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The gamut of natural polymers, from polysaccharides to proteins, exhibit peculiar features and
multiple functionalities that are being exploited to engineer advanced nanocomposites and hybrid
materials. In fact, the growing environmental concerns explain the focus of the increasing scientific
activity on both polysaccharides (e.g., cellulose, chitosan, alginate, fucoidan, and hyaluronic acid) and
proteins (e.g., silk, collagen, and gelatin), given their remarkable potential for the design of all categories
of materials for application in multiple fields, for example, in electronics, energy, environment, biology,
and medicine [1,2]. This Special Issue of Materials—belonging to the section Biomaterials—contains
a collection of six research papers about advanced biopolymer-based nanocomposites and hybrid
materials. The collected papers made use of biopolymers, such as nanocellulose [3], fucoidan [4],
silk fibroin [5,6], hyaluronic acid [6], and lignin [7], in combination with a polyzwitterion [3], metal
nanoparticles [4,5], organometallic polymers [8], and a thermoplastic polymer [7], to develop advanced
systems for water remediation [3], cancer treatment [4], catalysis, sensing, and energy storage [5],
tissue engineering [6,8], and 3D printing [7,8].

The investigation of Vilela et al. [3] demonstrated that zwitterionic
nanocomposite membranes comprising bacterial nanocellulose and cross-linked poly(2-
methacryloyloxyethyl phosphorylcholine) can be used as tools for water remediation. The
combination of the bacterial polysaccharide and the polyzwitterion originated robust nanocomposite
adsorbent membranes with high water uptake capacity in different pH media and antimicrobial
activity against Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) pathogenic
bacteria. Furthermore, the nanocellulose-based adsorbent membranes were capable of adsorbing
two model ionic organic azo dyes, namely methylene blue and methyl orange, with toxicity towards
humans and the environment, thus proving their potential in the context of water remediation.

In a different study, Pinto et al. [4] explored the potential of fucoidan-gold nanosystems for cancer
therapy. The authors effectively developed gold nanoparticles (AuNPs) coated with fucoidan via
one-minute microwave-assisted synthesis using a fucoidan-enriched fraction extracted from Fucus
vesiculosus (species of brown algae), which played the simultaneous role of reducing and capping agents.
This one-minute synthesis originated monodispersed and spherical fucoidan-AuNPs with antitumoral
activity against three human tumor cell lines, namely MNT-1 (pigmented human melanoma cells),
HepG2 (human hepatocyte carcinoma), and MG-63 (human osteosarcoma) cell lines. Moreover, the
combination between flow cytometry and dark-field imaging confirmed the cellular uptake of the
fucoidan-AuNPs by the MG-63 cell line.

As pointed out by Mitropoulos et al. [5], noble metal nanoparticles, namely palladium, platinum,
and gold, can be anchored at the surface of silk fibroin (SF) to prepare composite aerogel fibers. The
porous silk gels were produced by dissolving the SF in hexafluoro-2-propanol (HFIP), followed by
casting in silicon tubes and physical crosslinking with ethanol. These gels were then equilibrated in the
noble metal salt solutions, reduced with sodium borohydride, and dried via supercritical technology
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to produce the porous aerogel fibers coated with noble metal nanoparticles, for application in catalysis,
energy storage, and conversion.

Chung et al. [6] delve into the effect of SF on the characteristics of hyaluronic acid (HA)/silk
fibroin hydrogels for tissue engineering of nucleus pulposus (NP). The authors concluded that the
strain of SF and the weight ratios of SF to HA influenced the rheological properties of the crosslinked
silk fibroin/hyaluronic acid hydrogels. Additionally, the biocompatible SF/HA hydrogels favored the
differentiation of human bone marrow-derived mesenchymal stem cell (hBMSC) to NP cells, which
demonstrated the suitability of these hydrogels in tissue engineering for NP regeneration.

In another study, Balčiūnas et al. [8] investigated the biocompatibility of hybrid organometallic
polymers for sub-micron 3D printing via laser two-photon polymerization. The Al and Zr containing
hybrid organometallic polymers supported cellular growth to full confluency and promoted collagen
synthesis. Therefore, these hybrid organometallic polymers can be an asset in constructing the
tissue-engineered grafts of the future.

Finally, Tanase-Opedal et al. [7] manufactured composite filaments by compounding the
thermoplastic poly(lactic acid) (PLA) with lignin obtained from Spruce biomass via the soda pulping
process. The aromatic natural polymer from forestry biomass acted as a nucleating agent, which
promoted further crystallization of PLA, and originated composite materials with antioxidant potential
for application in 3D printing.

Overall, the six papers of this Special Issue of Materials covered some examples of materials
resulting from the combination of natural polymers with distinct partners (e.g., synthetic polymers or
metal nanoparticles), and contributed to the development of advanced nanocomposites and hybrid
materials for both technological and biomedical applications.
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Abstract: The development of efficient and environmentally-friendly nanomaterials to remove
contaminants and pollutants (including harmful organic dyes) ravaging water sources is of
major importance. Herein, zwitterionic nanocomposite membranes consisting of cross-linked
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) and bacterial nanocellulose (BNC) were
prepared and tested as tools for water remediation. These nanocomposite membranes fabricated via
the one-pot polymerization of the zwitterionic monomer, 2-methacryloyloxyethyl phosphorylcholine,
within the BNC three-dimensional porous network, exhibit thermal stability up to 250 ◦C, good
mechanical performance (Young’s modulus ≥ 430 MPa) and high water-uptake capacity (627%–912%)
in different pH media. Moreover, these zwitterionic membranes reduced the bacterial concentration
of both gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) pathogenic bacteria
with maxima of 4.3– and 1.8–log CFU reduction, respectively, which might be a major advantage in
reducing or avoiding bacterial growth in contaminated water. The removal of two water-soluble model
dyes, namely methylene blue (MB, cationic) and methyl orange (MO, anionic), from water was also
assessed and the results demonstrated that both dyes were successfully removed under the studied
conditions, reaching a maximum of ionic dye adsorption of ca. 4.4–4.5 mg g−1. This combination of
properties provides these PMPC/BNC nanocomposites with potential for application as antibacterial
bio-based adsorbent membranes for water remediation of anionic and cationic dyes.

Keywords: bacterial nanocellulose; poly(2-methacryloyloxyethyl phosphorylcholine); zwitterionic
nanocomposites; dye removal; water remediation; antibacterial activity

1. Introduction

The need for water remediation systems designed to eliminate contaminants and pollutants
ravaging water sources is a global problem and, thus, is part of the goals of the 2030 Agenda for
Sustainable Development [1]. Nevertheless, the struggle to remove heavy metal ions, pesticides
and other dissolved organic pollutants is a difficult war and some of the efforts of researchers to
accomplish such a target are directed towards the development of environmentally friendly porous
nanomaterials [2,3]. In fact, big bets are being placed on systems derived from naturally occurring
polymers, such as polysaccharides [4,5]. Within the portfolio of commended biopolymers, cellulose
and its nanoscale forms, namely cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs) and
bacterial nanocellulose (BNC), show tremendous potential for environmental and water remediation as
recently reviewed [6–8]. The high interest in the latter nanocellulose, viz. the exopolysaccharide BNC
biosynthesized by some non-pathogenic bacterial strains [9], lies in its 3D structure with an ultrafine
network of physically entangled cellulose nanofibers, which is responsible for its in-situ moldability,
shape retention, inherent biodegradability, high water-holding capacity and porous structure [10,11].

Materials 2019, 12, 1404; doi:10.3390/ma12091404 www.mdpi.com/journal/materials5
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BNC, its derivatives and composites [12] have already been used in the manufacture of water
remediation systems for the removal of dyes [13,14], oil [15] and heavy metals [16,17]. To the best of our
knowledge, the partnership between BNC and a zwitterionic polymer has never been explored for the
fabrication of nanocomposites, aiming at the simultaneous removal of anionic and cationic organic dyes.
Under these premises, 2-methacryloyloxyethyl phosphorylcholine (MPC) was selected as a non-toxic
polymerizable monomer due to its methacrylic functional group and zwitterionic phosphorylcholine
moiety, consisting of a phosphate anion and a trimethylammonium cation [18], which are prone to
establish electrostatic interactions with positively and negatively charged molecules. Furthermore, the
unique hydration state [18], antimicrobial, bioinert and antifouling properties of MPC polymer [19–21]
will be a major asset in reducing or avoiding bacterial growth in contaminated water.

The present study contemplates the fabrication of nanocomposite membranes consisting of
cross-linked poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) and BNC via the one-pot
polymerization of the corresponding non-toxic zwitterionic monomer (i.e. MPC) within the BNC
three-dimensional porous network. The structure, morphology, thermal stability, mechanical properties,
antibacterial activity towards Staphylococcus aureus and Escherichia coli, water-uptake capacity and
removal of cationic and anionic organic dyes of the resulting nanocomposites were assessed.

2. Materials and Methods

2.1. Chemicals, materials and microorganisms

2-Methacryloyloxyethyl phosphorylcholine (MPC, 97%), 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AAPH, 97%), N,N′-methylenebis(acrylamide) (MBA, 99%), methylene blue (MB, dye
content ≥ 82%), methyl orange (MO, dye content 85 %) and paraffin oil (puriss., 0.827–0.890 g mL−1 at
20 ◦C) were purchased from Sigma-Aldrich (Sintra, Portugal) and used as received. Ultrapure water
(Type 1, 18.2 MX·cm at 25 ◦C) was obtained from a Simplicity® Water Purification System (Merck,
Darmstadt, Germany). Other chemicals and solvents were of laboratory grade.

Bacterial nanocellulose (BNC) wet membranes were biosynthesized in our laboratory using the
Gluconacetobacter sacchari bacterial strain [22]. Staphylococcus aureus (ATCC 6538) and Escherichia coli
(ATCC 25922) was provided by DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (German Collection of Microorganisms and Cell Cultures).

2.2. Preparation of PMPC/BNC nanocomposites

Wet BNC membranes (diameter: ca. 70 mm) with 40% water content were placed in stoppered
glass-reactors and purged with nitrogen. Simultaneously, aqueous solutions of monomer (MPC, 1:3
and 1:5 BNC/MPC weight fraction), cross-linker (MBA, 5.0% w/w relative to monomer), and radical
initiator (AAPH, 1.0% w/w relative to monomer) were prepared and transferred to the glass-reactors
containing the drained BNC membranes. After the complete incorporation of the corresponding
solution into the BNC membrane, during 1 h in ice, the reaction mixtures were heated in an oil bath at
70 ◦C and left to react for 6 h. Afterwards, the nanocomposites were repeatedly washed with water,
oven dried at 40 ◦C for 12 h, and kept in a desiccator until further use. All experiments were made in
triplicate and samples of cross-linked PMPC were also prepared in the absence of BNC for comparison.

2.3. Characterization methods

2.3.1. Thickness

A hand-held digital micrometer (Mitutoyo Corporation, Tokyo, Japan) with an accuracy of
0.001 mm was used to measure the thickness of the membranes. All measurements were randomly
performed at different sites of the membranes.

6
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2.3.2. Ultraviolet-visible spectroscopy (UV–vis)

The transmittance spectra of the samples were acquired with a Shimadzu UV-1800 UV-Vis
spectrophotometer (Shimadzu Corp., Kyoto, Japan) equipped with a quartz window plate with 10 mm
diameter, bearing the holder in the vertical position. Spectra were recorded at room temperature (RT)
in steps of 1 nm in the range 250–700 nm.

2.3.3. Attenuated total reflection-Fourier transform Infrared (ATR-FTIR)

ATR-FTIR spectra were recorded with a Perkin-Elmer FT-IR System Spectrum BX
spectrophotometer (Perkin-Elmer Inc., Massachusetts, USA) equipped with a single horizontal Golden
Gate ATR cell, over the range of 600–4000 cm−1 at a resolution of 4 cm−1 over 32 scans.

2.3.4. Solid-state carbon cross-polarization/magic-angle-spinning nuclear magnetic resonance (13C
CP/MAS NMR)

13C CP/MAS NMR spectra were collected on a Bruker Avance III 400 spectrometer (Bruker
Corporation, Massachusetts, USA) operating at a B0 field of 9.4 T using 9 kHz MAS with proton
90◦ pulse of 3 μs, time between scans of 3 s, and a contact time of 2000 μs. 13C chemical shifts were
referenced to glycine (C=O at δ 176 ppm).

2.3.5. X-ray diffraction (XRD)

XRD was performed on a Phillips X’pert MPD diffractometer (PANalytical, Eindhoven,
Netherlands) using Cu Kα radiation (λ = 1.541 Å) with a scan rate of 0.05◦ s−1. The XRD patterns were
collected in reflection mode with the membranes placed on a Si wafer (negligible background signal)
for mechanical support and thus avoid sample bending.

2.3.6. Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS)

SEM images of the cross-section of the membranes were obtained with a HR-SEM-SE SU-70 Hitachi
microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) operating at 4 kV. The microscope
was equipped with an EDS Bruker QUANTAX 400 detector for elemental analysis. The samples were
fractured in liquid nitrogen, placed on a steel plate and coated with a carbon film prior to analysis.

2.3.7. Thermogravimetric analysis (TGA)

TGA was carried out with a SETSYS Setaram TGA analyzer (SETARAM Instrumentation, Lyon
France) equipped with a platinum cell. The samples were heated from RT to 800 ◦C at a constant rate
of 10 ◦C min−1 under a nitrogen atmosphere (200 mL min−1).

2.3.8. Tensile tests

Tensile tests were performed on a uniaxial Instron 5564 testing machine (Instron Corporation,
Maryland, USA) in the traction mode at a cross-head velocity of 10 mm min−1 using a 500 N static load
cell. The specimens were rectangular strips (50 × 10 mm2) previously dried at 40 ◦C and equilibrated
at RT in a 50% relative humidity (RH) atmosphere prior to testing. All measurements were performed
on five replicates and the results were expressed as the average value.

2.3.9. Water-uptake capacity

The water-uptake of the nanocomposites under different pH conditions was determined via
immersion of dry specimens with 10 × 10 mm2 in aqueous solutions of 0.01 M HCl (pH 2.1), phosphate
buffer saline (pH 7.4) and 0.01 M NaOH (pH 12) at RT for 48 h. After removing the specimens out
of the respective medium, the wet surfaces were dried in filter paper, and the wet weight (Ww) was
measured. The water-uptake is calculated by the equation: Wuptake(%) = (Ww −W0) ×W−1

0 × 100,
where W0 is the initial weight of the dry membrane.
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2.4. In vitro antibacterial activity

The antibacterial activity of the nanocomposite membranes was tested against S. aureus and E. coli.
The bacterial pre-inoculum cultures were grown for 24 h in tryptic soy broth (TSB) growth medium at
37 ◦C under shaking at 120 rpm. Before the assay, the density of the bacterial culture was adjusted to
0.5 McFarland in phosphate buffered saline (PBS) solution (pH 7.4) to obtain a bacterial concentration
of 108 to 109 colony forming units per mL (CFU mL−1). Each membrane sample (50 × 50 mm2) was
placed in contact with 5 mL of bacterial suspension. A bacteria cell suspension was tested as the
control and BNC was tested as a blank reference. All samples were incubated at 37 ◦C under horizontal
shaking at 120 rpm. At 24 h contact time, aliquots (100 μL) of each sample and controls were collected
and the bacteria cell concentration (CFU mL−1) was determined by plating serial dilutions on tryptic
soy agar (TSA) medium. The plates were incubated at 37 ◦C for 24 h. The CFU were determined on the
most appropriate dilution on the agar plates. Three independent experiments were carried out and,
for each, two replicates were plated. The bacteria reduction of the samples was calculated as follows:
log reduction = log CFUcontrol – log CFUmembrane.

2.5. Dye removal capacity

The dye removal capacity of the PMPC/BNC nanocomposite membranes was evaluated by
immersing dry samples (20 × 20 mm2) in 25 mL of methyl blue (MB) and methyl orange (MO) aqueous
solutions (25 mg L−1, pH 5.7), and stirred (200 rpm) for 12 h at RT. Then, the membranes were removed
from the solution and the residual concentration of dye determined by UV–vis spectroscopy (Shimadzu
UV-1800 UV-Vis spectrophotometer, Kyoto, Japan) at 655 nm for MB and 463 nm for MO. Linear
calibration curves for each dye in the range 0.4–3.1 μg mL−1 were obtained: y = 0.1919x + 0.0014
(R2 = 0.9991) for MB and y = 0.0881x− 0.0046 (R2 = 0.9992) for MO. The dye removal amount (mg g−1)
was calculated by: q = (Ci −Ct) ×W−1 ×V, where Ci is the initial dye concentration (mg L−1), Ct is the
dye concentration at time t (h), W is the weight (g) of the membrane and V is the volume (L) of the
dye solution.

Additionally, a dry sample of PMPC/BNC_2 nanocomposite (20 × 20 mm2) was immersed in
25 mL of paraffin oil containing 1 mL of MB and MO aqueous solutions (25 mg L−1).

2.6. Statistical analysis

Statistical significance was determined using an analysis of variance (ANOVA) and Tukey’s test
(OriginPro, version 9.0.0, OriginLab Corporation, Northampton, MA, USA). Statistical significance
was established at p < 0.05.

3. Results and Discussion

3.1. PMPC/BNC nanocomposites: preparation and characterization

The one-pot in-situ free radical polymerization of MPC, inside the swollen BNC network and
using MBA as cross-linker, was used to produce two PMPC/BNC nanocomposites (Figure 1) with
distinct compositions (Table 1). The cross-linker was chosen based on former studies [23,24] and
utilized with the goal of preserving the water-soluble zwitterionic homopolymer inside the BNC
porous network during washing and utilization. The resulting nanocomposites contain 21 ± 3 wt.%
and 46 ± 13 wt.% of BNC (WBNC/Wtotal), and concomitantly 79 ± 3 wt.% and 54 ± 13 wt.% of PMPC
(WPMPC/Wtotal), which correspond to nanocomposite materials containing 479± 118 mg and 859± 90 mg
of PMPC per cm3 of membrane, respectively, as listed in Table 1. The thickness of the membranes
increased from 92 ± 21 μm for neat BNC to 133 ± 65 μm for PMPC/BNC_1 and 226 ± 35 μm for
PMPC/BNC_2 (Table 1) due to the inclusion of the cross-linked PMPC into the three-dimensional
structure of BNC. The membranes are macroscopically homogeneous with no discernible irregularities
on either side of the materials surfaces, indicating a good dispersion of the cross-linked PMPC
polymer inside the BNC network. After the incorporation of PMPC into the BNC network, the
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transparency of the nanocomposites significantly increased, as displayed in Figure 1B and confirmed by
transmittance values in the visible range (400–700 nm) of 58.1–65.6% for PMPC/BNC_1 and 60.5–68.2%
for PMPC/BNC_2 (Figure 1C). In the ultraviolet region (200–400 nm), the transmittance remained below
5% until 265 nm for PMPC/BNC_1 and 250 nm for PMPC/BNC_2, and then steadily increased to 58.0%
and 60.5% at 400 nm for PMPC/BNC_1 and PMPC/BNC_2, respectively. Furthermore, PMPC/BNC_2
presents higher values of transmittance and concomitantly lower absorbance values, which points to a
transmittance augment with higher content of cross-linked PMPC (Figure 1C). An analogous trend
was observed for other BNC-based nanocomposites containing for example polycaprolactone [25],
poly(methacroylcholine chloride) [23] and polyaniline [26].

.
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Figure 1. (A) Radical polymerization of MPC in the presence of MBA as cross-linker, yielding
cross-linked PMPC, (B) photographs of neat BNC and nanocomposites PMPC/BNC_1 and PMPC/BNC_2,
and (C) the corresponding UV-visible transmission spectra.

Table 1. List of the studied membranes with the respective weight compositions and thicknesses.

Samples
Composition a

Thickness/μm
WBNC/Wtotal WPMPC/Wtotal WPMPC/V total (mg cm−3) b

BNC 1.0 – – 92 ± 21
PMPC/BNC_1 0.46 ± 0.13 0.54 ± 0.13 479 ± 118 133 ± 65
PMPC/BNC_2 0.21 ± 0.03 0.79 ± 0.03 859 ± 90 226 ± 35

a The composition was calculated by considering the weight of the nanocomposite membrane (Wtotal), BNC (WBNC)
and PMPC cross-linked polymer (WPMPC =Wtotal – WBNC); b Ratio between the mass of the cross-linked PMPC
(WPMPC) and the volume of the nanocomposite membrane (Vtotal); all values are the mean of at least three replicates
with the respective standard deviations.

The infrared spectra of neat BNC, cross-linked PMPC, and nanocomposites PMPC/BNC_1 and
PMPC/BNC_2 are shown in Figure 2. The ATR-FTIR spectra of the PMPC/BNC membranes present the
absorption bands of cellulose at 3340 cm−1 (O–H stretching), 2900 cm−1 (C–H stretching), 1310 cm−1

(O–H in plane bending) and 1030 cm−1 (C–O stretching) [27], jointly with those of the cross-linked
PMPC at 1715 cm−1 (C=O stretching), 1479 cm−1 (N+(CH3)3 bending), 1228 cm−1 (P=O stretching),
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1056 cm−1 (P–O–C stretching) and 953 cm−1 (N+(CH3)3 stretching) [28,29]. The presence of these
absorption bands and the absence of one at about 1640 cm−1 corresponding to the C=C stretching of
the methacrylic group of the starting monomer corroborated the occurrence of the in-situ free radical
polymerization of MPC inside the BNC network. Furthermore, the relative intensity of the bands
assigned to the cross-linked PMPC is in accordance with the WPMPC/Wtotal ratio measured for each
nanocomposite (Table 1).

 
Figure 2. ATR-FTIR spectra of cross-linked PMPC, neat BNC, and nanocomposites PMPC/BNC_1 and
PMPC/BNC_2.

The solid-state 13C CP/MAS NMR spectra (Figure 3) of the membranes show the typical carbon
resonances of cellulose at δ 65.2 ppm (C6), 71.6–74.5 ppm (C2,3,5), 88.9 ppm (C4) and 105.1 ppm
(C1) [27], in combination with those of cross-linked PMPC at δ 18.4 ppm (CH3 of polymer backbone),
44.9 ppm (quaternary C of polymer backbone), 54.3 ppm (CH2 of polymer backbone and N+(CH3)3),
59.7 ppm (OCH2CH2N+(CH3)3), 65.5 ppm (OCH2CH2O and CH2CH2N+(CH3)3) and 176.6 ppm (C=O).
In addition, the truancy of the resonances allocated to the C=C double bond of the methacrylic group
of the monomer [30] and cross-linker, supports their complete consumption during the polymerization
and/or removal during the washing steps, as previously established by ATR-FTIR analysis.

The XRD patterns of the nanocomposites were compared with those of the individual components,
namely cross-linked PMPC and BNC, to obtain an indication of the nanomaterials’ crystallinity. Figure 4
shows the amorphous character of the cross-linked PMPC with a very broad band centered at 2θ ≈ 18◦,
and the crystalline nature of BNC with a diffraction pattern characteristic of cellulose I (native cellulose)
composed of highly-ordered and least-ordered regions. The nanocomposites display a diffractogram
with three peaks corresponding to the (101) plane at 2θ ≈ 14.7◦, (101) plane at 2θ ≈ 16.8◦ and (002)
plane at 2θ ≈ 22.8◦ [27], which are representative of the cellulosic substrate. The addition of the
cross-linked PMPC is evident through the reduction of the peaks of the (101) and (101) planes, most
likely linked to the augment of disordered cellulose domains due to the presence of the amorphous
polymer. A comparable trend was reported for other BNC-based nanocomposites containing for
instance poly(bis[2-(methacryloyloxy)ethyl] phosphate) [31] and poly(4-styrene sulfonic acid) [32].
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Figure 3. 13C CP/MAS NMR spectra of cross-linked PMPC, neat BNC and nanocomposite PMPC/BNC_2.

Figure 4. X-ray diffractograms of cross-linked PMPC, neat BNC, and nanocomposites PMPC/BNC_1
and PMPC/BNC_2.

SEM micrographs of the cross-section of neat BNC and nanocomposites PMPC/BNC_1 and
PMPC/BNC_2 are compiled in Figure 5A. It is clearly visible that the lamellar microstructure of neat
BNC disappeared in the nanocomposites due to the filling of the lamellar spaces by the cross-linked
PMPC, particularly in the case of PMPC/BNC_2 with 859 ± 90 mg of PMPC per cm3 of membrane.
The SEM/EDS analysis reiterates the presence of PMPC and BNC through the detection of carbon (C),
nitrogen (N), oxygen (O) and phosphorous (P) peaks at 0.27, 0.39, 0.51 and 2.01 keV, respectively, as
illustrated in Figure 5B for PMPC/BNC_2. Moreover, the SEM/EDS mapping (Figure 5C) confirmed
the uniform distribution of nitrogen and phosphorous of the cross-linked polymer within the BNC
nanofibrous network, since both elements are only present in the zwitterionic PMPC.
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Figure 5. (A) SEM micrographs of the cross-section of neat BNC, and nanocomposites PMPC/BNC_1
and PMPC/BNC_2; EDS spectrum (B) and micrograph (C) for nitrogen and phosphorous elemental
mapping of nanocomposite PMPC/BNC_2.

3.2. Thermal stability

TGA analysis was used to study the thermal stability of the PMPC/BNC nanocomposite membranes,
as well as of their individual components. Figure 6A shows the thermograms of cross-linked PMPC
and neat BNC, while Figure 6B presents the thermograms of PMPC/BNC_1 and PMPC/BNC_2
nanocomposites. The thermal degradation profile of the cross-linked PMPC is characterized by two
consecutive steps (apart from the dehydration at about 100 ◦C with a loss of ca. 7.5%) with maximum
decomposition temperatures of 284 ◦C (loss of ca. 21%) and 385 ◦C (loss of ca. 28%, Figure 6A)
corresponding to the pyrolysis of the PMPC skeleton. The thermogram of BNC shows a single
weight-loss step with initial and maximum decomposition temperatures of 290 ◦C and 342.5 ◦C (loss of
ca. 68%, Figure 6A), respectively, allocated to the pyrolysis of the cellulose skeleton [33,34]. PMPC left
a residue at 800 ◦C corresponding to about 34% of the initial mass, whereas BNC only left a residue of
ca. 18% at the end of the analysis.

The thermal degradation profiles of both nanocomposites (Figure 6B) follow a double weight-loss
step, aside from the water loss below 100 ◦C (loss of ca. 10%). PMPB/BNC_1 has maximum
decomposition temperatures at 290 ◦C (loss of ca. 24%) and 382 ◦C (loss of ca. 17%) with a final residue
of 35%, while for PMPC/BNC_2 the maximum occurs at 288 ◦C (loss of ca. 19%) and 383 ◦C (loss of ca.
20%) with a residue of 32% at the end of the analysis (800 ◦C). This two-step pathway is associated first
with the simultaneous pyrolysis of cellulose and cross-linked PMPC, and the last stage with only the
zwitterionic polymer. This pattern points to the reduction of the thermal stability of the nanocomposites
when compared to neat BNC, as already described for other BNC-based nanocomposites containing
polymers with lower thermal stability [35]. Even so, the two PMPC/BNC membranes exhibit good
thermal stability up to 250 ◦C (Figure 6B).
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A B

Figure 6. Thermograms of (A) cross-linked PMPC and neat BNC, and (B) membranes PMPC/BNC_1
and PMPC/BNC_2 under nitrogen atmosphere. The inset curves correspond to the derivative.

3.3. Mechanical properties

Figure 7 compiles the tensile tests data, namely in terms of Young's modulus, tensile strength
and elongation at break, determined from the stress-strain curves. Although the tensile tests were not
performed for the cross-linked PMPC due to its lack of film-forming aptitude, the cooperative effect
between PMPC and BNC relies on the mechanical properties of both nanocomposites. Overall, the
Young’s modulus and tensile strength of the two membranes increased with the increasing content of
the cellulosic substrate (Figure 7A,B), on account of its good mechanical performance, namely Young’s
modulus of 6.6 ± 1.8 GPa and tensile strength of 221 ± 48 MPa. In fact, the former parameter increased
from 430 ± 150 MPa for PMPC/BNC_2 with 21 wt.% of BNC to 3.3 ± 0.8 GPa for PMPC/BNC_1 with
46 wt.% of BNC (Figure 7A), whereas the tensile strength increased from 18 ± 4 MPa for PMPC/BNC_2
to 69 ± 15 MPa for PMPC/BNC_1 (Figure 7B). In contrast, the elongation at break decreased with the
increasing content of BNC from 6.0 ± 1.4% for PMPC/BNC_2 to 2.8 ± 0.3% for PMPC/BNC_1, as shown
in Figure 7C. This means that the nanocomposites are more pliable than the stiff BNC nanofibers with
an elongation at break of 4.7 ± 1.0%.

The dependence of the membranes’ mechanical performance on the amount of BNC is in
tune with earlier studies of other BNC-based nanocomposites with polymers of low mechanical
properties [14,35,36]. For example, Zhijiang et al. [14] prepared a chitosan/BNC-based hydrogel
composite for dye removal, whose Young’s modulus increased from 96.5 MP for pure chitosan (dry
state) to 244 MPa after the incorporation of BNC nanofibers grafted with carbon nanotubes into
the chitosan hydrogel. The same behavior was obtained for the tensile strength and elongation at
break [14].
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Figure 7. (A) Young’s modulus, (B) tensile strength and (C) elongation at break of neat BNC and
PMPC/BNC nanocomposites; the error bars correspond to the standard deviations; the asterisk (*)
denotes statistically significant differences with respect to the neat BNC (p < 0.05).
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3.4. In vitro antibacterial activity

Materials with antibacterial activity are relevant for application in multiple fields [37,38] since they
can inhibit the growth and simultaneously kill pathogenic bacteria that are harmful to human health [39].
The MPC polymer is known for having antimicrobial and antifouling properties [19–21], which can
be a major benefit in reducing/avoiding bacterial growth in contaminated water. This hypothesis
was validated by assessing the growth inhibition of gram-positive (S. aureus) and gram-negative
(E. coli) bacteria. E. coli was selected for being frequently present in contaminated water, which is
a strong indication of recent sewage or fecal contamination. S. aureus is not so frequently present
in contaminated waters; however, different strains have already been detected in urban wastewater,
namely the methicillin-resistant S. aureus ST398 [40].

Figure 8 outlines the antibacterial activity of PMPC/BNC nanocomposites and of the neat BNC
membrane for comparison purposes. The inoculation of both bacteria in culture media without any
sample was used as an experimental control. The neat BNC membrane, along with the experimental
control, do not affect the bacterial viability of both S. aureus (Figure 8A) and E. coli (Figure 8B). This was
expected given that BNC is reported not to inhibit the growth of S. aureus [41,42], E. coli [36,41,42], and
other microorganisms such as Pseudomonas aeruginosa, Bacillus subtilis [42] and Candida albicans [43].
In fact, BNC can even be used as a substrate for microbial cell culture [44].

The bacterial killing of S. aureus by the two PMPC/BNC nanocomposite membranes is markedly
concentration-dependent, as portrayed in Figure 8A. The PMPC/BNC_1 nanocomposite with 54 wt.%
of cross-linked PMPC originated a significant reduction (p < 0.05) of bacterial concentration relatively to
the control, causing a maximum of 2.5–log CFU reduction after 24 h of incubation. The PMPC/BNC_2
with 79 wt.% of cross-linked PMPC reached a higher bacterial inactivation of 4.3–log CFU reduction
after 24 h, which indicates that this membrane can be considered an effective antibacterial because
according to the American Society of Microbiology (ASM), every new approach has to prove an
efficacy of 3–log10 reduction of CFU before being considered antimicrobial or antibacterial [43].
This antibacterial activity is mainly attributed to the trimethylammonium cation that is known for
imparting antimicrobial properties [45]. When comparing the activity of the PMPB/BNC membranes
with literature, Bertal et al. [46] verified that the triblock copolymer containing PMPC originated an
inhibitory zone up to six times greater than the corresponding control against S. aureus and a reduction
of bacterial growth by 45% compared with the experiments carried out in the absence of PMPC-based
copolymer. The authors also claimed that the addition of the copolymer to a 3D-skin model infected
with S. aureus reduced bacterial recovery by 38% compared to that of controls over 24–48 h [46].
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Figure 8. Effect of BNC, PMPC/BNC_1 and PMPC/BNC_2 on the bacterial killing (CFU) of (A) S. aureus
and (B) E. coli after 24 h of exposure; error bars represent the standard deviation (three independent
experiments); the asterisk (*) denotes statistically significant differences with respect to the control and
neat BNC (p < 0.05).
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Regarding the E. coli bacteria (Figure 8B), the picture is quite different and both nanocomposites
exhibit a lower reduction with 1.3– and 1.8–log CFU reduction for PMPC/BNC_1 and PMPC/BNC_2,
respectively. A similar behavior was reported by Fuchs et al. [47] that witnessed no antibacterial
activity towards E. coli for one MPC copolymer. In fact, this could be expected given that E. coli
is a gram-negative bacterium whose killing mechanism is more difficult to prevent due to the low
permeability of their membranes as discussed previously in detail [48,49].

3.5. Water-uptake and dye removal capacity

Table 2 presents the water-uptake values for BNC and the two PMPC/BNC nanocomposite
membranes after immersion in aqueous solutions of 0.01 M HCl (pH 2.1), phosphate buffer saline
(pH 7.4) and 0.01 M NaOH (pH 12.0) for 48 h at RT. Overall, the water-uptake vividly increased with
the increasing content of cross-linked PMPC. At pH 7.4, it increased from 101 ± 12% for neat BNC up to
639 ± 23% for PMPC/BNC_1 (54 wt.% of PMPC) and 899 ± 44% for PMPC/BNC_2 (79 wt.% of PMPC)
(Table 2). In acidic aqueous solutions, PMPC/BNC_1 can absorb 6.3 ± 0.4 g of water per g of membrane,
while for PMPC/BNC_2 the value is 9.1 ± 0.2 g of water per g of membrane. At pH 12, PMPC/BNC_1
absorbs 6.4± 0.4 g of water per g of membrane, whereas for PMPC/BNC_2 the water-uptake is 9.1± 0.3 g
of water per g of membrane.

Table 2. Water-uptake (water-uptake) of neat BNC and the two PMPC/BNC nanocomposite membranes
at different pH media for 48 h at RT.

Membranes
Water-Uptake /%

pH 2.1 a pH 7.4 b pH 12.0 c

BNC 109 ± 14 101 ± 12 103 ± 10
PMPC/BNC_1 627 ± 38 639 ± 23 640 ± 42
PMPC/BNC_2 911 ± 26 899 ± 44 912 ± 27

a Measured after immersion in 0.01 M of HCl aqueous solution; b Measured after immersion in phosphate buffer
solution; c Measured after immersion in 0.01 M of NaOH aqueous solution. All values are the mean of three
replicates with the respective standard deviations.

The larger water-uptake of the nanocomposites is correlated with the hydrophilic nature of the
phosphorylcholine moiety of the cross-linked PMPC. Additionally, water-uptake is not pH-dependent
since there are no significant differences (the means difference is not significant at α = 0.05) for the
individual membranes under the distinct conditions of acidity or basicity. This can be explained
by the unique hydration state of the PMPC chains, where the phosphorylcholine moieties have a
hydrophobic hydration layer that do not disturb the hydrogen bonding between the water molecules,
as discussed by Ishihara et al. [18]. This is an important characteristic in the water remediation context
given that contaminated water can have different pH values. Furthermore, the higher water-uptake
of PMPC/BNC_2 is an indication of a higher removal capacity of water-soluble dyes. After 48 h of
immersion in aqueous solutions of different pH values, the two nanocomposites were oven dried
(at 40 ◦C) and the final weights demonstrated that the polymer loss ranges between 1%–2%, which
emphasizes the insignificant leaching of the cross-linked PMPC from the BNC network.

The removal of two model ionic organic dyes, namely methylene blue (MB) and methyl orange
(MO), from water samples at room temperature after 12 h was assessed as a proof-of-concept. While
MB is a heterocyclic cationic aromatic compound that is used either as a dye or a drug with for
example antimalarial, antidepressant and anxiolytic activity [50], MO is a heterocyclic anionic aromatic
compound that is widely used in the textile, pharmaceutical and food industries, and also as an
acid-base indicator. Both azo dyes are potentially toxic towards humans and the environment [51].

Figure 9A shows that the PMPC/BNC membranes can indeed retain the model water pollutants
as confirmed by the different color of the nanomaterials. This is further corroborated by the data
shown in Figure 9B where the dye removal capacity is plotted for each membrane. The pure BNC can
remove 0.55 ± 0.12 mg of MB and 0.50 ± 0.06 mg of MO per g of membrane. These low removal values
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were expected, given the lack of binding sites in pure BNC for both cationic and anionic organic dyes.
Furthermore, these values are comparable with the dyeability reported by Shim and Kim [52] in their
study about the coloration of BNC fabrics with different dyes using in situ and ex situ methods.
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Figure 9. Photographs (A) and (B) dye removal capacity of BNC, PMPC/BNC_1 and PMPC/BNC_2
after 12 h of immersion in the dye aqueous solution, and (C) photographs of the MB and MO aqueous
solutions removal from paraffin oil by PMPC/BNC_2 nanocomposite.

Concerning the nanocomposites, PMPC/BNC_1 can remove 3.14 ± 0.19 mg g−1 of MB and
3.32 ± 0.31 mg g−1 of MO, whereas PMPC/BNC_2 has a removal capacity of 4.44 ± 0.32 mg g−1 for MB
and 4.56 ± 0.43 mg g−1 for MO. Comparing with pure BNC, the dye removal capacity of PMPC/BNC_1
is 5.7 and 7.4 times higher for MB and MO, respectively, while PMPC/BNC_2 removes 8.1 and 9.1 times
more MB and MO, respectively, than pure BNC. The higher dye removal capacity of PMPC/BNC_2 is
consistent with its higher PMPC content (Table 1). Moreover, the two nanocomposites can remove
both cationic and anionic dyes due to the zwitterionic nature of the cross-linked PMPC which can
establish electrostatic interactions with either MB or MO model dyes. Worth mentioning is the fact that
the PMPC/BNC nanocomposites can easily and quickly remove both MB and MO (25 mg mL−1) from
the bottom of a paraffin oil container without the removal of any oil, as exemplified for PMPC/BNC_2
in Figure 9C. This is a good indication of the lack of affinity of the nanocomposites towards the
hydrophobic oil and affinity for water or aqueous solutions. A similar behavior was observed for MB
(aqueous solution, 100 mg L−1) removal from silicone oil by sulfated-cellulose nanofibrils aerogels [53].

When compared with literature, the dye removal capacity of the PMPC/BNC nanocomposites
is lower than that achieved for example with highly carboxylated (COO–) nanocrystalline cellulose
with a maximum removal capacity of 101 mg g−1 for MB [54], or with the amino-functionalized
cellulose nanofibrils-based aerogels with 266 mg g−1 for MO [55]. These higher removal capacities
are most likely associated with the simultaneous high content of surface binding sites and specific
surface area in the first case [54], and the aerogel structure in the second case, which translates into
materials with very high porosity and low density [55]. Still, the dye removal values of the PMPC/BNC
membranes prepared in the present study are comparable for instance with those achieved with the

16



Materials 2019, 12, 1404

sulfated-cellulose nanofibrils aerogels that removed ca. 5 mg g−1 of MB at an adsorbent dosage of
16 mg mL−1 [53].

Hence, the adsorbent nanocomposites developed in the present work present a customizable
combination of properties, namely antibacterial activity, water-uptake and dye removal capacity, that
depend on the amount of the individual components (i.e. PMPC and BNC), and that reveal their
potential application in the context of water remediation.

4. Conclusions

The combination of the zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine) and the
hydrophilic bacterial nanocellulose yielded nanocomposite membranes that are proficient in adsorbing
anionic and cationic organic dyes. The optically transparent nanocomposites display high water-uptake
capacity in different pH media, thermal stability up to 250 ◦C, and good mechanical properties
(Young’s modulus ≥ 430 MPa). Moreover, these zwitterionic membranes inhibited the growth of
both Gram-positive (S. aureus) and Gram-negative (E. coli) pathogenic bacteria with maxima of 4.3–
and 1.8–log CFU reduction, respectively, for the nanocomposite composed of 79 wt.% of cross-linked
PMPC. Furthermore, their dye removal capacity was demonstrated by a dye adsorption amount of
4.44 ± 0.32 mg g−1 of MB and 4.56 ± 0.43 mg g−1 of MO for the membrane with the higher content of
zwitterionic polymer (i.e. 79 wt.% of PMPC). The successful fabrication of these zwitterionic PMPC/BNC
nanocomposite membranes with antibacterial activity opens novel avenues for the generation of
bio-based adsorbents to address the complex issue of water remediation of anionic and cationic dyes.
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Abstract: Gold nanoparticles (AuNPs) are one of the most studied nanosystems with great potential
for biomedical applications, including cancer therapy. Although some gold-based systems have
been described, the use of green and faster methods that allow the control of their properties is
of prime importance. Thus, the present study reports a one-minute microwave-assisted synthesis
of fucoidan-coated AuNPs with controllable size and high antitumoral activity. The NPs were
synthesized using a fucoidan-enriched fraction extracted from Fucus vesiculosus, as the reducing and
capping agent. The ensuing monodispersed and spherical NPs exhibit tiny diameters between 5.8
and 13.4 nm for concentrations of fucoidan between 0.5 and 0.05% (w/v), respectively, as excellent
colloidal stability in distinct solutions and culture media. Furthermore, the NPs present antitumoral
activity against three human tumor cell lines (MNT-1, HepG2, and MG-63), and flow cytometry in
combination with dark-field imaging confirmed the cellular uptake of NPs by MG-63 cell line.

Keywords: gold nanoparticles; fucoidan; microwave irradiation; antitumoral activity; darkfield imaging

1. Introduction

Cancer, i.e., the abnormal growth and proliferation of cells, is one of the leading causes of
mortality and morbidity worldwide. According to the World Health Organization (WHO), cancer was
responsible for 9.9 million deaths in 2018 [1], and the number of cases is anticipated to increase by about
70% over the next two decades. Each cancer type involves a specific treatment procedure that embraces
one or more modalities, namely surgery (to remove the tumor), radiotherapy, or chemotherapy. Despite
the high cure rates observed when cancer is detected early and if appropriated treatment is provided,
most of the presently employed therapies, particularly conventional chemotherapy, are associated
with severe side effects, including hair loss, nausea and vomiting, pain, anemia, fertility issues, edema,
among many others [2], that strongly affect the patient’s quality of life. In recent decades, the design of
more effective alternatives that allows a targeting action, with almost no impact on healthy tissues
or organs, has received considerable attention [3]. Of these, nanosystems that combine a therapeutic
effect and imaging properties, or that promote intertwined diagnosis and therapy, the so-called
nanotheranostics, has opened new avenues for cancer-conquering [4–6].

Materials 2020, 13, 1076; doi:10.3390/ma13051076 www.mdpi.com/journal/materials21
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Metal nanoparticles (NPs) are a class of nanomaterials with a panoply of biomedical and
therapeutic applications, including cancer therapy and imaging of tumors [7,8]. In particular, gold (Au)
nanoparticles owing to their unique physical and optical properties have attracted enormous interest in
this realm during the past decades [9–12]. The colloidal stability of NPs in biological environments and
their interactions with cells is strongly influenced by their surface properties, and thus distinct coating
strategies of NPs, using small molecules, polymers, or lipids, have been described [13]. Moreover,
this methodology could also target the reduction of the toxicity of NPs and improvement of biological
functionalities, typically associated with the use of active biomolecules [13]. The synthesis of AuNPs
using biomacromolecules, including alginate, starch, cellulose, chitosan, gelatin, collagen and fucoidan,
among others, as reducing and stabilizing agents is a well-documented strategy to achieve these
goals [14] and, at the same time, overcome the environmental effects of the conventional methodologies
that commonly involve the use of harmful reducing agents.

Fucoidan is a natural occurring sulfated marine polysaccharide extracted from brown seaweeds that
presents various biological properties, including antiangiogenic, antitumoral, and anti-inflammatory
properties [15,16], and because of that has been widely investigated for the development of
nanomaterials for biomedical applications [17]. However, only a few number of papers reported the
combination of fucoidan and AuNPs for cancer treatment. One of the first studies in this topic involved
the synthesis of AuNPs (44 nm average size) using sodium borohydride as the reducing agent and a
fucoidan-mimetic glycopolymer as the capping agent [18]. The obtained AuNPs displayed excellent
colloidal stability and selective cytotoxicity to human colon cancer cell line (HCT116). Afterward,
Manivasagan et al. [19] produced biocompatible AuNPs (82 nm average size) by using naturally
occurring fucoidan as the reducing and capping agent, avoiding the use of harmful reducing agents.
This study also demonstrated the applicability of these NPs as a carrier for doxorubicin (DOX) and
photoacoustic imaging of breast cancer tumors. In a follow-up study, this research team explored
similar fucoidan-AuNPs for dual-chemo-photothermal treatment of eye tumors [20]. In another study,
size-controlled fucoidan-AuNPs (15-80 nm) were produced by varying the concentration of fucoidan
during the synthesis step [21]. These NPs showed anticancer effect against human oral squamous cell
carcinoma (HSC3), and its surface modification and conjugation with DOX also improved their effect.

These studies clearly demonstrate the prospective of the partnership between AuNPs and fucoidan
in cancer treatment. However, to achieve high antitumoral activities, viz., less than 20% cell viability,
the conjugation with other chemotherapeutics (DOX), or the use of high dosages (up to 50 μg mL−1

of NPs) was typically required. Moreover, some methodologies are somewhat time-consuming and
laborious, e.g., up to 2 h for the synthesis of the AuNPs and 24 h for the conjugation with DOX.
Additionally, the number of investigated tumor cell lines is limited, and the imaging properties of
fucoidan-AuNPs have been only marginally explored. Thus, some essential traits still need to be
tackled envisioning their scale-up production and broad application, viz., the establishment of fast and
straightforward procedures for the synthesis of fucoidan-Au nanosystems with controllable size and
morphology and improved antitumoral activity against different tumor cell lines.

As a developing heating tool, microwave irradiation has been shown to considerably reduce the
reaction times and provide a uniform bulk heating that allows the synthesis of various nanomaterials,
including AuNPs [22,23], with defined structures and narrow size distributions. However, to the best
of our knowledge, this methodology has never been sightseen as a simple, time-saving approach to
fabricate fucoidan-AuNPs for application in cancer therapy.

In this line, in the present study, we report for the first time a one-minute microwave-assisted
synthesis of fucoidan-coated AuNPs with controllable size and high antitumoral activity. This is
a pioneering achievement with respect to previous methodologies to produce Au-fucoidan NPs.
The fucoidan-AuNPs were synthesized, using a fucoidan-enriched fraction extracted from F. vesiculosus,
and characterized in terms of structure, colloidal stability, antitumoral activity against different cell
lines (MNT-1, HepG2, and MG-63), and cellular uptake by flow cytometry and dark field imaging of
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NPs. The antitumoral activity of Au-fucoidan NPs against these cell lines and their imaging properties
by dark-field is also reported here for the first time.

2. Materials and Methods

2.1. Materials

Fucus vesiculosus was collected (January 2014) in Mindelo beach (41◦18′38′’N, 8◦,43′42′’W),
Portugal. The biomass was washed with water to remove salts, epiphytes, and/or microorganisms and
dried at 25 ◦C until reaching a total moisture content of 12–14%. Algae samples were transformed into
flakes (1–2 mm) with a knife mill (Retsch SM100, Haan, Germany), packed and stored in airtight bags
at the ALGAplus warehouse. The milled algae samples were then washed with a solvent mixture (1 g
per 20 mL) of chloroform and methanol (2:1 v/v) under stirring for 20 min, centrifuged at 2500 rpm
during 20 min, and dried at 40 ◦C in a vacuum drying oven.

Gold(III) chloride trihydrate (≥99.9% trace metals basis), dimethyl sulfoxide (DMSO),
paraformaldehyde, and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phosphate buffer saline (PBS, pH 7.4), Dulbecco′s modified Eagle′s medium (DMEM), fetal bovine
serum (FBS), L-glutamine, penicillin, streptomycin and amphotericin B were supplied by Gibco® (Life
Technologies, Grand Island, NY, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 98%) was purchased from Sigma-Aldrich, and 4′,6-diamidino-2-phenylindole (DAPI)-containing
Vectashield mounting medium was acquired from Vector Labs. Ultra-purified water (Type 1,
18.2 MΩ·cm at 25 ◦C) was obtained by a Simplicity® Water Purification System (Merck, Darmstadt,
Germany). Human osteosarcoma cell line MG-63 was a kind gift by INEB, University of Porto, Portugal.
The HepG2 cell line, a liver hepatocellular carcinoma cell line, was obtained from the European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and supplied by Sigma-Aldrich.
MNT-1 cells were kindly provided by Doctor Manuela Gaspar (iMed.ULisboa, Lisbon, Portugal).

2.2. Microwave-Assisted Extraction (MAE) of Fucoidan from F. Vesiculosus

The MAE of fucoidan-rich fraction from F. vesiculosus followed the methodology described by
Rodriguez-Jasso et al. [24]. About 0.4 g of macroalgae sample was suspended in water, with a
solid-liquid ratio of 1:25 (w/v). The extraction was performed in a Monowave 300 (Anton Paar, Graz,
Austria) equipment, at 172 °C, for 1 min. The samples were cooled on ice and then centrifuged at
4000 rpm during 5 min). The aqueous extract was mixed with a 1% (w/v) CaCl2 aqueous solution,
in a solid-liquid ratio of 1:1 (v/v), and maintained overnight at 4 °C, to precipitate alginate. This was
separated by filtration, and ethanol was added to the filtrate (1:2, v/v) and maintained at 4 °C for 8 h.
The fucoidan-rich fraction (MWF) was obtained after centrifugation (4000 rpm, 5 min) and dried at
room temperature.

2.3. Microwave-Assisted Synthesis of Fucoidan-AuNPs

The microwave (MW)-assisted synthesis of fucoidan-AuNPs was carried out on a Monowave
300 equipment (Anton Paar, firmware version 2.0). Total of 145 μL of HAuCl4.3H2O solution (17.2 mM)
was added to microwave vials with 5 mL of the three distinct concentrations of the fucoidan-rich
fraction (0.5, 0.1, and 0.05% w/v). The mixtures were heated at 120 °C for 1 min. After the reaction,
the obtained fucoidan-AuNPs were centrifuged for 1 h at 15,000 rpm and 4 °C, sonicated and washed
three times with ultra-purified water, and finally stored at 4 °C until usage.

2.4. Structural Characterization of the Fucoidan-Enriched Fraction and Fucoidan-AuNPs

The sulfate content of the fucoidan-enriched fraction was determined by elemental analysis.
The fucoidan-rich fraction was grounded with a mortar and analyzed (about 2–3 mg) in a Leco TruSpec
630-200-200 CHNS elemental analyzer (LECO Corporation, St. Joseph, MI, USA), in order to assess the
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) contents. The sulfate content of the sample was
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calculated by the following equation: sulfate content (%) = 3.22 × S (%), where S (%) is the S content,
as proposed by several authors [25,26].

Total sugars were determined by the phenol-sulfuric acid method, following the methodology
described by DuBois et al. [27] where D(+)-glucose was used as standard. An aqueous solution of
the fucoidan-rich fraction (0.05% w/v) was prepared and diluted as necessary. The UV absorbance
measurements were performed in a Shimadzu UV-1800 spectrophotometer (Shimadzu Corp., Kyoto,
Japan) at λ = 490 nm. Triplicate measurements were carried out.

Optical spectra of the fucoidan-AuNPs were recorded by a Thermo Scientific Evolution 220
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) using 100 scans min−1 with a
bandwidth of 2 nm and an integration time of 0.3 s.

The Fourier transform infrared (FTIR) spectra of fucoidan-enriched fraction extracted from F.
vesiculosus and fucoidan-Au colloidal in the form of KBr pellet were collected by a Mattson 7000
spectrometer using 256 scans at a resolution of 4 cm−1 and with a signal gain of 1.

Transmission electron microscopy (TEM) images were obtained by a Hitachi H-9000 (Hitachi
High-Technologies Corporation, Tokyo, Japan) operating at 300 kV. Scanning transmission electron
microscopy (STEM) images were acquired by a field-emission gun (FEG) SEM Hitachi SU70 microscope
operated at 15 kV. Samples for microscopy analysis were prepared by placing a washed colloid drop
directly onto a carbon-coated copper grid and then allowing the solvent to evaporate. The average
diameter of the NPs was determined by measuring over 100 NPs for each STEM image with the Fiji
image processing software.

2.5. Colloidal Stability of Fucoidan-AuNPs

The colloidal stability of the fucoidan-AuNPs was evaluated in five different mediums, namely
ultra-purified water, HCl (0.01 M, pH 2.1), NaOH (0.01 M, pH 12.0), PBS (pH 7.4), and DMEM. Typically,
100 μL of the fucoidan-AuNPs 0.1% (w/v) was added to the vials already with 2.9 mL of the distinct
mediums. The colloidal suspensions were placed under mechanical stirring during 48 h at room
temperature, and the UV-Vis spectra at specific times (0, 6, 24, and 48 h) were recorded. All assays
were performed in triplicate. After 48 h, the NPs in each medium were centrifuged for 15 min at
15,000 rpm (4 °C), sonicated and washed three times with ultra-purified water and analyzed by STEM
as previously described.

2.6. Cell Culture

The cell lines were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin, and 2.5 μg mL−1 amphotericin B. Cells
were incubated in a humidified atmosphere of 5% CO2 at 37 °C. Sub confluent cells were trypsinized
with trypsin-EDTA (0.25% trypsin, 1 mM EDTA) when monolayers reached 70% confluence.

2.7. Cytotoxicity Evaluation

Cell viability was determined by the colorimetric MTT assay, which measures the formation of
purple formazan in viable cells [28]. Cells were seeded in 96-well plates and after 24 h, medium was
replaced with fresh medium containing fucoidan extract (0, 0.25, 0.5, 1.0, 2.5, and 5 mg mL−1) or
fucoidan-AuNPs (0, 2.5, 5.0, 10.0, 15.0, and 26.0 μg mL−1). Cell viability was measured after 24, 48,
and 72 h. After that, 50 μL of MTT reagent (1 mg mL−1) in PBS was added to each well and incubated
for 4 h at 37 °C, and 5% CO2. The medium was then removed, and 150 μL of DMSO was added to each
well for crystals solubilization. The optical density of the reduced MTT was measured at 570 nm in a
microtiter plate reader (Synergy HT Multi-Mode, BioTeK instruments, Winooski, VT, USA), and the cell
metabolic activity (MA, a usual marker for cell viability) was calculated as MA (%) = ((Abs sample−Abs

DMSO)/(Abs control−Abs DMSO)) × 100. Three independent assays were performed with at least three
technical replicates each and the results compared with the control (incubated with culture medium).
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From the MTT results, the concentrations of 5 and 12 μg mL−1 of fucoidan-AuNPs were selected for
the following assays.

2.8. Uptake Potential by Flow Cytometry

The uptake potential of fucoidan-AuNPs by MG-63 cells was assessed by flow cytometry (FCM),
as previously described by Suzuki et al. [29] and Bastos et al. [30]. Briefly, cells were seeded in 6-well
plates, and after fucoidan-AuNPs exposure for 24 h, they were trypsinized, collected to FCM tubes,
and analyzed by FCM. Two parameters, namely forward scatter (FS), which gives information on
the particle’s size, and side scatter (SS), which provides information on the complexity of particles,
were measured in an Attune® Acoustic Focusing Cytometer (Thermo Scientific, Waltham, MA, USA)
equipped with a 488 nm laser. For each sample, 5000–20,000 cells were analyzed at a flow rate of about
300 cells s−1.

For MTT assay and cellular uptake by flow cytometry, the statistical significance between control
and exposed cells was performed by one-way ANOVA, followed by Dunnet and Dunn’s method (as
parametric and non-parametric test, respectively), using Sigma Plot 12.5 software (Systat Software Inc.).

2.9. Dark Field Imaging

MG-63 cells were grown on glass coverslips and cultured in the presence of 12 μg mL−1

fucoidan-AuNPs dispersed in culture medium for 24 h. Cells were fixed with a 4% paraformaldehyde
in PBS for 10 min, permeabilized with a 0.1% Triton X-100/PBS solution. Following washes with PBS
and deionized water, coverslips were mounted onto the glass slides with DAPI-containing Vectashield
mounting medium.

The microscopic images were recorded using an Olympus BX51 microscope (50× objective)
(Olympus, Tokyo, Japan) equipped with a digital CCD camera (Retiga 4000R, QImaging) used to
capture the microphotographs. The dark field images were acquired under white light illumination by
replacing the standard microscope condenser by the CytoViva enhanced dark field illumination system
(CytoViva, Auburn, AL, USA). For the images under white light illumination and UV irradiation,
a DC regulated illuminator (DC-950, Fiber-Lite) and a LED light (LLS-365, Ocean Optics, emission at
365 ± 25 nm) were used, respectively.

The hyperspectral images were recorded with a hyperspectral imaging system from CytoViva,
accoupled to the Olympus BX51 microscope, that includes a digital camera (Pixelfly USB, PCO) coupled
to a spectrograph (V10E 2/3′’, Specim, 30 μm slit, nominal spectral range of 400–1000 nm and nominal
spectral resolution of 2.73 nm). Each pixel field-of-view on the hyperspectral images corresponds to
258 × 258 nm2 on the samples’ plane. The hyperspectral scanning is vertical, and each image results
from 696 lines, using an exposure time of 3 s for each line. All the hyperspectral data were acquired
and analyzed using ENVI 4.8 software, and the spectra were corrected using the tool Calibration and
Correction of the ENVI 4.8 software.

3. Results and Discussion

A fucoidan-rich fraction from F. vesiculosus was used as the reducing and capping agent in
the green synthesis of antitumoral fucoidan-AuNPs for application in cancer therapy (Figure 1).
MW technology was used for both the extraction of fucoidan from F. vesiculosus and the synthesis
of the AuNPs, pursuing the establishment of a timesaving methodology to produce fucoidan-Au
nanosystems with controllable size, morphology, and high antitumoral effect, as will be discussed in
the following paragraphs.

The extraction yield obtained for the fucoidan-rich fraction was 5.2 ± 0.8% that is in good
agreement with the published data for this algae specie under similar MAE conditions [31]. However,
the degree of sulfation (5.42%) and total sugars content (13.7 ± 0.6%) are lower than those previously
reported [31]. These differences are certainly associated with the natural variability of seaweed
biomass [32]. The presence of fucoidan was further confirmed by FTIR analysis. The FTIR spectrum of
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the fucoidan-rich fraction (Figure 2) displays the typical absorption bands of fucoidans [31], namely
a band at around 1260 cm−1 (asymmetric stretching of the O=S=O groups of sulfate esters, with the
contribution of C–OH, C–C and C–O vibrations). Moreover, a band at 840 cm−1 (C–O–S bending
associated with the axial substitution at C-4 position) and a shoulder at around 820 cm−1 (C–O–S
bending associated with substitution at C-2 and C-3 equatorial positions of fucopyranosyl moieties)
are also present [33]. The higher intensity of the band at 820 cm−1 suggests that the extracted fucoidan
is mainly characterized by repeated units of disaccharides primarily composed of fucose residues with
-OSO3

- at C-2 and C-3 positions and with a single -OSO3
- at C-2 position (Figure 2).

 
Figure 1. Schematic representation of the microwave irradiated synthesis of fucoidan-AuNPs (molecular
structure of fucoidan) with antitumoral activity.

Figure 2. Fourier transform infrared (FTIR) spectrum of the fucoidan rich fraction extracted from
F. vesiculosus (vibrational modes: ν = stretching, δ = bending).
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3.1. Structural and Morphological Characterization of the Fucoidan-AuNPs

The MW-assisted synthesis of AuNPs, using the prepared fucoidan-rich fraction, as the reducing
and capping agent, was achieved in only 1 min. Three different concentrations of fucoidan were
tested, namely 0.05%, 0.1%, and 0.5% (w/v), aiming to produce AuNPs with an appropriated size
and excellent colloidal stability. The color change of the Au solutions from yellowish to ruby red,
for fucoidan concentrations of 0.1% and 0.5%, and to purplish for the fucoidan solution with 0.05%,
is an early confirmation of the formation of the AuNPs (Figure 3A). The formation of a purple color in
the case of the lowest fucoidan concentration (0.05% w/v) could be associated with the formation of
larger and close particles due to the lower amount of fucoidan present at the surface of the AuNPs [21].
Additionally, the UV-vis spectra of these fucoidan-AuNPs colloids showed the typical surface plasmon
resonance at around 520 nm for fucoidan concentrations of 0.1% and 0.5% (w/v). The position of
these bands is indicative of the formation of small spherical NPs. The displacement of this band for
higher wavelength values (around 550 nm) for the lowest fucoidan concentration (0.05%) is also in
line with the formation of larger particles. Similar results were reported by Jang et al. [21] following a
conventional solvothermal method but using considerably higher fucoidan concentrations (from 0.5%
to 2.5% w/v).

FTIR analysis of the obtained fucoidan-AuNPs (Figure 3B) clearly confirmed the capping role
of fucoidan, because of the occurrence of the typical absorption bands of fucoidan [31], as well as
a correlation between the content of fucoidan in the surface of the NPs and its amount used in
the synthesis.

 
Figure 3. (A) UV-Vis and (B) FTIR spectra of AuNPs colloids obtained with different concentrations of
fucoidan: a) 0.5%, b) 0.1%, and c) 0.05% w/v of fucoidan-rich fraction.

The STEM micrographs provided clear information about the shape and size of the fucoidan-AuNPs
(Figure 4). All the obtained fucoidan-AuNPs were monodispersed and spherical, with average sizes
of 5.8 ± 0.9 nm, 10.4 ± 1.4 nm, and 13.4 ± 3.0 nm for initial concentrations of fucoidan of 0.5%, 0.1%,
and 0.05% (w/v), respectively. STEM images corroborate the increase of the NPs diameter with the
decrease of the fucoidan concentration. It is also perceptible that for the fucoidan concentration of
0.05%, AuNPs are closer to each other, but still individualized, because of lower colloidal stability
associated with an inferior content of fucoidan on the surface of the NPs. These results are actually
remarkable because in conventional solvothermal synthesis, for concentrations equal and lower than
0.5% (w/v) of fucoidan, the AuNPs formed are unstable and aggregate during synthesis leading to
large anisotropic particles [21]. These results are a good indication that the MW technology allows the
rapid formation of stable spherical AuNPs with controllable size and using lower concentrations of
fucoidan when compared with conventional methodologies. Fucoidan-AuNPs sample with an average
diameter of 10.4 ± 1.4 nm was selected for the colloidal stability studies and biological evaluations
because of the monodispersity and no visual aggregation of the colloidal suspension.
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Figure 4. Scanning transmission electron microscopy (STEM) micrographs with the respective
histograms of the size distribution of AuNPs colloids obtained with different concentrations of fucoidan:
(A) 0.5%, (B) 0.1%, and (C) 0.05% w/v of the fucoidan-rich fraction.

3.2. Colloidal Stability of the Fucoidan-AuNPs

The colloidal stability of the fucoidan-AuNPs (10.4 ± 1.4 nm average diameter) was investigated
under different conditions, namely by using acid (pH 2.1) and basic (pH 12) solutions, PBS (pH
7.4), DMEM (culture medium), and ultra-purified water, at room temperature. The stability profile
over 48 h was inspected by UV-Vis and STEM analysis. The observation of the fucoidan-AuNPs
colloid over time (Figure S1), and for the different conditions allowed to conclude that, in general,
these NPs are considerably stable because no color changes were perceived. Based on the relative
absorbance maximum obtained in UV-Vis analysis (Figure 5A), it is evident that these fucoidan-AuNPs
are highly stable (more than 90% of maximum absorption) in ultra-pure water, DMEM, and alkaline
solution (pH 12), with no significant variations over time. Similar results were previously reported for
fucoidan-AuNPs with 15–80 nm [21] and fucoidan-Au nanorods [34]. However, in PBS (pH 7.4) and
acidic (pH 2.1) solutions, the maximum absorptions slightly decrease over time, reaching about 70%
and 80%, respectively. However, the analysis of the colloids by UV-Vis only gives a rough indication of
the stability of the NPs because the decrease in the maximum absorption could be associated with
different causes. Possible reasons are the change of the refractive index of the surrounding medium
and/or the distance between the AuNPs that causes changes in the λmáx of absorption (525 nm), as well
as in the correspondent absorbance values [35].

To have a deep insight into the effect of the different studied conditions in the stability of the
obtained colloids, in particular on their size and morphology, STEM analysis of the AuNPs after 48 h
of incubation in the solutions mentioned above was also carried out. STEM micrographs (Figure 5B)
confirmed that their morphology and size was not affected, but in acidic conditions, the NPs are much
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closer. These results indicate that under acidic conditions the fucoidan capping layer is weakened,
certainly due to the protonation of sulfate groups and partial detachment from the surface of the
AuNPs [36], leading to slightly less stable colloids.

 

Figure 5. (A) Colloidal stability assay of fucoidan-AuNPs 0.1% (w/v) up to 48 h in distinct mediums:
acid solution (pH 2.1), basic solution (pH 12), PBS, DMEM (culture medium), and ultra-purified water.
(B) STEM images of fucoidan-AuNPs after 48 h immersed in the distinct mediums: (a) ultra-purified
water, (b) DMEM, (c) NaOH (pH 12), and (d) HCl (pH 2.1). The color of micrographs (b), (c), and (d)
were changed for visual guidance in order to match the color of the respective medium displayed in (A).

3.3. Cytotoxicity Assays of Fucoidan-AuNPs and Cellular Uptake by Flow Cytometry

In this study, the in vitro cytotoxicity of the fucoidan-enriched extract and fucoidan-AuNPs
(10.4 ± 1.4 nm) was investigated against MNT-1 (pigmented human melanoma cells), HepG2 (human
hepatocyte carcinoma), and MG-63 (human osteosarcoma) cell lines for 24, 48, and 72 h at concentrations
ranging from 0 to 5 mg mL−1 (Figure 6). The fucoidan extract obtained in this study is not cytotoxic
against the three cell lines tested, in the concentration range of 0.25–2.5 mg mL−1, with cell viabilities
higher than 90% in most cases. However, for a concentration of 5 mg mL−1, a significant reduction
of cell viability (up to 60%) was observed, particularly for 48 and 72 h of exposure. The antitumoral
activity of fucoidan (and fucoidan-enriched extracts) is well documented, as well as its dependence
on the source of fucoidan [15]. For instance, Manivasagan et al. [19] reported that fucoidan from
F. vesiculosus inhibits the proliferation of human breast cancer cells with an inhibitory concentration of
35 μg mL−1 and Jang et al. [21] described cell viabilities of around 80% for cancer cells (HSC3) treated
with 100 mg mL−1 of a commercial fucoidan.

The cytotoxic effect of the fucoidan-AuNPs was investigated for concentrations in the range
of 2.5–26 μg mL−1. In general, the NPs showed a dose-depend decrease in cell viability but with
noticeable differences for distinct cell lines and exposure times. For the HepG2 cell line, it was observed
a reduction of cell viability with the concentration of fucoidan-AuNPs reaching about 60% cell viability
for 26 μg mL−1 of NPs. In this case, no time dependency effect was perceived for the three exposure
times investigated. For the other cell lines, it was also observed a decrease in cell viability with the
concentration of NPs, but with most pronounced reductions for 48 and 72 h of exposure. For example,
for a concentration of 26 μg mL−1 of NPs and 72 h of exposure, cell viabilities of 32 and 10% were
observed for MNT-1 and MG-63 cell lines, respectively. These results demonstrate the more significant
antitumoral effect of fucoidan when combined with the AuNPs because considerably higher cell
viability reduction was obtained for much lower concentrations of fucoidan-AuNPs when compared
with the fucoidan-enriched extract (around 60% cell viability for 5 mg mL−1 of fucoidan). This behavior
could be associated with the small size and high surface area of the AuNPs that result in extraordinary
surface concentrations of fucoidan and higher interaction with the cells. Jang et al. [21] also reported a
higher cell viability reduction for fucoidan-AuNPs comparatively with fucoidan when using the same
concentration of 100 mg mL−1.

The cellular uptake of fucoidan-AuNPs was only tested for the MG-63 cells, given the higher
antitumoral activity of these nanosystems toward this cell line. According to Figure 7, both
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concentrations (5 and 12 μg mL−1) of fucoidan-AuNPs induce an increase in side scatter (SS) intensity
without change of forward scatter (FS) intensity of MG-63 cells, which means that particles are
internalized by the cells.

Figure 6. Viability measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay after 24, 48, and 72 h exposure to fucoidan extract (left) and fucoidan-AuNPs (right). Values are
the mean of nine replicates, and the error bars represent the standard deviation; the asterisk (*) denotes
statistically significant differences to the control (p < 0.05).

Figure 7. Uptake of fucoidan-AuNPs by MG-63 cells. The uptake was assessed by the side scattered
light through flow cytometry after 24 h exposure to 5 and 12 μg mL−1 of fucoidan-AuNPs. Values are
the mean of three replicates, and the error bars represent the standard deviation; the asterisk (*) denotes
statistically significant differences to the control (p < 0.05).
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3.4. Dark Field Imaging of MG-63 Cells Incubated with Fucoidan-AuNPs

Dark field microscopy of the MG-63 cells and those incubated with fucoidan-AuNPs are shown in
Figure 8A,B, respectively. The darker regions in the dark field images are assigned to the cell’s nucleus
with a diameter of around 20 μm. The cells’ nucleus identification is unequivocally confirmed, taking
advantage of the fact that the cells were marked with a fluorescent stain (DAPI) that binds specifically
to the regions of the nucleus. Thus, under UV irradiation, blue areas are discerned (Figure 8C,D),
assigned to the emission spectra around 460 nm of the DAPI (Figure S2). The overlap between the
dark field images and those acquired under UV the dark areas overlap that revealing blue emission
(Figure 8E). This shows that dark field imaging under white light can be used to identify the nucleus of
the cells, without the need to use a fluorescent stain.

Also, the dark field images of the MG-63 cells incubated with fucoidan-AuNPs also shows bright
spots with diameter values between 1 and 10 μm. The light scattering from those regions was analyzed
by hyperspectral microscopy. Figure 8G,H compare the hyperspectral images of the MG-63 cells and
of those incubated with fucoidan-AuNPs, revealing that the bright spots in the images of the MG-63
cells incubated with fucoidan-AuNPs are characterized by a broad spectrum. In fact, it displays a
low-relative intensity band in the same region as that found for the absorption of the Au-particles
(Figure 3) and a more intense one in the red spectral region, that results from the light scattered by the
fucoidan-AuNPs indicating the presence of fucoidan-AuNPs aggregates (Figure 8F, Figures S3 and
S4). The larger dimension of those aggregates, when compared to STEM data (Figure 4), is due to the
spatial resolution of the optical image, and we also note that the contribution of the guidance of the
scattered photons from the particles for the larger bright spots cannot be excluded [37]. We note that
some of those bright spots (marked with arrows in Figure 8H) are localized in the same coordinates of
the plane in which was possible to detect the cells, suggesting the incorporation of the fucoidan-AuNPs
in the MG-63 cells, that it is in line with the flow cytometry results.

 
Figure 8. Optical images in dark field transmission mode under white light, of MG-63 cells, incubated
(A) without and (B) with fucoidan-AuNPs. Optical images, in brightfield field reflectance mode under
UV irradiation, of MG-63 cells incubated (C) without and (D) with fucoidan-AuNPs. (E) Show the
overlay of (B) and (D). Spectra measured in several single pixels of the bright spots shown in the
hyperspectral image shown in the (F). (G) and (H) show the hyperspectral images measured for the
same sample and illumination conditions of (A) and (B), respectively. The color scale is based on
the intensity of the spectra of each pixel at 750 nm. In (H), the hyperspectral image is superimposed
with (D).
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4. Conclusions

The one-minute microwave-assisted synthesis of fucoidan-coated gold nanoparticles (AuNPs)
with controllable, high stability, and antitumoral activity is the first and foremost contribution of
the present study, where fucoidan-AuNPs were synthesized by using a fucoidan-enriched fraction
extracted from F. vesiculosus, as simultaneous reducing and capping agent. The resulting monodispersed
and spherical fucoidan-AuNPs present very small diameters, namely 5.8 ± 0.9 nm, 10.4 ± 1.4 nm,
and 13.4 ± 3.0 nm that depend on the initial concentrations of fucoidan: 0.5%, 0.1%, and 0.05% (w/v),
respectively, together with excellent colloidal stability in acidic and basic solutions, ultra-purified
water and culture media. The second innovative input of this study lies in the antitumoral activity
of the fucoidan-AuNPs against three human tumor cell lines, namely MNT-1 (pigmented human
melanoma), HepG2 (human hepatocyte carcinoma), and MG-63 (human osteosarcoma) cells. Moreover,
the use of flow cytometry in combination with dark field imaging confirmed the cellular uptake
of fucoidan-AuNPs by the MG-63 cell line, which demonstrates the antitumoral activity of these
nanomaterials, and thus their potential for cancer therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/5/1076/
s1. Figure S1: Digital photographs of fucoidan-AuNPs colloid over time in the different media. Figure S2:
Hyperspectral images of MG-63 cells incubated (A) without and (B) with fucoidan-AuNPs, measured for the same
sample and illumination conditions of Figure 8C,D of the manuscript. The color scale is based on the intensity of
the spectra of each pixel at 460 nm. (C) Spectra measured in collection areas of 20 × 20 pixels of (A) (red line)
and (B) (blue line). Figure S3: Spectra measured in several single pixels of the hyperspectral image measured
for the same sample and illumination conditions of the Figure 8A of the manuscript, before (A) and after (C)
correction. (B) Spectrum measured in an area of 20 × 20 pixels, of the Figure 8A of the manuscript used to perform
the correction. The inset in (A) shows the normalized spectra for better comparison. Figure S4: Spectra measured
in several single pixels of the hyperspectral image shown in Figure 8B of the manuscript, (A) before and (C) after
correction using the spectrum shown in Figure S3B. The normalized spectra before correction are shown in (B) for
better comparison.
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Abstract: Nobel metal composite aerogel fibers made from flexible and porous biopolymers offer a
wide range of applications, such as in catalysis and sensing, by functionalizing the nanostructure.
However, producing these composite aerogels in a defined shape is challenging for many protein-based
biopolymers, especially ones that are not fibrous proteins. Here, we present the synthesis of silk fibroin
composite aerogel fibers up to 2 cm in length and a diameter of ~300 μm decorated with noble metal
nanoparticles. Lyophilized silk fibroin dissolved in hexafluoro-2-propanol (HFIP) was cast in silicon
tubes and physically crosslinked with ethanol to produce porous silk gels. Composite silk aerogel
fibers with noble metals were created by equilibrating the gels in noble metal salt solutions reduced
with sodium borohydride, followed by supercritical drying. These porous aerogel fibers provide a
platform for incorporating noble metals into silk fibroin materials, while also providing a new method
to produce porous silk fibers. Noble metal silk aerogel fibers can be used for biological sensing and
energy storage applications.

Keywords: biopolymer; silk fibroin; aerogel; fiber; nanomaterials; nanoparticles; noble metals; gold;
platinum; palladium

1. Introduction

Biopolymers provide unique applications in advanced technology where degradation combined
with natural materials are required. In nature, biopolymers take several forms, such as films, fibers,
gels, and sponges, which are optimized for their required applications [1,2]. However, producing the
equivalent forms with the desired qualities in regenerated biopolymers has been challenging, especially
making fibers with controlled diameters and porosity [2]. Nevertheless, working with regenerated
biopolymer solutions can enhance properties such as the tensile strength and porosity [3]. Furthermore,
regenerated biopolymer solutions can be used as a structural network that can be combined with other
materials to synthesize composites not found in nature [4,5]. Starting with biopolymers dissolved in
polar solvents, such as water or alcohols, can be useful in providing varied biopolymer conformational
folding to enhance the desired properties.

Silk fibroin, purified from the Bombyx mori silk caterpillar, is a well-established protein that is
processable into fibers, [6,7] films, [8–11] foams, particles, [12] hydrogels, [13,14], and, recently, aerogels

Materials 2019, 12, 894; doi:10.3390/ma12060894 www.mdpi.com/journal/materials35



Materials 2019, 12, 894

after supercritical drying with CO2 [15–17]. The production of silk fibroin-based materials requires
a detailed understanding of the solvent-mediated dielectric environment to induce the hierarchical
self-assembly responsible for the mechanical properties resulting from protein primary structure and
molecular assembly [18]. Particularly, in silk fibroin, there are three major folding secondary structure
motifs, including random coils, alpha helices, or beta-sheets, which control the silk’s strength [19].
Specifically, silk fibroin molecular folding can be controlled by the solvent, which forces its primary
structure to arrange into the above mentioned secondary structures [18,20].

Alcohols as solvents are useful to stabilize specific secondary structures of silk fibroin in aqueous
environments while denaturing the native tertiary conformation [21]. Because the properties of silk
fibroin depend strongly on the preparation conditions (fluid environment), the choice of solvent affects
the overall quality of the bulk material and the formed nanostructure [3]. 1,1,1,3,3,3-Hexafluoro-propan-
2-ol (HFIP) is one of the most applicable solvents for the stabilization of silk’s secondary structures,
particularly the alpha-helical conformation [21–26]. The high polarity of HFIP as an alcohol allows
it to stabilize the silk helical state by decreasing the polarity of the protein chains. This results in
local hydrogen bonds that stabilize amphiphilic helical conformations, producing a silk alcogel [21].
The protein concentration is a significant factor in unfolded conformations as the silk secondary structure
switches between random coil and alpha-helix depending on the different molecular interactions that
can occur [21].

Silk fibroin exposed to HFIP or other alcohols has been used to make gel materials, which can be
used for fracture fixation systems or artificial fibers after convective drying [18,26,27]. Dissolving silk in
HFIP to cast different forms, particularly gel materials, before convective drying confers the mechanical
properties of the folded protein structure and maintains the assembled bulk solid structure in the
alcogel formation [27]. Additionally, controlling the nanostructure of the silk fibroin, nanofibrils has
been achieved with supercritical CO2 drying (SCCO2) [17]. Supercritical drying ensures the porosity
of the material and maintains the high surface area and low density [28–30]. Using this drying method
results in molecular conformational changes of the HFIP–silk fiber, which produce stronger, high
surface area materials that have potential for novel biomedical applications.

Furthermore, enhancing the properties of biopolymer gels, such as metallization for catalysis and
sensing, can be achieved by equilibrating with gold, palladium, and platinum noble metal complexes,
which, after electrochemical reduction, result in nanoparticle growth on the biopolymer nanofibrils [4,5].
Using silk fibroin as the material of choice to add conductive noble metal nanoparticles would enhance
the versatility of this mechanically robust and biocompatible material.

Here, we demonstrate the preparation of a composite material consisting of noble metal
nanoparticles attached to HFIP-treated porous silk aerogel fibers forming a composite material.
Maintaining a constant concentration but changing the type of noble metal ion species determines the
extent of the nanoparticle growth on the silk nanofibril surface along with the resulting percentage of
metal content in the final aerogel fiber. This allows for material variation based on nobility compared
with concentration. The controllable bulk geometries improve this platform to allow it to be used
for biofibers. Lastly, utilizing different noble metals can extend the applicability of these biopolymer
nanofibrils for other applications, such as catalysis, energy storage, and sensing.

2. Materials and Methods

2.1. Silk Fibroin Fiber Aerogel Synthesis

Silk fibroin solution was prepared as previously described [31]. B. mori silkworm cocoons were
boiled for 30 minutes in a solution of 0.02 M Na2CO3 to remove the sericin glycoprotein. The extracted
fibroin was rinsed in deionized water and dried at ambient conditions for 12 h. The dried fibroin
was dissolved in 9.3 M LiBr solution at 60 ◦C for 3 h. The solution was dialyzed against deionized
water using a dialysis cassette (Slide-a-Lyzer, Pierce, molecular weight cut-off (MWCO) 3.5 kDa) at
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room temperature for 2 days until the solution reached a concentration of approximately 60 mg/mL.
The obtained solution was purified by centrifugation (20 min at 11,000× g) to remove large aggregates.

For the HFIP aerogels, reconstituted silk fibroin was frozen and lyophilized, resulting in a dried
material. The dried silk was stored in ambient conditions to prevent any rehydration of the lyophilized
silk fibroin. The lyophilized silk was resolubilized in 1,1,1,3,3,3-Hexafluoro-propan-2-ol (HFIP) (Matrix
Scientific, Columbia, SC, USA) to generate a 40 mg/mL solution. The concentration is critical as
solutions with lower concentrations produce aggregated gels. The solubilized HFIP silk solution was
stored at ambient temperatures until used in the gel-forming process.

The silk aerogels were prepared using silicon tubing with an inner diameter of 1.5 mm (McMaster-
Carr, Robbinsville, NJ, USA) and filled with HFIP/silk solution. After the HFIP/silk solution was put
into the silicon tubing, the HFIP-silk was submerged in 200 proof ethanol (Fisher Scientific, Waltham,
MA, USA). Ethanol diffusion into the HFIP-silk proceeded for 24 h to induce physical crosslinking and
form a free-standing fiber gel. Additional ethanol rinses were performed to displace the HFIP after the
silk gel fiber was removed from the silicon tubing.

After physical crosslinking, the silk fiber gels were rinsed in deionized water and equilibrated in
100 mM of sodium tetrachloropalladate (II) (Na2PdCl4), potassium tetrachloroplatinate (II) (K2PtCl4),
or gold chloride trihydrate (HAuCl4·3H2O) (Sigma Aldrich, St. Louis, MO, USA) for 24 h.

The fiber samples were reduced in 100 mM sodium borohydride for 24 h for noble metal nanoparticle
growth [32]. The silk–metal composite gels were rinsed in deionized water for 24 h to remove excess
reducing agent. To maintain the metal-coated nanofibrillar hydrogel network, samples were then
dehydrated in a series of ethanol rinses at concentrations of 25, 50, 75, and 100% for 30 min each and
then supercritically dried in CO2 using a Leica EM CPD300 Automated Critical Point Dryer (Buffalo
Grove, IL, USA) with a set point of 35 ◦C and 1200 psi.

To prepare sufficient sample material for X-ray diffraction, thermal gravimetric, and nitrogen gas
adsorption analysis, silk–metal composites were prepared in a bulk monolith geometry. A HFIP–silk
solution was cast in a 48-well cell culture dish (diameter of 10 mm) and crosslinked with 200 proof
ethanol by casting on the top for 24 h. After crosslinking, silk hydrogels were rinsed in deionized water
for 48 h to remove any remaining HFIP and ethanol. The hydrogels were equilibrated in 100 mM of
sodium tetrachloropalladate (II) (Na2PdCl4), potassium tetrachloroplatinate (II) (K2PtCl4), or gold
chloride trihydrate (HAuCl4·3H2O) as in the case of the silk–metal fiber synthesis above but for 48 h.
To ensure reduction throughout the volume of the silk gels, 2 M sodium borohydride (NaBH4) and 2 M
dimethylamine borane (DMAB) was used for the palladium-, and platinum- and gold-equilibrated silk
gels, respectively. The high reducing agent concentration was used to drive diffusion into the depth
of the gel. Electrochemical reduction proceeded for 24 h before rinsing for 48 h in deionized water.
An ethanol solvent exchange was performed prior to supercritical drying in CO2.

2.2. Scanning Electron Microscopy (SEM)

SEM was used to evaluate scaffold morphology. All the micrographs were taken with a TM-3000
Scanning Electron Microscope (Hitachi, Tokyo, Japan) or a FEI Helios 600 scanning electron microscope
(ThermoFisher Scientific, Hillsboro, OR, USA). Samples were not coated in gold prior to imaging.

2.3. X-ray Diffractometry (XRD)

XRD measurements were performed using a PANalytical Empyrean (Malvern PANalytical, Almelo,
The Netherlands) diffractometer with scans at 45 kV and 40 mA with Cu Kα radiation (1.54060 Å), a 2θ
step size of 0.0130◦, and 20 s per step for diffraction angles (2θ) performed from 5◦ to 90◦. XRD spectra
analysis was performed with High Score Plus software (Malvern PANalytical, Almelo, The Netherlands).
Crystallite size (D) was determined with the Debeye–Scherrer formula D = Kλ(Bcosθ)−1 with the shape
factor (K), full width at half maxima (B), radiation wave length (λ), and Bragg angle (θ). A shape
factor of K = 0.9 was used. High Score Plus software was used to analyze the XRD spectra (Version 4.6,
Malvern PANalytical, Almelo, The Netherlands).
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2.4. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) was performed on a Thermal Instruments Q-500 (New Castle,
DE, USA) in a ramp state with a temperature rate of 10 ◦C/min from ambient to 1000 ◦C. Samples
were maintained under nitrogen gas flow at a rate of 60 ml/min.

2.5. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis of silk film samples was performed in a PerkinElmer Frontier Optica FIR spectrometer
(PerkinElmer, Waltham, MA, USA) in attenuated total reflectance (ATR). Films were measured before
and after the galvanic displacement. For each sample, 64 scans were collected with a resolution of
1 cm−1, with a wave number range of 4000–650 cm−1.

2.6. Porosity and Surface Area Analysis

Nitrogen gas adsorption–desorption measurements were performed according to International
Union of Pure and Applied Chemistry (IUPAC) standards [33] using a Micromeritics ASAP 2020 Plus
(Micromeritics, Norcross, GA, USA) to determine surface area and pore size. All the samples were
vacuum degassed at 100 ◦C for 10 h prior to analysis. Brunauer–Emmett–Teller (BET) analysis [34]
was used to determine the specific surface area from gas adsorption. Pore size distributions for each
sample were calculated using the Barrett–Joyner–Halenda (BJH) model [35] applied to volumetric
desorption isotherms. All the calculations were performed using Micromeritics’ ASAP 2020 software
(Micromeritics, Norcross, GA, USA).

3. Results and Discussion

3.1. Silk Fibroin Aerogel Synthesis

A fast and robust method was developed to form noble metal composite silk fibroin nanostructured
fibers by crosslinking HFIP–silk solution with ethanol. The average molecular weight of the silk was
100 kDa and a concentration of 40 mg/mL. Figure 1 shows the synthesis scheme for the silk fibroin
noble metal composite aerogels. In order to physically crosslink the silk, the HFIP–silk solution was
injected into a silicon tubing mold with an inner diameter of 1.5 mm and 3 cm long and submerged
in a bath of 100% ethanol (Figure 1c–d). Parameters such as silk fibroin concentration, noble metal
concentration, and reducing agent concentration were the determining factors in the composite fibers.
The type of noble metal dictated the noble metal particle size and allowed for particles less than 10 nm
and noble metal deposition onto the silk template. Visible deposition of noble metal nanoparticles was
observed by a visible color change compared with a control (Figure 1g–h). The formed fibers after
reduction provided flexibility and were able to bend into geometric shapes.

To demonstrate the ability to deposit multiple noble metals, silk hydrogels were prepared as
cylindrical gels and equilibrated in 100 mM noble metal ion solutions of palladium (Na2PdCl4)
and platinum (K2PtCl6) (Figure S1). Reduction of the metal ions can occur from multiple reducing
agents, such as DMAB or NaBH4, as represented by palladium reduction and platinum reduction
in Figure S1c,d, respectively. Furthermore, 100 mM metal ion solutions of gold (HAuCl4) were also
reduced in DMAB (Figure S2a–c). The noble metal type and reducing agent changes the morphology
of the aerogel fibers as visible in SEM images (Figures S3 and S4). The silk–gold aerogels reduced in
DMAB show thinner nanofibrils (30–50 nm) with smaller pore sizes compared with the silk–platinum
aerogels reduced in NaBH4, which have larger diameter nanofibrils (70–100 nm) and larger pores.
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Figure 1. Silk fibroin aerogel fiber synthesis scheme. Different working solutions of silk fibroin starting
with (a) regenerated silk fibroin solution, (b) lyophilized silk fibroin, and (c) hexafluoro-2-propanol
(HFIP)–silk fibroin. Scheme depiction of the synthesis of noble metal silk fibroin aerogel fibers. (d) HFIP–
silk fibroin in silicon tubing mold in an ethanol bath to induce physical crosslinking, (e) equilibrating in
noble metal ionic solution, and (f) after reduction and supercritical drying. (g) The silk fibroin aerogel
fiber without noble metal addition and (h) the silk–palladium aerogel fiber (scale bars are 1 cm).

3.2. Aerogel Morphology and Noble Metal Nanoparticles

The structure of the nanofibrils and growth of the noble metal nanoparticles indicates the effects
of reduction on the silk fibroin. It has been previously demonstrated that the reduction of these
noble metals can be completed using gelatin and cellulose materials with higher reducing agent
concentrations [4,5]. Figure 2 shows the SEM images of the silk fibroin aerogel with platinum and
palladium after reduction with 100 mM sodium borohydride. Figure 2a shows the fiber formation of
the HFIP–silk aerogel fiber. At higher magnification, the presence of nanoparticles covers the silk fiber
network for the silk–palladium composite aerogel fibers (Figure 2b–c). This is observed by the brighter
regions indicative of nanoparticle growth. The silk–platinum composite aerogel fibers show a more
even distribution of noble metal nanoparticle growth onto the silk fibroin (Figure 2d–e).

The morphology of the underlying HFIP–silk fibroin template shows an interconnected network
of silk protein spherical particles with diameters of ~500 nm forming a string of pearl-like fibers with
high porosity, which is caused by the gelation of the original HFIP–silk (Figure S3). The interconnected
network is visible at higher magnification in the anchored silk–gold composite aerogel fibers (Figure S4a–c)
when reduced with DMAB. The gold nanoparticles cluster around the larger silk nanofibrils in discrete
nanoparticles. Chemical reduction with sodium borohydride of the silk–platinum composite aerogels
shows an interconnected silk nanofibril network with nanoparticles dispersed on the surface with a
diameter in the range of 5–20 nm (Figure S4d–f).
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Figure 2. Scanning electron microscopy images. (a–c) The silk–palladium composite aerogel fibers.
(d–e) The silk–platinum composite aerogel fibers.

The change in fiber morphology is possibly caused by the changes in pH of the noble metal
ion solution where solutions of HAuCl4 have lower pH values compared with K2PtCl6 or Na2PdCl4.
Due to the lower pH, gold metal ions are more attracted to the silk molecular structure caused by
electrostatic interactions, which is visible as a higher density of decorated surface nanoparticles
compared with the silk–platinum and silk–palladium aerogels (Figure S3). This has been discussed in
other biopolymer-related work [4,5]. Silk fibroin has a repeating pattern of glycine, serine, and alanine
forming polymer blocks with shorter block regions of non-repeating sequences [36]. It is these amino
acids that allow silk to grow noble metal nanoparticles.

3.3. XRD Characterization

Figure 3a shows the X-ray diffraction (XRD) spectra for the HFIP–silk composite aerogel composites
synthesized with palladium and platinum, respectively. XRD spectra for aerogel composites prepared
with palladium were indexed to the Joint Committee on Powder Diffraction Standards (JCPDS) reference
number 01-087-0637 for palladium and 01-073-0004 for palladium hydride. For aerogel composites
prepared with platinum, XRD peaks were indexed to JCPDS reference number 00-004-0802 for platinum.
Both palladium and platinum phases are cubic crystal systems with Fm-3 m space groups. The shape
evolution of the palladium and platinum nanocrystals of different morphologies can be directed by
agents, such as silk and other secondary chemicals, during reduction [37]. The minor presence of
palladium hydride in the Pd–silk aerogel composites is likely due to hydrogen gas evolution during
electrochemical reduction and the tendency of palladium to store hydrogen gas within its crystal
lattice [38]. The palladium hydride peaks shift the position of the fitted palladium phase peaks slightly
from their indexed positions. For instance, the (111) palladium fitted peak at 39.5◦ is shifted right
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relative to the indexed reference peak position at 39.0◦ likely due to peak convolution with the (101)
palladium hydride peak. The change in nanocrystal structure can be associated with the shape-directing
capabilities of the hydrogen evolution during reduction, which is observed as the visible peak shift in
the XRD spectra [37]. The crystallite sizes, determined by using the Debeye–Scherrer formula, and the
(111) peaks were 3.6 nm and 2.6 nm for silk–palladium and silk–platinum, respectively, and suggest
that the nanoparticles observed in the SEM images in Figure 2 are polycrystalline. The XRD spectra for
the HFIP–silk composite aerogel fiber with gold is shown in Figure S5a. The peaks observed for both
the silk–palladium and silk–platinum composite aerogels at approximately 20.8◦ are attributed to the
silk protein templates [39–41].

Figure 3. (a) X-ray diffraction spectra for silk palladium and platinum composite aerogels. The silk–
palladium aerogel peaks are indexed to the Joint Committee on Powder Diffraction Standards (JCPDS)
reference 01-087-0637 for palladium (blue lines), 01-073-0004 for palladium hydride (blue dashed lines;
Miller indices labeled in gray). The silk–platinum aerogels are indexed to 00-004-0802 (red lines) for
platinum. (b) Fourier transform infrared (FTIR) spectra for the silk, silk–palladium, and silk–platinum
fiber aerogels.

3.4. FTIR Characterization

The secondary structure of the silk fibroin was completed by FTIR, examining the secondary
structure in the Amide II and III band. The FTIR spectra for silk, silk–palladium, and silk–platinum
are shown in Figure 3b [42]. The Amide I band is associated with 1600–1700 cm−1, which shows the
characteristic peak of beta-sheeted silk fibroin at 1625 cm−1 [20]. The alpha-helix structure (1658–1662 cm−1)
additionally shows a sharp peak associated with the shoulder near the Amide I band [20]. The FTIR
spectra are characteristic of silk and are unchanged for the silk–palladium and silk–platinum aerogel
fibers. After supercritical drying there is a high percentage of alpha-helix and beta-sheet content
through the interaction at the molecular level. The same was found in the silk–gold aerogel fibers
(Figure S5b). The high beta-sheet content observed is typical of HFIP–silk and has been shown in other
studies where silk gels dried in ethanol or methanol are used for fracture fixation devices [27].

3.5. TGA Characterization

To characterize the mass composition of noble metals in the silk aerogels, thermogravimetric
analysis (TGA) was performed with the results shown in Figure 4. When examined, the control silk,
silk–palladium, and silk–platinum aerogel fibers showed an increase in the metal-to-silk weight ratio.
Silk begins decomposition above 200 ◦C, but to ensure the complete degradation of the silk fibroin from
the sample, analysis was conducted up to 1000 ◦C. The final mass percentage indicates the amount
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of noble metal to silk fibroin. The silk-only control sample shows 0% metal at 1000 ◦C [20,43,44],
silk–palladium shows 10%, and silk–platinum indicates a mass percentage of 15%. The silk–gold
aerogel fiber composites showed a higher metal mass percentage of 30%, which was observed in the
morphological changes in the SEM images described above (Figure S6). The change in mass percentage
of noble metal varied between each condition as stated above due to the electrostatic forces between the
metal ions and silk fibroin. As stated above, the different pH values for 100 mM Na2PdCl4, K2PtCl4, or
HAuCl4·3H2O cause different ionic interactions with the silk. Lower pH will deposit more metal ions,
which, after reduction, shows a higher density of nanoparticles on the silk surface and is consistent
with the mass percent differences observed with TGA.

Figure 4. Thermogravimetric analysis (TGA) with differential thermal analysis (DTA) for the (a) silk
aerogel, (b) silk–palladium aerogel, and (c) silk–platinum aerogel.

3.6. Porosity and Surface Area Characterization

Nitrogen gas adsorption isotherms were generated for the silk–noble metal aerogels prepared
with 100 mM noble metals. Given the small mass of the silk aerogel composite fibers, bulk silk
and silk composite aerogels were used to achieve nitrogen gas adsorption–desorption isotherms.
The physisorption data shown in Figure 5 indicate type IV adsorption–desorption isotherms according
to IUPAC classification standards, suggesting the presence of both mesoporous (2–50 nm) and
macroporous (>50 nm) structures in all of the aerogel samples. The macropore features generally
correlate with the pores observed in the SEM images in Figure 2 for the silk–palladium and silk–platinum
composites. The mesoporous content suggests porosity within the silk phase of the composite aerogels
not directly observed with SEM. After a sharp rise in adsorbed gas, no limiting adsorption plateau at
high relative pressures (P/Po) is observed. The maximum volume adsorbed at the highest relative
pressure of P/Po = 0.995 is 498, 482, and 254 cm3/g for the silk, silk–palladium, and silk–platinum
samples, respectively. All the sample isotherms exhibit type H3 hysteresis typical of mesoporous
capillary condensation. The hysteresis loops close at higher relative pressures for the silk–palladium
and silk–platinum composite aerogels compared with the silk only aerogels. This may be due to metal
nanoparticles filling or blocking the smaller pores. This is supported by the pore frequency distributions
seen in Figure 5b,d,e for silk, silk–palladium, and silk–platinum, respectively. The silk aerogels exhibit
a high frequency of 3–4 nm pores, with a broad presence of mesopores up to 40 nm. The frequency
of 3–4 nm pores decreases for the silk–palladium and silk–platinum aerogels with a commensurate
increase in mesopores of diameters of 20–30 nm. The BET specific surface areas determined from
desorption isotherms of the silk control, silk–palladium, and silk–platinum samples were 268, 170,
and 72 m2/g, respectively. The decrease in specific surface area from pure silk to silk–metal composite
aerogels is consistent with nanoparticle pore blockage, which is consistent with SEM image analysis.
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Figure 5. Nitrogen adsorption–desorption isotherms and pore size distribution with cumulative pore
volume for the (a,b) silk aerogels, (c,d) palladium–silk aerogels, and (e,f) platinum–silk aerogels.

4. Conclusions

Here we have shown that HFIP–silk fibroin aerogel fibers can be utilized as a platform to anchor
noble metal nanoparticles onto the surface of silk nanofibrils. The silk aerogels have a high surface
area and are composed of different percentages of noble metals, which are based primarily on the
nobility, not the concentration. This changes the mass percentage, porosity, surface area, and pore
diameter. Compared with other biopolymers, which have acted as templates with noble metals, silk is
much simpler to process and does not require any chemical crosslinking. Palladium, platinum, and
gold nanoparticle growth have been shown on silk fibroin aerogel fibers. The molecular structure of
silk is unchanged when anchored with different noble metals. These silk fibroin noble metal aerogels
have potential utility in energy storage and conversion that can be used where degradable, flexible
materials are required.

5. Patents

This work has been submitted with a preliminary patent and invention disclosure.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/6/894/s1,
Figure S1: Silk hydrogels equilibrated in 100 mM Na2PdCl4 and 100 mM K2PtCl6 reduced in 2 M NaBH4; Figure S2:
Silk hydrogels equilibrated in 100 mM HAuCl4 reduced with 2 M DMAB; Figure S3: SEM images of the HFIP–silk
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noble metal fibers; Figure S4: SEM images of the HFIP–silk aerogels for silk–palladium, silk–platinum, and
silk–gold; Figure S5: X-ray diffraction (XRD) and Fourier transform infrared (FTIR) absorption spectra for
the silk–gold composite aerogels, Figure S6: TGA curves of the silk–gold aerogels; Figure S7: Nitrogen gas
adsorption–desorption curves for the silk–gold aerogels.
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Abstract: Silk fibroin (SF) and hyaluronic acid (HA) were crosslinked by horseradish peroxidase
(HRP)/H2O2, and 1,4-Butanediol di-glycidyl ether (BDDE), respectively, to produce HA/SF-IPN
(interpenetration network) (HS-IPN) hydrogels. HS-IPN hydrogels consisted of a SF strain with a
high content of tyrosine (e.g., strain A) increased viscoelastic modules compared with those with low
contents (e.g., strain B and C). Increasing the quantities of SF in HS-IPN hydrogels (e.g., HS7-IPN
hydrogels with weight ratio of HA/SF, 5:7) increased viscoelastic modules of the hydrogels. In addition,
the mean pores size of scaffolds of the model hydrogels were around 38.96 ± 5.05 μm which was
between those of scaffolds H and S hydrogels. Since the viscoelastic modulus of the HS7-IPN hydrogel
were similar to those of human nucleus pulposus (NP), it was chosen as the model hydrogel for
examining the differentiation of human bone marrow-derived mesenchymal stem cell (hBMSC) to
NP. The differentiation of hBMSC induced by transforming growth factor β3 (TGF-β3) in the model
hydrogels to NP cells for 7 d significantly enhanced the expressions of glycosaminoglycan (GAG)
and collagen type II, and gene expressions of aggrecan and collagen type II while decreased collagen
type I compared with those in cultural wells. In summary, the model hydrogels consisted of SF of
strain A, and high concentrations of SF showed the highest viscoelastic modulus than those of others
produced in this study, and the model hydrogels promoted the differentiation of hBMSC to NP cells.

Keywords: silk fibroin; hyaluronic acid; Tyrosine; viscoelastic modulus of HS-IPN hydrogels; hBMSC
differentiations; nucleus pulposus

1. Introduction

Hydrogels can be produced by crosslinking polymers to form interpenetration network (IPN)
with varying mechanical properties [1,2] for tissue engineering such as cardiac tissue repairs [3],
controlling the fates of stem cells [1], and drug delivery, etc. [4]. Since hydrogels are highly permeable
to nutrients and water-soluble metabolites, they can support cell growth and proliferation which are
suitable for tissue engineering (TE). Hydrogels for TE usually consist of synthetic polymers, such as
polyurethane and polyvinyl alcohol (PVA) [5,6], or natural polymers, such as HA and collagen [7,8].

HA is a natural glycosaminoglycan with carboxylic groups; it is an important component of
the extracellular matrices (ECM) in various tissues and play important roles in cell proliferation and
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migration [9]. For instance, the interactions of HA in a cardiac patch and CD44 of BMSC enhanced
cardiac differentiations of BMSC in both cardiac gene and proteins expressions [10]. In addition,
various methods to prepare HA-based hydrogels including oxidized-HA or methacrylated-HA have
been investigated for TE of ECM of NP [11–13], respectively.

Various of SF-based membranes, scaffolds or hydrogels have been extensively studied for the
applications of TE because of its favorable biological responses, such as weak antigenic effects and
inflammatory responses in-vivo [9,14–16]. For example, SF/HA patches laden with hBMSC promoted
cardiac repair in a rat myocardial infarction (MI) model [10,16]. Developing suitable mechanical
properties for hydrogels is also important to enhance cell proliferations and hBMSC differentiations for
using various TE [17,18]. In this regard, the crosslinking tyrosine in SF to produce di-tyrosine bonds
by HRP/H2O2 enzymatic reactions produced silk elastomers with stiffness that are varied from 0.2 to
10 kPa [17]. However, the stiffness of the aforementioned SF hydrogels was not suitable for the needs
of some tissues such as human NP. Although the influences of molecular weights of SF on mechanical
properties of SF hydrogels have been reported [17], the influence of total tyrosine contents in SF on the
mechanical properties of SF-based hydrogels has not been investigated.

The intervertebral disc (IVD) absorbs shocks by transferring and dissipating loads to the ECM
within the superior and inferior discs. IVD degeneration generally causes lower back pain, which is a
common health problem. [7,18]. Currently, clinical treatments, such as spinal fusion and partial or total
disc replacement cannot fully restore or maintain IVD structures and functions [7,18,19]. Since disc
degeneration originates in nucleus pulposus (NP) regions, tissue engineering NP, that may mimic the
structure of native NP tissue and possibly fully restore the functionality of healthy IVD discs, is great
needed [18,19].

Various biomaterials have been investigated for TE of NP. They are: A. carbohydrate polymers
including HA, dextran, chitosan and carboxymethylcellulose (CMC) to produce various hydrogels such
as oxidized-HA or methacrylated-HA [11–13], dextran-chitosan-teleostean and methacrylated CMC
hydrogels, respectively [7,18,19]; B. proteins including Type II collagen hydrogels, and laminin-based
hydrogels, respectively [20,21]; C. hybrid of carbohydrate polymers and proteins, such as crosslinked
oxidized HA/gelatin [12] and Type II collagen with a low molecular weight of HA [8,22]. However,
the mechanical properties of some of the aforementioned biomaterials were not suitable for TE of NP,
which need to be further processed [11,20,21]. For instance, the elastic modulus of the oxidized-HA
hydrogels, using adipic acid di-hydrazide (ADH), are much lower than those of the native ECM of the
NP [11]. Although hydrogels produced by oxidized HA-gelatin using ADH could improve the elastic
modulus of the hydrogels (~11 kPa), the controlling the chemical reactions of HA/gelatin by ADH might
not be easily carried out [12]. Recently, dextran-chitosan-teleostean triple-interpenetrating network
and methacrylatedC MC hydrogels has been examined in a goat model to support the mechanical
functions of degenerative NP [18,19]. However, chitosan and CMC had not yet been approved by the
FDA for use in internal organs.

Although the bioactivities of SF or HA/SF patches for cardiac repairs have been shown in-vitro,
and in-vivo, respectively [10,16], the mechanical properties for HS-IPN hydrogels, which consisted
of various amounts of tyrosine in SF, in terms of vary strains of SF in this study, and the weight
ratios of SF to HA have not been investigated. Moreover, the potential of differentiations of induced
hBMSC laden-HS-IPN hydrogels to NP cells has not been examined. Although using NHS/EDC to
crosslink HA/SF to facilely prepare HA/SF hydrogels was recently reported [23], it was one step of
our processes to prepare hydrogels. However, they did not examine the rheological properties of
hydrogels. Using HRP/H2O2 to crosslink tyramine-substitute HA and 2% of SF to produce hydrogels
with varying HA contents has also been reported by Raia et al. [24]. HA and SF-IPN hydrogels produced
by them are configured by di-tyramine bonds in HA crosslinked network, di-tyrosine bonds in SF
crosslinked network and tyramine-tyrosine bonds in HA/SF-IPN. The tyramine-substitute HA needed
to be complexly and chemically synthesized for the research study, which was not a commercially
available biomaterial.
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To produce HS-IPN hydrogels, HA-crosslinked network hydrogels were first produced by using
BDDE solutions to crosslink HA polymers (Scheme 1). The influences of varying strains of SF
obtained from B. mori cocoons and, at a fixed quantities of HA, varying amounts of SF (expressed in
wt. ratios of 5/1~5/7 for HA/SF, respectively) were crosslinked using HRP/H2O2 reactions to produce
HS-IPN hydrogels. To further increase in-vitro stability of hydrogels, the carboxyl acids of HA in
HS-IPN hydrogels were crosslinked with amine groups of added polyethyleneimine (PEI) and HS-IPN
using N-(3-Dimethyl-amino-propyl)-N′-ethylcarbodiimide hydrochloride)/N-Hydroxy-succinimide
(EDC/NHS) reagents (Scheme 1). The differentiation of hBMSC laden on HS-IPN hydrogels,
induced using TGF-β3 to NP cells were examined for TE of NP.

Scheme 1. The schematic procedures to develop HS-IPN hydrogel; HA polymer chains were first
crosslinked by BDDE reagent for several hours to produce HA crosslinked network hydrogel (blue
dots); SF and a small quantity of PEI (polyethyleneimine) were added into the gel and well blended.
SF polymer chains were then crosslinked by HRP/H2O2 enzymatic reactions in HA crosslinked network
hydrogel to produce large quantities of di-tyrosine bonds, make SF crosslinked hydrogel, (brown dots
or Tyr in the model hydrogels) and yield HS-IPN hydrogel. HS-IPN hydrogel and PEI were further
crosslinked using EDC/NHS reagents to produce many amide bonds to stabilize the hydrogels.

2. Materials and Methods

2.1. Fabrication of Interpenetrating Network HA-SF Hydrogels

Various strains, strain A, B and C herein, of B. mori cocoons were the products of artificially cross
breeding specific strains of B. mori to produce varying toughness of SF that might vary amino acid
configurations of SF, including tyrosine contents. Each strain of B. mori was well-bred to control the
quality of SF, including low variations in amino acid configurations of SF and its cocoon was gifted from
MDARES (Miaoli Agricultural Research and Extension Station, Council of Agriculture, Executive Yuan,
Miaoli, Taiwan). In addition, the stain A of SF was used in this study without being further specified.

Solution of SF (MW ~ 185 kDa) of strain A was prepared as described in early reports, such as
degumming, de-solving in 9.3 M LiBr and removal of Li+ using dialysis with DI water that were
published by the authors’ laboratory [10,16]. Briefly, silk cocoons were boiled in 0.02 M Na2CO for
0.5 h and then rinsed thoroughly in D.I. water to extract the glue-like sericin proteins from silk fibroin,
degumming procedures. The extracted SFs were then dissolved in 9.3 M LiBr solution at 60 ◦C for 4 h
to yield a 20% (w/v) solution, which was then dialyzed against D.I. water using a dialysis membrane
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(MWCO 6000) (Spectra/Por 1, Repligen Co., Waltham, MA, USA) at room temperature to remove salt
for 48 h [10,16].

The MW of SF of strain A, B and C were determined by a SDS-PAGE method (Vertical
Electrophoresis System, XCell SureLockTM Mini-Cell, Invitrogen, Waltham, MA, USA) with 150 V for
60 min. The bands of samples and molecular weight ladder (Himark Pre-Stained, Invitrogen, Waltham,
MA, USA) were stained by a Coomassie Brilliant Blue R-250 (Sigma Corp., St. Louis, MO, USA).
The images of the bands of the samples and standard molecular weight ladder were analyzed by an
Image J (Windows version, Java 1.6.0-45, 32 bit mode, NIH, Bethesda, MD, USA). For amino acids
analysis, 0.4 mg of dried SF samples (e.g., strand A) were hydrolyzed by 6 N HCL at 115 CC for 24 h.
The analysis of amino acids of various samples were conducted by an amino acid analyzer (Hitachi
L-8900, Tokyo, Japan).

To prepare HA hydrogel (H gel), HA (MW: 200 kDa, Lifecore Biomedical Inc., Chaska, MN, USA)
was dissolved in NaOH at a concentration of 10%. 1,4-Butanediol diglycidyl ether (BDDE, Sigma Corp.,
St. Louis, MO, USA) was used for cross-linking reactions that was conducted at 37 ◦C for 6–8 h.
The pH value of the solution was then adjusted to about 7.0 by adding HCl solution to terminate
the crosslinking reaction [25,26]. After the HA-BDDE crosslinking reaction had been terminated,
0.15 mM PEI (polyethyleneimine, Mw. 25 KDa, Sigma, St. Louis, MO, USA), an appropriate amount
of H2O2 (about 0.15 mM) and horseradish peroxidase (50 U/mL) (HRP, Sigma, St. Louis, MO, USA)
and 5% SF solution were added to the H gels and well blended. SF in the aforementioned solutions
were crosslinked and gradually turned to form the second interpenetration network, SF IPN-gels,
because large quantities of di-tyrosine bonds of SF were produced by the reactions of HRP/H2O2, the
enzyme reactions, in H gels for about 1 h at 37 ◦C [27].

To prepare SF hydrogel (S gel), an appropriate amount of H2O2 (about 0.15 mM) and horseradish
peroxidase (50 U/mL) (HRP, Sigma, St. Louis, MO, USA) were added to 5% SF solution SF of strain A
to induce enzymatic reaction for 1 h at 37 ◦C [27]. HS-IPN hydrogels were produced by blending the
aforementioned H gels and S gels (Scheme 1).

To stabilize the HS-IPN hydrogels, 0.15 mM PEI in the hydrogels was further crosslinked by
EDC/NHS (1:1) (N-(3-Dimethyl-amino-propyl)-N′-ethylcarbodiimide hydrochloride, C8H17N3 HCL,
EDC), Sigma Corp., St. Louis, MO, USA)/(N-Hydroxy-succinimide, C4H5NO3, NHS), Fluka Chemical
Corp., Rochester, NY, USA) for around 30 min. at temperature lower than 20 ◦C to produce amide bonds
of carboxyl groups of HA with amine groups in PEI and in SF, respectively (Scheme 1). In addition,
to examine the influences of varying ratios of SF on viscoelastic properties of HS-IPN hydrogels,
the weight ratios of HA (4% at final) and SF in the hydrogels were changed to 5:1, 5:3, and 5:7
(e.g., HS1-IPN, HS3-IPN, HS7-IPN (namely, the model hydrogels)), respectively.

2.2. Characterizations of HS-IPN Hydrogels

2.2.1. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectra of the Hydrogels

After various HS-IPN hydrogels were freeze-dried at −50 ◦C, their transmission spectra of the
samples were examined using an ATR-FTIR instrument (IRAffinity-1, Shimadzu Co, Kyoto, Japan) with
a resolution of 4 cm−1 at wave numbers 400–4000 cm−1 [10]. Detailed procedures for the measurements
can be referred elsewhere. The spectra were analyzed using the built-in standard software package
(IRAffinity-1, Shimadzu Co, Kyoto, Japan) [10].

2.2.2. Swelling Ratios of H, S, Crosslinked H/PEI and the Model Hydrogels

To study the swelling ratios of various gels, the samples were placed in phosphate saline (PBS)
allowed for unrestricted deformation swelling test. H/PEI crosslinking hydrogels were fabricated after
H gels were produced, followed by crosslinked 0.015 mM PEI in the gels by EDC/NHS crosslinking
reagent for 30 min. The purpose of producing H/PEI crosslinking hydrogels was to examine swelling
property of the gels after amide bonds formation between the carboxyl groups in HA gels and amine
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groups of PEI. The weights of hydrogels were measured at time of 0, 0.5, 1, 4, 24 and 48 h, Wt, after they
were immersed into PBS for the aforementioned time. Their surfaces were gently wiped before they
were weighted. The swelling ratio of a hydrogel was calculated by the following equation while Wnet

was the weight of the hydrogel before immersed into PBS:

Swelling ratio (%) =
Wt −Wnet

Wnet
× 100% (1)

2.2.3. Morphology of HS-IPN Hydrogels

To observe the morphology and the pore structure of HS-IPN hydrogels, all hydrogels were frozen
at −50 ◦C and then at liquid nitrogen, further dried in vacuum for several days, so-called freeze-dry
technique, to produce scaffolds. They were cut by a surgical knife to obtain the cross-section for
observing the pore size distributions and characterizing the network in the scaffolds. All samples
were coated with Pt and imaged with scanning electron microscopy (SEM, JSM-7600F, JEOL, Tokyo,
Japan) at an accelerating voltage of 3–10 kV. The pore sizes of gel were calculated by ImagePro software
(IPP7.0, Media Cybernetics, Rockville, MD, USA).

2.3. Rheological Studies of Vary Compositions of HS-IPN Hydrogels

The viscoelastic properties of various hydrogels were determined using a rheometer with an
oscillatory mode (Discovery-HR1, TA Instruments, New Castle, DE, USA) at 37 ◦C. Oscillation
frequency sweep tests using a parallel-plate sensor with a gap of 1 mm and loaded by 0.1 mL of HS-IPN
hydrogels were carried out by the rheometer. The elastic modulus (G′) and viscous modulus (G”),
phase shift angle (δ) and complex modulus (|G*|) of vary compositions for HS-IPN hydrogels were
determined at a fixed strain of 0.01 rad with varying angular frequencies of 1–100 rad/s, as reported in
other studies [11,12,28].

Compressive Modules of the Model Hydrogels

An MTS Model 858 Bionix Test System (MTS Corp., Eden Prairie, MN, USA) with a 5 kg load cell
was used to perform confined compression tests on the porcine NP and l HS7-IPN hydrogels (or the
model hydrogels). An acrylic cylinder with a diameter of 10 mm and a height of 30 mm was made and
used as the indenter. A hollow, cylindrical acrylic container with an outer diameter of 30 mm, an inner
diameter of 10 mm, and a height of 20 mm, was use in the confined compression test. A cavity with a
diameter of 25.5 mm and a depth of 2.5 mm was cut into the bottom of the container and a porous
plate was placed at the bottom of it. Porcine NP and hydrogel specimens were prepared and used to
fill the acrylic container to a height of 5 mm. The confined compression tests were then carried out
with five specimens for each material. A preload of 5 N (63.7 kPa) was applied to the indenter for
10 min to obtain a pressure balance on each specimen. In each confined compression test, following the
preload phase, the indenter was moved at 0.1 mm/min until a final strain of 5% for the model hydrogels
and the porcine NP while that of 15% (large strain compression) performed for the model hydrogels
was mainly used for the comparisons with other studies. The load-displacement curve that was thus
obtained for each specimen was then converted to a stress–strain (σ–ε) curve. The elastic modulus E
was calculated as E = σ/ε for the linear portion of the stress-strain curve.

2.4. Cytotoxicity of the Model Hydrogels

To evaluate the biocompatibility of the model hydrogels, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide), Sigma–Aldrich, St. Louis, MO, USA) assays were performed to test
the cytotoxicity of vary ratios of extraction mediums, taken from supernatants, which was obtained by
incubation the hydrogels with L929 fibroblasts for 24 h according to the guidelines of international
standard organization (ISO) 10993-5 [29]. L929 fibroblasts were purchased from the Bio-resource
Collection and Research Center (BCRC, Hsin-Chu, Taiwan) and cultured in Dulbecco’s modified
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Eagle’s medium that contained 10% horse serum at 37 ◦C in a 5% CO2 incubator. After L929 cells were
cultured with vary volume ratios of extraction mediums to cultural medium (e.g., 1/8, 1/4, 1/2 and 1.0
(or extraction medium only), namely dilution ratios) for 24 h, MTT assay to the cells were carried out
to examine the cell viabilities as early report of this lab [29].

2.5. Differentiations of Induced hBMSC to NP in the Model Hydrogels

To evaluate the potential of the model hydrogels for NP regeneration, human bone marrow-derived
mesenchymal stem cell (hBMSC) from passage 6~8 were used according to our previous study [10].
The density of hBMSC of 1 × 107 cell/mL was seeded on the surface layer of a 1.0 cm2 the model
hydrogels to produce the cell-laden hydrogels. The viability of hBMSC in the model hydrogels after
3 d of cultivation were stained with Live/Dead or Viability/Cytotoxicity kit (Invitrogen, Waltham,
MA, USA) according to the manual instructions. Live/Dead stain of the cells was observed by a laser
confocal scanning microscopy (LCSM) (Olympus FV1000, Olympus Corp., Tokyo Japan) [10].

To induce the chondrogenesis of hBMSC in the model hydrogels, after the cell proliferations in the
hydrogels for 3 d, the culture medium was changed to chondrogenic differentiation medium containing
TGF-β3 which was purchased from Lonza Corp. (Lonza, Gaithersburg, MD, USA). The differentiation
medium was changed every two days, and followed by culture for 7 d and 14 d, respectively,
for chondrogenesis study of hBMSC.

2.5.1. Immuno-Histochemical (IHC) Analysis of Specific Protein Expressions of the Differentiations of
Induced hBMSC to NP

IHC analysis of specific protein expressions the differentiations of hBMSC to NP after induced
by TGF-β3 was carried out at 7 d and 14 d. All samples were washed using PBS and fixed by 4%
paraformaldehyde. After the fixation, they were moved from the cultural wells and then embedded
in paraffin and sectioned into sections with a thickness of 5 μm. The sections were then stained
with Alcian blue for examining the depositions of glycosaminoglycan (GAG) and collagen type II,
respectively. Cell-free hydrogel was stained as a negative control.

2.5.2. Real-Time PCR for Specific Gene Expressions of the Differentiations of Induced hBMSC to NP

To determine the specific gene expressions of the differentiations of induced hBMSC to NP in
the model hydrogels, the ECM-related gene expression, including Aggrecan (AGN), Collagen type I
(Col I) and Collagen type II (Col II) were assessed by real-time PCR (StepOnePlus™ Real-Time PCR
System, Applied Biosystems, Foster, CA, USA) at 7 d and 14 d, according to other studies [11,12,19].
GAPDH was used as the internal control. The relative gene expression was calculated as 2−ΔΔCt .

2.6. Statistics

All calculations are made using SigmaStat statistical software (Jandel Science, San Rafael, CA,
USA) [10]. Statistical significance in the Student t-test corresponded to a confidence level of 95%.
Data presented are mean ± SD from at least triplicate measurements. Differences were considered
statistically significant at p < 0.05.

3. Results and Discussion

3.1. Fabricating Fluidity HA Hydrogels by Adjusting Parameters of HA, and Reactions Conditions of BDDE
Crosslinking Reactions

HA hydrogels have high water contents because HA contents a large amounts of carboxyl groups
and have been used for tissue repairs and in drug delivery systems [11]. However, without chemical
modifications such as crosslinking of HA hydrogels, the gels would be easily disassembled in aqueous
environment and then lost their mechanical properties which would usually deviate from those of
human tissues including NP. Hydrogels for tissue repairs, including IVD repair, crosslinking HA
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to produce the HA network hydrogel has been widely prepared by oxidized HA or methacrylated
HA, in order to improve and sustain the mechanical properties of HA [12–14]. However, it involves
complex and delicate chemical reactions. Alternatively, HA network hydrogel was widely fabricated
by crosslinking hydroxyl groups of N-acetyl-d-glucosamine (NAG) in HA using the epoxide groups
of BDDE at a high pH condition (pH >11). In this study, HA network hydrogels were produced
as the aforementioned method with modifying reaction parameters (Scheme 1). For the reactions
in which HA was crosslinked by BDDE, several parameters such as the MW and concentrations
of HA, the concentrations of BDDE, and the reaction time, would influence various properties
of HA hydrogels [2,30]. For example, the uses of various concentrations of BDDE (0.01~20%)
under alkaline conditions to crosslink various concentrations of HA with high molecular weight
(2.65~10%, MW>103 kDa) to produce HA crosslinked hydrogels have been extensively investigated [30].
Here, a low concentration (~2.5%) and a low MW (~200 kDa) of HA was crosslinked using around
2.0% BDDE for 5–7 h to produce HA crosslinked hydrogels (Scheme 1), which had low G′ and G”
(e.g., 0.24 ± 0.092 kPa and 0.09± 0.005 kPa, n= 3, respectively) with phase angle, δ, 21.4◦, indicating that
viscoelastic HA crosslinked hydrogels were high fluidity. Hence, HA crosslinked hydrogels could be
mixed well with varying amounts of SF for producing HS-IPN hydrogels.

Using HRP/H2O2 Reactions to Crosslink SF and Producing HS-IPN Hydrogels

Although the de-sericin process for SF polymers affects its molecular weight [31], the de-sericin
procedures herein were well controlled which ensured the molecular weight of SF was approximately
185 kDa, as determined by SDS-PAGE (data not shown). Since high fluidity of HA crosslinked
hydrogels could be well mixed with SF, using HRP/H2O2 enzymatic reactions to crosslink Tyr in SF
within the hydrogels could homogenously take place to produce SF-IPN hydrogels and, consequently,
produce HS-IPN hydrogels (Scheme 1). To further stabilize the HS-IPN hydrogels, 0.15 mM of PEI
added into the hydrogels was further crosslinked by EDC/NHS for about 30 min. to produce amide
bonds of carboxyl groups of HA with amine groups in PEI and in SF in the hydrogels, respectively.
(Scheme 1).

According to the results of rheological study (in Section 3.3), the viscoelastic properties of HS7-IPN
hydrogels were similar to matrix for human NP. The HS7-IPN hydrogels were chosen as a model
hydrogel for inducing hBMSC to differentiate to NP cells or NP tissue engineering in this study.

3.2. Characterizations of HS-IPN Hydrogels

3.2.1. ATR-FTIR Spectra of HA, SF, and the Model Hydrogels Consisted of Varying Strains of SF

The model hydrogels were characterized by spectra using an ATR-FTIR spectrophotometer
(Figure 1). In the Figure 1, the transmission spectra for the peaks of carboxyl groups of H gels such as
1600 and 1402 cm−1 were about the same as those of HA polymers. Moreover, the peak of amide II of
H gels was 1556 cm−1, which was similar to that of HA polymers. The transmission spectra for the
peaks of amide I, II and III groups of S gels were 1640, 1511 and 1230 cm−1 that were about the same
as SF polymers. The transmission spectra from HS-IPN gels produced from different strains of SF
(e.g., strain A, B and C) contained several characteristic peaks as those of H gels and S gels with minor
variations. For instance, the peaks of amide II of HS-IPN gels shifted from 1556 cm−1 of H gels to 1528,
1522 and 1525 cm−1 for strain A, B and C, respectively (Figure 1). The presences of the peak of amide I of
HS-IPN hydrogels only minor shifted from 1640 cm−1 to 1635 cm−1 of S gels, and there was no difference
among the model hydrogels consisted of varying strains of SF. Although the quantities of functional
groups for varying weight ratios of HA/SF of the HS-IPN hydrogels were different such as HS1-IPN
and the model hydrogels, the ATR-FTIR spectra for those hydrogels were similar to those of the model
hydrogels and not able to characterize their differences (Figure 1). Hence, other characterizations
including rheological properties of the hydrogels needed to be carried out to determine the differences
among the model hydrogels consisted of varying strains of SF.
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Figure 1. ATR-FTIR transmission spectra of varying functional groups of SF, HA polymers, and H, S
and HS7-IPN hydrogels. The characteristic peaks of H hydrogels such as carboxyl groups (COOH),
and S hydrogels such as amide I, II and III, respectively, were found in HS-IPN hydrogels without
varying by the SF of strains of A, B and C.

3.2.2. The Pore Structures of Scaffolds and Swelling Ratios for H, S and the Model Hydrogels

To examine the pore structures of scaffolds for H, S and the model hydrogels, SEM micrographs of
the scaffolds were carried out and presented (Figure 2). The mean pore sizes in H and S scaffolds were
approximately 49.36 ± 15.04 μm, and 13.40 ± 1.25 μm, respectively, (n = 3). The mean pore size of the
scaffolds of S gels was significantly smaller (p < 0.01, n = 3) than that for the scaffold of H gels (Figure 2).
Interestingly, the mean pore size of the scaffolds of the model hydrogels was around 38.96 ± 5.05 μm
(n = 3) which was between those H and S scaffolds. (Figure 2). In addition, the pore size of the scaffolds
of the model hydrogels was suitable for the proliferations of cells, including hBMSC [7].

The swelling ratios of H, S, H/PEI crosslinking and the model hydrogels in PBS were examined
and shown (Figure 3). Since H gels were produced by highly hydrophilic polymers, the swelling ratios
of the hydrogels fast increased within 12 h till 550% and then slowly increased up to ~700% at 48 h
which was significantly higher than other hydrogels (p < 0.01, n = 3). Interestingly, after the first 6 h of
fast swelling stage, the swelling ratios for the model and H/PEI crosslinked hydrogels were in plateau
regions (e.g., 185.9 ± 24.4%, n = 3) until the end of study, 48 h. However, after swelling in the first 4 h,
the swelling ratios for S hydrogels in PBS were about 24.9 ± 0.9% till 48 h, which were significantly
lower than others (p < 0.01, n = 3) (Figure 3). The swelling ratios of the model hydrogels were very
close to those of H/PEI crosslinked hydrogels, and the values were between those for H and S gels [32].
Notably, H/PEI crosslinked hydrogels highly reduced the swelling ratios in PBS compared with those
for H gels, indicating that EDC/NHS reactions among HA and PEI in hydrogels would effectively
crosslink carboxylic and amine groups to produce the amide bonds within the gels which resulted in
significant decreases of the interactions among carboxylic groups of H gels and ambient H2O (Figure 3).
Since EDC/NHS reactions were also carried out for preparing the model hydrogels as those for H/PEI
crosslinked hydrogels, the swelling ratios for the model ones were similar to those of those for the
later gels although the model hydrogels consisted of SF-IPN. In addition, the swelling ratios for other
HS-IPN hydrogels (e.g., HS3-IPN hydrogels) would be similar to those for the model ones.
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Figure 2. SEM micrographs of H, S, and HS-IPN hydrogels. The pore size of the model hydrogels was
38.96 ± 5.05 μm, (n = 3), in between those of H and S hydrogels.

Figure 3. The swelling ratios for H, S, H/PEI crosslinked and the model hydrogels in PBS were shown.
The swelling ratios for the H gels were significantly higher than others (p < 0.01, n = 3), while those for
S gels were significantly lower than others (p < 0.01, n = 3). The swelling ratios of the model hydrogels
in PBS were similar to those for crosslinking H/PEI crosslinked hydrogels between those of H and S
hydrogels (Data are mean ± SD, n = 3).

Notably, the results or data of HS-IPN gels at slow swelling ratio stages were similar to human
NP, revealing that they may be suitable for use in TE of NP [7,28]. Moreover, the stability of the model
hydrogels in PBS solution was examined by observation and measuring weight loss of the hydrogels
after they were immersed into PBS solution for three weeks. The morphology of the model hydrogels
was intact without disintegration by observation while approximately 4% of weight loss was found
compared to that of the original hydrogels to be immersed in PBS. In addition, the samples became
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more fluidity towards the end of the four weeks. Notably, the results of HS-IPN gels at slow swelling
ratio stages were similar to human NP, revealing that they may be suitable for use in TE of NP [28].

3.3. Varying Strains of SF Influenced the Rheological Properties of HS-IPN Hydrogels

Viscoelastic flow parameters are important mechanical properties to characterize hydrogels for
applications of bio-fluids such as lubricant in joints or NP. To determine, G′, G” and δ values of HS-IPN
hydrogels, they are determined using a parallel-plate rheometer operated in an oscillatory mode at a
fixed strain (0.01 rad) with various angular frequencies (1–100 rad/s) as used by other studies [11,12,28].
G′ of the model hydrogels consisted of SF of strain A was 4.09 ± 0.32 kPa (n = 3, p < 0.01) which was
significantly higher than those consisted of SF of strains B and C at a fixed angular frequency (Table 1).
Since strain A of SF consists of more amount of Tyr than those in strain B and C, it could be assumed
that more di-tyrosine bones were formed to crosslink peptides of strain A of SF to produce SF-IPN
hydrogels than those in B and C ones. Hence, the rheological properties of the HS-IPN hydrogels were
influenced by the strain of SF. The results rheological properties influenced by strains of SF, presented in
Table 1, were qualitatively consistent with those UV-excited fluorescent intensities presented in Table 2.
According to amino acid analysis for three strains of SF in this study, the total number of amino acids
were about 5500, including about 5.1% of Tyr in strain A, while about 4.6% of tyrosine in strains B and
C. The Tyr contents for strains of B and C were similar to other reports [27]. Notably, the formations
of varying amounts of dityrosine bonds in SF-IPN hydrogels, crosslinked by HRP/H2O2 would emit
varying intensities of blue fluorescence when the hydrogels were irradiated by UV [29]. The intensity
of emitted blue fluorescence of SF-IPN hydrogels for strain A was significantly higher (n = 4, p < 0.01)
than those of strains of B and C (Table 2), which was consistent with that Tyr contents in strain A
(e.g., 277 ± 11, n = 4) is significantly higher than those of strain B and C (e.g., 255 ± 2, n = 4 for B),
respectively. Therefore, the influences of strains of SF on the rheological properties of HS-IPN hydrogels
possibly resulted from the tyrosine contents in each strain of SF.

Table 1. The viscoelastic parameters of the model hydrogels fabricated from different strains of SF
measured at 0.01 rad and 10 rad/s (n = 3). The parameters of strain A such as G′ and |G*|, complex
shear modulus, were significantly higher than strain B and C.

Materials
Viscoelastic Properties (0.01 Rad, 10 rad/s)

G′ (kPa) G” (kPa) |G*| (kPa) δ (◦)
Strain A 4.09 ± 0.32 ** 0.59 ± 0.16 4.13 ± 0.34 ** 8.14 ± 1.66

Strain B 3.24 ± 0.16 0.50 ± 0.05 3.27 ± 0.16 8.69 ± 0.5

Strain C 3.40 ± 0.19 0.43 ± 0.07 3.43 ± 0.18 7.28 ± 1.19

** p < 0.01 or better.

Table 2. The intensity of blue fluorescence of SF hydrogels excited by UV irradiation, in terms of OD
values, for different strains of SF at 1.62 mM H2O2 [29]. (n = 4).

The Intensity of Blue Fluorescence of SF Hydrogels Consisted of Vary
Strains of SF with Their Tyrosine Contents

Sample OD Value Tyrosine Content

Strain A 0.80 ± 0.01 ** 277 ± 11 **
Strain B 0.67 ± 0.01 255 ± 2
Strain C 0.67 ± 0.02 255 ± 1

** p < 0.01.
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Influence of the Weight Ratios of SF to HA in HS-IPN Hydrogels on Rheological Properties of
Hydrogels

Other than the SF strains, the weight ratios of SF to HA in producing the HS-IPN hydrogels might
also influence the viscoelastic properties of the hydrogels. For examining this factor, at a fixed HA
content (4%), varying SF concentrations (in wt.%) in producing HS1-IPN to HS7-IPN hydrogels (or
the model gels) were carried out at the aforementioned oscillatory conditions (Figure 4A). G′ values
increased with increasing the concentrations of SF in the HS-IPN hydrogels. Therefore, the model
hydrogels had the highest G′ and G” values (p < 0.001, n = 3) among the produced hydrogels herein
tested at varying angular frequencies. For example, the G′ values of the model hydrogels (e.g., 4.09 kPa
at 10 rad/s) were about 2.6 times higher than those of HS1-IPN gels.

 
(A) 

(B) 

Figure 4. (A) The rheological parameters (e.g., G′ and G”) for all tested HS-IPN hydrogels increased
with increasing the weight ratios of SF/HA in producing the hydrogels versus the varying angular
frequencies, (B) increasing weight ratios of SF/HA in the HS-IPN hydrogels increased the δ values
from about 4.2 (e.g., HS1-IPN) hydrogels to 8.0◦ (e.g., HS7-IPN) hydrogels vs. with varying angular
frequencies, respectively (Data are mean ± SD, n = 3).

The phase angles, δ values, for all HS-IPN hydrogels were shown (Figure 4B) which increased
from around 4.2◦ to 8.0◦ at 10 rad/s, respectively, (n = 3). The results of δ values indicated that the
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model hydrogels were less viscoelastic solid than others (e.g., HS1-IPN), respectively. In comparison,
the rheological properties for HA crosslinked hydrogels, produced by the same protocols as those
for HS-IPN hydrogels, were carried out and had low G′ (e.g., 0.24 ± 0.092 kPa, n = 3) with phase
angle of 21.4◦. The results indicated that viscoelastic properties for HA crosslinked hydrogels were
high fluidity with a very low elastic modulus. Hence, the results of rheological properties for HA
crosslinked hydrogels were not suitable for TE of NP. Notably, the G′ and δ values at 10 rad/s for the
HS7-IPN hydrogels produced herein were similar to those reported for native NP (5.0~10.3 kPa and
2.5◦~35◦, respectively) [7,18,28], and therefore, the hydrogels were selected as the model hydrogels for
further this investigation.

The G′ for IPN hydrogels produced herein were similar to those of laminin-111-PEG hydrogels
reported for the matrix of NP [24]. Interestingly, the rheological modulus for G′ or |G*|of HS1-IPN
hydrogels were fitted the requirements of hydrogels for cardiac repairs. According to the tyrosine
contents of varying strains of SF were different (Table 2), and the strains of SF influenced the viscoelastic
modules of HS-IPN hydrogels (Table 1). The contents of tyrosine of SF were one of an important
factor on determining those modules of HS-IPN hydrogels although the phase angles of the hydrogels
might not be the case as those modules (Table 1). Moreover, the model hydrogels contained more
concentrations of SF and amounts of di-tyrosine bonds in qualitative in the hydrogels than other
HS-IPN hydrogels that resulted in increasing their viscoelastic modulus (Figure 4A and Table 1).
However, the amounts of di-tyrosine bonds in each HS-IPN hydrogel were not able to be determined
quantitatively. Although, the bonds could be semi-quantitatively evaluated using the intensity of
UV-excited blue fluorescence [29].

Although using NHS/EDC to crosslink HA/SF to facilely prepare HA/SF hydrogels was recently
reported [23], it was only one step of our processes to prepare hydrogels. However, they did not
perform the rheological study for the aforementioned hydrogels [23]. Recently, using sonication and
UV photo-polymerization to prepare SF/methacrylated HA or to produce SF-based IPN hydrogels has
been reported by Xiao et al. [33], respectively. However, the rheological properties of the hydrogels
were not determined. Interestingly, using HRP/H2O2 to crosslink tyramine-substitute HA and 2% of
SF to produce hydrogels with varying HA contents has been reported by Raia et al. [24]. HA and
SF-IPN hydrogels produced in their study are configured by di-tyramine bonds in HA crosslinked
network, di-tyrosine bonds in SF crosslinked network and tyramine-tyrosine bonds in HA/SF-IPN,
which bonding structures of their hydrogels were distinct from those in HS-IPN hydrogels produced
in this study. Hence, the rheological properties of our hydrogels were different from theirs [24].
Moreover, the tyramine-substitute HA needed to be complexly and chemically synthesized for the
research which was not a commercially available biomaterial, while the biomaterials were generally
commercially available.

3.4. Confined Compressive Modules of the Model Hydrogels

The confined compressive stress of the model hydrogels was conducted on the hydrogels under
5% strain with value of 0.109 ± 0.011 MPa (n = 3) which was slightly lower than the for human
NP (e.g., around 0.5–1.5 MPa) [7]. Notably, the compressive modulus for the model hydrogels was
2.29 ± 0.05 MPa (n = 3) was similar to that of human NP [7]. Although using NHS/EDC to crosslink
HA/SF to facilely prepare HA/SF hydrogels was recently reported by Yang et al. [23] that was generally
simple to produce the hydrogels than those produced by the procedures for this study, the confined
compressive stress of their products was about 12 kPa at 30% of strain, which was about 25 times less
than the stress of our model hydrogels (e.g., 314 ± 2.8 kPa, at 15% strain, n = 3). Hence, the compressive
stress for their hydrogels would not fit the need of human NP.

Recently, Xiao et. al. [34] reported that using sonication and further UV photo-polymerization to
prepare SF-IPN and methacrylated HA to produce network SF/HA hydrogels, which had a stiff but
brittle SF structure while SF-IPN hydrogels produced herein (Scheme 1) were non-brittle. However,
the confined compression modules of their hydrogels were not examined [23,31] as did in this study.
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3.5. Cytotoxicity Examinations for the Model Hydrogels

In-vitro cytotoxicity for the model hydrogels were performed according to the requirements of
ISO10993-5. Briefly, after L929 cells were cultured with vary concentrations of extraction mediums,
for 24 h, and the MTT assay to the cells were carried out to examine the cell viabilities [26]. According to
the MTT assay shown in Figure 5, the L929 viability of the group with a dilution ratio of 0.5 exceeded
that of the group of extraction medium only which met the requirements of ISO10993-5, revealing that
the model hydrogel was biocompatible and suitable for use in TE. The results of the biocompatibility
of the hydrogels were similar to other SF-based biomaterials [8,31].

3.6. Differentiations of hBMSC to NP Cells in the Model Hydrogels

To evaluate the differentiation of hBMSCs to NP cells, they were induced by TGF-β3 in the model
hydrogels. The morphology of hBMSC, and the accumulations of NP-related ECM deposits in the
hydrogels were examined using vimentin stain and immuno-histochemical (IHC) analysis, such as
glycosaminoglycan (GAG) and collagen type II stain, respectively. The cell cultivated in cultural wells
was also stained as a control group. Figure 6A exhibited that the deposition of glycosaminoglycan
(GAG, in blue), one of the main ECMs in the NP, in hBMSC-laden model hydrogels was much more than
that in the control [34]. Collagen type II, an important component of ECM in NP tissue, forms a fibrillar
network that traps proteoglycan and resists swelling [11,12,20]. The deposition of GAG (in blue)
and accumulation of collagen type II (in brown) in the model hydrogels containing differentiated
hBMSC increased with increasing the cultural period (Figure 6A,B, respectively). The depositions
of the GAG and collagen type II were broad distribution in the model hydrogels, revealing that the
hydrogels herein were suitable to the differentiations of hBMSCs to NP cells. Enhancing expressions
in GAG and collagen type II of the differentiations of hBMSCs to NP cells in the model hydrogels
compared to those expressions in the control group revealed that they promoted the differentiations of
hBMSC (Figure 6A,B, respectively). According to those results, the mechanical properties of the model
hydrogels compared with hardness matrix (i.e., cultural wells) were suitable to the differentiations of
hBMSCs to NP cells.
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Figure 5. L929 Cell viability incubated by the extraction mediums (EM), taken from supernatants which
was incubated with the model hydrogels for 24 h, at different dilute ratios according to the guidelines of
ISO 10993-5. The relative L929 viability (%) of the group with a dilution ratio of 0.5 exceeded that of the
group of EM only. The results of MTT assay for L929 Cell viability showed that the model hydrogels
were biocompatible biomaterials (data are mean ±SD, n = 3).
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(A) 

(B) 

Figure 6. Immuno-histochemical (IHC) analysis of hBMSCs in the model hydrogels after hBMSC were
induced by TGF-β3 to differentiate them to NP cells for 7 d and 14 d, respectively. Deposition of (A)
GAG (in blue) and, (B) Collagen type II (in brown) in the model hydrogels were shown which were
significantly higher than those of cultivated in cultural wells (e.g., control group).

Aggrecan (AGN), collagen type II (Col II) and collagen type I (Col II) were selected as test genes
for examining the differentiations of hBMSCs in the model hydrogels [11,12,21]. The gene expressions
of chondrogenesis of hBMSCs, cultured in the model hydrogels, revealed significant up-regulation
of both AGN and Col II but significant down-regulation of Col I, compared to those of hBMSCs
cultivated in cultural wells (e.g., the control group) for 7 d (Figure 7A–C). The results gene expressions
of differentiations of hBMSCs to NP cells presented herein were similar to those of other studies [11–13]
although the compositions of their hydrogels were different from this study. AGN and Col II gene
expressions increased with the 7 d of differentiations of hBMSCs to NP cells in the model hydrogels that
were consistent with the increasing depositions of GAG and collagen type II of IHC stains (Figure 6A,B,
respectively). However, the gene expressions of the differentiations of hBMSCs to NP cells in the
model hydrogels (Figure 7A–C, respectively) were not further increased in the period of 7 d to 14 d.
The possible mechanisms such like reducing the activity of CD44 of HA for the differences of results the
differentiations of hBMSCs to NP cells in Figures 6 and 7 at 14 d need to be further studied. Although
adjust mechanical properties of HA-based or methacrylated HA-based containing SF hydrogels using
varying techniques for other TE studies have been reported by others [11,23,24]. This study reported
an examination of the differentiations of hBMSCs to NP cells in HS-IPN hydrogels. Nevertheless,
the model hydrogels promoted the differentiations of hBMSCs to NP cells for tissue engineering of NP.
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(A) 

(B) 

 
(C) 

Figure 7. Real-time PCR analysis for the relative quantities of NP-specific gene expressions of inducing
differentiation of hBMSC to NP cells on the model hydrogels for 7 d and 14 d. Gene expressions of
AGN (A), COL II (B) and COL I (C) for the control group (e.g., ctrl) were the data for 7 d incubated at
cultural wells. (* p < 0.05, ** p < 0.01, ***p < 0.001; data presented are mean ±SD, n = 3).
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4. Conclusions

The roles of SF on characteristics of HS-IPN hydrogels were examined. The schematic procedures
for preparing HS-IPN hydrogels were presented in Scheme 1. The pore size of the model hydrogels
was 38.96 ± 5.05 μm between those of H and S hydrogels (Figure 2). The swelling ratios for HS-IPN
hydrogels (e.g., 185.9 ± 24.4%, n = 3) were similar to those for H/PEI hydrogels (Figure 3) which
were much less than those for HA hydrogels. The hydrogels composed of SF of strain A showed
higher G′ and G” values than those composed of SF of strain B and C (Tables 1 and 2, respectively).
Moreover, the model hydrogels consisted of the highest weight ratios of SF to HA showed significantly
higher G′, G” and |G*|values than other hydrogels consisted of those of low weight ratios. (Figure 4A).
The model hydrogel was biocompatible for TE applications (Figure 5). Moreover, the model hydrogels
significantly promoted the differentiations of hBMSC to NP cells with increasing the expressions of
GAG and collagen type II for 7 d and 14 d (Figure 6). Moreover, the induced hBMSC in the hydrogels
increased the gene expressions of AGN and COL II while decreased those of COL I for 7 d of cultivations
(Figure 7). Hence, the model hydrogels developed herein were suitable to tissue engineering for
NP regeneration.
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Nomenclature

Nomenclature Full name
HA Hyaluronic acid
SF Silk fibroin
H gel HA hydrogel
S gel SF hydrogel
HS1-IPN hydrogel HA/SF hydrogel with weight ratios of HA to SF was 5:1
HS3-IPN hydrogel HA/SF hydrogel with weight ratios of HA to SF was 5:3
HS5-IPN hydrogel HA/SF hydrogel with weight ratios of HA to SF was 5:5
HS7-IPN hydrogel (the model hydrogel) HA/SF hydrogel with weight ratios of HA to SF was 5:7
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Abstract: Hybrid organometallic polymers are a class of functional materials which can be used to
produce structures with sub-micron features via laser two-photon polymerisation. Previous studies
demonstrated the relative biocompatibility of Al and Zr containing hybrid organometallic polymers
in vitro. However, a deeper understanding of their effects on intracellular processes is needed if
a tissue engineering strategy based on these materials is to be envisioned. Herein, primary rat
myogenic cells were cultured on spin-coated Al and Zr containing polymer surfaces to investigate
how each material affects the viability, adhesion strength, adhesion-associated protein expression,
rate of cellular metabolism and collagen secretion. We found that the investigated surfaces supported
cellular growth to full confluency. A subsequent MTT assay showed that glass and Zr surfaces led
to higher rates of metabolism than did the Al surfaces. A viability assay revealed that all surfaces
supported comparable levels of cell viability. Cellular adhesion strength assessment showed an
insignificantly stronger relative adhesion after 4 h of culture than after 24 h. The largest amount of
collagen was secreted by cells grown on the Al-containing surface. In conclusion, the materials were
found to be biocompatible in vitro and have potential for bioengineering applications.

Keywords: bioactive surfaces; biomaterials; hybrid organometallic polymers; laser two-photon
polymerisation; tissue engineering

1. Introduction

The concept of growing human replacement parts in the lab has been around for several
decades [1,2]. Researchers have used different approaches for the engineering of artificial tissues—from
allogeneic or xenogeneic tissue decellularisation [3] to approaches based on additive manufacturing [4],
the latter of which offers a route to the generation of an optimal scaffold for a specific tissue type and
patient which has significant potential for economic/health/societal impacts.

Laser two-photon polymerisation (LTPP) is a 3D fabrication technique capable of producing
materials with fine details in their structures at sub-micron resolutions [5,6]. Various materials
can be used to make 3D structures using this technique including derivatives of natural polymers
(e.g., hyaluronic acid [7], gelatin [8]) and synthetic ones (e.g., derivative of polyethylene glycol [9] and
SU-8 [10]).
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The LTPP technique is highly versatile and allows several materials to be used in the same
sample [11,12]. Compared to other fabrication techniques like stereo-lithography [13], fused deposition
modelling [14,15] and selective laser sintering [16], LTPP is the only technique that allows for
resolutions below the diffraction limit of light to be fabricated [17]. In addition, LTPP allows for
fine-tuning of structural motifs as opposed to randomised porous structures obtained by other means,
like template-casting [18] or particulate-leaching [19]. A group of interesting materials for LTPP are
hybrid organometallic polymers [20]. To date, materials based on Al [21], Ge [22], Ti [23], V [24] and
Zr [25] have been shown to be structurable using LTPP systems. An in vitro biocompatibility screening
study showed that Al and Ti hybrids supported a comparable number of cells to glass, while the
Zr-based hybrid exceeded the biocompatibility of all the other surfaces [21]. An in vivo study of our
Zr-based hybrids showed them to be relatively biocompatible when implanted in rabbit muscle and
that they did not cause inflammation or foreign body reaction as demonstrated by hematoxylin and
eosin staining [26].

Cell-extracellular matrix interactions are among the most important processes to attenuate in
attempting to recreate structurally and functionally viable tissue constructs analogous to natural tissues
(where the resident cells adhere to the ECM and take part in remodelling it over time). For many
applications, it is important to have materials that support a native-like cellular response and integration.
To understand the influence of the metals contained in the organometallic hybrids on cellular behaviour,
we have investigated the process of adhesion and adhesion-associated kinase expression, as well
as collagen secretion of primary rat myogenic cells grown on these surfaces. We believe that this
work will prove useful for tissue engineering researchers focusing on artificial scaffold-based tissue
remodelling techniques in that the materials investigated in this work are highly biocompatible,
precisely structurable at sub-micron resolutions and simple to prepare.

2. Materials and Methods

2.1. Material Synthesis

The hybrid organometallic polymers were synthesised according to published protocols [21,25]
Briefly, the Al-based material was prepared by dissolution of aluminium isopropoxide (AIP, ≥98%,
Merck, Kenilworth, NJ, USA) in toluene (ACS, ISO, Reag. Ph Eur, Merck, Kenilworth, NJ, USA).
In parallel, 3-(trimethoxysilyl)propyl methacrylate (MAPTMS, 98%, Sigma-Aldrich, St. Louis, MO,
USA) was hydrolysed using HCl (0.1 M, Applichem, Darmstadt, Germany). Methacrylic acid (MAA,
99%, Sigma-Aldrich, USA) was then added to the solution of aluminium isopropoxide in toluene
at a 1:1 molar ratio and subsequently, hydrolysed MAPTMS was added to the mixture at a 1:1:4
AIP:MAA:MAPTMS molar ratio. Finally, 1% of photoinitiator (4,4′-bis(diethylamino)benzophenone,
Sigma-Aldrich, St. Louis, MO, USA) was added to the weight of AIP, MAA and 3-(trihydroxysilyl)propyl
methacrylate (the product of MAPTMS hydrolysis) and stirred, while shielding from ambient light to
prevent undesired crosslinking.

The Zr-based material was prepared in an analogous manner, with molar ratios of zirconium (IV)
propoxide, MAA and MAPTHS being 1:1:4 with 1% of photoinitiator by weight (excluding solvents).

2.2. 2D Sample Preparation

To secure polymer bonding to glass, MAPTMS-treated glass slides were prepared according to
a protocol adopted from Kapyla et al. [27]. Briefly, circular 12 mm diameter borosilicate glass slides
(Thermo Fisher Scientific, Waltham, MA, USA) were washed in ethanol, then immersed in a mixture
of MAPTMS/ethanol/acetic acid/water overnight and finally washed in ethanol in an ultrasonic bath
(EMAG, Mörfelden-Walldorf, Germany).

The hybrid materials were then spin-coated @ 3000 rpm for 30 s per sample and left at room
temperature in the dark overnight for the solvents to evaporate. The samples were then polymerised
using a UV lamp (UV-C, G15W T8, Sylvania, London, UK) for at least 5 h at around 20 cm distance,
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corresponding to about 1.8 mW/cm2. The samples were sterilised under UV for at least one hour on
each side, subsequently washed in sterile PBS to remove residual initiator and low molecular weight
components. They were then immersed in sterile growth medium prior to cell culture.

2.3. 3D Sample Fabrication via Laser Two-Photon Polymerisation

For laser two-photon polymerisation, a droplet of a hybrid material was placed on a glass slide
and then left in a fume hood to evaporate overnight while covered from ambient light. After 24 h
such samples were used for structure fabrication on a commercially available Nanoscribe® Photonic
Professional GT system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) that is based at the
Department of Chemistry at Lancaster University. A 63X 1.4 NA oil immersion lens was used to focus
the laser beam into the polymer. Stereolithography (STL) flies were downloaded from the internet [28]
and sliced using proprietary Nanoscribe software (DeScribe 2.3.3). Hatching and slicing distances in X,
Y and Z coordinates were set to 100 nm. The laser scanning speed was set to 10 mm/s and the laser power
was in the range of 20% to 100% (corresponding to 10–50 mW). After polymerization, the Al based
hybrid material was developed in toluene for at least 15 min, followed by air-drying. The structures
were then sputter-coated at a thickness of 10 nm using a Q150 RS coater (Quorum Technologies, Lewes,
UK) and subsequently observed using a SEM (JSM 7800F, JEOL, Tokyo, Japan) operating at 10–15 kV at
the Department of Chemistry at Lancaster University.

2.4. Collagen Adsorption and Secretion Assays

A protocol for assessing the concentration of collagen was adapted from Tullberg-Reinert and
Jundt [29] with slight modifications. The protocol used is based on in situ staining of cell monolayers
using Sirius Red. This dye has strong interactions with collagen types I and III, but weak interaction
with collagen type IV.

First, a solution of collagen type I (1 mg/mL in 0.1 N acetic acid, Sigma-Aldrich, St. Louis, MO,
USA) was added to the sample and incubated for 1 h at 37 ◦C. Then, the collagen solution was gently
replaced with fixating Bouin’s solution (15 mL saturated aqueous picric acid (Sigma-Aldrich, St. Louis,
MO, USA) with 5 mL 35% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and 1 mL glacial acetic
acid (Sigma-Aldrich, St. Louis, MO, USA), incubated for 1 h and then washed using PBS. The samples
were then transferred to new wells with a solution of Sirius Red (1 mg/mL in picric acid) for 1 h under
mild rocking conditions (30 rpm). Afterwards, the samples were washed with 0.01 N hydrochloric
acid to remove unbound dye. The dye was then dissolved in 0.2–0.3 mL of 0.1 N sodium hydroxide by
shaking at room temperature for 30 min. Non-coated samples were stained and measured in the same
way and their signals were subtracted from collagen-coated sample signals prior to analysis.

The optical density of the solution was measured using a Varioskan Flash microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA) at 550 nm. For reference, a calibration curve was
prepared by using known concentrations of collagen type I in order to link them to the absorbance of
Sirius Red at 550 nm (Figure S1 in Supplementary Materials). A total of 3 independent experiments
were carried out and the results are presented as averages +/- standard errors.

Collagen synthesis was assessed in an analogous way to adsorption. The cells were seeded on
the test surfaces at a density of 20,000 cells/mL/sample in 24 well tissue culture plates. After 1, 7 and
14 days of incubation, the samples were fixated using Bouin’s solution, then dyed using a solution
of Sirius Red (Sigma-Aldrich, St. Louis, MO, USA) and subsequently washed with a solution of HCl
(Sigma-Aldrich, St. Louis, MO, USA). Finally, the dye was dissolved in a solution of NaOH (Merck,
Kenilworth, NJ, USA) and measured spectrophotometrically against pure NaOH, and the amount of
collagen was determined from the calibration curve. 3 independent experiments were performed with
3 repetitions per material within each experiment.
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2.5. Cell Isolation, Culture and Characterisation

A Wistar rat was euthanised and a small piece of skeletal muscle tissue was removed.
The experiments were approved by License of Animal Research Ethics Committee (Lithuania) No. G2-39,
03/08/2016. Large blood vessels were separated, then skeletal muscle tissue was minced and incubated
in a solution of EDTA-trypsin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with collagenase
and hyaluronidase (0.5% and 0.3%, respectively, Sigma-Aldrich, St. Louis, MO, USA) for 30 min at
37 ◦C under mild shaking conditions. The resulting cell suspension was centrifuged, mixed with
growth medium and seeded to tissue culture plates. The growth medium was replaced every 3–4 days
and after 5 passages the cells were cloned by serial dilution. A highly proliferative colony forming unit
was selected as a cell source, multiplied in vitro and banked in liquid nitrogen for further use.

The cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM), supplemented with 10%
Foetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and Penicillin-Streptomycin
(100 U/mL and 100μg/mL, Gibco, Thermo Fisher Scientific, Waltham, MA, USA). They were subcultured
every 3–4 days, by detaching with EDTA-trypsin and resuspending in fresh medium. The cells were
grown in an incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C with 5% CO2.

For characterization, cells were grown in 30 mm diameter Petri dishes with glass slides on the
bottom, fixed with 4% paraformaldehyde for 15 min. Then the cells were washed with PBS and
incubated with 0.2% Triton X-100 in PBS for 15 min to permeabilise the membranes. After blocking
in 1% BSA in PBS, the cells were incubated with primary antibodies against CD34, C45 (both from
Abcam, Cambridge, UK), Myf5 and c-kit (both from Thermo Fisher Scientific, Waltham, MA, USA)
overnight according to manufacturer’s instructions at 4 ◦C. The samples were then rinsed with 1%
BSA in PBS and incubated with Cy3-conjugated secondary antibodies (Merck, Kenilworth, NJ, USA).
Analysis was performed using an Olympus IX71 (Olympus, Tokyo, Japan) fluorescence microscope.

2.6. Analysis of Cell Viability

AO/EB staining distinguishes cells into four categories: live (bright green, intact nucleus),
early apoptotic (bright green, but fragmented nucleus), late apoptotic (orange, fragmented nucleus)
and necrotic (bright orange, intact nucleus). Cells were cultured on the hybrid polymer and glass
surfaces for 24, 48, 72 and 96 h. Then, the growth medium with any unattached cells was collected and
the monolayer of cells were treated with EDTA-trypsin and then collected as well. All of them were
subsequently stained by acridine orange and ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA)
as described in [30]. The cells were analysed using a BD FACSCanto™ II (BD Biosciences, San Jose,
CA, USA) flow cytometer, registering 10,000 events per sample and time point. Green fluorescence of
acridine orange was detected using FITC channel and red fluoresce of ethidium bromide was detected
using PE channel. A total of 3 independent experiments were performed with 3 repetitions per material
within each experiment. The cells were split into four categories based on their fluorescence profile.

2.7. MTT Assay

MTT assay is based on cellular mitochondrial reductase activity. The absorption measured using
this technique is directly proportional to the amount of active enzyme, which gives an idea on the
number of viable cells and their metabolic activity.

The cells were seeded at a density of 20,000 cells/mL/sample in 24 well tissue culture plates on the
hybrid material and glass surfaces and cultured for 24, 48, 72 and 96 h at 37 ◦C. The samples were
then gently transferred to new tissue culture plates containing a solution of MTT (0.2 mg/mL in PBS)
and incubated for 2 h at 37 ◦C. The solution was subsequently removed and the formazan crystals
dissolved in ethanol (96%, Vilniaus degtinė, Vilnius, Lithuania). The absorption was measured using
a Varioskan Flash microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at 570 nm with
ethanol as a reference. A total of 3 independent experiments were performed with 3 repetitions per
material within each experiment.
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2.8. Adhesion Strength

The cells were seeded at a density of 100 000 cells/mL/sample in 24 well tissue culture plates and
cultured for either 4 or 24 h at 37 ◦C with 5% CO2. At those time points, samples were transferred to
new tissue culture plates, and half of the plates were subjected to shaking at 500 rpm for 5 min using a
tissue culture plate shaker (Thermomixer Comfort, Eppendorf, Hamburg, Germany). The reference
samples (unshaken) were incubated at 37 ◦C. The number of cells remaining adhered to the surface
was measured by replacing the growth medium with 0.1% crystal violet solution in 20% ethanol for
30 min. Then cells were washed with tap water. Before the measurement of absorption, dye was
solubilised with 0,1% acetic acid solution in 50% ethanol. Optical density proportional to cell number
was measured using a Varioskan Flash microplate reader (Thermo Fisher Scientific, Waltham, MA, USA)
at 570 nm and comparing it to analogously dyed, unshaken cell monolayers. A total of 3 independent
experiments were performed with 3 repeats per material within each experiment.

2.9. Signalling Protein Expression and Phosphorylation

The cells were seeded on the samples at a density of 100,000 cells/mL/sample and cultured for
either 4 or 24 h. At these timepoints, the samples were transferred to new tissue culture plates
and gently washed with PBS. The PBS was then replaced with a lysis buffer consisting of 8 M urea,
2 M thiourea and 50 mM DTT. Cells were collected from 5 samples for each timepoint by pipetting
5–10 times. The lysates were then centrifuged for 10 min at 20,000 × G at RT. The supernatants of each
vial were then transferred to new vials and frozen at −20 ◦C until further use. A total of 3 independent
experiments was carried out.

Protein concentrations were normalised by running an SDS-PAGE gel, staining with Coomassie
brilliant blue, taking images using a transilluminator (UVP, Upland, CA, USA) using analysing
by ImageJ software. After diluting the highest concentration samples using lysis buffer,
the concentration-equalised samples were subjected to gel electrophoresis again at 200 V for 45 min
using a BioRad (Hercules, CA, USA) electrophoresis apparatus. The proteins were then transferred
to a PVDF membrane (Carl Roth, Karlsruhe, Germany) using a Biometra Fastblot transfer device
(Biometra GmbH, Göttingen, Germany) at 25 V and 300 mA. The membranes were blocked using 1%
BSA (Sigma-Aldrich, St. Louis, MO, USA) in TBS with 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO,
USA).

The membranes were subsequently treated with primary antibodies against p-Akt (Ser473 and
Thr308, Cell Signalling technology, Danvers, MA, USA), Akt (Molecular Probes, Eugene, OR, USA),
FAK (BD Biosciences, San Jose, CA, USA) and fluorescently-labelled anti-α-tubulin (Sigma-Aldrich,
St. Louis, MO, USA) overnight according to manufacturer’s instructions at 4 ◦C.

Next day, the membranes were washed three times using wash buffer and incubated with
secondary antibodies. FAK and Akt were treated with HRP-conjugated goat anti-mouse (Invitrogen,
Carlsbad, CA, USA) and HRP-conjugated anti-rabbit (Invitrogen, Carlsbad, CA, USA) according to
manufacturer’s instructions for 1 h. Finally, the membranes were washed again three times using wash
buffer. FAK and Akt were detected using by treating with ECL reagent, which upon catalysis by HRP
yields chemiluminescence that was detected using a transilluminator (UVP, Upland, CA, USA).

P-Akt (Ser473) and p-Akt (Thr308) were treated with secondary goat-anti-rabbit antibodies
conjugated to a fluorescent infrared dye (IRDye 800CW, LI-COR, Lincoln, NE, USA) and detected
using an infrared imaging system (Odyssey, LI-COR, Lincoln, NE, USA).

Membrane image analysis was performed using ImageJ software (National Institutes of Health,
USA).

2.10. Statistical Analysis

All experiments were repeated at least 3 times independently with 3 repetitions within each
experiment. The results are presented as averages +/− standard deviations (n = 0–5) or errors
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(n = 6+). Statistical significance was assessed using one-way or two-way ANOVA and Tukey’s HSD
post-hoc tests using RStudio (RStudio Inc., Boston, MA, USA) and plotted using the ggplot2 package.
Statistical significance was considered to be achieved with p < 0.05.

3. Results and Discussion

3.1. Laser Two-Photon Polymerisation

As mentioned in the introduction and methods, the possibility of structuring the Al-based hybrid
material has already been described previously [21]. However, we wanted to further demonstrate our
ability to fabricate complex 3D shapes and thus have fabricated a micro-structure reminiscent of Zerg
(StarCraft, Blizzard Entertainment©, Irvine, CA, USA)—see Figure 1. High volume suspended features
were reproducibly fabricated, like the claws of the Zerg hydralisk. Literature shows that by precisely
controlling the 3D cell microenvironments, one can achieve complex cellular responses, like stem cell
homing towards artificially designed niches [31]. Another important group of factors in designing
artificial cell niches are associated to the material chemistry and properties [32]. Integration of several
materials in a single structure will hopefully one day help to guide stem cell differentiation towards
different lineages on the same sample.

 

Figure 1. Right, A 3D micro-structure reminiscent of Zerg fabricated using a commercially available
Nanoscribe Photonic Professional GT system. The scale bar corresponds to 10 microns. Left, A CAD
model of the structure.

Multiple materials can be structured with laser two-photon polymerisation and the Al-based
hybrid organometallic polymer presented in this work expands the selection of possible cellular
niche materials even further. To date, a number of reports have been made of multiple-material
structure fabrication using laser two-photon polymerization—including some of our own, in which
PDMS, hybrid organometallic polymer based on Zr, PEG-DA and commercially-available OrmoComp
have been integrated together [12]. Lamont et al. have developed a technique to exchange the
material that is being used to fabricate structures on-the-go, allowing up to five different materials
to be incorporated within the same structure with increased fabrication speed and potentially,
multiple functionalities for applications like drug delivery, advanced optics, meta-materials and
microrobotics [33]. Additionally, two or even more disparate fabrication techniques can be employed
within the same structure as demonstrated with fused filament fabrication 3D-printed structure
modification using laser ablation [34].
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The addition of yet another 3D-printable material with new properties to the engineer’s menu will
allow for a wider variety of new structures and applications to be envisaged, particularly in fields that
require high precision micro-fabrication, like tissue engineering scaffolds and drug delivery devices.

3.2. Protein Adsorption Assay

Extracellular matrix protein adhesion to the different surfaces may affect the subsequent adhesion
of cells to the surfaces. Collagen type I was chosen as a model system for this experiment—its
adsorption to simple spin-coated samples was assessed due to collagen type I abundance in the
extracellular matrix. Collagen supports cellular adhesion via RGD sequences, which are specifically
recognised by cellular adhesion proteins integrins. These interactions facilitate strong integration
between a tissue engineered scaffold and the surrounding tissues, so it is important to have a material
that supports collagen adsorption to its surface well for applications where cell adhesion is beneficial.

Collagen itself has been used as a tissue engineering building block in various studies, for example
that of Ber et al., where osteoblast growth was guided on 2D surfaces of collagen [35] or work
by Ramanathan et al., who have investigated 3D hybrid collagen matrixes as antibacterial dermal
substitutes [36]. Collagen and its derivatives are a widely investigated group of materials for soft tissue
engineering, while for hard tissue, like bone, collagen coating is a highly desirable approach that can
be used in conjunction with other materials. Multiple reviews have focused on the use of collagen as a
tissue engineering material either in a pure or composite form [37–39]. Consequently, a possibility of
coating hybrid polymer structures with collagen seems like a good approach for improving cellular
integration and therefore chosen in this study.

In our experiments, the choice of protein quantification technique was limited by residual
photo-initiators within the materials which rendered them fluorescent. Thus, the signal of
fluorescence-based techniques for protein visualisation would have been hindered by sample
autofluorescence. To overcome this issue, a colorimetric assay was employed.

Collagen adsorption was measured on both the hybrid polymers and reference glass slides
by immersion in a solution of collagen, then dying the bound collagen and measuring the optical
absorption of the dye. We found that even though the largest amount of collagen was found on the Zr
surface and the smallest amount on Al surface, the results in each group were highly disperse, and no
statistically significant differences were determined with p = 0.35 between Al and Zr, p = 0.72 between
Glass and Zr and p = 0.81 between Glass and Al. The results are presented in Figure 2.

 
Figure 2. Collagen I adsorption to Al and Zr based hybrid organometallic polymers and glass.
The results are presented as average Sirius Red absorbances + standard errors for three independent
experiments with n = 3 per each experiment (a total of n = 9 per material).
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A calibration curve between the total amount of collagen I and Sirius Red absorption was prepared
and is presented in Supplementary Materials Figure S1. A highly linear relation was found in the
range of 0–100 μg with an R2 value of 0.994. The amounts of collagen adsorbed to the samples were
calculated according to the linear model and were found to be 5.59 μg for Glass, 4.40 μg for Al and
6.73 μg for Zr on average per sample.

In our previous work [21], we investigated the contact angles of these materials and found
them to be 39◦ for Glass, 72◦ for Al-based hybrid materials and 71◦ for Zr-based hybrid materials.
The collagen adsorption data does not seem to correlate with the surface contact angles. Even though
there is a significant difference between the contact angle of glass to Al or Zr surfaces, the difference in
collagen I adsorption could not be distinguished due to a high deviation from the mean. A paper by
Ying et al. [40] indicates that around a two-fold increase in the adsorption of collagen I to the glass
surface is expected with an increase of the surface contact angle from 40◦ to 70◦. An analogous result
would be expected on other surfaces, since protein adsorption is governed by the same forces as surface
contact angle—electrostatic and hydrophobic interactions.

3.3. Cell Viability

Having established the structurability of the materials as well as their collagen adsorption capacity,
we investigated how their surfaces influence cellular viability. In this particular study, a primary
rat muscle cell line was used to model a situation that would be as close as possible to a clinical
one. Using primary muscle-derived stem cells is a safe choice in designing a possible future tissue
engineering strategy due to the abundance of donor tissue sites, relatively mild donor site morbidity
and high proliferative capacity as well as multipotency of the cells. A great example by Nieponice
et al. demonstrates how rat muscle-derived stem cells could be used together with elastomeric
scaffold-building materials in constructing vascular grafts [41]. The study successfully showed that the
cells tended to home to the lumen of the vascular grafts and started to express α-actin, calponin as
well as secrete collagen. Endothelial differentiation was supported via the presence of von Willebrand
factor. Our isolated rat muscle-derived progenitor cells were positive for CD34, Myf5 and c-kit and
negative for CD45 (Figure S2).

This experiment aimed to find the ratios between the numbers of viable, early apoptotic,
necrotic and late apoptotic cells at different timepoints and on different surfaces. Flow cytometry data
shows that no statistically significant differences between the numbers of cells in each category can
be observed, since the majority of cells at each time point was viable (Figure 3). Additional data is
presented in the Supplementary Materials, providing light microscopy images of cell culture at different
time points as well as statistical analysis (Figure S3 and Figure S4 in the Supplementary Materials).

The results are in accord with our previous work on these materials with NIH/3T3 cells,
which showed that the cells remain viable in culture for extended periods of time [21]. Data obtained
in this experiment open the way for the future applications of both Al and Zr based hybrid materials.
Long-term viability support of the cells is the first step towards engineering adequate implants
for patients.

3.4. Cell Proliferation and Metabolism

As a subsequent step after viability assessment, the rate of cellular metabolism was measured
using MTT assay. This test is a direct indicator of mitochondrial activity, since the dye is being digested
by mitochondrial reductase to yield a colorimetric signal. This can be used as an indicator for overall
cellular metabolism. It is important to know if cellular metabolism rates are different among the various
surfaces, since significant deviations in cellular metabolism rates could potentially yield new properties
of the cell population on that particular surface. Increased rates of metabolism could be associated with
malignant formations and dysregulation of the cell cycle, while down-regulated rates of metabolism
could indicate low cellular viability or transfer into a more quiescent state via differentiation or other
mechanisms [42].
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Figure 3. Flow cytometry data on cellular viability on Glass, Al and Zr surfaces after 24, 48, 72 and
96 h. The four quadrants in each case show the following: lower left—viable cells, upper left—necrotic
cells, upper right—late apoptotic cells, lower right—early apoptotic cells. The lower left quadrant
corresponds to 95% of all signals in all cases.

Light microscopy images show cells grown on both the hybrid polymer and glass surfaces
to have formed confluent monolayers after 48 to 72 h (Supplementary Materials, Figure S3).
No significant differences were observed neither in daily culture check-ups nor in the images taken of
those cells. The cells had healthy spindle-shaped morphologies and stopped dividing after having
reached confluency.

The assessment of total metabolic activity revealed that the metabolic rate of cells grown on glass
was significantly higher than on the hybrid organometallic polymers after 96 h of culture (p < 0.001)
and significantly higher than on the Al-based hybrid starting from 48 h (p < 0.05). These results are
presented in Figure 4. Our previous study [21] investigated the proliferation rate of NIH/3T3 fibroblasts
on analogous surfaces after 120 h and showed the Zr surface to support the highest rate, while no
statistically significant differences were observed between Glass and Al.

The results obtained in this experiment show promise in using both the Al and Zr hybrid polymers
in tissue engineering applications. Both materials supported cell growth, even though the total rate of
metabolism was lower than on reference glass surfaces.
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Figure 4. Cell proliferation as measured by MTT. The results are presented as average +/- standard error.
A total of 9 measurements were performed per material per time point (3 independent experiments
with 3 repetitions in each). #—significant difference between glass and Al with p < 0.05; $$$—significant
difference between glass and Al with p < 0.001; &&&—significant difference between Al and Zr with
p < 0.001; @@@—significant difference between glass and Al with p < 0.001; §§§—significant difference
between Al and Zr with p < 0.001.

3.5. Cell Adhesion Strength

Cellular viability, proliferation and adhesion are highly intertwined processes. Knowing that the
viability does not change with surface and that the rate of cellular metabolism grown on the Al hybrid is
lower, we sought to understand if the reduced metabolic activity was associated with weaker adhesion.
The cells were seeded on the samples and then shaken vigorously at two timepoints. The number of
remaining cells was counted and calculated against the number of cells on reference surfaces without
shaking. The results are presented in Figure 5. There was a clear trend that showed a decrease in
the number of adhered cells after 24 h, suggesting that the initial stage of attachment after 4 h was
stronger. Even though there were substantial differences between the number of adhered cells after 24 h,
the differences were not statistically significant. However, in spite of a lack of statistical significance,
the number of cells that remained attached to the Al surface was the lowest and thus in accord with the
proliferation data, that showed the lowest rate of MTT metabolism on the Al- based hybrid. Overall,
the Al surface seems to be slightly less supportive of cell adhesion, though insignificantly. The reason
for that could potentially be the lowest adsorption of collagen to the Al surface, as presented in
Figure 2. To further investigate this difference, an experiment was devised to assess the expression of
adhesion-associated proteins.

3.6. FAK/Akt Expression and Activation

When integrin-mediated cell adhesion takes place, a cascade of biochemical reactions is activated
that delivers a signal about cellular attachment to the cell nucleus, which in turn activates the
transcription and translation of certain proteins that are required for these processes. The cascade is
activated when cell surface integrins dimerise after binding to a specific adhesion sequence in the
ECM [43]. To initiate intracellular signalling integrin dimer induces conformational changes in focal
adhesion kinase (FAK), which is one of the first proteins to join the newly forming focal adhesion.
Subsequently, this leads to the recruitment of multiple other adhesion-associated proteins to the focal
adhesion site. Upon formation of a focal adhesions, multiple pathways can be activated, one of which
is the Akt pathway. This pathway is responsible for transferring a survival and proliferation signal to
the nucleus via the mTOR pathway [44]. Akt can be activated by either phosphorylation on Ser473
or Thr308—this depends on the phosphorylating protein. In the case of integrin-mediated adhesion,

74



Materials 2019, 12, 3932

PI3K is being activated and thus, only Ser473 is phosphorylated [45]. Phosphorylation on the Thr308
occurs from mTORC2, which is associated with cellular metabolism and cytoskeletal reorganisation.

To assess the expression and activation of adhesion-associated FAK pathway proteins, a Western
blot analysis was performed on cells grown on the investigated Glass, Al and Zr surfaces. The results
are presented in Figure 6 with membrane images presented in Supplementary Materials Figure S5.
Even though no statistically significant results were observed on the investigated surfaces, a tendency
for reduced phosphorylation of Akt kinase can be seen in most of the cases when comparing 4 and
24 h. This is to be expected as the adhesion-associated Akt kinase’s role is mostly pronounced during
the initial cell-to-surface and cell-cell interactions that take place upon cell seeding.

 

Figure 5. Evaluation of cell adhesion strength on the tested surfaces. The results are presented as a
ratio between the average number of cells after shaking to that of cells before shaking after 4 and 24 h
of culture + standard errors. A total of 9 measurements per material were performed (3 independent
experiments with 3 repetitions each). No statistically significant differences were observed between the
different time points on each surface.

 

Figure 6. Western blot data, showing the expression of FAK and the expression and activation of
Akt kinase after 4 and 24 h of culture on glass, Al and Zr surfaces. The amount of p-Akt (Ser 473),
p-Akt (Thr308), Akt and FAK were observed. The results are presented as relative expression +/-
standard error. Three independent experiments were performed. No statistically significant differences
were observed.

The ratio between FAK and Akt kinases was mostly unchanged between time points and only
slightly and insignificantly lower on Zr surfaces. This is again to be expected as the total amount of
FAK and Akt kinases should remain unchanged.
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On the glass surface, the cells tended to attach stronger during the initial 4 h—this is in accord
with a higher level of Akt kinase activation in this time point. After 24 h the drop in the number of
adhered cells and p-Akt (both Ser473 and Thr308) is clearly visible, though insignificant.

On the Al surface, the situation is similar in terms of p-Akt (Thr308), where the amount of
phosphorylated Akt drops after 24 h in accord with a decreased number of cells. However, this was
not observed in the p-Akt (Ser473) test. The level of FAK decreased as well, suggesting that the number
of focal adhesions had been reduced as well.

The highest drop in terms of level of phosphorylation was observed on the Zr surface. From 4 to
24 h, the level of p-Akt (Ser473) dropped with a p = 0.25 and the level of p-Akt (Thr308) dropped with
a p = 0.67. A slight, but insignificant increase was observed in the level of total FAK. Even though
the changes in phosphorylation of Akt on Zr surfaces was the highest, the change in observed cell
detachment was lowest in this case.

Even though some tendencies in cell attachment and adhesion-associated protein expression can
be seen, these are not statistically significant.

Strong cellular adhesion is an essential prerequisite for successful tissue engineering techniques as
discussed in a review by Lee et al. [46]. Whenever adhesion-associated signalling is insufficient,
anchorage-dependent cells undergo anoikis, a form of programmed cell death that occurs in
anchorage-dependent cells when they detach from the surrounding ECM.

3.7. Collagen Synthesis

Finally, we wanted to investigate whether the surface had any effect on the synthesis of collagen
type I. Collagen is one of the main components of the extracellular matrix. Healthy tissues constantly
undergo remodelling of their protein structures with the creation and digestion of new proteins by
parenchymal cells, like fibroblasts. In tissue engineering, it is essential to have cells be able to model
their environments by secreting ECM proteins, like collagen I.

Even though the adsorption was weakest to the Al-based hybrid and so was the cellular adhesion
and proliferation, the synthesis of collagen in cells grown on the Al hybrid was the highest. The results
are presented in Figure 7. The difference is already visible after one week, but it becomes significant
after 2 weeks. This is to be expected as the process of extracellular matrix remodelling takes a substantial
amount of time.

 

Figure 7. Collagen synthesis. Relative amount of collagen produced by cells grown on the different
surfaces after 1 day, 1 week and 2 weeks. The results are presented as averages +/- standard errors.
Statistically significant differences are indicated using different symbols. §—p < 0.05 between 1 day
and 1 week glass; ±—p < 0.05 between 1 day and 2 week glass; @@@—p <0.001 between 1 day and
1 week Al; ###—p < 0.001 between 1 day and 2 week Al; $$—p < 0.01 between 1 day and 1 week
Zr; %—p < 0.05 between 1 day and 2 week Zr; &&&—p < 0.001 between 1 week and 2 week Al;
!!!—p < 0.001 between 2 week glass and 2 week Al; ˆˆˆ—p < 0.001 between 2 week Al and 2 week
Zr. Other statistically significant differences (those between both different materials and different
timepoints) are not presented.
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Other statistically significant differences were observed between Al surfaces after 1 day, 1 week
and 2 weeks with p < 0.001 between all periods. As well as Zr surfaces after 1 day and 1 week with a
p < 0.05.

The results show promise for tissue engineering applications, because they show a significant
increase in the collagen produced in the cells grown on these surfaces. This means that the cells had
not only attached to the surfaces, but they are comfortable and viable enough to start remodelling their
environment via collagen synthesis.

4. Conclusions

We believe that the materials investigated in this work may be useful in constructing tissue
engineered grafts of the future. This study provides a direct comparison between two materials that
can be structured for laser two-photon polymerisation, assessing their support of primary rat myogenic
cell growth. The differences between Zr and Al surfaces could potentially be attributed to a difference
in adsorption of collagen, which in turn affects cellular adhesion strength, proliferation and the rate of
extracellular matrix remodelling, but the results to support this are insignificant, suggesting a more
thorough investigation into this process should be carried out.

An additional in vitro study should be performed in the future in order to evaluate how the
adhesion-associated protein expression and activation changes over longer periods of time (several
days or a couple of weeks) and whether that impacts cellular adhesion, viability and metabolism in a
significant way.

Future studies in tissue engineering are likely to focus on integrating several materials with
different properties in order to precisely guide cellular behaviour as well as investigating the role
that artificial 3D niches with different geometries might play in affecting cellular differentiation and
tissue maturation. As such, an extra option in the form of Al-containing hybrid organometallic
polymer, presented in this work, is a choice, judging by its biocompatibility demonstrated in this study.
In conjunction with its other advantages, like great 3D structuring capabilities, we believe the materials
described in this work have potential to add value for the field of biomedical engineering.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/23/3932/s1,
Figure S1: A curve of collagen I content vs Sirius Red absorbance at 550 nm. An average of three independent
experiments with n = 3 in each is presented ± standard deviation. Regression analysis was performed, showing
that the dependence is linear in the measurement range (0–100 μg) with R2 = 0.994 and f(x) = 0.0199x−0.0322,
Figure S2: Characterization of rat skeletal muscle-derived progenitor cells. Fluorescent microscope images of
cells immunostained for CD45, CD34, c-kit and Myf5. The scale bars correspond to 100 microns, Figure S3:
Representative images of cells grown on glass, Al and Zr surfaces after 24, 48, 72 and 96 h. The scale bars
correspond to 100 microns, Figure S4: Flow cytometry data on cellular viability on Glass, Al and Zr surfaces
after 24, 48, 72 and 96 h. The results are presented as average absorbance +/- standard deviation, derived from 3
independent experiments with n = 3 per experiment. No statistically significant differences were found between
the surfaces, Figure S5: Images of the Western blot membranes, showing the expression levels of p-Akt (Ser473),
p-Akt (Thr308), Akt and FAK proteins. Tubulin was used as a reference. From left to right: 1st membrane: ladder,
Al(4 h), Al(24 h), Zr(4 h), Zr(24 h), Glass(4 h), Glass(24 h), Al(4 h), Al(24 h), Zr(4 h); 2nd membrane: ladder,
Zr(24 h), Glass(4 h), Glass(24 h), Al(4 h), Al(24h), Zr(4 h), Zr(24 h), Glass(4 h), Glass(24 h).
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Abstract: Biopolymers from forestry biomass are promising for the sustainable development of new
biobased materials. As such, lignin and fiber-based biocomposites are plausible renewable alternatives
to petrochemical-based products. In this study, we have obtained lignin from Spruce biomass through
a soda pulping process. The lignin was used for manufacturing biocomposite filaments containing 20%
and 40% lignin and using polylactic acid (PLA) as matrix material. Dogbones for mechanical testing
were 3D printed by fused deposition modelling. The lignin and the corresponding biocomposites
were characterized in detail, including thermo-gravimetric analysis (TGA), differential scanning
calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction analysis (XRD),
antioxidant capacity, mechanical properties, and scanning electron microscopy (SEM). Although
lignin led to a reduction of the tensile strength and modulus, the reduction could be counteracted
to some extent by adjusting the 3D printing temperature. The results showed that lignin acted as a
nucleating agent and thus led to further crystallization of PLA. The radical scavenging activity of the
biocomposites increased to roughly 50% antioxidant potential/cm2, for the biocomposite containing
40 wt % lignin. The results demonstrate the potential of lignin as a component in biocomposite
materials, which we show are adequate for 3D printing operations.

Keywords: lignin; polylactic acid (PLA); 3D printing; biocomposites; biopolymers

1. Introduction

Environmental pollution and the increasing awareness of limited resources have been a major driver
in finding renewable alternatives to replace traditional fossil-based plastics, with bio-based materials
(for ex., biocomposites) derived from carbon-neutral feedstocks [1]. Natural fibres have various
advantages, including good mechanical properties, no emission of toxic substances, and reduction in
cost [2]. Additionally, natural fiber-reinforced biocomposites have attracted increasing attention due to
several beneficial properties, e.g., low-cost, good mechanical properties, and lightweight.

Poly (lactic) acid (PLA) is a promising biopolymer which has been introduced commercially as a
renewable alternative to fossil-based polymers [3,4]. A number of promising PLA-based products are
presently found commercially, such as automotive parts [5]. PLA provides good mechanical properties
and relatively easy melt-processability. However, PLA is relatively expensive and some properties
(e.g., brittleness) limit the utilization of PLA in some applications [6]. Therefore, additional polymers
can be used in PLA blends in order to tailor the properties of the final products [7]. Moreover, some
alternatives have been suggested to improve e.g. the mechanical and thermal properties, including the
addition of fibre or filler materials [8] and cellulose nanofibres [9].
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Lignin as the second most abundant renewable bio-resource, next to cellulose, is considered as a
waste product in several industrial processes. Attempts for lignin valorisation have been published in
a vast number of papers and reviews over the last years [10–12].

The notable properties of lignin, such as highly abundance, low-cost and biodegradability, high
carbon content, high aromaticity, and reinforcing capability make it a good candidate as a potential
component for biocomposites [13]. Each year, over 50 million tons of lignin are produced worldwide as
a side product from biorefineries, of which 98% are burned to generate energy. Only 2% of the lignin has
been used for other purposes, mainly in applications such as dispersants, adhesives, and fillers [14–17].
The commercial lignin is mainly lignosulfonates from sulphite pulp mills (about 1 mill. tons/year)
and less than 100,000 tons/year of kraft lignin [18]. Since lignin has lower energy content than coal
and because lignin-rich side streams are wet, the energy value is limited to 50 US Dollar/dry ton [19].
Thus, cost-efficient valorisation of lignin into value-added products offers a significant opportunity to
enhance operational efficiency and generates additional revenue so that the production of bioethanol
or other products from the hydrolysed carbohydrates becomes more competitive. However, lignin
properties (for ex., high heterogeneity and complex structure), make it difficult to predict how the
lignin loading will affect the properties of a given biocomposite. Recent reviews summarized the
research done on lignin-reinforced thermoplastic biocomposites [20,21].

Lignin can be used as a component in biocomposites, with or without modification, depending
on the target application. Gordobil et al. [22] acetylated kraft lignin to improve the affinity with
PLA. However, incorporation of kraft lignin decreased the tensile strength properties of the PLA with
increasing lignin loading of 10 wt % and 20 wt %. Furthermore, when acetylated lignin was blended
with a thermoplastic the tensile strength was improved [21,22]. Without modification, lignin can be
directly incorporated into a polymeric matrix, such as UV-light stabilizer, antioxidant, flame retardant,
plasticizer, and flow enhancer to reduce production cost, reduce plastic, and potentially improve
material properties [23–26].

Lignin can also be used as a coupling agent in natural fibre biocomposites. Lignin can act as a
compatibilizer between the hydrophilic fibres and hydrophobic matrix polymer, thus strengthening
the fibre matrix interface [27–29]. Lignin treatments of hemp fibres [28] and flax fibres [27] have been
shown to improve compatibility between fibres and the thermoset matrix, thus also improving the
mechanical properties of the biocomposites. Graupner [29] reported increased tensile properties of
compression-moulded PLA-cotton composites when the fibres were treated with lignin.

In our study, lignin was extracted by a soda process. Soda pulping pre-treatment is similar to that of
alkaline pulping process, which uses alkali (e.g., NaOH, Ca(OH)2) to solubilize or depolymerize lignin,
and make lignin extractable from biomass matrix [30]. Soda pre-treatment disrupts the lignin structure
and breaks the aryl-ether, ester, and C-C linkages among the lignin and hemicelluloses and hence open
up the lignocellulose structure [31]. This process has mainly been studied on herbaceous biomass and to
some extent hardwood [12,32,33]. The main difference of this process compared to the chemical pulping
process is the moderate treatment severity, separating lignin with low condensation structure [19].
The soda process for obtaining lignin has some essential advantages from the environmental point of
view in comparison with the sulphate process, namely, the soda cooking liquor has a lower content
of low molecular products of wood degradation, which get to waste water, and the formation of the
unpleasant sulphur organic compound odorants is prevented [34]. Soda lignin has found application
in multiple areas: the production of phenolic resins [35,36], animal nutrition [37], dispersants [38],
and synthesis of polymers [39]. A major difference between soda lignin compared with kraft lignin and
lignosulphonates is that soda lignin is sulphur-free, without odour and with a chemical composition
closed to pure lignin [38,39]. Additionally, soda lignin derived from non-wood plants contains a larger
fraction of carboxyl groups and p-hydroxyl units [39].

Three-dimensional (3D) printing has evolved rapidly in recent years. This technology allows the
production of unique, complex and customized structures by digitized and computer assisted processes,
reducing production time and costs [40]. In addition, less waste in production and lower chemical
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consumption is required by this technique in comparison with the traditional processing manufacturing.
Fused deposition modelling (FDM) is one of the most used 3D printing technologies, which consists
in the melting of thermoplastic materials at high temperature, which are solidified when cooling.
Currently, there is great interest in the use of biomass and biomass components for use in 3D printing by
FDM. However, unlike petroleum-derived thermoplastic compounds, lignocellulosic components are
difficult to melt for the extrusion and injection moulding processes. Therefore, the development of new
materials from biomass suitable for 3D printing is a challenge [41–43]. The production of pure lignin
composites is limited by its high thermal transition temperature and high flow resistance [40]. For this
reason, lignin is mixed with other polymers that favour its melting behaviour and flow. Recently,
organosolv hardwood lignin [40] and kraft softwood lignin [44] have been applied to manufacture
filaments for FDM, based on acrylonitrile-butadiene-styrene and PLA polymers, respectively.

The purpose of this study was to demonstrate the suitability of PLA/soda lignin biocomposite
filament for 3D printing. A motivation for selecting soda lignin is that it is sulphur-free. Soda lignin
was thus expected to reduce the typical smell that is experienced when melt-processing biocompounds
containing kraft lignin or lignosulfonates. Thus, samples with varying PLA/soda lignin weight ratios
were manufactured and the mechanical (tensile testing), thermal (TGA, DSC analysis), morphological
(SEM), FTIR, X-ray diffraction, and antioxidant properties were assessed.

2. Materials and Methods

2.1. Raw Materials

The lignin used in this study is a softwood lignin extracted from cooking liquor, using a soda
cooking process of Norway spruce chips, collected from Norske Skog, Skogn, Norway. The PLA
used in this study was a commercial grade for 3D printing (Ingeo PLA 3D850, NatureWorks LCC,
Minnetonka, MN, USA).

2.2. Lignin Extraction

Lignin was extracted from Norway spruce by soda process using a MK circulation reactor. In this
method, 400 g dried chips were cooked with cooking liquor which comprised 30% NaOH (30 g
NaOH/100 g dried chips). The liquid wood ratio was 7.5:1. The temperature was increased slowly in
order to get a good impregnation of the chips with the cooking liquor. Once the reactor reached the
operating temperature of 180 ◦C, it was maintained for 100 min. After cooling, the cooking liquor was
removed from the bottom of the reactor.

2.3. Lignin Precipitation

Sulphuric acid was slowly added to the cooking liquor under agitation until final pH of 2.5.
A color change from black to brown was observed at pH 5.5. In addition, a viscosity change was
observed, the liquid was more viscose at lower pH. These changes occur due to the initial stage of
the lignin precipitation. The mixture was then centrifuged (3500 rpm, 10 min) to recover the lignin.
The lignin was repeatedly washed with water, then dried in an oven at 105 ◦C overnight. Volatile
organic compounds (VOC) were removed after drying in a 2L Parr reactor (N4622, Parr Instruments,
Illinois, USA).

2.4. Filaments and 3D Printing

Neat PLA (100%) and blends of PLA and lignin (20 wt % and 40 wt %) were extruded through
a Noztek Xcalibur (Table 1). The temperatures in the three heating chambers were 200 ◦C, 205 ◦C,
and 210 ◦C. The speed of the screw extruder was set to 15 mm/s. The target diameter of the filaments
was 1.75 mm. The filaments were extruded twice in order to improve the mixing of the PLA and lignin.
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Table 1. Mechanical properties of PLA and PLA/Lignin biocomposites.

3D Printed Sample
Et

(MPA)
σM

(MPa)
M

%

PLA 2890 ± 14.14 58.45 ± 0.55 2.45 ± 0.10

PLA + 20%Lignin 2460 ± 155.56 39.35 ± 1.05 1.8 ± 0.10

PLA + 40%Lignin (205 ◦C) 1955 ± 19.92 32 ± 2.10 1.8 ± 0.20

PLA + 40%Lignin (215 ◦C) 2695 ± 148.49 45.65 ± 0.05 1.9 ± 0.08

PLA + 40%Lignin (230 ◦C) 1930 ± 183.85 29.25 ± 1.35 1.65 ± 0.10

Et (tensile elastic modulus); σM (tensile strength); M (elongation at tensile).

An original Prusa i3 MK3S was used for 3D printing by fused deposition modeling (FDM), using
a 0.4 mm nozzle and a printing speed of 35 mm/s. Dogbone samples (length 63 mm, width 3 mm) were
printed for mechanical testing. Three sets of dogbones were printed with varying printing temperatures
of 205, 215, and 230 ◦C. The printing direction was 45◦. In addition, a smartphone protective case was
printed as a demonstration.

2.5. Characterisation

The lignin and carbohydrates analyses were performed according to the standard procedures
of NREL (NREL/TP–510–42623). The lignin samples were hydrolysed in two steps using sulfuric
acid: first step hydrolysis was done with 72 wt % H2SO4, 30 ◦C for 60 min, followed by the second
step with 4 wt % H2SO4 at 121 ◦C for 1 h). The resulting supernatant was filtered (0.2uL) and the
filtrates were analysed by High Performance Anion Exchange Chromatography (HPAEC, ICS-5000,
Dionex, CarboPac PA1 4 × 250 mm column), for carbohydrates. Klasson lignin (acid insoluble lignin)
contents were determined gravimetrically, while acid soluble lignin was determined by using TAPPI
method (TAPPI UM 250). The absorbance was measured with UV-VIS spectrometry at 205 nm, ε of 110.
Carbohydrates were detected on a pulsed amperometry detector (PAD). All carbohydrate contents
are reported as anhydrosugars. Purity of lignin samples was calculated from the sum of the ash and
sugar results.

2.5.1. Thermo-Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

TGA was used to determine the thermal stability, decomposition temperature, and char yield for
soda lignin, PLA, and different blends of lignin/PLA. The analyses were performed using a Netzsch
Jupiter F3 equipment, operating in nitrogen environment. Samples for TGA for each measurement
were maintained at 14 ± 5 mg and scans were preformed from 30 ◦C to 800 ◦C with the heating rate
of 10 ◦C/min to observe thermal degradation and stability of lignin, PLA, and the corresponding
biocomposites. DSC was performed to measure the glass transition temperature (Tg) of soda lignin.

2.5.2. Scanning Electron Microscopy (SEM)

The fracture surface of the dogbones after mechanical testing was sputtered with a layer of gold
to make it conductive under the electron beam. Scanning electron microscopy (SEM, Hitachi SU3500,
Hitachi High-Technologies Co., Tokyo, Japan) was performed in secondary electron imaging mode
using an acceleration voltage of 5 kV and a working distance of 5–6 mm.

2.5.3. Mechanical Testing

Test specimens obtained from the 3D printing process were used for tensile testing of
the biocomposites.
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The 3D printed dogbones were mechanically tested with a Zwick Roell Proline (Zwick GmbH &
Co. KG, Ulm, Germany) and a load cell of 2.5 kN. Four specimens of each series were tested. The speed
and the grip distance were 20 mm/min and 50 mm, respectively.

2.5.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were collected using a spectrometer FTIR-ATR Perkin Elmer Spectrum (Perkin Elmer,
Waltham, United States). Two single spectra were collected in the wavelength range from 4000 to
450 cm−1 with a resolution of 4 cm−1 and a total of 40 scans.

2.5.5. X-ray Diffraction Analysis (XRD)

X-ray diffraction analysis of the test specimens was carried out in a Bruker D8 Discover Instrument
(Bruker Corporation, Karlsruhe, Germany) with a monochromatic source (CuKα1) over an angular
range of 5−50◦ at a scan speed of 1.56◦/min.

2.5.6. Antioxidant Activity

The 2,2′-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid (ABTS) assay was used to measure the
antioxidant activity of the biocomposites. A radical solution (7 mM ABTS and 2.45 mM potassium
persulphate) was prepared and left in dark during 14–16 h before testing. The radical solution was
adjusted to an absorbance of 0.70 ± 0.02 at 734 nm diluting with ethanol. A specimen of 0.5–1 cm2 of
the biocomposites was added to a 4 mL of radical solution and the absorbance of the solution was
measured at 734 nm using ethanol as blank. The absorbance was measured after 6 min. The antioxidant
activity was determined according to the following equation [45]:

AOP (%) =
A734,ABTS6′ −A734,sample6′

A734,ABTS0′
× 100 (1)

where A734,ABTS6’ is the absorbance at 734 nm of the radical solution after 6 min, A734,sample6’ the
absorbance at 734 nm of the sample after 6 min, and A734,ABTS0’ the absorbance at 734 nm of the radical
solution before the 6 min. Because the radical scavenging activity was performed in the surface of
the biocomposites, the antioxidant activity was related to the surface exposed to the radical solution,
expressed as antioxidant potential, (AOP%/cm2).

3. Results and Discussion

3.1. Lignin Composition

The yield of lignin extraction was estimated to be 25%, based on Klasson lignin. The chemical
composition shows that lignin is composed of 82% acid insoluble lignin, 6% acid soluble lignin,
1.6% carbohydrates, and ash. Surprisingly, glucomannan, the predominant constituent of softwood
hemicellulose, was not found in the soda lignin. However, xylan was found in relatively high amounts.
This shows that cleavage of the lignin−carbohydrates complexes is less complete for the soda process
applied in this study. These carbohydrates may originate from lignin−carbohydrates complexes or
from carbohydrates that are trapped during the lignin precipitation step which end up non-covalently
bonds in the lignin after drying [46]. Furthermore, the high ash content in soda lignin may partly
originate from the salts resulted after neutralization of cooking liquor during precipitation. These
results are in accordance with literature results [47]. The chemical composition of lignin and ash
content depends on the feedstock as well as on the isolation process. In general, alkaline lignin contains
more residual sugar than other type of lignins [47].

The moisture content of isolated lignin was less than 2.5%. Sameni et al. [48] reported that lignin
with higher impurities, containing hydrophilic compounds, led to more moisture content.
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3.2. TGA

TGA curves reveal the residual mass of materials with respect to the temperature of thermal
degradation and was used to assess the thermal stability of the both polymers PLA and Lignin but also
of the biocomposites, PLA/20%Lignin and PLA/40%Lignin. The different chemical bonds present in
the lignin molecular structure, leads to a range of degradation temperatures, extending from 100 to
800 ◦C [49]. The results show that 42 wt % of lignin sample still remained at 800 ◦C. This is due to
the formation of highly condensed aromatic structures which have the ability to form char (Figure 1).
Degradation of lignin sample can be divided into three stages [36]. Firstly, an initial weight loss
between 50–120 ◦C, due to water evaporation. Secondly, above 220 ◦C degradation of carbohydrates
occurs, which are converted to gasses such as CO, CO2, and CH4 [50]. The last stage occurs to around
420 ◦C, and then continues to lose mass at a slower rate, leading to the formation of gaseous products
and phenolics, alcohols and aldehyde acids [50]. PLA, PLA/20%Lignin, and PLA/40%Lignin present a
similar thermal degradation behavior. They show a faster thermal degradation between 340–400 ◦C.
However, the residual mass at 800 ◦C is higher for biocomposites with lignin due to the carbonaceous
composition of the lignin. With respect to the starting temperature of decomposition, the lignin shows
a faster degradation (326 ◦C) compared to neat PLA (348 ◦C). As expected, the biocomposites resulting
from the mixtures PLA/Lignin present an intermediate degradation start temperature (347 ◦C and
339 ◦C for 20% and 40% lignin content, respectively).

Figure 1. Thermo-gravimetric analysis (TGA) plot of Lignin, polylactic acid (PLA),
and PLA/Lignin biocomposites.

3.3. DSC

The reaction energy was measured on soda lignin, polymer and blends of lignin and polymer
to assess the thermal degradation. Enthalpy measurements were similar for PLA/40%Lignin (27 J/g)
compared with neat PLA (31 J/g). At higher a temperature of 376 ◦C (PLA) the enthalpy of 628 J/g
was similar with PLA/20%Lignin and higher than PLA/40%Lignin (362 ◦C, 409 J/g), see Figure 2.
No significant variations in Tm (temperature maximum degradation) were found with the addition of
lignin to PLA matrix. The temperature of maximum degradation occurred between 360–400 ◦C for
all biocomposite samples. Decomposition of aromatic rings is expected above 500 ◦C [36]. The glass
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transition temperature (Tg) for soda lignin in our study was found to be at 109 ◦C. Additionally, the Tg
value can be correlated with the molecular weight of lignin [51]. This value is in accordance with the
values reported in the literature. The Tg for neat PLA is found to be at 71 ◦C in this study. The glass
transition temperature of the PLA/Lignin biocomposites showed significant shift of the Tg from 71 ◦C
towards lower temperature, Tg of 59 ◦C for PLA/Lignin 20%. This can be explained by different
molecular factors such as interchain hydrogen bonding, crosslinking density, rigid phenyl groups,
and molecular mass [52].

Figure 2. Differential scanning calorimetry (DSC) thermographs of Lignin, PLA,
and PLA/lignin biocomposites.

3.4. Mechanical Properties

The filaments (PLA, PLA/20%Lignin, and PLA/40%Lignin) were used to 3D print dogbones for
further characterization (Figure 3). The stress−strain curves of the biocomposites with unmodified
lignin showed that the mechanical strength decreased when the lignin content increased (Figure 4),
which is in accordance with previous studies [21,22]. This is most probably due to a low fusing
between the printing layers, especially in biocomposites with 40 wt % of lignin. However, when the
printing temperature was increased to 215 ◦C, the biocomposite revealed a relative increase of the
mechanical properties. This was presumptively due to an improved adhesion of the 3D printed layers.
The strength−strain curves also show that lignin led to a more fragile biocomposite that resists less
deformation before rupture. Consequently, the elastic modulus decreased by 25%–32%, compared
to the neat PLA sample. The addition of low content of lignin in PLA biocomposites presented an
improvement of the ductility. However, lignin content above 10% has caused a decrease in the plasticity
of biocomposites, either for acetylated or unmodified lignin [53].
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Figure 3. 3D printed dogbones for mechanical testing.

Figure 4. Stress−strain curves for the different biocomposites

3.5. Scanning Electron Microscopy (SEM)

The SEM images (Figure 5) of the fractured surface of the biocomposites provided an insight
into the bonding interaction between lignin and PLA. The analysis of the PLA/40% Lignin sample
revealed a 3D printed structure where the printed threads are clearly visible, thus confirming a poor
inter-layer adhesion and a corresponding low mechanical performance (Table 1). In order to find a
suitable printing temperature of the lignin-containing biocomposite and thus increase the inter-layer
bonding, two additional temperatures were tested during the 3D printing process (215 ◦C and 230 ◦C).
The results revealed that a suitable printing temperature for the biocomposite filaments developed
in this study was 215 ◦C (Table 1 and Figure 4). The SEM pictures showed the improvement of the
bonding of the printed layers, which favored the mechanical properties of the samples. However,
increasing the printing temperature to 230 ◦C led to a decrease of the tensile strength and modulus.
This was potentially caused by the degradation of the carbohydrates in the lignin fraction, which
usually occurs over 220 ◦C, becoming volatile gases and presumptively creating microstructures within
the polymeric matrix. Our results are in accordance with literature results of Thakur et al. [20] and
Watkins et al. [50].
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Figure 5. Scanning electron microscopy (SEM) analysis of the fracture surface of tensile tested dogbones.

3.6. FT-IR Spectra and XRD Analysis

FT-IR spectroscopy was applied to assess the functional groups of PLA/Lignin biocomposites
at different temperatures. Generally, the curves of PLA/lignin showed similar bands with increased
emissivity compared to neat PLA (Figure 6). Neat PLA showed peaks around 2995 cm−1 and
2930 cm−1, which are associated to the asymmetric and symmetric stretching vibration of CH3 group.
The intense peak at 1749 cm−1 is attributed to the C=O stretching vibration [54]. The peak at 1450 cm−1

corresponds to CH3 anti-symmetric bending vibration. The peaks at 1385 cm−1, 1360 cm−1, 1316 cm−1,
and 1300 cm−1 are associated to the deformation, symmetric, and bending mode of the CH group,
respectively. The peaks at 1182 cm−1, 1084 cm−1, and 1038 cm−1 are attributed to C-O-C stretching
vibrations [55]. This peak is obviously higher in the PLA/40%Lignin curve, which indicates that
addition of lignin led to a higher content of hydroxy groups. In addition, the biocomposites containing
lignin showed a small peak at 1510 cm−1 due to the C=C groups of the aromatic rings of lignin.
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Figure 6. FT-IR spectra of PLA and PLA/lignin biocomposites.

X-ray analysis revealed a change in crystallinity as the lignin was included in the formulation
(Figure 7). PLA exhibits a broad peak at 2θ degrees = 10◦–25◦ associated with the semicrystalline
nature of PLA. The appearance of peaks at 2θ = 32◦ and 34.5◦ in lignin-containing biocomposites
indicated further crystallization of PLA, due to the action of lignin as nucleating agent [56].

θ  

Figure 7. X-ray diffraction analysis (XRD) patterns of PLA and PLA/Lignin biocomposites.

3.7. Antioxidant Properties

Antioxidant capacity of the biocomposites was measured and expressed as radical scavenging
activity (RSA). PLA shows a low antioxidant (activity only associated with the surface interaction with
the radical ABTS) (Figure 8). However, the lignin-containing biocomposites show a significantly higher
radical scavenging activity (~50%) due to the antioxidant activity of lignin. Although, the biocomposites
containing 40% lignin have a slightly higher RSA compared to the PLA/20% Lignin, the differences are
not significant. The reaction of ABTS with the biocomposite material occurs mostly on the surface
of the specimens, which may explain this behavior. The antioxidant activity of the lignin has been
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reported previously in several studies [45,57,58], including the blending of low amounts of kraft
lignin (0.5 wt %–3 wt %) in PLA for potential biomedical applications [44]. Materials with high
antioxidant activity are highly demanded for application in food packaging and biomedicine. A wide
variety of antioxidant compounds are described in literature (resveratrol, curcumin, ascorbic acid,
carotenoids, etc.), however, these compounds are generally expensive. For this reason, the use of lignin
in biocomposites is proposed as a low-cost option to produce materials with high antioxidant capacity.

Figure 8. Antioxidant activity of PLA and biocomposites.

Keep in mind that lignin is a natural antioxidant, and lignin has been proposed to stabilize a given
material against photo- and thermo-oxidation [14–17,23]. The antioxidant property of soda lignin has
been confirmed in this study where the printed materials containing lignin has a significant larger
antioxidant capability compared to PLA (Figure 7). This suggests that the biocomposites developed in
this study are also suitable for additional materials, e.g., food packaging applications.

The suitability of the PLA/lignin biocomposite filament for 3D printing was also tested, by printing
a smartphone protective case (Figure 9). The printing process revealed a good performance of the
lignin-containing filament, and a functional protective case was effectively 3D printed. PLA/Lignin
filaments are a plausible option for lignin utilization with potential in, e.g., rapid prototyping and
consumer products [59]. It is worth to mention that the typical smell from some lignins was not
detected during the extrusion of the filaments or during the printing process, which is an additional
advantage of using soda lignin in PLA biocomposite materials.

 
Figure 9. 3D printing of a smartphone protective case with PLA/lignin biocomposite filament.
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4. Conclusions

PLA/lignin biocomposites with different lignin loading were prepared and characterized in
detail. Thermogravimetric analysis indicated that the thermal decomposition of lignin occurred over a
wide temperature range. PLA/lignin biocomposites showed the highest antioxidant activity, due to
the antioxidant activity of lignin. Biocomposites exhibited good extrudability and flowability with
no observable agglomeration of the lignin. This suggests that lignin-containing biocomposites are
plausible alternatives for 3D printing applications.
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