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The formulation ofwell-defined and stablefibrinogen-basednanoparticles (NPs)without theuse of any chemical
reaction or any toxic organic solvent is reported. Electrostatic interaction between hyaluronic acid (HA) and fi-
brinogen (Fbg) leads to well-defined complexes at acidic pH which however readily dissolve at neutral pH. On
the other hand, when thermal treatment is applied on the pre-formed complexes NPs keep their integrity. Circu-
lar dichroism indicates that the protein's native secondary conformation in the final NPs is not affected by the for-
mulation. The tendency of the complexes to aggregate at elevated ionic strengths is greatly suppressed after the
application of the temperature treatment protocol. This characteristic is evenmore pronounced at neutral pH and
it is connected to the enhanced surface charge of the NPs. The encapsulation of the hydrophobic compound
curcumin causes only weak secondary aggregation. This work shows that the ability of Fbg to self-assemble
upon thermal treatment can be effectively used to stabilize Fbg nanoformulations inside complexes with
polysaccharides.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Protein NPs offer biocompatibility, biodegradability and nontoxicity
and therefore are attractive for the delivery of pharmaceuticals and
nutraceuticals [1,2]. Fabrication of protein NPs is normally achieved by
emulsion-solvent evaporation [3], desolvation [4], coacervation [5]
and electrospraying [6] methods. In addition proteins have been used
in NPs in order to modify the nanoparticle/biological fluid interface for
targeted delivery in tumors [7], to test the ability to treat fibrosis condi-
tions [8] and diagnostic purposes [9]. They can create superstructures
with controllable size and charge, by spontaneous incorporation in
self-assembled micelles [10,11] and in complexes with oppositely
charged polyelectrolytes [12,13], or more specifically, with polysaccha-
rides [14]. However, electrostatic complexation is prone to instability
upon pH changes. Thermal treatment of polysaccharide/protein com-
plexes has been proposed for their stabilization [15,16], in a method
that takes advantage of the unfolding of hydrophobic residues and the
formation of irreversible protein-protein bridges upon temperature in-
crease [17]. Encapsulation of hydrophobic compounds has been already
achieved in β-lactoglobulin/polysaccharide [18,19] and in chondroitin
sulfate (CS)/bovine serum albumin (BSA) complexes stabilized by ther-
mal treatment [20].

Fbg is a blood protein that plays a critical role in blood clotting and
aggregation of platelets and in the interaction of blood with
nnopoulos).
biomaterials [21,22]. It is also an effective agent in wound healing and
tissue engineering applications because it has active sites that are able
to bind fibroblasts, endothelial cells and their growth factors [23].
Hydrogels with good cytocompatibility have been assembled by knob-
hole interaction between Fbg and HA. The polysaccharide was grafted
with knob-peptides that could specifically couple with Fbg [24]. Nano-
and micro- structured biomaterials based on Fbg are promising as car-
riers of biomolecules, drugs and gene [25]. Fbg has been shown to stabi-
lize nutraceutical compounds, such as curcumin, in aqueous solutions
[26]. Synthesis of non-toxic Fbg NPs by the aid of calcium chloride in a
two-step coacervation method has been reported [27]. These Fbg NPs
when loaded with curcumin were additionally found to be effective
for cancer treatment with low cytotoxicity in healthy cells [28].
Nanogels of Fbg that was grafted with a thermoresponsive polymer
have shown promising results as drug carriers for breast cancer therapy
[29].

In this work we use electrostatic complexation between HA and Fbg
in order to produce well-defined complexes in acidic conditions. We
perform a thermal treatment protocol in order to stabilize the com-
plexes into NPs. The distributions of sizes in solution and the molar
mass and radius of gyration of the complexes and NPs at different pH
and ionic strengths are measured by light scattering while the protein
conformation is quantified by circular dichroism. Loading the hydro-
phobic bioactive compound curcumin is tested in terms of its effect on
NPs size andmass. This study offers a versatile and biocompatiblemeth-
odology for the synthesis of NPs based on Fbg for their use in drug deliv-
ery and tissue engineering applications.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2020.04.244&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2020.04.244
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2. Materials and methods

2.1. Materials and sample preparation

Fibrinogen (Fbg) and curcuminwere purchased fromSigma. Sodium
salt hyaluronic acid (HA) withM=5000 gmol−1 (PDI ~ 1.5)was a kind
gift from Uni-Pharma (Greece). All components were used as received.
Aqueous stock solutions of HA were prepared at the concentration 1.0
mgml−1 in distilled water and were left overnight to equilibrate at
4 °C. Fbg stock solutions at the concentration 10mgml−1 were prepared
by disolving Fbg powder in saline solution at 37 °C. Proper volumes of
stock solutions, distilled water and citric acid (CA) were mixed under
stirring to obtain HA-Fbg complexes.Water was first mixed with CA so-
lution (1 M) in minor quantities to fix pH at the desired acidic condi-
tions, HA solution was subsequently added and Fbg solution was
finally introduced. Experiments were performed on four different HA/
Fbg mixtures with HA concentration at 3, 5, 7 and 9 × 10−3 mgml−1

and Fbg contration at 0.1 mgml−1. Minor quantities of NaOH (1 M)
were used for experiments at neutral pH. Temperature treatment was
performed by placing sealed vials of HA-Fbg complexes in solution in
anoven at 85 °C for 20min and cooling at room temperature afterwards.
Salt concentration was fixed by introducing the desired volume 1 M
NaCl. To load the bioactive compound, curcumin was dispersed in etha-
nol (36.84 × 10−3 mgml−1 or 100 μM) and 10 μl from this dispersion
were added to 1 ml of NP solution. The concentration of curcumin in
the final solutions was 1 μM. The curcumin/Fbg molar ratio was 0.34,
which is near the ratio 0.5 that has been used by others [26]. Mixtures
were left for the ethanol to evaporate in a fume cupboard and were
gently shaken for 48 h at room temperature. All experiments were per-
formed at 25 °C.

2.2. Light scattering

An ALV system (ALV-CG-3 goniometer/ALV-5000/EPPmulti tau dig-
ital correlator) with a He\\Ne laser (λ = 632.8 nm) was used for light
scattering (LS) experiments. The Rayleigh ratio R(q) for static light scat-
tering (SLS) [30] is collected in order to measure the weight-average
molar mass M and the form factor P(q) of the scattering particles
(Eq. (1)).

Kc
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1
MP qð Þ ð1Þ
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In the Guinier approximation the form factor is PðqÞ ¼ e
−
1
3
q2R2

g and
it provides the radius of gyration Rg of the scattering particles. A qua-
dratic approximation (in q2) for the form factor (Eq. (2)) so that the
whole series of Guinier plots [20,31] could be fitted at the whole q
range (see Results and Discussion).

In dynamic light scattering [32] (DLS) the autocorrelation functions
of scattered light intensity g2(τ) as a function of lag-time τ lead to the
field autocorrelation functions g1(τ) using the Siegert relation g2
(τ) − 1 = β|g1(τ)|2 (β is a normalization constant). The characteristic
relaxation time τc(q) of g1(τ) was extracted by cumulant analysis. The
characteristic relaxation rate Γ(q) = 1/τc(q) can be modelled by
Eq. (3) where D0 is the diffusion coefficient q = 0 and C is a constant.

Γ qð Þ ¼ D0∙q2 þ C∙ q2
� �2 ð3Þ

CONTIN analysis was used to extract the distribution of relaxation
times f(τ). Stokes-Einstein relation (Eq. (4)) leads to the hydrodynamic
radius Rh (η is the solvent viscosity andD the diffusion coefficient) and is
also used to transform the distribution of relaxation times to the distri-
bution of hydrodynamic radii f(Rh) by D=1/τq2. In this work Rh values
are reported based on CONTIN analysis at θ = 90°, while Γ(q) plots are
shown only to discuss the angular dependence of the relaxation rate.

Rh ¼ kBT
6πηD

ð4Þ

SLS and dynamic DLS data were collected over a wide angular range
from θ = 30o to θ = 130o.

2.3. Electrophoretic light scattering

Electrophoretic light scattering (ELS) was performed on a Zetasizer
Nano-ZS (Malvern Instruments Ltd). Zeta potential (ζp) was calculated
with the Henry equation under the Smoluchowski approximation. Av-
erages of 10 measurements taken at scattering angle θ = 173° are
reported.

2.4. Circular dichroism

Experiments with circular dichroism (CD) were performed on a
Jasco J-815 CD spectrophotometer while the aqueous solutions were
loaded into suprasil quartz cells (1 mm). CD spectra from every sample
were accumulated as averages of 4 successive measurements. Second-
ary structure was analysed by the BeStSel software [33].

2.5. UV–visible spectroscopy

A UV–vis-NIR spectrophotometer Perkin-Elmer (Lamda 19) was
used for UV–vis absorption spectroscopy. Samples were loaded in a 1-
cm-long quartz cuvette. The absorbance was recorded from 300 to
600 nm in order to obtain the characteristic absorption spectrum of
curcumin.

3. Results and discussion

3.1. Electrostatic complexation between HA and Fbg

Polysaccharide-protein complexation has been traditionally utilized
either by mixing the two components at different mass ratios at a cer-
tain pH or changing the pHwhile themass ratio of the two components
is fixed [34–36]. Turbidity measurements are often employed to moni-
tor complexation and coacervation. As in our previous work [20] we
use light scattering as a sensitive probe of size and molar mass in dilute
solutions and apply mixing of the components at a fixed pH.

Fbg has an isoelectric point pI = 5.8, a net charge of about −8 at
physiological conditions i.e. pH ~ 7.4 and a net charge of about +20 at
pH 4 [37]. We performed mixing of the two components at pH 4
where Fbg is positive and is strongly attracted to HA. Strong complexa-
tion between charged macromolecules is expected at the point of stoi-
chiometric neutrality conditions in the bulk solution [36]. HA carries
one negative charge per sugar pair. The charge ratio of negative to pos-

itive charges in solution is calculated by
½−�
½þ� ¼

cHA=MHA∙ZHA

cFbn=MFbn∙ZFbn
, where ci,

Mi and Zi are the mass concentration, molar mass and net absolute
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charge of the components (i = HA -disaccharide unit or Fbg) respec-
tively. Charge neutrality of HA-Fbg mixtures at pH ~ 4 is expected at
cHA
cFbn

≈ 0:023. In this work we report on results from
cHA
cFbn

ratios in the

range 0.03–0.09 where strong complexation leading to well-defined
complexes of high molar mass is observed. The concentration of Fbg
was chosen so that the resulting solutions of complexes were still trans-
parent for the LS experiments.

HA-Fbg NPs in aqueous solutionswere characterized by DLS and SLS
in order to examine the size distributions (presence of single ormultiple
size populations) and measure themolar mass of the complexes. Single
populationswith relatively narrowdistribution are found for all HA con-
tents in the acidic solutions. In Fig. 1a CONTIN analysis examples from
HA-Fbg complexes at different concentrations of HA are shown. In the
absence of HA the hydrodynamic radius of free unimers of Fbg are
found at 12 nm. This value is compatible with the size of Fbg molecule
at these pH conditions [38]. The Rh of the complexes is between 80
and 90 nm. The detailed values for the size and mass of the four HA-
Fbg complexes at pH 4 can be found in Fig. 4 and Fig. 5.

In Fig. 1b the effect of pH on the stability of the electrostatic com-
plexes is illustrated. It is clear that at pH 7.4 the complexes disintegrate,
because pH is higher than the pI of Fbg. At pH 7.4 the presence of free
Fbg is evident at ~10 nm. A very broad distribution with average Rh in
the order of 500–600 nm results from the presence of aggregates of var-
ious sizes in solution. The scattered intensity of the solutions at neutral
Fig. 1. (a) CONTIN analysis of aqueous solutions of mixtures of HA at 0 (black), 3 × 10−3

(red) and 7 × 10−3 mgml−1 (blue) with Fbg at 0.1 mgml−1 at pH 4 (scattering angle
90°). (b) CONTIN analysis from complexes at HA/Fbg (3 × 10−3 mgml−1/0.1 mgml−1

) at
pH 4 (black) and pH 7.4 (red) (scattering angle 90°).
pH is significantly lower than the one at pH 4 (not shown). This shows
that most of the complexes are dissolved. Conclusively at neutral pH,
complexes are diminished and there is no evidence of stable NPs. This
has been confirmed for all the four different instances of HA-Fbg
complexes.

3.2. Stabilization of HA-Fbg NPs by thermal treatment

Denaturation of the secondary structure of Fbg caused by heat treat-
ment in aqueous solutions has been confirmed by atomic force micros-
copy studies. Fbg molecules are in the trinodular structure (one central
globular region and two lateral globular regions) at temperatures up to
45 °C. At temperatures between 65 and 90 °C globular structures
surrounded by fibrils are observed. At 90 °C in particular,where the cen-
tral globular region is still intact (Tm ≈ 94 °C) while the lateral globules
(C terminal region of Aα chains) are melted (Tm ≈ 77 °C), globular ag-
gregates of a wide size distribution are formed [39]. A possible mecha-
nism of aggregation is that these regions may refold into
intermolecular globules causing irreversible intermolecular bridges
[39,40]. Temperature-induced aggregation in Fbg solutions has been
also confirmed by turbiditymeasurements at pH ~ 7where aggregation
occurred above 50 °C. Scanning electron microscopy revealed globular
structures of heat-denatured Fbg with size about 400 nm [41]. In that
case the temperature-induced exposure of haptotactic peptides
(haptides) was considered as a main reason of Fbg aggregation. These
amphiphilic haptides have been identified in the C-termini of β-chain,
extended αE chain and γ-chain and are associated with cell binding
and in particular cell adhesion and migration into fibrin clots [42].

In our case, with Fbg concentration at 0.1mgml−1, application of the
thermal protocol on solutions with pure Fbg leads to aggregates of a
high degree of polydispersity with very low average apparent molar
mass in comparison with HA-Fbg complexes (not shown). Apparently
the formation of Fbg aggregates by heat treatment in the absence of
HA does not lead to well-defined NPs. The pre-complexation with the
polysaccharide offers a neat and controllable way for nanoformulation
as it has been previously demonstrated with CS-BSA NPs [20].

We performed the thermal treatment protocol on HA-Fbg com-
plexes in order to test if stable NPs are produced. Indeed, this was the
case as the distributions kept their shapes relatively unchanged at neu-
tral pH without dissolving into multiple-size populations (Fig. 2). The
effect of thermal treatment and pH increase on the complexeswas eval-
uated also by SLS in order to quantify their radius of gyration Rg and ap-
parent molar mass M. Representative Guinier plots and fittings with
Eq. (2) are shown in Fig. 3a. The quadratic formula is used because the
plots appear curved. This is an effect of scattering from internal correla-
tions of the complexes, when the inverse radius of gyration Rg falls in-
side the SLS q-range i.e. qmin N 1/ Rg, or in other words when Rg ˃
100–200 nm [20]. The q-dependence of the characteristic relaxation Γ
(extracted by DLS) is compatible with this effect. At high q internal dy-
namics of the complexes are probed (Fig. 3b). Therefore, the plots ap-
pear curved and a quadratic formula is used (Eq. (3)). However, the
non-linearity of the Γ(q2) is also related to the polydispersity of the
complexes. In any case, in the chosen range of HA/Fbg mass ratios
there is no sign of free species that would appear as single size-
population in the DLS data as it was illustrated in the work of Li et al.,
at very small protein/polyelectrolyte ratios [35]. This indicates that at
this mass ratio regime complexes and NPs dominate the mass of the
species in solution. Figs. 2 and 3 are examples that represent the behav-
iour of all complexes tested in this study (the sizes and molar masses of
the individual complexes and NPs at the different conditions are
discussed in detail in the following).

The formation of stable NPs is confirmed in Fig. 3. The SLS profiles
(Guinier plots) do not change dramatically upon change of pH from
acidic to neutral conditions. Similar is the case for the relaxation rate.
More details are shown in Fig. 4a. The molar mass of the formed com-
plexes at pH 4 shows a marginal increase as a function of HA



Fig. 2. CONTIN analysis of complexes at HA 5 × 10−3 mgml−1 and Fbg 0.1 mgml−1,
untreated at pH 4 (black), treated at pH 4 (red) and setting pH to 7.4 after thermal
treatment (blue) (scattering angle 90°).
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concentration. Thermal treatment causes a small increase in molar
mass. The mass increase was also found for the CS-BSA system and
was attributed to the addition of free protein that accumulates on the
pre-formed complexes [20]. In any case, the NPs keep their integrity
Fig. 3. (a) Guinier plots obtained by SLS (lines are fits with eq. 2) and (b) characteristic
relaxation rate obtained by DLS (lines are fits with eq. 3) from HA-Fbg NPs formed at
HA 9 × 10−3 mgml−1 and Fbg 0.1 mgml−1 at pH 4 (black), after thermal treatment at
pH 4 (red) and after thermal treatment setting pH to 7.4 (blue).
upon pH increase while their molar mass slightly increases, contrary
to the dramatic mass decrease observed in untreated complexes. The
heat-stabilized complexes can therefore be from now on termed as
NPs. The increase in M upon pH increase is an opposite trend than the
one found in the case of CS-BSA where a mild decrease in molar mass
was connected to partial loss of complexedmolecules [20]. For solutions
of pure Fbg it has been shown that there is a strong tendency for aggre-
gation in a so-called Fbg instability window [37] in the regime
4.5 b pH b 7.5. In solutions of free Fbg a 10-times increase in Rh was ob-
served, however in the case of thermally stabilized HA-Fbg NPs there is
only a moderate increase in mass. This is an important observation be-
cause in the form of NPs the instability in size and high tendency of ag-
gregation appears to have only weak effects. The surface charge of the
NPs inherits the protein charge pH-tunability (Fig. 4b). It is about
+10 mV at pH 4 and about −30 at pH 7.4. In more detail, pure Fbg
has a ζp in the order of+20–25mVat pH 4. The lower value that we ob-
serve for theNPs at pH 4 is due to the complexationwithHA that causes
partial charge neutralization [37]. At pH 7.4 the surface potential was
about −20 mV for aggregates of pure Fbg [37]. In our case, a higher
value is found because Fbg has at this pH the same charge sign as HA
and therefore the overall charge increases.

The gyration and hydrodynamic radii show a weak increase upon
thermal treatment (Fig. 5) which is possibly connected to the accompa-
nying increase in molarmass discussed above. There is a further size in-
crease upon setting pH to 7.4. This could be considered as a signature of
swelling that is induced by the change of Fbg net charge frompositive to
Fig. 4. (a) Molar mass and (b) ζ-potential of HA-Fbg (0.1 mgml−1) NPs at pH 4 (black),
after thermal treatment at pH 4 (red) and after thermal treatment setting pH to 7.4 (blue).



Fig. 5. (a) Radius of gyration and (b) hydrodynamic radius of HA-Fbg NPs at pH 4 (black),
after thermal treatment at pH 4 (red) and after thermal treatment setting pH to 7.4 (blue).

Fig. 6. CD spectra fromHA-FBg (5 × 10−3 mgml−1/0.1mgml−1) solutions at pH 4 (black),
at pH 7.4 (red), at pH 4 after thermal treatment (blue) and setting pH 7.4 after thermal
treatment (green).
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negative and the strong electrostatic interactions between Fbg-Fbg, HA-
HA and Fbg\\HAmolecules. However this swelling effect was stronger
in the case of CS-BSA NPs [20]. Additionally, one has to keep in mind
that there is an increase in the mass of the NPs. Therefore, we cannot
conclude that this size increase is certainly a swelling effect. In any
case the NPs are efficiently stable upon pH changes both in size and
mass in comparison to untreated electrostatic complexes.

The native conformation of Fbg is crucial for its biofunctions, i.e. cell
attachment and blood coagulation, while changes of conformation of
Fbg inside NPs may affect their hemocompatibility [43,44]. The second-
ary structure of Fbgmolecules does not show any significant or system-
atic change upon complexation (not shown) or upon thermal treatment
while the characteristic negative bands of theα-helix conformation [45]
at 208 and 222 nmare evident (Fig. 6). The analysis of the CDdata reveal
an α-helix and β-sheet content at 39 ± 4% and 24 ± 3% respectively,
which are in agreementwith the reported values for native Fbg in aque-
ousmedia [40,46]. CD analysis has been performed to all complexes and
NPs at the different conditions in order to confirm these results.

3.3. Effect of salt and curcumin-loading on HA-Fbg NPs

In pharmaceutical and food science applications NPs need to per-
form at environments of increased salinity and often to be loaded with
hydrophobic substances. We tested the solution behaviour of our NPs
in a wide range of ionic strengths which are relevant to applications.
In Fig. 7 the effect of salt on complexes and thermally stabilized NPs is
presented by the example of HA-Fbg (5 × 10−3 mgml−1/0.1 mgml−1)
NPs.

The apparent molar mass in the solutions of HA-Fbg complexes and
NPs increases as a function of salt concentration at pH 4 (Fig. 7a). This
signifies inter-particle aggregation which is caused by the screening of
electrostatic repulsions and the short-range hydrophobic attractions be-
tween Fbg molecules. In the case of pH 7.4 molar mass remains fairly
unchanged for the NPs. Their high surface charge (Fig. 4b) keeps the
NPs from aggregating. This behaviour is also followed by Rg (Fig. 7b).
The aggregation is much more evident in Rh for complexes which
shows the high instability of the complexes without thermal treatment
(Fig. 7c). The NPs are much less prone to aggregation when they are
thermally treated. In DLS the Brownian motion of the whole aggregate
is measured and sizes higher than the SLS range (100–200 nm) can be
probed. Rh reaches 750 nm in untreated complexes (Fig. 7c). Thermally
treated NPs have a greatly enhanced resistance to aggregation in com-
parison to untreated complexes, especially at pH 7.4 due to their high
surface charge.

Fbg has been shown to effectively encapsulate and stabilize
curcumin in aqueous media [26]. The encapsulation of curcumin by
thermally treated HA-Fbg NPs is illustrated in Fig. 8. The UV–Vis absor-
bance is unchanged even 48 h after encapsulation of the nutraceutical
compound while no sign of precipitation was observed. This means
that curcumin remains well-solubilized in the aqueous media by the
aid of the NPs. Light scattering experiments were performed on the
NPswith encapsulated curcumin. Themass of the NPs slightly increased
after curcumin encapsulation, showing that the increased hydrophobic
content introduced by the drug induced only weak inter-particle aggre-
gation (not shown). This did not result in a significant increase in the
size of the NPs.

4. Conclusions

The ability of Fbg to irreversibly self-assemble upon thermal treat-
ment was utilized to formulate it in NPs using biocompatible compo-
nents and methods. Complexes between HA and Fbg of well-defined
mass and size distribution are created at acidic pH by electrostatic con-
centration. They are however unstable at neutral pH, as expected, be-
cause of the protein's pH-tunable charge. Thermal treatment stabilizes
the NPs against pH changes. In the presence of high salt, the NPs have
increased stability in size and mass in comparison to untreated com-
plexes. They are also able to solubilize curcumin while the resulting in-
creased hydrophobicity of the NPs causes minor changes to their mass.



Fig. 7. (a) Molar mass, (b) Radius of gyration and (c) hydrodynamic radius of HA-Fbg
(5 × 10−3 mgml−1/0.1 mgml−1) NPs at pH 4 (black), after thermal treatment at pH 4
(red) and after thermal treatment setting pH to 7.4 (blue) as a function of salt content.

Fig. 8. Curcumin UV–vis absorption spectra in blank aqueous solution (black), in solution
of HA-Fbg (7 × 10−3 mgml−1/0.1mgml−1) NPs (red) and in solution of HA-Fbg (9 × 10−3

mgml−1/0.1 mgml−1) NPs (blue) at pH 4.
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TheseNPs are expected to be useful for applications in drugdelivery, tis-
sue engineering and wound healing as they inherit the remarkable
multifunctionality of Fbg.
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