2 were processed by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio 
from each. These spectra are then processed to remove the O-H bending mode of water lost during 
this adsorption step, by summing the spectrum with a spectrum of PBS. Representative spectra are 
presented in Figure 5. Negative changes in the amide bands of the spectra in this figure may show if 
FGF-2 was desorbing or being removed from the multilayer. 

Figure 4. ATR FTIR individual layer spectra of the FGF-2 adsorption every 5 min in orange and the
subsequent PBS rinse in blue. FGF-2 spectra are produced by 1 to 1 subtraction of the prior PBS rinse
spectrum from each spectrum collected over the adsorption time, followed by subtraction of a PBS
spectra to remove the O-H bending mode contribution of water.Mar. Drugs 2020, 18, x FOR PEER REVIEW 9 of 21 

 

 
Figure 5. Representative ATR FTIR spectra of the layers added after FGF-2 adsorption. These spectra 
were produced by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio from each, 
followed by adding a PBS spectra to flatten the region between 1650–1700 cm−1 to remove the O-H 
bending mode of water lost during this adsorption step. Green lines show the fucoidan layers whilst 
red shows the chitosan layers. The vertical lines indicate the peak maxima of the amide I/II of FGF-2. 

The first FUC (seventh bilayer) adsorption after the embedded growth factor contains a clear 
sulfate band characteristic of fucoidan as would be expected, however, there is significant distortion 
in the region from 1100–900 cm−1 due to the overlapping nature of PBS peaks in this region. In 
addition, the amide I band peak maxima can be found at 1643 cm−1, whilst the amide II maxima is at 
1539 cm−1, these peaks are indicative of FGF-2 remaining bound to the multilayer after fucoidan 
adsorption. Upon subsequent chitosan adsorption the amide I and II peaks became more rounded 
and the peak maxima of the amide I shifted to 1638 cm−1 but the amide II remained in the same 
position. Additionally, two peaks increase significantly at 1384 cm−1 and 1093 cm−1, assigned to the 
CH3 deformation and the C-O-C stretching mode of the glycosidic linkage overlapping with the 
symmetric stretching of phosphate in PBS (see electronic Supplementary Materials Figure S1). These 
peaks only increase with each chitosan addition. In the next fucoidan layer spectra the amide I band 
shifts back to 1640 cm−1, and both amide bands greatly reduce in size. This indicates that chitosan is 
removed from the film as was seen previously, while the shift towards the FGF-2-like amide I band 
suggests that the growth factor is still trapped within the film. The final adsorption of chitosan sees 
the amide I shift more dramatically to 1634 cm−1 due to significantly larger adsorbed amount. 

These spectra also clearly show that the sharp peak at 1093 cm−1 is associated with chitosan 
adsorption. This sharp peak appears at the same wavenumber as the first of the glycosidic linkage 
peaks of the polyelectrolytes, i.e., the C-O-C and C-O stretching bands. However, this peak also 
overlaps with the symmetric stretching of phosphate in PBS [58], which is composed of two peaks at 
1062 cm−1 and 1125 cm−1 (see electronic Supplementary Materials Figure S1). 

In addition to determining that the FGF-2 does not release upon simple exposure to PBS, it is 
valuable to determine the likely structure and distribution of the FGF-2 within the multilayer. The 
presence of FGF-2 as a distinct layer within the multilayer will likely result in a different interaction 
within a wound environment compared to FGF-2 that is evenly distributed throughout the PEM film. 
In recently submitted work from our group, we determined that lysozyme was able to adsorb onto 
and permeate into a multilayer of FUC/CS (fucoidan/chitosan) [54]. Lysozyme and FGF-2 are both 
small proteins, with similar molecular weights and hydrodynamic radii; for lysozyme the molecular 
weight is 14.7 kDa and has a hydrodynamic radius of 19.5 Å, whilst FGF-2 has values of 17.2 kDa and 
28 Å, respectively [9,28]. In addition, both have an overall positive charge at physiological pH, with 
isoelectric points at 11.3 for lysozyme and 9.6 for FGF-2. It was therefore our initial hypothesis that 
FGF-2 would behave similarly when a solution of the growth factor was placed in contact with a 
multilayer. 

To test this hypothesis, ATR FTIR spectroscopy on a Ge IRE was employed to monitor the build-
up of a 9.5 bilayer FUC/CS PEM, similar to our previous experiments with lysozyme. The build-up 

Figure 5. Representative ATR FTIR spectra of the layers added after FGF-2 adsorption. These spectra
were produced by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio from each,
followed by adding a PBS spectra to flatten the region between 1650–1700 cm−1 to remove the O–H
bending mode of water lost during this adsorption step. Green lines show the fucoidan layers whilst
red shows the chitosan layers. The vertical lines indicate the peak maxima of the amide I/II of FGF-2.

The first FUC (seventh bilayer) adsorption after the embedded growth factor contains a clear
sulfate band characteristic of fucoidan as would be expected, however, there is significant distortion in
the region from 1100–900 cm−1 due to the overlapping nature of PBS peaks in this region. In addition,
the amide I band peak maxima can be found at 1643 cm−1, whilst the amide II maxima is at 1539 cm−1,
these peaks are indicative of FGF-2 remaining bound to the multilayer after fucoidan adsorption.
Upon subsequent chitosan adsorption the amide I and II peaks became more rounded and the peak
maxima of the amide I shifted to 1638 cm−1 but the amide II remained in the same position. Additionally,
two peaks increase significantly at 1384 cm−1 and 1093 cm−1, assigned to the CH3 deformation and
the C-O-C stretching mode of the glycosidic linkage overlapping with the symmetric stretching of
phosphate in PBS (see electronic Supplementary Materials Figure S1). These peaks only increase with
each chitosan addition. In the next fucoidan layer spectra the amide I band shifts back to 1640 cm−1,
and both amide bands greatly reduce in size. This indicates that chitosan is removed from the film as
was seen previously, while the shift towards the FGF-2-like amide I band suggests that the growth
factor is still trapped within the film. The final adsorption of chitosan sees the amide I shift more
dramatically to 1634 cm−1 due to significantly larger adsorbed amount.
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These spectra also clearly show that the sharp peak at 1093 cm−1 is associated with chitosan
adsorption. This sharp peak appears at the same wavenumber as the first of the glycosidic linkage
peaks of the polyelectrolytes, i.e., the C-O-C and C-O stretching bands. However, this peak also
overlaps with the symmetric stretching of phosphate in PBS [58], which is composed of two peaks at
1062 cm−1 and 1125 cm−1 (see electronic Supplementary Materials Figure S1).

In addition to determining that the FGF-2 does not release upon simple exposure to PBS,
it is valuable to determine the likely structure and distribution of the FGF-2 within the multilayer.
The presence of FGF-2 as a distinct layer within the multilayer will likely result in a different interaction
within a wound environment compared to FGF-2 that is evenly distributed throughout the PEM film.
In recently submitted work from our group, we determined that lysozyme was able to adsorb onto
and permeate into a multilayer of FUC/CS (fucoidan/chitosan) [54]. Lysozyme and FGF-2 are both
small proteins, with similar molecular weights and hydrodynamic radii; for lysozyme the molecular
weight is 14.7 kDa and has a hydrodynamic radius of 19.5 Å, whilst FGF-2 has values of 17.2 kDa
and 28 Å, respectively [9,28]. In addition, both have an overall positive charge at physiological pH,
with isoelectric points at 11.3 for lysozyme and 9.6 for FGF-2. It was therefore our initial hypothesis
that FGF-2 would behave similarly when a solution of the growth factor was placed in contact with
a multilayer.

To test this hypothesis, ATR FTIR spectroscopy on a Ge IRE was employed to monitor the build-up
of a 9.5 bilayer FUC/CS PEM, similar to our previous experiments with lysozyme. The build-up was
found to match the data from our earlier work, and is presented in Figure 6. The multilayer was then
exposed to PBS solution for 5 min, and then a 25 µg·mL−1 FGF-2 solution (in PBS, which was used to
maintain the secondary structure of the proteins) was injected into the flowcell and remained stagnant
over the film for 15 min and a spectra collected of the bulk solution over the multilayer. The spectra of
the protein exposure are presented in Figure 7 panel A, where a ratio of 1 to 1 was used to subtract the
spectrum of PBS over FUC10 from the spectrum of 15 min protein exposure. The film was exposed to
FGF-2 was exposed to PBS for 2 h and this spectrum is presented in Figure 7 panel B.
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Figure 6. ATR FTIR spectra of the build-up of a 9.5 bilayer PEM on a Ge IRE. The spectra are produced
by subtracting a spectrum of the background electrolyte from each spectrum collected after each
polymer adsorption/rinse step. The spectrum of PEI is shown in grey, the spectra of the fucoidan layers
are shown in green and the chitosan layers are shown in red.
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Figure 7. (A) ATR FTIR difference spectra of a 9.5 bilayer PEM exposed to PBS for 5 min followed
by either lysozyme (dark blue) or FGF-2 (orange) for 15 min. (B) ATR FTIR difference spectrum of a
9.5 bilayer PEM exposed to PBS for 5 min followed by FGF-2 (orange) for 120 min. (Difference spectra
acquired by subtracting the spectrum of the PBS exposed multilayer from the multilayer exposed to the
two biomolecules).

Upon fucoidan adsorption the sulfate peaks increase up to bilayer 4. From bilayer 5 onwards,
the sulfate peak increases upon both fucoidan and chitosan adsorption. The amide I/II bands
characteristic of chitosan increase upon adsorption of chitosan, but decrease upon subsequent adsorption
of fucoidan throughout build-up, however, this becomes more noticeable in the latter layers. This is
attributed to mass loss of chitosan via stripping by fucoidan as it adsorbs and swelling of the film.
Swelling can be seen in ATR FTIR spectra where the penetration depth of the IRE is not much greater
than the thickness of the film. This can also account for the increase in the sulfate peak after chitosan
adsorption mentioned above.

The spectra in Figure 7 show that lysozyme can be detected within the multilayer, with amide I and
amide II bands clearly visible at 1651 cm−1 and 1547 cm−1. In addition, the glycosidic linkage region of
the polysaccharides can also be seen with a maxima at 1084 cm−1, as well as the sulfonate stretching
band characteristic of FUC at 1215–1252 cm−1. In contrast, the FGF-2 spectrum shows negative bands
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at 1647 cm−1 and 1547 cm−1 assigned to the amide I/II of CS, as well as the negative sulfonate stretching
band and the glycosidic linkage region with minima at 1215–1252 cm−1, and 1084 cm−1, respectively.

The refractive index of the Ge prism upon which these experiments were performed was nGe = 4.0,
within the ñ = 700–3450 cm−1 range [59]. A high refractive index means that the penetration depth (dp) of
the evanescent wave from the surface of the IRE in an aqueous environment is small, where dp = 414 nm
at ñ = 1540 cm−1 and dp = 505 nm at ñ = 1250 cm−1 (see our previous work for all calculated dp values
and graphs of refractive indices for ZnSe and Ge IREs in the mid-IR range). In our earlier work,
AFM measurements were used to determine the thickness of the 9.5 bilayer PEM in KCl electrolyte
(377 ± 10 nm) and when exposed to PBS (432 ± 14 nm) [54]. These thickness measurements show
that the multilayer is thicker than the penetration depth of the evanescent wave from a Ge IRE in the
region of the amide I/II bands. Therefore, the spectra in Figure 7 shows that the film allows lysozyme
to penetrate, as indicated by the amide I/II bands, and the PEM deswells as expected (and visualized
by the increase in the polysaccharide peaks). However, the FGF-2 does not interact with the PEM in
the same manner, the spectra indicates that the PEM is continuing to swell (likely due to the PBS) and
is not counteracted by protein sorption (no positive amide I/II bands can be seen).

The FGF-2 bulk solution was allowed to remain on the film for 2 h (Figure 7 panel B), after this
time the characteristic peaks of chitosan could be seen at 1636 cm−1 and 1558 cm−1, plus the glycosidic
linkage region centred around 1080 cm−1. However, there appeared to be no amide I/II bands
that matched the shape/ratios of the protein or any sulfate stretching bands indicative of fucoidan.
This indicates that FGF-2 did not permeate into the film over this time frame and the film de-swelled
into the evanescent wave. Specifically, a region/layer with high chitosan content, or that chitosan
is diffusing through the PEM into the lower layers closer to the IRE surface. This diffusion may be
facilitated by the long exposure to PBS meaning that the film remains in the swollen state during
this time. Therefore, the chitosan may be freer to diffuse due to the higher degree of extrinsic versus
intrinsic charge compensation and the ‘looser’ structure of the swollen PEM.

Since the our previous work determined that the PEM was able to exclude proteins based on
size [54], the spectra presented in Figure 7 indicate that FGF-2 must interact via a different mechanism
than lysozyme (LYZ) with the multilayer components since the difference in molecular weight and
hydrodynamic radii between LYZ and FGF-2 is small. It must be also noted that heparin-like
glycosaminoglycans (GAGs) (i.e., fucoidan) support dimerisation of FGF-2 which contributes to the
potency of the growth factor in vivo [60]. However, our experiments could not distinguish between
dimerised FGF-2 in contact with the fucoidan surface of the PEM, or whether monomers of FGF-2
were binding to the fucoidan on the films without dimerisation occurring.

3. Discussion

The data in this study clearly shows that FGF-2 does not permeate into the multilayer but can
be embedded irreversibly at a desired location within the film. Both observations are likely due to
the specific interactions between FGF-2 and heparin/or heparin-like mimics, i.e., fucoidan [33,61].
The FGF-2 protein has heparin-specific binding regions on the protein surface that contain lysine
residues [62]. Under physiological conditions lysine residues are positively charged and can act as
hydrogen bond donors [63]. The FGF family of growth factors all have different heparan sulfate
glycosaminoglycan (HSGAG) binding domains [61]. The binding of FGF to HSGAGs is vital for
binding to the tyrosine kinase receptors (FGFR) on cell surfaces as a ternary complex and regulating
signalling [61]. FGF binding to an HSGAG oligosaccharide has been shown to involve both ionic and
van der Waals forces, and was optimal due to the conformational changes of the HSGAG backbone
that occur from protein binding, where the HSGAG kinks across 3 specific monosaccharide units,
glucosamine-iduronate-glucosamine [61]. More recent work has shown that that binding of FGF to
HSGAGs requires 3-O-sulfated glucosamine saccharide units, not specifically iduronate which has an
additional carboxylate group in the 6-O-position [64]. Fucus vesiculosus fucoidan is predominantly
comprised of long chains of 2-O-sulfated glucosamine units with some 3-O-sulfated glucosamines [50].
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Thus, it is likely able to form the kinked structure around FGF proteins in a similar manner to the
HSGAGs studied by Raman et al. [61]. The specificity of heparin binding domains in proteins such as
FGF-2 result in quite different behaviour when compared to other proteins of similar size and charge
that lack the specific heparin binding domains, i.e., lysozyme [65]. Another factor to consider is the
oligermisation states of FGF-2, Kwan et al. reported that HSGAGs induced dimerisation of FGF-2 via
surface-exposed cystine residues [60]. The HSGAGs stabilise the FGF-2 dimers and the dimers have a
more potent effect than the monomeric form. If the FGF-2 is dimerising when in contact with fucoidan
at the surface of the multilayer, this may contribute to the lack of diffusion into the lower layers of
the film.

The work by Masuoka et al. showed that chitosan was able to protect FGF-2 from heat and
enzymatic degradation at pH 7.3 (in PBS) but had no protective effect against acid degradation
(pH < 5) [52]. This suggests that chitosan at or above its isoelectric point may be able to bind to FGF-2
as well. The amine groups of chitosan have an isoelectric point of 6.5 [66,67]. So, in PBS solution
(pH 7.3) almost 50% of the amine groups will lose their positive charge. In our multilayers, if FGF-2
were binding to chitosan then when the pH is reduced to pH 5 upon return to the background electrolyte
some loss of FGF-2 may be expected. However, this does not appear to be the case.

Other authors have seen similar results with other multilayer systems [68] where LYZ is able
to permeate but FGF-2 does not, but, this is not always the case, and it is dependent on a multilayer
structure [8,69–71]. Hsu et al. have published two works of interest, where either LYZ or FGF-2
were incorporated into the PEM structure as a component in a tetralayer [69]. In the first study,
CS/poly(β-L-malic acid) (PMLA)/CS or LYZ/PMLA tetralayers were investigated with varying degrees
of click crosslinking introduced via modified PMLA components to minimise interlayer diffusion
and thus, control release of therapeutics [69]. Here, LYZ was used as a model protein, and was trapped
in the lower part of the PEM by a cross-linked layer of PMLA. This barrier layer was able to suppress
the burst release of protein and made the release duration longer, going from 2 to 3 days. Hsu’s
second work, utilised the same PEM system with LYZ and FGF-2 [69]. In this study, they replaced LYZ
with FGF-2 in the tetralayer PEM and found that more than six times less FGF-2 was incorporated
than in similar LYZ films [69]. In addition, the loading of FGF-2 was linear with respect to film
thickness. The release of FGF-2 had a similar profile to that of LYZ from the same films however, was of
longer duration. The FGF-2 released from the films was found to have a greater proliferative activity
than ‘as-received’ FGF-2, likely due to the co-release of chitosan, which may offer protective effects
against heat denaturization [69].

Another group of authors who have created a body of work on the topic is Macdonald et al.
who investigated PEMs comprised of a variety of synthetic and natural polyelectrolytes and their
interactions with LYZ [70], FGF-2 [8] and BMP-2 [71]. In their 2008 paper, lysozyme was utilised as the
polyanion in a tetralayer structure (polyX/polyanion/LYZ/polyanion)n where, n = 10–80 and polyX was
one of two synthesised cationic poly(β-aminoesters), whilst the polyanion was, either heparin (HEP)
or chondroitin [70]. The amount of LYZ incorporated was linear with film thickness. The same films
were investigated with FGF-2 as the embedded protein in the tetralayer structure. It was found that
poly2/HEP films contained the most FGF-2, partly due to the hydrophobicity of poly2 vs. poly1 which
would result in less intrinsic charge compensation (poly2 films are thicker than poly1 due to this).
In addition, films containing HEP can sequester more FGF-2 than the equivalent films containing
chondroitin. It was proposed that the specific interactions between HEP and FGF-2 may be the
dominant factor, however, in their previous work the HEP films were also able to load more LYZ than
the chondroitin films [70]. So, the specific interactions between FGF-2 and HEP may not be the only
reason why HEP multilayers were able to load more FGF-2 than the chondroitin films.

These studies correlate with our data confirming that heparin-specific binding sites play an
important role in the uptake of FGF-2 to fucoidan/chitosan multilayer films and that fucoidan is likely
acting as a heparin-mimic even when it is within a multilayer structure.
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This is further confirmed by the FUC7 + PBS spectra in Figure 5, which shows that FGF-2 remains
bound within the multilayer upon fucoidan adsorption, however, it is less clear in the subsequent
spectra due to the overlapping amide bands of chitosan and FGF-2. Yet, it is still possible to assume
the FGF-2 remains bound since upon addition of the seventh chitosan layer the amide I band does
not shift as low as previously seen in earlier studies from our group [54] (to 1630 cm−1) and when the
eighth fucoidan layer is adsorbed (and some chitosan is stripped) there is a shift in the amide I to
higher wavenumbers i.e., closer to the peak maximum of FGF-2.

The sharp peak (Figure 5) assigned to the symmetric stretching of phosphate in PBS [58]
(see electronic Supplementary Materials Figure S1) could suggest that some phosphate remains bound
via ionic interactions to chitosan after the electrolyte is changed back to KCl. Laucirica et al. have
shown that amine-phosphate interactions are specific and that this binding becomes apparent under
physiologically relevant conditions [72]. In addition, the same work showed that the divalent HPO4

2−

has an affinity for amino-groups that is five times greater than the monovalent H2PO4
1− ion due to the

hydrogen bonding between the protons on the amine and the charged oxygen species of phosphate
ions [72]. Peng et al. found similar results with molecular dynamics that showed that phosphate ions
adsorb on to amino-terminated self-assembled monolayers but chloride ions do not [73].

4. Materials and Methods

4.1. Materials

Protosan UP CL 213, a chitosan salt that dissolves in water (CS, 75–90% deacetylated, 150–400 kDa)
was sourced from NovaMatrix (Sandvika, Norway). Pharmaceutical grade Fucus vesiculosus fucoidan
(FUC, Batch no. DPFVF2015505 from the Maritech ®® range, 98% purity, 1.4% uronic acid, 56.9 kDa,
26.6% sulfate 50.7% fucose) was supplied by Marinova Pty Ltd. (Cambridge, TAS, Australia).
The purification of fucoidan to remove pyrogens produces a highly pure material that is acceptable for
medical use. Human fibroblast growth factor-basic (FGF-2, 154 a.a.) was supplied by Peprotech-Lonza,
Mt Waverley, VIC, Australia. Lysozyme from chicken egg white (LYZ, dialyzed, lyophilized,
powder, 100000 U·mg−1) and polyethylenimine (PEI, branched, 25 kDa) and were obtained from
Sigma-Aldrich, Australia.

Potassium chloride (KCl, 99%, AR) was purchased from Chem-Supply (Gillman, SA, Australia).
The KCl was further purified to remove surface active impurities, by calcination at 550 ◦C for 8 h,
followed by recrystalisation and finally, another calcination. Phosphate buffered saline (Dulbecco A)
was obtained from Thermo Fisher Scientific, Adelaide, SA, Australia and used as supplied. HCl and
KOH (both volumetric grade) were sourced from Merck KGaA, Darmstadt, Germany. Reagents used
for cleaning surfaces include; ethanol 100% undenatured (AR, Chem-Supply, Gillman, SA, Australia),
Hellmanex (Hellma Analytics, Müllheim, Germany), pH 7 Tickopur R 30 and OP-U colloidal silica
suspension (Struers, Ballerup, Denmark).

4.2. Solution Preparation

Milli-Q water (resistivity: 18.2 MΩ·cm; interfacial tension: 72.4 mN·m−1 at 22 ◦C; total organic
carbon content: < 4 mg·L−1) was used to prepare all solutions and for cleaning of surfaces and
glassware. The background electrolyte for the polyelectrolyte solutions was pH 5 0.1 M KCl solution
(pH adjusted prior to making other solutions). PEI (500 ppm) was prepared in background electrolyte,
stirred overnight and used within one week. Solutions of CS and FUC (both 500 ppm) were prepared
in background electrolyte and stirred overnight. The polysaccharide solutions were used within
24 h of preparation. The background electrolyte, FUC and CS solutions were pH adjusted with
volumetric grade KOH and HCl solutions to pH 5 before experiments. All pH adjustments were
performed to give a value of ± 0.05 from the desired pH. PEI was used at its native pH in 0.1 M KCl
pH 5 solution. Both LYZ and FGF-2 (both 25 ppm) were prepared the day of the experiment in PBS
(pH 7.3) and stirred briefly to dissolve the protein.The concentration of 25 µg·mL−1 FGF-2 solution
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was chosen for two main reasons; (i) physiological concentrations are approximately 50 pg·mL−1 in
plasma [74], (ii) spectroscopic detection levels were found to be in the range of hundreds of µg·mL−1

for solution spectra. Typically, adsorption to a multilayer increases the concentration within the
evanescent wave, and thus detection of less than this concentration is possible, it was decided to work
in a range that would ensure detection. In addition other authors have found concentrations between
1.65–100 µg·mL−1 growth factor solutions sufficient for multilayer studies [8,18,75–77].

4.3. Polyelectrolyte Multilayer Preparation and Growth Factor Adsorption/Incorporation

Multilayers were prepared, in situ, under flow for all experiments. Initially, the system is flushed
with KCl background electrolyte, then an anchoring layer of PEI is deposited by flowing the solution
over the substrate for 15 min followed by a 5 min rinse with KCl. Following the PEI layer, FUC is
adsorbed then CS. Each polymer is adsorbed for 15 min followed by a 5 min KCl rinse. The fucoidan
and chitosan layers make one bilayer pair. This bilayer is repeated until the desired bilayer number
is reached. Where FGF-2 was embedded in the film, a total of 8 bilayers were used with a FGF-2 layer
at bilayer 6 i.e., PEI-(FUC/CS)5-(FUC/FGF-2)-(FUC/CS)2. For the permeation experiments multilayers
composed of 9.5 bilayers were used so the film can be described by; PEI-(FUC/CS)9-FUC.

4.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR)

Fourier transform infrared experiments were performed on a Varian 670-IR FTIR spectrometer
(Agilent Technologies, Mulgrave, VIC, Australia). A Ge internal reflection element (IRE) was used
for FGF-2 permeation experiments. A ZnSe IRE was used for the data shown throughout the
main manuscript. The IRE was mounted in a Fast IR single reflection ATR accessory (Harrick Scientific,
Pleasantville, NY, USA) and fitted with a liquid flow cell attached to a peristaltic pump (Masterflex L/S,
John Morris Scientific, Deepdene, VIC, Australia) with Tygon tubing (Masterflex L/S 13, Cole Parmer,
Vernon Hills, IL, USA).

The ZnSe/Ge IRE (Harrick Scientific, Pleasantville, NY, USA) was buffed in a figure-of-eight
pattern for approximately 5 min with OP-U colloidal silica suspension on a wet, MD-Nap™ 250 mm
polishing pad (both Struers, Ballerup, Denmark), followed by buffing for a further 2 min with Milli-Q
water. Each component was sonicated in a surfactant for 30 min; the IRE in 2% pH 7 Tickopur,
the flow cell and the tubing were sonicated in 2% Hellmanex - each solution was injected through
the tubing 3 times with syringes (Luer slip, 5 cc·mL−1, Terumo, Tokyo, Japan). Each component
was rinsed with Milli-Q water and then sonicated in 100% undenatured ethanol for 15 min (tubing
was not exposed to ethanol), followed by a further rinse, then sonicated in Milli-Q water for 15 min.
Finally, the components were rinsed a last time, dried under a stream of high purity dried nitrogen gas
(99.999%, BOC, North Ryde, NSW, Australia) and allowed to dry fully overnight in a covered plastic
container before being mounted.

Multilayers were created on the IRE surface under flow by following the protocol outlined above.
The FGF-2 adsorption and PBS rinses were performed by flowing PBS over the multilayer for 5 min
at 1.000 mL·min−1. Then the tubing was removed and FGF-2 solution was injected directly into the
flowcell chamber via a syringe (Luer slip, 1 cc·mL−1, Terumo, Japan). The injection of the solution was
staged over the 15 min adsorption, with 0.3 mL injected at 0, 5 and 10 min. For the diffusion study the
FGF-2 remained on the multilayer for 2 h. The tubing was reconnected to the flowcell and then flushed
with PBS again for 5 min at 1.000 mL·min−1.

Single channel spectra from 256 scans were obtained in the region of 650 cm−1 (on the ZnSe IRE)
or 780 cm−1 (on the Ge IRE) to 4000 cm−1, with 4 cm−1 resolution (commonly employed for studies of
condensed matter systems, as higher resolution does not provide finer detail of peaks due to the natural
linewidth of peaks in such systems) using Agilent Resolutions Pro software v5.2.0.36. Spectra were
recorded for each experiment, as follows; (i) a background spectrum in air; (ii) a water vapour (WV)
spectrum in air 10 min after the background spectrum; (iii) a spectrum of the background electrolyte
after 5 min flow; (iv) then polymer spectra after each successive adsorption/rinse cycle.
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Spectra were collected at specific time points, during the PBS/FGF-2/PBS cycle; (i) after the 5 min
PBS rinse of the 5.5 bilayer, fucoidan terminating PEM, (ii) every 5 min during FGF-2 adsorption
and (iii) after the 5 min PBS rinse after growth factor adsorption. These spectra were processed by
subtracting the initial PBS rinse from the FGF-2 and subsequent PBS rinse with a 1 to 1 ratio, then a
spectrum of PBS was added to flatten the O-H bending mode of water.

Whilst for the diffusion study on the 9.5 bilayer multilayer, spectra were collected at 15 min FGF-2
adsorption and then after a final 5 min PBS rinse following the 2 h FGF-2 adsorption. These spectra were
processed by subtracting the PBS rinse of the multilayer in a 1 to 1 ratio from all subsequent spectra.
Each experiment was performed as two independent repeats. Spectral processing was performed with
OMNIC software v8.2.0.387 (Thermo Fisher Scientific, Scoresby, VIC, Australia).

The multilayer build-up spectra presented below (Figure 3) and in the electronic supplementary
material were produced by subtracting the spectrum of the background electrolyte (KCl) from each
spectrum to remove the contribution of water in the O-H bending mode region (~1630 cm−1). In Figures 4
and 5 the spectra were produced by subtracting the spectra of the PBS rinse of the 6th fucoidan layer
(PBS rinse after FUC6) in a 1 to 1 ratio from each, followed by adding a PBS spectra to flatten the region
between 1650–1700 cm−1 to remove the O-H bending mode of water. Finally, manual water vapour
correction was performed, followed by automatic baseline correction, for all spectra.

4.5. Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

The experiments were performed on a Q-sense E4 instrument (Biolin Scientific, Västra Frölunda,
Sweden) under continuous flow conditions. The multilayers are formed on Si-coated 5 MHz AT-cut
quartz crystal sensors (SiO2 50 nm, QSX 303, Q-sense, Biolin Scientific, Sweden). The sensors were
cleaned by sonicating in 1 M HCl for 30 min, followed by 2% Hellmanex for 30 min then Milli-Q water
for 10 min. The sensors were individually dried under a stream of high purity dried nitrogen and air
plasma cleaned for 60 s (Harrick Plasma, Ithaca, NY, USA).

Once cleaned, the sensors were placed into the QCM chambers, where they were allowed to
stabilise in background electrolyte prior to measurement for 1 h under flow at 0.050 mL·min−1 using
a multi-channel peristaltic pump (Ismatec, Cole-Palmer, Wertheim, Germany). Then solutions were
pumped through the system following the adsorption protocol described above at rates of 0.100 mL·min-1

for polyelectrolyte/protein adsorption and 0.300 mL·min−1 for the background electrolyte rinse.
The PBS/FGF-2/PBS cycle was performed using a flow rate of 0.300 mL·min−1 for 5 min for the

PBS rinse prior to the adsorption of growth factor. The FGF-2 adsorption was performed by flowing
the growth factor solution over the multilayer for 1 min at a rate of 0.30 mL·min−1, then for 14 min at a
rate of 0.05 mL·min−1. The subsequent PBS flush was performed at 0.05 mL·min−1 and 0.30 mL·min−1

for 5 min each (the extra slow flush was used to account for the additional exposure time of FGF-2 due
to spectra collection in ATR FTIR spectroscopy measurements).

5. Conclusions

The ATR infrared spectra and quartz crystal microbalance measurements presented show that
fibroblast growth factor-2 can be embedded into the film structure by adsorbing layers of polyelectrolytes
over the FGF-2. In addition, it was found that the overall multilayer structure is altered by PBS exposure
during the embedding process, and that the incorporation of growth factor had little disruptive effect
on the film build-up. This ability of fucoidan to bind fibroblast growth factor 2 in a multilayer structure
could offer new methods for protecting and deploying growth factor in a wound bed. Such deployment
as a coating on wound dressing material would allow the growth factor to be active in a wound bed as
the polyelectrolyte degrades and exposes/releases the growth factor.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/11/531/s1,
Figure S1: ATR FTIR spectrum.
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multilayer capsules with quantum dots for biomedical applications. Colloids Surfaces B Biointerfaces 2012,
90, 211–216. [CrossRef] [PubMed]

27. Losi, P.; Briganti, E.; Errico, C.; Lisella, A.; Sanguinetti, E.; Chiellini, F.; Soldani, G. Fibrin-based scaffold
incorporating VEGF- and bFGF-loaded nanoparticles stimulates wound healing in diabetic mice. Acta Biomater.
2013, 9, 7814–7821. [CrossRef]

28. Amorim, S.; Pires, R.A.; Da Costa, D.S.; Reis, R.L.; Pashkuleva, I. Interactions between Exogenous FGF-2 and
Sulfonic Groups: In Situ Characterization and Impact on the Morphology of Human Adipose-Derived Stem
Cells. Langmuir 2013, 29, 7983–7992. [CrossRef]

29. Hammond, P.T. Building biomedical materials layer-by-layer. Mater. Today 2012, 15, 196–206. [CrossRef]
30. Muzzarelli, R.A.A. Chitins and chitosans for the repair of wounded skin, nerve, cartilage and bone.

Carbohydr. Polym. 2009, 76, 167–182. [CrossRef]
31. Jayakumar, R.; Prabaharan, M.; Kumar, P.S.; Nair, S.; Tamura, H. Biomaterials based on chitin and chitosan in

wound dressing applications. Biotechnol. Adv. 2011, 29, 322–337. [CrossRef] [PubMed]
32. Gorouhi, F.; Shah, N.M.; Raghunathan, V.; Mohabbati, Y.; Abbott, N.L.; Isseroff, R.R.; Murphy, C.J.

Epidermal Growth Factor–Functionalized Polymeric Multilayer Films: Interplay between Spatial Location
and Bioavailability of EGF. J. Investig. Dermatol. 2014, 134, 1757–1760. [CrossRef] [PubMed]

33. Chabut, D.; Fischer, A.-M.; Colliec-Jouault, S.; Laurendeau, I.; Matou, S.; Le Bonniec, B.; Helley, D. Low
Molecular Weight Fucoidan and Heparin Enhance the Basic Fibroblast Growth Factor-Induced Tube
Formation of Endothelial Cells through Heparan Sulfate-Dependent α6 Overexpression. Mol. Pharmacol.
2003, 64, 696–702. [CrossRef] [PubMed]

34. Matou, S.; Helley, D.; Chabut, D.; Bros, A.; Fischer, A.-M. Effect of fucoidan on fibroblast growth
factor-2-induced angiogenesis in vitro. Thromb. Res. 2002, 106, 213–221. [CrossRef]

35. Lake, A.C.; Vassy, R.; Di Benedetto, M.; Lavigne, D.; Le Visage, C.; Perret, G.Y.; Letourneur, D. Low Molecular
Weight Fucoidan Increases VEGF165-induced Endothelial Cell Migration by Enhancing VEGF165Binding to
VEGFR-2 and NRP1. J. Biol. Chem. 2006, 281, 37844–37852. [CrossRef]

36. Ye, X.; Wang, H.; Zhou, J.; Li, H.; Liu, J.; Wang, Z.; Chen, A.; Zhao, Q. The Effect of Heparin-VEGF Multilayer
on the Biocompatibility of Decellularized Aortic Valve with Platelet and Endothelial Progenitor Cells.
PLoS ONE 2013, 8, e54622. [CrossRef]

37. Belford, D.A.; Hendry, I.A.; Parish, C.R. Investigation of the ability of several naturally occurring and
synthetic polyanions to bind to and potentiate the biological activity of acidic fibroblast growth factor.
J. Cell. Physiol. 1993, 157, 184–189. [CrossRef]

38. Luyt, C.-E.; Meddahi-Pellé, A.; Ho-Tin-Noé, B.; Colliec-Jouault, S.; Guezennec, J.; Louedec, L.; Prats, H.;
Jacob, M.-P.; Osborne-Pellegrin, M.; Letourneur, D.; et al. Low-Molecular-Weight Fucoidan Promotes

http://dx.doi.org/10.1080/00914037.2018.1525727
http://dx.doi.org/10.1021/am404849y
http://dx.doi.org/10.1039/c3tb21757d
http://www.ncbi.nlm.nih.gov/pubmed/32261433
http://dx.doi.org/10.1016/j.matlet.2017.12.010
http://dx.doi.org/10.1016/j.colsurfb.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28837896
http://dx.doi.org/10.1002/adhm.201400684
http://www.ncbi.nlm.nih.gov/pubmed/25656491
http://dx.doi.org/10.1016/j.colsurfb.2018.06.033
http://www.ncbi.nlm.nih.gov/pubmed/29936384
http://dx.doi.org/10.1016/j.colsurfb.2011.10.028
http://www.ncbi.nlm.nih.gov/pubmed/22078925
http://dx.doi.org/10.1016/j.actbio.2013.04.019
http://dx.doi.org/10.1021/la400871c
http://dx.doi.org/10.1016/S1369-7021(12)70090-1
http://dx.doi.org/10.1016/j.carbpol.2008.11.002
http://dx.doi.org/10.1016/j.biotechadv.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21262336
http://dx.doi.org/10.1038/jid.2014.7
http://www.ncbi.nlm.nih.gov/pubmed/24390131
http://dx.doi.org/10.1124/mol.64.3.696
http://www.ncbi.nlm.nih.gov/pubmed/12920206
http://dx.doi.org/10.1016/S0049-3848(02)00136-6
http://dx.doi.org/10.1074/jbc.M600686200
http://dx.doi.org/10.1371/journal.pone.0054622
http://dx.doi.org/10.1002/jcp.1041570124


Mar. Drugs 2020, 18, 531 18 of 20

Therapeutic Revascularization in a Rat Model of Critical Hindlimb Ischemia. J. Pharmacol. Exp. Ther. 2003,
305, 24–30. [CrossRef]

39. Song, Y.S.; Li, H.; Balcos, M.C.; Yun, H.-Y.; Baek, K.J.; Kwon, N.S.; Choi, H.-R.; Park, K.-C.; Kim, D.-S.
Fucoidan Promotes the Reconstruction of Skin Equivalents. Korean J. Physiol. Pharmacol. 2014, 18, 327–331.
[CrossRef]

40. Kim, B.S.; Park, J.; Kang, H.-J.; Kim, H.-J.; Lee, J. Fucoidan/FGF-2 induces angiogenesis through JNK- and
p38-mediated activation of AKT/MMP-2 signalling. Biochem. Biophys. Res. Commun. 2014, 450, 1333–1338.
[CrossRef]

41. Nakamura, S.; Nambu, M.; Ishizuka, T.; Hattori, H.; Kanatani, Y.; Takase, B.; Kishimoto, S.; Amano, Y.;
Aoki, H.; Kiyosawa, T.; et al. Effect of controlled release of fibroblast growth factor-2 from chitosan/fucoidan
micro complex-hydrogel on in vitro and in vivo vascularization. J. Biomed. Mater. Res. Part A 2008, 85,
619–627. [CrossRef] [PubMed]

42. Zemani, F.; Benisvy, D.; Galy-Fauroux, I.; Lokajczyk, A.; Colliec-Jouault, S.; Uzan, G.; Fischer, A.M.;
Boisson-Vidal, C. Low-molecular-weight fucoidan enhances the proangiogenic phenotype of endothelial
progenitor cells. Biochem. Pharmacol. 2005, 70, 1167–1175. [CrossRef] [PubMed]

43. Marinval, N.; Morenc, M.; Labour, M.-N.; Samotus, A.; Mzyk, A.; Ollivier, V.; Maire, M.; Jesse, K.; Bassand, K.;
Niemiec-Cyganek, A.; et al. Fucoidan/VEGF-based surface modification of decellularized pulmonary heart
valve improves the antithrombotic and re-endothelialization potential of bioprostheses. Biomateials 2018,
172, 14–29. [CrossRef]

44. Wang, W.; Wang, S.-X.; Guan, H.-S. The Antiviral Activities and Mechanisms of Marine Polysaccharides:
An Overview. Mar. Drugs 2012, 10, 2795–2816. [CrossRef] [PubMed]

45. Lee, J.-B.; Hayashi, K.; Hashimoto, M.; Nakano, T.; Hayashi, T. Novel Antiviral Fucoidan from Sporophyll of
Undaria pinnatifida (Mekabu). Chem. Pharm. Bull. 2004, 52, 1091–1094. [CrossRef] [PubMed]

46. Jiang, C.; Knappe, S.; Reutterer, S.; Szabo, C.M.; Dockal, M.; Zhang, Z.; Till, S.; Scheiflinger, F. Structure-activity
relationship of the pro- and anticoagulant effects of Fucus vesiculosus fucoidan. Thromb. Haemost. 2014,
111, 429–437. [CrossRef] [PubMed]

47. Bouvard, C.; Galy-Fauroux, I.; Grelac, F.; Carpentier, W.; Lokajczyk, A.; Gandrille, S.; Colliec-Jouault, S.;
Fischer, A.-M.; Helley, D. Low-Molecular-Weight Fucoidan Induces Endothelial Cell Migration via the
PI3K/AKT Pathway and Modulates the Transcription of Genes Involved in Angiogenesis. Mar. Drugs 2015,
13, 7446–7462. [CrossRef]

48. Fitton, J.H.; Stringer, D.N.; Karpiniec, S.S. Therapies from Fucoidan: An Update. Mar. Drugs 2015,
13, 5920–5946. [CrossRef] [PubMed]

49. Cumashi, A.; Ushakova, N.A.; Preobrazhenskaya, M.E.; D’Incecco, A.; Piccoli, A.; Totani, L.; Tinari, N.;
Morozevich, G.E.; Berman, A.E.; Bilan, M.I.; et al. A comparative study of the anti-inflammatory, anticoagulant,
antiangiogenic, and antiadhesive activities of nine different fucoidans from brown seaweeds. Glycobiology
2007, 17, 541–552. [CrossRef]

50. Ale, M.T.; Mikkelsen, J.D.; Meyer, A.S. Important Determinants for Fucoidan Bioactivity: A Critical Review
of Structure-Function Relations and Extraction Methods for Fucose-Containing Sulfated Polysaccharides
from Brown Seaweeds. Mar. Drugs 2011, 9, 2106–2130. [CrossRef]

51. Fitton, J.H. Therapies from Fucoidan; Multifunctional Marine Polymers. Mar. Drugs 2011, 9, 1731–1760.
[CrossRef] [PubMed]

52. Masuoka, K.; Ishihara, M.; Asazuma, T.; Hattori, H.; Matsui, T.; Takase, B.; Kanatani, Y.; Fujita, M.; Saito, Y.;
Yura, H.; et al. The interaction of chitosan with fibroblast growth factor-2 and its protection from inactivation.
Biomaterial 2005, 26, 3277–3284. [CrossRef] [PubMed]

53. Mizuno, K.; Yamamura, K.; Yano, K.; Osada, T.; Saeki, S.; Takimoto, N.; Sakurai, T.; Nimura, Y. Effect
of chitosan film containing basic fibroblast growth factor on wound healing in genetically diabetic mice.
J. Biomed. Mater. Res. 2002, 64, 177–181. [CrossRef] [PubMed]

54. Benbow, N.L.; Sebben, D.A.; Karpiniec, S.; Stringer, D.; Krasowska, M.; Beattie, D.A. Lysozyme uptake
into pharmaceutical grade fucoidan/chitosan polyelectrolyte multilayers under physiological conditions.
J. Colloid Interface Sci. 2020, 565, 555–566. [CrossRef]

55. Ho, T.T.M.; Bremmell, K.E.; Krasowska, M.; Stringer, D.N.; Thierry, B.; Beattie, D.A. Tuning polyelectrolyte
multilayer structure by exploiting natural variation in fucoidan chemistry. Soft Matter 2015, 11, 2110–2124.
[CrossRef]

http://dx.doi.org/10.1124/jpet.102.046144
http://dx.doi.org/10.4196/kjpp.2014.18.4.327
http://dx.doi.org/10.1016/j.bbrc.2014.06.137
http://dx.doi.org/10.1002/jbm.a.31563
http://www.ncbi.nlm.nih.gov/pubmed/17806115
http://dx.doi.org/10.1016/j.bcp.2005.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16153611
http://dx.doi.org/10.1016/j.biomaterials.2018.01.054
http://dx.doi.org/10.3390/md10122795
http://www.ncbi.nlm.nih.gov/pubmed/23235364
http://dx.doi.org/10.1248/cpb.52.1091
http://www.ncbi.nlm.nih.gov/pubmed/15340195
http://dx.doi.org/10.1160/TH13-08-0635
http://www.ncbi.nlm.nih.gov/pubmed/24285223
http://dx.doi.org/10.3390/md13127075
http://dx.doi.org/10.3390/md13095920
http://www.ncbi.nlm.nih.gov/pubmed/26389927
http://dx.doi.org/10.1093/glycob/cwm014
http://dx.doi.org/10.3390/md9102106
http://dx.doi.org/10.3390/md9101731
http://www.ncbi.nlm.nih.gov/pubmed/22072995
http://dx.doi.org/10.1016/j.biomaterials.2004.07.061
http://www.ncbi.nlm.nih.gov/pubmed/15603823
http://dx.doi.org/10.1002/jbm.a.10396
http://www.ncbi.nlm.nih.gov/pubmed/12483711
http://dx.doi.org/10.1016/j.jcis.2020.01.030
http://dx.doi.org/10.1039/C4SM02552K


Mar. Drugs 2020, 18, 531 19 of 20

56. Benbow, N.L.; Webber, J.L.; Karpiniec, S.; Krasowska, M.; Ferri, J.K.; Beattie, D.A. The influence of polyanion
molecular weight on polyelectrolyte multilayers at surfaces: Protein adsorption and protein–polysaccharide
complexation/stripping on natural polysaccharide films on solid supports. Phys. Chem. Chem. Phys. 2017,
19, 23790–23801. [CrossRef]

57. Benbow, N.L.; Webber, J.L.; Pawliszak, P.; Sebben, D.A.; Karpiniec, S.; Stringer, D.; Tobin, M.J.; Vongsvivut, J.;
Krasowska, M.; Beattie, D.A. Odd-even effects on hydration of natural polyelectrolyte multilayers: An in
situ synchrotron FTIR microspectroscopy study. J. Colloid Interface Sci. 2019, 553, 720–733. [CrossRef]

58. Fadeeva, I.V.; Barinov, S.M.; Fedotov, A.Y.; Komlev, V.S. Interactions of calcium phosphates with chitosan.
Dokl. Chem. 2011, 441, 387–390. [CrossRef]

59. Li, H.H. Refractive index of silicon and germanium and its wavelength and temperature derivatives. J. Phys.
Chem. Ref. Data 1980, 9, 561–658. [CrossRef]

60. Kwan, C.-P.; Kaundinya, G.V.; Shriver, Z.; Raman, R.; Liu, D.; Qi, Y.; Varticovski, L.; Sasisekharan, R.
Probing Fibroblast Growth Factor Dimerization and Role of Heparin-like Glycosaminoglycans in Modulating
Dimerization and Signaling. J. Biol. Chem. 2001, 276, 23421–23429. [CrossRef]

61. Raman, R.; Venkataraman, G.; Ernst, S.; Sasisekharan, V.; Sasisekharan, R. Structural specificity of heparin
binding in the fibroblast growth factor family of proteins. Proc. Natl. Acad. Sci. USA 2003, 100, 2357–2362.
[CrossRef] [PubMed]

62. Ori, A.; Free, P.; Courty, J.; Wilkinson, M.C.; Fernig, D.G. Identification of Heparin-binding Sites in Proteins
by Selective Labeling. Mol. Cell. Proteom. 2009, 8, 2256–2265. [CrossRef] [PubMed]

63. Musselman, C.A.; Kutateladze, T.G. Preparation, Biochemical Analysis, and Structure Determination of
Methyllysine Readers. In Methods Enzymology; Marmorstein, R., Ed.; Academic Press: Cambridge, MA, USA,
2016; Volume 573, pp. 345–362.

64. Xu, R.; Ori, A.; Rudd, T.R.; Uniewicz, K.A.; Ahmed, Y.A.; Guimond, S.E.; Skidmore, M.A.; Siligardi, G.;
Yates, E.A.; Fernig, D.G. Diversification of the Structural Determinants of Fibroblast Growth Factor-Heparin
Interactions. J. Biol. Chem. 2012, 287, 40061–40073. [CrossRef]

65. Van De Weert, M.; Andersen, M.B.; Frokjaer, S. Complex Coacervation of Lysozyme and Heparin: Complex
Characterization and Protein Stability. Pharm. Res. 2004, 21, 2354–2359. [CrossRef]

66. Kim, I.-Y.; Seo, S.-J.; Moon, H.-S.; Yoo, M.-K.; Park, I.-Y.; Kim, B.-C.; Cho, C.-S. Chitosan and its derivatives
for tissue engineering applications. Biotechnol. Adv. 2008, 26, 1–21. [CrossRef] [PubMed]

67. Pillai, C.; Paul, W.; Sharma, C.P. Chitin and chitosan polymers: Chemistry, solubility and fiber formation.
Prog. Polym. Sci. 2009, 34, 641–678. [CrossRef]

68. Kumorek, M.; Kubies, D.; Riedel, T. Protein Interactions With Quaternized Chitosan/Heparin Multilayers.
Physiol. Res. 2016, 65, S253–S261. [CrossRef] [PubMed]

69. Hsu, B.B.; Jamieson, K.S.; Hagerman, S.R.; Holler, E.; Ljubimova, J.Y.; Hammond, P.T. Ordered and Kinetically
Discrete Sequential Protein Release from Biodegradable Thin Films. Angew. Chem. Intern. Ed. 2014,
53, 8093–8098. [CrossRef]

70. Macdonald, M.; Rodriguez, N.M.; Smith, R.; Hammond, P.T. Release of a model protein from biodegradable
self assembled films for surface delivery applications. J. Control Release 2008, 131, 228–234. [CrossRef]

71. Macdonald, M.L.; Samuel, R.E.; Shah, N.J.; Padera, R.F.; Beben, Y.M.; Hammond, P.T. Tissue integration
of growth factor-eluting layer-by-layer polyelectrolyte multilayer coated implants. Biomaterials 2011,
32, 1446–1453. [CrossRef]

72. Laucirica, G.; Marmisollé, W.A.; Azzaroni, O. Dangerous liaisons: Anion-induced protonation in
phosphate–polyamine interactions and their implications for the charge states of biologically relevant
surfaces. Phys. Chem. Chem. Phys. 2017, 19, 8612–8620. [CrossRef] [PubMed]

73. Peng, C.; Liu, J.; Xie, Y.; Zhou, J. Molecular simulations of cytochrome c adsorption on positively charged
surfaces: The influence of anion type and concentration. Phys. Chem. Chem. Phys. 2016, 18, 9979–9989.
[CrossRef] [PubMed]

74. Kubota, T.; Namiki, A.; Fukazawa, M.; Ishikawa, M.; Moroi, M.; Ebine, K.; Yamaguchi, T. Concentrations
of Hepatocyte Growth Factor, Basic Fibroblast Growth Factor, and Vascular Endothelial Growth Factor in
Pericardial Fluid and Plasma. Jpn. Heart J. 2004, 45, 989–998. [CrossRef]

75. She, Z.; Wang, C.; Li, J.; Sukhorukov, G.B.; Antipina, M.N. Encapsulation of Basic Fibroblast Growth Factor
by Polyelectrolyte Multilayer Microcapsules and Its Controlled Release for Enhancing Cell Proliferation.
Biomacromolecules 2012, 13, 2174–2180. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C7CP02599H
http://dx.doi.org/10.1016/j.jcis.2019.06.036
http://dx.doi.org/10.1134/S0012500811120044
http://dx.doi.org/10.1063/1.555624
http://dx.doi.org/10.1074/jbc.M010786200
http://dx.doi.org/10.1073/pnas.0437842100
http://www.ncbi.nlm.nih.gov/pubmed/12604799
http://dx.doi.org/10.1074/mcp.M900031-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19567366
http://dx.doi.org/10.1074/jbc.M112.398826
http://dx.doi.org/10.1007/s11095-004-7689-z
http://dx.doi.org/10.1016/j.biotechadv.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17884325
http://dx.doi.org/10.1016/j.progpolymsci.2009.04.001
http://dx.doi.org/10.33549/physiolres.933427
http://www.ncbi.nlm.nih.gov/pubmed/27762591
http://dx.doi.org/10.1002/anie.201403702
http://dx.doi.org/10.1016/j.jconrel.2008.07.032
http://dx.doi.org/10.1016/j.biomaterials.2010.10.052
http://dx.doi.org/10.1039/C6CP08793K
http://www.ncbi.nlm.nih.gov/pubmed/28291268
http://dx.doi.org/10.1039/C6CP00170J
http://www.ncbi.nlm.nih.gov/pubmed/26980271
http://dx.doi.org/10.1536/jhj.45.989
http://dx.doi.org/10.1021/bm3005879
http://www.ncbi.nlm.nih.gov/pubmed/22657385


Mar. Drugs 2020, 18, 531 20 of 20

76. Shah, N.J.; Hyder, M.N.; Quadir, M.A.; Courchesne, N.-M.D.; Seeherman, H.J.; Nevins, M.; Spector, M.;
Hammond, P.T. Adaptive growth factor delivery from a polyelectrolyte coating promotes synergistic bone
tissue repair and reconstruction. Proc. Natl. Acad. Sci. USA 2014, 111, 2847–2852. [CrossRef]

77. Vrana, N.E.; Erdemli, O.; Francius, G.; Fahs, A.; Rabineau, M.; Debry, C.; Tezcaner, A.; Keskin, D.; Lavalle, P.
Double entrapment of growth factors by nanoparticles loaded into polyelectrolyte multilayer films. J. Mater.
Chem. B 2014, 2, 999–1008. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1408035111
http://dx.doi.org/10.1039/c3tb21304h
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	QCM-D 
	ATR FTIR 

	Discussion 
	Materials and Methods 
	Materials 
	Solution Preparation 
	Polyelectrolyte Multilayer Preparation and Growth Factor Adsorption/Incorporation 
	Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR) 
	Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

	Conclusions 
	References

