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Preface to ”Novel Biocomposite Engineering and

Bio-Applications”

The engineering and utilization of biocomposites is a research field of major scientific 
and industrial interest worldwide. Biocomposites include materials that contain at least one 
biocomponent. The biocomposite area is extensive and spans from structured and solid biocomposites 
(e.g., reinforced bioabsorbable polymers), films (e.g., antimicrobial barriers), to soft biocomposites 
(e.g., scaffolds for tissue engineering). Key aspects in this respect are the appropriate engineering 
and production of biomaterials, nanofibres, bioplastics, their functionalization enabling intelligent 
and active materials, processes for effective manufacturing of biocomposites and the corresponding 
characterization for understanding their properties.

The current Special Issue Book emphasizes the bio-technological engineering of novel 
biomaterials and biocomposites, considering also important safety aspects in the production and use 
of bio- and nanomaterials. It includes:

• Synthesis, production, surface modification and applications of novel biomaterials

• Hydrogels, films, solid materials

• Safety aspects, including cytotoxicity, genotoxicity, immunogenic properties

• Microbiological aspects

• Scaffolds for tissue engineering

• New processing methods, including 3D printing

• Encapsulation for controlled release

• Characterisation, including structural, physical, chemical, biological and mechanical properties

Gary Chinga Carrasco

Special Issue Editor
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The engineering and utilization of biocomposites is a research field of major scientific and
industrial interest worldwide. Biocomposites include materials composed of at least two components
with a distinct morphology and chemistry, where at least one component is bio-based. Furthermore,
biocomposites can be classified into different areas depending on their specific application. Hence,
in this special issue, various research groups were invited to contribute and cover several aspects and
applications of biocomposite materials, spanning from solid biocomposites for structural applications,
films such as antimicrobial barriers, to soft biocomposites for specific biomedical purposes, e.g., drug
delivery and scaffolds for tissue regeneration.

During recent years, bio-based polymers have attracted major attention due to growing
environmental concerns, e.g., ocean littering. There are various types of bio-based polymers
or bioplastics, including durable, compostable, and biodegradable materials, suited for specific
applications [1,2]. Bioplastics such as polylactic acid (PLA) can be derived from a series of biomass
resources, including corn, sugar beet, and sugar cane. PLA has several advantages and can degrade
in industrial compostable conditions. The mechanical properties of PLA may be improved by the
addition of cellulose nanofibres, provided that the interfacial adhesion between the nanofibers and
the PLA matrix is optimized. This has been addressed by Immonen et al. [3], where various types
of cellulosic materials were tested for the reinforcement of PLA. Both the type of cellulosic material
and the additives used for better dispersion in the PLA matrix were found to affect the mechanical
properties of the biocomposites.

PLA is a versatile polymer, which can be used for encapsulation purposes with a range of
applications, e.g., within cosmetics. The study conducted by Kesente et al. [4], demonstrated the
potential of PLA nanoparticles for encapsulating olive leaves’ extract. The loaded nanoparticles
were incorporated in cosmetic formulations. The encapsulated olive leaves’ extract showed a higher
stability compared to pure extract and opens the possibility to better exploit the potential of plant
and herb extracts rich in natural antioxidants. This can be used in topical formulations to enhance the
skin’s endogenous protection system against oxidative damage [4]. Furthermore, encapsulation is an
attractive approach for various products [5]. The potential of cyclic water-soluble oligosaccharides
(cyclodextrins) to encapsulate oregano essential oil was demonstrated [5]. The authors suggested
a range of applications for the cyclodextrin capsules, such as in the preparation of films for active
packaging of food products, in personal care products, and for the improvement of their properties,
e.g., antioxidant and antimicrobial [5].

Biopolymers such as PLA and polyhydroxyalkanoates (PHA) are polyesters which have a range
of applications within biomedicine, e.g., for the fabrication of artificial tissue or scaffolds for bone
regeneration [6]. This is facilitated by three-dimensional (3D) printing technology. 3D printing has
gained major attention in recent years due to the capability of technology to create personalized and
complex devices. Fused deposition modeling (FDM) is perhaps the most used technology for 3D
printing of PLA-based constructs with potential applications within biomedicine, e.g., scaffolds and
prosthetics. Additionally, PHA is also printable by FDM technology. According to the authors, PLA
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and PHA are suitable materials for in vivo applications due to their biocompatibility, biodegradability,
good mechanical strength, and processability [6].

Natural polymers such as bacterial cellulose have been a focus for years and a range of applications
have been proposed, including food packaging, biomedical devices, cosmetics, and as a barrier for
degraded paper restoration. Bacterial cellulose consists of pure cellulose, with high crystallinity and a
high degree of polymerization. The composition of bacterial cellulose can be modified with additional
polysaccharides such as xylans, to form biocomposites with tailored properties [7]. Comprehensive
characterization and understanding of the effect of xylan on the properties of bacterial cellulose were
performed and shed more light on the potential of the formed biocomposite material [7]. Cotton is
another cellulose-rich fiber applied to form textiles. Additionally, cotton fabrics can be functionalized
with metal-organic frameworks to form substrates for the filtration of wastewater, allowing photocatalytic
activity, decontamination, and micropollutant degradation as demonstrated by Schelling et al. [8].
Surface functionalization of materials to introduce new properties is also promising for biomedical
devices. Villegas et al. [9] reported an interesting approach where bioceramics were modified with a
lysine amino acid with a zwitterionic function that provides resistance to bacterial biofilm formation.
The modified biomaterial was tested against E. coli and S. Aureus, thus demonstrating the effect of the
surface modification on limiting the biofilm formation of the assessed microorganisms.

Polymers intended for biomedical use (biomaterials) are a timely topic of research. Biomaterials
have potential in e.g., regenerative medicine, as drug delivery vehicles, and wound dressings, provided
that the biomaterials are biocompatible with the human organism. Cellulose and chitosan are two
major natural polymers that have been combined to design biocomposite hydrogel beads proposed as
scaffolds for bone tissue engineering [10]. The study demonstrated the potential of natural polymers
and a facile chemical approach to design hydrogel beads that were tested for cytocompatibility and cell
attachment, important initial aspects to consider if the biomaterial is intended for tissue engineering
applications. In addition to natural polymers to fabricate scaffolds for bone tissue engineering [10],
repair of bone tissue using hypertrophic cartilage grafts has been demonstrated in this issue [11].
The authors explored the development of a devitalized hypertronic cartilage matrix in amounts that
were clinically relevant and assessed its effect on chondrogenic differentiation in vivo [11].

Tissue engineering includes a series of biomaterials and applications with the potential to improve
people’s quality of life, of which the regeneration of neural tissue is a specific example. Hence,
biomaterials that counteract neurodegenerative disorders by repairing damaged tissue and promoting
the growth of healthy tissue pose great societal benefits. Biocomposite scaffolds are necessary to
mimic the properties of healthy tissue. In this issue, self-assembled nanoribbon combined with
conductive polymers were the basis to form biocomposite scaffolds which promoted growth and
proliferation of cortical cells and axonal outgrowth [12]. Provided that the scaffolds are biodegradable
to promote cell proliferation and that biocompatibility is secured, the approach seems promising for
neural tissue engineering. Additionally, biomaterials based on proteins are interesting for biomedical
devices due to their biodegradability and biocompatibility [13]. This paper provides a clear example
of advanced bioengineering processes for the biosynthesis of proteins containing non-canonical amino
acids. The chemical functionalities of proteins can thus be tailored, expanding their characteristics
and applications within biomaterial science [13]. Importantly, the use of biomaterials as scaffolds for
tissue engineering requires a thorough understanding of the mechanical properties of the biomaterials
and how these properties affect cellular behavior such as proliferation and differentiation. It is thus of
great importantance to have adequate methods to measure and understand the cell-cell interactions
and the mechanotransduction between cells and the surrounding matrix. These physiological
processes were extensively reviewed by Zhang et al. [14], focusing on the detailed understanding
of the mechanosensory responses of cells by using e.g., cell traction force microscopy techniques.
Assessment of the cascade of signals involved in mechanotransduction in 3D microenvironments is
expected to facilitate the design of tailored scaffolds for tissue engineering [14].
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Finally, during recent years there has been an extensive development of bio-based materials
intended for biomedical applications (e.g., scaffolds for tissue engineering or wound dressings).
Although these bio-based materials are derived from natural biomass resources and are generally
considered to be non-toxic, some of the materials have nano-dimensions and surface chemistries that differ
from the original and natural state. It is thus of utmost importance to ensure that such nano-dimensions
and surface modifications do not compromise the biocompatibility. These aspects, in addition to relevant
endpoints, should be evaluated in every case to secure safety and human health [15].

Funding: Part of this work was funded by the MedIn project, MNET17/NMCS-1204—“New
functionalized medical devices for surgical interventions in the pelvic cavity”, Research Council
of Norway, Grant: 283895.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Thermoplastic composite materials containing wood fibers are gaining increasing interest
in the manufacturing industry. One approach is to use nano- or micro-size cellulosic fibrils as
additives and to improve the mechanical properties obtainable with only small fibril loadings by
exploiting the high aspect ratio and surface area of nanocellulose. In this study, we used four different
wood cellulose-based materials in a thermoplastic polylactide (PLA) matrix: cellulose nanofibrils
produced from softwood kraft pulp (CNF) and dissolving pulp (CNFSD), enzymatically prepared
high-consistency nanocellulose (HefCel) and microcellulose (MC) together with long alkyl chain
dispersion-improving agents. We observed increased impact strength with HefCel and MC addition
of 5% and increased tensile strength with CNF addition of 3%. The addition of a reactive dispersion
agent, epoxy-modified linseed oil, was found to be favorable in combination with HefCel and MC.

Keywords: wood fibers; nanocellulose; composites; wood fiber composites; wood polymer
composites; PLA

1. Introduction

The growing awareness of environmental issues has directed a focus towards the use of more
sustainable materials. Thermoplastic materials and thermoplastic composites are used as building
materials in an increasing number of products due to their easy processing, free forms of design and
the possibility to create products with lighter weight compared to metals or composites containing
glass fiber [1]. Among polymer matrices, polylactide (PLA) is a good choice, being derived from
renewable sources such as corn, sugar beet, sugar cane, cassava, but also from non-food cellulosic
feedstocks such as bagasse, wheat straw or wood chips [2]. Those are natural glucose sources from
which lactic acid, the monomer of PLA, can be produced by fermentation [3]. PLA has high strength
and modulus compared to e.g., polyolefins, and is biodegradable, if only in industrial composting
conditions. The disadvantages of PLA polymer are its low temperature resistance including low heat
deflection temperature (HDT) (below 60 ◦C), low moisture resistance and low flexibility. However,
for fiber composite materials PLA is an attractive matrix. When ligno-cellulosic fibers are added to
PLA, they usually improve the tensile properties, but impact properties are weakened and the material
becomes brittle if no coupling agents are added [4]. This is due to poor interaction between fiber and
polymer, which has also been demonstrated in other studies [5–7].

Microcrystalline cellulose is an interesting reinforcement material for PLA, because it contains
mainly crystalline cellulose and no weaker amorphous regions [8]. The crystallinity and low aspect
ratio are expected to provide better dispersion to PLA than cellulose materials with a high aspect

Bioengineering 2017, 4, 91 5 www.mdpi.com/journal/bioengineering
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ratio. Microcrystalline celluloses are typically available in powder form and are much more easily
applied in thermoplastic processes than nanocelluloses or cellulose pulp. The high specific surface
area (>0.5 m2/g) and crystalline structure of microcellulose may also offer a greater reinforcing effect
when compared to conventional cellulose fibers [9].

The use of nanocellulose in different forms and from different origins has been the focus in
the composite research work of several authors [10,11]. Due to their advantageous mechanical
properties and high surface area, nanocellulose fibers have good potential for utilization in load-bearing
composites. The theoretical tensile strength values for nanocellulose crystals are in the range
of 0.3–22 GPa and modulus values for a single cellulose nanofiber between 100 and 160 GPa.
The specific surface area of nanocellulose is estimated to range between tens to hundreds of square
meters per gram [12]. Improved composite properties have been demonstrated even with a very
low degree of filling of nanocellulose, below 5% [13]. The most effective way for production of
nanocellulose-reinforced composites is to use solvent casting, but from the manufacturing point of
view thermoplastic processing is a more cost-effective method. Jonoobi et al. presented a combined
thermoplastic extrusion process and solvent casting. PLA-CNF masterbatch was prepared by
dissolving PLA in acetone-chloroform mixture and solvent-exchanged kenaf CNF from aqueous
mixture to acetone, followed by mixing those two solutions and evaporating the solvent. This PLA-CNF
blend was then mixed with PLA using extrusion, and injection molded to test specimens. The authors
reported significant improvements in modulus and tensile strength of compounds, but also clearly
visible aggregates of nanofibers in PLA [14].

Several approaches have been reported in literature to improve the compatibility of hydrophilic
cellulose with hydrophobic PLA and to break the strong interaction between cellulose fibers.
These include different fiber modifications (e.g., acetylation, esterification, silylation, silanization,
oxidation, grafting, surfactants, coupling agents, plasticizers and physical modifications) [15–19].
Lu et al. modified cellulose nanofibrils to be more hydrophobic using amine-functionalization
and gained improved strength properties for PLLA using solvent casting method and quite high
nanomaterial addition (5–15%) [20]. Bulota et al. introduced acetylated microfibrillous cellulose to PLA
with solvent casting method using fiber contents 2–20%. He had the best tensile strength results with
fiber content over 10%. At 10% fiber content the Young’s modulus increased by approximately 15% and
tensile strength remained the same. However, the strain at break increased from 8.4% to 76.1% with
5% fiber loading and DS 0.43 [21]. The review article from Oksman presents comprehensively several
techniques for nanocellulose PLA composite manufacturing and mentions the use of plasticizers
together with nanocellulose in addition to improve nanocellulose dispersion to PLA [22]. One group
of additives also giving potential plasticizing effect is fiber de-bonders that enable cellulosic fibers to
disperse more evenly on polymeric materials in a variety of absorbent products [23]. Our assumption
was that a blend of non-ionic and cationic surfactants on cellulose fiber could improve the fiber
dispersion in PLA, thus improving its strength properties. Another group of additives are epoxidized
vegetable oils, which are bio-based plasticizer-stabilizers mainly used in PVC applications. They can
also be used as plasticizers with other polymers such as PLA [24]. Miao et al. also prepared composites
using only cellulose (paper) and epoxidized soy oil (ESO), which demonstrated the compatibility of
ESO and cellulose [25]. For coupling they used a catalyzer, which is assumed not to be needed in this
thermal molding process, due to the high temperature (>180 ◦C) in the process. When introduced on
the surface of the fibers, ESO is assumed to improve fiber dispersion in PLA due to the long alkyl chain.
The reaction between the OH group of cellulose and epoxies has been confirmed to proceed through
the opening of the epoxide ring in acidic conditions, caused by residual moisture in cellulose [26].
Nanocellulose, having a high specific surface area, also has a large number of OH-groups enabling the
reaction with epoxy groups even in lower temperature, which has been proven by Ansari et al. [27].

In this study, we prepared CNFs from three different wood-based raw materials and studied the
effect of the raw material in thermoplastic PLA composites using thermoplastic compounding and
injection molding as processing methods. There are certain challenges related to the thermoplastic
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processing and to achieving proper dispersion of the hydrophilic cellulosic material into the
hydrophobic polymer. In order to minimize this effect we used two-stage compounding. For material
comparison, we used microcellulose, which was easier to disperse into PLA than fibrous nanocelluloses.
Our approach was also to treat the cellulose fibers with two different commercial long alkyl chain
dispersion additives before compounding fibrils with PLA.

2. Materials and Methods

2.1. Polymer

Bio-based polylactide PLA 3052D (NatureWorks, Minnetonka, USA) was used as matrix polymer
in this study. The polymer content in the studied materials was between 95% and 97%. PLA 3052D is
a semi-crystalline polymer. It has melt flow index of 14 g/10 min (210 ◦C, 2.16 kg), specific gravity
1.24 and relative viscosity 3.3 [28]. It has an average molecular weight Mw 228.2 kg/mol and Mn

154.8 kg/mol determined in conjunction with this study by Virtanen et al. [29].

2.2. Nanocellulose Preparation

Cellulose nanofibrils (CNF) were produced using once dried bleached softwood kraft pulp from
a Finnish pulp mill (MetsäFibre, Äänekoski, Finland) and softwood dissolving pulp from Domsjö
Fabriker (CNFSD) (Örnsköldsvik, Sweden) followed by mechanical treatment with a high-shear grinder
as described in the following. The pulps were first soaked at 1.8% consistency for one day and dispersed
using a high shear Ystral Dispermix (Ystral, Markgräflerland, Germany) for 10 minutes at 2070 rpm.
Suspension was then fed into a Masuko Supermasscolloider (Masuko Sangyo Co., Kawaguchi-city,
Japan) type MKZA10-15J. The kraft pulp was ground with six passes and the dissolving pulp was
ground seven passes in order to obtain the CNF. The rotation speed was fixed at 1500 rpm. The gap
width was approximately 0.14–0.25 mm depending on the fibrillation cycle. The production yield
of ground material was 95% based on mass balance calculation. The material was stored at +5 ◦C
until used.

2.3. High-Consistency Nanocellulose Preparation

Bleached softwood pulp from a Finnish pulp mill (MetsäFibre, Äänekoski, Finland) was used as
the raw material for producing CNF at high consistency (HefCel). The enzymatic treatment was carried
out at a consistency of 25 w-% for 6 h at 70 ◦C using a two shaft sigma mixer (Jaygo Incorporated, NJ,
USA) running at 25 rpm. The pulp batch size was 300 g on dry basis. After the treatment enzyme
activity was stopped by increasing temperature of the mixer to 90 ◦C for 30 min. The fibrillated
material was diluted with deionized water, filtered and washed thoroughly with deionized water.
Finally, the fibrillated material was dewatered to a consistency of ~20% by filtration. The gravimetric
yield of the fibrillated material was 90%. The material was stored at +4 ◦C until used.

2.4. Microcellulose

Powdery microcellulose (MC), Arbocel B600 was obtained from Rettenmeier and Söhne GmbH
(Rosenberg, Germany). Typical topological polar surface area according to Chemical trading guide is
40.8 m2/g [30].

2.5. Nanocellulose Modification and Surface Treatments

In order to improve the dispersion of hydrophilic cellulosic fibers to hydrophobic PLA
two different dispersion additives were used. Arosurf PA780, obtained from Evonik (Essen,
Germany), is according to the manufacturer a fatty quarternary blend of non-ionic and
cationic surfactants [31]. Referred to here as DA. It contains <20% imidazolium compounds,
2-C17-unsaturated-alkyl-1-(2-C18-unsaturated amidoethyl)-4,5-dihydro-N-methyl, Me sulfates [32].
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Arosurf PA780 is a fiber de-bonder used in fluff pulp manufacturing [23]. In composites it was assumed
mainly to increase hydrophobicity on fiber surface and to improve fiber dispersion to the polymer.

The second dispersion additive was epoxydized linseed oil Vikoflex 7190 from Arkema (Colombes,
France), referred to here as VF (Vikoflex). It is recommended for plasticization and stabilization for
polymers such as PVC and limits color formation during processing [33]. It has minimum 9.0% oxirane
oxygen, capable of effecting a ring opening reaction in elevated temperature [34].

The introduction of both dispersing additives was carried by mixing the additives to CNF and
HefCel water dispersions and MC powder in a dough mixer. DA was added to 20 w-% of fiber amount
and VF to 10 w-% of fiber amount.

2.6. Drying

Before compounding with PLA HefCel and CNF were dried using a freeze-drying method.
Freeze drying agglomerated fibrils to some extent, but it was the best available methods for this purpose.
The water-containing slurry was frozen at −40 ◦C followed by freeze drying in a Supermodulyo 12K
Freeze Dryer (Edwards High Vacuum International, Crowley, UK). The modified MC was oven dried
at 50 ◦C overnight.

For plastic processing the PLA was dried in an oven at 50 ◦C overnight and nanomaterials were
added directly from the freeze-drying process.

2.7. Plastic Processing

The compounding of materials to total cellulose contents of 3% or 5% in PLA was performed
using a co-rotating Berstorff ZE 25x33D compounder (Berstorff GmbH, Hanover, Germany) and the
compounds were injection molded to standard (ISO 527) dog bone shaped test pieces with an Engel
ES 200/50 HL injection-molding machine (Engel Maschinenbau Geschellschaft m.b.H, Schwefberg,
Austria). In order to ensure proper dispersion of fibrous material the compounding stage was
performed twice. The reference PLA was also compounded as such before injection molding, in order
to ensure the same thermal stress on materials. In compounding the temperature profile was from
165 ◦C in the feeding zone to 200 ◦C in the nozzle and the screw speed was 100 rpm. The temperature
profile in injection molding was from the feed 180 ◦C to the nozzle 200 ◦C and the mold temperature
was 25 ◦C.

2.8. Mechanical Testing

Tensile testing was performed according to ISO 527 using Instron 4505 Universal Tensile Tester
(Instron Corp., Canton, MA, USA) mechanical test equipment. The results are the average of a
minimum of five replicate samples with thickness 4 mm, total length 170 mm, in measurement point
the test specimen length is 85 mm and width 10 mm.

Charpy impact strength was tested according to ISO 179 using unnotched samples flatwise and
using a Charpy Ceast Resil 5.5 Impact Strength Machine (CEAST S.p.a., Torino, Italy). Sample size was
4 mm × 10 mm × 100 mm and the result is the average of 10 samples.

All the tested samples were conditioned at 23 ◦C and 50% relative humidity for a minimum of
five days before testing.

2.9. SEM and Optical Microscopy

The morphologies of fibers and injection-molded samples were studied by scanning electron
microscopy (SEM). The sample surface was coated with gold to prevent surface charging. In the case
of injection-molded samples the scanning was made on cross-cut surfaces. Analyses were performed
using JEOL JSM T100 (JEOL ltd., Tokyo, Japan) with a voltage of 25 kV.

Optical microscopy pictures were taken according to Kangas et al. [35].
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3. Results and Discussion

3.1. Characterisation of Micro- and Nanocellulose Fibers

Optical microscopy images of micro- and nanocelluloses are presented in Figure 1. According to
the microscopic images only a few fibril bundles still existed in the CNF samples, but the amount of
residual fibers was low. No clear differences were observed between CNF and CNFSD. MC appeared
as round particles together with some long fibrous particles about 100 μm long (Figure 1 down right).
The SEM images presented in Figure 2 provide a closer view of CNF and HefCel. Both CNF made of
softwood pulp and HefCel appear as a network of slender fibrils and fibril aggregates. During the
sample preparation HefCel had a high tendency to film formation, which partly covered the fibrillar
network beneath. Morphological characteristics were evaluated based on optical microscopy and SEM.
The average fiber dimensions of CNF, HefCel and MC are presented in Table 1.

Table 1. Fiber dimension of cellulosic materials used in PLA composites.

Fiber Fiber Length, μm Mean Fiber Width, nm

CNF/CNFSD <10 15–40
HefCel 0.2–0.5 15–20

MC Average 60 [36] n.a.

Figure 1. Images of fibrillated samples. CNF made of dissolving pulp CNFSD (upper left), kraft pulp
CNF (upper right), HefCel CNF (lower left) and microfiber MC (lower right).
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Figure 2. SEM images of fibrillated samples. HefCel CMF (left) and CNF kraft pulp (right).

3.2. Characterisation of Injection Moulded Test Bars

Injection molded test bars are shown in Figure 3. The dispersion of CNFs and HefCel into PLA
was poorer than with MC and fibril aggregates, as observed in test bars containing CNF and HefCel.
The addition of both the dispersion additives DA and VF improved the dispersion of all cellulosic
materials to PLA. In composites containing MC the effect of dispersion agent cannot be seen due to
the better dispersion capacity of MC as such, which may be due to its content of individual particles,
without aggregates.

 

Figure 3. Injection molded test bars.

3.2.1. SEM

Although the injection molded test bars contained visible cellulose aggregates, individual
well-dispersed fibers were detected within the PLA matrix in SEM images (Figure 4). A closer
look with a higher magnification shows a small orbicular area between fiber and polymer in all the
composite samples indicating a poor connection between the PLA polymer matrix and the embedded
cellulose fibrils and particles (Figure 5).
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Figure 4. SEM image of injection molded test bars. (A) PLA matrix, (B) PLA with CNF, (C) PLA with
HefCel CMF and (D) PLA with MC. Arrows are indicating fibers.

Figure 5. SEM image of injection molded test bars. (A) PLA with CNF, (B) PLA with HefCel CMF and
(C) PLA with MC. Fiber loading 5%. Arrows are indicating a gap between the fiber and polymer.

3.2.2. Mechanical Results

Mechanical tests such as tensile strength and Charpy impact strength were performed for injection
molded composite samples containing 3% or 5% cellulosic fibers in PLA. The tensile test results are
presented in Figure 6 and the Charpy impact strength (unnotched) results in Figure 7. In the results,
PLA 3052 is presented after injection molding and PLA ref., after going through the same compounding
and injection molding processes as the fiber containing materials.
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Figure 6. Tensile strength results (A), and modulus and strain at break (B) for injection molded
PLA composites.

Reduced tensile strength and increased elongation and modulus can be seen for neat PLA after
an additional compounding stage (Figure 6). The increase in modulus in twice compounded PLA
ref compared to PLA 3052D may be related to increased crystallinity of PLA due to additional
processing cycles. For example Tábi et al. observed increased crystallization in PLA sheets due
to heat treatment [37]. The tensile strength reduction indicates PLA degradation due to additional
thermal stress, which has also been found by other authors [38–40]. The effect of compounding on
PLA 3052D molecular weight was determined in study by Virtanen et al. [29]. The same compounding
method was used in this study and the current composite results can be compared to the PLA ref.
and PLA-DA, which is PLA ref with DA. The addition of 1% of dispersion additive DA to PLA is able
to plasticize the PLA and the effect can be seen as a 39% decrease in the modulus (PLA-DA).

When comparing the results without any dispersion additives, the PLA compounds with CNF,
CNFSD, HefCel and MC gave very similar response in the tensile strength results; reduced strain at
break, 19–27% decrease to modulus, but 4–11% increase in tensile strength at break value. Comparing
the CNF addition in levels of 3% and 5% the CNF amount of 3% gave better tensile modulus (3910 MPa
vs. 3550 MPa) and slightly better tensile strength value (56.6 MPa vs. 56.1 MPa). This can also be seen
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in the impact strength values (Figure 7) for CNF and CNFSD, which may indicate that the optimum
value for CNF addition to PLA is below 5%. The lowest effect on tensile strength results was obtained
with MC, which result is supported also by Bulota et al. [21]. The low optimum, below 5% of cellulosic
nanomaterial to PLA, is supported by the results of other studies [19,41].

The dispersion additive DA appears to provide no additional improvements to tensile strength
values with CNF, HefCel or MC compared to materials without dispersion additive. The presence of 3%
CNF gave about 6% increase in tensile strength at break compared to PLA-DA without fibers (54.5 MPa
vs. 51.5 MPa). 5% of HefCel-DA and MC-DA decreased the tensile strength by 4–6% compared
to composite materials without DA. When the modulus of fiber materials with DA is compared to
PLA-DA, there is an 11% to 13% increase in results with all fibers from 3480 MPa to over 3800 MPa,
which indicates the stiffening effect of DA-containing materials due to the fibers. The same effect on
the modulus was also observed when dispersion additive VF was used in combination with HefCel
and MC. A 20% increase in modulus was observed with HefCel-VF and a 9% increase with MC-VF
compared to PLA-DA. High modulus with HefCel-VF (4179 MPa) may indicate a reaction between
fiber and polymer in addition to the improved dispersion presented in Figure 3. The strengthening of
the dispersing additive VF containing HefCel can also be seen as an 8% higher tensile strength at break
compared to HefCel-DA. The different effect of VF in HefCel and MC may be due to different surface
area of fibers. HefCel has more surface area compared to MC thus providing more space for VF to
react when applied on the fiber surface. The actual surface area of HefCel nanofibrillar material was
not measured. Literature represents surface area for bleached softwood-based cellulose nanofibrils
prepared with enzymatic method 304 m2/g [42] and without enzymes 195 m2/g [43]. According to
SEM-pictures and fiber length, HefCel is nano-size material and is assumed to have larger specific
surface area than MC (40.8 m2/g) [30]. Due to the small amount of fibers and additives in the polymer,
also the actual reaction of VF between fibrils and polymer could not be verified by FTIR and only
secondary indication through the mechanical results was used.

No significant difference between dissolving pulp CNF or kraft pulp CNF was observed in the
tensile strength results in PLA composites. There was only a slight indication that kraft pulp CNF
could be better for this purpose. Furthermore, no significant difference between CNF and HefCel was
found in the tensile strength results.
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Figure 7. Charpy impact strength (unnotched) results for injection molded PLA composites with
cellulosic fiber content of 3% or 5%.
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The Charpy impact strength results in Figure 7 show no difference for neat PLA,
after compounding (PLA ref.) or for PLA with DA. The addition of CNF (3% or 5%) and CNFSD (5%)
caused 14–30% reduction in impact strength in comparison to PLA ref., which may be due to poor
fibril dispersion. However the addition of pure HefCel increased the impact strength by 5% (from 16.8
to 17.8 kJ/m2) even with poor fibril dispersion. Pure MC addition had a clear positive effect on impact
strength, as indicated by a 42% increase (from 16.8 to 24.1 kJ/m2), which may also have been partly
due to better fiber dispersion of MC to PLA compared to nanofibers. The DA addition had a small
positive effect on the CNF results probably due to improved dispersion. The same effect of DA can be
seen for HefCel as a 27% increase in impact strength and for MC as a 100% increase in impact strength
(from 17.0 to 34.1 kJ/m2). VF addition has a 17% positive effect on impact strength with HefCel
(from 17.8 to 20.9 kJ/m2) and a 74% increase with MC (from 17.0 to 29.5 kJ/m2). The smaller effect
of VF may also be due to the fact that DA addition to fiber was double compared to VF. Part of this
impact strength increase may come from improved dispersion, and it appears that the aspect ratio also
has an impact on dispersion effectiveness. The highest impact strength was obtained with MC with
very good dispersion to PLA, and the second best was with HefCel with improved dispersion due to
dispersing agents. DA improved the dispersion of CNF and gave slightly better impact strength results
compared to composite without DA. However, there are still challenges to disperse the hydrophilic
nanofibrillous material in hydrophobic PLA polymer.

The higher variance in impact strength results of MC containing composites may be due to their
lower aspect ratio compared to nanomaterials and poor connection to the polymer matrix, which can
be seen in Figure 5C.

4. Conclusions

In this study, cellulose nanofibrils (CNF and CNFSD) and high-consistency HefCel nanocellulose
were prepared and their effects on PLA–cellulose composites were studied. Commercial microcellulose
(MC) was used as comparison for nanocelluloses. The target was to explore the effects of
these nanomaterials in thermoplastic PLA composites when used in small amounts of 3% to
5%. In the processing we used thermoplastic processes such as compounding and injection
molding. We appreciated the challenges that may occur during the thermoplastic processing
and in obtaining efficient dispersion of hydrophilic cellulosic material to hydrophobic polymer.
A two-stage compounding process was used to improve the cellulosic material dispersion into polymer
matrix. In addition, in order to improve the fiber dispersion to PLA, two different long alkyl chain
dispersion-improving additives were introduced on the fiber before compounding with PLA. One of
them, VF, was also able to cross-link fibers and polymers.

As a result it was found that the introduction of 3% to 5% cellulosic nanomaterial to PLA without
dispersing additives provided no improvement in tensile strength at yield, modulus or elongation
of PLA. However the tensile strength at break was improved 4%–11%. The best result without
dispersing additives was obtained using 3% CNF in PLA. There was a 4%–28% reduction in the
modulus compared to reference PLA. The highest reduction in modulus occurred when the dispersing
additive DA was used without fibers. However when the dispersing additive was changed to a more
reactive additive, VF, and the matrix was loaded with HefCel, the modulus increased by 20% compared
to PLA-DA. This indicated toughening of fiber-PLA composites and a reaction between the fiber and
the polymer matrix. A higher effect on modulus was observed with HefCel due to its greater surface
area compared to MC.

The impact strength results showed 14–30% reduction when CNF and CNFSD were used without
additives. No clear effect was observed with HefCel without additives. MC dispersed most easily on
PLA and gave significantly better impact strength results compared to nanocellulose material. A 42%
increase with MC was observed indicating the positive effect of good dispersion, but also indicating
the effect of fiber dimensions on strength properties. The filler type fiber, MC, with its low aspect
ratio, gave the best results for impact strength and even HefCel, with its wide variation of fiber lengths
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and fibrillation degree, gave better results than CNF. The improved dispersion due to the dispersion
additives DA and VF improved impact strength with all the fibers. The reactive additive VF was able
to increase impact strength when used at only 10 w-% on the fiber surface. This also indicates that the
reactive additive VF is the more effective additive for cellulosic fiber in PLA composites than pure
dispersing agents without the ability to cross-link fibers and polymers.

According to these results, there were no significant differences between dissolving pulp CNF and
kraft pulp CNF in the tensile strength results in PLA composites. There was only slight indication that
kraft pulp CNF could be better for this purpose. We observed that HefCel was easier to process and
disperse in PLA than CNF, and that HefCel gave slightly better overall mechanical results than CNF.
However, when the surface of nanocellulose can be modified for improved dispersion to polymers,
there is more potential to further improve the PLA properties even at low dosages below 5%. This opens
new potential uses for PLA in biomedical devices and implants in applications in which improved
strength is needed. Especially in 3D-printing with PLA filament, there are challenges in the strength
properties of thin-walled and structured parts due to the lack of pressure in manufacturing. Thus,
improvements in inherent material strength are needed.
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Abstract: The aim of the current work was to encapsulate olive leaves extract in biodegradable
poly(lactic acid) nanoparticles, characterize the nanoparticles and define the experimental
parameters that affect the encapsulation procedure. Moreover, the loaded nanoparticles were
incorporated in a cosmetic formulation and the stability of the formulation was studied for a
three-month period of study. Poly(lactic acid) nanoparticles were prepared by the nanoprecipitation
method. Characterization of the nanoparticles was performed using a variety of techniques:
size, polydispersity index and ζ-potential were measured by Dynamic Light Scattering; morphology
was studied using Scanning Electron Microscopy; thermal properties were investigated using
Differential Scanning Calorimetry; whereas FT-IR spectroscopy provided a better insight on the
encapsulation of the extract. Encapsulation Efficiency was determined indirectly, using UV-Vis
spectroscopy. The loaded nanoparticles exhibited anionic ζ-potential, a mean particle size of
246.3 ± 5.3 nm (Pdi: 0.21 ± 0.01) and equal to 49.2%, while olive leaves extract release from the
nanoparticles was found to present a burst effect at the first 2 hours. Furthermore, the stability studies
of the loaded nanoparticles’ cosmetic formulation showed increased stability compared to the pure
extract, in respect to viscosity, pH, organoleptic characteristics, emulsions phases and grid.

Keywords: olive leaves; encapsulation; nanoparticles; delivery; biodegradable polymers;
poly(lactic acid); natural antioxidants; cosmetics

1. Introduction

Oxidative stress is one of the main factors which cause skin aging [1–9]. For its defence, skin is
equipped with enzymes and endogenous antioxidants in order to control the reactive oxygen species
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(ROS) in balance and repair the damage caused by them. However, over time this defensive mechanism
of the skin weakens [2,7]. Plant and herb extracts, rich in natural antioxidants, have been widely used in
topical formulations to help skin’s endogenous protection system from oxidative damage [2–4,6,8–12].

From ancient times in the regions around the Mediterranean Sea and the islands therein, olive
leaves extract (OLE) has been widely used in folk medicine [13–16]. The main components of the leaves
of the olive tree (Olea europea) are secoiridoids like oleuropein, ligostroside and dimethyloleuropein.
Furthermore, they contain flavonoids (such as luteolin-7-glucoside, apigenin, diosmetin, rutin) as well
as phenolic compounds (such as tyrosol, caffeic acid, vanillin, vanillic acid, hydrotyrosol) [15–17].

Among this plethora of active components, oleuropein is the main constituent of olive leaves
extract, and presents a very broad variety of properties; anti-inflammatory, antimicrobial, antioxidant,
cardio protective, antiviral, anti-ischemic and hypolipimedic [15–17]. Oleuropein can be hydrolysed to
hydroxytyrosol and elenolic acid or to oleuropein aglycon and glucose [15,18].

In spite of this wide spectrum of properties, the use of olive leaves extract is limited due
to its sensitivity to temperature, light and oxidation, while it presents low aqueous solubility
and a bitter taste [19]. A way to overcome these limitations is to encapsulate the extract into
biodegradable polymeric nanoparticles (NPs) [20–26]. In general, encapsulation strategies are
being constantly developed in order to face a significant number of drawbacks when using pure
active compounds systemically or topically. The main benefits are: (i) protection of encapsulated
compounds from degradation and adverse environments; (ii) improvement of active compound
physicochemical characteristics; (iii) controlled release; and (iv) precision targeting, all resulting in
enhanced effectiveness and bioavailability.

Especially for the cosmetics and personal care markets, the topical application of the relevant
formulations requires the successful delivery of active ingredients through the skin’s lipid barrier,
that is, stratum corneum; it is the upper 10–20 μm layer of the skin, being the first barrier in dermic
diffusion with a structure similar to “plastic wrap” [20]. Transport through the stratum corneum
is restricted to molecules of low molecular mass (<500 Da) and moderate lipophilicity (partition
coefficients, log Ko/w values between 1 and 3), having enough solubility in the liquid domain of
the stratum corneum while still having sufficient hydrophilic nature to allow partitioning into the
epidermis [27]. In healthy skins, loaded micro/nanocarriers penetrate into the stratum corneum and
hair follicle canals, releasing the encapsulated ingredients there, with no evidence for the translocation
of the entire particles [20,22,28–32].

In this study, the aim was to encapsulate the olive leaves extract in polymeric NPs, characterize
the nanoparticles and define the experimental parameters that affect the encapsulation procedure.
Moreover, the loaded nanoparticles were incorporated in a cosmetic formulation and the stability of
the formulation was studied for a three-month period study. The polymer selected was poly(lactic acid)
(PLA), which is an aliphatic polyester, lipophilic, biodegradable, biocompatible, commonly used in
several clinical trials and approved by European regulatory authorities as well as FDA [24,26,29,33,34].
Finally, the emulsification-solvent evaporation technique was the chosen method for the preparation
of the nanoparticles.

2. Materials and Methods

2.1. Materials

Olive tree (Olea europaea) leaves (1 kg) were collected from pesticide-free olive trees in the “Afidnes”
region, belonged to the “Megaritiki” cultivar and were dried at room temperature, in the dark, for nine
days. The dried leaf material obtained was 670.4 g. The PLA used presented viscosity-average molecular
weight (Mv) of 46,000 g/mol and was obtained from solid state hydrolysis of a commercial resin
(PLI005, NaturePlast, Ifs, France) at 60 ◦C under acidic conditions (pH 3) [35]. Poly(vinyl alcohol) (PVA)
(Alfa Aesar, Ward Hill, MA, USA), which was used as emulsion stabilizer, was of average molecular
weight 88,000–97,000, 87–89% hydrolysed. All the organic solvents used were of analytical grade.
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2.2. Methods

2.2.1. Preparation of Olive Leaves Extract (OLE)

The dried olive leaves were extracted with organic solvents of different polarity [15]. Briefly, dried
leaves (100 g) were chopped and extracted with methanol (500 mL) for 3 days, in the dark, at room
temperature. Afterwards the methanol extract was filtered and concentrated under reduced pressure.
The residue was re-dissolved in an acetone-water solution (100 mL, 1:1) and washed with hexane
(4 × 25 mL), chloroform (4 × 25 mL) and ethyl acetate (4 × 25 mL). The ethyl acetate extracts were
combined and concentrated in vacuo (Figure 1). The solid residue (2.2 g) was collected and kept at 4 ◦C,
in dark-coloured glass vials. The procedure was repeated for the rest of the dried material. Finally, from
the 670.4 g of dried olive leaves a total amount of 14.8 g of extract was obtained (yield 2.2%).

 

Figure 1. Experimental procedure for the preparation of olive leaves extract (OLE).

2.2.2. High-Performance Liquid Chromatography Analysis of Olive Leaves Extract

HPLC-analysis was performed on a HP 1100 Series gradient HPLC system (Agilent Technologies,
Santa Clara, CA, USA) equipped with Class VP chromatography data station software, a SIL-10AF
autosampler, a CTO-10AS column oven (251 ◦C), an SPD-10AV UV Visible detector and a diode array
detector (DAD) (Hewlett-Packard, Waldbronn, Germany). A column (250 × 4.6 mm) packed with 5 μm
particles Hypersil C18 (MZ 156 Analysentechnik, Mainz, Germany) was used. The elution solvents
consisted of aqueous 6% acetic acid and 2 mM sodium acetate (solvent A) and acetonitrile (solvent B).
Gradient elution: 0–25 min, 100–50% A and 0–50% B, flow rate 0.8 mL/min; 25–26 min, 50–0% A
and 50–100% B, flow rate 0.8 mL/min; 26–27 min, 0% A and 100% B, flow rate 0.8–1.2 mL/min;
27–40 min, 0% A and 100% B, flow rate 1.2 mL/min; 40–41 min, 0–100% A and 100–0% B, flow rate
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1.2–0.8 mL/min, 41–45 min, 100% A and 0% B, flow rate 0.8 mL/min The injection volume was 20 μL
and DAD signals were recorded at 280 nm (oleuropein) and 330 nm (vanillin and rutin) [36].

The identification of polyphenols in olive leaves extract was performed by comparison of retention
times of standard solutions and confirmed with characteristic spectra using the diode array detector.

The quantification of identified phenolic compounds was carried out by external 6-point
calibration pure standards. The linearity of the calibration curves was verified in each case by analysis
in triplicate of standard solutions containing 100–1000 μg/mL for oleuropein, 0.08–0.8 μg/mL for
vanillin and 152–1520 μg/mL for rutin. The concentration of polyphenols was expressed in mg/mL.

2.2.3. Luminol Chemiluminescence Assay

A chemiluminescence method was used as described by [37]. One millilitre of borate buffer
solution (50 mM, pH 9) containing CoCl2·6H2O (8.4 mg/mL) and EDTA (2.63 mg/mL) was first
mixed with 0.1 mL of luminol solution (0.56 mM in borate buffer 50 mM, pH 9) and vortexed for
15 s. All samples were dissolved in DMSO. An aliquot of 0.025 mL of sample and 0.025 mL of H2O2

aqueous solution (5.4 mM) were then added into the test tube, the mixture was rapidly transferred
into a glass cuvette, and the CL intensity (Io) was recorded. The instantaneous reduction in Io elicited
by the addition of the sample was recorded as I and the ratio (Io/I) was calculated and plotted
vs. concentration (mg/mL) of the sample. The concentration of sample (IC50), which is required
to decrease Io intensity by 50%, was also calculated. For all measurements, a LS55 Luminescence
Spectrometer-Perkin Elmer was used, keeping the lamp off and using only the photomultiplier of the
apparatus. All determinations were carried out at least in triplicate and values were averaged and
given along with the standard deviation (±SD).

2.2.4. Preparation of PLA Nanoparticles (PLA NPs)

PLA nanoparticles were prepared by the nanoprecipitation method. For a 20% drug loading
(mass of OLE per mass of polymer used, w/w) PLA (20 mg) was dissolved in acetone (2 mL), and
then mixed with an OLE-MeOH solution (4 mg of OLE in 2 mL MeOH). Subsequently, the organic
solution was injected in an aqueous solution of PVA (1% w/v). The emulsion was left in magnetic
stirring for 10 min at 250 rpm and then in shaker at 90 rpm, overnight, for evaporation of the solvents.
Afterwards, the nanoparticles formed were recovered by centrifugation. An initial centrifugation at
17,000 rpm for 20 min at 10 ◦C was performed. The resulting supernatant (S1) was recovered and stored
in a dark-coloured container. The nanoparticle sediment was re-suspended in deionized H2O and
centrifuged under the same conditions (17,000 rpm, 20 min and 10 ◦C) and the supernatant (S2) was
recovered and stored. The NPs obtained were re-dispersed in doubly distilled (dd) H2O (1 mL) and
stored at 4 ◦C. Unloaded (blank) NPs were prepared using the same procedure without the addition of
the OLE.

2.2.5. 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) Radical Scavenging Assay

The DPPH method was used to determine antioxidant activity of olive leaves extract. Briefly,
a solution of DPPH in methanol (0.1 M) was prepared and added (0.1 mL) to samples of different
concentration OLE solution in methanol (3.9 mL, 0.03–0.4 mg/mL) and allowed to react in the dark, at
room temperature. After 20 min, the absorbance values (Abssample) were measured at 515 nm against a
blank sample (Absblank). The remaining free radical DPPH in percent was calculated using Equation (1):

%RemDPPH =
Abssample

Absblank
× 100 (1)

In order to calculate the IC50 value, a graph of the remaining DPPH (% RemDPPH) against the
sample concentration (Csample) was plotted.
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2.2.6. Total Phenolic Content

The total phenolic content of the OLE was determined by using the Folin-Ciocalteu method with
some modifications. 100 μL of OLE or standard solution of Gallic acid (50, 100, 150, 250, 500 ppm) in
MeOH were added to 500 μL of a Folin-Ciocalteu solution, followed by 1.5 mL of sodium carbonate
solution. The reagents were mixed and incubated for 30 min in the dark at room temperature.
Afterwards, the absorbance was measured at 765 nm in triplicate. The average data was interpolated
in a gallic acid calibration curve and the total phenolic content was expressed as mg Gallic Acid
Equivalents (GAE)/g of dry extract.

2.3. Nanoparticles (NPs) Characterization

2.3.1. Determination of Particle Size, Pdi and ζ-Potential

Mean particle size, polydispersity index (Pdi) and ζ-potential of loaded and blank nanoparticles
were determined via Dynamic Light Scattering (DLS) technique, using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). The samples were prepared by dispersing 0.2 mL of nanoparticle suspension
in dd. H2O (4 mL) resulting in off-white opaque aqueous suspensions. All measurements were
performed in triplicate, at 25 ± 1 ◦C and results were reported as mean ± standard deviation (SD).

2.3.2. Morphology

The surface morphology of the nanoparticles prepared was examined using Scanning Electron
Microscopy (SEM). The analysis was performed on a NanoSEM 230 (FEI Company, Hillsboro, OR, USA)
equipped with an Everhart-Thornley Detector (ETD) and a Through Lens Detector (TLD). In order
to secure conductivity of the surface for clear imaging, gold sputtering was applied with a nominal
thickness of 7 nm using an EMS 550X Sputter Coater (Hatfield, PA, USA).

2.3.3. Encapsulation Efficiency Determination

Encapsulation efficiency (EE%) was determined indirectly using UV-Vis spectroscopy. For that
purpose, the supernatants (S1, S2) from the centrifugation step of the preparation of loaded NPs were
decanted and their UV-Vis spectrum was obtained at 287 nm. The concentration of OLE was calculated
using the calibration curve shown in Figure 2.

The percent EE was then calculated using Equation (2):

EE% =
Tatal amount of OLE(mg)− Free amount of OLE in superna tan ts(mg)

Total initial amount of OLE(mg)
× 100 (2)

 

Figure 2. Calibration curve of OLE for the determination of EE% and in vitro release profile.
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2.3.4. Thermal Properties

Differential scanning calorimetry (DSC) analysis was conducted on samples of OLE, PLA and
OLE-loaded NPs using a Mettler DSC 1 STARe System® (Mettler Toledo, Columbus, OH, USA).
The specimens were heated from 30 to 170 ◦C, with a heating rate of 10 ◦C/min, under nitrogen flow
(20 mL/min). The mass fraction crystallinity of the PLA (pure PLA, blank NPs) was calculated by
Equation (3):

xc =
ΔH
ΔH0

× 100 (3)

where, ΔH is the heat of fusion of the sample (J/g) and ΔH0 is the heat of fusion of 100% crystalline
polymer (J/g). ΔH0 is considered equal to 93.1 J/g [35].

2.3.5. FT-IR Spectroscopy

FT-IR spectra of the OLE, the blank NPs and the OLE-NPs were obtained on a JASCO 4200
(JASCO Inc., Easton, MD, USA) using the ATR technique in the scanning range of 650–4000 cm−1.

2.3.6. In Vitro Release Study

Preliminary in vitro release of OLE from the polymeric NPs was investigated using UV-vis
spectroscopy, following a slightly modified literature procedure [38]. Experiments were carried out by
suspending 12 mg of loaded nanoparticles into 4.2 mL of phosphate buffer (pH 5.6). The temperature
was set at 37 ± 0.5 ◦C and the magnetic stirrer at 120 rpm. At appropriate intervals, the suspension
was centrifuged at 12,000 rpm for 15 min. The supernatants were removed after every centrifugation
and the precipitated nanoparticles were re-suspended in 4.2 mL of fresh buffer and were then put back
in the magnetic stirring. The amount of OLE released in supernatants was inferred from the calibration
curve used for the EE% calculation, in triplicate.

2.3.7. Incorporation of OLE-NPs in Cosmetic Formulation and Stability Studies

The pure extract and OLE-loaded NPs were incorporated in an o/w base cream and stability
tests were performed: for a 3-month period, samples were stored at different temperatures (5, 25,
40 ◦C and freeze-thaw cycles 5–45 ◦C) and were examined at regular intervals. The tested parameters
of the stability studies were: viscosity, pH, organoleptic characteristics, emulsions phases and grid.
The main characteristics of the o/w base cream used for this study were: light beige-yellow cream of
characteristic scent, pH: 5.47, viscosity (25 ◦C): 20450cSt.

3. Results and Discussion

3.1. Antioxidant Activity of Olive Leaves Extract (OLE), PLA and OLE-NPs

Taking the multifactorial character of oxidative stress into account, we decided to evaluate the
in vitro antioxidant activity of OLE, using two different antioxidant assays: (a) the radical scavenging
ability of OLE was tested against the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) stable free radical; and
(b) the ability of OLE, OLE-NPs and PLA to scavenge hydrogen peroxide (H2O2), a very important
reactive oxygen species the production of which is increased during skin aging, was tested using the
luminol chemiluminescence method. Moreover, the total phenolic content of the OLE was determined.
Quercetin, a potent antioxidant flavonoid which is used in many cosmetic formulations was used as
the reference compound. The results are presented in Table 1.

The results show that the OLE prepared in this study is a potent DPPH radical and H2O2

scavenger, although less effective than quercetin, therefore it constitutes a promising additive for
cosmetic applications. PLA does not show important antioxidant activity (IC50 36.45 mg/mL), whereas
the OLE-NPs present a significantly higher antioxidant activity than PLA (IC50 4.37 mg/mL).
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Table 1. Antioxidant activity of olive leaves extract (OLE), poly(lactic acid) (PLA) and OLE-loaded
nanoparticles (OLE-NPs). Quercetin was used as a reference antioxidant.

DPPH Radical Scavenging
Ability IC50 (mg/mL)

Total Phenolic Content GAE
(mggallic acid/gof dry extract)

H2O2 Scavenging
Ability IC50 (mg/mL)

OLE 0.283 391.7 0.254 ± 0.007
PLA n.t. * n.t. 36.45 ± 2.03

OLE-NPs n.t. n.t. 4.37 ± 0.12
Quercetin 0.073 n.t. 0.049 ± 0.003

* n.t. = not tested.

3.2. Phytochemical Profile of Olive Leaves Extract

The polyphenolic profile of olive leaves’ extract obtained from “Megaritiki” cultivar was
determined using HPLC. A typical chromatogram of the olive leaves’ extract is given in Figure 3.
Oleuropein, vanillin and rutin were identified by comparison of the UV-VIS spectra of the peaks
separated by HPLC (Figure 3). Table 2 shows the retention times, the calibration equations with the
corresponding coefficients of determination, the variation coefficients obtained in the consecutive
analysis of 10 samples of each compound and the concentration of oleuropein, vanillin and rutin
in OLE.

Figure 3. HPLC chromatogram of olive leaves extract (OLE). The peaks that were identified are:
1 oleuropein, 2 vanillin and 3 rutin. The UV-VIS spectra corresponding to the main polyphenols
components are shown above the chromatogram.

Table 2. High-performance liquid chromatography (HPLC) of olive leaves extract (OLE): validation
parameters and quantification of the identified phenolic compounds.

Phenolic
Compound

Retention
Time (min)

Variation
Coefficient (%)
for Retention
Time (n = 10)

Calibration Equation

Variation
Coefficient (%)

for Concentration
(n = 10)

C (mg/mL) % in OLE

Oleuropein 18.4 0.46 y = 5730.3x − 98.3
R2 = 0.9962 0.80 0.347 ± 0.035 69.5

Vanillin 15.0 0.19 y = 1755.5x + 3.51
R2 = 1 0.15 0.005 ± 0.001 1.06

Rutin 17.1 0.44 y = 824.9x − 1.53
R2 = 1 0.31 0.020 ± 0.005 4.03

The quantitative determination of oleuropein, vanillin and rutin in OLE was achieved with a
retention time of 18.4, 15.0 and 17.1 min, respectively. The sensitivity of the method was evaluated
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by determining the limits of detection (LODs) (signal-to-noise ratio (s/n) = 3) and the limits of
quantification (LOQs) (s/n = 10). High coefficients of determination were obtained for all three
standards (R2 = 0.9962, 1, 1 for oleuropein, vanillin and rutin, respectively) indicating good linearity
response of the method proposed with LODs/LOQs (μg/mL) equal to: 44/135, 0.06/0.15 and 66/187
for oleuropein, vanillin and rutin, respectively.

The main phytochemical identified was the secoiridoid oleuropein (69.5%), as expected, because
olive leaves are the richest source of this compound. Oleuropein content in OLEs can vary depending
on plant maturation, cultivar type and harvest time. For example, Mourtzinos et al. found 90.2%
oleuropein in the olive leaves extract obtained following exactly the same extraction procedure but
another cultivar (“Kalamon”) harvested in the Thermopylae region (Central Greece) [15]. Small
amounts of the flavonoid rutin and vanillin (4% and 1%, respectively) were also present in the studied
extract. Rutin has been reported to be present in olive leaves extract obtained from the same Greek
cultivar [39] whereas vanillin is a common phenolic compound in other Greek cultivars but, to our
knowledge, has not been reported from the OLE extract from “Megaritiki” cultivar.

3.3. Nanoparticles (NPs) Characterization and Encapsulation Efficiency (EE%)

Particle size and polydispersity are the most important characteristics of nanocarrier systems.
They determine the targeting ability of NPs and toxicity, while they greatly influence the drug loading,
drug release and the stability of NPs [31,40]. In the present study, PLA NPs prepared in different
batches showed mean particle size in the range of 166.8–291.2 nm and polydispersity indices between
0.08–0.26, revealing a homogenous nanoparticle population (Table 3).

The morphology of discrete spherical polymeric nanoparticles was also verified by SEM indicating
the effectiveness of the herein applied procedure to prepare OLE-loaded PLA nanospheres (Figure 4).

Table 3. Characterization of indicative batches of blank PLA nanoparticles (blank-NPs) and PLA
nanoparticles loaded with oil leaves extract (OLE-loaded NPs): particle size, polydispersity index (Pdi),
ζ-potential, encapsulation efficiency (EE).

Size (nm) Pdi ζ-Potential (mV) EE%

OLE-loaded NPs 246.3 ± 5.3 0.21 ± 0.01 −27.5 ± 0.12 49.2
Blank-NPs 220.6 ± 4.0 0.08 ± 0.00 −19.3 ± 0.74 -

 

Figure 4. Scanning Electron Microscopy (SEM) image of PLA nanoparticles loaded with oil leaves
extract (OLE-loaded NPs).

Zeta potential is also an important parameter in the characterization of NPs, since it measures the
surface charge and gives information about suspension stability under defined conditions [24,31,41].
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As can be observed in Table 3, the NPs prepared present negative ζ-potential values (−27.5 mV), which
is indicative of a stable suspension without the tendency of aggregation. This value deviates from
that of unloaded NPs (−19.3 mV), and this can be explained by the extract present on the surface of
the NPs, as it is also shown in the FTIR-ATR spectra discussed below. Regarding the encapsulation
efficiency of the extract, the loaded NPs showed a value of 49.2%. For comparison reasons, it can be
cited at this point that higher EE value (82%) was reached by our group when using the same PLA
grade as a carrier and a pure natural antioxidant (aureusidin) [24]. Obviously, the encapsulation of
extracts, which are mixtures of compounds, presents a challenge regarding high EE values.

No quantification of residual methanol was performed in this study, as the main goal was to
ensure the effective encapsulation of OLE extract to PLA nanoparticles, characterize the NPs and
develop the encapsulation procedure. In the case that a commercial cosmetic product is going to be
developed using these NPs, quantification of the residual methanol should definitely be performed in
order to ensure that the product complies with international regulations.

3.4. Thermal Properties

DSC studies were performed in order to investigate the physical interactions between OLE and
PLA in the formed nanoparticles. Different active substance/polymer combinations may coexist in
the polymeric carriers, such as: (i) amorphous encapsulant in either an amorphous or a crystalline
polymer and (ii) crystalline encapsulant in either an amorphous or a crystalline polymer [15,42–44].
Figure 5 shows the DSC thermograms of pure extract, pure PLA and loaded nanoparticles. The herein
used PLA presented glass transition temperature (Tg) at 51.4 ◦C and double melting behaviour with
a small endotherm at 130.6 ◦C and a stronger one on at 144.3 ◦C. The mass fraction crystallinity
was calculated at 34%. The extract (OLE) exhibited a broad endotherm in the range of 92–121 ◦C,
which, however, disappeared in the DSC curve of the loaded particles. The latter may indicate the
homogenous dispersion or dissolution of OLE in the polymeric matrix, as it was also found in the case
of embelin-loaded polycaprolactone samples [45]. Similarly, the endotherm of PLA polymer became
much smoother appearing at slightly lower temperature (138 ◦C), demonstrating the prevention of
polymer crystallization during the nanoparticles formation and the prevalence of matrix amorphous
state. Finally, in the case of loaded NPs, an exothermic peak appeared at ca. 150 ◦C following polymer
melting, which may be attributed to morphological changes and/or degradation occurred to the
encapsulated extract.

Figure 5. Differential scanning calorimetry (DSC) thermograms of pure poly(lactic acid) (PLA), olive
leaves extract (OLE), and PLA nanoparticles loaded with oil leaves extract (OLE-loaded NPs).
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3.5. FT-IR Spectroscopy

In order to obtain a better insight of the interaction between the encapsulated extract and PLA
in the prepared NPs, the FT-IR (ATR) spectra of the free OLE, the polymer and the loaded NPs were
obtained (Figure 6). The FT-IR spectrum of the pure extract is characterized by two absorption peaks at
1698.98 and 1629.11 cm−1, owed to the C=O stretching of the carbonyl groups of oleuropein, rutin and
vanillin or other flavonoids which are present in the extract. The band at 3299.51 cm−1 is attributed to
O-H stretching whereas the strong absorptions at 1069.83 cm−1 and 1037.32 cm−1 should be attributed
to the C-O stretching of the ester groups present in the aforementioned phytochemicals of the extract.

Figure 6. FT-IR (ATR) spectra of pure poly(lactic acid) (PLA), olive leaves extract (OLE), and PLA
nanoparticles loaded with olive leaves extract (OLE-loaded NPs).

In the FT-IR spectrum of PLA, the most characteristic peaks appear at 2997.99 and 2950.82 cm−1

owing to C-H stretching from the main chain of PLA, 1746.01 cm−1 characteristic of C=O stretching
from the carbonyl groups of the repeated ester units and 1081.61 cm−1 attributed to the C-C(=O)-O
stretching from the ester units.

The spectrum of the OLE-loaded NPs shows mainly the absorptions owed to the PLA polymeric
matrix, which in most cases are overlapping with those of the encapsulated OLE [23]. However,
two significant observations can be made: (a) in the spectrum of OLE-NPs there is a strong broad
band at 3326 cm−1 and a weak absorption peak at 1649.04 cm−1, which can be attributed to the O-H
stretching vibration of oleuropein as well as the other phytochemicals of the extract which are absorbed
on the surface of the loaded NPs and are shifted in comparison to the spectrum of the pure extract
(3299.51 and 1698.98, 1629.11 cm−1, respectively); and (b) the peak owed to the C=O stretching of the
carbonyl groups of PLA is shifted from 1746.01 cm−1 in the spectrum of pure PLA to 1755.69 cm−1

in the spectrum of OLE-NPs. It can be postulated that the shift in the wavenumbers is owed to the
interactions of the phytochemicals of the encapsulated extract with the PLA matrix.

3.6. In Vitro Release Study

Preliminary in vitro release experiments were conducted in pH 5.6 at 37 ± 0.5 ◦C. This pH value
was selected as it is the pH of healthy skin [46]. The release profile is depicted in Figure 7a,b. At t = 2 h
a burst effect was observed in which a cumulative amount of 15.7% of OLE was released (Figure 7a).
After that, it is obvious that OLE “escaped” at a constant rate from the NPs reaching almost 100%
cumulative release after 168 h (7 days) (Figure 7b).
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(a)

(b)

Figure 7. In vitro release profile of PLA nanoparticles loaded with oil leaves extract (OLE-loaded NPs)
(pH 5.6, T = 37 ◦C). (a) 0–24 h; (b) 0–168 h.

3.7. Stability Studies

The results from the stability studies of the formulation incorporating the OLE-NPs prepared
are shown in Tables 4 and 5. There were no significant differences between samples referring to
scent, rheology and emulsion phases. The samples with OLE showed changes in the colour and
pH, indications of reactions that could lead to instability. The browning which occurred was most
probably caused by the oxidation of the extracts’ polyphenols [10,19]. The results suggest that the
formulation containing OLE-NPs is preferable since they do not affect the stability and appearance of
the cosmetic emulsion.

Table 4. Results of the pH measurements during the stability studies.

pH Results Freeze Cycles
Storage
at 5 ◦C

Storage at
25 ◦C

Storage at 40 ◦C

Sample
Initial
Results

Day 7 Day 15 Day 21 Day 29
Month

3
Month

3
Month

1
Month

2
Month

3

o/w Base Cream 5.47 5.49 5.5 5.52 5.48 5.6 5.49 5.47 5.37 5.48
Base Cream with OLE-NPs 5.49 5.59 5.54 5.56 5.52 5.62 5.59 5.48 5.35 5.43

Base Cream with OLE 5.45 5.5 5.5 5.46 5.42 5.55 5.5 5.41 5.3 5.26
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Table 5. Results of the viscosity measurements during the stability studies.

Viscosity Results [cSt] Freeze Cycles
Storage
at 5 ◦C

Storage at
25 ◦C

Storage at 40 ◦C

Sample
Initial
Results

Day 7 Day 15 Day 21 Day 29
Month

3
Month

3
Month

1
Month

2
Month

3

o/w Base Cream 20,450 47,600 48,532 38,501 39,231 30,598 33,032 40,922 39,163 34,870
Base Cream with OLE-NPs 20,219 46,813 47,408 38,612 39,688 30,703 32,760 41,224 37,817 35,268

Base Cream with OLE 17,319 45,314 45,347 38,614 40,302 29,623 32,814 39,602 39,084 34,286

4. Conclusions

The results of the current work demonstrated that the encapsulation of olive leaves extract in
PLA NPs leads to nanoparticles-nanospheres with satisfactory characteristics, as initially observed in
SEM images. The mean size of the particles formed was 246.3 ± 5.3 nm with satisfactory ζ-potential,
polydispersity index and encapsulation efficiency. Moreover, based on the DSC and FT-IR studies, the
olive leaves extract appeared to be protected inside the PLA matrix. The loaded NPs were successfully
incorporated in a cosmetic emulsion without affecting its stability and appearance. Therefore, the
encapsulation of sensitive polyphenolic extracts in biodegradable PLA nanoparticles provides the
means to develop cosmetic formulations with advantageous characteristics.
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Abstract: The aim of the present work was to study the encapsulation of Origanum onites L. essential
oil (oregano EO) in β-cyclodextrin (β-CD) inclusion complexes (ICs), using the co-precipitation
method. The formed β-CD–oregano EO ICs were characterized by diverse methods, such as
Dynamic Light Scattering (DLS), FT-IR spectroscopy, Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), Nuclear Magnetic Resonance (NMR) spectroscopy and Scanning
Electron Microscopy (SEM). UV-Vis spectroscopy was used for the determination of the inclusion
efficacy and the study of the encapsulated oregano EO release profile. The interactions between host
(β-CD) and guest (oregano EO) in the formed ICs were proven by the FT-IR, DSC, TG and NMR
analyses. The ICs, which derived from different batches, presented nanoscale size (531.8 ± 7.7 nm and
450.3 ± 11.5 nm, respectively), good size dispersion (0.308 ± 0.062 and 0.484 ± 0.029, respectively)
and satisfactory stability in suspension (ζ-potential = −21.5 ± 1.2 mV and −30.7 ± 1.8 mV). Inclusion
efficiency reached up to 26%, whereas the oregano EO release from the ICs followed a continuous
delivery profile for up to 11 days, based on in vitro experiments. The formed ICs can find diverse
applications, such as in the preparation of films for active packaging of food products, in personal
care products for the improvement of their properties (e.g., antioxidant, antimicrobial, etc.), as well as
in insect repellent products.

Keywords: oregano essential oil; encapsulation; inclusion complexes; β-cyclodextrin; release

1. Introduction

Oregano is an aromatic plant which is commonly found growing wild in the countries of the
Mediterranean basin [1,2]. In fact, although the name “Oregano” is used for several plants of different
families and genera, the majority of the most well-known oregano plants, which have been traditionally
used in cookery as food flavorings, as well as in the preservation of food products, belongs to the
Origanum genus of the Lamiaceae or Labiatae family [1–3]. Although the Origanum onites L. plant and its
essential oil (EO) are known and have been used for centuries, in the last decades the Origanum onites L.

Bioengineering 2017, 4, 74 32 www.mdpi.com/journal/bioengineering



Bioengineering 2017, 4, 74

EO has attracted the attention and the interest of the researchers and the industry, gaining extensive
popularity and, consequently, proliferating its fields of application [3]. This occurred due to the
growing social awareness and demand for safer, healthier and minimally processed products that
present a more close-to-natural image, as well as respect product quality and environment [1].

The Origanum onites L. EO has been reported to present remarkable biological properties.
Particularly, it has been shown to exhibit powerful antimicrobial, antimycotic, antioxidant,
anti-inflammatory and insecticidal activity, which result from its phenolic content and mainly from
its major component, carvacrol [1–3], having also been suggested to present a significant potential
in preventing neurodegenerative disorders [1,2]. Furthermore, having been granted “Generally
Recognized as Safe (GRAS)” status (ESO, GRAS—182.20) [1], the Origanum onites L. EO can be used in
products without further approval. Consequently, it fulfils the requirements of promoting well-being
and being environmentally friendly, meeting the consumers’ expectations and demands [1–3].
Therefore, these quality characteristics render it as a valuable natural resource with great potential
for industrial use, finding numerous applications among others in the food and pharmaceutical
industry [1–3]. Certainly, the introduction and implementation of new technologies, which render the
treatment of EOs and their use in several products more feasible and easier [1], have contributed to the
increasing use and applications of the Origanum onites L. EO.

However, the EO’s hydrophobic nature, volatility and high sensitivity in the presence of light,
oxygen and heat, limit its use [4–7]. Concurrently, if it is going to be embedded into a complex
product matrix, it is quite possible that its sensitivity could cause considerable problems to the
product, concerning the organoleptic profile, physical stability and chemical integrity [5–8]. Hence,
encapsulation of EOs in biodegradable nano-delivery systems seems to be a promising, viable and
efficient approach for overcoming these problems. Specifically, nano-delivery systems would permit
its targeted and controlled release, as well as the increase of its aqueous solubility and stability against
evaporation and exposure to light, oxygen, or heat, maintaining its quality, maintaining or even
improving its properties and protecting products from undesired alterations [8–11]. Consequently,
encapsulation could also be an answer to consumers’ demands for production of functional products
with higher nutritional value, fewer synthetic additives and better organoleptic features [12].

Cyclodextrins (CDs) are cyclic, water-soluble oligosaccharides, which are produced from the
enzymatic conversion, degradation and cyclization of starch and other related α-1,4-glucans, by CD
glycosyltransferase and partly by α-amylases. They are composed of several D-glucose units linked
by α-D-(1→4) linkages, exhibiting a three-dimensional structure, which is considered as a truncated
cone. The most common of these ring-shaped molecules are α-CD, β-CD and γ-CD, which consist
of six, seven and eight D-glucose units, respectively. Their depth is the same, irrespective of the
glucose unit number, whereas their diameter, which is determined by the number of the glucose units,
is different [5–7,11–16].

CDs have been extensively applied in various sectors as encapsulants of several organic substances,
such as flavors, essential oils and spices, as well as individual compounds, such as carvacrol, thymol,
menthol, ethylene and vanillin, as they present an inner hydrophobic cavity and a peripheral
hydrophilic zone. Moreover, they are nontoxic, biodegradable polymers, not absorbed in the upper
gastrointestinal tract, but completely metabolized by the gut microflora [5–7,11–16].

In particular, because of their hydrophobic cavity and hydrophilic external surface, CDs present
the ability to interact with hydrophobic bioactive compounds and molecules (guest molecules),
encapsulating them in their cavity. As a result, non-covalent CD—bioactive agent molecular complexes,
which are also known as host—guest inclusion complexes (ICs), are formed. These complexes are
mainly driven by hydrophobic or Van der Waals interactions, while their formation constitutes a
dynamic equilibrium, allowing the guest molecule to diffuse reversibly from the CD cavity. Therefore,
CDs constitute favorable and suitable molecules for the encapsulation of poorly soluble, temperature
sensitive, or chemically labile bioactive agents, in order to protect them against diverse environmental
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conditions, to improve their physical and chemical stability, to retain or even enhance their biological
properties, as well as to improve or extend their physical and chemical properties [5–7,11–16].

To our knowledge, a significantly large part of the current literature is focused on the encapsulation
of the main oregano EO component, carvacrol [5,15,17–19], whereas little systematic research has
been conducted to evaluate the encapsulation of oregano EO, with most of the studies dealing with
encapsulation matrices other than β-CD [1,2,6,17,20–23] or using other methods like spray-drying [24].
In the current study, a detailed research on the encapsulation of the oregano EO in β-CD was conducted,
using the co-precipitation method. The formed ICs were characterized using diverse analytical
techniques, and the main parameters that affect the encapsulation procedure were investigated.
In addition, the release profile of the encapsulated oregano EO in media of different temperatures and
pH values was determined.

2. Materials and Methods

2.1. Materials

Oregano (Origanum onites L.) essential oil (EO) of food-grade quality was kindly supplied by the
Laboratory of Nutritional Physiology and Feeding, of the Animal Sciences and Aquaculture Faculty,
of the Agricultural University of Athens (A.U.A., Athens, Greece). β-Cyclodextrin (β-CD) of >99%
purity was purchased from Fluka (Gillingham, England), while ethanol of analytical reagent grade
was purchased from Merck Millipore (Billerica, MA, USA). Ethyl acetate of ACS grade was purchased
from Chem-Lab (Zedelgem, Belgium). For the preparation of solutions double deionized water was
used. The aforementioned materials were used without further purification.

2.2. Preparation of β-CD—Oregano EO Inclusion Complexes (ICs)

The co-precipitation method of Sun et al. [15], slightly modified, was used to prepare the
β-CD—oregano EO ICs. Briefly, β-CD was dissolved in defined volumes of ethanol and double
deionized water mixture (1:2 v/v), in order for each time a concentration of 100 mg of β-CD per 1 mL
of solvents’ total volume to be achieved. In a typical experiment, β-CD (500 mg) was dissolved in
ethanol-double deionized water solution (5 mL). The solution was magnetically stirred at 55 ± 2 ◦C,
until the complete dissolution of β-CD. Subsequently, oregano EO (125 mg) was added dropwise
in the β-CD solution, in order for a EO/β-CD ratio of 20:80 w/w to be obtained. The formed
emulsion was continuously stirred at room temperature, until the β-CD–oregano EO ICs were formed.
The elimination of the oily phase from the emulsion indicated the formation of the ICs. The final
dispersion was kept in the refrigerator for approximately 1 h, after which the β-CD–oregano EO ICs
were recovered by vacuum filtration, using a Hirsch filter funnel (pore size 3). The recovered ICs were
washed twice with ethanol, in order for the unencapsulated oregano EO or the oregano EO absorbed
on the surface of β-CD to be removed, and they were dried in vacuo for 3 h at 40 ◦C. Finally, 445 mg of
dried ICs were obtained and stored in airtight glass containers, under refrigeration, for further analysis
and characterization.

2.3. Characterization of the β-CD—Oregano EO ICs

2.3.1. Dynamic Light Scattering (DLS)

Size, size distribution (PDI) and zeta-potential (ζ-potential) determinations were performed by
Dynamic Light Scattering (DLS) method, using the Zetasizer Nano ZS device (Malvern Instruments,
Malvern, UK). The samples for the DLS measurements were adequately diluted aqueous solutions of
the final dried β-CD—oregano EO ICs (pH 6), prepared by dispersing 1 mg of ICs in 4 mL of double
deionized water and the solution being left in stirring for 48 hours at room temperature. For both
size and ζ-potential measurements, folded capillary cells DTS1070 were used, while for each sample
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the measurements for the size, PDI and ζ-potential were carried out at 25 ± 1 ◦C and in triplicate.
The results were reported as mean ± standard deviation (SD).

2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR (ATR) Spectroscopy)

The ICs’ formation, as well as the interactions between the oregano EO and the β-CD, were
confirmed and determined by Fourier Transform Infrared spectroscopy (FT-IR spectroscopy), using a
JASCO FT/IR-4200 spectrometer (Japan Spectroscopic Company, Tokyo, Japan). The IR analyses were
conducted in the final dried β-CD–oregano EO ICs, while for each sample, the IR analysis was carried
out in the scanning range of 650–4000 cm−1.

2.3.3. Differential Scanning Calorimetry (DSC)

The thermal characteristics of the ICs were studied with the Differential Scanning Calorimetry
(DSC) method, using the DSC 1 STARe System device (Mettler Toledo, Columbus, OH, USA). DSC
analyses were conducted in the final dried β-CD—oregano EO ICs, as well as in β-CD and pure
oregano EO. The samples were heated from 25 ◦C to 400 ◦C, respectively, with a heating rate of
10 ◦C/min under nitrogen gas flow (20 mL/min).

2.3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric (TG) analyses were also conducted in the final dried β-CD–oregano EO
ICs, β-CD and oregano EO. The TG analyses were performed in the TGA/DSC 1 STARe System
Thermobalance (Mettler Toledo, Columbus, OH, USA), with the samples being heated from 25 ◦C to
600 ◦C, at a heating rate of 10 ◦C/min under nitrogen gas flow (10 mL/min).

2.3.5. Nuclear Magnetic Resonance Spectroscopy (NMR Spectroscopy)

The 1H-NMR spectra of the final dried β-CD – oregano EO ICs and β-CD were recorded on a
Varian 300 MHz spectrometer (Varian, Palo Alto, CA, USA).The used solvent for the preparation of the
solutions was deuterium oxide (D2O). The coupling constants (J) are expressed in hertz (Hz) and the
chemical shifts (δ) are reported in parts per million (ppm) relative to the solvent.

2.3.6. Scanning Electron Microscopy (SEM)

The SEM analyses were conducted in the final dried β-CD–oregano EO ICs, using a PhenomWorld
desktop scanning electron microscope (Phenom-World, Eindhoven, The Netherlands) with tungsten
filament (10 kV) and a charge reduction sample holder. The size of 100 particles from each SEM image
was measured, using the embedded image analysis software (Phenom Pro Suite/ParticleMetric), and
the average particle size was determined.

2.4. Inclusion Efficiency of the β-CD—Oregano EO ICs

The inclusion efficiency (IE) represents the percentage of oregano EO encapsulated in the formed
β-CD—oregano EO ICs, relative to the total initial amount of oregano EO used:

(%IE) = 100 × mass o f the encapsulated oregan EO (mg)
initial oregano EO mass to be encapsulated (mg)

(1)

The % IE of oregano EO in the β-CD–oregano EO ICs was determined directly, using
Ultraviolet-Visible Spectroscopy (UV-Vis Spectroscopy), by quantification of the encapsulated oregano
EO. The UV-Vis analyses were conducted in the final dried ICs, being performed on a JASCO double
beam V-770 UV-Vis/NIR spectrophotometer (Japan Spectroscopic Company, Tokyo, Japan). For the
UV-Vis analyses, 10 mg of ICs were dispersed in 10 mL of ethyl acetate, with the solution being left
in stirring for 48 h at room temperature. Subsequently, the solution was filtered in vacuo and from
this resulting solution, proper volumes were obtained for the performance of the analysis. The IE was
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quantified by measuring the absorption of the major oregano EO component, carvacrol, at 275 nm.
From this absorption the mass of the encapsulated oregano EO in the ethyl acetate–oregano EO solution
was calculated and used in Equation 1, in order for the IE to be determined. Furthermore, a calibration
curve of the absorbance versus the concentration of the oregano EO, constructed by standard ethyl
acetate−oregano EO solutions of known concentrations, was used for the quantitative determinations
of oregano EO. For each sample, the UV-Vis analysis was carried out in triplicate.

2.5. In Vitro Release Studies of the Oregano EO from the β-CD—Oregano EO ICs

In vitro release experiments were performed, in order for the oregano EO release profile from the
formed β-CD—oregano EO ICs to be evaluated. The release profile of the oregano EO was studied
under specified conditions, in media of different temperatures and pH values. Particularly, three release
experiments were conducted: (a) using deionized water as medium, at 37 ◦C and under neutral pH
conditions, 7.4, (b) using deionized water as medium, at 50 ◦C and under neutral pH conditions,
7.4, as well as (c) using phosphate buffer solution as medium, at 37 ◦C and under slightly acidic pH
conditions, 5.5. For each experiment, 100 mg of β-CD—oregano EO ICs were dispersed into 25 mL
of medium and the entire system was kept at the specified temperature and pH values, being under
continuous magnetic stirring (450 rpm) for approximately 10 days. At regular predetermined time
intervals, 2 mL samples from the solution were taken and were analyzed by UV-Vis spectroscopy,
so that the amount of the released oregano EO as a function of time to be calculated, by measuring the
absorbance at 275 nm. The quantification of the released oregano EO was performed by a calibration
curve. Each time a 2 mL sample was withdrawn, 2 mL of fresh medium were added at the solutions.
For each experiment, two replicates were performed.

3. Results and Discussion

3.1. Characterization of the β-CD—Oregano EO ICs

3.1.1. Size, Size Distribution and Zeta-Potential (ζ-Potential)

The size, size distribution and ζ-potential of the produced ICs determine to a great extent their
ability to be used in certain applications. They constitute the most important parameters in the
characterization of the produced ICs. The size of the ICs affects their nature and attributes, such as
their surface characteristics, their physicochemical stability, the bioactive agent’s loading and targeted
delivery, as well as the bioactive agent’s release profile [25–29]. Nevertheless, the type of application
determines the range of the values that the size of the ICs should obtain; hence, there is no optimal size.
For this reason, most of the times polydispersity index (PDI), which represents the size distribution of
the produced ICs, presents greater interest. The PDI is a measure of the uniformity of the ICs’ sizes,
constituting a significant indicator concerning the uniformity of the attributes that the ICs present (i.e.,
ICs of uniform sizes bring similarly loads of the bioactive agent, which leads to a uniform release of it.).
As far as the ζ-potential is concerned, it constitutes an indicator of the ICs’ stability in suspension [30].
As the absolute value of the ζ-potential increases, the greater the repulsive forces between them,
reducing their tendency to aggregate; therefore, the more stable the ICs become.

In the present study the obtained size, PDI and ζ-potential values for the formed β-CD–oregano
EO ICs, which were derived from different batches, are presented in Table 1. As can be observed,
the size and PDI values of the formed β-CD–oregano EO ICs were reproducible, presenting no
significant variations. Specifically, the formed ICs exhibited a mean diameter in the range of
450.3 ± 11.5 nm–531.8 ± 7.7 nm, while their PDI values ranged from 0.308 ± 0.062 to 0.484 ± 0.029,
indicating moderately uniform size dispersion. This moderate homogeneity of the ICs populations
was also being perceived through their size distribution graphs (Figure S1), in which two groups of
β-CD—oregano EO ICs, regarding the size, could be observed. The obtained size and PDI values
could be attributed to the strong tendency of the β-CD ICs to agglomerate, as a consequence of
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their self-assembly in aqueous solutions [7]. This phenomenon is attributed to the absence of strong
repulsive forces between the particles, as a result of the lack of significant net charge on the β-CD
ICs’ surface [7]. Generally, the agglomeration does not occur uniformly, potentially creating more
variability in ICs’ size [7], something that explains the obtained PDI values. Nevertheless, the obtained
size values were much smaller than that found by Hill L. E. et al. (2013) [7] concerning β-CD ICs with
different EOs. Furthermore, the obtained absolute ζ-potential values for the formed β-CD–oregano
EO ICs were high enough to indicate the formation of stable ICs, which present a low tendency to
aggregate. Particularly, the obtained ζ-potential values ranged from −21.5 ± 1.2 mV to −30.7 ± 1.8 mV,
values which render the dispersion quite stable.

Table 1. Size, polydispersity index (PDI) and ζ-potential average values of the formed β-CD—oregano
EO ICs.

Size (nm) Polydispersity Index (PDI) ζ-potential (mV)

ICs (1) 531.8 ± 7.7 0.308 ± 0.062 −21.5 ± 1.2
ICs (2) 450.3 ± 11.5 0.484 ± 0.029 −30.7 ± 1.8

3.1.2. FT-IR Analysis

FT-IR Spectroscopy is a commonly used method for the examination of ICs’ structure, through
the determination of the interactions between the guest molecules and the carrier material [31–33].
The obtained FT-IR spectra are presented in Figure S2.

In the FT-IR spectrum of oregano EO (Figure S2a) the most characteristic absorptions that could
be observed are present at 2961.16 cm−1, 1579.41 cm−1, 1428.03 cm−1, 1251.58 cm−1 and 938.19 cm−1.
Specifically, the peak at 2961.16 cm−1 is owed to the aromatic C-H stretching vibration, while the peaks
at 1579.41 cm−1 and 1428.03 cm−1 can be attributed to the C-C stretch of the aromatic ring of carvacrol,
the main oregano EO component. The characteristic absorption of the C-O stretching vibration appears
at 1251.58 cm−1, while the absorption of the ring C-H bending vibration gives a characteristic peak
at 938.19 cm−1.

As far as the FT-IR spectrum of β-CD (Figure S2b) is concerned, the most characteristic peaks
appear at 3292.35 cm−1 owed to the -OH stretching vibration, at 2924.63 cm−1 attributed to the
C-H stretching vibration, at 1643.67 cm−1 due to the asymmetric C-H stretching of -CH2, as well as
at 1414.33 cm−1 owing to the O-H bending vibration. Additionally, the absorption at 1020.75 cm−1

is attributed to the C-O stretching vibration of the secondary alcohol groups that are present in the
β-CD molecule.

The FT-IR spectrum of the β-CD−oregano EO ICs (Figure S2c) significantly differs from the
respective ones of oregano EO and β-CD. In this particular spectrum, the most characteristic
absorptions appear at 2965.14 cm−1, 2917.71 cm−1, 1644.88 cm−1, 1436.03 cm−1 and 885.58 cm−1.
Particularly, the peak at 2965.14 cm−1 can be attributed to the C-H stretching vibration of carvacrol,
the major component of oregano EO, while the peak at 2917.71 cm−1 is attributed to the C-H stretching
vibration of β-CD. The peak at 1644.88 cm−1 results from the shift of the characteristic peak that
appears at 1643.67 cm−1 in the IR spectrum of β-CD, and consequently, is owed to the asymmetric C-H
stretching of the –CH2. Similarly, the peak at 1436.03 cm−1 could possibly result from the shift of the
characteristic peak that appears at 1414.33 cm−1 in the IR spectrum of β-CD, being attributed to the
O-H bending vibration. The peak at 885.58 cm−1 most probably constitutes a combined result of the
overlap and shift of the peak at 1020.75 cm−1 of the β-CD IR spectrum and the peak at 938.19 cm−1 of
the oregano EO IR spectrum, which, along with the characteristic absorption at 1436.03 cm−1, prove the
encapsulation of the oregano EO in the β-CD ICs, by indicating the presence of host-guest interaction.
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3.1.3. Thermal Analysis by Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA)

Thermal analysis was conducted in order to confirm the formation of the ICs. Figure 1 presents
the DSC curves under nitrogen flow of the three samples: β-CD, pure oregano EO, and β-CD−oregano
EO ICs. Starting with the oregano EO, it is liquid at room temperature; therefore, it exhibited an
endothermic peak at 228.2 ◦C that corresponds to the boiling point. The relevant thermal transition
was also seen in its TGA graph (Figure 2), where the oregano EO weight loss starts at roughly 80 ◦C,
reaching a maximum rate at 207.4 ◦C, with a residue at 8%. As far as the β-CD DSC curve is concerned,
the observed endothermic peak at 130.9 ◦C can be attributed to water evaporation from the β-CD
cavity, as it was suggested in the work of Karathanos et al. [34] and Gomes et al. [35] for the β-CD
endotherm peaks at 175 ◦C and 165 ◦C, respectively. For the same reason of water elimination, ca. 10%
weight loss is observed in the β-CD TGA graph (Figure 2) in the temperature range of 60 ◦C–120 ◦C.
On the other hand, in the DSC of the β-CD–oregano EO ICs, the endothermic peak of the oregano
EO disappeared and the curve was found slightly different compared to the respective one of the
β-CD, indicating the ICs formation. This is in agreement with the work of Seo et al. [36], where the
endothermic peak of eugenol boiling point also disappeared in the DSC curve of the relevant β-CD ICs.
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Figure 1. The DSC curves of the oregano EO, β-CD and β-CD—oregano EO ICs.
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Figure 2. The TGA graphs of the oregano EO, β-CD and β-CD—oregano EO ICs.
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The TGA results (Figure 2) also confirmed the ICs’ formation. The TGA graph of the
β-CD—oregano EO ICs follows a similar pattern to the TGA graph of the β-CD, with slightly higher
weight residue (27% and 18%, respectively) and maximum degradation temperature at ca. 320 ◦C.
In particular, in the β-CD–oregano EO ICs TGA graph, the first step of weight loss in the range of
60–120 ◦C was not so distinctly observed as it was in the β-CD TGA graph, something that could be
attributed to the partial displacement of the water molecules in the β-CD cavity by the encapsulated
oregano EO. Additionally, in the range of 80–220 ◦C, where the oregano EO loss occurs, no significant
weight loss is observed, something that suggests the protection of the oregano EO by being inside the
β-CD cavity.

3.1.4. Nuclear Magnetic Resonance (NMR) Analysis

NMR can provide useful evidence to support the formation of the ICs and help structure
characterization [14,37,38]. The NMR analysis of β-CD and β-CD—oregano EO ICs was performed at
300 MHz in D2O. The structure of β-CD showing the numbering of β-glucose monomer is shown in
Figure 3.

 

Figure 3. Structure of β-CD showing the numbering of β-glucose monomer.

The ICs’ formation can lead to changes of the chemical shifts of H-3 and H-5, which are located
in the interior of the β-CD cavity, and possibly the chemical shift of H-6, which is located near the
cavity (Figure 3). These changes can provide information concerning the inclusion mode and binding
affinity between β-CD and guest molecule. The 1H-NMR spectra of β-CD and β-CD–oregano EO ICs
are shown in Figure S3. The Δδ values of selected NMR signals of β-CD before and after the formation
of the ICs are presented in Table 2.

Table 2. Chemical shift changes of 1H-NMR signals of β-CD and β-CD–oregano EO ICs.

Proton
Chemical Shifts (δ1) of
β-CD Protons (ppm)

Chemical Shifts (δ2) of β-CD Protons in
β-CD—oregano EO ICs (ppm)

Δδ = δ2 − δ1 (ppm)

H-1 5.089 5.082 −0.007
H-2 3.675 3.670 −0.005
H-3 3.991 3.961 −0.030
H-4 3.610 3.610 0
H-5 3.875 3.836 −0.039
H-6 3.905 3.882 −0.023

The H-3 and H-5 β-CD proton signals showed an upfield shift (Δδ = −0.030 ppm and −0.039 ppm,
respectively) after the formation of the IC with oregano EO (Table 2). This is in accordance with the
work of Locci et al. [38], who studied the inclusion of carvacrol in β-CD. A Δδ = −0.023 ppm for H-6
was also observed, whereas for the rest of the β-CD protons no noteworthy changes in their chemical
shift values were detected. The significant differences in chemical shifts observed for H-3 and H-5
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corroborate that an IC between the oregano EO constituents and β-CD is formed. The shift of the
signal of H-5 allows also for the multiplicity of the signal (doublet) to be revealed in the spectrum of
the ICs.

The observed shielding of H-3 and H-5 in the ICs can be attributed to the hydrophobic interactions
with the guest molecules (oregano EO constituents), which are located inside the β-CD cavity.
The downfield shift of the signal of H-6 is also indicative of an interaction between the oregano
EO constituents, potentially trapped on the outer β-CD surface, with these protons which rest near
the cavity of β-CD. This assumption is supported by the appearance of signals at the aromatic region
(6.7–7 ppm) and the region 1–2.2 ppm, which can be attributed to some of the oregano EO constituents
located on the surface of β-CD.

3.1.5. Morphology

Evidence concerning the morphological characteristics of the formed β-CD—oregano EO ICs was
obtained using SEM. Figure 4 presents the SEM images of the ICs at (a) ×2000, (b) ×2500, (c) ×5000
and (d) ×10,000 magnification.

(a) (b) 

(c) (d) 

Figure 4. SEM images of the formed β-CD—oregano EO ICs at (a) × 2000, (b) × 2500, (c) × 5000 and
(d) × 10000 magnification.

As can be observed, the β-CD–oregano EO ICs present a non-spherical morphology which
resembles that of prisms, having parallel and rather smooth sides. Moreover, the images reveal that
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the β-CD – oregano EO ICs form agglomerates of different sizes, with the larger particles possibly
attracting the smaller ones, while a size analysis of the particles through the obtained SEM images
revealed an average particle size of 2.2 μm (Figure 5). Similar observations have been previously
reported by Ikuta et al. [39], Dima et al. [40] and Rakmai et al. [31].

 

Figure 5. Size distribution bar chart of the particles, resulted from the analysis of the SEM images.

3.2. Inclusion Efficiency of the β-CD—Oregano EO ICs

Determination of the inclusion efficiency (IE) of the β-CD–oregano EO ICs is of great importance,
as it provides a direct estimation concerning the effectiveness of the oregano EO encapsulation, as well
as evidence concerning the available oregano EO quantity in the ICs, which along with its release
profile affect directly the way that the ICs are going to be used in several applications.

The obtained IEs for the formed β-CD–oregano EO ICs that derived from different batches,
as determined through Equation (1), are presented in Table 3. The IEs were significantly lower
than the ones reported in the literature for the main oregano EO component, carvacrol [31,41].
This was expected as the EOs constitute complex mixtures of different compounds that present
high affinities for CD molecules, competing against each other for IC formation with the β-CD [7,31].
Nevertheless, the obtained IEs were reproducible and, interestingly, much higher than the range of
the theoretical maximum loading for β-CD with other EOs (8%–12%) [42], suggesting an efficient
encapsulation of the oregano EO in β-CD. Moreover, the obtained IEs were in accordance with those
of Parris N. et al. (2005) [20], who studied the encapsulation of EOs, including that of oregano, in zein
nanospherical particles.

Table 3. Inclusion efficiency (IE) of the formed β-CD–oregano EO ICs.

β-CD—Oregano EO ICs (Exp. 1) β-CD—Oregano EO ICs (Exp. 2)

Initial Oregano EO Mass (mg) 124.60 124.70
Encapsulated Oregano EO Mass (mg) 28.16 31.84

IE (%) 22.60 25.53

3.3. In Vitro Release Studies of the Oregano EO from the β-CD—Oregano EO ICs

The study of the oregano EO release profile from the formed β-CD–oregano EO ICs was performed
in order for the effectiveness of the oregano EO encapsulation, concerning the retention, as well as
the controlled and targeted release of the encapsulated oregano EO, to be estimated. Concurrently,
the release profile under various conditions provides crucial information concerning the range of
applications that the ICs could be used.

The release profiles of the ICs are depicted in Figures 6–8. As it can be observed in Figure 6a,
at 37 ◦C and pH 7.4, the release profile is characterized by two different phases; an initial relatively
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rapid release phase (0 h–1 h and 45 min) (“burst effect”) (Figure 6b), during which a 29.6% of oregano
EO was released, followed by a slower, more constant release phase (after 1 h and 45 min) (“lag time”),
during which an additional 21.5% of oregano EO was released. Normally, the initial rapid release is
attributed to the fraction of oregano EO which was adsorbed on the surface of the ICs, having as a
result this fraction to diffuse rapidly into the medium, while at the second phase, the sustained release
of oregano EO is attributed to the diffusion of the encapsulated oregano EO within the ICs cavity.
After 11 days, a cumulative release of 51.2% was reached.

As far as the release profiles at 50 ◦C and pH 7.4 (Figure 7a), as well as at 37 ◦C and pH 5.5
(Figure 8a), are concerned, a similar pattern to that described above (37 ◦C, pH 7.4) is followed.
In particular, at 50 ◦C and pH 7.4, a cumulative amount of 51.7% of oregano EO was released after
11 days, out of which 34.7% was released during the “burst effect” (0 h–1 h and 45 min) (Figure 7b)
and 17% during the “lag time” (after 1 h and 45 min). On the other hand, at 37 ◦C and pH 5.5, 35.5% of
the oregano EO was released within 1 h and 45 min at a fast rate (Figure 8b), while the rest 12.6% was
constantly released at a slower rate for the next 10 days, after which no more oregano EO was released.

Although the oregano EO release was slightly higher at the first 1 h and 45 min of the experiments
as the temperature was increased from 37 ◦C to 50 ◦C and the pH was decreased from 7.4 to 5.5
(Figures 6b, 7b and 8b), the release rate profiles of the formed β-CD—oregano EO ICs are very similar
to each other, indicating that the changes in the temperature and pH did not significantly affect the
oregano EO release. Interestingly, in all conducted experiments continuous release of the loaded
oregano EO for up to 11 days was observed.

(a) (b)

Figure 6. The release profile of the encapsulated oregano EO at 37 ◦C and pH 7.4, during 11 days (a),
as well as at the first 1 h and 45 min of the experiment (b).

(a) (b)

Figure 7. Release profile of the encapsulated oregano EO at 50 ◦C and pH 7.4, during 11 days (a),
as well as at the first 1 h and 45 min of the experiment (b).
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(a) (b)

Figure 8. Release profile of the encapsulated oregano EO at 37 ◦C and pH 5.5, during 11 days (a),
as well as at the first 1 h and 45 min of the experiment (b).

4. Conclusions

In the present study, the encapsulation of oregano EO into β-CD ICs was achieved. The formed
β-CD–oregano EO ICs, derived from different batches, presented satisfactory characteristics concerning
their size (531.8 ± 7.7 nm and 450.3 ± 11.5 nm, respectively), stability (−21.5 ± 1.2 mV and
−30.7 ± 1.8 mV) and morphology, according to the obtained DLS and SEM results. The successful
formation of the ICs and encapsulation of oregano EO was confirmed by FT-IR spectroscopy, NMR
spectroscopy, DSC and TG analyses. The obtained results corroborate the presence of host (β-CD)–guest
(oregano EO) interactions and the location of the oregano EO within the β-CD cavity, being protected
inside the β-CD molecules. Moreover, the obtained inclusion efficiency was satisfactory, reaching
up to 26%, while the oregano EO release profile was found to follow a continuous pattern. Hence,
encapsulation of the oregano EO in β-CD could be an efficient approach to overcome the problem of
its high sensitivity, as well as to enhance its bioavailability, providing the means to develop products
with advantageous characteristics. The encapsulated EO can be used in diverse applications in the
food, cosmetic and agriculture sectors, such as in the preparation of antimicrobial films for active
packaging of food products [15,17], in personal care products for the improvement of their properties
(e.g., antioxidant, antimicrobial, etc.) [43], as well as in insect repellent products for a safer and more
environmentally friendly protection of cultivations and crops [44,45].

Supplementary Materials: The following are available online at www.mdpi.com/2306-5354/4/3/74/s1,
Figure S1: The size distribution of the β-CD-oregano EO ICs (2); Figure S2: The IR spectra of the oregano
EO (a), β-CD (b) and β-CD-oregano EO ICs (c); Figure S3: The 1H NMR spectra (300 MHz, D2O) of β-CD (a),
β-CD-oregano EO ICs (expanded region 3–5.5 ppm) (b) and β-CD-oregano EO ICs (c).
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Abstract: 3D printing represents a valuable alternative to traditional processing methods, clearly
demonstrated by the promising results obtained in the manufacture of various products, such as
scaffolds for regenerative medicine, artificial tissues and organs, electronics, components for the
automotive industry, art objects and so on. This revolutionary technique showed unique capabilities
for fabricating complex structures, with precisely controlled physical characteristics, facile tunable
mechanical properties, biological functionality and easily customizable architecture. In this paper,
we provide an overview of the main 3D-printing technologies currently employed in the case of
poly (lactic acid) (PLA) and polyhydroxyalkanoates (PHA), two of the most important classes of
thermoplastic aliphatic polyesters. Moreover, a short presentation of the main 3D-printing methods
is briefly discussed. Both PLA and PHA, in the form of filaments or powder, proved to be suitable
for the fabrication of artificial tissue or scaffolds for bone regeneration. The processability of PLA
and PHB blends and composites fabricated through different 3D-printing techniques, their final
characteristics and targeted applications in bioengineering are thoroughly reviewed.

Keywords: 3D printing; aliphatic polyesters; scaffolds; tissue engineering; polylactic
acid; polyhydroxyalkanoates

1. Introduction

The diversity and complexity of materials expands continuously with a speed that is beyond of
any expectations. Traditional manufacturing cannot meet all the requirements of the new products,
especially when they are of small dimension and with high shape complexity. 3D printing, usually
called “additive manufacturing”, is a useful tool for scalable fabrication of high complexity devices, or
materials with multiple functions such as smart materials or customized products. It is very important
in the process of prototyping and may also lead to the improvement of manufacturing by increasing
the speed of production and lowering product cost. The first 3D printer was invented in 1987 and
since then, this technology has grown rapidly because it brings multiple advantages over traditional
production methods: (i) very complex structures can be created without added costs; (ii) the pieces
are fabricated directly in assembled forms and the number of the components is consistently smaller
compared to the same piece obtained by classical methods; and (iii) small series of personalized
products can be obtained by this technique [1–3]. The interest for this technology is highlighted by
the vibrant growth of the sales reported by 3D printer producers, who claim an increase of 17.4% in
worldwide revenues, in 2016, as compared with previous years [4]. A substantial amount of research
predicts the proliferation of this industry and a potential increase of the products and services from
$6 billion in 2016 to $21 billion worldwide by 2021 [4].

Bioengineering 2018, 5, 2 47 www.mdpi.com/journal/bioengineering
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3D-printing technology is attractive for many applications: (i) in the research field for prototyping
or for a limited production of prototypes; (ii) in medicine to create 3D biomedical structures using
digital models obtained with different medical imaging techniques (computer tomography, magnetic
resonance imaging, ultrasound); (iii) in industry for prototyping and manufacture of spare parts for
automotive, airplanes, etc. 3D-printing development is speeding up annually due to the reduction
of the production cycles, waste, limited use of cutting fluids, and it becomes more accessible for
small companies etc. [5]. Thus, 3D printing is often used to develop medical devices [6], flexible
electronics [7,8], various pieces for automotive or robotics [9], art objects [2,3], precise replica of
archeological objects [10] etc. Dental implants and porous scaffolds for tissue engineering, with
increased surface roughness and improved mechanical performance and biocompatibility, used for
bone fixation [11,12] are among the most studied medical devices.

The additive manufacturing methods are suitable for multiple types of materials, such as
thermoplastics (acrylonitrile-butadiene-styrene (ABS), poly (lactic acid) (PLA), polyamide 6 (PA6),
high-impact polystyrene, etc.), resins, metals (Al, steel, Au, Ag, Ti, alloys), gypsum-based powders,
ceramics, waxed materials, biomaterials, paper, food. Polymers are by far the most used materials
for 3D printing [13]. Likewise, aliphatic polyesters are among the most used biopolymers in the
biomedical field due to their non-toxic, biodegradable and biocompatible character [14].

This mini-review deals with the use of aliphatic polyesters in 3D printing for medical applications,
with a deeper attention on materials and methods suitable to construct scaffolds for tissue engineering.
The industrial applications of 3D printing of aliphatic polyesters are quickly reviewed. The motivation
behind this work resides from the recent scientific reports that highlight the ability of additive
manufacturing to overcome the limitations of traditional methods such as molding, electrospinning,
solvent casting, gas foaming, leaching etc. in the fabrication of medical products. Through 3D-printing
techniques it is now possible to obtain superior control of the pore size, to manufacture scaffolds with
complex architecture, and to implement biological functions in order to mimic the natural tissue [15,16].
A short presentation of the main 3D-printing methods will be followed by an overview of two most
important classes of thermoplastic aliphatic polyesters, poly(lactic acid) and polyhydroxyalkanoates
(PHA), their blends and composites that were processed by these methods. Finally, a discussion of the
future perspectives and research approaches is included.

2. Short Overview of the Main 3D-Printing Techniques

Broadly, the main 3D-printing techniques commercially available are: (i) selective layer/laser
sintering (SLS); (ii) fused filament fabrication (FFF), also known as fused deposition modeling
(FDM, trademark of Stratasys) or molten polymer deposition; (iii) stereolithography; (iv) digital
light processing; (v) polyjet / inkjet 3D printing and (vi) electronic beam melting [3,16]. Only SLS and
FDM have been used for the 3D printing of aliphatic polyesters (Figure 1).

2.1. Selective Laser Sintering

In SLS technique, the 3D-designed model is transferred to the printer, where an infrared laser
beam fuses the polymeric powder, especially polyamides and thermoplastic polyurethanes (TPU),
as well as metal and ceramic powders, into thin layers, one layer at a time [17]. After the completion of
a layer, a new layer of powder is applied to it and then subjected to another round of heating action and
sintering. The process is repeated and the completed object is removed from the printer, brushed and
sandblasted in order to remove any trace of powder [18]. Depending on the application and material
used, the printed object can be further polished and/or dyed. This technique is characterized by a high
resolution, is suitable for functional polymers and does not require a support material or structures,
so the printed structures can be used without further cleaning steps [19]. Polyamide 12 (PA12) or its
powdered blends with PA6 were successfully printed through SLS and represents around 90% of the
total industrial consumption [20]. Other materials processed to a much lesser extent through SLS are
polyamide 11, PLA and polyether ether ketone.
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Figure 1. 3D-printing techniques employed for PLA and PHA.

2.2. Fused Deposition Modeling

Through this technique, filaments made of thermoplastic materials are extruded in thin threads
and deposited layer by layer in the desired 3D structure and adhere to each other by physical
interactions. The layer underneath hardens as it cools and binds with the new layer that is added on
the top, remaining a fully solidified structure throughout the process. FDM is already used to produce
commercial plastics and, in general, is the most used among all the techniques; this is partially because
of the low price of the printer and the facile manipulation, which makes it possible even for home use.
Thermoplastic polymers currently processed with FDM are ABS and PLA. Other polymers were also
found suitable for this technique: acrylonitrile-styrene-acrylate, PA12, polycarbonate, polyethylene
terephtalate, TPU and thermoplastic elastomers. The roughness of the 3D-printed structures is an
important issue in the case of FDM, since it affects not only the appearance but also the mechanical
resistance of the products. A polishing device connected to the 3D printer [21], the use of the vaporized
acetone to melt uniformly the surface of 3D-printed prostheses made of ABS [22] and filling the grooves
with the material dissolved by the solvent stored in a pen-style device [23] were among the solutions
proposed to remove the layer grooves. FDM technology also allows the printing of cells suspension
into a scaffold support. A schematic illustration of a tissue-engineered structure obtained by FDM
bioprinter is presented in Figure 2.
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Figure 2. FDM schematic of the bioprinting of tissue and organs.

3. Aliphatic Polyesters for Additive Manufacturing

Well selected and up-to-date information on the additive manufacturing of various polymers
were recently reported [13]. Considering the huge importance of aliphatic polyesters for biomedical
applications, this review gives thorough information on the use of 3D-printing techniques in the case
of PLA and PHA, correlated with the properties of the manufactured products and their applications
in bioengineering.

3.1. Poly(Lactic Acid)

PLA is up to now the most used bioplastic for 3D printing by FDM, intended to be used in
regenerative medicine, mostly as scaffolds for tissue engineering. PLA is thermoplastic aliphatic
polyester (Figure 3a) prepared from fossil fuels or derived from renewable resources such as cornstarch
or sugarcanes, rendering it accessible and inexpensive. PLA properties are strongly influenced by
even small amounts of enantiomeric impurities. Pure poly(L-lactic acid) (PLLA) or poly(D-lactic
acid) are semicrystalline polymers with a glass transition temperature (Tg) around 57 ◦C and a
melting temperature of about 175 ◦C while PLA with a content of 50–93% L-lactic acid is completely
amorphous [24]. Generally, amorphous grades have better processability and wider processing window
than the crystalline grades [25] but much lower mechanical properties (Table 1). Tg value is important
for amorphous PLA because it determines the maximum usage temperature in most applications while
both Tg and Tm vales are important in the case of crystalline PLA applications. Some thermal and
mechanical characteristics of PLA are given in Table 1.

Figure 3. Chemical structures of PLA (a), PHB (b) and PHV (c).
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PLA is the most studied aliphatic polyester for biomedical and packaging applications, due
to its biocompatibility, biodegradability, clarity, high mechanical strength and modulus, and facile
processability through extrusion, injection molding or casting [14]. Moreover, its lower coefficient
of thermal expansion and non-adherent properties to the printed surface makes PLA a suitable
material for 3D printing. In addition, it is already approved by the Food and Drug Administration
(FDA) and European Medicines Agency (EMA), which makes it suitable for rapid transfer from
production to clinical trials and fabrication of medical devices, pharmaceutics or various consumer
products [26]. This material was intensively studied for applications such as sutures, scaffolds,
extracellular matrix, dental implants, drug delivery systems, cell carriers, bioresorbable screws for
bones fractures, bioabsorbable meniscus repair and stents, hernia meshes, to name just a few [27].

Table 1. Mechanical and thermal properties of PLA.

Properties Tg, ◦C Tm, ◦C Tensile Strength, MPa Young’s Modulus, GPa References

PLA (Bio-flex®F 6510) solution casting from chloroform 57.5 156.3 15.2 1.17 [28]
PLA (Nature Works™ 4032D) solution casting from DMF - - 32.8 2.5 [29]

PLA (Nature Works™ 4031D) extrusion - - 40.9 2.9 [30]
PLA film extrusion grade (Nature Works™) 55.3 151.3 40.0 1.4 [31]

PLA (Nature Works™ 4032D) Melt compounding 60.0 167.0 40.0 2.7 [32]

DMF—dimethylformamide

To date, the most common technique for 3D printing of PLA is fused deposition
modeling [12,33–51]. Printing parameters such as build orientation, layer thickness, raster angle,
raster width, air gap, infill density and pattern, feed rate and others directly influence the quality and
the mechanical properties of the FDM printed parts [35]. Considering the importance of mechanical
performance for the printed parts, the majority of current studies are focused on the influence of
printing parameters on the mechanical properties of the resulted parts [33–35]. Therefore, many recent
studies highlighted the mechanical and biocompatibility characteristics of PLA or its composites after
3D printing [36–40].

3.1.1. 3D Printing of PLA through Fused Deposition Modeling

A detailed study comparing the mechanical response of 3D-printed PLA blocks versus that
of injection-molded PLA was provided by Song et al. [33]. PLA filament (commercial, diameter
1.75 mm) was deposited in a single direction using FDM method. Specimens cut from the printed
blocks were measured along different material directions. 3D printing had a limited influence upon
material elasticity; both axial and transverse stiffness being similar to that of injection-molded PLA
while the inelastic response of the 3D-printed material was ductile and orthotropic. It was observed
that the fracture response of the 3D-printed product was tougher when loaded in the extrusion
direction than in the transverse direction. Moreover, the unidirectional 3D-printed material showed an
increased toughness as compared to injection-molded PLA, due to its layered and filamentous nature.
By controlling the process parameters (extruder temperature, extrusion speed, and deposition speed
during 3D printing) the porosity of the material can be controlled.

Other authors used a custom 3D-printing profile for printing the specimen entirely in a single
raster orientation in order to evaluate the connection between printing orientation and the material
anisotropy [34]. It was found that the 45◦ raster orientation resulted in a slight improvement of the
ultimate tensile strength and fatigue endurance limit as compared to the specimens printed at 0◦ and
90◦ raster orientation angles. Still, the mechanical properties of printed specimens were similar to
those of PLA filament.

In addition to mechanical properties, 3D-printing process parameters have also great
influence on the shape-memory properties of the printed parts, as reported by Wu et al. [26].
Authors used orthogonal experimental design method in order to evaluate the influence of four
FDM parameters (layer thickness, raster angle, deformation temperature and recovery temperature)
on the shape-recovery ratio and maximum shape-recovery rate of 3D-printed PLA. Authors concluded
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that the shape-memory effect of 3D-printed PLA parts depended more on recovery temperature and
less on the deformation temperature and 3D-printing parameters. These findings could be of great
interest for biomedical applications (self-expanding vascular stents, the elimination of thrombus) as
well as the selection of parameters for 4D printing.

The possibility to replace conventional processing technique with additive manufacturing is
considered by most to be unrealistic and the reasons for this opinion come from some drawbacks
of the latter, such as the impossibility of manufacturing very large objects, the limitation to a small
range of materials and the cost of high-performance 3D printers. This cost is subsequently reflected
by the price of the final product. In order to evaluate the cost of the 3D procedure and the possibility
to reduce it, Chacón et al. tried to find a connection between printing parameters and the FDM
manufacturing cost [35]. Thus, PLA samples were obtained from a filament with a diameter of 1.75 mm
using a low cost desktop 3D printer. Build orientation, layer thickness and feed rate parameters were
analyzed and it was found that printing time decreases as layer thickness and feed rate increase. Thus,
the manufacturing cost is directly related to the layer thickness and feed rate parameters.

It has been shown previously that it is possible to control the mechanical properties of PLA printed
parts using an optimal selection of FDM parameters but other properties are also of great importance
when referring, for example, to biomedical applications. In this respect, recent studies focused on
the evaluation of PLA printed parts for reconstructive surgery and tissue engineering [36–39]. In a
paper by Wurm et al. [39] FDM was successfully employed for the fabrication of PLA discs and
the influence of processing technique upon biocompatibility of printed parts was assessed. In vitro
tests, using human fetal osteoblasts showed no cytotoxic effects of PLA discs. Since FDM proved
no negative influence on the biocompatibility of PLA, this 3D-printing technique could be further
used in the reconstructive surgery for the production of individual shaped scaffolds or other implants.
The filaments were printed at a nozzle temperature of 225 ◦C, which led to an enhanced degree of
crystallinity of 22% and, finally, to a modulus of elasticity of 3.2 GPa that fits the requirements for
maxillofacial implants [39].

PLA membranes, with a thickness of 100 μm and pores diameter of 200 μm, were also fabricated
by direct 3D-printing method, using a PLA chloroform solution, of 5%, well dissolved by heating
at 45 ◦C, for 24 h [40]. The PLA membranes were further seeded with human osteoprogenitors and
endothelial progenitor cells and then assembled one above the other, to form a layer-by-layer (LBL)
structure. After evaluating the properties of LBL constructs in vitro, in 2D – 3D, the authors stated that
LBL approach could be suitable for bone tissue engineering in order to promote cells proliferation and
a homogenous distribution into the scaffold.

The surface roughness of the 3D structure is very important, since cell attachment and proliferation
are mainly influenced by the surface tension, roughness and stiffness of the substrate [41]. In order
to enhance the roughness of the surface, Wang et al. used cold atmospheric plasma (CAP) to treat a
3D-printed PLA scaffold fabricated using a FDM printer [12]. They obtained an increase of roughness
from 1.20 nm to 27.60 nm upon exposure to CAP for 5 min as compared to the untreated PLA scaffold.
A significant increase of the hydrophilicity, revealed by a decrease of the contact angle from 70◦ to 24◦,
was obtained after the CAP treatment, which was proven to be a facile route to positively impact the
proliferation of the osteoblasts on the PLA scaffold.

Another research study proposed a design process for FDM 3D printing of a prosthetic foot
made from PLA which can significantly reduce the prosthetic weight, design and manufacturing
cycle [42]. Through this process the initial model was optimized using topology optimization methods.
The optimized model was printed directly from a 3D desktop printer. The authors obtained a reduction
of the prosthetic feet weight by 62% compared to the initial model and a more accurate 3D-printed
product (Figure 4). The proposed method facilitates the manufacturing process and reduces the
fabrication time, by skipping the transfer to computer-aided design software. This research can
contribute to the improvement of the quality of life of patients who need foot-customized prostheses.
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Figure 4. Topology optimization process of designed prosthetic foot. Reproduced with permission
from [42].

Flores et al. also emphasized the cost effectiveness, easy manufacturing and high accuracy
of the 3D-printing technology. They successfully obtained auricular prosthesis, fully customizable,
which replicate in an astonishing degree the skin color and texture of the patient. However, further
maintenance and potential replacement of this 3D ear prosthesis may convince the patient to agree
with other alternative options [43].

3.1.2. 3D Printing of PLA Composites through Fused Deposition Modeling

PLA has relatively low glass transition temperature (55–60 ◦C), low toughness and weak heat
resistance, which limits its application. Scaffolds made only of PLA do not mimic sufficiently the
native bone architecture and they do not ensure properly the cell colonization or mechanical properties.
For some uses, PLA needs to be mixed with other polymers or fillers in order to create materials with
improved thermal and mechanical properties, or higher biocompatibility for biomedical purposes.

Good improvement of properties was achieved by adding 15 wt.% of nano-hydroxyapatite (HA)
to PLA [47,48]. The composite was extruded in filaments and then 3D printed at a nozzle temperature
of 220 ◦C [47]. Long-term creep test revealed a superior hardness of the 3D-printed composite
as compared with PLA scaffold and consequently an increase in creep resistance. However, both
samples displayed identical delamination destruction, due to limitations of the 3D-printing technique
that cannot ensure completely sinterization between the layers. This causes the air to be trapped
between layers, which lead to creation of voids. As expected, in vivo tests made on mice showed
no inflammatory reaction even after 2 months and a slow biodegradation rate. Corcione et al. used
filaments made of PLA and HA in different concentrations to obtain a molar tooth (Figure 5); this was
successfully printed using FDM [48].

No noticeable difference was observed for both composites in terms of morphology, thermal
behavior and crystallinity. A good dispersion of the filler was observed, but some expectable
agglomerations of the nanoparticles took place, both at 5 and 15 wt.% HA. Similar values of the
glass transition temperature and crystallization degree were obtained for PLA and PLA/HA samples.
The addition of 15% HA influenced the rheological behavior by a significant increase of viscosity and
the mechanical properties by the increase with almost 4% of the average compressive modulus as
compared with the PLA sample.

Zhuang et al. used 3D printing to obtain plastic items with anisotropic heat and resistance
distribution, which allows storing a simple message as color information in the printed objects.
These were obtained from conductive graphene doped poly(lactic acid) (G-PLA) [50]. The authors
used a method of programmed mixed printing to manufacture PLA composites with anisotropic
properties. They stated that the method could be applied to other polymeric materials for a wide range
of applications including biomedical ones.
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Figure 5. PLA/HA nanocomposites by FDM 3D printer. Reproduced with permission from [48].

For some medical applications, the rigidity and brittleness of the PLA are undesirable and the
addition of elastomers is the easiest solution to overcome this drawback. TPU are among the most
used polymers in 3D printing. They are also attractive for some biomedical applications due to their
biocompatibility, high elongation at break and good abrasion resistance. As shown before, the use of
different fillers impart to PLA exceptional mechanical strength, electrical conductivity, and enhanced
thermal stability. Among them, composites with carbon fibers and graphene oxide (GO) proved to
be also suitable for 3D-printing process. The addition of GO and TPU may have a cumulative effect
of increased flexibility and mechanical strength. Chen et al. studied both the influence of the GO
concentration and printing orientation on the mechanical properties of a TPU/PLA (7/3) blend [51].
Compression modulus tests have shown an increasing trend with the increase of GO content from 0.5
to 5 wt.% for both printing orientations, but the highest values were found for the specimens having
the same printing orientation and height direction. The addition of only 0.5 wt.% GO determined
an increase of the tensile modulus by 75% as compared with TPU/PLA sample, further addition
of nanofiller determining a reduction of properties. This was explained by the percolation effect,
which appeared below 2 wt.% GO content. All TPU/PLA/GO scaffolds supported fibroblast cells
growth and proliferation, with the optimum effect at 0.5 wt.%.

3.1.3. 3D Printing of PLA and PLA Composites through SLS

An important requirement for the powders intended for SLS is the sintering behavior, which is
greatly influenced by the thermal properties, melt viscosity, melt surface tension, and powder surface
energy [13]. Semicrystalline polymers such as PLA exhibit a large change in both viscosity and density
within a narrow temperature range upon melting and crystallization, which affects their processing
through SLS method. Therefore, the consolidation of semicrystalline powders is conducted by local
heating to temperatures slightly above melting temperature [13].

Thus, a porous scaffold was sintered from PLLA using a modified commercial Sinterstation® 2000
system (3D Systems, Valencia, CA, USA), adapted for the use of small amount of raw material [52].
The PLLA was in the form of microsphere of 5–30 μm in diameter, obtained by oil-in-water emulsion
solvent evaporation technique. The SLS was conducted at 15 watts, the PLLA powder bed was
preheated at 60 ◦C and the scan spacing was 0.15 mm. The control of the 3D scaffold porosity
was difficult, since PLLA microspheres were partially melted and entangled, as revealed by SEM
images [52].
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The same equipment was further used to manufacture scaffolds made of PLLA and carbonated
hydroxyapatite (CHAp) nanospheres, intended for bone tissue reconstruction [52–55]. Both PLLA
microspheres and the PLLA/CHAp nanocomposite with 10 wt.% CHAp were prepared by emulsion
method. The good dispersion and embedment of the CHAp nanoparticles in the PLLA matrix
conducted to the increase of nanocomposite hardness, as revealed by the nanoindentation test. The SLS
processing parameters (laser power, scan spacing, part bed temperature, roller speed, scan speed) were
optimized in order to obtain adequate porosity, good compression properties, osteoconductivity and
biodegradability of the PLLA and PLLA/CHAp scaffolds. The addition of the CHAp was found to
influence the thermal behavior, by lowering the glass transition temperature and cold crystallization
temperature and increasing to a lesser extent the melting temperature of PLLA. CHAp addition
favored the powder deposition but reduced the fusion degree compared with pure PLLA powder.
The porosity was mostly influenced by the part bed temperature, being enlarged in the case of
nanocomposite [53–55].

Duan et al. reported the fabrication of PLLA/CHAp nanocomposite scaffolds with controllable
architecture and pore size for bone tissue engineering starting from PLLA microspheres and
PLLA/CHAp nanocomposite microspheres through SLS method [56]. Both raw CHAp microspheres
and nanocomposite microspheres were made “in house” using a nanoemulsion method in the first case
and double emulsion solvent evaporation method in the second case. More than that, in order to ensure
a firm foundation and to facilitate handling of the sintered scaffold a solid base was incorporated into
the scaffold design. The sintered PLLA/CHAp nanocomposite scaffolds exhibited a lower porosity
value (66.8 ± 2.5%) as compared with the control PLLA scaffolds (69.5 ± 1.3%). The mechanical
response (the compressive strength and modulus) of 3D scaffolds under dry conditions was higher
than the one obtained under wet conditions (immersion in phosphate-buffered saline at 37 ◦C). In terms
of biological evaluation, the PLLA/CHAp nanocomposite scaffolds exhibited a similar level of cell
response compared with control PLLA scaffolds. After 7 days culture, the human osteoblastic cells
were found to be well attached and spread over the strut surface and interacted favorably with all
scaffolds [56].

3.1.4. Other Directions in 3D Printing of PLA Based Materials

PLA may also fit the requirements for electronic devices and other fields by chemical modification
or by the addition of different fillers and polymers [44]. The presence of ionic liquids (IL) in a PLA
3D-printed structure provides unique features to PLA-based electronics; IL were recently added in the
process of additive manufacturing of PLA filaments by Dichtl et al. [45]. The mixture was prepared by
simply adding IL (5 and 10 wt.%) into a PLA chloroform solution, stirring for 12 h and then casting
on a teflon plate. A significant enhancement of the PLA conductivity was noticed after the addition
of trihexyl tetradecyl phosphonium decanoate, but further mechanical investigations are required
to certify that this mixture is suitable for different applications. Prashantha and Roger studied the
mechanical and electrical properties of 3D-printed specimens made from commercially available PLA
filaments filled with 10 wt.% graphene [46]. The porosity distribution of the structure and the adhesion
between layers were characterized through X-ray computed tomography. The results suggested that a
shorter deposition time is favorable to obtain better interactions between the fused filaments and the
maximum concentration for a suitable graphene dispersion is 10 wt.%. The increase of the electrical
resistivity of the 3D-printed specimens, compared with the same composite before FDM processing,
was explained by the alignment of the graphene nanoplatelets in the same direction with the deposited
filaments. The reinforcing effect of graphene was highlighted by the increase of the storage modulus
with more than 20% and tensile strength with 27%, with respect to PLA, as revealed by the DMA and
static mechanical analysis [46].

PLA reinforced with 15 wt.% short carbon fibers (length about 60 mm) was manufactured
by 3D printing based on fused filament fabrication and tested for mechanical and morphological
properties [49]. The PLA composite showed a higher increase in stiffness in the direction of printing.
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This behavior was explained by the morphological results, which revealed that the short carbon fibers
were mostly aligned with the length of the 3D-printing filament, and remained aligned with the
direction of printing within the PLA composite.

Wood pulp fibers (WPF) are valuable reinforcements for many polymers but the application of
FDM technology for 3D printing of biocomposites with WPF is a difficult process [57]. The issues
are related to the low thermal degradation temperature of the fibers, the small size of the nozzle
used in FDM process and the poor dispersion of the fibers in the hydrophobic matrix, which causes
fibers accumulation in the nozzle. A full enzymatic treatment was used to modify the surface of
thermomechanical pulp (TMP) fibers [57]; TMP fibers modified via laccase-assisted grafting of
octyl gallate (OG) showed improved interfacial adhesion with PLA and a remarkable impact on
the mechanical properties of PLA-TMP fibers composites. Moreover, filaments obtained from PLA
reinforced with OG-treated fibers showed a good behavior during the 3D printing [57].

3D printing of a recycled PLA composite has proved to be a viable solution to the environmental
issues, since the remanufactured 3D structure showed even better mechanical properties than the
original one. Tian et al. have managed to recover a PLA/carbon fiber composite in a 100% rate
for the carbon fiber and 73% for PLA matrix. They reused the material for the fabrication of new
filaments, with a carbon fiber content of 10 wt.%, that were further processed by 3D printing [58].
No increase of the tensile strength was observed for the remanufactured composites as compared
with the original composite, but other representative characteristics were improved, such as flexural
strength, which increased with around 25%. The aging process of the PLA matrix was impossible to be
avoided due to repeated thermal cycles, but the mechanical performances were maintained by the
addition of pure PLA in the 3D printing of the recycled composite.

3.2. Polyhydroxyalkanoates

The polyesters of aliphatic hydroxyacids, PHA, are natural polymers with some of their properties
similar to those of conventional plastic materials but, in addition, they show biodegradability and
biocompatibility. PHA are biosynthesized intracellularly as spherical inclusions by some bacterial
strains in unbalanced growing conditions (low concentrations of nitrogen, phosphorus, oxygen or
magnesium and an excess of carbon). Depending on the number of carbon atoms in the lateral chain,
they may be brittle materials or elastomers. Both types are interesting materials for the biomedical
field, especially for scaffolds and implants.

Short-chain-length PHA contain 3–5 carbon atoms and show high stiffness and brittleness in
relation to their high crystallinity (50–80%) [24]. Poly(3-hydroxybutyrate) (PHB) (Figure 3b) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are by far the most studied of PHA and are
commercially available. PHB is biodegradable and biocompatible and can be processed with common
plastic manufacturing equipment. However, its brittleness and small processing window limits its
applications. PHBV, obtained by copolymerization with hydroxyvalerate (HV), is a more ductile
material, with lower melting point and decreased strength and stiffness [24,59]. The properties of PHB
or PHBV strongly depend on the processing conditions and composition (Table 2).

Table 2. Mechanical and thermal properties of some PHA.

Properties Tg, ◦C Tm, ◦C
Tensile Strength,

MPa
Young’s Modulus,

GPa
Reference

PHB (Biocycle)—compression molding 164/174 43 3.5 [60]

PHB—solution casting from chloroform 28 2.1 [61]

PHBV 12 mol% HV (Metabolix
Inc.)—solvent casting from DMF 140 17 [59]

PHBV 12 mol% HV (Metabolix
Inc.)—solvent casting from DMF ~0 140/154 14 0.8 [62]
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Cell attachment and viability tests were performed using various cultures and revealed a good
biocompatibility of PHA to these cells. For example, CHL fibroblast cells showed good adhesion
and proliferation on PHB scaffolds [60]. Moreover, polyhydroxyalkanoates degrade into non-toxic
oligomers being suitable candidates for in vivo use in medical applications.

However, the reconstruction of some parts of the human body and organs using PHA is a very
complex and difficult process because of the large differences between patients. The patient specific
anatomical data should be considered for reconstruction and 3D printing is a promising technique
to produce complex medical devices according to the computer aided design of the damage part or
organ. Only few data were reported regarding the application of rapid prototyping techniques (RP)
for the fabrication of PHA scaffolds [63–70]. Comparing to PLA, PHA cover a much broader range of
properties and, therefore multiple possibilities of 3D printing.

3.2.1. PHA Filaments for Fused Deposition Modeling

PHA filaments can be used to obtain scaffolds by using FDM. Wu et al [63] obtained PHBV/palm
fibers (PF) composite for 3D printers by melt mixing PHBV grafted with maleic anhydride
(PHBV-g-MA) and silane treated PF. The filaments (diameter 1.75 ± 0.05 mm) were obtained from
these composite materials by extrusion at 130–140 ◦C and 50 rpm [63]. The treatments ensured a better
adhesion at polymer–filler interface and avoided the phase separation and fluctuation in the filaments
diameter. The treated composites showed enhanced mechanical properties compared to that of PHBV
matrix and untreated composites and higher biodegradation rate than that of PHBV when incubated
in soil. Increased tensile strength and antibacterial activity were also reported for PHBV-g-MA/wood
flower (WF) composites prepared with the same purpose, for 3D-printing filaments [64]. Thus,
the tensile strength of PHBV-g-MA/WF composites was 6–18 MPa greater than that of untreated
composites and increased with the increase of WF content [63]. Wu and Liao [65] have also prepared
3D-printing filaments from PHBV-g-MA composites with acid oxidized multi-walled carbon nanotubes
(MWCNTs) using a similar method. Highly improved thermal stability, Young’s modulus and
antibacterial activity were obtained for only 1.0 wt.% MWCNTs in PHA-g-MA matrix [65]. However,
no study on the behavior of these types of filaments in a real 3D-printing process was reported.

3.2.2. PHA Structures Obtained by Selective Laser Sintering

SLS Applied to Pure PHB

SLS technique is very attractive because porous structures with very controlled pore size may
be built up without the need of any additives such as plasticizers. Preliminary RP tests with a
polyhydroxyalkanoate were done by Oliveira et al. using SLS technique [66]. They worked with
a polyhydroxybutyrate powder in pure form (without additives) and obtained structures of about
2.5 mm in thickness (up to 10 layers) with 1 mm holes by SLS (Figure 6).

 

Figure 6. Sintered PHB using SLS containing pores of 1 mm in diameter [66].
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They also reported the difficulties encountered with the application of SLS technique to PHB
powder, such as excessive dust drag, curbing of the coating or release of vapors and the solutions
adopted to solve these problems [66].

Pereira et al synthesized porous 3D cubes with orthogonal channels measuring 0.836 mm
in diameter by SLS, starting from a poly(3-hydroxybutyrate) powder from PHB Industrial S/A
(Brazil) [67]. A thin layer of powdered PHB was scanned by a CO2 laser and sintered, the polymer
layers being deposited one on the top of each other until the object reached the dimensions of the virtual
model. The obtained objects showed geometrical and dimensional features closed to the model [67].
No significant change in crystallinity, glass transition, melting or crystallization temperatures of PHB
were detected after SLS process, suggesting no thermal degradation [67]. Moreover, the possibility to
recycle PHB through 3 rounds of SLS processes without any sign of degradation was also demonstrated.

SLS Applied to PHA Nanocomposites

One of the most studied applications of PHA based materials is in bone tissue engineering.
PHA nanocomposites were designed to obtain 3D scaffolds that mimic the structure and function
of an extracellular matrix (ECM) and support cells adhesion and proliferation [56,68–70]. Thus,
bionanocomposites microspheres from PHBV and nano-sized osteoconductive inorganic fillers were
obtained using a solid-in-oil-in-water emulsion/solvent evaporation method [56]. Nano-sized calcium
phosphate (Ca-P) was prepared for this purpose and dispersed in a PHBV-chloroform solution by
ultrasonication to form a solid-in-oil nano-suspension which was added to an aqueous solution
containing 1% of poly(vinyl alcohol) and maintained at room temperature until total evaporation of
the solvent, resulting Ca-P/PHBV nanocomposite microspheres. Tetragonal scaffolds with porosity
around 60% were obtained from these nanocomposite microspheres using selective laser sintering.
These 3D scaffolds show many advantages related to (i) the nanodimension of the inorganic filler
which may provide a better cell response and osteoconductivity, (ii) the nanocomposite microspheres
that ensure better dispersion of the nanofiller and (iii) the SLS technique which resulted in a controlled
microstructure with totally interconnected pores [56]. Moreover, improved cell proliferation was
obtained for Ca-P/PHBV nanocomposite compared to pure PHBV scaffolds.

Porous scaffolds with complex shapes and architecture (Figure 7) were constructed by SLS using
Ca–P/PHBV nanocomposite [69]. Moreover, Ca–P/PHBV scaffold representing a human proximal
femoral condyle (40% scale-down) was produced by SLS technique. The surface modification of
Ca–P/PHBV nanocomposite scaffolds by physically entrapping gelatin and subsequent immobilization
of heparin improved the wettability and provided affinity to the growth factor recombinant human
bone morphogenetic protein-2 [68]. This osteoconductive nanocomposite with controlled architecture
also showed sustained release behavior of osteogenic growth factor and had a great potential for bone
tissue engineering [68].
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Figure 7. (a) Sintered Ca–P/PHBV nanocomposite porous structures based on the following models:
salamanders, elevated icosidodecahedron and snarl (from left to right) (b) three-dimensional model
of a human proximal femoral condyle reconstructed from CT images and then processed into porous
scaffold using cubic cells; (c) sintered Ca–P/PHBV nanocomposite proximal femoral condyle scaffold.
Scale bar, 1 cm. Reproduced with permission from [68].

The technique of preparation of Ca-P/PHBV nanocomposite coupled with SLS also offers the
possibility of incorporating biomolecules in the nanocomposite microspheres [69]. The advantage
of incorporating biomolecules in nanocomposite microspheres is related to the preservation of their
biological activity and controlled release. For this purpose, a model protein, bovine serum albumin
(BSA), was encapsulated into Ca-P/PHBV nanocomposite microspheres and Ca-P/PHBV/BSA 3D
scaffolds with good dimensional accuracy were produced by SLS [69]. It is worth mentioning that the
bioactivity of BSA was maintained during SLS processing. In vitro BSA release test showed an initial
high activity followed by a slow release of BSA and a slight degradation of the PHBV matrix after
28 days in vitro test [69].

The influence of the SLS process parameters (laser power, scan spacing, layer thickness) on the
quality of Ca–P/PHBV nanocomposite scaffolds was also studied [70]. The quality of the scaffolds was
quantified by their structure and handling stability, their dimensional accuracy and their compressive
properties and the optimized SLS parameters were determined [70].

The most important results regarding the application of 3D-printing techniques to PLA and
PHA-based materials are summarized in Table 3.

59



Bioengineering 2018, 5, 2

Table 3. Summary of 3D-printed PLA-based materials.

Technique Material Results Application Reference

FDM PLA Controllable porosity and pore size by controlling the
extrusion and 3D-printing parameters

quantifying anisotropic
responses of PLA parts [33]

FDM PLA The 3D-printed samples supports the growth of human
fetal osteoblast Bone reconstruction [39]

FDM PLA
The 3D-printed model with optimized design displayed
a reduction with 62% of the weight as compared to the

initial model
Prosthetic foot [42]

FDM PLA Accurate anatomic aspect, reduced amount of raw
material, inexpensive final product Artificial ear [43]

FDM PLA, PLA/ionic
liquid (IL) The addition of IL led to enhanced conductivity Electronic devices [45]

FDM PLA/HA
Good dispersion of the HA in the PLA matrix; increased
viscosity and compressive modulus for the composites

with 15 wt.% HA
Molar tooth [48]

FDM PLA,
PLA/graphene Enhanced electrical resistivity and mechanical strength Electronics [46]

FDM PLA The increased surface roughness and hydrophilicity
conducted to cells attachment and proliferation Bone regeneration [12]

FDM TPU/PLA/GO 0.5 wt.% GO led to the highest tensile modulus and
cell proliferation

Tissue engineering
scaffolds [51]

FDM

PHA, PHA-g-MA,
PHA/palm fibers,

PHA-g-MA/
wood flower

Silane treatment of the palm fibers enhanced the
adhesion with the polymer matrix; increased mechanical

properties and higher degradation rate of the treated
composites as compared to pure PHA and untreated

composites; Increased tensile strength and antibacterial
activity for PHA-g-MA/ wood flower

[63,64]

SLS PHB
Fidel replication of the 3D-printed structure with the

design model; no thermal degradation of the PHB
observed after 3D printing

Tissue engineering [66,67]

SLS PHBV/Ca-P
The addition of the inorganic filler led to improved cell

proliferation; the SLS process didn’t influenced the
bioactivity of the incorporated model protein

Bone tissue [56,68,69]

4. Future Perspectives

The use of additive manufacturing methods for the production of artificial organs, tissues or
bone implants is an effervescent research area with a promising future. The new era of artificial
tissues and organs started twenty years ago with the production of the first 3D FDM printer and
since then significant advancements have been made. However, only a few materials have been
transferred to mass production and explored with 3D printing and even less of them were found
suitable for medical applications. Aliphatic polyesters and, especially, PLA and PHA are suitable
materials for in vivo applications due to their biocompatibility, biodegradability, good mechanical
strength and processability. The continuous development of new or more specialized biomaterials is
often correlated with the progress in the 3D-printing technology enhancing its potential and forcing its
rapid development. There are still some challenges in the introduction of 3D-printing technologies
as industrial manufacturing tools competing with injection molding and other well-established
techniques. They are related to both material and equipment limits, such as reaching high accuracy of
the porosity and morphology of the 3D-printed structure according to design specifications, improving
the adhesion between layers, fitting the properties and their spatial distribution are some of these
challenges. However, the implementation of 3D printing in biomedicine for building prosthetics,
tissue grafts and other surgical implants is much more rapid than in other fields. The actual
bioprinting technology is suited for the production of artificial organs or implants containing living
cells, which requires a sterile environment, but avoiding contamination while handling and keeping
the cells alive until they are placed into the patient are still challenges. Likewise, tuning the mechanical
and biological properties of artificial tissues and organs is still a challenge and new biocompatible
materials are needed to replicate parts of the human body. In addition, it is important for these future
materials to be easily combined and manufactured in order to obtain adjustable properties (strength,
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elasticity, color) for each individual, in respect to its age, gender or race. Besides the aliphatic polyesters
presented in this mini-review, some elastomers such as TPU or silicones, which can be processed
through different 3D-printing technologies, deserve more attention.
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Abstract: The effect of the addition of two [4-butyltrimethylammonium]-xylan chloride
polyelectrolytes (BTMAXs) on bacterial cellulose (BC) was evaluated. The first strategy was to
add the polyelectrolytes to the culture medium together with a cell suspension of the bacterium.
After one week of cultivation, the films were collected and purified. The second approach consisted
of obtaining a purified and homogenized BC, to which the polyelectrolytes were added subsequently.
The films were characterized in terms of tear and burst indexes, optical properties, surface free
energy, static contact angle, Gurley porosity, SEM, X-ray diffraction and AFM. Although there are
small differences in mechanical and optical properties between the nanocomposites and control
films, the films obtained by BC synthesis in the presence of BTMAXs were remarkably less opaque,
rougher, and had a much lower specular gloss. The surface free energy depends on the BTMAXs
addition method. The crystallinity of the composites is lower than that of the control material, with a
higher reduction of this parameter in the composites obtained by adding the BTMAXs to the culture
medium. In view of these results, it can be concluded that BC–BTMAX composites are a promising
new material, for example, for paper restoration.

Keywords: bacterial cellulose; xylan polyelectrolytes; nanocomposites

1. Introduction

Bacterial cellulose (BC) is produced by certain bacterial species. BC consists of elementary fibrils
of pure cellulose, free of lignin and hemicellulose, and it is considered a natural nanocellulose [1,2].
These elementary fibrils make up a flat, ribbon like microfibril, which are branched together in the
BC films, providing high mechanical strength [3]. BC shows high crystallinity, high water absorption
capacity, and high degree of polymerization [4]. These properties, along with its biocompatibility,
make it an attractive candidate for a big range of applications in various fields, receiving much attention
as potential materials associated with biomedical and biotechnology applications [2].

BC is an excellent matrix for the preparation of composites. The use of cellulosic materials
in polymer composites has been growing over the past, due to advantages such as low density,
renewability, and biodegradability [5]. BC may be used in high quality special applications of bio-based
composites, because of the small fibril dimensions that enable direct contact between cellulose
and polymers, allowing for a large contact surface, and thus, excellent adhesion. BC composites
showed considerably improved properties, leading to additional applications in the medical and other
industrial fields [6].

BC permits two ways of composites forming: by in situ BC modification, adding composite
partners to the culture medium, or by processing BC previously synthesized [7]. In the literature,
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different compounds have been added to study their influence on yield, morphology, and crystalline
constituents of BC, including agar [8], sodium alginate [9], carboxymethylcellulose [10,11], pectin [9],
carbon nanotubes [12], polyacrylamide [13], xylan [14], xyloglucan [15], acetyl glucomannan [16],
lignosulfonate [17], and microcrystalline cellulose [18].

It has been proven that xylans interact with cellulose, and are irreversibly absorbed onto cellulosic
surfaces [19]. Adsorption of the pre-isolated xylans has been shown to improve pulp properties, such as
tensile strength, beatability and resistance to hornification [20]. However, it is well known that only low
amounts of xylan can be adsorbed in comparison with xylan derivatives [21]. Despite the use of xylans
for cellulose fiber modification, these polymers can be transformed into new polymers with promising
properties by chemical modification [22]. The cationic ammonium xylan derivatives are described to
enhance the tensile modulus of pulp, compared to the untreated pulp [23]. Vega et al. [24] produced
and characterized [4-butyltrimethylammonium]-xylan chloride polyelectrolytes. They observed,
by using time-of-flight secondary ion mass spectrometry (ToF-SIMS), that BTMAXs were adsorbed
onto the surface of cellulosic fibers of bleached pine kraft pulp. They concluded that a positive
polyelectrolyte prepared from extracted xylan could be used as a modifying fiber surface agent.
Therefore, certain improvements on BC properties are expected by including BTMAXs during
its production.

In the present study, we have produced BC/xylan polyelectrolytes nanocomposites by
incorporating xylan polyelectrolytes by two different approaches. In the first process, xylan
polyelectrolytes were incorporated in BC hydrogels by adding them to the medium for Gluconacetobacter
sucrofermentans. The second process was based on the penetration and adsorption of the xylan
polyelectrolytes in a BC hydrogel that was previously produced and homogenized. The obtained
BC composites were characterized in terms of tear and burst indexes, optical properties, static and
dynamic contact angles, Gurley porosity, SEM, X-ray diffraction, and AFM.

2. Materials and Methods

2.1. Microorganism

Gluconacetobacter sucrofermentans CECT 7291 was obtained from the Spanish Type Culture
Collection (CECT, Valencia, Spain). For maintenance, it was subcultured periodically in HS
medium [25]. G. sucrofermentans was grown in HS solid medium placed in Petri dishes for 6 days,
in order to obtain the suspension of bacterial cells to be utilized in further experiments. Five hundred
milliliter Erlenmeyer flasks containing 100 mL of liquid HS medium were inoculated with biomass
from these dishes, and cultivated in static conditions for 4 days. Subsequently, the pellicles formed
were cut in small pieces (about 1 cm × 1 cm) in sterile conditions, and shaken with the liquid medium
at 700 rpm for 30 min. The suspension obtained was filtered through gauze, centrifuged at 4000 rpm
for 10 min, and after removing the supernatant, the pellet was washed with Ringer’s solution (NaCl,
2.5 g/L; KCl, 0.105 g/L; CaCl2·2H2O, 0.120 g/L; and NaHCO3, 0.05 g/L). The solid phase was
centrifuged again in the same conditions, and the final pellets were re-suspended in a small volume
of Ringer’s solution. The optical density of the suspension at a wavelength of 600 nm was adjusted
to 0.59–0.64 (McFarland standards 3-4) diluting when needed with Ringer’s solution. Of this final
solution, 250 μL was used to inoculate 100 mL of medium.

2.2. Films Production and Purification

The objective is to obtain BC films modified with xylan derivatives by two different strategies,
one based on the addition of the polymers to the culture medium during the synthesis of BC (s), and a
second one adding the polymers to the BC already generated and homogenized (h).

Polymers, named PS5 and PS6, are two xylan derivatives modified with 4-[N,N,N-
trimethylammonium]butyrate chloride (XTMAB), with different degrees of substitution (0.13 for
PS5 and 0.58 for PS6). These polyelectrolytes were a kind gift from the research group of P. Fardim at
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Åbo Akademi in Turku (Finland). According to Vega et al. [24], the molecular weight of the repeating
unit of the polymer is 200 g/mol, and the saturation of cellulose with the polymer is reached with
70 μmol of functional groups per gram of pulp (BC in this case). In order to maximize xylan–BC
interactions, xylan derivatives were added so as to reach the saturation point (27 mg of PS5/BC sheet
and 6 mg of PS6/BC sheet).

Culture medium employed for BC production in both cases, (s) and (h), was a modified HS
medium (fructose, 20 g/L; yeast extract, 5 g/L; corn steep liquor, 5 g/L; Na2HPO4, 2.7 g/L; and citric
acid, 1.15 g/L). In all cases, 100 mL of liquid medium were added to 150 mm Petri dishes, inoculated
with the suspension described above, and cultivated at 30 ◦C under static conditions. As it has been
described previously [26], in one week under these conditions, BC films of approximately 0.25 g dry
weight are obtained.

For BC composites generated during BC synthesis (s), polymers were added to the culture medium
as inoculation was performed (BC_PS5s; BC_PS6s). Also, control films without polymer have been
generated (BC_Cs). All sheets were collected after 7 days of culture, purified by boiling them for 1 h at
90 ◦C in 1% NaOH, and washing them afterwards, thoroughly with distilled water. They were dried
by filtration on a Büchner funnel and air-dried afterwards.

For BC composites from the BC previously homogenized (h), BC films have been obtained in
the same way as control ones. After washing them as described previously, they were gelled using a
Panda Plus 2000 homogenizer (GEA Niro Soavi, Parma, Italy), treating them five consecutive times at
a pressure of 600 bar, with a subsequent consistency adjustment at 1%. After that, xylan derivatives
have been added, adjusting again the consistency at 0.5%. Appropriate amounts of gel were placed in
Petri dishes and allowed to dry in order to obtain layers (BC_PS5h; BC_PS6h). Control layers (BC_Ch)
were prepared in the same way, but avoiding addition of xylan derivatives.

2.3. X-ray Diffraction (XRD)

BC crystallinity was studied by XRD using a multipurpose PAN analytical diffractometer
(PANalytical, Almelo, Netherlands), model X’PertMPD. This diffractometer is equipped with a copper
X-ray tube and two goniometers with vertical configuration th-2th and Bragg–Brentano optic. One of
the goniometers has a multipurpose sample support, which can hold large samples as heavy as 1 kg
and measuring up to 10 cm × 10 cm × 10 cm. The supporting platform of the second goniometer is
a sample spinner fitted with an automatic sampler with 21 positions. The diffractometer is used in
phase analysis and, in this study, the angular range between 2θ = 5◦–40◦ was studied. The crystallinity
indexes for the BC samples have been calculated in each case using the Equation (1) [27]:

Crystallinity (%) =
I200 − I2θ=18

I200
× 100 (1)

2.4. Contact Angle Measurements and Surface Free Energy Determination

The samples’ wettability was studied by means of contact angle measurements in air (α), using
distilled water. This technique has been also used to obtain the samples surface free energy, since the
contact angle measurement, using liquids whose surface tension is known, is an indirect method to
analyze this parameter, being fast, simple, and based on easy-to-use equations. Several studies can be
found in the open literature concerning the fundamentals of this method [28–30].

The measurements were performed in a DataPhysics Instrument OCA 15 plus, running on SCA
20/21 software (DataPhysics Instruments GmbH, Filderstand, Germany) and using the sessile drop
method. A CCD camera takes the images of the initial resting drop immediately after the drop impacts
on the paper surface. The corresponding contact angle is calculated after fitting the drop contour line
numerically, using the Young–Laplace method. In this study, a 15 drop test was made for distilled
water, applying a drop volume of 2 μL.

67



Bioengineering 2017, 4, 93

The surface free energy (γ) was calculated by the OWRK (Owens, Wendt, Rabel and Kaelble)
method, which considers the interfacial tension as a function of the dispersive (γd) and polar (γp)
interactions [30]. In this study, the probe liquids were n-hexane, ethylene glycol, 1,2-propanediol,
formamide, and distilled water, using the 15 drop test, and 5 μL for each one.

The influence of surface topography in the contact angle has been rather reported by several
authors, who recommended using the Wenzel´s roughness correction [31–33]. The Wenzel Equation (2)
establishes that the relationship between the measured contact angle (αm) and the corrected angle in
an ideal flat surface (αc) may be written as follows:

cosαm = r × cos αc (2)

where r is the topographical correction factor Equation (3) obtained as:

r = 1 +
Sdr
100

(3)

where Sdr is the developed interfacial area ratio provided by atomic force microscopy (AFM).
The Wenzel’s correction was carried out for each contact angle measured in this study.

2.5. Scanning Electron Microscopy (SEM)

The morphology of the BC layers was studied by SEM microscopy using a JEOL JSM 6335F (JEOL,
Peabody, MA, USA) at 1 kV (with maximum resolution of 5 nm) to avoid energetic degradation of the
samples during SEM observation. Samples have been previously cryo-fractured after immersing them
into liquid nitrogen, and metalized with gold during 3 min and stored for 16–18 h at 50◦ in a vacuum
stove (20 mmHg) before proceeding with SEM observations. This latter treatment led to total dryness
of the samples.

2.6. Atomic Force Microscopy (AFM)

The BC derivatives were characterized by means of AFM imaging using a Nanoscope IIIa Bruker
microscope (Bruker, Billerica, MA, USA). The images were scanned in the AFM in tapping mode in air
using 2 nm radio cantilevers (TESP-SS Bruker, Bruker, Billerica, MA, USA). The drive frequency of the
cantilever was approximately 0.4–0.5 Hz. The images were 10 × 10 μm. Scan size 10 μm, tip velocity
8 μm/s, 256 lines, aspect ratio: 1:1, scan angle 0, Z range 1500 nm. Except for flattening, no image
processing was conducted. The surface roughness was evaluated with the root mean square average
of height deviation taken from the mean image data plane (Rq).

2.7. Mechanical and Optical Properties

The following mechanical properties were determined: basic weight (ISO 536:2012), burst
strength (ISO 2759:2001), and tear strength (ISO 1974:2012). A Color Touch reflectometer (Datacolor®,
Lawrenceville, NJ, USA) was used to assess the optical properties: ISO brightness (ISO 2470-1:2009),
opacity (ISO 2471:2008), and yellowness index (SCAN-G 5:03). Yellowness is defined as the attribute
by which an object color is judged to depart from a preferred white toward yellow.

The specular gloss was determined using an angle of incidence of 75◦ (ISO 8254-1:1999).
To measure the air permeance of papers, a Gurley porosimeter was used (ISO 5636-5:2013).

3. Results and Discussion

3.1. X-ray Diffraction

X-ray diffraction was used to study the structure of the obtained materials (Figure 1). Each of them
has two diffraction dominant peaks, one disposed between 14◦ and 15◦, and the other between 22◦ and
24◦. Each of the peaks presents the two crystalline phases, Iα and Iβ. According to Barud et al. [34],
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who investigated membranes of BC, the first peak represents the projection of the planes (1 0 0) of
fraction Iα and (1 1 0 and 0 1 0) of fraction Iβ, and the second peak represents the projection of the
planes (1 1 0) Iα and (2 0 0) I Iβ.

The obtained diffractograms suggest that the addition of BTMAXs did not alter BC crystalline
morphology in any case, which is consistent with the results obtained by Huang et al. [35]. A decrease
in peak intensity can be observed around 2θ = 17◦ in the samples from the generation with the
BTMAXs in culture medium, compared with their control (Figure 1a). This behavior was also observed
by Khan et al. [36]. This peak is also evident in the samples from the homogenized BC (Figure 1b),
regardless of whether they have polyelectrolytes or not.

Figure 1. X-Ray diffraction patterns of (a) samples obtained from non-homogenized bacterial cellulose
(BC), and (b) samples obtained from homogenized BC.

The crystallinity indexes of the materials are shown on Table 1. It can be observed that materials
made only with BC are more crystalline than the materials with xylan polyelectrolytes, regardless
of the method of production. The amorphous nature of BTMAXs could be the cause of decreased
crystallinity, being these results in agreement with previous studies showing a reduction in crystallinity
due to the presence of additives [36,37].

Table 1. Crystallinity index (%) of pure BC and composites made by adding [4-butyltrimethylammonium]-
xylan chloride polyelectrolytes (BTMAXs) to the culture medium and to the homogenized BC.

Crystallinity Index (%)

BC_Cs 82.61
BC_PS5s 75.45
BC_PS6s 72.86
BC_Ch 80.92

BC_PS5h 74.48
BC_PS6h 78.68

As it can be observed, when BTMAXs are added to the culture medium, the crystallinity decrement
is more pronounced than if the addition of the polymer is done to the homogenized BC. The reason may
be found by Huang et al. [35], who observed that hydroxypropylmethyl cellulose or carboxymethyl
cellulose do not stick regularly on individual microfibrils, preventing the aggregation of microfibrils
and ribbon formation during fermentation. Hirai et al. [11] concluded that the effect of polymer
additives on the formation of microfibrils of BC depends on their degrees of polymerization or
substitution, which can explain the differences in the crystallinity between PS5 and PS6.

When the addition of the polyelectrolytes is carried out after the homogenization of BC,
the decrease in crystallinity is slight. This was also observed when chitosan (Ch) is included after the
BC formation: the intermolecular hydrogen bonding interaction between the BC and Ch molecules
promotes a slight decrease in the crystallinity index of the BC_Ch composites, compared to pure
BC [38].
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Yano et al. [39] used two processes to prepare nanocomposites of BC filled with silica particles.
In one of them, G. xylinus was incubated in medium containing silica particles, which disturbs the
formation of ribbon-shaped fibrils and affects the preferential orientation of the (110) plane, modifying
the crystallinity. In the other process, the BC hydrogel was immersed in different concentrations
of silica solutions, allowing silica particles to diffuse into the BC hydrogel and lodge in the spaces
between the ribbon-shaped fibrils, hardly affecting the crystallinity.

3.2. Contact Angle Measurements

The surface free energy and polar/dispersive components of samples are presented in Table 2.
As it can be seen, both biofilm controls showed similar values of surface free energy and its components,
as expected.

Table 2. Surface free energy of samples: polar and dispersive components and contact angle with water.

Surface Free
Energy-γ-
(mN/m)

Dispersive
Component-γd-

(mN/m)

Polar
Component-γp-

(mN/m)

Polar
Component/Surface

Free Energy-γp/γ- (%)

Contact Angle
with Water-αw- (◦)

BC_Cs 37.7 12.6 25.03 66.5 62.4
BC_PS5s 24.9 18.2 6.67 26.8 88.6
BC_PS6s 32.5 16.2 16.28 50.1 73.2
BC_Ch 35.2 14.2 21.00 59.7 65.4

BC_PS5h 47.7 10.0 37.78 79.1 46.3
BC_PS6h 42.0 11.8 30.22 71.9 54.0

The use of BTMAXs to obtain composites led to a change in the surface free energy and its
components, but the behavior depends on the way of obtaining the biofilms.

When the BTMAXs were added to culture medium, the resulting γ values were smaller than the
control one, whereas the γ values were increased when blending them with the homogenized BC.
These data are in agreement with those by Lopes et al. [40], who suggested that hyaluronic acid (HA)
added to the culture medium are retained inside the membrane. Therefore, during the BC synthesis,
the free hydroxyl groups of the newly formed BC fibrils orientate toward the HA, becoming no longer
available to occupy the surface, and lowering the surface hydrophilicity of the material.

On the contrary, when BTMAXs are mixed with the homogenized BC, there could be polar groups
on the surface of the composite, from both the BC and the polyelectrolytes. This would increase
their surface free energy. The more hydrophilic character of these surfaces is in accordance with
Harnett et al. [41], who observed that low surface energy values correspond to surfaces with high
hydrophobic character. This is in accordance with Vega et al. [24], who observed that the BTMAXs
were evenly adsorbed onto the surface of pulp fibers, following Langmuir model.

The composites showed quite similar values of dispersive component (γd), ranging from
10.0 mN/m to 18.2 mN/m, whereas variability in the polar component (γp) was greater, from
6.7 mN/m to 37.8 mN/m. This polar component is related to the cellulose wettability with
water. Thus, material with a high γp has greater affinity for water, resulting in low static contact
angles [31,42,43]. Figure 2 shows the relationship between polar component and static contact angle
with water (αw). It can be observed that αw decreased when the polar component of samples increased.
The regression analysis between these two component reveals a significant correlation between both
parameters at a 95% confidence level (r = 0.99), confirming that the static contact angle between water
and material increases with decreasing γp. This finding may provide an important understanding
about how to modify the BC to obtain hydrophobic surfaces.
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Figure 2. Relation between the polar component of surface free energy of the samples and their static
contact angles obtained with water.

3.3. Scanning Electron Microscopy

The morphology of BC dried layers has been studied by SEM microscopy (Figure 3).
This technique allows obtaining images of the surface and the cross sections of the samples, so evident
qualitative differences between pure BC films and those of nanocomposites can be appreciated.

 

Figure 3. SEM images at different magnifications of samples. (a) Samples obtained from
non-homogenized BC. (b) Samples obtained from homogenized BC.

71



Bioengineering 2017, 4, 93

SEM microscopic images of samples obtained from adding polyelectrolytes to the culture medium
(Figure 3a) reveal that the surface of the films depends on their composition. The presence of BTMAX
promotes a rougher surface, which supports the specular gloss results (Table 4).

When the BTMAXs were added to the BC previously homogenized (Figure 3b), the resulting gels
were placed in Petri dishes, and allowed to air dry. This resulted in that the faces of the composites
that were in contact with the Petri dishes (face b) are clearly smoother. This is confirmed by AFM data
and images (Figure 4) and, as will be seen later, by greater gloss values (Table 4). In this case, SEM
micrographs of the samples from gel (Figure 3b) allowed us to observe that there are no differences on
the surfaces between the added BTMAXs. This is in accordance with data obtained from surface free
energy (Table 2), as it was mentioned before.

It was also observed the morphology of cryo-fractured samples, corresponding to the cross
sections. The structures of pure BC and nanocomposites were formed by a group of thin sheets, forming
a pile. The fact that pure BC and nanocomposites have similar morphology at these scales, confirm that
the blending of the BTMAX with BC took place on the nano scale. SEM micrographs corresponding to
the transversal sections of the sheets reveal that the process in which the BTMAXs are added to the
homogenized BC promotes a more compact structure, if compared to other studied samples.

 

 

Figure 4. AFM images of samples. (a) Samples obtained from non-homogenized BC. (b) Samples
obtained from homogenized BC. Size of the images: 10 μm × 10 μm × 750 nm.
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3.4. Atomic Force Microscopy

AFM was used for studying surface roughness at the nanoscale. The obtained values for Rq are
shown in Table 3. It was observed that addition of the BTMAX to the culture medium increases the Rq,
having rougher surface when compared to the other samples. When the BTMAXs were added to the
homogenized BC, an increment is also observed, but in this case, the increase in side b is less prominent.
These results are in agreement with the data obtained in surface free energy determinations, SEM
microimages, and gloss values.

Table 3. Roughness values, obtained with AFM, of pure BC and its composites.

Rq

Side a Side b

BC_Cs 55.05 52.25
BC_PS5s 127.00 110.30
BC_PS6s 102.80 87.80
BC_Ch 84.80 12.77

BC_PS5h 110.30 38.85
BC_PS6h 88.10 23.95

The qualitative differences between the morphologies of the pure BC samples and those of the
nanocomposites can be seen in the AFM images (Figure 4). The images confirm the results obtained
by the SEM, the surface free energy measurements, and the gloss values. The polyelectrolytes added
to the culture medium (Figure 4a) promote rougher surface formation. On the other hand, the main
difference accompanied by polyelectrolytes addition to the homogenized BC (Figure 4b) was the
drying method, as it was discussed above.

3.5. Mechanical and Optical Properties

The basic weight and the bulk of the samples are shown in Figure 5. According to several studies,
the ratio of the biosynthesis of cellulose by A. xylinum is changed depending on the culture conditions,
e.g., additives and temperature [44,45]. This observation is consistent with our data, shown in Figure 5a.
The specific volume or bulk is the inverse of the density, that is, the volume in cm3 of 1 g of paper.
Bulk provides information on the structure of the sheet, and is related to most of the properties of
paper, specially porosity, stiffness, hardness, and strength. Bulk also affects the absorption and the
ease of being printed. Bulk can be modified by many factors, as the presence of materials that fill the
voids in the sheet, or factors affecting the number of joints between fibers, such as fiber diameter.

Figure 5. (a) Grammage (g/m2) and (b) bulk (cm3/g) of the samples.

When bulk is determined for all samples (Figure 5b), important differences have been found.
When composites are made by adding the polyelectrolytes to the homogenized BC, bulk presents
similar values in all cases. On the contrary, when the polymers have been added to the culture
medium (Figure 5a), resultant samples have higher bulk values, showing a less compact structure,
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an observation confirmed by SEM images (Figure 3), which showed more compact layers in the case of
the samples made from the homogenized BC.

Noticeable results are obtained when mechanical properties (burst and tear) are analyzed,
as shown in Figure 6. With both xylan polymers, PS5 and PS6, there is an increment in burst index
(Figure 6a), regardless of the strategy followed to obtain the samples (BTMAX addition to culture
medium, or addition to the homogenized BC). Similarly, Yano et al. [39] observed an increase in tensile
strength by adding silica particles to the BC already formed. Tear index (Figure 6b) remains close to
the original value in all cases.

Figure 6. (a) Burst index (KPa m2/g) and (b) tear index (mN m2/g) of the samples.

Optical properties of the pure BC and the composites are shown in Table 4. The yellowness
is similar in all cases, slightly higher in the case of having added PS5, probably due to the higher
amount of polymer. For the same reason, brightness is a little lower when the added polyelectrolyte
is PS5. In any case, this variable is a little higher in the case of samples made by adding BTMAXs to
homogenized BCs. It should be noted that opacity is twice as high for the samples obtained by adding
the polyelectrolytes to the homogenized BC, which may be due to a greater compactness of the layers
as observed in SEM micrographs. Santos et al. [46] showed the same effect for aged BC films.

Table 4. Optical properties of the BC and modified samples with PS_5 and PS_6.

Yellowness (%) Opacity (%) Brightness (%) Gloss (%)

Side a Side b

BC_Cs 22.46 ± 1.69 23.61 ± 1.50 50.17 ± 1.24 35.26 ± 10.59 40.69 ± 7.74
BC_PS5s 28.73 ± 0.95 24.25 ± 1.23 41.01 ± 1.05 8.72 ± 2.65 9.93 ± 2.74
BC_PS6s 18.99 ± 0.97 20.72 ± 1.61 53.19 ± 1.14 10.53 ± 2.19 12.36 ± 2.41
BC_Ch 19.27 ± 1.12 40.64 ± 2.57 56.89 ± 1.01 13.83 ± 0.39 73.83 ± 4.76

BC_PS5h 25.42 ± 0.78 39.24 ± 4.14 48.79 ± 0.68 14.47 ± 0.33 81.04 ± 4.49
BC_PS6h 19.03 ± 0.89 40.15 ± 2.22 56.70 ± 0.91 13.58 ± 0.18 79.54 ± 2.31

Gloss deserves special attention. If the samples were obtained by adding polyelectrolytes to the
culture medium, the resulting gloss of BC composites were lower compared to the control samples, i.e.,
a drastic (75%) gloss reduction. This result could be of interest in applications requiring a reduced
gloss level or no gloss at all, such as paper restoration. Both sides of samples showed similar gloss
values. In contrast, when BTMAXs were added to the homogenized BC, there was no difference in the
gloss values when compared with the control samples. In all cases, the a-sides of samples show much
higher gloss values than the b-sides. This great difference between sides could be due to the drying
method; the side that was in contact with the Petri dishes was much smoother than that which was
dried in the air. Gloss values do not depend on whether PS5 or PS6 is used.

The influence of BC structure in the properties of the samples is assessed using Gurley permeance.
Gurley porosity values were consistently higher than 900 s, so the closed structure of the BC prevents
the air flow through it. This agrees with Yousefi et al. findings [47].
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4. Conclusions

Incorporation of [4-butyltrimethylammonium]-xylan chloride polyelectrolytes (BTMAXs) on
bacterial cellulose (BC) can alter the properties of the cellulose produced, increasing the roughness
and the burst index. Gurley porosity values were consistently higher than 900 s, which indicates
that the closed structure of the BC prevents the air flow through it. The use of the BTMAXs resulted
in materials with less crystallinity index. It also led to a change in the surface free energy, but the
behavior depended on the way the biofilms were obtained. The inclusion of BTMAXs in the culture
media promotes a remarkable gloss decrease, and the opacity is twice as high in the case of the samples
obtained by adding the polyelectrolytes to the homogenized BC. Finally, the described in situ approach
proved to be successful for the development of novel nanocomposite materials based on BC and
xylan derivatives.
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Abstract: We report on the successful functionalization of cotton fabrics with a water-stable
metal–organic framework (MOF), UiO-66, under mild solvothermal conditions (80 ◦C) and its
ability to adsorb and degrade water micropollutants. The functionalized cotton samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). UiO-66 crystals grew in a uniform
and conformal manner over the surface of the cotton fibers. The cotton fabrics functionalized with
UiO-66 frameworks exhibited an enhanced uptake capacity for methylchlorophenoxypropionic
acid (MCPP), a commonly used herbicide. The functionalized fabrics also showed photocatalytic
activity, demonstrated by the degradation of acetaminophen, a common pharmaceutical compound,
under simulated sunlight irradiation. These results indicate that UiO-66 can be supported on textile
substrates for filtration and photocatalytic purposes and that these substrates can find applications in
wastewater decontamination and micropollutant degradation.

Keywords: UiO-66; MOF; cotton fabric; functionalized cellulose; methylchlorophenoxypropionic
acid; paracetamol

1. Introduction

Metal–organic frameworks (MOFs) are highly tunable, porous materials with applications in gas
adsorption [1–6], separation [7–9], catalysis [10–13], and filtration [14]. Zirconium-based MOFs in
particular are of great interest because of their thermal stability [15] and their robustness over large
ranges of pH [16]. UiO-66, a zirconium-based MOF, has excellent stability in water [17], making it
an excellent candidate for the removal of micropollutants in aqueous systems [18–20]. However, the
fact that these MOFs are synthesized almost exclusively in powder form may hinder their potential
in applications requiring the use of large and mechanically stable, yet flexible surfaces. Textiles are
mechanically stable and flexible substrates that can be manufactured in large volumes.

While the growth of MOFs on metal oxides has been amply reported, only few of these reports
have discussed the coordination of the metal in the MOFs to fibers or textiles [21–27]. In one of
these few reports, Zhao et al. [25] describe a method for the formation of MOF–nanofiber kebabs
on Nylon-6 nanofibers using atomic layer deposition (ALD). ALD is a highly effective technique for
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precision coating, but because it requires the use of sophisticated equipment under controlled vacuum
conditions, it remains expensive and rather difficult to scale up to large surfaces.

Herein, we report on the growth of UiO-66 on cotton, using methods amenable to existing
manufacturing processes used in the textile industry. Figure 1 shows the two-step synthesis pathway
followed: The first step is the carboxymethylation of the cotton substrates [21], and the second step is
the low-temperature solvothermal synthesis of the MOF on the surface of the carboxymethylated fibers.

Figure 1. Schematic of the two-step synthesis pathway to grow UiO-66 on the surface of
cotton fibers: The first step is the carboxymethylation of cellulose, and the second step is the
low-temperature solvothermal synthesis of the metal-organic framework (MOF) on the surface of
the carboxymethylated fibers.

Methylchlorophenoxypropionic acid (MCPP) is commonly used as a phenoxyacid herbicide,
and it has been frequently detected in groundwater sources [28]. This contaminant can be partially
removed by processes such as advanced oxidation and granular activated carbon filtration [29,30].
However, further improvements are needed because of issues related to the effectiveness, cost and
environmental sustainability of these processes [31–33]. Seo et al. published promising results showing
that the adsorption rate of MCPP onto UiO-66 (powder) was about 70 times faster than the adsorption
rate of MCPP onto activated carbon. In the same report, it was shown that the adsorption capacity
of UiO-66 was 7 times higher than that of activated carbon, particularly at low concentrations of
MCPP [34].

In addition to herbicides, the presence of pharmaceutical products, such as acetaminophen
(paracetamol), in natural waters, drinking water, and sewage, as well as in industrial and household
waste streams has increased as a result of the growing consumption of antibiotics, anti-inflammatories
and other readily available drugs. The long-term effects of exposure to pharmaceutical products in
drinking water have not yet been fully determined, and the removal of these micropollutants from
water remains a priority. In this manuscript, we evaluate the ability of cotton fabrics decorated with
UiO-66 to absorb MCCP and to decompose acetaminophen.

2. Materials and Methods

All reagents were purchased from commercial sources and were used without further purification
as follows: zirconium(IV) chloride (ZrCl4, ≥99.5%; Aldrich, St. Louis, MO, USA), terephthalic acid
(98%; Alfa Aesar, Haverhill, MA, USA), N,N-dimethylformamide (DMF; Mallinckrodt Chemicals,
Phillipsburg, NJ, USA), deionized (DI) water, sodium hydroxide (NaOH pellets; Macron), non-ionic
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surfactant Triton X-100 (0.08%; Electron Microscopy Sciences, Hatfield, PA, USA), isopropyl alcohol
(Aldrich), acetic acid (Macron, glacial), sodium chloroacetate (98%; Aldrich), hydrochloric acid (HCl,
36.5–38%; J.T. Baker), methylchlorophenoxypropionic acid (Mecoprop, Santa Cruz Biotechnology,
Dallas, TX, USA), and acetaminophen (Spectrum Chemical MFG Corp., New Brunswick, NJ, USA).
Standardized cotton fabrics TIC-400 were obtained from Testfabrics, Inc. (West Pittston, PA, USA) and
were cut into 2 × 2 cm2 squares using a laser cutter.

2.1. Scouring

A scouring solution was prepared by dissolving 5 g of NaOH, 1.5 g of Triton X and 0.75 g of acetic
acid in 500 mL of DI water. The cotton swatches were immersed in the scouring solution at 100 ◦C
following a procedure reported by Ozer et al. [35]. After scouring, the swatches were rinsed with DI
water and hung to dry at room temperature.

2.2. Carboxymethylation

Carboxymethylation of the cotton swatches was performed by slightly modifying a method
reported by Pushpamalar et al. [36]. The scoured cotton swatches were dipped in 100 mL of isopropyl
alcohol; 10 mL of 30% (w/v) sodium hydroxide was added drop-wise and stirred for 1 h at room
temperature. The solution was heated up to 45 ◦C, and 6.0 g of sodium monochloroacetate was added
the reaction flask. After 3 h of vigorous stirring, the cotton swatches were cured at 85 ◦C for 30 min.
The cotton swatches were washed with DI water and hung to dry at room temperature. Anionization
of the substrates was achieved by dipping the modified cotton swatches in a solution of diluted acetic
acid (0.2 mL in 100 mL of H2O) for 5 min, followed by washing the swatches with water and hanging
at room temperature.

2.3. Growth of UiO-66 on the Surface of Cotton Fabrics

UiO-66 was prepared according to the procedure reported by Katz et al. [37]. The metal precursor
solution was prepared by dissolving ZrCl4 (125 mg, 0.54 mmol) in a mixture of 5 mL of DMF and 1
mL of concentrated HCl and sonicating for 10 min. In a separate beaker, terephthalic acid (123 mg,
0.75 mmol) was dissolved in 10 mL of DMF and added to the metal precursor solution. Deprotonated
carboxymethylated cotton swatches were dipped into the solution and left overnight at 80 ◦C in a
tightly sealed container. The resulting fabric was washed in DMF (1 h) and H2O (1 h) and was dried at
room temperature. UiO-66 in powder form was obtained under the same conditions as are described
above but without the addition of the cotton swatches to the reaction vessel.

2.4. Characterization of the Samples

X-ray diffraction (XRD) experiments were performed on a Bruker D8 powder diffractometer
with a step size of 0.04◦. X-ray photoelectron spectroscopy (XPS) was performed using a Surface
Science Instruments SSX-100 with an operating pressure of ~2 × 10−9 Torr. Monochromatic Al Kα

X-rays (1486.6 eV) with a 1 mm diameter beam size were used. Photoelectrons were collected at a
55◦ emission angle. A hemispherical analyzer determined the electron kinetic energy using a pass
energy of 150 V for wide/survey scans and of 50 V for high-resolution scans. A flood gun was used
for charge neutralization.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed on a LEO 1550 FESEM (Keck SEM); the specimens were coated with a thin layer of Au-Pd
or carbon for SEM and EDX. SEM imaging required an electric potential of 5 keV and an aperture
of 30 μm, while EDX was performed using 7 keV and a 240 μm aperture. Transmission electron
microscopy (TEM) was performed on a 120 kV field FEI T12 Spirit transmission electron microscope
equipped with a LaB6 filament, single and double tilt holders, a SIS Megaview III CCD camera, and a
STEM dark field and bright field detector. For the preparation of the TEM samples, the textile samples
were immobilized in an epoxy resin mold and cured at 65 ◦C for 24 h. The immobilized sample
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was cut into 90 nm thick slides using an ultra-microtome and a diamond knife. Fourier transform
infrared spectroscopy (FTIR) spectra were obtained with a Nicolet iS5 FTIR (Thermo Fisher Scientific)
in ATR mode.

2.5. MCPP Uptake Experiments

Four cotton swatches functionalized with UiO-66 (0.2341 g) and four cotton swatches that
underwent carboxymethylation (0.2349 g) were cut into small pieces using a laser cutter and were
dried overnight in an oven at 100 ◦C. The swatches were immersed into aqueous solutions of MCPP
(20 ppm, with a pH of 4.0 adjusted with 0.1 M HCl), which were prepared following the procedure
reported by Seo et al. [34]. After 7 h and 24 h of vigorous stirring, the uptake of MCPP was determined
using the UV absorbance at 279 nm.

2.6. Degradation of Acetaminophen

Acetaminophen (500 mg) was dissolved in 10 mL ethanol. Unmodified cotton samples (controls)
and cotton samples functionalized with UiO-66 were dipped into the acetaminophen solution for
1 min. The wet samples were dried at 80 ◦C for 20 min and exposed for 10 min to a Xenon lamp to
simulate solar conditions.

3. Results

3.1. Characterization of Cotton Fabrics Fucntionalized with UiO-66

3.1.1. X-ray Diffraction

The presence of the highly crystalline structure of the UiO-66 MOF was confirmed using XRD,
as shown in Figure 2. The diffraction patterns of functionalized cotton samples (blue) and the pure
UiO-66 (red) powder are shown in Figure 2 [15,38]. A clear superposition of the main diffraction peaks
can be observed.

Figure 2. X-ray diffraction patterns for carboxymethylated cotton, UiO-66 powder, and cotton fabric
functionalized with UiO-66.

3.1.2. X-ray Photoelectron Spectroscopy

XPS was used to determine the presence of zirconium, which is metal precursor for UiO-66.
In Figure 3, the peaks at 330, 350 and 440 eV are assigned to zirconium’s 3p, 3p3/2 and 3s orbital

electrons. The peak at 290 eV associated to carbon was used for calibration. This carbon peak can be
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assigned to both the ligand (terephthalic acid) and the substrate (cellulose). The 1s orbital of oxygen
has a binding energy of 530 eV, and oxygen is also present in both the ligand and substrate.

Figure 3. X-ray photoelectron spectroscopy (XPS) of a cotton fabric functionalized with UiO-66.

As cotton samples are non-conductive, a buildup of positive charges on the surface of the sample
can be formed immediately after the sample is exposed to X-rays. This charge buildup drags additional
electrons from within the sample, hence distorting the spectrum and shifting down the binding energy
values. A flood gun was used to neutralize this effect, and the spectrum was recalibrated using the
C–C carbon bond at 285 eV. In addition to confirming the presence of Zr, the XPS spectra also indicated
the absence of residual chlorine from the ZrCl4 and residual nitrogen that could have originated by the
washing of the samples in DMF.

3.1.3. Scanning Electron Microscopy

SEM imaging confirmed the uniformity of the UiO-66 functionalization on the surface of the
cotton fabrics, as shown in Figure 4b,c. An SEM image of pristine cotton fibers is shown in Figure 4a
for reference [38].

 
(a) 

 
(b) 

Figure 4. Cont.
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(c) (d) 

Figure 4. Scanning electron microscopy (SEM) images of (a) bare cotton fibers, and (b–d) cotton fibers
functionalized with UiO-66 at different magnifications.

SEM imaging confirmed the presence of crystalline UiO-66. Figure 4d resembles the morphology
previously reported for UiO-66 [17] and provides evidence of the homogeneity of the coating.

3.1.4. Energy Dispersive X-ray Spectroscopy

EDX mapping shows the atomic distribution over the surface of a sample. A higher aperture
was used to ensure optimal characterization, but this also resulted in cracks in the sample, which
are apparent in Figure 5a. Fortunately, once formed, these crevasses did not expand. A uniform
distribution of zirconium onto the cotton fibers can be seen in Figure 5b, where the signal attributed to
the zirconium channel is highlighted in red. Quantitative analysis of the resulting maps showed an
average zirconium atomic percent content of 5% ± 0.7% on the surface of the fibers.

(a) 
 

(b) 

Figure 5. (a) Scanning electron microscopy (SEM) image of a cotton fiber functionalized with UiO-66
with the energy-dispersive X-ray spectroscopy (EDX) mapped region highlighted in green; (b) EDX
zirconium map of the highlighted area shown in (a).

3.1.5. Transmission Electron Microscopy

TEM imaging allowed to assess the thickness of the UiO-66 coating on the cotton fibers. In
Figure 6, the UiO-66 crystals, appearing darker than the cotton substrates because of the presence of Zr
(Z = 40), formed a conformal coating over the irregular shape of the cotton fiber. These images were
used to determine that the thickness of the coating was around 50 nm.
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(a) (b) 

Figure 6. Transmission electron microscopy (TEM) image of a cotton fiber functionalized with UiO-66:
(a) Cotton fiber cut along its fiber axis. The scale bar corresponds to 500 nm. (b) Magnification of the
area delimited by the white square in (a). The scale bar corresponds to 100 nm.

3.1.6. Fourier Transform Infrared Spectroscopy

The degradation of acetaminophen was followed using ATR-FTIR. The ATR-FTIR characterization
of the UiO-66-functionalized fabrics is shown in Figure 7.

Figure 7. Fourier transform infrared spectroscopy (FTIR) spectra of bare cotton fabric, UiO-66 powder
and UiO-66-functionalized cotton fabric.

The labeled FTIR bands in Figure 7 correspond to (a) stretching of hydrogen-bonded O–H, (b) C–H
stretching, (c) O–H bending of adsorbed water, (d) CH2 scissoring, (e) O–H bending (f) OCH–O–CH2

stretching, (g) asymmetric stretching of the carboxylate band (terephthalic ligand), and (h) carboxylate
symmetrical stretching (terephthalic ligand). The powder spectrum and the carboxymethylated
cellulose were in quantitative agreement with those previously reported [17,36,39].

3.2. Adsorption of MCPP

The maximum uptake of MCPP by dispersed UiO-66 powders was obtained after about 6 h
according to Seo et al. [34]. In our case, the UiO-66 MOF was immobilized onto cotton fabrics. After
immersion of the fabrics in the MCPP solution, an aliquot of the MCCP solution was taken after 7 h of
vigorous stirring, and another aliquot was taken 24 h later. In both cases, the resulting UV absorption
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was the same. The calculated removal efficiency for the cotton fibers decorated with UiO-66 was 14.5%.
As expected, the removal efficiency for the carboxymethylated cotton samples was 0% for uptake times
as large as 24 h.

3.3. Photocatalytic Activity of the UiO-66-Functionalized Fabric

The catalytic activity of the cotton fabrics functionalized with UiO-66 was assessed through
degradation of acetaminophen. Figure 8 shows the absorbed and degraded acetaminophen after
10 min of UV exposure.

 
(a) (b) 

Figure 8. Acetaminophen adsorbed on (a) bare cotton fabric and (b) cotton fabrics functionalized with
UiO-66. The Fourier transform infrared spectroscopy (FTIR) spectra in blue represents time zero and
the spectra after 10 min of exposure to UV is shown in red.

The degree of degradation of acetaminophen was evaluated by monitoring the 1560 cm−1 peak,
which is ascribed to one of the N–H bending modes. The signal was normalized to the 1500 cm−1

peak attributed to one of the phenyl C–C stretching modes, a peak that should remain constant during
photocatalytic degradation [40,41].

4. Discussion

XRD spectra of cotton samples functionalized with UiO-66 confirmed the crystalline formation of
the MOF on the cotton fabric, as shown in Figure 2. Figure 2 also shows that the XRD pattern of the
carboxymethylated cotton sample (yellow) exhibited only the characteristic peaks for cellulose (15◦,
16◦ and 23◦) [38]. The UiO-66 powder sample (red) matched the peaks reported in the literature [17].
The cotton sample functionalized with UiO-66 (blue) exhibited both the peaks assigned to cellulose
and those assigned to UiO-66 in clear superposition, confirming the presence of the crystalline MOF
onto the fabric.

XPS (Figure 3) confirmed that the crystalline formation was composed of zirconium, carbon and
oxygen. Because of the fact that the substrate, cellulose, was also composed of carbon and oxygen, a
quantitative analysis of the MOF content was not possible. The XPS spectra also showed no chlorine,
confirming that the zirconium was stoichiometrically coordinated to the oxygen. Moreover, because
of the absence of nitrogen in the spectrum, we also concluded that the solvent, DMF, was completely
removed from the pores of the UIO-66 framework.

Images obtained via SEM (Figure 4) showed that the coating was uniform across the fabric, and
this observation was supported by the EDX map reporting the distribution of zirconium (Figure 5b).
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Figure 4c,d show that the UiO-66 MOF completely covered the surface of the fiber, leaving no bare
cotton in sight. EDX quantitative analysis indicated a zirconium content on the surface of 5% ± 0.7%.

TEM images (Figure 6) show that the thickness of the coating could be estimated to be around
50 nm and that the coating thickness appeared to be uniform along the fiber’s axis.

FTIR (Figure 7) spectra demonstrated the presence of carboxylate and phenyl bonds ascribed to
the terephthalic ligands of UiO-66, and the spectra of the powder MOF and cellulose quantitatively
agreed with the spectra reported in the literature [17,36]. Moreover, the spectrum of the cotton
fabrics functionalized with UiO-66 showed all absorption peaks ascribed to both cellulose and UiO-66,
further confirming the presence of this MOF onto the fabric. FTIR characterization was necessary for
establishing a baseline for the photocatalytic experiment.

As illustrated by the EDX and XPS results, the amount of MOF immobilized onto the cotton
fabric was very small. Therefore, a 14.5% uptake of MCPP is truly remarkable. In their study, Seo
et al. reported a maximal adsorption capacity of 370 mg of MCPP/g UiO-66 (powder) [34]. In this
study, we used 234.1 mg of a UiO-66-functionalized cotton containing about 5% zirconium on its
surface. The mass of MCPP removed from the system was 3 mg, resulting in an adsorption capacity for
UiO-66-functionalized cotton of 12.8 mg of MCPP/g functionalized fabric. As expected, the absorption
capacity for the functionalized fabric was smaller than the value obtained for the powder sample.
Advantages of the fabric sample include its easy recovery and reuse after desorption as well as its
mechanical stability and manufacturability.

The catalytic activity of the cotton samples functionalized with UiO-66 MOFs was assessed in
the degradation of acetaminophen. The degree of degradation was evaluated via FTIR by monitoring
the 1560 cm−1 peak, which is ascribed to one of the N–H bending modes in acetaminophen. The
signal was normalized to the 1500 cm−1 peak, which is ascribed to one of the phenyl C–C stretching
modes. This peak should remain constant during the photocatalytic degradation [41]. Experiments
were performed with the scoured cotton samples (control) and the cotton samples functionalized with
UiO-66. In both experiments, the photocatalytic degradation of acetaminophen was noted (Figure 8).
However, when the cotton sample functionalized with UiO-66 was used, the decrease in the N–H band
was larger than in the experiments performed with the as-received samples. These results indicate
that the presence of the UiO-66 increased the photocatalytic efficiency of the cotton by 63% after only
10 min of UV exposure.

5. Conclusions

Cotton fibers were successfully functionalized with UiO-66, a zirconium-based water-stable MOF.
The presence of the crystalline UiO-66 was confirmed via XRD, and the presence of zirconium in the
cotton-modified samples was confirmed by XPS and EDX. SEM and TEM imaging confirmed that the
UiO-66 crystals uniformly grew on the surface of the cotton fibers and that the MOF layer was 50 nm
thick. The reported functionalization did not alter the structure of the textile, hence allowing for the
potential use of these materials in protective clothing. The cotton functionalized with UiO-66 exhibited
an increased uptake of MCPP as well as enhanced UV degradation capabilities. These results indicate
that UiO-66-functionalized textiles can be used as flexible mantles for the photocatalytic decomposition
and adsorption of low-concentration pollutants in water streams.
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Abstract: This paper proposes a facile strategy for the zwitterionization of bioceramics that is
based on the direct incorporation of L-lysine amino acid via the ε-amino group onto mesoporous
MCM-41 materials. Fourier transform infrared (FTIR) studies of lysine-grafted MCM-41 (MCM-LYS)
simultaneously showed bands at 3080 and 1540 cm−1 and bands at 1625 and 1415 cm−1 corresponding
to -NH3+/COO− pairs, which demonstrate the incorporation of the amino acid on the material surface
keeping its zwitterionic character. Both elemental and thermogravimetric analyses showed that the
amount of grafted lysine was 8 wt.% based on the bioceramic total weight. Moreover, MCM-LYS
exhibited a reduction of adhesion of S. aureus and E. coli bacteria in 33% and 50%, respectively at
physiological pH, as compared with pristine MCM-41. Biofilm studies onto surfaces showed that
lysine functionalization elicited a reduction of the area covered by S. aureus biofilm from 42% to only
5% (88%). This research shows a simple and effective approach to chemically modify bioceramics
using single amino acids that provides zwitterionic functionality, which is useful to develop new
biomaterials that are able to resist bacterial adhesion.

Keywords: lysine grafting; zwitterionization; mesoporous MCM-41 biomaterial; antibacterial
adhesion; biofilm formation

1. Introduction

Microbial adhesion onto implanted biomaterials and the subsequent formation of biofilms is one
of the major causes of failure in biomedical devices. Antimicrobial and non-fouling coatings are two
strategies to prevent the attachment and spreading of microorganisms on the surface of implantable
materials [1]. The use of hydrophilic or zwitterionic surfaces is among the most useful chemical
strategies to avoid bacterial adhesion and biofouling [2–4]. In this sense, zwitterionic polymers such
as poly(sulfobetaine methacrylate) (pSBMA) and poly(carboxybetaine methacrylate) (pCBMA), with
mixed positively and negatively charged moieties within the same polymer chain and overall charge
neutrality, exhibit ultralow fouling ability to resist non-specific protein adsorption, bacterial adhesion
and biofilm formation [5,6].
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The design of ordered mesoporous materials with resistance to bacterial adhesion is highly
desirable, since these materials have unique characteristics such as high surface area and pore volume,
tuneable and narrow pore size distributions, as well as ease of functionalization. These materials
have been widely used for various applications, i.e., catalysis, carriers for drug storage and delivery,
adsorbents [7–10], and as bioceramics for bone tissue regeneration [11,12]. In addition, ordered
mesoporous silica materials have excellent properties as drug carriers, such as large loading capacity
and low toxicity. Recently, there has been significant research effort on the design of bioceramics
functionalized with zwitterions as a promising strategy to develop non-fouling and antibacterial
adhesion surfaces [13]. These properties are related to a hydration layer on the surface, since a
tightly bound water layer forms a physical and energetic barrier that prevents bacterial adhesion and
non-specific protein adsorption [14–17]. It is possible to set up functionalization methods to graft both
positively and negatively charged moieties onto the bioceramic surfaces.

Thus, different zwitterionization approaches have been developed so far to prepare non-fouling
bioceramics. In general, these strategies include the surface grafting with zwitterionic polymers or
with low molecular moieties, involving the surface modification with either carboxylic and/or amine
groups in separate steps [15–19]. Recently, it has been reported that the amino acids represent an
alternative to provide bioceramics with a zwitterionic character. In this sense, cysteine was grafted to
the surface of silica nanoparticles via a two-step procedure, showing high resistance to non-specific
protein adsorption [20]. In this sense, the amino acid L-lysine (lysine) is even more attractive to create
low-fouling surface owing to its low cost, high biocompatibility, and widespread availability. Lysine is a
basic amino acid, which contains two primary amino groups (-NH2) and one carboxylic group (-COOH)
with pKa for the α-amino and the carboxylic groups at 9.06 and 2.16, respectively. Consequently,
at neutral pH these groups are simultaneously protonated and deprotonated. When the ε-amino group
has reacted, the remaining amino group and carboxyl group form an anion-cation pair, i.e., a zwitterion,
which exhibits antifouling activity [21–23]. For instance, Shi et al. [24] grafted lysine, glycine, and serine
onto the surface of hydrolyzed polyacrylonitrile membrane with a high concentration of carboxylic
acid groups. The modified membranes had similar hydrophobicity, as determined from water contact
angle measurements, while the lysine-modified membrane showed the least protein fouling. Moreover,
Zhi et al. [25] grafted lysine onto polydopamine-coated poly(ethylene terephthalate) that showed
improved resistance to non-specific protein adsorption and platelet adhesion.

In the present work, lysine was grafted to silica by means of cyanuric chloride (CC), which acted
as a bridging molecule. CC has been shown to be an effective surface coupling agent that can react with
a variety of substances, including hydroxyl and amino derivatives, and produce an ether linkage that
is chemically and electrochemically stable in organic solvents and in aqueous solution (pH 3–7) [26].
CC has labile chlorine groups that can react both with the hydroxyl groups on the surface of the
bioceramics and with ε-amine of lysine. Consequently, the goal of this work was to chemically modify
mesoporous silica (MCM-41) using the amino acid lysine, to provide zwitterionic moieties useful for
the development of new biomaterials that are able to resist bacterial adhesion and reduce the biofilm
formation onto their surface.

2. Materials and Methods

2.1. Materials

L-lysine monohydrochloride (98%), tetraethyl orthosilicate (TEOS, 98%), 2,4,6-Trichloro-1,3,5-triazine
(Cyanuric chloride, CC) (99%), hexadecyl trimethylammonium bromide (CTAB), and glutaraldehyde
(50 wt.%) were purchased from Sigma-Aldrich (St. Louis, MI, USA). Sodium hydroxide (NaOH,
98.9%), ethylenediamine tetra acetic acid (EDTA, 98%), and copper (II) sulfate (CuSO4·5H2O, 98%)
were purchased from Analytyka (Guadalajara, Mexico). Tryptic soy agar (TSA, BIOXON, Mexico City,
Mexico), Tryptic soy broth (TSB, BIOXON, Mexico City, Mexico) and Todd Hewitt Broth (THB, Fluka
analytical, Toluca, Mexico) were used as received. The microorganisms Escherichia coli (ATCC 25922), and
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Staphylococcus aureus (ATCC 29213) were obtained from the American Type Culture Collection (Manassas,
VA, USA). All the other reagents were analytical grade and used without further purification.

2.2. Preparation of MCM-41 with Zwitterionic Moieties

MCM-41 silica was synthesized by the sol-gel method according to Cai et al. [27]. In brief,
CTAB (1 g) was dissolved in 480 mL of distilled water, and then 3.5 mL of NaOH (2 M) were added,
the temperature raised to 85 ◦C and stirred for 30 min. TEOS (5.0 mL) was then introduced drop-wise
to the surfactant solution. Once the addition of TEOS was completed, the mixture was stirred for 2 h
at 85 ◦C. The white precipitates were filtered, washed with ethanol, dried under vacuum at room
temperature for 48 h, and calcined in air at 550 ◦C for 4 h with a heating rate of 1 ◦C/min.

The resulting bioceramic was functionalized with the amino acid lysine (MCM-LYS) to confer
its zwitterionic character. The modification of MCM-41 with the amino acid lysine was carried out
following the procedure reported by Delgado et al. [28]. In brief, L-lysine hydrochloride was first
converted into the copper complex as it follows: lysine (2.32 g in 12.72 mL NaOH 1 M) and copper
sulfate (1.59 g CuSO4·5H2O in 30 mL H2O) were brought together and stirred into a homogeneous
solution. The pH of the solution was adjusted to 7.0 with NaOH (1 M) and cooled to 0 ◦C. MCM-41
was grafted with CC as follows: 1 g MCM-41 was placed in a water–acetone mixture (80 mL, 75/25)
under constant stirring and cooled at 0 ◦C. Afterwards, the CC (2.34 g) solution in p-dioxane (40 mL)
was added under magnetic stirring. Subsequently, NaCl (1.5 g) was added in two equivalent portions,
and the pH of the mixture was adjusted to 12 with NaOH (6 M) and kept at 0 ◦C for 30 min under
constant stirring. The coupling of lysine to the grafted MCM-41 was achieved by immediately adding
the lysine-copper complex under vigorous stirring and leaving it to react for 15 min. Then, the
reaction mixture was removed from the ice bath and placed in a water bath at room temperature,
followed by a slow increase of temperature until it reached 65 ◦C, and then kept stable for 40 min.
The functionalized bioceramic was filtered off and washed with water and p-dioxane several times
to remove CC residues. The copper was completely eliminated from the lysine copper complex by
suspending the functionalized bioceramic in 40 mL distilled water with 1.18 g EDTA (twice, the second
time adding 0.1% triton X-100 detergent), boiled at 100 ◦C for 10 min, filtered, treated with 0.05 M
acetic acid (30 mL) and extensively washed with water and dried overnight under vacuum at 60 ◦C.

2.3. Characterization

The structural characteristics of the resulting materials were determined by powder X-ray
diffraction (XRD) in a Siemens D500 diffractometer (Siemens, Eindhoven, The Netherlands) equipped
with Cu Kα (40 kV, 20 mA) over the range from 2◦ to 10◦ with a step of 0.005 and a contact time
of 4 s. The nitrogen adsorption isotherms were measured at −196 ◦C with a Micromeritics ASAP
2020 analyzer (Micromeritics, Norcross, GA, USA). In all cases, the samples were degassed at 60 ◦C
for 24 h before analysis. Electron microscopy was carried out in a JEOL JEM-220FS transmission
electron microscope (JEOL, Tokyo, Japan) operating at 300 kV. The chemical composition and the
presence of functional groups on the synthesized materials was determined using Fourier transform
infrared (FTIR) spectroscopy in a Thermo Nicolet Nexus spectrometer equipped with a Goldengate
attenuated total reflectance (ATR) device (Thermo scientific, Waltham, MA, USA) from 4000 to 400 cm−1.
Quantitative determination of chemical composition of the samples was carried out by elemental
chemical analysis in a LECO CHNS-932 microanalyzer (Saint Joseph, MI, USA). Thermogravimetric
analyses (TGA) were carried out in nitrogen between 30 and 600 ◦C (flow rate of 50 mL/min, heating
rate of 10 ◦C/min) using a Perkin Elmer TGA Diamond analyzer (PerkinElmer, Akron, OH, USA).
Zeta-potential (ζ) measurements were performed on a Malvern Zetasizer Nano Series instrument
(Malvern Instruments Ltd., Malvern, UK) with 55 mg of each sample in 30 mL of 10 mM KCl (used as
the supporting electrolyte), the mixture was vigorously stirred to reach a homogenous suspension and
the pH adjusted by adding appropriate volumes of 0.1 M HCl or 0.1 M KOH solutions.
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2.4. Bacterial Adhesion Assays

Bacterial adhesion assays on MCM-41 and MCM-LYS were tested using gram negative E. coli
(assay A) and gram positive S. aureus (assay B) by using an established methodology [29–33]. In brief,
disk-shaped pieces of 6 mm diameter and 1 mm height were prepared by compacting fractions of
30 mg of dried powders using 2.75 and 3 MPa uniaxial and isostatic pressure, respectively. Before the
adhesion assay, samples were sterilized by UV irradiation for 10 min on each side of the piece and
then stabilized in sterile phosphate-buffered saline (PBS) for 2 h.

Assay A: S. aureus strain was grown to a mid-logarithmic phase in THB medium at 37 ◦C under
orbital stirring at 100 rpm until the optical density measured at 600 nm reached 0.5 in an UV/VIS
spectrometer (UV-530, Bonsai technologies, Madrid, Spain). Bacteria from the culture were collected
by centrifugation (Labofuge 400 centrifuge, Thermo Scientific, Waltham, MA, USA) at 1500 rpm for
10 min at room temperature, washed three times with sterile PBS (pH 7.4), and re-suspended in 12 mL
of PBS. In this study (Assay A), PBS solutions with pH 3.6 and 7.8 were also used.

Assay B: E. coli was grown in TSB at 37 ◦C under orbital stirring at 100 rpm until the optimal
density, as measured at 600 nm, reached 0.5. At this point, bacteria from the culture were collected
by centrifugation at 1500 rpm for 10 min at room temperature, washed three times with sterile PBS
(pH 7.4), and subsequently re-suspended in 12 mL of sterile PBS.

Then, different disk-shaped samples were soaked in 1 mL of each bacterial suspension (A or B)
and incubated at 37 ◦C under orbital stirring at 100 rpm for 90 min.

The quantification of bacteria attached to the biomaterial surfaces after the bacterial adhesion
assays (A and B) was performed by a method described elsewhere [29,30]. The bioceramic samples
were aseptically removed and rinsed three times with sterile PBS to eliminate any free bacteria [32].
Each disk was placed in 1 mL sterile PBS in Eppendorf vials (Nirco, Madrid, Spain), followed by 10 min
sonication in a low-power bath sonicator (Selecta, Madrid, Spain). This sonication process was carried
out three times, assuming then that 99.9% of adhered bacteria were removed. Thereafter, 100 μL of
each sonication product were cultivated on TSA plates, followed by incubation at 37 ◦C overnight.
Determination of the number of colony forming units (CFU) resulting from the overall sum of the three
sonication stages allowed the determination of the number of bacteria initially adhered onto the disks.
The experiments were performed in duplicate. Surface characterization of the samples after 90 min
in E. coli bacterial incubation was performed by SEM in a JEOL model JSM-6335F microscope (JEOL,
Tokyo, Japan). Before the SEM studies, the attached bacteria were fixed with 2.5 vol. % glutaraldehyde
in PBS, pH 7.4 and dehydrated by slow water replacement using a series of graded ethanol solutions
(10%, 30%, 50%, 70% and 100%) in deionized water, with a final dehydration step in absolute ethanol
before critical point drying (Baltec AG, Balzers, Liechtenstein) [33]. The materials were mounted on
stubs and gold plated in a vacuum using a sputter coater (Baltec AG, Balzers, Liechtenstein) and
visualized by SEM.

2.5. S. aureus Bacterial Biofilm Formation

Biofilm growth onto MCM-41 and MCM-LYS surfaces was determined. Briefly, S. aureus biofilms
were developed by suspending the disks of each material in a bacteria solution of 108 bacteria per
mL during 48 h at 37 ◦C and orbital stirring at 100 rpm. In this case, the medium used was 66%
tryptic soy broth TSB (BioMerieux, Marcy L’Etoile, France) +0.2% glucose to promote robust biofilm
formation. After 90 min of incubation, the disks were washed three times with sterile PBS, stained
with a 3 μL/mL of Live/Dead® Bacterial Viability Kit BaclightTM (Thermo Fisher Scientific, Waltham,
MA, USA) and 5 μL/mL of Calcofluor solution to specifically determine the biofilm formation,
staining the mucopolysaccharides of the biofilm (extracellular matrix in blue). Both reactants were
incubated for 15 min at room temperature. Biofilm formation was examined in an Olympus FV1200
confocal microscope (Olympus, Tokyo, Japan), by taking eight photographs of each sample (60×
magnification) [34]. The surface area covered with adhered bacteria was calculated using ImageJ
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software (National Institutes of Health, Bethesda, MD, USA). The experiments were performed in
triplicate, and the results were expressed as the mean ± standard deviation.

3. Results

MCM-41 was successfully synthesized by the sol-gel methodology, as shown in the following
analyses. In Figure 1, the XRD pattern exhibits a strong (100) reflection peak with three small peaks
(110), (200), and (210) typical of MCM-41 material [35]; the formation of MCM-41 particles with
diameters of around 0.2 μm with the ordered 2D hexagonal array and straight structural features
of MCM-41 are clearly revealed by TEM, as observed in Figure 2a,b. It is worth noticing that the
synthesized MCM-41 did not present intergrowth or intertwinned aggregations.

Figure 1. XRD patterns of pristine mesoporous silica (MCM-41). Characteristic diffraction patterns of
ordered mesoporous silica corresponding to 2D hexagonal structure, p6mm plain group is observed.

 
(a) (b) 

Figure 2. Transmission electron microscope (TEM) images of MCM-41: (a) The image shows aggregates
of circular particles between 200–500 nm; (b) The image shows the surface of a particle demonstrating
a honeycomb array with a regular pore size of about 2 nm.
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Lysine was grafted onto MCM-41 silica using CC as linking agent, as shown in Scheme 1. The
surface hydroxyl groups of MCM-41 react with chlorine atoms of CC in a first stage. The remaining
chlorine atoms in CC can react with the ε-amino group of lysine (Compound 1) in a second
stage. The protection of α-amino and carboxyl groups is achieved by complexing them with Cu2+

(Compound 2); the free ε-amino groups of the copper complex reacted with Compound 1 to obtain the
MCM-LYS material.

 

Scheme 1. Lysine grafting via coupling with cyanuric chloride (CC) onto MCM-41. Silanol groups on
MCM-41 first react with CC, which in turn react with the ε-amino group of a Cu2+ lysine complex.
After treatment of the product of [1] and [2] with EDTA to remove copper, the proper zwitterionic
function on the bioceramic is achieved.

Figure 3 shows the FTIR spectra of pristine MCM-41 and MCM-LYS. MCM-41 shows the
characteristic band of the siloxane group (-Si-O-Si-) at 1060 cm−1, whereas the bands at 955 and
795 cm−1 correspond to -Si-OH and -Si-O, respectively [14]. The new bands, shown in the inset, at 3204
and 1399 cm−1, originate from N-H stretching and deformation frequencies, respectively. Furthermore,
the presence of zwitterionic pairs can be demonstrated by observing the peaks at 3080 and 1540 cm−1,
which correspond to -NH3+ stretching and deformation frequencies, respectively, and the bands at 1625
and 1415 cm−1, which are typical of the antisymmetric and symmetric frequencies of ionic carboxyl
(COO−). The carbonyl group of lysine is observed in 1715 cm−1, while the bands observed in 2971 and
2874 cm−1 correspond to -CH2- of the amino acid chain. It was therefore established that MCM-41
was successfully modified with lysine, and that the samples exhibit a zwitterion moieties due to the
presence of NH3+ and COO− groups (see insets in Figure 3).
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Figure 3. Fourier transform infrared (FTIR) spectra of MCM-41 and lysine-grafted MCM-41 (MCM-LYS).
The insets show regions from 4000–2500 cm−1 (left) and 2000–1300 cm−1 (right) to better appreciate
the changes arising from the grafting of pristine MCM-41.

The textural properties and the organic elemental analysis of MCM-41 and MCM-LYS are
summarized in Table 1. It can be seen that the surface area and pore volume of MCM-LYS considerably
decreased to 62% and 55%, respectively, in comparison with pristine MCM-41. This reduction of surface
area and pore volume is due to the blocking of pores as mesoporous silica is being functionalized.
Furthermore, the organic elemental analysis showed that MCM-LYS had 2.47, 2.53, and 5.95 wt.%
N, H, and C content, respectively, whereas pristine MCM-41 showed no organic elements (except
for hydrogen) in its composition. These facts indicate that lysine was successfully attached onto the
bioceramic. The amount of lysine attached to the bioceramic was calculated by taking into account the
amount of CC that was previously attached for coupling. In parallel, TGA of MCM-LYS and MCM-41
was carried out up to 600 ◦C. It was found that the TGA curve of MCM-LYS, which is shown in
Figure 4, had two step changes: one at 100–140 ◦C, which corresponding to the loss of water molecules
entrapped in the bioceramic, and the other at 200–300 ◦C from lysine decomposition. Then, the curve
drifted, showing the decomposition of the remaining organic matter that must correspond to CC,
which is attached to the bioceramic. From these transitions, it was found that lysine was attached in
about 8 wt.%, and that CC was attached in about 7 wt.%, with a decrease in organic material for about
15 wt.%. These numbers are in agreement with the result of the elemental analysis presented in Table 1,
which showed an organic content of about 11%.

Table 1. Textural data and elemental analysis of MCM-41 and MCM-LYS.

Sample SBET (m2/g) Vp (cm3/g) Dp (nm)
Elemental Analysis

% CC/Lys
C (%) H (%) N (%)

MCM-41 954 0.95 4.96 —- 0.79 —- —-
MCM-Lys 359 0.43 4.80 5.95 2.53 2.47 11
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Figure 4. Thermogravimetric analyses (TGA) curves of MCM-41 and MCM-LYS. The thermogram of
MCM-LYS shows weight loss in three different regions: 25–140 ◦C, 140–300 ◦C, and 300–600 ◦C.

It is noteworthy that MCM-LYS retained up to 10% of the weight of water, as opposed to bare
MCM-41, which indicates that the grafted zwitterions were capable to form a layer of water on the
surface of the material that in turn might inhibit the adhesion of bacteria [4].

ζ-potential was measured to determine the isoelectric point (IEP) and the electrostatic behavior
of MCM-41 and modified MCM-41 at physiological pH in PBS (pH = 7.4). Figure 5 shows that
MCM-41 has a near zero charge at pH 3, whereas MCM-LYS has an IEP at pH 3.6. At physiological
pH 7.4, MCM-41 and MCM-LYS show a ζ-potential of −35 and −28 mV, respectively. In the case
of MCM-41, this is due to ionized silanol groups (–Si–O–), whereas in the case of MCM-LYS, it
is owed to the presence of –Si–O– groups unreacted in the grafting process, since lysine is in its
zwitterionic form. Similar behavior was observed by Shi et al. [24], when lysine was grafted onto
polyacrylonitrile membrane.

 

Figure 5. ζ-Potential vs. pH of MCM 41 and MCM-LYS.

To evaluate the S. aureus adhesion on the bioceramics, in vitro assays were carried out at 37 ◦C for
90 min at different pH levels (assay A). Figure 6 shows the CFU adhered to the different bioceramics
as a function of pH. It can be seen that MCM-LYS had the lowest bacterial adhesion regardless of pH,
showing a decrease of about of 77%, 33%, and 15% as compared with pristine MCM-41, at pH of 3.6, 7.4,
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and 7.8 respectively. It is noteworthy that at pH 3.6, MCM-LYS showed the lowest bacterial adhesion,
which corresponds to its isoelectric point, i.e., the pH at which the electric charges are neutralized.
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Figure 6. S. aureus CFU/cm3 after 90 min cultivation in the presence of MCM-41 and MCM-LYS at the
studied pHs.

Studies of E. coli adhesion onto the samples were carried out only at the physiological pH of 7.4.
Figure 7a shows that MCM-LYS has the lowest bacterial adhesion, which decreased 50% as compared
with pristine MCM-41. Moreover, Figure 7b depicts SEM images of the adhesion of E. coli on the
surface of both materials, which confirm the results obtained by counting the CFU. SEM micrographs
of a MCM-LYS sample show a lower amount of E. coli bacteria as compared with MCM-41. In addition,
the SEM images show that bacteria are interconnected in MCM-41. In contrast, in MCM-LYS bioceramic,
the amount of bacteria observed is smaller, and they appear isolated without apparent communication
between them. These results show that zwitterionic moieties on the surface of MCM-LYS, provided by
lysine, decreased the initial attachment of both bacteria [31]. In absolute terms, the adhesion of E. coli
was higher on MCM materials, as compared with S. aureus; however, the relative effectiveness of the
zwitterionic pair was more pronounced on E. coli, which was shown as a reduction of 50% adhesion
on MCM-LYS.
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(a)

Figure 7. Cont.

 
(b)

Figure 7. (a) E. coli colony forming units (CFU)/cm3 after 90 min cultivation in the presence of MCM-41
and MCM-LYS at physiological pH (7.4); (b) SEM micrographs at 5000× and 20,000× of MCM-41 and
MCM-LYS after 90 min cultivation of E. coli.

Confocal microscopy was carried out to characterize the biofilm formation onto MCM-LYS and
bare MCM-41 after 48 h of incubation using Syto-9/propidium iodide dyes (to stain alive and dead
bacteria in green and red, respectively), and Calcofluor fluorescent stains (to stain the extracellular
matrix of biofilms in blue). The thickness of the biological material attached to both surfaces was
determined by analyzing eight different areas of each piece by confocal microscopy. The measured
thickness was 30.3 ± 3.3 μm for the bare MCM-41 substrate (n = 8 and p < 0.001, Kruskal-Wallis test),
while the measured thickness was 15.3 ± 7.8 μm for MCM-LYS. Moreover, Figure 8 depicts a compact
biofilm layer formed by large colonies with a size >500 μm for MCM-41. However, for the MCM-LYS
sample, the scenario is completely different, showing smaller colonies (<50 μm). These results reveal
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the limited ability of S. aureus to form biofilm onto a lysine-functionalized surface as compared with
bare MCM-41.

Figure 8. S. aureus biofilm grown on MCM-41 and MCM-LYS samples, respectively; the images were
collected by confocal microscopy after 48 h of incubation (the larger scale bars correspond to the area
of the figure, whereas the smaller scale bar refers to the thickness).

4. Discussion

Different zwitterionization approaches have been developed to prepare non-fouling bioceramics,
which include surface grafting with zwitterionic polymers, separately grafting low molecular moieties
containing carboxylic and/or amine groups, or with cysteine [15–20]. In this contribution, a facile
strategy for creating a non-fouling, antibacterial bioceramic surface is reported. MCM-41 bioceramic
was synthesized, and thereafter functionalized with lysine in order to create surface zwitterionic pairs.
The use of cyanuric chloride as a coupling agent between MCM-41 and the amino acid warrants mild
reaction conditions, and also acts as a bridge to effectively connect the copper complexed L-lysine
through its ε-amino group. A battery of analytical techniques was used to confirm that L-lysine
was covalently attached to the surface of the bioceramic while maintaining its zwitterionic character.
For example, ATR–FTIR analysis established that the zwitterionic pair was present, as demonstrated by
the simultaneous appearance of bands at 3080, 1540 cm−1 (NH3+), and at 1625 and 1415 cm−1 (COO−).
The pristine bioceramic had a large surface area and pore volume, which after functionalization were
significantly reduced due to pore blockage. Organic elemental analysis corroborated the presence of
organic elements such as C, H, N, whereas neat MCM-41 contained only hydrogen; the approximate
amount of grafted lysine was 8 wt.%, which was confirmed both with TGA and elemental analysis.
TGA revealed a very important fact: the amount of water retained by the modified bioceramic was 10
wt.%, whereas bare MCM-41 only retained about 2 wt.%. This fact indicates that the grafted zwitterions
allow the surface to retain five-fold more water as compared with bare MCM-41. This layer of water
elicits a resistance to bacterial adhesion [36,37], which is critical for biofilm formation. It has been
shown that a single compact layer of mixed charged groups, such as zwitterions, play a dominant role
in surface resistance to non-specific protein adsorption due to strong binding of water molecules, which
form a physical and energetic barrier that prevents bacterial adhesion [14–17,38]. ζ-potential revealed
that both surfaces were negatively charged at physiological pH, due to ionized silanol groups, and that
the IEP was slightly increased for the modified bioceramic. MCM-LYS showed the lowest adhesion of
S. aureus, especially at the IEP. At physiological pH, MCM-LYS showed even lower adhesion for E. coli
(50%) as compared with unmodified MCM-41. These results showed that the zwitterionic moieties
on the modified bioceramic, provided by lysine, decreased the initial attachment of both bacteria [31].
Confocal microscopy images confirmed the limited ability of S. aureus to form a biofilm (88% less) in
the lysine-modified bioceramic. The facile method here described for incorporation of zwitterionic
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functions onto bioceramics opens up a great opportunity to develop new biomaterials resistant to
bacterial adhesion.

Acknowledgments: María F. Villegas acknowledges the Mexican Council of Science and Techonology
(CONCACYT) for financial support of her Master Studies (Scholarship #270469). Guillermo Toriz and Ezequiel
Delgado thank the support of Ayudas Santander 2010 for academic exchange to Universidad Complutense de
Madrid. María Vallet-Regí acknowledges funding from the European Research Council (Advanced Grant VERDI;
ERC-2015-AdG Proposal No.694160) and MINECO MAT2015-64831-R; Antonio J. Salinas thanks the support
of Instituto de Salud Carlos III PI15/00978 project co-financied with the European Union FEDER funds; Isabel
Izquierdo-Barba thanks also funding from MINECO (MAT2013-43299-R and MAT2016-75611-R AEI/FEDER, UE).
The authors wish to thank the ICTS Centro Nacional de Microscopia Electrónica (Spain) and CAI Flow Cytometry
and Fluorescence Microscopy of the Universidad Complutense de Madrid (Spain) for the assistance.

Author Contributions: Ezequiel Delgado, Guillermo Toriz, Ofelia Rodríguez and María Vallet-Regí conceived the
experiments; María F. Villegas, Isabel Izquierdo-Barba and Lorena Garcia-Uriostegui performed the experiments;
Ezequiel Delgado, Guillermo Toriz, Antonio J. Salinas, María Vallet-Regí and Ofelia Rodríguez analyzed the data;
all authors contributed writing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nejadnik, M.R.; Olsson, A.L.; Sharma, P.K.; van der Mei, H.C.; Norde, W.; Busscher, H.J. Adsorption of
pluronic F-127 on surfaces with different hydrophobicities probed by quartz crystal microbalance with
dissipation. Langmuir 2009, 25, 6245–6249. [CrossRef] [PubMed]

2. Ding, X.; Yang, C.; Lim, T.P.; Hsu, L.Y.; Engler, A.C.; Hedrick, J.L.; Yang, Y.Y. Antibacterial and antifouling
catheter coatings using surface grafted PEG-b-cationic polycarbonate diblock copolymers. Biomaterials 2012,
33, 6593–6603. [CrossRef] [PubMed]

3. Eshet, I.; Freger, V.; Kasher, R.; Herzberg, M.; Lei, J.; Ulbricht, M. Chemical and physical factors in design of
antibiofouling polymer coatings. Biomacromolecules 2011, 12, 2681–2685. [CrossRef] [PubMed]

4. Cheng, G.; Li, G.; Xue, H.; Chen, S.; Bryers, J.D.; Jiang, S. Zwitterionic carboxybetaine polymer surfaces and
their resistance to long-term biofilm formation. Biomaterials 2009, 30, 5234–5240. [CrossRef] [PubMed]

5. Cheng, G.; Xue, H.; Zhang, Z.; Chen, S.; Jiang, S. A switchable biocompatible polymer surface with
self-sterilizing and nonfouling capabilities. Angew. Chem. Int. Ed. 2008, 47, 8831–8834. [CrossRef] [PubMed]

6. Jiang, S.; Cao, Z. Ultralow-fouling, functionalizable, and hydrolyzable zwitterionic materials and their
derivatives for biological applications. Adv. Mater. 2010, 22, 920–932. [CrossRef] [PubMed]

7. Kalbasi, R.J.; Kolahdoozan, M.; Rezaei, M. Synthesis and characterization of PVAm/SBA-15 as a novel
organic-inorganic hybrid basic catalyst. Mater. Chem. Phys. 2011, 125, 784–790. [CrossRef]

8. Rosenholm, J.M.; Sahlgren, C.; Lindén, M. Towards multifunctional, targeted drug delivery systems using
mesoporous silica nanoparticles—Opportunities & challenges. Nanoscale 2010, 2, 1870–1883. [PubMed]

9. Wu, Z.; Zhao, D. Ordered mesoporous materials as adsorbents. Chem. Commun. 2011, 47, 3332–3338.
[CrossRef] [PubMed]

10. Kumar, P.; Guliants, V.V. Periodic mesoporous organic-inorganic hybrid materials: applications in membrane
separations and adsorption. Microporous Mesoporous Mater. 2010, 132, 1–14. [CrossRef]

11. Vallet-Regí, M. Nanostructured mesoporous silica matrices in nanomedicine. J. Int. Med. 2010, 267, 22–43.
[CrossRef] [PubMed]

12. Vallet-Regí, M.; Balas, F.; Arcos, D. Mesoporous materials for drug delivery. Angew. Chem. Int. Ed. 2007, 46,
7548–7558. [CrossRef] [PubMed]

13. Izquierdo-Barba, I.; Colilla, M.; Vallet-Regí, M. Zwitterionic ceramics for biomedical applications.
Acta Biomater. 2016, 40, 201–211. [CrossRef] [PubMed]

14. Colilla, M.; Izquierdo-Barba, I.; Sánchez-Salcedo, S.; Fierro, J.L.; Hueso, J.L.; Vallet-Regí, M. Synthesis
and characterization of zwitterionic SBA-15 nanostructured materials. Chem. Mater. 2010, 22, 6459–6466.
[CrossRef]

15. Izquierdo-Barba, I.; Sánchez-Salcedo, S.; Colilla, M.; Feito, M.J.; Ramírez-Santillán, C.; Portolés, M.T.;
Vallet-Regí, M. Inhibition of bacterial adhesion on biocompatible zwitterionic SBA-15 mesoporous materials.
Acta Biomater. 2011, 7, 2977–2985. [CrossRef] [PubMed]

100



Bioengineering 2017, 4, 80

16. Sánchez-Salcedo, S.; Colilla, M.; Izquierdo-Barba, I.; Vallet-Regí, M. Design and preparation of biocompatible
zwitterionic hydroxyapatite. J. Mater. Chem. B 2013, 1, 1595–1606. [CrossRef]

17. Vallet-Regí, M.; Izquierdo-Barba, I.; Colilla, M. Structure and functionalization of mesoporous bioceramics
for bone tissue regeneration and local drug delivery. Philos. Trans. R. Soc. A 2012, 370, 1400–1421. [CrossRef]
[PubMed]

18. Alswieleh, A.M.; Cheng, N.; Canton, I.; Ustbas, B.; Xue, X.; Ladmiral, V.; Xia, S.; Ducker, R.E.; Zubir, O.E.;
Cartron, M.L.; et al. Zwitterionic Poly (amino acid methacrylate) Brushes. J. Am. Chem. Soc. 2014, 136,
9404–9413. [CrossRef] [PubMed]

19. Colilla, M.; Martínez-Carmona, M.; Sánchez-Salcedo, S.; Ruiz-González, M.L.; González-Calbet, J.M.;
Vallet-Regí, M. A novel zwitterionic bioceramic with dual antibacterial capability. J. Mater. Chem. B
2014, 2, 5639–5651. [CrossRef]

20. Rosen, J.E.; Gu, F.X. Surface functionalization of silica nanoparticles with cysteine: A low-fouling zwitterionic
surface. Langmuir 2011, 27, 10507–10513. [CrossRef] [PubMed]

21. Khatayevich, D.; Gungormus, M.; Yazici, H.; So, C.; Cetinel, S.; Ma, H.; Jen, A.; Tamerler, C.; Sarikaya, M.
Biofunctionalization of materials for implants using engineered peptides. Acta Biomater. 2010, 6, 4634–4641.
[CrossRef] [PubMed]

22. Meyers, S.R.; Khoo, X.; Huang, X.; Walsh, E.B.; Grinstaff, M.W.; Kenan, D.J. The development of
peptide-based interfacial biomaterials for generating biological functionality on the surface of bioinert
materials. Biomaterials 2009, 30, 277–286. [CrossRef] [PubMed]

23. Chen, S.; Cao, Z.; Jiang, S. Ultra-low fouling peptide surfaces derived from natural amino acids. Biomaterials
2009, 30, 5892–5896. [CrossRef] [PubMed]

24. Shi, Q.; Su, Y.; Chen, W.; Peng, J.; Nie, L.; Zhang, L.; Jiang, Z. Grafting short-chain amino acids onto
membrane surfaces to resist protein fouling. J. Membr. Sci. 2011, 366, 398–404. [CrossRef]

25. Zhi, X.; Li, P.; Gan, X.; Zhang, W.; Shen, T.; Yuan, J.; Shen, J. Hemocompatibility and anti-biofouling property
improvement of poly (ethylene terephthalate) via self-polymerization of dopamine and covalent graft of
lysine. J. Biomater. Sci. Polym. Ed. 2014, 25, 1619–1628. [CrossRef] [PubMed]

26. Yacynych, A.M.; Kuwana, T. Cyanuric chloride as a general linking agent for modified electrodes:
Attachment of redox groups to pyrolytic graphite. Anal. Chem. 1978, 50, 640–645. [CrossRef]

27. Cai, Q.; Luo, Z.S.; Pang, W.Q.; Fan, Y.W.; Chen, X.H.; Cui, F.Z. Dilute solution routes to various controllable
morphologies of MCM-41 silica with a basic medium. Chem. Mater. 2001, 13, 258–263. [CrossRef]

28. Delgado, E.; Lopez-Dellamary, F.A.; Allan, G.G.; Andrade, A.; Contreras, H.; Regla, H. Zwitterion
modification of fibres: Effect of fibre flexibility on wet strength of paper. J. Pulp Pap. Sci. 2004, 30, 141–144.

29. An, Y.H.; Friedman, R.J. (Eds.) Handbook of Bacterial Adhesion: Principles, Methods, and Applications;
Springer Science & Business Media: Berlin, Germany, 2000; Volume 204.

30. Bauer, S.M.; Santschi, E.M.; Fialkowski, J.; Clayton, M.K.; Proctor, R.A. Quantification of Staphylococcus
aureus adhesion to equine bone surfaces passivated with Plasmalyte™ and hyperimmune plasma. Vet. Surg.
2004, 33, 376–381. [CrossRef] [PubMed]

31. Cheng, G.; Zhang, Z.; Chen, S.; Bryers, J.D.; Jiang, S. Inhibition of bacterial adhesion and biofilm formation
on zwitterionic surfaces. Biomaterials 2007, 28, 4192–4199. [CrossRef] [PubMed]

32. Kinnari, T.J.; Esteban, J.; Martin-de-Hijas, N.Z.; Sanchez-Munoz, O.; Sanchez-Salcedo, S.; Colilla, M.;
Vallet-Regí, M.; Gomez-Barrena, E. Influence of surface porosity and pH on bacterial adherence to
hydroxyapatite and biphasic calcium phosphate bioceramics. J. Med. Microbiol. 2009, 58, 132–137. [CrossRef]
[PubMed]

33. Izquierdo-Barba, I.; Vallet-Regí, M.; Kupferschmidt, N.; Terasaki, O.; Schmidtchen, A.; Malmsten, M.
Incorporation of antimicrobial compounds in mesoporous silica film monolith. Biomaterials 2009, 30,
5729–5736. [CrossRef] [PubMed]

34. Izquierdo-Barba, I.; García-Martín, J.M.; Álvarez, R.; Palmero, A.; Esteban, J.; Pérez-Jorge, C.; Arcos, D.;
Vallet-Regí, M. Nanocolumnar coatings with selective behavior towards osteoblast and Staphylococcus
aureus proliferation. Acta Biomater. 2015, 15, 20–28. [CrossRef] [PubMed]

35. Wagner, V.E.; Koberstein, J.T.; Bryers, J.D. Protein and bacterial fouling characteristics of peptide and antibody
decorated surfaces of PEG-poly (acrylic acid) co-polymers. Biomaterials 2004, 25, 2247–2263. [CrossRef]
[PubMed]

101



Bioengineering 2017, 4, 80

36. Gottenbos, B.; Grijpma, D.W.; van der Mei, H.C.; Feijen, J.; Busscher, H.J. Antimicrobial effects of positively
charged surfaces on adhering Gram-positive and Gram-negative bacteria. J. Antimicrob. Chemother. 2001, 48,
7–13. [CrossRef] [PubMed]

37. He, Y.; Chang, Y.; Hower, J.C.; Zheng, J.; Chen, S.; Jiang, S. Origin of repulsive force and structure/dynamics
of interfacial water in OEG–protein interactions: a molecular simulation study. Phys. Chem. Chem. Phys.
2008, 10, 5539–5544. [CrossRef] [PubMed]

38. Zheng, J.; Li, L.; Tsao, H.K.; Sheng, Y.J.; Chen, S.; Jiang, S. Strong repulsive forces between protein and oligo
(ethylene glycol) self-assembled monolayers: A molecular simulation study. Biophys. J. 2005, 89, 158–166.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

102



bioengineering

Article

Chitosan–Cellulose Multifunctional Hydrogel
Beads: Design, Characterization and Evaluation of
Cytocompatibility with Breast Adenocarcinoma and
Osteoblast Cells

Poonam Trivedi 1, Tiina Saloranta-Simell 2, Uroš Maver 3, Lidija Gradišnik 3, Neeraj Prabhakar 4,

Jan-Henrik Smått 5, Tamilselvan Mohan 6, Martin Gericke 7, Thomas Heinze 8 and

Pedro Fardim 1,8,*

1 Laboratory of Fibre and Cellulose, Åbo Akademi University, 20500 Turku, Finland; ptrivedi@abo.fi
2 Johan Gadolin Process Chemistry Centre, Laboratory of Organic Chemistry, Åbo Akademi University,

20500 Turku, Finland; tiina.saloranta-simell@abo.fi
3 Faculty of Medicine, University of Maribor, 2000 Maribor, Slovenia; uros.maver@um.si (U.M.);

lidija.gradisnik@um.si (L.G.)
4 Pharmaceutical Sciences Laboratory, Åbo Akademi University, 20500 Turku, Finland;

Neeraj.Prabhakar@abo.fi
5 Laboratory of Physical Chemistry and Center for Functional Materials, Åbo Akademi University,

20500 Turku, Finland; Jan-Henrik.Smatt@abo.fi
6 Institute of Chemistry, Karl-Franzens-University Graz, Heinrichstraße 28, 8010 Graz, Austria;

tamilselvan.mohan@gmail.com
7 Institute of Organic Chemistry and Macromolecular Chemistry, Centre of Excellence for Polysaccharide

Research, Friedrich Schiller University of Jena, Humboldtstraße 10, D-07743 Jena, Germany;
martin.gericke@uni-jena.de

8 Department of Chemical Engineering, KU Leuven, Celestijnenlaan 200F, B-3001 Leuven, Belgium;
thomas.heinze@uni-jena.de

* Correspondence: pfardim@abo.fi; Tel.: +358-(0)5-0409-6424

Academic Editor: Gary Chinga Carrasco
Received: 15 November 2017; Accepted: 5 January 2018; Published: 9 January 2018

Abstract: Cytocompatible polysaccharide-based functional scaffolds are potential extracellular matrix
candidates for soft and hard tissue engineering. This paper describes a facile approach to design
cytocompatible, non-toxic, and multifunctional chitosan-cellulose based hydrogel beads utilising
polysaccharide dissolution in sodium hydroxide-urea-water solvent system and coagulation under
three different acidic conditions, namely 2 M acetic acid, 2 M hydrochloric acid, and 2 M sulfuric
acid. The effect of coagulating medium on the final chemical composition of the hydrogel beads
is investigated by spectroscopic techniques (ATR–FTIR, Raman, NMR), and elemental analysis.
The beads coagulated in 2 M acetic acid displayed an unchanged chitosan composition with free
amino groups, while the beads coagulated in 2 M hydrochloric and sulfuric acid showed protonation
of amino groups and ionic interaction with the counterions. The ultrastructural morphological
study of lyophilized beads showed that increased chitosan content enhanced the porosity of the
hydrogel beads. Furthermore, cytocompatibility evaluation of the hydrogel beads with human breast
adenocarcinoma cells (soft tissue) showed that the beads coagulated in 2 M acetic acid are the most
suitable for this type of cells in comparison to other coagulating systems. The acetic acid fabricated
hydrogel beads also support osteoblast growth and adhesion over 192 h. Thus, in future, these hydrogel
beads can be tested in the in vitro studies related to breast cancer and for bone regeneration.

Keywords: chitosan; cellulose; coagulation; hydrogel; scaffolds; cytocompatibility; tissue engineering
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1. Introduction

Polymers, derived from plant and animal sources, such as cellulose and chitosan, have functional
groups that provide the unique characteristics, physicochemical properties, and are responsible for
their cytocompatibility [1]. Chitosan is the glucosamine polymer obtained after deacetylation of
chitin, which results in free amino groups along with abundant hydroxyl groups [2]. Cellulose, on the
other hand, possesses already in its main structure abundant hydroxyl groups, leading to extensive
hydrogen bonding and stereoregularity in the polymeric chain [3]. Both mentioned naturally derived
polymers are non-toxic and cytocompatible [4]. Chitosan and cellulose had been previously successfully
processed in the form of beads, fibres, films, nanoparticles, hydrogels, cryogels, and are used in various
pharmaceutical and tissue engineering applications [5,6].

Scaffolds prepared from various biomaterials have been used in hard (bone) and soft tissue (skin)
engineering [7]. The key requirements for such biomaterial-based scaffolds are cytocompatibility,
potential biodegradability, nontoxicity of degradation products, and porosity that suits the chosen cell
type [8]. All of these factors altogether contribute to mimicry of the role of the extracellular matrix,
by which the scaffolds act as an adhesive substrate, support for cell survival, aids cell migration,
and promotes the preservation of the desired cell type [9,10].

Chitosan-based composite hydrogels, such as chitosan/alginate and chitosan/silica, have been
tested to promote bone regeneration [11,12]. Similarly, Chitosan-based sponges prepared by
lyophilization of chitosan hydrogels, have also been proven to be effective as a bone tissue engineering
material [13]. In recent studies, the preparation of highly porous scaffolds from nano-fibrillated
cellulose was also investigated [14,15]. The method of designing a biomaterial scaffold has a
direct impact on its application in tissue engineering. Thus, when considering the method of
preparation of chitosan-cellulose composite hydrogels, these can be classified as physical or chemical
hydrogels. In physical hydrogels, the interactions between polymeric chains are van der Waals
forces, chain entanglements, hydrogen bonding, and hydrophobic or electronic associations. In the
case of chemical hydrogels, the interpolymer interactions are due to crosslinking agents, such as
glutaraldehyde, genipin, and tripolyphosphate [16–21]. A related well-known fact about chitosan is
that its glucosamine residues protonate in diluted acidic solutions and form ionic complexes with
anionic species [22,23].

In case of chitosan-cellulose-based hydrogel beads design, the solvent system plays a key role
in the resulting properties such as chemical constitution, porosity, size, water retention capacity,
which ultimately governs the application. Until now acetic acid, N-methylmorpholine-N-oxide (NNMO),
ionic liquids, and NaOH/urea/water solvent system are used to design chitosan-cellulose hydrogel
beads of varying properties [24]. Nevertheless, the hydrogel beads previously developed had been
tested for different applications, like the adsorption and removal of metal ions, such as copper,
iron, and nickel [25–27].

We aimed to design chitosan-cellulose hydrogel beads in an environment-friendly medium
with variable ionic interactions of the protonated amino groups with the counter ions generated
from the coagulating solvent systems. The cytocompatibility of novel materials to be used in
biomedical applications is considered as the most crucial initial requirement for their potential
application. Therefore, an effort was put to evaluate the same in our study. For this purpose,
the novel hydrogel beads were tested towards human breast adenocarcinoma (MDA-MB-231) cells
as an example of a soft tissue and towards human osteoblast cells as an example of hard tissue.
Initially, we tested the basic cytocompatibility of the novel hydrogel beads, while based on the
positive results, additional attachment testing was performed in the case of the osteoblast cells.
Finally, a multi-day exposure of the cells to the developed materials was performed to evaluate their
potential for tissue engineering applications.

In a previous study, the NaOH/urea/water solvent system was used to prepare the
chitosan-cellulose composite solution by freeze-thaw cycles at low temperatures [28]. Thus, we choose
the 7% NaOH/12% urea/ 81% water solvent system to prepare the polymer blends. The polymer
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solution was coagulated in the form of hydrogel beads in 2 M acetic acid, hydrochloric acid,
and sulfuric acid, respectively. The effect of polymer concentration and the nature of coagulating
acid on the hydrogel beads were investigated by Nuclear Magnetic Resonance (NMR), Infrared (IR)
and Raman spectroscopy as well as by X-ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM) techniques. These hydrogel beads could be easily transformed into cryogels via lyophilization
technique. The designed hydrogel beads coagulated in 2 M acetic acid showed the optimal
cytocompatibility and could be used in the future for bone tissue engineering studies that are related
to the treatment of bone injuries.

2. Materials and Methods

2.1. Materials

Enoalfa cellulose pulp with alpha cellulose content >93.5% was provided by Enocell pulp
mill, Finland. Low molecular weight chitosan (190–310 kDa with 75–85% degree of deacetylation)
was purchased from Aldrich, sodium hydroxide (NaOH, 97% purity) was purchased from Fluka.
Urea (CO(NH2)2, 99.5% purity), sulfuric acid (H2SO4, 98%), acetic acid (CH3COOH, 98%),
and hydrochloric acid (HCl, 37%) were obtained from Merck. Ethanol (92%) was purchased from
VWR. Deionized water was obtained from the Milli-Q system (0.2 μm filters). MDA-MB-231 cells
(Human breast adenocarcinoma), Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 2 mM L-glutamine, and 1% penicillin, streptomycin (v/v) were purchased from
Life Technologies, ThermoFisher Scientific Inc., Darmstadt Germany. WST-1 cell proliferation reagent
was from Roche Diagnostics, Germany. 10% DMSO, Human bone osteoblasts (ATCC CRL-11372),
DMEM with 5 wt.% FBS were purchased from Life Technologies, ThermoFisher Scientific Inc.,
Darmstadt, Germany and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was purchased from Sigma-Aldrich, Hamburg, Germany.

2.2. Methods

2.2.1. Preparation of Chitosan-Cellulose Hydrogel Beads

To prepare chitosan–cellulose hydrogel beads, varying proportions of chitosan (10–90%) were
mixed with HyCelSol [29] treated cellulose pulp keeping 5% final polymer concentration in the solution.
The polymer mixture was added to the NaOH/urea/water (7/11/81) solvent system and stirred for 1 h
at room temperature, followed by cooling at −13 ◦C for 1 h. The obtained composite solution was
extruded through a 0.8 mm needle in the form of beads into 250 mL 2 M acetic acid, hydrochloric
acid, and sulfuric acid solutions, respectively. The beads formed were kept in the coagulation medium
for 2 h, followed by subsequent washing with deionized water until neutral conditions were achieved.
The beads extruded in 2 M acetic acid, hydrochloric acid, and sulfuric acids were named as A, B,
and C type with the initial chitosan percentage in the blend, respectively. (For example 0A, 0B

and 0C had 0% initial chitosan concentration). The pH value of coagulating medium was recorded
after hydrogel beads gelation of the 70A, 70B, and 70C (hydrogel beads coagulated in 2 M acetic,
hydrochloric, and sulphuric acid, respectively with initial chitosan concentration of 70%) samples.
Finally, the hydrogel beads were stored in deionized water.

2.2.2. Ftir and Raman Spectroscopy

Nicolet iS 50 FT-IR spectrometer with Raman module from Thermo Scientific
(Darmstadt, Germany) was used for spectrometric measurements. FT-IR spectra were collected
using tungsten-halogen source and DLaTGS-KBr detector splitter setup with 4.00 cm−1 resolution
and 64 scans. Raman spectra were collected using a diode laser (power–0.5 W). The detector was
InGaAs with CaF2 splitter, resolution 8.0 cm−1, aperture size 200, and number of scans 64,000.
Lyophilized hydrogel beads were cross-sectioned and were analysed.
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2.2.3. Solid State 13C and 15N NMR Spectroscopy

The solid-state 13C and 15N NMR spectra were recorded with 400 MHz Bruker AVANCE-III
NMR spectrometer, equipped with a 4 mm Cross-Polarisation Magic Angle Spinning CP-MAS probe
operating frequencies 100.52 MHz (13C) and 40.51 MHz (15N). The spectra were recorded at the
spinning rate of 5 kHz and a contact time of 2 ms (13C) and 3.5 ms (15N).

2.2.4. Elemental Analysis

A VARIO EL III CHNS analyser (Elementar Analysensysteme GmbH, Langenselbold, Germany)
was used for elemental analysis according to standardised procedures. The chlorine content was
determined subsequently by combustion of the organic samples and potentiometric titration with
AgNO3 using a chloride-sensitive electrode.

2.2.5. XRD Analysis

XRD measurements were performed on a Bruker D8 Discover instrument (Bruker, Karlsruhe,
Germany) with a Cu Kα X-ray source and an HI-STAR area detector. The incident angle was kept at 6◦,
while the detector angle (2θ) was 25◦.

2.2.6. Scanning Electron Microscopy-Energy Dispersive Spectroscopy

The qualitative composition analysis of beads was performed with JEOL JSM-6335F (JEOL Ltd.,
Tokyo, Japan) with accelerating voltage 15 kV, Working Distance (WD) = 15 mm. Air dried
cross-sectioned beads were moulded into the epoxy resin in a gelatinous capsule. The resin was
allowed to cure at RT for 24 h. Trimming was performed with a microtome. After trimming, the sample
was sputtered with platinum and a fresh surface exposed by slicing a thin layer off of the surface with
the microtome. A spot analysis was taken with a COMPO image detector from two places representing
different phases of the sample denoted as shades of lighter and darker grey.

The cross-section analysis of beads was performed with LEO Gemini 1530. A Thermo
Scientific Ultra Silicon Drift Detector (SDD) equipped with secondary electron backscattered electron
and In lens, detector was used. The chitosan-cellulose hydrogel beads were frozen in liquid
nitrogen and were lyophilized. The beads were further cross-sectioned, coated with carbon and
analyzed. The magnification of the images corresponds to a Polaroid 545 print with the image size
of 8.9 × 11.4 cm2.

2.2.7. Cytocompatibility Evaluation of Chitosan-Cellulose Hydrogel Beads Coagulated in Different
Acids with MDA-MB-231 (Human Breast Adenocarcinoma) Cells

The cell studies were performed under standard conditions in a humidified, 37 ◦C, 5 wt.% CO2

environment using MDA-MB-231 cells. MDA-MB-231 cells (Human breast adenocarcinoma) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 wt.% fetal bovine
serum (FBS), 2 mM L-glutamine, and 1% penicillin–streptomycin (v/v). 0A, 70A, 0B, 70B, and 0C, 70C,
hydrogel beads that were previously soaked in cell culture medium were placed in a 96 well cell culture
plate. MDA-MB-231 cells were added to each type of hydrogel beads for evaluation of attachment and
proliferation for 48 h. After incubating the cells with hydrogel beads for 48 h at 37 ◦C, 5 wt.% CO2,
10 μL of WST-1 cell proliferation reagent (Roche Diagnostics, Mannheim, Germany) was added to the
respective wells containing 100 μL of cell growth media, and the plate was again allowed to incubate
for 3 h at 37 ◦C, 5 wt.% CO2. After the incubation period, the absorbance was read at 430 nm by Tecan
Ultra microplate reader (MTX Lab Systems, Inc.) from Bradenton, FL, USA. The number of viable cells
was correlated with the observed absorbance from each sample. 10 wt.% DMSO (toxin) was added as
a negative control, whereas wells without beads (tissue culture plastic (TCP)) were used as positive
control cells and were allowed to grow without any cellulose beads.
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2.2.8. Cytocompatibility Evaluation of Chitosan-Cellulose Hydrogel Beads Coagulated in 2 M Acetic
Acid with Osteoblast Cells

The 0A, 50A, and 70A hydrogel bead samples suspended in ultrapure water obtained from
Milli-Q were used for the osteoblast cells adhesion and proliferation studies. The number of hydrogel
beads used was three 0A and two 50A and 70A respectively. The beads were sterilised using UV light
(for 30 min) followed by soaking in 1 mL of the cell culture medium (advanced DMEM) with 5 wt.%
FBS for 30 min. Human bone osteoblasts (ATCC CRL-11372), were seeded on a P96 well microtiter plate
at a concentration of 20.000 cells/cm2. Allowing the cells to attach for 24 h, the hydrogel beads samples
were added in four repetitions. For this purpose, we used the as-prepared samples, and their dilutions
of 1:2, 1:4, and 1:8 in Advanced DMEM with 5 wt.% FBS. After one, four, six, and 192 h of incubation
at 37 ◦C and 5 wt.% CO2, the sample cytocompatibility/cytotoxicity was assessed using the MTT assay
(Sigma-Aldrich, Germany). The media was changed every other day. Cell viability was determined via
the reduction reaction of the tetrazolium salt MTT (3(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide), as determined by measuring the absorbance (using Varioskan, Thermo Fisher Scientific Inc.,
Germany) at 570 nm [30].

2.2.9. Cell Attachment Testing of Chitosan-Cellulose Hydrogel Beads Coagulated in 2 M Acetic Acid
with Osteoblast Cells

The 0A, 50A, and 70A hydrogel bead samples were stored in ultrapure water obtained from
Milli-Q. Four beads of sample 70A, and five beads of samples 0A and 50A were poured with 1 mL
of Advanced DMEM medium with 5 wt.% FBS and left to culture with it for 30 min. Since the
beads were of different sizes and had therefore different weights, as well as different surface to
volume rations, our experiments were based on using same weights of the beads instead of the
same number. Consequently, the number of beads for respective samples used for the experiments
is different. The samples were transferred to a chamber with eight wells (8 well glass slide, slide
Chamber, Nunc, Thermo Fisher Scientific, USA) and combined in the cell suspension with a cell
density of 17,500 cells/well. The same cell density was used for the control well (as the control we
used Advanced DMEM medium with 5 wt.% FBS without beads in tissue culture plastic plates (TCP)).
Samples were prepared in duplicates. The obtained cells with beads were cultured at 37 ◦C, using an
atmosphere of 5 wt.% CO2. The growth medium was replaced after 72 h cells seeding. After 192 h
the samples were stained using the crystal violet dye (0.1 wt.% crystal violet in 20 wt.% ethanol).
For this purpose, the medium was pipetted from respective wells, followed by washing of the samples
twice with PBS (phosphate buffered saline, Sigma, Darmstadt, Germany), poured with 300 μL of
the as-prepared dye solution and left for 5 min at room temperature. The dye was consequently
pipetted away, and the samples were washed three times with ultrapure water obtained from Milli-Q
system. This was followed by observing the surface of the beads with a Leica DM2500 microscope
(Leica, Germany).

2.2.10. Statistical Analysis

The data obtained for both the cell-based tests is presented as mean values ± standard deviation
of the mean. Statistical analysis of the significance for the cytocompatibility testing on both cell types
was performed using a one-way analysis of variance (ANOVA test) against respective control samples.
A p < 0.05 (and lower) was considered as significant. All of the statistical tests were performed using
Excel 2016.

3. Results and Discussions

3.1. Effect of Coagulating Medium on the Mechanism of the Chitosan-Cellulose Hydrogel Beads Formation

Chitosan and cellulose were blended in the ratio of 0/100, 10/90, 30/70, 50/50, 70/30, 90/10 in
NaOH/urea/water (7/12/81) solvent system. The beads were extruded in 2 M acetic acid, hydrochloric
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acid, and sulfuric acid, and named as A, B, and C, respectively (Figure 1). The hydrogel beads with
a chitosan-cellulose ratio up to 70/30 were stable, and further increasing chitosan content to 90/10
did not result in stable entities. Thus 90/10 beads were not characterized. The chosen coagulating
acidic medium affected the final composition of the resulting hydrogel beads. The measured pH
value of the coagulating medium after hydrogel formation was 5.0, 1.0, and <1.0 in case of A, B and C

systems, respectively.

 

Figure 1. (a) Total nitrogen content present in beads with varying chitosan composition coagulated
in 2 M acetic acid (A), 2 M hydrochloric acid (B) and 2 M sulfuric acid (C). (b,c) A comparison of
chlorine and sulphur with the nitrogen content in B and C type. (d) Nitrogen element distribution
measured via spot analysis in 70A, 70B, and 70C and (e) Presentation of possible ionic interactions in
A, B and C type.

Further elemental analysis of the samples was performed to understand the mechanism of
hydrogel formation in each type of acidic medium. A detailed elemental composition analysis of the
dried beads coagulated in 2 M acetic acid (A) type, hydrochloric (B) type, and sulfuric acid (C) type,
respectively shows an increasing trend in the nitrogen content, which corresponds to the chitosan
content in hydrogel beads from initial 0 to 70% composition. The 70A has the highest nitrogen content
equivalent to 3.4 mmol/g, while 70B has 1.2 mmol/g and 70C 2.9 mmol/g, respectively. The beads
coagulated in 2 M hydrochloric acid had the lowest nitrogen content in comparison to the two other
systems (Figure 1a). The beads coagulated in hydrochloric and sulfuric acid also showed the presence
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of chlorine and sulphur atoms, respectively (Figure 1b,c). In the case of beads coagulated in 2 M
hydrochloric acid and 2 M sulfuric acid, the amino group of chitosan were protonated (NH3

+) and
had ionic interactions with the chloride (Cl−) and hydrogen sulphate (HSO4

−) or sulphate (SO4
2−)

ions. The qualitative analysis of the beads via SEM-EDS displayed shades of lighter and darker grey
corresponding to different positions in the bead samples, which has been indicated by arrow in
(Figure 1d). Spot analysis of 70A revealed a homogeneous distribution of chitosan, while in the case of
70B and 70C, a non-homogenous chitosan composition was observed. The EDS spectra are included
in (Supplementary Figure S1). The elucidated chemistry of the designed beads has been proposed,
as shown in Figure 1e. The presence of higher chitosan content in A-type of hydrogel beads can
be explained by the fact that at pH value of 5, chitosan exhibits reduced solubility, resulting in an
irreversible interaction with the cellulose and the enhanced chitosan deposition [31].

In the case of B-type, the final coagulating medium had a pH value of 1. Even at low concentrations,
HCl is a strong acidic solvent for the dissolution of chitosan. Therefore the maximum dissolution of
chitosan in the beads is presumed. In C-type, the pH value was <1.0, and sulfuric acid does not lead to
the dissolution of chitosan even after the protonation of amino groups (NH3

+). It could be explained
by the study by Cui et al., which showed that in the presence of sulfuric acid, the amino groups of
chitosan are protonated (NH3

+), but are in strong electrostatic interaction with the sulfonate (SO4
2−)

anions [32]. Therefore, the coagulating medium dictates the final chemistry and composition of the
chitosan-cellulose hydrogel beads.

3.2. Attenuated Total Reflectance–Fourier Transform Infra-Red (ATR–FTIR) and Raman
Spectroscopic Analysis

In the IR spectra of pristine chitosan and cellulose, broad bands are visible in the
region 3700–3000 cm−1, corresponding to O–H stretching and N–H vibrations. The presence of amide
I band at 1651 cm−1 due to the carbonyl stretching vibrations, and a bifurcated band with peaks
at 1590 cm−1 due to amide II, corresponding to N–H bending vibrations and at 1560 cm−1, due to
free NH2 bending vibrations are present in chitosan. A slight variation in the CHx deformations
region at 1425 and 1374 cm−1, C–O–C and C–O stretching vibration region at 1200–950 cm−1

are also apparent (Figure 2a). The chitosan-cellulose hydrogel beads coagulated in 2 M acetic,
hydrochloric and sulfuric acid displayed significant variations in the region 4000–1450 cm−1 and in the
fingerprint region 1450–500 cm−1 when compared to the pristine chitosan and cellulose biopolymers.
In chitosan-cellulose beads, the 3600–3000 cm−1 region in 70C is broader than the 70A and 70B.
In the 1700–1500 cm−1 region corresponding to amide and amino group vibrations, significant
variations are observed. In 70A, 70B, and 70C, the peak due to amide I (at 1641 cm−1) overlaps
with the water absorbance peak. Also, in the band corresponding to free amino groups clear variations
are observed. In 70A, the band appears in the chitosan in the same region at 1555 cm−1, while in 70B,
a band with lower intensity exhibiting a slight shift towards right at 1525 cm−1 is visible. In the
case of 70C beads, a peak at 1532 cm−1 of equal intensity exhibiting a small shift towards the right,
is present. The shift in peaks towards the right in the case of 70B and 70C is presumably related to
the protonated amino (NH3

+) groups bending vibrations having interaction with the counterions [33].
A slight variation in the CHx deformations that correspond to peaks at 1425 and 1374 cm−1 can also be
observed (Figure 2a).

Similarly, in the region 3600–3100 cm−1 of the Raman spectra, the sharp O-H and N-H stretching
vibrations in chitosan and broad O–H stretching vibrations in cellulose are visible. In chitosan,
the peak due to alkyl groups shows slight bifurcation, which is not apparent in cellulose (Figure 2b).
In 70A, the 3600–3100 cm−1 region matches with that of chitosan, and as such, displaying sharp peaks,
whereas 70B and 70C show broader bands in the same region. The amide and the amino region in 70A

matches with the natural chitosan, indicating the presence of unchanged chitosan. A comparatively
less intensity band in 70B and broadband in 70C is evident. The band broadening in 70C could be due
to strong ionic interactions between the protonated amino groups and hydrogen sulphate or sulfonate
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anion. The appearance of a new distinct peak at 974 cm−1 in 70C is due to the presence of SO4
2−

ions [33]. The effect of sulfuric acid has also been explained by the fact that first, the sulfuric acid
protonates the amino group, and then acts as a crosslinking agent between the protonated amino
groups by sulfate (SO4

2−) ions [33]. Hence, the spectroscopic data confirms the protonation of amino
groups and interaction between the amino groups and negatively charged species in case of 70B and
70C hydrogel beads, while in 70A beads, no such evidence was observed.

 
(a)

 
(b)

Figure 2. (a) Attenuated Total Reflectance–Fourier Transform Infra-Red (ATR-FTIR) and (b) Raman
spectra of chitosan cellulose and 70A, 70B and 70C lyophilized hydrogel beads.

3.3. Solid-State 13C and 15N Nuclear Magnetic Resonance

In order to study the hydrogel beads further, chitosan, cellulose, H2SO4 treated chitosan reference
samples, as well as the lyophilized hydrogel beads 70A, 70B, and 70C, were analysed by solid-state
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CP-MAS 13C- and 15N NMR spectroscopy. The characteristic signals observed in the CP-MAS
13C NMR spectra of cellulose and chitosan (Figure 3a) have been reported in the literature [34,35].
The main difference between the CP-MAS 13C NMR spectra of cellulose and chitosan is the C-2 signal
that is shifted to the higher field in chitosan (56 ppm) when compared to cellulose (73 ppm).
Moreover, the signals corresponding to residual acetyl groups are observed in the CP-MAS 13C NMR
spectrum of chitosan, i.e., the signals at 22 ppm (CH3) and 173 ppm (C=O), respectively. When chitosan
was treated with sulfuric acid, the NH2-groups are converted to NH3

+-groups and are ionically
interacting with sulfonate ions. This resulted in broadening of all the signals observed in CP-MAS 13C
NMR spectra and shift of C1- and C4-signals (supporting information).

The 70A, seems to be a physical mixture of cellulose and chitosan with no changes in the chemical
structure. While 70B consisted of the low amount of chitosan, therefore based on this analysis, it is
impossible to comment on possible changes in the chitosan part. The 70C is a mixture of cellulose and
ionically crosslinked chitosan. These observations are further supported by CP-MAS 15N NMR spectra
(Figure 3b). The NH2-signal in unmodified chitosan resonates at 22.6 ppm, whereas the nitrogen
atoms in the NHOAc-groups resonates at 121.7 ppm. When chitosan is treated with sulfuric acid,
the nitrogen atoms in the corresponding NH3

+- groups resonates at 32.0 ppm, which is regarded as a
clear indication of the modification of chitosan (Supplementary Figure S2).

 

Figure 3. (a) CP-MAS 13C NMR spectra (b) CP-MAS 15N NMR spectra of chitosan, cellulose, 70A, 70B,

and 70C chitosan-cellulose lyophilized hydrogel beads.

In the 70C and 70B, the main signal in the CP-MAS 15N NMR spectra corresponds to the
resonance frequency of NH3

+- groups further strengthening the conclusion on ionic crosslinking
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of chitosan in these hydrogel beads. The corresponding signal in the CP-MAS 15N NMR spectra of 70A

is at 22.6 ppm, indicating that chitosan in this sample is not in ionic interaction with any counterion.
Hence, the CP-MAS 13C and 15N NMR spectra support the results from IR and Raman spectroscopy.

3.4. XRD Analysis

The XRD analysis of pristine chitosan, regenerated cellulose, as well as 70A, 70B, and 70C

lyophilized hydrogel beads shows that chitosan has a different diffraction pattern when compared
to the regenerated cellulose. In the case of pure chitosan, a sharp reflection at 2θ = 19◦ and a broad
reflection at 10◦–11◦ are present, while in cellulose broad reflections at 2θ = 22◦ and 12◦–13◦ are
observed. Since the beads are composites of chitosan and cellulose, an overlap of the chitosan (19◦)
and cellulose (22◦) reflections in the beads is apparent. However, the relative peak intensities in
the 10◦–13◦ 2θ region can be used to distinguish the pattern of composite beads equivalent to chitosan
or cellulose. The 70A sample shows a pattern closer to the pure chitosan pattern, while 70B and 70C

have patterns closer to cellulose. These observations could be explained by the fact that in 70A,
the chitosan has not undergone any changes during coagulation in 2 M acetic acid, while in 70B,

lower content of chitosan is present due to dissolution and leaching out from the hydrogel beads
during gelation. In 70C, the peak shapes resemble more the regenerated cellulose. This behaviour
could be due to ionic interactions between chitosan and sulphuric acid. Therefore, the coagulating
medium affects the crystallinity and the final composition of the beads, as shown in (Figure 4).

 

Figure 4. XRD diffraction patterns of chitosan, regenerated cellulose, 70A, 70B and 70C

chitosan-cellulose hydrogel beads.

3.5. Scanning Electron Microscopic Analysis (SEM)

The qualitative morphological analysis of hydrogel beads was done by scanning electron
microscopy (Figure 5). The pore size of the hydrogels is dependent on the polymer concentration,
processing conditions, and the drying procedure. In the present study, liquid nitrogen was used
to freeze the water in the hydrogel beads before the lyophilization. A considerable variation in the
morphology and ultrastructure of all the samples was observed. A comparison of surface morphology
of 0A, 70A, and 0B, 70B shows that the hydrogel beads have a porous surface with slightly larger
pores in the case of 70A and 70B. In the case of 0C, a highly compact ultrastructure is observed while
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the morphology is loose and porous for the 70C sample. The cross-section ultrastructure evaluation
of hydrogel beads has shown that 70A, 70B, and 70C have increased porosity in comparison to the
0A, 0B, and 0C, respectively. An unusual behaviour was observed in the hydrogel beads, namely fine
fibrillary deposits were found on the surface of hydrogel beads in some regions. Thus, the variation in
morphology of the hydrogel beads shows that the presence of chitosan and the coagulating medium
governs the ultrastructure of the entities prepared.

 

Figure 5. (a) Surface and (b) core morphology of 0A, 0B, 0C, 70A, 70B, and 70C chitosan–cellulose
hydrogel beads with the scale bar 3 μm.

3.6. Cytocompatibility Evaluation of Chitosan-Cellulose Hydrogel Beads with MDA-MB-231 Cells
(Human Breast Adenocarcinoma—A Soft Tissue Organ)

The human breast adenocarcinoma cells originate from the human female breast (a soft tissue
organ), making them appropriate model cells for evaluating the potential of the developed materials
for soft tissue engineering applications. For this purpose, we performed a cell viability testing.
The cytocompatibility of the 70A, 70B, and 70C hydrogel beads with MDA-MB-231 cells (human breast
adenocarcinoma) over 48 h was evaluated using the WST-1 cell proliferation assay. A comparison
between positive control and 0A, 70A, 0B, 70B, 0C, 70C was performed, as shown in (Figure 6).
DMSO was used as positive control for cellular toxicity because at higher concentration it is toxic
to the cells. As expected, all the groups showed higher cell proliferation as compared to DMSO.
However, a comparison of all groups with negative control showed variable cytocompatibility amongst
all of the hydrogel beads. The hydrogel beads 0A, 0B, 70B, 0C, and 70C displayed less than 70% viability
of the cells, which could be due to potential degradation products of the beads that could have eroded
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from the beads during their soaking. These could in turn partially hinder the growth of cells in the
early stages of the experiment, resulting in lower viabilities when compared to the negative control.
Thus further testing of these beads for any application is insignificant. Interestingly, a comparison
between 0A–70A showed that 70A type has improved cytocompatiblity than the 0A type, while we did
not observe such difference between 0B–70B and 0C–70C. Further, between 70A–70B, no significant
difference was observed, but in case of 70A–70C, the 70A type was more cytocompatible than the 70C

type, possibly due to the presence of higher content of chitosan in the 70A hydrogel beads where no
counterions were present to interact with the amino groups, thus making them available to interact
with the cells [2]. While in case of 70B and 70C, the amino groups are ionically crosslinked with
the chloride and sulfonate or hydrogen sulphate groups, respectively, thus making amino groups
unavailable to interact with the cells. Overall, 70A type was comparatively more cytocompatible than
the other hydrogel bead types with the model cells qualifying their use for soft tissue engineering.

 

Figure 6. Human breast adenocarcinoma (MDA-MB-231) cytocompatibility with 0A, 70A, 0B, 70B,

and 0C, 70C chitosan–cellulose hydrogel beads over the timeframe of 48 h. Values are expressed as
percentage of the means ± SD (n = 4). Statistical significance was defined as * p < 0.05, ** p < 0.01,
*** p < 0.005 compared to control samples (ANOVA test). Black * and red * indicates sample comparison
to positive and negative control respectively. While green * shows comparison between 0A and 70A,
0B and 70B, 0C and 70C; blue * shows between 70A and 70B, 70A and 70C, 70B and 70C.

3.7. Cytocompatibility Evaluation of Chitosan-Cellulose Beads Coagulated in Acetic Acid with Osteoblast Cells
(Hard Tissue)

Proven cytocompatibility is the prerequisite for any scaffold to be used in bone tissue engineering.
The main objective of this study was to evaluate the cytocompatibility of the chitosan-cellulose hydrogel
beads coagulated in acetic acid with human bone-derived osteoblast cells, as shown in (Figure 7).

The results show a comparative cytocompatibility study between the control sample,
i.e., Advanced DMEM, 0A, 50A, and 70A at various times of exposure (up to 192 h). It is clear that the
prepared beads affect the growth of the used cells, especially in comparison to the cell growth after
each of the time intervals. After 24 h, we see a lower viability of the cells grown together with the bead
groups, whereas already after 48 h, all of the prepared samples (0A, 50A, and 70A) show an increased
viability, when compared to the control. Both samples that included chitosan (50A and 70A) also
showed a higher viability than the beads prepared from pure cellulose. Between them, the difference
was in the range of rerpoted error for respective samples. After 96 h the viability was comparable to the
control sample, whereas the samples 50A and 70A again outperformed the control sample after 144 h.
Since at this time period, the sample 50A showed the highest viability of all the samples, this might
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indicate that a modest number of free amino groups (from chitosan) has the most positive influence of
the growth of osteoblast cells, whereas an even hugher number of free amino groups could potentially
lead to a higher surface charge, which seems still suits the cells, but to a smaller extent. Regardless of
the respective viabilities, these results definitely show that all of the tested (0A, 50A and 70A) beads
are suitable for growth of osteoblast cells at least up to 144 h.

After 192 h, we observed a decrease in the viability of the cells exposed to the bead samples,
when compared to the control. Examination of the optical micrographs of the cells after the mentioned
time period (not shown) showed no negative effect of the beads that could be observed in comparison
with the control (no changes in cell morphology or shape etc.). It seems that the lower viabilities might
be related to the fact that the cells have overgrown the experimental environment of the well in the
P96 plate. In comparison with the control, where we do not see this decrease in viability, this effect is
mainly due to the faster growth of cells in the case of sample exposure, potentially leading to contact
inhibition. Further studies are of course necessary to confirm the latter via other methods, yet this is
out of the scope of the present study.

A crystal violet dye viability/cytocompatibility assay was also performed to check the
cytocompatibility of the hydrogel beads. The result is summarized in (Supplementary Figure S3).
Finally, from Figure 7, we can also see that in the timeframe, where we observed an increased viability
after exposure to the beads, in comparison with the control samples. The chitosan modified hydrogel
bead outperform the pure cellulose beads, making these promising for future testing and development
of such materials for bone tissue engineering applications.

Since our intention was not only to assess if the proposed hydrogel beads degrade in the cells
native environment, which could hinder cell growth (Figure 7—cytocompatibility assessment), but also
to evaluate the viability of the osteoblast cell culture directly on the as-prepared samples (attachment
or direct contact test). However, we could not find any literature source that would describe an efficient
method for direct visualization of grown cells on such hydrogel beads.

Figure 7. Osteoblast cytocompatibility (proliferation behaviour) with 0A, 50A and 70A

chitosan–cellulose hydrogel beads based on the MTT assay over the timeframe of 192 h. Values
are expressed as percentage of the means ± SD (n = 4). Statistical significance was defined as * p < 0.05,
** p < 0.005, *** p < 0.001 as compared to control sample (ANOVA test).

4. Conclusions

Cytocompatible chitosan-cellulose hydrogel beads were prepared with varying chitosan content
and chemistry along the amino group. The hydrogel beads coagulated in 2 M acetic acid (70A)
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showed higher chitosan retention with free amino groups. Whereas, in case of a 2 M hydrochloric
acid (70B), low amount of chitosan was present and the amino groups are ionically interacting with
Cl− ions. While in 2 M sulfuric acid (70C), although high chitosan was present, amino groups were
involved in ionic interactions with HSO4

−/SO4
2− ions. The cytocompatibility evaluation of the

hydrogel bead groups with breast adenocarcinoma cell lines displayed 70A type has the maximum
cytocompatibility in comparison to other groups. Similarly, in the case of beads coagulated in 2 M
acetic acid, the osteoblast cells showed effective adhesion to the bead surface, as well as an increased
viability, when compared to the positive control. These results are presumably related to the form
of amino groups present in the hydrogel beads. Concretely, the chitosan-cellulose hydrogel beads
exhibiting free amino groups, led to a higher cell viability, when compared to the prepared samples,
where the amino groups were involved in ionic interactions with the anions as in the case of Cl− and
HSO4

−/SO4
2−. Herein, we propose the chemistry and the mechanism behind the hydrogel beads

coagulation in different acidic media, cytocompatibility with model soft and hard tissue cell lines and
their future potential use in the bone tissue engineering applications.

Supplementary Materials: The following are available online at www.mdpi.com/2306-5354/5/1/3/s1, Figure S1:
SEM-EDS spectra of 70A, 70B and 70C hydrogel beads, Figure S2: CP-MAS 13C and 15N NMR spectra of chitosan
and chitosan treated with sulfuric acid, Figure S3: Crystal violet (CV) staining of beads with attached osteoblasts.
Black spots and clusters show healthy cells (typical cells on all bead samples are marked with red circles).
The darker the spots, the more viable the cells are (according to CV dyeing protocol). Control sample was dyed
with CV for comparison as well.
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Abstract: Devitalized hypertrophic cartilage matrix (DCM) is an attractive concept for an off-the-shelf
bone graft substitute. Upon implantation, DCM can trigger the natural endochondral ossification
process, but only when the hypertrophic cartilage matrix has been reconstituted correctly. In vivo
hypertrophic differentiation has been reported for multiple cell types but up-scaling and in vivo
devitalization remain a big challenge. To this end, we developed a micro tissue-engineered
cartilage (MiTEC) model using the chondrogenic cell line ATDC5. Micro-aggregates of ATDC5
cells (approximately 1000 cells per aggregate) were cultured on a 3% agarose mold consisting of
1585 microwells, each measuring 400 μm in diameter. Chondrogenic differentiation was strongly
enhanced using media supplemented with combinations of growth factors e.g., insulin, transforming
growth factor beta and dexamethasone. Next, mineralization was induced by supplying the culture
medium with beta-glycerophosphate, and finally we boosted the secretion of proangiogenic growth
factors using the hypoxia mimetic phenanthroline in the final stage of in vivo culture. Then, ATDC5
aggregates were devitalized by freeze/thawing or sodium dodecyl sulfate treatment before co-culturing
with human mesenchymal stromal cells (hMSCs). We observed a strong effect on chondrogenic
differentiation of hMSCs. Using this MiTEC model, we were able to not only upscale the production of
cartilage to a clinically relevant amount but were also able to vary the cartilage matrix composition in
different ways, making MiTEC an ideal model to develop DCM as a bone graft substitute.

Keywords: Hypertrophic cartilage; ATDC5; decellularized matrix; devitalized matrix; tissue
engineering; bone regeneration

1. Introduction

Endochondral ossification is a fascinating phenomenon in which a cartilage template is remodeled
into bone tissue by a highly regulated mechanism. During embryonic development, endochondral
ossification occurs in parallel to intramembranous ossification to build the skeletal system. In fracture
healing, the process very much recapitulates embryonic development and thus usually results in
complete restoration of the skeletal organ [1–3]. However, when bone defects reach critical sizes or
when systemic factors such as osteoporosis presents, clinical intervention is necessary to augment bone
healing [4]. Current options to treat bone defects range from autologous bone to synthetic osteoinductive
materials with/without growth factors e.g., bone morphogenetic proteins [5]. Until now, there is no
clinical treatment that utilizes endochondral ossification, specifically from a hypertrophic cartilage graft.
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Previously, we have demonstrated the feasibility of tissue-engineering hypertrophic cartilage
from mouse embryonic stem cells (mESCs) in vivo which then remodeled into new bone in vivo [6].
To this end, mESCs were chondrogenically differentiated for 2 to 3 weeks, followed by subcutaneous
implantation in immunodeficient mice for 4 weeks. A high correlation was observed between the
amount of hypertrophic cartilage created in vivo and the amount of bone detected in vivo. Similarly,
Scotti et al. subcutaneously implanted bone marrow-derived human mesenchymal stromal cells
(hMSCs) at various stages of chondrogenic differentiation [7]. They observed bone trabeculae only
when the hMSCs differentiated in vivo into hypertrophic cartilage-like tissue. Weiss et al. differentiated
ATDC5 pellets into hypertrophic cartilage in vivo before implantation in nude mice for 8 weeks [8].
They found mineralized tissue with active osteoclast resorption and neo-angiogenesis throughout
the implants. These experiments and others [9–12] show proof of concept that in vivo cultured
hypertrophic cartilage can continue endochondral ossification in vivo.

Live hypertrophic cartilage will form bone in vivo, but it has long been realized that even
non-living tissues still contain bioactive components that can induce ossification. The most relevant
example is demineralized bone matrix (DBM) developed by Urist in 1960. DBM is allogenic
or xenogeneic bone processed to remove immunogenicity and preserve the osteoinductive bone
morphogenetic proteins [13]. The chemistry of the remaining extracellular matrix (ECM), not the living
cells, is sufficient to induce bone formation upon implantation and DBM is widely used as a bone graft
substitute. Interestingly, hypertrophic cartilage tissue which is devitalized under certain conditions can
also form bone in vivo. Bridge and Pritchard showed that epiphyseal plate or fracture callus devitalized
with alcohol, acetone, HCl or heated to 55 ◦C consistently formed bone when implanted subcutaneously
in the ear of rabbits [14]. Urist also observed bone formation when devitalized fracture callus was
implanted into the anterior chamber of the eye of rats [15–17]. More recently, Bourgine et al. proved that
hMSC-derived hypertrophic cartilage which was devitalized by inducible apoptosis could efficiently
remodel to form de novo bone tissue of host origin, including mature vasculature and a hematopoietic
compartment [18]. Cunniffe et al. created a porous scaffold by freeze-drying SDS-decellularized
hMSC-engineered hypertrophic cartilage tissue. The scaffold induced vascularization and de novo
mineral accumulation in a mouse ectopic model and formed full bridging (4 out of 8 animals) in a
rat critically-sized femoral defect model [19]. Taken all together, these experiments demonstrated the
feasibility of an osteoinductive material made of devitalized hypertrophic cartilage matrix (DCM),
either harvested from biological sources or cultured in the lab.

A problem that will eventually hinder the utilization of DCM in the clinic is the ability to
manufacture a great amount of this material in a reproducible and cost-effective manner. Making DCM
from allografts or xenografts will not yield sufficient amounts since hypertrophic cartilage only
presents in small amounts at the ends of long bones before adulthood. Thus, producing DCM from
hypertrophic cartilage cultured in vivo seems to be a plausible answer. For this matter, choosing
a cell type is the most critical step. One could start with undifferentiated stem cells, for examples
embryonic (ES) cells or hMSCs, then induce chondrogenic differentiation until the cells reach the
hypertrophic stage. The disadvantages of stem cells are, apart from the cost of maintaining stemness
during storage and expansion, chondrogenic differentiation of ES cells is often heterogeneous [20] and
donor variation in hMSCs is inevitable [21]. Starting with mature cells such as chondrocytes poses
another problem; the cells have limited proliferation capacity before becoming senescent. While the
choice of cell types remains to be elucidated, it is worth mentioning that the ideal cell type should have
the following properties: (1) already committed to the chondrogenic lineage and (2) have unlimited
capacity to divide. In the current study, although we do not claim to have the ideal cell type, we chose
a cancer cell line—ATDC5—which has both mentioned properties to demonstrate our hypertrophic
cartilage in vivo culturing model. The cell line ATDC5, derived from a mouse teratocarcinoma,
is an excellent model to study skeletal development and has been utilized in over 200 studies to
date [22]. ATDC5 has an intrinsic property to sequentially undergo hypertrophic chondrogenic
differentiation [22–24]. Previously, we developed a spheroid culture system which allows us to

119



Bioengineering 2017, 4, 35

assemble 3D, free-standing tissues with an intermediate complexity between 2D cell cultures and
model organisms [25]. The advantages of this system and its application to date has been reviewed by
Fennema et al. [26]. Here, we cultured ATDC5 in aggregates of approximately 1000–10,000 cells, which
we named Micro Tissue-Engineered Cartilage (MiTEC). Compared to 2D culture models, MiTEC offers
better cell-cell contacts and chondrogenic differentiation. Compared to traditional micro-mass or pellet
models (of about 100,000 to 1,000,000 cells), MiTEC allows better diffusion of nutrients and growth
factors. This model does not require additional scaffolding material but can be easily upscaled to
produce a large amount of tissue mass applicable for all clinical purposes. Our long-term goal is to
create an osteoinductive material made of devitalized ATDC5-derived hypertrophic cartilage that offers
the ideal micro-environment for en route endochondral ossification. To reach this goal, in this study we
optimized the in vivo production of MiTEC qualitatively and quantitatively. Medium composition and
culture time was optimized to maximize hypertrophy; endogenous growth factor (VEGF) secretion
was enhanced by treatment with hypoxia mimic molecules; and mineralization was induced with
beta-glycerophosphate. MiTEC were devitalized either by freeze/thawing or by sodium dodecyl
sulfate (SDS) treatment. Upon co-culturing with hMSCs, the SDS treated MiTEC had a strong effect
on hMSC chondrogenic differentiation. Thus, we demonstrated the usability of the MiTEC model in
optimizing and upscaling the in vivo culture of hypertrophic cartilage.

2. Materials and Methods

2.1. Cell Culture

ATDC5 cells (RIKEN cell bank, Ibaraki, Japan) were maintained in basic medium (BM) consisting
of DMEM/F-12 GlutaMAX, 5% v/v fetal bovine serum (FBS, Lonza, Breda, Netherlands), 0.2 mM
L-ascorbic acid-2 phosphate (ASAP), 100 U/mL penicillin and 100 μg/mL streptomycin (PS). Cells were
grown at 37 ◦C in a humid atmosphere with 5% CO2. The medium was refreshed 2–3 times per week
and the cells were used for further subculturing or cryopreservation upon reaching near confluence.

3% agarose (Life Technologies, Bleiswijk, Netherlands) chips were produced by replica molding
from elastomeric stamps of poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning, Seneffe,
Belgium); the stamps were replicated from either etched silicon wafers or SU-8/silicon wafers [25].
An agarose chip contains 1585 micro-wells, each measuring 400 μm in diameter and fitting in a well of
a 12-well plate. To make aggregates, 1.5 million cells were seeded per agarose chip and centrifuged
for 1 min at 300 G to collect the cells at the bottom of the micro-wells. This seeding density created
an aggregate size of about 1,000 cells per aggregate, which was optimized for our 400 μm diameter
micro-wells. The medium was changed every 1–2 days by pipetting from the side of the agarose
chips without disturbing the aggregates. To optimize medium composition, 4 different formulations
were used: (1) basic medium (BM); (2) BM supplemented with 1× insulin-transferrin-selenium (ITS)
solution (IM); (3) BM supplemented with 0.1 μM dexamethasone (Dex) and 10 ng/mL transforming
growth factor beta 3 (TGFβ3, R&D systems, 243-B3-010) (BC); and BM supplemented with 1× ITS,
0.1 μM Dex and 10 ng/mL TGFβ3 (IC).

Primary human mesenchymal stem cells (hMSCs) were obtained and isolated as described
previously [27]. The use of bone marrow aspirates was approved for this whole study by the Medical
Ethics Committee of Medisch Spectrum Twente and written informed consent was obtained from
all patients. hMSCs were expanded at an initial seeding density of 1000 cells/cm2 in proliferation
medium consisting of α-MEM, 10% v/v FBS (Lonza), 2 mM L-glutamine, 0.2 mM ASAP, PS, and
1 ng/mL recombinant human basic fibroblast growth factor (AbD Serotec, Kidlington, UK). For pellet
mix-culture of hMSCs with devitalized or decellularized ATDC5 aggregates, a cell suspension of
2.5 × 105 hMSCs (passage 2–5) was mixed with aggregates taken from 1 agarose chip in a 10-mL tube
(Greiner, Kremsmünster, Austria) and was centrifuged for 3 min at 300 G to form a pellet. As a control,
2.5 × 105 hMSCs alone were used to form a pellet in the same way. The chondrogenic medium for pellet
co-culture consisted of DMEM high glucose, 100 μg/mL sodium pyruvate, 0.2 mM ASAP, PS, 1× ITS,
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0.1 μM Dex, and 10 ng/mL TGFβ3 [28]. The basic medium for pellet co-culture was chondrogenic
medium without Dex and TGFβ3. The pellets were cultured for 4 weeks and the medium was changed
2–3 times per week. All media and medium supplements were purchased from Life Technologies;
all chemicals were purchased from Sigma-Aldrich (Zwijndrecht, Netherland), unless otherwise stated.

2.2. Devitalization and Decellularization

ATDC5 aggregates were cultured for 2 weeks in IC medium before devitalization by liquid nitrogen
freeze/thawing or decellularization by sodium dodecyl sulfate (SDS). For devitalization, aggregates
were collected and washed once with PBS followed by submersion in liquid nitrogen for 30 s and
then in a 45◦C water bath for 30 s, which was repeated 10 times. Decellularization was based on a
protocol described by Kheir et al. [29]. Briefly, aggregates were subjected to 2 cycles of dry freeze/thaw
followed by another 2 cycles of freeze/thaw in hypotonic buffer consisting of 10 mM Tris-HCl (pH 8.0)
supplemented with 1× halt proteinase inhibitor cocktail (Thermo Scientific). Samples were frozen at
−20 ◦C until crystal formation and were then thawed on the bench for 4 h. Then, aggregates were
incubated in hypotonic buffer, 45 ◦C for 24 h, followed by 0.1% w/v SDS in hypotonic buffer at 45 ◦C
for 24 h, with agitation. After washing with PBS twice for 30 min twice and incubation for 24 h at
45 ◦C, the aggregates were treated with a nuclease solution consisting of 50 mM Tris (pH 7.5), 10 mM
magnesium chloride, 50 μg/mL bovine serum albumin, DNase (Sigma-Aldrich, 50 U/mL) and RNase
(Sigma-Aldrich, 1U/mL), for 3 h at 37 ◦C. Finally, the aggregates were washed in PBS twice for 30 min and
incubated for 24 h at 45 ◦C. All chemicals were purchased from Sigma-Aldrich unless otherwise stated.

2.3. Histological Staining and Immunostaining

Samples were fixed in 4% paraformaldehyde (Merck) in PBS. To avoid loss during histology
processing, aggregates were incorporated in 0.5% agarose. Molten agarose (0.5% in ddH2O) was
poured into 10 mL tubes containing aggregates followed by a quick centrifugation to collect all
the aggregates at the bottom of the tubes. After solidification, the agarose portions holding all the
aggregates were cut off for processing. Samples were dehydrated using sequential ethanol series,
embedded in paraffin and 7 μm sections were cut using a microtome. Cartilage formation was
visualized by 1% Alcian Blue staining in 3% acetic acid and 0.1% Nuclear Fast Red in 5% aluminum
sulfate, which stained sulfated glycosaminoglycans blue and cell nuclei red. Mineralization was
visualized by 2% Alizarin Red S, which stained calcium deposits orange-red. All chemicals were
purchased from Sigma-Aldrich unless otherwise stated.

For immunostaining, the VECTASTAIN®Elite ABC-Peroxidase kit (Vector laboratories, Burlingame,
CA, USA) was employed following the manufacturer’s protocol with some modifications. Briefly,
antigen retrieval was performed by incubating sections with 0.1% w/v hyaluronidase (Sigma, H3506)
and 0.1% w/v protease (Sigma, P5147) in PBS for 30 min at 37 ◦C. Sections were washed with 0.1%
Tween-PBS and blocked with 0.3% H2O2-PBS for 10 min followed by 5% BSA-PBS for 30 min both at
room temperature. Sections were incubated with primary antibody anti-collagen type 2 (1:100; Abcam;
ab34712) or anti-collagen type 10 antibody (1:100; Abcam; ab58632), overnight at 4 ◦C in a humidified
chamber. After washing, sections were incubated with biotinylated secondary antibody (1:100) followed by
VECTASTAIN®ABC Reagent for 30 min each at RT. Brown staining was developed by incubating sections
with peroxidase substrate solution for 5 min. Sections were rinsed with tap water and counterstained
with haematoxylin (Sigma). Histological sections were analyzed by light microscopy (E600 Nikon).

2.4. Mineralization, Calcium Assay and Hydroxyproline Assay

Aggregates were cultured in IC medium for 2 or 3 weeks before switching to mineralization
medium consisting of α-MEM, 5% v/v FBS, PS, 1× ITS, and 10 mM β-glycerophosphate.
After 1 week culture in mineralization medium, the aggregates were collected for histological analysis,
hydroxyproline assay and calcium assay. Samples were transferred to pressure-tight, teflon capped
vials and hydrolyzed with 100 μL of 12 M HCl for 3 h at 120 ◦C. Five μL of the lysate was
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used for calcium analysis using the QuantiChrom Calcium Assay Kit (DICA-500) according to the
manufacturer’s protocol. Briefly, free calcium specifically forms a stable blue colored complex with
the phenolsulphonephthalein dye in the kit. The color intensity, measured at 612 nm, is directly
proportional to the calcium concentration in the sample. A standard curve was generated using the
Ca2+ standard. For hydroxyproline analysis, the Hydroxyproline Assay Kit (Biovision-K555) was used.
Briefly, 10 μL of the hydrolyzed sample lysate was transferred to a 96-well plate and evaporated to
dryness under vacuum. Next, chloramine T and 4-(dimethylamino)benzaldehyde (DMAB) reagent
was added to each sample and incubated for 90 min at 60 ◦C. The reaction resulted in a colorimetric
(560 nm) product, proportional to the hydroxyproline present. A standard curve was generated using
4-hydroxyproline as indicated in the manufacturer’s protocol.

2.5. Gene Expression Analysis

Cell aggregates or pellets were collected and washed once with PBS and then homogenized
in Trizol reagent (Life Technologies) by crushing with a pestle and mortar under liquid nitrogen.
After adding 20% v/v chloroform and centrifugation for 15 min at 11,000 g at 4 ◦C, the aqueous phase
containing RNA was transferred to a new Eppendorf tube, combined with an equal volume of 70%
ethanol, and then was loaded onto the RNA binding column of the RNA II nucleospin RNA isolation
kit (Machery Nagel). The rest of the RNA isolation followed the kit protocol. RNA concentrations
were measured using a ND100 spectrophotometer (Nanodrop1000). cDNA was synthesized from
1 μg of RNA, using iScript (BioRad) according to the manufacturer’s protocol. qPCR was performed
using 50 ng of cDNA, 0.4 μM of each forward and reverse primer (Sigma Genosys), and 1× SensiMix
SYBR&Fluorescein master mix (Bioline). Primer sequences are shown in Table 1. Real-time qPCR was
performed in a Biorad My IQ5 machine (Biorad). Data was analyzed using the fit point method of the
My IQ5 software. The baseline was calculated automatically by the software at the lower log-linear
part above baseline noise and the crossing temperature (Ct value) was determined. Ct values were
normalized to the Beta-2 microglobulin (B2M) housekeeping gene and ΔCt (Ct, control—Ct, sample)
was used to calculate the up-regulation in gene expression.

Table 1. Primer sequence.

Name Primer Sequence

Mouse beta-2 microglobulin 5′-CATGGCTCGCTCGGTGACC-3′
5′- AATGTGAGGCGGGTGGAACTG-3′

Mouse collagen 2 alpha 5′-CAAGGCCCCCGAGGTGACAAA-3′
5′-GGGGCCAGGGATTCCATTAGAGC-3′

Mouse collagen 10 alpha 5′-CATAAAGGGCCCACTTGCTA-3′
5′-TGGCTGATATTCCTGGTGGT-3′

Mouse aggrecan 5′-AGAACCTTCGCTCCAATGACTC-3′
5′-AGGGTGTAGCGTGTGGAAATAG-3′

Mouse Sry-related HMG box 9 (SOX9) 5′-CCACGGAACAGACTCACATCTCTC-3′
5′-CTGCTCAGTTCACCGATGTCCACG-3′

Mouse hypoxia-inducible factors 1 alpha (HIF1α) 5′-TGCTCATCAGTTGCCACTTC-3′
5′-TGGGCCATTTCTGTGTGTAA-3′

Mouse hypoxia-inducible factors 2 alpha (HIF2α) 5′-TGAGTTGGCTCATGAGTTGC-3′
5′-CTCACGGATCTCCTCATGGT-3′

Mouse alkaline phosphatase (ALP) 5′-AACCCAGACACAAGCATTCC-3′
5′-GAGACATTTTCCCGTTCACC-3′

Mouse matrix metalloproteinases 13 (MMP13) 5′-AGGCCTTCAGAAAAGCCTTC-3′
5′-TCCTTGGAGTGATCCAGACC-3′

Human B2M
5′-GACTTGTCTTTCAGCAAGGA-3′
5′-ACAAAGTCACATGGTTCACA-3′

Human collagen 2 alpha 5′-CGTCCAGATGACCTTCCTACG-3′
5′-TGAGCAGGGCCTTCTTGAG-3′

Human aggrecan 5′-AGAATCCACCACCACCAG-3′
5′-ATGCTGGTGCTGATGACA-3′

Human SOX9
5′-TGGGCAAGCTCTGGAGACTTC-3′
5′-ATCCGGGTGGTCCTTCTTGTG-3′

122



Bioengineering 2017, 4, 35

2.6. ELISA

ATDC5 aggregates were cultured for 2 or 3 weeks in different media (BM, IM, BC or IC).
Medium was changed every 2 days, with only half of the volume (1 mL) changed to avoid loss
of the aggregates. VEGF was allowed to accumulate in medium for 2 days before the collection
point. To boost VEGF secretion, ATDC5 aggregates were cultured in IC medium for 2 or 3 weeks,
then the medium was supplemented with 50 μM phenanthroline (1,10-Phenanthroline monohydrate,
Sigma-Aldrich) [30] and VEGF was allowed to accumulate for 2 days, 3 days or 6 days (with 1 medium
change after 3 days) before the collection point. 1 mL of medium was collected from each chip and
50μL was assayed in duplicate using a mouse VEGF quantikine ELISA kit (R&D, MMV00) following
the kit protocol.

2.7. Statistics

One-way or two-way ANOVA with Bonferroni post-test were performed using GraphPad Prism
version 6.02 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.

3. Results

3.1. Bulk Production of Micro-Tissue Engineered Cartilage (MiTEC)

ATDC5 micro-aggregates were cultured in basic medium (BM) or basic medium supplemented
with 1× ITS (IM medium) for 4 weeks on agarose chips. Cell aggregates formed within 24 h after
seeding (Figure 1A). Over longer times, the aggregates in IM medium grew bigger and firmer than
those in BM medium. After 4 weeks, the aggregates in IM medium developed a very firm appearance
whereas those in BM appeared to break down. Scanning electron microscopy of aggregates cultured in
IM medium showed a uniform size distribution (Figure 1B). After an even longer culture time, clusters
of up to 10 aggregates were observed. The exterior of these aggregates were covered by thick layers of
extracellular matrix, while inside them lay many lacunae where the cells resided. Gene expression
analysis of the aggregates cultured in BM and IM medium for 4 weeks was performed; expression
levels were compared to that of BM medium at week 1 (Figure 1C and Figure S1A). Genes related to
early chondrogenesis such as collagen type 2, aggrecan, hypoxia-inducible factors 1 alpha (HIF1α) and
Sry-related HMG box (SOX9) as well as late chondrogenesis and hypertrophy such as collagen type
10, matrix metalloproteinases 13 (MMP13), hypoxia-inducible factors 2 alpha (HIF2α) and alkaline
phosphatase (ALP) were studied. Expression of all the early markers peaked at week 2 in both BM and
IM conditions, although with higher expression in IM medium, then declined in the following weeks.
Hypertrophic markers collagen type 10 and ALP expression peaked at week 2, with expression in IM
condition double that of the BM condition. MMP13 and HIF2α expression peaked at week 3 and 4
respectively, with expression in the IM always higher than BM condition. This characterization has
demonstrated the feasibility of using our spheroid culture system to grow and differentiate ATDC5
in vivo.
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Figure 1. Production of micro-tissue engineered cartilage (MiTEC). Cells were seeded on day 0
and the aggregate formed on day 1; the panel shows brightfield images (top row) and fluorescent
images (bottom row) of cells staining with calcein (green) and ethidium homodimer-1 (red) (A).
Scanning electron microscope images of MiTEC showed uniform size aggregates and cartilage-like
lacunae (B). Gene expression profile of MiTEC cultured in basic medium (BM—white bar) and basic
medium + ITS (IM—gray bar) at week 1–4 (C). Error bars represent standard deviation (n = 3).
(*) denotes p < 0.05, (**) denotes p < 0.01, (***) denotes p < 0.001.

3.2. Optimization of Chondrogenic Differentiation of MiTEC

Improved chondrogenic differentiation of aggregates in IM medium showed that it is possible to
manipulate the expression of chondrogenic genes. Since the amount of hypertrophic cartilage matrix is
known to correlate to in vivo bone formation [6,7], we next maximized the extracellular matrix (ECM)
deposition in MiTEC by optimizing medium composition [28]. Four different medium compositions
were tested: basic medium (BM); BM supplemented with ITS (IM); BM supplemented with TGFβ3
and Dex (BC); and BM supplemented with ITS, TGFβ3 and Dex (IC). After only 1 week in culture,
the difference in size of MiTECs was apparent by light microscopy (Figure 2, top row). In ascending
order, BC, IM and IC medium had a positive effect on the size of MiTEC over BM. Histological analysis
with Alcian Blue staining for glycosaminoglycan in cartilage (Figure 2) clearly shows that BM was not
a good medium to culture MiTEC, with disintegration of the aggregates and very poor Alcian Blue
staining. In the IM medium condition, spots with blue stain were visible in week 2 which became
bigger and more intense in week 3. Hypertrophic chondrocytes, recognized by their large lacunae,
appeared to reside within the intensely blue stained extracellular matrix. Interestingly, the use of
both TGFβ3 and Dex (BC condition) resulted only in a faint Alcian Blue stain at both week 2 and 3.
The aggregates in the BC condition were also smaller in size compared to the IM condition (just ITS
added to the basic medium). Finally, when cultured in the presence of TGFβ3, Dex and ITS (IC
condition), a uniform and intense blue stain was observed in all aggregates.

Gene expression analysis for early and late chondrogenic markers at week 2 and 3 was performed;
expression levels were compared to that of BM at week 2 (Figure 3 and Figure S1B). For early markers
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(collagen type 2, aggrecan, SOX9, and HIF1α), gene expression in BC and IC conditions (both contained
TGFβ3 and Dex) was always higher than those of BM and IM conditions (except for HIF1α where
the expression in the BC condition was similar to those of BM and IM). For late markers, collagen
type 10 expression in the BC and IC conditions was particularly high (300 times at week 2 and
500–1500 times at week 3) compared to BM and IM. MMP13 expression was only high in the IM and
IC conditions (both contained ITS), 5-12 times at week 2 and 5–70 times at week 3 compared to the
BM condition respectively. Interestingly, HIF2α, ALP and VEGF expression was highest in the IM
condition at both week 2 and 3. Overall, in term of aggregate size, extracellular matrix stain for Alcian
Blue and certain gene markers, IC is the most potent medium to induce extracellular matrix deposition
and hypertrophic differentiation of MiTEC. Thus we chose the IC medium to continue with for the
next experiments.

 
Figure 2. Effect of different media on MiTEC morphology. Aggregates were cultured for 3 weeks in
different media: basic medium (BM), BM supplemented with 1×ITS (IM), BM supplemented with
0.1 μM dexamethasone (Dex) and 10 ng/mL transforming growth factor beta 3 (TGFβ3) (BC) and
BM supplemented with 1× ITS, 0.1 μM Dex, and 10 ng/mL TGFβ3 (IC). Brightfield images at week 1
(Top Row) show the difference in aggregate size in which the aggregates in the IC medium was the
biggest. Alcian Blue staining at week 2 and 3 (Row 2–4) shows maturation of the cartilage extracellular
matrix; aggregates in the IC medium were stained most intensely and uniformly. Hypertrophic cells
can be found at both week 2 and week 3 in the IM, BC and IC medium.
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Figure 3. Effect of different media on MiTEC gene expression. Gene expression analysis of aggregates
cultured in basic medium (BM—blue bar), BM + ITS (IM—green bar), BM + TGFβ + Dex (BC—yellow
bar), and BM + ITS + TGFβ + Dex (IC—red bar) at week 2–3. Error bars represent standard deviation
(n = 3). (*) denotes p < 0.05, (**) denotes p < 0.01, (***) denotes p < 0.001, and ns denotes non-significant.

3.3. Induction of MiTEC Mineralization with Beta-Glycerophosphate

Just prior to endochondral ossification, end stage hypertrophic chondrocytes direct the formation
of mineralized matrix, which becomes a scaffold for osteoprogenitor cells to interact with and secrete
osteoid [31]. Pre-mineralizing the hypertrophic cartilage construct in vivo may improve and accelerate
bone formation upon in vivo implantation. In this experiment, we induced in vivo mineralization of
MiTECs with beta-glycerophosphate (bGP). MiTECs were cultured for 2 or 3 weeks in IC medium,
followed by 1 week in mineralization medium with 10 mM bGP. MiTECs were collected at week 3
(2 weeks in IC medium plus 1 week in mineralization medium) and week 4 (3 weeks in IC medium
plus 1 week in mineralization medium) for analysis. Calcium analysis showed a significant increase in
the calcium content of MiTECs cultured in the mineralization medium (Figure 4A). Hydroxyproline
content (estimated organic content of the extracellular matrix) increased from week 3–4 but was not
affected by the bGP treatment. Histological analysis with Alizarin Red staining showed intense red
nodules in the bGP condition (Figure 4B). Gene expression analysis was performed for the hypertrophic
markers HIF2α, ALP, VEGF, collagen 10 and MMP13 (Figure S2A). Interestingly, the addition of bGP
increased HIF2α, VEGF, collagen X and MMP13 expression at week 4 but not at week 3 of the culture.
Expression of ALP after 1 week in mineralization medium either decreased (week 3) or was unchanged
(week 4). Overall, the in vivo mineralization of MiTEC could be efficiently achieved with the bGP
treatment, which may add an edge to the in vivo performance of the material.
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Figure 4. Induction of MiTEC mineralization with beta-glycerophosphate. Calcium content,
hydroxyproline content and calcium content per μg of hydroxyproline of aggregates cultured in
IC medium for 2 or 3 weeks, plus 1 week treatment with beta-glycerophosphate (bGP) (A). Error bars
represent the standard deviation (n = 3). (**) denotes p < 0.01, and (***) denotes p < 0.001. Alizarin Red
staining of aggregates cultured in IC medium for 2 or 3 weeks, plus 1 week treatment with bGP;
red nodules can be seen homogeneously inside the aggregates (B).

3.4. Boosting Vascular Endothelial Growth Factor (VEGF) Secretion from MiTEC Using the Hypoxia
Mimetic Phenanthroline

Vascular invasion of the hypertrophic cartilage is a crucial event in endochondral bone formation
and VEGF plays a critical role in it [32,33]. Enriching the extracellular matrix with VEGF may improve
MiTEC performance. Previously, using high throughput screening, we identified phenanthroline as
a hypoxia mimicking molecule capable of inducing VEGF expression and secretion in hMSCs [30].
Preliminary experiments were done to verify that phenanthroline can also stimulate VEGF expression
and secretion of ATDC5 cells cultured in a monolayer (data not shown). In the aggregate culture,
VEGF expression was highest in the IM medium (Figure S1B), but VEGF secretion as detected in the
medium was highest in the IC medium at about 2000 pg/mL (Figure 5, top graph). To test the effect
of phenanthroline on MiTEC, we cultured the aggregates for 2 or 3 weeks in IC medium, followed
by a 2, 3 or 6 day exposure to 50 μM phenanthroline. Phenanthroline induced a 7-fold induction of
VEGF expression after a 2 day exposure at week 2 of the culture (Fig 5, bottom graph). However,
this expression reduced if the exposure was prolonged to 3 days and 6 days. Exposing MiTEC with
phenanthroline for 2 days at week 3 of the culture also resulted in an 8-fold increase in the mRNA
level. The VEGF secretion baseline at 2000 pg/mL in the IC medium was more than doubled when
phenanthroline was added for 2 days at week 2 of the culture (Figure 5, middle graph). However, when
phenanthroline treatment was extended to 6 days, the secretion reduced to about 3000 pg/mL. A 2-day
stimulation in week 3 resulted in the same secretion level as in week 2. Thus, using phenanthroline,
we could efficiently boost VEGF expression and secretion from MiTEC.
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Figure 5. Boosting vascular endothelial growth factor (VEGF) expression and secretion from MiTEC
using the hypoxia mimetic phenanthroline. VEGF secretion of aggregates cultured in BM (blue bar),
IM (green bar), BC (yellow bar) and IC (red bar) medium at week 2–3 (top graph). VEGF secretion
(middle graph) and expression (bottom graph) of aggregates cultured in IC medium for 2 or 3 weeks
followed by phenanthroline treatment for 2, 3 or 6 days. Error bars represent standard deviation (n = 3).
(**) denotes p < 0.01, (***) denotes p < 0.001, and ns denotes non-significant.

3.5. Devitalization and Decellularization of MiTEC

To make MiTEC an off-the-shelf product, devitalization/decellularization is necessary in
order to reduce the immunogenicity of the material. We devitalized MiTEC by liquid nitrogen
(LN2) freeze-thawing and decellularized MiTEC by SDS processing following established protocols.
Devitalized/decellularized MiTECs were tested for cell survival by a metabolism assay where no
metabolic activity was found (data not shown). The amount of MiTECs harvested from one 12-well
plate, decellularized with SDS and air dried is shown in Fig S2B. The average diameter of an aggregate
after a 3-week culture in IC medium was 300 μm (Figure 6). Assuming each aggregate is a sphere; its
volume is 4

3 π × 1503 = 14, 137, 167 μm3 or 0.014 mm3. Each well of the 12-well plate containing 1585
aggregates yielded 22.4 mm3, and one 12-well plate yielded 268.9 mm3 of tissue. Four culture plates
would be needed to make 1CC of tissue. Histological analysis with Alcian Blue and immunostaining for
collagen type 2 and type X is shown in Figure 6. No cell nuclei were visible in the histological images of
the decellularized MiTEC. Alcian Blue staining was reduced significantly in the decellularized samples,
however collagen type 2 and X staining were similar to that of the devitalized samples. Collagen type
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2 staining was more eminent at the periphery of the aggregates, while collagen type 10 was distributed
more uniformly.

Figure 6. Devitalization and decellularization of MiTEC. Aggregates were cultured for 2 weeks in
IC medium, and then were either devitalized by repeated liquid nitrogen (LN2) freeze/thaw or
decellularized by SDS. Picture panel shows Alcian Blue staining (Top Row); collagen type 2 staining
(Middle Row); and collagen type 10 staining (Bottom Row).

3.6. DCM Influences Chondrogenic Differentiation of hMSCs

To test the biological properties of our DCM, devitalized/decellularized MiTECs were mixed with
hMSCs and pellet-cultured for 4 weeks in either basic medium or chondrogenic differentiation medium.
Pellets of hMSCs mixed with LN2-devitalized MiTEC are referred to as LN2-pellets, and pellets of
hMSCs mixed with SDS-decellularized MiTEC are referred to as SDS-pellets. As a control, hMSCs
were cultured in a pellet of 250,000 cells which is the same number of cells used in the mix-culture with
MiTEC. After 4 weeks, the LN2-pellets and SDS-pellets cultured in chondrogenic medium developed a
glassy appearance and felt very firm (Figure S2C). Gene expression analysis was performed for early
chondrogenesis makers collagen type 2, aggrecan and SOX9 (Figure 7A). Relative to hMSC pellets,
expression of these markers increased significantly in the SDS-pellet in chondrogenic medium. Even in
basic medium, aggrecan expression increased 20-fold in the SDS-pellet compared to the hMSCs pellet.
Expression of the 3 markers in the LN2-pellet was also higher than hMSC alone control, but lower
than the SDS-pellets. Alcian Blue staining showed that the devitalized/decellularized MiTECs were
still visible and embedded inside the cell pellets (Figure 7B). No cell was found inside the SDS treated
MiTECs. In basic medium, beside the intense blue stain of the devitalized MiTEC aggregates, the
rest of the pellet was weakly stained. In chondrogenic differentiation medium, the hMSCs alone
control developed some blue stains only in some parts of the pellets. However, when hMSCs were
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co-cultured with either LN2 or SDS treated MiTEC, Alcian Blue was intensely stained throughout
the pellets. The MiTEC appeared to be shrunken inside the pellets under the chondrogenic medium
condition, with a big gap between MiTEC and the human cells. With this experiment, we showed that
devitalized/decellularized MiTEC has chondro-inductive potential in vivo.

Figure 7. MiTEC affects chondrogenic differentiation of human mesenchymal stem cells (hMSCs).
Gene expression analysis of hMSCs co-cultured with devitalized or decellularized MiTEC in basic
medium or chondrogenic medium (A). Error bars represent standard deviation (n = 3). (*) denotes
p < 0.05, (**) denotes p < 0.01, (***) denotes p < 0.001, and ns denotes non-significant. Alcian Blue
staining of hMSCs co-cultured with devitalized or decellularized MiTEC in basic medium (top row) or
chondrogenic medium (bottom row) (B).

4. Discussion

Although autologous bone is considered as the most superior grafting material for bone
regeneration [34], other bone graft substitutes are increasingly preferred not only for the convenience
of the surgeons but also for the good of the patients [35]. In nature, bone healing occurs through
both endochondral and intramembranous ossification [36]. While intramembranous ossification is the
fastest route of building bone matrix, it can only handle small and mechanically stable defects [36,37].
Endochondral ossification, while it is slow and requires a lot more energy, is the predominant route
of bone healing in fractures. During the process, mesenchymal progenitor cells differentiate into
chondrocytes which deposit cartilaginous matrix called the soft callus. In animal models, the soft
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callus formation peaks at 7-9 days post trauma with a peak in collagen type 2 and proteoglycan such as
aggrecan [38]. The chondrocytes of the soft callus undergo maturation towards hypertrophy, becoming
enlarged in size, and secreting alkaline phosphatase which mineralizes the extracellular matrix. The fate
of the hypertrophic chondrocytes remains controversial. Classically, the hypertrophic chondrocytes
undergo apoptosis and the osteoprogenitor cells invade the callus and replace the cartilage with bone.
Alternatively, studies have shown that a proportion of hypertrophic chondrocytes do not undergo
apoptosis and instead transdifferentiate into osteoblasts [12,39]. In the classical model, the role of
hypertrophic chondrocytes is less important after its accomplishment of synthesizing the necessary
growth factors. This suggests that a hypertrophic cartilage matrix void of cells but high in endogenous
growth factors can continue its route to be transformed into bone in vivo. To date, no clinical case using
hypertrophic cartilage for bone regeneration has been reported. Despite abundant proof-of-principle
studies, no available method can yet produce sufficient hypertrophic cartilage for clinical use. Here we
demonstrated that by using the cell line ATDC5 cultured in micro-aggregates, it was feasible to produce
hypertrophic cartilage in unlimited amounts. According to the FDA’s guideline for clinical issues
concerning the use of xenotransplantation products in humans [40], “cell lines from animals may
be established and used in the production of xenotransplantation products”. Compared to primary
cells, cell lines are easier to maintain and more consistent in quality. Since cell lines are carcinogenic,
devitalization of the hypertrophic cartilage is necessary to reduce immunogenic concerns. Whether or
not the devitalized MiTEC is still capable of inducing endochondral ossification in vivo needs
further experiments. Bourgine et al. demonstrated that apoptosis-induced devitalized hypertrophic
cartilage constructs could form bone in vivo while freeze-thawed devitalized constructs could not [18].
They attributed this to the significant loss of glycosaminoglycans, mineral content, and ECM-bound
cytokines during the freeze-thaw cycles. We also observed a loss of glycosaminoglycans, as indicated
by Alcian Blue staining, in the SDS decellularized MiTEC, but not in the freeze-thaw devitalized
MiTEC. Apparently, the bioactivity of the hypertrophic cartilage ECM may be lost when a sub-optimal
devitalization/decellularization process is used. Hence, the balance of removing immunogenicity and
retaining osteoinductivity needs to be fine-tuned, for which many devitalization/decellularization
methods have been reported [41–43]. Our model can potentially be adapted into a high throughput
screening platforms in vivo and in vivo, allowing the devitalization/decellularization protocol to be
empirically optimized.

Vascularization is a critical factor for the successful integration of large grafts. Hypertrophic
cartilage has an intrinsic property of produce angiogenic growth factors, which play a crucial role
in endochondral ossification and many studies have shown the positive effect of adding VEGF in
bone regeneration [33,44]. It has been shown that the lack of vascularization in the DCM constructs
could be attributed to the loss of VEGF during the devitalization process [18]. Vascularization in
the case of endochondral bone formation is essential for the recruitment of the host cells in order
to remodel the cartilage template and subsequent ossification. We showed that stimulating MiTEC
with the hypoxia mimicking molecule phenanthroline boosted VEGF secretion to double its basal
level, although the VEGF content which remained in the decellularized MiTEC has not been analyzed.
Since vascularization is paramount to the success of this model, it may be necessary to further optimize
it for instance by combining it with current vascularization strategies, i.e., VEGF impregnation [45].
Similarly, pre-mineralization of MiTEC in vivo may be beneficial for bone formation in vivo. Calcium
phosphate ceramics have a positive effect on osteogenesis [46] and even soluble calcium ions have a
positive effect on the osteogenic differentiation of hMSCs [47]. The degree of mineralization is another
aspect which can be optimized for bone formation in vivo.

The inductive potential of decellularized ECM on stem cells [48,49] has been reported. It was
hypothesized that the acellular ECM of a tissue possessed the instructive cues that drive the
differentiation of stem cells into this particular tissue type [50,51]. The instructive cues are the
soluble factors and the macromolecules that regulate cell fate. To date, no study has demonstrated
the inductive potential of hypertrophic cartilage matrix in vivo. In this paper, we show that
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devitalized/decellularized MiTEC, especially in combination with chondrogenic medium, enhanced
the chondrogenic differentiation of hMSCs in vivo. From histological images it appeared that the
MiTEC ECM remained intact and hMSCs were not able to enter the cartilage matrix. Thus, it’s arguable
that the inductive potential of devitalized/decellularized MiTEC is caused by the soluble factors
released from it, although the surface chemistry and topography of the tissue might also play a role.
Interestingly, SDS decellularized MiTEC appeared to be more potent than the freeze-thaw devitalized
aggregates. This may be similar to the biological activity of bone versus demineralized bone, where the
removal of bone mineral makes the osteogenic molecules available for interaction with the cells [52].

Unlike natural products harvested from cadavers where donor variation is inevitable,
hypertrophic cartilage culture in vivo is a totally controllable process. There are many concerns
over the variation in quality among allogenic bone grafts produced by different companies or even
from different batches of product from the same company [53,54]. Moreover, some products such
as DBM and platelet gels containing “autologous growth factors” are not subjected to high level of
regulatory scrutiny [55]. In contrast, MiTEC can be cultured and tested for both safety and efficacy
following stringent good manufacturing practice (GMP) protocols. Here, we demonstrated how
MiTEC can be manipulated in a number of ways to modify its extracellular matrix composition.
The well plate format of this system allows for high throughput screening to be used in drug discovery
and, using a different cell source or cell sources, one can even switch this model to the production
of a totally different type of tissue, for instance to produce liver tissue or to study tumor cell biology.
In conclusion, we have shown a method to produce clinically relevant-sized hypertrophic cartilage for
bone regeneration by endochondral ossification. We decellularized the hypertrophic tissue and showed
that the remaining ECM had inductive potential on chondrogenic differentiation of hMSCs in vivo.
The logical next phase of this work is the pre-clinical evaluation of MiTEC in orthotopic models.

5. Conclusions

The results of this study demonstrate the feasibility of producing in large amounts and to
readily vary the chemical composition of hypertrophic cartilage tissue in vivo using the ATDC5 cell
line cultured in micro-aggregates (MiTEC). Moreover, under appropriate culturing and devitalizing
conditions, the devitalized MiTEC can enhance chondrogenic differentiation of hMSCs, suggesting
that devitalized MiTEC represents a promising advance for clinical applications in bone regeneration.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/2306-
5354/4/2/35/s1.
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Abstract: Degenerative neurological disorders and traumatic brain injuries cause significant damage
to quality of life and often impact survival. As a result, novel treatments are necessary that can allow
for the regeneration of neural tissue. In this work, a new biomimetic scaffold was designed with
potential for applications in neural tissue regeneration. To develop the scaffold, we first prepared a
new bolaamphiphile that was capable of undergoing self-assembly into nanoribbons at pH 7. Those
nanoribbons were then utilized as templates for conjugation with specific proteins known to play
a critical role in neural tissue growth. The template (Ile-TMG-Ile) was prepared by conjugating
tetramethyleneglutaric acid with isoleucine and the ability of the bolaamphiphile to self-assemble
was probed at a pH range of 4 through 9. The nanoribbons formed under neutral conditions were
then functionalized step-wise with the basement membrane protein laminin, the neurotropic factor
artemin and Type IV collagen. The conductive polymer polyaniline (PANI) was then incorporated
through electrostatic and π–π stacking interactions to the scaffold to impart electrical properties.
Distinct morphology changes were observed upon conjugation with each layer, which was also
accompanied by an increase in Young’s Modulus as well as surface roughness. The Young’s Modulus
of the dried PANI-bound biocomposite scaffolds was found to be 5.5 GPa, indicating the mechanical
strength of the scaffold. Thermal phase changes studied indicated broad endothermic peaks upon
incorporation of the proteins which were diminished upon binding with PANI. The scaffolds also
exhibited in vitro biodegradable behavior over a period of three weeks. Furthermore, we observed
cell proliferation and short neurite outgrowths in the presence of rat neural cortical cells, confirming
that the scaffolds may be applicable in neural tissue regeneration. The electrochemical properties of
the scaffolds were also studied by generating I-V curves by conducting cyclic voltammetry. Thus, we
have developed a new biomimetic composite scaffold that may have potential applications in neural
tissue regeneration.

Keywords: self-assembly; templates; tissue regeneration; peptide amphiphiles

1. Introduction

The nervous system consists of a network of interconnected cells that play a critical role in the
reception and transmission of electrical signals throughout the body [1,2]. However, damage to
the nervous system caused by brain injuries or neurodegenerative disorders such as, Alzheimer’s,
Parkinson’s, epilepsy, multiple sclerosis, or chronic traumatic encephalopathy, can lead to severe
impairment in daily function and quality of life [3,4]. The slow growth and fragility of nervous
tissue poses a unique challenge for treatment interventions. Current treatments are limited to nerve
autographing and the use of nerve conduits [5], as well as development of novel antagonists [6]. These
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methods are challenged by the lack of donors, tissue rejection, scar tissue growth, implantation decay
and lack of sufficient structural and biochemical information at the biomolecular level [7]. Tissue
Engineering (TE) poses an alternative treatment option to conventional methods. TE seeks to repair,
restore and replace damaged tissues and harbor growth of healthy tissue [8]. This is accomplished by
creating a biomimetic three-dimensional matrix that exemplifies properties of the extracellular matrix
(ECM), which can eventually aid in re-growing tissue [9]. These scaffolds are tailored to specific tissues
to ensure compatibility and alleviate immune response and scar tissue growth and support new tissue
by proper adhesion and integration [10,11].

Since the inception of TE, a multitude of materials, both natural and synthetic, have been
discovered to promote neural tissue growth [12]. For example, functionalized carbon nanotubes
and graphene nanotubes have been successful in promoting cell differentiation and migration,
while efficiently maintaining conductive properties within the tissue [13–15]. Polymers [16] such
as polyethylene glycol (PEG), poly ε-caprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA) and
poly-lactic acid (PLA) are some of the most widely used synthetic polymers [17]. Specifically, they
have been used to create neural guidance conduits and cylindrical porous electrospun composites
to promote axonal growth and to bridge neural ending defects [18]. For instance, it was reported
that composites of poly ε-caprolactone electrospun membranes and gelatin improved cell adhesion,
proliferation and differentiation of PC-12 nerve cells and supported neurite outgrowth [19]. In a recent
study, it was shown that irradiation of graphitic carbon nitride integrated with graphene oxide (GO)
that was bound to electrospun PCL/gelatin fibers resulted in neural stimulation upon irradiation with
visible-light and thereby supported neuronal differentiation [20]. Amongst the naturally occurring
proteoglycans, hyaluronic acid, chitosan, chondrotin sulfate and heparin sulfate have gained significant
prominence [21] in the preparation of composite materials for neural TE. For example, in one study,
chondroitin-6-sulfate and neural growth factor (NGF) were fused into PEG gels and promoted
neurite extension and viability of cortical cells [22,23]. In a separate study, heparin-mimicking
polymers—prepared by combining glucosamine-like 2-methacrylamido glucopyranose monomers
with three separate sulfonated units—showed higher cytocompatibility and promoted differentiation
of embryonic stem cells to neuronal cells as compared to natural heparin [24]. Forsythe and co-workers
developed three-dimensional graphene-heparin-poly-L-lysine polyelectrolytes that promoted neuron
cell adhesion, proliferation and neurite outgrowth [25]. It has also been shown that hyaluronic acid
bound electrospun PCL scaffolds as well as agarose-chitosan blends enhance mechanical properties
and increased proliferation of neural cells [26,27].

In addition to the aforementioned biomaterials, peptide amphiphiles have gained prominence in
numerous biomedical applications due to their facile self-assembling properties, biocompatibility and
relative ease of functionalization [28]. For example, when peptide nanofibers formed by self-assembly
of amphiphilic (palmitoyl-GGGAAAKRK) were utilized for siRNA delivery into the brain, they showed
higher intra-cellular uptake after being delivered intra-cranially [29]. Stupp and co-workers recently
showed that hybrid DNA-peptide nanotubes that had been prepared by altering the sequence of the
DNA strands and incorporating the cell-adhesion motif RGDS displayed selectivity and enhanced cell
adhesion and differentiation of neural stem cells into neurons but not astrocytes [30]. Scaffolds formed
by utilizing the self-assembling peptide RADA16-I have demonstrated potential in closing neural
gaps and regenerating axons and healing spinal cord injuries [31]. Researchers have also developed
hybrid matrices by combining Type I collagen and peptide amphiphile based nanofibrous scaffolds
functionalized with IKVAV or YIGSR that showed specific responses to cerebellar cortex Granule cells
and Purkinje cells. Specifically, the IKVAV hybrid scaffolds showed an increase in granule cell density
and growth of Purkinje cell dendrite and axons in the presence of peptide nanofibers over specific
concentration ranges compared to collagen [32].

In this work, we have developed a new biomimetic scaffold with potential for neural tissue
engineering. We conjugated 3,3-tetramethylene glutaric acid (TMG) with isoleucine (Ile) to form a new
bolaamphiphile, wherein TMG was the inner head group while the two isoleucine groups formed
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the tail groups at each end. The self-assembling ability of the Ile-TMG-Ile conjugate was probed at
a pH range of 4–9. We observed that under neutral conditions, the conjugate self-assembled into
nanoribbons, which were then utilized as templates for developing the scaffold. TMG has been shown
to be biocompatible and is a well-known aldose-reductase inhibitor in vitro. It was once touted for
its potential in inhibiting diabetic angiopathy and cataract formation by preventing the formation
of sorbitol [33]. However, it was found to be relatively inactive as an aldose-reductase inhibitor
in vivo, as significant amounts of TMG were unable to reach the retina or lens. We utilized TMG
due to its unique structure containing the glutaric acid back bone functionalized with a cyclopentyl
ring system. We conjugated it with isoleucine, as it is a key factor known to enhance the activity of
alanine-serine-cysteine transporter (Asc-1), which mediates the release of Gly and Ser from neurons
and modulates N-methyl-D-aspartate receptor (NMDAR) synaptic activity [34]. The nanoribbons
formed upon self-assembly were utilized as templates for preparing tailored scaffolds for neural tissue
regeneration. The template Ile-TMG-Ile nanoribbons were first conjugated with laminin, a major
component of the extracellular matrix of vascular tissue in the brain. Laminin has been shown to
increase the binding abilities of nanoscaffolds as well as to promote cell migration in newly formed
cells [35,36]. A recent study conducted using a laminin functionalized PCl-chitosan scaffold showed
increased mechanical properties, cell attachment and proliferation [37]. Another study found that
laminin based scaffolds vastly improved neuronal survival in the injured brains of mice, which led to
greater performance on spatial learning tasks [38].

We then conjugated the laminin bound assemblies with Artemin, which is a glial cell line derived
neurotropic factor. Artemin is known to support signaling and increase growth in both peripheral
and central nervous tissue by binding to GFR alpha3–RET, an artemin specific receptor in the MAP
kinase pathway [39]. It has also been shown to attenuate neuropathic pain in individuals with spinal
cord injuries and plays a protective role against deteriorating motor neurons in ALS patients [40,41].
To form the biocomposite, we then conjugated the laminin-artemin-bound templates with Type IV
Collagen. It is well known that Type IV Collagen is a component of the basement membrane of
vascular tissues in brain and forms mesh-like structures with advantageous mechanical properties.
Furthermore, Type IV collagen promotes cell adhesion and stability [42].

Finally, emeraldine base polyaniline (PANI)—a conductive polymer—was incorporated to impart
electric properties to the scaffold. PANI consists of repeat units of benzene rings which are separated
by secondary amine groups and a quinoid ring system attached to imine groups [43]. The protonated
form of emeraldine is conductive as it can form a semiquinone radical cation [44]. In a study where
emeraldine polyaniline was blended with gelatin and then electrospun into nanofibers, the scaffold
showed a marked increase in conductivity after incorporation of PANI [45]. Thus, we have created a
new composite scaffold that consists of self-assembled nanoribbons, conjugated with key proteinaceous
components to enhance growth and proliferation of neuronal cells as well as a conductive polymer,
polyaniline to impart electrical properties. The formed scaffold demonstrated biodegradability,
enhanced mechanical properties as well as promoted growth and proliferation of cortical cells and
promoted axonal outgrowth Thus, these newly formed scaffolds may have potential applications in
neural tissue engineering.

2. Materials and Methods

Amino acid isoleucine and 3,3-tetramethylene glutaric acid, dimethylformamide (DMF),
N-Hydroxy Succinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) and
triethylamine (TEA), Bradford reagent, Bovine serum albumin (BSA) were purchased from Sigma
Aldrich. Buffer solutions of various pH values were purchased from Fisher Scientific. Mouse
laminin (sc-29012) and laminin alpha-2 antibody (B-4) were purchased from Santa Cruz Biotechnology.
NHS-rhodamine was purchased from Thermo Scientific. Anti-collagen Type IV (rabbit) antibody
was purchased from Rockland. Human artemin (category 4515-20, lot P70215) was purchased from
Bio Vision. Type IV collagen (AG 19502) was purchased from Neuromics. Rat cortical cells (E18)
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and cell culture media (NbActiv4) were purchased from BrainBits. Neuroblast cell culture media
and Glutamax were purchased from Gibco. Polyaniline was purchased from Ark Pharmaceuticals.
Solvent N-methyl-2-Pyrrolidine was purchased from VWR. The digital multimeter model M-1000D was
purchased from Elenco and a 1.62 mm diameter platinum electrode was purchased from Bioanalytical
Systems Incorporated.

2.1. Synthesis of Ile-TMG-Ile

To TMG (1M) were added NHS (0.1M) and EDAC (0.1M) in DMF for activating the carboxylic acid
groups of TMG. The mixture was stirred for one hour at 4 ◦C followed by the addition of Ile (2M). Two
drops of TEA were added and the reaction mixture was stirred at 4 ◦C for 24 h. After 24 h, the solution
was rotary evaporated to remove the solvent. The product obtained was found to be a white solid.
The ESI-MS obtained by HPLC-MS (Agilent 6100 series, Santa Clara, CA, USA) showed a very weak
M+ peak at m/z 411.2; peaks were also observed at m/z 952.4 and at m/z 805.5 due to the formation
of oligmers. The strongest peak was seen at m/z 393.2 due to loss of hydroxyl radical. The product
most likely undergoes McLafferty rearrangement, as expected for amides. Smaller fragments were
observed at m/z = 360.2; 230.7, 361.2 and 115.0. Thus, in addition to Ile-TMG-Ile, side products that
included oligomers were also formed. The product was recrystallized using methanol and dried under
vacuum before further analysis. The yield of the product was found to 57.2%. The formation of the
product was confirmed by 1H NMR spectroscopy using a Bruker 400 MHz NMR (Billerica, MA, USA)
in deuterated DMSO with TMS as a solvent. 1H NMR (DMSO-d6) spectrum showed peaks at δ 0.9
(t, 6H); δ 1.2 (d, 6H); δ 1.4 (t, 2H); δ 1.7 (m, 4H); δ 2.3 (d, 2H); δ 2.7 (s, 4H); δ 2.9 (s, 4H); 3.4 (s, 4H); δ 8.1
(s, 2H); δ 12.2 (s, 2H). 13C NMR (DMSO-d6) showed peaks at δ 17.3; δ 22.2; 25.3; δ 29.6; δ 33.4; δ 39.5 δ

42.7; δ 45.9 and δ 174.2.

2.2. Self-Assembly of Ile-TMG-Ile Template

The synthesized product was allowed to self-assemble in buffer solutions of varying pH values.
In general, the product (45 mM) was allowed to assemble under acidic (pH 4, potassium acid phthalate
buffer); neutral (pH 7, potassium phosphate monobasic-sodium hydroxide buffer) and basic (pH 9,
boric acid, potassium chloride, sodium hydroxide buffer) conditions over a period of three to four
weeks at room temperature. The growth of assemblies was monitored by dynamic light scattering
periodically. After four weeks of growth, the assemblies were centrifuged and washed thrice with
deionized water to remove the buffer and left in deionized water for further analysis.

2.3. Preparation of Scaffold

The washed Ile-TMG-Ile assemblies grown at pH 7 were utilized for preparation of scaffolds.
An aqueous solution of the fibrillar assemblies (2 mM) was treated with EDAC (1 mM) and NHS
(1 mM) for one hour at 4 ◦C to activate the free carboxylic groups in Ile-TMG-Ile. Mouse laminin
(0.1 mg/ mL, 200 μL) was then added to the activated template. The mixture was stirred at 4 ◦C for
24 h to allow for adhesion of laminin. The laminin bound templates were then washed and centrifuged
thrice with deionized water to remove any unbound laminin followed by addition of EDAC (1 mM)
and NHS (1 mM) for one hour at 4 ◦C. To the laminin bound templates, artemin (0.1 mg/mL, 200 μL)
was then added and shaken at 4 ◦C for 24 h and washed and centrifuged thrice to remove unbound
artemin. The laminin and artemin functionalized construct was once again allowed to react with
EDAC (1 mM) and NHS (1 mM) for one hour at 4 ◦C followed by the addition of Type IV collagen
(0.1 mg/mL, 100 μL) and was shaken at 4 ◦C for 24 h. The biocomposite was washed and centrifuged
to remove unbound collagen. The formed biocomposite scaffold was then vacuum dried. To the
dried scaffold, polyaniline (PANI) (0.1 mg/mL) in N-methyl-2-Pyrrolidine (5 mL) was added and the
mixture was shaken at 4 ◦C for 24 h and then centrifuged for three hours to remove unbound PANI.
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2.4. Binding Efficiency of Laminin, Artemin and Type IV Collagen on the Assemblies

The efficiency of binding of each of the protein components was examined by UV-Vis spectroscopy
which was monitored at 272 nm and the absorbance before and after binding to each of the proteins
was measured. The absorbance of laminin (0.1 mg/mL, 200 μL) was compared, with that of washed
laminin bound assemblies which were prepared as described above. The volumes of the solutions
were kept constant. Our results indicated 84.6% binding of laminin to the assemblies. Subsequently the
protein concentration of laminin bound assemblies was determined using the Bradford method, based
on a standard curve obtained for BSA (1 mg/mL). The concentration of laminin on the assemblies
was found to be 2.5 μM. Similarly, upon binding with artemin, the binding efficiency was found to be
92.3% and the protein concentration was found to be 3.19 μM. Finally, for Type IV collagen, the binding
efficiency was found to be 88.3% and the protein concentration after binding to Type IV Collagen was
found to be 3.65 μM.

2.5. In Vitro Biodegradability Studies

To examine the biodegradability of the formed scaffold, 45 mg of the scaffold was weighed in a
petri dish to which 10 mL of simulated body fluid buffer (SBF) was added. The weight of the scaffold
was measured every 10 h over a period of 22 days. In general, at each time point, the scaffold was rinsed
with deionized water and air dried at room temperature before measurement of weight. The SBF was
replaced as necessary each time with the same volume (10 mL). Studies were carried out in triplicate.
The results were then analyzed as a function of time. The SBF was prepared according to previously
established methods [46]. Briefly, to prepare the simulated body fluid (SBF) for biodegradability studies,
750 mL of distilled water was first brought to a constant temperature of 36.5 ◦C. The solution was
constantly stirred while adding 7.996 g of NaCl, 0.350 g NaHCO3, 0.224 g KCl, 0.228 g K2HPO4 3H2O,
0.305 g MgCl2 6H2O, 40 mL HCl (1 M), 0.278 g CaCl2, 0.071 g Na2SO4 and 6.057 g (CH2OH)3CNH2.
The pH was adjusted to 7.4 with dropwise addition of 1 M HCl. The total volume was then brought to
1 L using distilled water and then the solution was stored at 4 ◦C before use.

2.6. Cell Studies

To examine cell viability, rat cortical cells (E18, lot, BrainBits) were cultured in NbActiv4 media
(BrainBits) containing 1% 10,000 g/mL amphotericin and 100 units/mL penicillin and streptomycin.
The cells were grown to confluence and kept in a humidified atmosphere of 5% CO2 at 37 ◦C.
To examine the effects of the scaffold, cells were plated in 12-well Falcon polystyrene tissue culture
plates at a density of 1 × 103 cells per well. After allowing the cells to adhere to the well plates for
two hours, scaffolds were added at varying concentration (6 μM, 10 μM and 13 μM). The scaffolds
were allowed to interact with the cells for 24, 48 and 72 h. These studies were carried out in triplicate.
After each allotted period of time, cell viability and growth was examined by via trypan blue method.
Cortical cells in media alone were used as a control for this study. Once stained with trypan blue,
live and dead cells were counted using a hemocytometer and averaged. The percent viability was
then calculated as follows: (living cortical cells)/(living cortical cells + dead cortical cells) × 100.
To observe the interactions of the cortical cells with the scaffolds, cells were plated and allowed to
interact with scaffolds as before. The media was changed every 48 h. Images were taken using an
AmScope IN200TA-P Inverted Tissue Culture Microscope (Irvine, CA, USA) with a USB camera at
various magnifications every 24 h over a period of seven days.

2.7. Electrochemical Studies

We first examined the resistance of control PANI, PANI-bound scaffolds and the biocomposite
scaffold in the absence of PANI and determined the conductivity. The resistance of the scaffolds was
tested in HCl (1M). A digital multimeter, model M-1000D, from Elenco (Philadelphia, PA, USA) was
then used to determine the resistance. To examine the electrochemical properties of the scaffold, we
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conducted cyclic voltammetry in the presence of PANI, PANI-bound scaffolds and the biocomposite
scaffold before it was bound to PANI as control. To obtain I-V curves, the solutions were dried directly
onto the 2.01 mm2 electrode using a vacuum pump for a period of 24 h, adding an addition layer every
6 h. A voltage cell was created using this working electrode, a platinum counter electrode, an Ag/AgCl
reference electrode and 1M HCl. Prior to electrochemical measurements, nitrogen was bubbled into
the cell for 20 min to remove dissolved oxygen from the solution. PowerSuite by Princeton Applied
Research and a Princeton Applied Research potentiostat model 263A (Oakridge, TN, USA) were used
to obtain I-V curves from a potential of −0.2 V to 0.9 V at 10 mV/s.

2.8. Characterization

2.8.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was conducted using a Thermo Scientific Nicolet IS50 FTIR (Waltham, MA,
USA) with OMNIC software. In general, samples were run at a range of 400 cm−1 to 4000 cm−1 with
100 scans per sample and the data obtained was averaged.

2.8.2. Scanning Electron Microscopy (SEM)

To examine the morphologies of the assemblies as well as the incorporation of each layer after
conjugation, samples were air-dried on to carbon double stick tape and carbon coated to prevent
charging. Samples were imaged at various magnifications between of 2 kV to 10 kV utilizing a Zeiss
EVO MA10 scanning electron microscope (Thornwood, NY, USA).

2.8.3. Transmission Electron Microscopy (TEM)

In order to further elucidate the morphologies of the assemblies we also conducted TEM analysis
using JEOL 1200 EX transmission electron microscope (Peabody, MA, USA). Samples were air-dried on
to formvar/carbon 200 mesh copper grids overnight before analysis. Samples were imaged at various
magnifications at 80 KeV.

2.8.4. Dynamic Light Scattering (DLS)

To monitor the growth of the assemblies, we conducted DLS using a NICOMP 380 ZLS sizer
(Willow Grove, PA, USA). Samples were diluted to appropriate concentrations and each sample was
run at least three times and the data obtained was averaged.

2.8.5. Atomic Force Microscopy (AFM)

We examined the nanoscale morphology of the assemblies after conjugation with each layer using
a Bruker Multimode 8 AFM (Santa Barbara, CA, USA). Furthermore, the mechanical properties of the
scaffolds were also determined by conducting Peak Force Microscopy. The tip was moved to various
points (at least five points per sample) on each sample and the values obtained were averaged. Young’s
Modulus was determined by fitting the data into a Hertzian Model. In general, we used RTESPA-175
Antimony (n) doped Si tip with a spring constant of 40 N/m.

2.8.6. Differential Scanning Calorimetry (DSC)

To explore the thermal phase changes of the scaffolds, we conducted DSC analysis. For each
analysis, 0.1 mg samples were dried under vacuum and weighed. We examined the phase changes for
each layer of the scaffold using a TA instruments, model Q200 instrument (New Castle, DE, USA) at a
temperature range of 0 ◦C to 250 ◦C at scanning rate of 10 ◦C per minute.
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2.8.7. Fluorescence Microscopy

Fluorescence microscopy was carried out to examine the interactions of FITC labeled laminin -2
antibody (B-4) with laminin bound assemblies and rhodamine labeled Type IV collagen with the
biocomposites using a Phase Contrast Amscope Fluorescence Inverted Microscope (Irvine, CA, USA).
To prepare samples for binding with laminin antibody, the laminin bound assemblies were washed
and centrifuged with deionized water followed by the addition of BSA Blocker solution (1% BSA) in
tris buffered saline to prevent non-specific binding. The sample was vortexed for two minutes and
allowed to incubate at room temperature for 4 h. The sample was then centrifuged and washed once
with TBS followed by washing with deionized water. To the sample, we then added FITC labeled
laminin -2 antibody (B-4) (50 μg/mL). The sample was incubated overnight at 4 ◦C. Samples were then
washed and centrifuged with deionized water and imaged on poly-L-lysine coated glass slides which
was covered by a coverslip. Samples were then excited at 450 nm. A similar protocol was followed
for examining the interactions of rhodamine labeled collagen IV antibody, where in the collagen
IV-artemin-laminin-bound Ile-TMG-Ile assemblies were first washed and centrifuged, followed by
the addition of 1% BSA blocking agent before incubation with the antibody. Finally samples were
transferred to glass-slides covered with coverslips and imaged at 588 nm excitation.

2.8.8. UV-Vis Spectroscopy

To determine the binding efficiency and protein concentrations of the biocomposite assemblies
after each layer of protein (laminin, artemin and Type IV collagen) was added, we carried out UV-Vis
spectroscopy using a Nanodrop 2000 spectrophotometer (Waltham, MA, USA).

2.9. Statistical Analysis

We used two-tailed Student’s t-test for carrying out statistical analysis. Studies were carried
out in triplicate (n = 3). Data are presented as the mean value ± standard deviation (SD) of each
sample group.

3. Results and Discussion

3.1. Self-Assembly of Ile-TMG-Ile

Molecular self-assembly of biomolecules transpires through weak, non-covalent interactions that
include electrostatic, hydrophobic interactions, hydrogen bonds, van der Waals interactions and π–π
stacking forces that result in the formation of stable and functional supramolecular structures [47].
Self-assembling peptides, in particular form unique supramolecular assemblies and offer several
advantages. Thus, such materials pose a plethora of applications in tissue engineering as they are
highly biocompatible and modifiable [48].

In this work, we designed a new bolaamphiphile by conjugating the amino acid Ile with
the dicarboxylic acid 3,3 tetramethylene glutaric acid (TMG) resulting the in the formation of
(2S,2′S,3S,3′S)-2,2′-((2,2′-(cyclopentane-1,1-diyl)bis(acetyl))bis(azanediyl))bis(3-methylpentanoic cid),
abbreviated as Ile-TMG-Ile (Figure 1). In previous work, peptide based bolaamphiphiles containing
amino acid moieties such as glycine, conjugated with dicarboxylic acids such as azelaic acid have
been shown to self-assemble into nano and microtubes with closed ends or single layered sheets [49].
In an earlier study, we have shown that when phenylalanine was conjugated with dicarboxylic acids
of different chain lengths, supramolecular assemblies of a variety of morphologies were formed
depending upon the growth conditions used [50]. It has also been shown that peptide amphiphiles
containing N-terminus palmitoylated groups such as CH3-(CH2)14CO-NH-X-Ala3-Glu4-CO-NH2,
where in the amino acid X was varied between Ile, Phe or Val, self-assembled into micelles, nanoribbons
or nanofibers depending upon the pH of the growth conditions [51].
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Figure 1. (a) Chemical structure of Ile-TMG-Ile; (b) ball and stick model.

Herein, we examined the self-assembly of Ile-TMG-Ile at pH values of 4 through 9 for a period
of four weeks. To examine the morphologies of the formed assemblies, we conducted SEM and
TEM microscopy. Figure 2 shows the SEM and TEM images of assemblies formed at varying pH.
SEM analysis at pH 4 (Figure 2a) indicates the formation of short, thick nanofibers in the diameter
range of 500 nm to 1 μm, while at pH 7 (Figure 2b) we observed the formation of long, multilayered
nanoribbons several micrometers in length, with an average diameter of 500 nm to 1 μm. Figure 2c
shows the structures of the assemblies formed under basic conditions (pH 9). Results indicated that
under basic conditions, structures of a variety of shapes and sizes (spherical micelles, microtubes
and fibers) in the range of 2 μm to 5 μm in diameter were formed. Corresponding TEM images, also
indicated similar morphologies as shown in Figure 2d–f which correspond to assemblies formed at
pH 4, 7 and 9 respectively. The sizes obtained by the TEM analysis, indicate that the average diameter
of the nanofibers formed at pH 4 was found to be 20 nm, while those grown at pH 7 were in the size
range of 500 nm to 1μm. The assemblies formed at pH 9 were found to be in the range of 200 nm to
500 nm. The size differences between TEM and SEM are attributed to the fact that the assemblies are
intrinsically multiscale in nature and, vary in sizes. The TEM images display higher resolution and
smaller sample sizes are most likely revealed by TEM analysis. Overall, self-assembly of Ile-TMG-Ile
was found to be pH dependent.

 

Figure 2. SEM images of Ile-TMG-Ile assemblies formed at (a) pH 4; (b) pH 7 and at (c) pH 9. TEM
images of the assemblies are shown at (d) pH 4 (scale bar = 500 nm); (e) pH 7 (scale bar = 2 μm) and
(f) pH 9 (scale bar = 1 μm nm).
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The formation of short, thick nanofibers under acidic conditions is attributed to higher H-bonding
interactions under acidic conditions as the carboxylic groups of the side chain isoleucines are
likely to be protonated under those conditions. Additionally, assembly formation is promoted
due to intermolecular H-bonding interactions between the –NH and O=C groups of the amide
groups of the bolaamphiphile. Studies conducted previously with peptide amphiphiles such as
bis(N-α-amido-glycylglycine)-1,7-heptane dicarboxylate have shown that at a pH range of 4 to 5,
the formation of nanotubes is promoted due to higher H-bonding interactions and beta-sheet
formation [52]. In the case of Ile-TMG-Ile, it is likely that beta-sheet formation is promoted,
particularly due to the hydrophobicity of the Ile moieties which have been known to induce nanofiber
formation [53]. Under neutral conditions, there appears to be a transition between beta-sheet structures
to random coil due to changes in H-bonding interactions as the carboxyl groups are progressively
deprotonated, resulting in the formation of uniform nanoribbons. Similar phenomena have been
observed in the case of bola-glycolipids where changes in morphologies of supramolecular structures
were observed, resulting in nanoribbon formation under neutral conditions. This was primarily
attributed to a combination of hydrophobic interactions, chirality as well as well as changes in pH [54].
Under basic conditions, we observed a mixture of nanostructures as under those conditions the
Ile-TMG-Ile bolaamphiphle is completely deprotonated and H-bonding is significantly diminished.
Although C=O–NH amide H-bonding still exists under basic conditions, the carboxylate groups are
negatively charged under those conditions and may result in repulsion between the negatively charged
carboxylate groups. Thus, a variety of structures including micelles and few fibrillar structures are
formed due to a combination of hydrophobic interactions, as well as amide-amide H-bonding and
uniform assemblies are not formed.

We also monitored the growth of assemblies periodically using dynamic light scattering in all
cases and over time. Results obtained after two weeks of growth are shown in Figure 3. As seen in the
figure, the assemblies obtained were polydisperse. This is most likely because the assemblies are not
uniform. They are mostly fibrillar, or ribbon shaped (in the case of assemblies grown at pH 4 and pH 7)
or display a variety of morphologies as seen in the case of assemblies grown at pH 9. It is likely that
aggregates of the assemblies at different stages of growth are observed. Overall, due to the formation
of ribbon like structures under neutral conditions, we selected those assemblies for preparation of
the scaffold.

 

Figure 3. Dynamic light scattering analyses of assemblies formed at (a) pH 4; (b) pH 7 and (c) pH 9.

3.2. Functionalization of Ile-TMG-Ile and Preparation of Scaffold

To prepare the scaffolds that can be tailored for potential neural TE applications, we incorporated
protein constituents that may aid in neural tissue regeneration due to their specific functional properties.
The conjugation of each component was examined by SEM and TEM imaging as shown in Figure 4.
We first conjugated the washed nanoribbons with laminin, a major component of the ECM of neural
tissue. Upon incorporation of laminin, changes in morphology were observed (Figure 4a). The SEM
image of laminin bound assemblies showed a relatively rough, gelatinous coating on the nanoribbons
compared to the smooth surfaces in the absence of laminin as seen in Figure 2b. The corresponding
TEM image (Figure 4e) showed a fibrous mesh like network upon conjugation with laminin. In general,
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laminin consists of both globular and rod-shaped domains and forms alpha-helical coiled coil
structures [55]. Upon conjugation with the nanoribbons, laminin binds to nanoribbons, forming
a gelatinous network intertwined with the nanoribbons. In general, laminin has been known to
polymerize and form laminin networks, in cells due to interactions between the α-short arms of the
amino terminal domain and β and γ-short arms of laminin [56]. It is likely that it wraps around
Ile-TMG-Ile nanoribbon assemblies upon conjugation resulting in the mesh like networks.

Upon conjugation with artemin, further morphology changes were observed. In the SEM image
(Figure 4b), we observed the incorporation of globular, rosette like structures throughout the gelatinous
matrix. Similar structures were observed in the in the corresponding TEM image (Figure 4f). Previous
studies have revealed that artemin monomers tend to self-assemble into rosette-like oligomers [57] and
it is also known to be an exceptionally stable neurotrophic factor that can induce changes in the folding
process of proteins as it functions as a molecular chaperone [58]. Thus, the morphology changes
observed on the surfaces of the laminin bound nanoribbons further confirm the successful conjugation
of artemin. We then conjugated the composite nanoribbons with Type IV collagen (Figure 4c,g). SEM
and TEM images confirmed morphological changes after incorporation of Type IV collagen as the
formation of large fibrillar mesh like structures were observed, integrated with rosette structures of
artemin. In several studies, it has been shown that collagens tend to form long fibrillar structures, due
to the formation of triple-helices and impart structural integrity to scaffolds [59]. Thus, our results
confirm the formation of the biocomposite nanoribbons integrated with laminin, artemin and Type IV
collagen. To impart electrical properties, essential for developing scaffolds for neural TE, we then
incubated the conductive polymer polyaniline (PANI) with the biocomposite scaffolds. Previous
studies have shown that PANI in the presence of dopants can self-assemble into nanostructures [60].
The presence of the amine groups of PANI, allow for electrostatic and H-bonding interactions between
the carbonyl groups of the protein bound nanoribbons and PANI. Additionally, stacking interactions
with the aromatic ring systems of PANI are also promoted between the proline and hydroxyproline
moieties of Type IV Collagen. Distinct changes in morphology were observed upon incorporation of
PANI into the biocomposite (Figure 4d,h) showing the formation of aggregates of PANI on the scaffold
indicating its successful assimilation.

(e)              (f) 

(g)              (h) 

Figure 4. SEM and TEM images showing morphology changes after functionalization with each
component. (a) SEM image of nanoribbons functionalized with laminin (scale bar = 2 μm); (b) SEM image
showing subsequent conjugation with Artemin (scale bar = 2 μm); (c) SEM image after incorporation
of Type IV collagen to laminin-artemin-bound nanoribbons (scale bar = 5 μm); (d) SEM image after
incorporation of PANI to the functionalized biocomposite (scale bar = 5 μm). (e) TEM image of
nanoribbons functionalized with laminin (scale bar = 2 μm); (f) TEM image showing subsequent
conjugation with Artemin (scale bar = 2 μm); (g) TEM image after incorporation of Type IV collagen to
laminin-artemin-bound nanoribbons (scale bar = 3 μm); (h) TEM image after incorporation of PANI to
the functionalized biocomposite (scale bar = 3 μm).
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3.3. FTIR Spectroscopy

To further confirm the formation of the scaffold, we conducted FTIR spectroscopy (Figure 5).
As shown in Figure 5a, the self-assembled template nanoribbons showed characteristic peaks in
the amide I region at 1658 cm−1 and at 1650 cm−1 with a shoulder at 1634 cm−1 along with peaks
at 1450 cm−1 and 1413 cm−1 in the amide II region. These peaks are indicative of formation of a
mix of random coil, alpha helical and beta-sheet structures [61] that resulted in the formation of
nanoribbons. Previous studies using protein analogs with C terminus isoleucine are consistent with
these findings of mostly alpha helical and random coil structures [62]. Additionally, a strong peak was
observed at 1286 cm−1 and at 1075 cm−1, attributed to C–O and C–H stretching respectively. Upon
conjugation with laminin (Figure 5b), the amide I peaks were observed at 1656 cm−1 and at 1628 cm−1

indicating increased beta-sheet formation along with the presence of alpha helices. The amide II
peaks were observed at 1550 cm−1 and at 1519 cm−1 while the C–O and C–H stretching peaks were
seen at 1295 cm−1 and at 1059 cm−1 respectively [63]. It has been reported that laminins generally
tend to polymerize into sheet like structures [64], which is consistent with our results. Furthermore,
similar shifts were also seen after incorporation of laminin onto a poly(l-lactide-co- glycolide) scaffold,
indicating successful conjugation of laminin with the nanoribbons [65]. After conjugation with artemin
(Figure 5c), further shifts were observed. The amide I band was shifted to 1632 cm−1 with a shoulder at
1662 cm−1 while the amide II peaks shifted to 1535 cm−1 and 1514 cm−1. The C–O and C–H stretching
peaks were observed at 1299 cm−1 and at 1064 cm−1 with a shoulder at 1054 cm−1 respectively. These
peaks are indicative of increase in beta-sheets along with the appearance of beta-turn structure.

Figure 5. FTIR spectra of (a) self-assembled Ile-TMG-Ile nanoribbons; (b) Nanoribbons bound to
laminin; (c) Artemin conjugated with laminin bound nanoribbons; (d) Type IV collagen conjugated
with artemin-laminin bound nanoribbons; (e) PANI bound to Type IV collagen-artemin-laminin
bound nanoribbons.
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Upon incorporation of Type IV collagen (Figure 5d), the FTIR spectra showed peaks in the amide
I region at 1629 cm−1 with a shoulder at 1652 cm−1 and a peak at 1699 cm−1. The amide II peak was
found to be at 1558 cm−1 while the C-O and C-H stretching peaks were observed at 1293 cm−1 and at
1035 cm−1 respectively. These changes confirm the incorporation of Type IV collagen. Furthermore,
the secondary structure reveals the presence of alpha-helical content along with beta-strands and
β and γ-turns [66] due to blending of Type IV collagen with artemin-laminin bound nanoribbons.
Distinct changes were observed upon incorporation of PANI. As seen in Figure 4e, peaks were found
at 1680 cm−1, 1560 cm−1 and at 1430cm−1, 1280 cm−1 and at 1112 cm−1. The peaks at 1630 cm−1

at 1450 cm−1 are indicative of vibrations from quinoid rings and benzenoid ring systems as seen in
PANI bound polystyrene nanocomposites [67]. These results further confirm the formation of the
composite scaffold.

3.4. Fluorescence Microscopy

In order to confirm that the proteins retained biological activity after conjugation with the
assemblies, we examined the binding affinity of the laminin bound assemblies as well as the
Type IV collagen bound biocomposites with corresponding antibodies. We used FITC labeled
laminin -2 antibody (B-4) for laminin bound assemblies and rhodamine labeled anti-collagen (Type IV)
antibody for Type IV collagen bound biocomposites respectively and examined the interactions
using fluorescence microscopy. In previous work, it has been shown that conjugation of different
biological moieties including specific peptide sequences such as RGD, TAT peptides, or proteins such
as transferrin, antibodies with nanomaterials not only increases the stability of the proteins but also
enhances the applications of the nanomaterials themselves [68]. Furthermore, such conjugations
allow for interactions with cell receptors or biological membranes, thereby promoting the use of such
materials for a variety of biomedical applications. As shown in Figure 6, FITC conjugated anti-laminin
bound antibodies efficiently bound to the laminin bound assemblies, (Figure 6a) and rhodamine
conjugated anti-collagen IV antibodies bound to the biocomposite (Figure 6b). These results confirmed
that laminin and Collagen IV retained their biological activity upon binding with the assemblies.

 

Figure 6. Fluorescence microscopy images of (a) FITC labeled laminin α-2 antibody bound to laminin
bound assemblies; (b) Rhodamine labeled collagen IV antibody bound to biocomposite assemblies
(collagen IV-artemin-laminin bound Ile-TMG-Ile). Scale bars = 20 μm.

3.5. Differential Scanning Calorimetry

In order to explore the thermal properties, we examined phase changes of the assemblies before
and after conjugation with each component utilized in the formation of the scaffold (Figure 7). Short
endothermic peaks were observed in the case of the Ile-TMG-Ile assemblies (Figure 7a) at 14.9 ◦C
and at 36.7 ◦C followed by another endothermic peak at 99.6 ◦C, due to loss of loosely bound water.
After functionalization with laminin, (Figure 7b) a large, broad endothermic peak was observed in
the temperature range of 50 ◦C to 100 ◦C, followed by shallow endothermic peaks at 172.4 ◦C and
at 232.1 ◦C. The significantly broad endothermic peak at the lower temperature is indicative loss of
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free water, due to the presence of hydrophilic amino acids in the protein. This is primarily due to the
fact that hydrophilic groups can cause significant hydration and upon heating, changes in H-bonding
interactions and consequently conformation changes in the laminin bound nanoribbons occur. This is a
common occurrence in self-assembled peptides and proteins due to the rearrangement of components
because of changes in inter and intra-molecular interactions [69]. The short peak at 171.4 ◦C is likely
due to thermal melting, followed by crystallization at a higher temperature (232.1 ◦C). After further
functionalization with artemin (Figure 7c) a similar broad endothermic peak was observed in the
temperature range of 50 ◦C to 100 ◦C, (though the intensity was lower). Slight shifts were observed
in the higher temperature range, with the thermal melting appearing at 172.6 ◦C and the subsequent
short crystallization peak was observed at 242.1 ◦C. Upon binding with Type IV collagen, (Figure 7d)
the composite once again showed a broad endothermic peak, between 50 ◦C to 100 ◦C, though the
intensity of the peak was lesser than the previous layer, due to higher cross-linking in the presence of
collagen and notably, peaks at higher temperature were diminished.

Figure 7. DSC thermograms of (a) self-assembled Ile-TMG-Ile nanoribbons; (b) Nanoribbons bound to
laminin; (c) Artemin conjugated with laminin bound nanoribbons; (d) Type IV collagen conjugated
with artemin-laminin bound nanoribbons; (e) PANI bound to Type IV collagen-artemin-laminin
bound nanoribbons.

However, a significant change was observed upon incorporation of PANI (Figure 7e), where in the
intensity of the broad endothermic peaks seen in the protein bound scaffold was significantly reduced.
Relatively short endothermic peaks are observed at 52 ◦C and at 102 ◦C due loss of loosely bound
water and no other significant peaks are observed. PANI is significantly hydrophobic compared to the
proteinaceous components, resulting in shallow peaks due to loss of free unbound water. These results
further confirm the integration of PANI.
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3.6. Mechanical and Surface Properties

It is paramount that the designed scaffolds should be able to bear force loads in order to adequately
support seeded cells and potentially boost the formation of new tissue. We utilized peak force
microscopy to determine the mechanical properties of the scaffold. In general, nanoindentation was
carried out using AFM to examine the changes in attractive and repulsive forces and the depth of
indentation as the tip of the cantilever contacts the sample and is deformed. At least three to five points
were selected for each sample to obtain force vs. separation curves and the data obtained was fit into
Hertzian model to obtain the Young’s modulus. The results obtained for average Young’s Modulus
values after incorporation of each of the components of the scaffold are shown in Table 1.

Table 1. Youngs Modulus values of constructs after consecutive incorporation of each layer.

Construct Young’s Modulus (GPa)

Self-Assembled nanoribbons 0.757
Nanoribbons bound to Laminin 1.805

Nanoribbons bound to Laminin-Artemin-Collagen 2.985
Nanoribbons bound to

Laminin-Artemin-Collagen-PANI 5.522

These results indicate that as each protein layer was conjugated with the nanoribbons, the Young’s
Modulus (YM) was found to increase, demonstrating that each protein component consecutively
increased the stiffness and mechanical strength of the scaffold. The YM values obtained were for dried
scaffolds alone and are most likely higher than those one would expect for wet scaffolds, under in vivo
or in vitro conditions. Previous nanoindentation studies have shown that native single collagen fibrils
have an YM value in the range of 1 to 2 GPa [70]. It has also been reported that protein structures
and self-assembled collagen based constructs designed to have properties to mimic the extracellular
matrix display Young’s Moduli averaging 1.2 GPa [71]. We also determined the Young’s Modulus of
control Type IV collagen by nanoindentation and the YM was found to be 532.2 ± 3 MPa, while control
PANI films were found to have a YM of 1.52 ± 5 GPa. Thus, our results indicate that for the protein
functionalized nanoribbon biocomposite, the overall mechanical strength of the scaffold increases due
to the multi-component nature of the scaffold. Furthermore, it was found that the highest YM value
was obtained after incorporation of PANI. A comparison of AFM images of scaffolds before and after
incorporation of PANI and the corresponding force curves are shown in Figure 8.

AFM topography images indicate that the surface of the bicomposite before binding to PANI
(Figure 8a) shows a more fibrillar structure, due to top layer of the scaffold being Type IV collagen,
while after binding to PANI, more globular structures were observed to be deposited on the scaffold
(Figure 8b). These results indicate changes in surface roughness and morphology of the scaffold after
incorporation of PANI. Additionally, the force-curves also showed significant changes upon binding
with PANI (Figure 8c,d). These results are consistent with previous nanoindentation studies, where
it has been demonstrated that when PANI was deposited on vertical arrays of carbon nanotubes
(CNTs), the Young’s Modulus value dramatically increased due to strong electrostatic and π–π stacking
interactions with CNTs [72]. It is expected that similar interactions occur between the biocomposite
and PANI that leads to a higher YM. In general, the Young’s Modulus values of pyrrolidinone and
polyaniline films have been reported to be in the range of 200 MPa–5 GPa [73]. Thus, our results after
incorporation of PANI with the biocomposite scaffold are within the values reported previously in
the literature.

We also probed the changes in the surface roughness of the scaffold before and after incorporation
of PANI. In general, it is known that surface roughness plays a key role in cell adhesion of scaffolds [74]
For instance, it has been shown that silk fibroin bound PLA fibers with higher surface roughness
promoted increased growth and adhesion of osteoblast cells [75]. For the biocomposite scaffold
before incorporation of PANI, the average surface roughness (Ra) was found to be 154 nm, while the
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maximum roughness (Rmax) was determined to be 209 nm. We found that incorporation of PANI
resulted in a significant increase in the surface roughness. The Ra was found to be 377 nm and the
Rmax was found to be 2065 nm, further confirming the formation of the composite.

Figure 8. AFM amplitude image of (a) biocomposite nanoribbons bound to laminin, artemin and
collagen. Scale Bar = 10 μm; (b) nanoribbons bound to laminin, artemin and collagen and PANI. Scale
Bar = 5 μm. (c) Force curves obtained for biocomposite nanoribbons bound to laminin, artemin and
collagen; (d) Force curves obtained for nanoribbons bound to laminin, artemin and collagen and PANI.

3.7. In Vitro Biodegradability Studies

When developing a scaffold for tissue engineering, the biodegradability of a scaffold plays a vital
role. It has been reported that biodegradability promotes growth and proliferation of cells, as well
as production of native ECM [76]. In comparison to non-biodegradable scaffolds, biodegradable
composites are able to aid in the growth of new tissues at a highly expedited rate due to the increased
proliferation and lack of hindrance for cell growth [77]. We examined the biodegradability of the
formed scaffold in simulated body fluid buffer in order to mimic in vivo conditions. Figure 9 shows
the results obtained over a period of three weeks in simulated body fluid. The scaffold shows a mass
loss of 48.7% after 22 days. Overall, the scaffold showed degradation at a moderate rate, which is
preferential to highly vascular nervous tissue [78]. This result is consistent with other polymer and
basement membrane mimicking scaffolds for tissue engineering; such as, poly(3-hydroxybutyric acid)
with chitin and chitosan which demonstrated biodegradability from 45–70% and collagen, hyaluronic
acid and gelatin scaffolds which demonstrated 45% biodegradability [79].
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Figure 9. Biodegradation studies of the scaffolds showing mass loss over a period of 20 days.

3.8. Cell Studies

To examine if the formed scaffolds would be suitable for applications in neural TE, we conducted
cell viability studies with rat neural cortical cells. We examined the effects of scaffolds before and after
incorporation of PANI as shown in Figure 10. The data shown are representative of results obtained
in the presence of 10 μM scaffolds in comparison with control untreated cells. Our results indicate
that the cells continued to proliferate over a period of 72 h in the presence of scaffolds. Although
cell proliferation continued over time, the rate of cell growth for the PANI bound construct was
lower compared to the controls due to the known cytotoxicity of PANI [80]. This is most likely that
proliferation continued due to the synergistic effects of the protein components of the scaffolds, which
play a role in enhancing biocompatibility of the PANI bound scaffold. Previous studies have shown
that laminin bound nanofibers significantly increased the attachment and neurite extension of cells
in vitro [81] while artemin promotes axonal growth in damaged neural tissue, as well as regeneration
of sensory neurons [82]. Other research has shown that after damage, artemin increases survivability of
injured neurons [83]. The incorporation of Type IV collagen increases the influx of nutrients to growing
and damaged neural tissue, increasing new growth and proliferation. We also studied the growth
and proliferation in the presence of 6 μM and 13 μM scaffolds which showed similar trends of cell
viability (data not shown). In general, no significant differences were observed in the proliferation at
varying concentrations of the scaffold. These results indicated growth and proliferation of cortical cells
continued and were comparative to the control throughout various time periods and concentrations of
the construct.

To further investigate the cell proliferation of neural cortical cells and morphologies in the
presence and absence of PANI bound scaffolds, we conducted phase contrast optical microscopy
studies. The results obtained are shown in Figure 11. As seen in the figure, there was a major difference
in the morphologies of the cells grown in the presence of PANI bound scaffolds over a period of
seven days in comparison to those after 48 h. As shown in Figure 11a,b, in the absence of scaffold,
cells continued to proliferate over time. However, we did not observe cluster formation or axonal
outgrowths. Upon incubation with PANI bound scaffolds. After 48 h (Figure 11c), the cells appeared
to relatively more elongated compared to controls However after seven days, we observed cluster
formation and axonal outgrowth (Figure 11d). These results indicated that the cells efficiently continued
to proliferate in the presence of the PANI bound scaffolds and enhanced neural cell growth as well
as cell-cell adhesion, further confirming that the scaffolds were conducive to forming cell-scaffold
matrices and provide an environment for the growth and support of neural cortical cells.
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Figure 10. Cortical cell viability in the presence of scaffold constructs before and after incorporation of
PANI. (* = p < 0.05 was determined to be statistically significant).

 

Figure 11. Phase contrast microscopy images showing the growth of neural cortical cells (a) control
cells after 24 h; (b) control cells after 72 h; (c) cells with PANI bound scaffolds after 48 h and (d) cells
with PANI bound scaffolds after 7 days. Scale bars: (a) 50 μm; (b) 50 μm; (c) 30 μm; (d) 50 μm.

3.9. Cyclic Voltammetry

To examine the electrochemical properties of the PANI bound scaffold, cyclic voltammetry was
conducted. Prior to performing the experiment, the control PANI or the scaffold bound PANI were
dried onto the platinum electrodes in vacuum overnight. After connecting the electrodes to the
potentiostat, nitrogen was bubbled into the HCl cell solution to remove oxygen from the solution.
Potential between −0.2 V to 0.9 V was applied at 10 mV/s to obtain I-V curves. At a voltage of
0.1 mV, an anodic oxidation peak was observed of approximately 2.6 × 10−7 Amps current, with
a corresponding cathodic reduction peak at 0.27 mV of approximately −2.85 × 10−7 Amps current
in the case of the control PANI. Cyclic voltammetry was then conducted with scaffold bound PANI.
Our results indicated that oxidation peaks were observed at 0.213 mV at 1.13 × 10−5 amps current
and at 0.56 mV at 1.12 × 10−5 Amps which correspond to the lecuoemeraldine-emeraldine and
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emeraldine-pernigraniline oxidation processes [84]. The reduction peaks were observed at cathodic
currents of −1.39 × 10−5 Amps and at −1.54 × 10−5 Amps at 0.67 mV and at 0.32 mV respectively.
These results are shown in Figure 12. Similar cyclic voltagrams have been observed for electrospun
polycaprolactone and polyaniline fibers used in skeletal tissue engineering [85].

Figure 12. Comparison of cyclic voltagrams of control PANI (top) and PANI bound scaffold (bottom).

Cyclic voltammetry of polyaniline-carbon nanotubes also yielded similar voltammograms [86].
We also compared the cyclic voltagrams with scaffolds formed before incorporation of PANI which
did not show any peaks (data not shown). To further examine the electrical properties of the scaffolds,
we measured the resistance of the scaffolds to determine the conductivity. Our results showed that the
PANI bound scaffolds displayed a conductance of 1.5 × 10−3 S/cm; while the scaffolds in the absence
of PANI displayed zero conductivity. Control PANI displayed a conductivity of 2.0 × 10−3 S/cm,
which was higher than the PANI bound scaffolds. Overall, these results are indicative that upon
binding to PANI the scaffolds display electrical properties, compared to absence of PANI, which is
essential for scaffolds for neural tissue regeneration.

4. Conclusions

In this work, 3,3 tetramethyleneglutaric acid and isoleucine were coupled and allowed to
self-assemble into a nanoribbon matrix. The nanoribbons were then functionalized with laminin,
a primary component in the neural cell basement membrane, along with artemin a glial cell line
derived neurotropic factor and Type IV collagen another key component of the ECM of neural tissues.
To impart electrical properties, we then incorporated polyaniline a conductive polymer into the scaffold
matrix. Peak force microscopy studies revealed that the scaffolds had high mechanical strength
and the Young’s Modulus increased with conjugation with each protein layer. The scaffolds also
displayed biodegradability. Furthermore, the scaffolds were found to promote cell proliferation and
encouraged neurite outgrowths. Although cell proliferation was relatively lower for the PANI bound
scaffolds, compared to scaffolds without PANI, our results indicated that the biological components
of the scaffold overall aided in cell growth. Additionally, cyclic voltammetry conducted showed that
PANI bound scaffolds displayed electrochemical properties. Thus, we have created supramolecular
composite scaffolds that may be have applications in neural tissue engineering.
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Abstract: Synthesis of proteins with noncanonical amino acids (ncAAs) enables the creation of
protein-based biomaterials with diverse new chemical properties that may be attractive for material
science. Current methods for large-scale production of ncAA-containing proteins, frequently
carried out in Escherichia coli, involve the use of orthogonal aminoacyl-tRNA synthetases (o-aaRSs)
and tRNAs (o-tRNAs). Although o-tRNAs are designed to be orthogonal to endogenous aaRSs,
their orthogonality to the components of the E. coli metabolism remains largely unexplored.
We systematically investigated how the E. coli tRNA modification machinery affects the efficiency
and orthogonality of o-tRNASep used for production of proteins with the ncAA O-phosphoserine
(Sep). The incorporation of Sep into a green fluorescent protein (GFP) in 42 E. coli strains carrying
deletions of single tRNA modification genes identified several genes that affect the o-tRNA activity.
Deletion of cysteine desulfurase (iscS) increased the yield of Sep-containing GFP more than eightfold,
while overexpression of dimethylallyltransferase MiaA and pseudouridine synthase TruB improved
the specificity of Sep incorporation. These results highlight the importance of tRNA modifications
for the biosynthesis of proteins containing ncAAs, and provide a novel framework for optimization
of o-tRNAs.

Keywords: noncanonical amino acids; genetic code expansion; protein translation; tRNA;
aminoacyl-tRNA synthetases; posttranscriptional modifications; phosphoserine

1. Introduction

Our increasing understanding of protein structure and function, together with the ease of
robust recombinant protein expression systems, facilitates the design of protein-based biomaterials.
These biopolymers are of great interest in the field of materials science due to their mechanical
and biological properties that are, in many cases, superior to those of synthetic biomaterials.
Protein-based materials have become particularly important in the development of medical devices
and drug discovery because of their chemical flexibility, biocompatibility, and biodegradability [1].
A disadvantage in the design and fabrication of proteinogenic materials has been the small number
of building blocks with reactive handles available through the twenty canonical amino acids.
However, recent methodological advances to genetically incorporate noncanonical amino acids (ncAAs)
into proteins have expanded the chemical functionalities of natural proteins and allowed the design of
more sophisticated polypeptides [2]. Over 150 chemically and structurally diverse ncAAs have been
genetically incorporated into proteins, which have enabled a variety of applications across different

Bioengineering 2018, 5, 11 159 www.mdpi.com/journal/bioengineering
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disciplines [3]. Photoactive [4], fluorinated [5], unsaturated [6], and β-amino acids [7] have been
incorporated to facilitate processes such as photopatterning [8], to enhance protein stability [6], or to
create proteins with unique properties [9]. However, incorporation of each ncAA requires a devoted
aminoacyl-tRNA synthetase (aaRS), which first needs to be created by directed evolution [10]. This can
be bypassed, in part, by genetic incorporation of the ncAA O-phosphoserine (Sep), whose phosphate
group can be converted to a myriad of functional groups by a recently reported method [11].

Robust production of ncAA-containing proteins requires altered translational components.
Primary is an engineered aminoacyl-tRNA synthetase (aaRS)•tRNA pair specific for the desired ncAA.
This orthogonal translation system (OTS) must operate in a host cell being agnostic of the endogenous
aaRSs and tRNAs, while interacting normally with the host translation machinery (e.g., elongation
factor and ribosome, [12]). For these reasons, most OTSs are obtained from organisms of a different
domain of life; thus, the OTSs used in Escherichia coli are usually of archaeal or eukaryotic origin [3,12].
In addition, site-specific ncAA incorporation needs codon reassignment. The major strategies are
based on stop codon (UAG) suppression to minimize errors in sense codon decoding during protein
synthesis. Collectively, this process is known as genetic code expansion. The current challenges are
low orthogonality and polyspecificity which affect the yield and purity of the synthesized protein [13].
Lack of orthogonality may result from anticodons in orthogonal tRNAs (o-tRNAs) that are recognized
by host aaRSs causing formation of the wrong aa-tRNA and leading to incorporation of an undesired
amino acid [14]. Installation of antideterminants against the offending host aaRSs will prevent
misacylation. However, improving OTS specificity will require a labor-intensive redesign of the
orthogonal aaRS (o-aaRS) [10]. Yet, for some exotic ncAAs, engineering of other cellular components
is sometimes necessary (e.g., the elongation factor Tu (EF-Tu) [15], the ribosome [7], or amino acid
transporters [16]).

Although substantial progress has been made in tackling the issues described above, further
improvement of OTSs will require consideration of other cellular factors that may influence ncAA
translation. For instance, little is known about how the post-transcriptional modification system
of the host interacts with and affects the activity of o-tRNAs. In E. coli, many different tRNA
modifications [17] are responsible for accurate tRNA aminoacylation and codon/anticodon pairing
on the ribosome. Thus, heterologous modifications of o-tRNAs may significantly influence their
activity. Because most OTSs used in E. coli include foreign tRNAs, it is difficult to predict whether
their modification pattern is similar to that of endogenous E. coli tRNAs. To investigate this, we
employed a translation system for site-specific Sep incorporation (Sep-OTS) in E. coli. Using single-gene
knockout strains of tRNA modification genes [18], and a green fluorescent protein (GFP) reporter
system [19], we identified E. coli enzymes whose absence influences homogeneity of Sep-containing
proteins. Unexpectedly, we found that the deletion of cysteine desulfurase gene (iscS) increases the
total yield of GFP sixfold, while preserving the relative ratio of phosphorylated protein in the mixture.
Taken together, these results underscore the essential role of tRNA modifications in genetic code
expansion studies.

2. Materials and Methods

2.1. Strains and Plasmid Constructions

Oligonucleotide synthesis, DNA sequencing, and LC-MS/MS were performed by the Keck
Foundation Biotechnology Resource Laboratory at Yale University. O-phospho-L-serine (Sep) was
purchased from Sigma-Aldrich (Milwaukee, WI USA). E. coli TOP10 cells were used for general cloning.
E. coli BL21(DE3), BW25113, and selected Keio knockout strains (Supplementary Table S1, [18]) were
used for super-folder GFP (sfGFP) production. The reporter-containing plasmids (pET-sfGFP-sepT
and all derivatives) (Supplementary Table S2) were adapted from a previously developed
pET-sfGFP-pylT plasmid [19]. The plasmid pET-sfGFP-sepT-Trm5 was generated by introducing the
gene encoding Trm5 from Methanococcus maripaludis under the lpp promoter and the rrnC terminator.
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A codon-optimized version of the SepRS gene was placed under an lpp promoter in a modified
pCDF2 vector. For the experiments involving archaeal Trm5, an engineered variant of SepRS was used
(SepRS9), encoded in the same manner in the pCDF2 plasmid. Plasmids pCDF-lpp.SepRS-Para.MiaA
and pCDF-lpp.SepRS-Para.TruB were created by introducing araC and the arabinose promoter into a
pCDF2 backbone (Supplementary Figure S1).

2.2. Growth Media

All E. coli strains were grown in Luria-Bertani (LB) medium, supplemented with 5 mM Sep where
indicated, and sfGFP production was induced by adding 1 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG). MiaA and TruB expression from the corresponding pCDF vectors was induced by
1 mM arabinose.

2.3. SfGFP-Based Activity Assays

High-throughput sfGFP stop codon read-through assays were carried out in 96-well plates as
previously described with minor modifications [20]. Briefly, E. coli strains were either transformed with
pET-sfGFP-sepT or co-transformed with pET-sfGFP-sepT and pCDF2-SepRS. Individual colonies were
grown in 1.5 mL LB medium supplemented with 50 μg/mL spectinomycin and 100 μg/mL ampicillin
at 37 ◦C. Keio collection knockout strains were grown in 12.5 μg/mL kanamycin. Overnight cultures
were diluted 1:100 in 100 μL LB medium (with or without Sep and IPTG) and transferred to a 96-well
assay plate (CORNING). Growth and fluorescence (excitation wavelength 485/20 nm; emission
wavelength 528/20 nm) were monitored for 24 h at 37 ◦C in a Synergy HT plate reader (BioTek).
To quantify the amount of GFP synthesized, values obtained for relative fluorescence units (RFU) and
OD600 in blank wells were subtracted from corresponding values collected in wells containing cells of
interest. Then, the corrected fluorescence units were divided by the corrected OD600. The mean and
standard deviations correspond to the average of at least three distinct colonies, each measured with
two technical replicates.

2.4. SfGFP Purification and Phos-Tag Analysis

A single colony containing pET-sfGFP-2TAG-sepT(G37A) and pCDF2-SepRS or pCDF-
lpp.SepRS-Para.MiaA and pCDF-lpp.SepRS-Para.TruB was inoculated into 1.5 mL LB medium and
grown overnight. The overnight culture was diluted 1:200 in 25 mL LB medium with 5 mM Sep. Cells
were grown to an OD600 of 0.5, after which the protein expression was induced. Cells were grown for
12 h after induction. Cells were lysed using BugBuster (EMD Millipore, Billerica, MA, USA) and buffer
A (50 mM Tris, pH 7.5, 300 mM NaCl, 10 mM imidazole, pH 7.6 and 10% (v/v) glycerol). Lysed cells
were centrifuged at 11,000× g for 30 min at 4 ◦C, and the supernatant was loaded on a pre-equilibrated
Ni-NA slurry (200 μL). The resin was washed with buffers A and B (same as A but with 35 mM
imidazole). Finally, the protein was eluted with buffer C (300 mM imidazole, pH 7.6, 200 mM NaCl,
5% (v/v) glycerol). Eluted protein was then concentrated to ~A280 = 1 and stored at −20 ◦C.

For the Phos-tagTM mobility shift and Western blot analysis of sfGFP, 2 μg of isolated sfGFP
was loaded onto a 10% or 12% polyacrylamide gel containing 50 μM Mn2+-Phos-tagTM acrylamide
(Wako Pure Chemical Industries, Ltd., Osaka, Japan). After electrophoresis, the gel was washed
in transfer buffer with 1 mM EDTA to remove the Mn2+ ions and then in an EDTA-free transfer
buffer (25 mM Tris, 191 mM Gly, 20% (v/v) ethanol). PVDF membrane was soaked in methanol and
then equilibrated in the transfer buffer. Transfer was executed at 65 mA for 30 min. The membrane
was blotted with 1:1000 anti-GFP (rabbit IgG fraction, conjugated to horseradish peroxidase, Life
Technologies, Grand Island, NY USA). The chemiluminescent signal was detected and captured on a
ChemiDoc MP camera (Bio-Rad, Hercules, CA, USA). Recorded signals were quantified by ImageJ
(developer Wayne Rasband, Research Services Branch of NIH, Research Triangle Park, NC, USA) [21].
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3. Results and Discussion

3.1. Implications of Post-Transcriptional Modifications in Orthogonal tRNAs

Because of their pivotal role in translation of the genetic code, tRNAs are tightly regulated through
an intricate metabolic cycle which includes a myriad of post-transcriptional chemical modifications
across the tRNA structure. Over 100 currently identified modifications perform versatile tasks in
tRNA processing, stability, and functionality [17,22,23]. tRNAs are more comprehensively modified
in the anticodon region, especially at positions 34 (first base of the anticodon) and 37 (base following
the anticodon) [24]. These particular modifications are critical for faithful translation of the genetic
code as they ensure proper amino acid pairing with cognate tRNAs and correct matching of the
codon/anticodon at the ribosome [25,26]. However, bacterial, archaeal, and eukaryal enzymes devoted
to their formation sometimes differ and tRNAs from different kingdoms may bear different nucleotide
determinants (e.g., [27]). Despite their essential role in protein synthesis, and the fact that o-tRNAs
might be undermodified or improperly modified within the host, tRNA modifications have been
mostly overlooked in the development or optimization of OTSs.

Here we explored the influence of E. coli-specific post-transcriptional modifications on the
performance of Sep-OTS. tRNASep

CUA was originally created by introducing three base substitutions in
the archaeal Methanocaldococcus jannaschii tRNACys [15]. M. maripaludis phosphoseryl-tRNA synthetase
(SepRS) aminoacylates tRNASep

CUA with phosphoserine, thereby enabling site-specific incorporation
of Sep in response to a UAG stop codon (Figure 1a). The Sep-OTS has been of particular interest
since it simplifies the preparation of Sep-containing proteins and enables precise placement of Sep
within a protein. Naturally present in proteins as a reversible post-translational modification, Sep is
fundamental in the regulation of protein activity in all organisms. While Sep-OTS has already aided
mechanistic studies of serine phosphorylation/dephosphorylation (e.g., [28]), the overall efficiency
and specificity of the system has presented complications that compromise sample yields and purity.
To overcome these issues, most efforts so far have focused on improving aminoacylation efficiency
by engineering of tRNASep [29,30], SepRS [30,31], and elongation factor Tu (EF-Tu, [15,31]). In the
case of tRNASep, optimization has involved the evolution of more efficient tRNASep mutants [30]
and/or the improvement of tRNA expression levels [29], with no consideration to the potential role of
heterologous modifications on tRNASep.

 

Figure 1. Cont.
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Figure 1. (a) Schematic representation of stop codon suppression with noncanonical amino acids
(ncAAs). An orthogonal aminoacyl-tRNA synthetase (aaRS) (represented by SepRS) aminoacylates
an orthogonal suppressor tRNA (anticodon CUA, shown in orange) with a noncognate amino acid
(Sep). Sep-tRNASep

CUA is delivered to the ribosome by the modified version of the host elongation
factor EF-Tu. At the ribosome, the Sep-tRNASep

CUA decodes an internal stop codon (UAG) and the
ncAA is incorporated in the nascent protein. (b) Schematic depiction of a stop codon read-through
assay using super-folder green fluorescent protein (sfGFP)-2TAG. A stop codon containing mRNA can
be translated only in the presence of suppressor tRNA (here, tRNASep

CUA). In the presence of SepRS,
tRNASep

CUA is aminoacylated with phosphoserine, which is subsequently incorporated into sfGFP.
In the absence of SepRS, an endogenous aaRS may misacylate tRNASep

CUA with a canonical amino
acid, which then becomes incorporated into sfGFP.

To gain insights into whether modifications influence o-tRNA activity in the host organism,
we began our investigation using the first generation of tRNASep, which contains G at position 37
(Figure 2a). In M. jannaschii, the parental tRNACys is methylated at G37 by the methyltransferase
Trm5 [27]. Because this modification substantially increases aminoacylation efficiency by SepRS [32],
G37 methylation of tRNASep in E. coli might increase the overall efficiency of the Sep-OTS. However, it is
unknown whether the essential E. coli methyltransferase TrmD—an evolutionarily divergent homolog
of Trm5—can catalyze the methylation of tRNASep G37 [18]. We were unable to assess the influence
of TrmD on tRNASep, as the trmD deletion strain is not part of the Keio collection. Therefore, to test
whether methylation of tRNASep G37 can increase aminoacylation by SepRS, and, consequently, Sep
incorporation, we co-expressed archaeal Trm5 with tRNASep in E. coli. We tested this system in the
absence and presence of a SepRS mutant (SepRS9) that was previously engineered to improve the
aminoacylation of tRNASep by altering its anticodon binding domain [31]. The effect of Trm5 on
tRNASep was monitored by using a super-folder GFP (sfGFP) reporter gene [33] with an amber UAG
codon replacing a Ser codon at position 2 (sfGFP-2TAG, [19]). In this assay, suppression (read-through)
of the amber stop codon by tRNASep leads to synthesis of sfGFP (Figure 1b). Using this platform,
we found that the orthogonality of tRNASep in the absence of SepRS appears to be compromised
by host aaRSs (previously, Gln incorporation has been reported, [15]). However, in the presence of
SepRS9, sfGFP synthesis was reduced, which is the result of tRNASep sequestration by SepRS that
prevents misacylation of tRNASep by host aaRSs and reduces read-through. Interestingly, co-expression
of Trm5 improved tRNASep orthogonality almost sixfold. This result suggests that methylation of
G37 can significantly prevent aminoacylation of tRNASep by E. coli aaRSs (Figure 2b). Low sfGFP
yields in cells co-expressing Trm5 and wild-type SepRS suggest that the G37 methylation does not
improve the aminoacylation activity of wild-type SepRS for tRNASep (Figure 2b). On the other hand,
expression of SepRS9 with Trm5 increased the GFP yields approximately twofold, indicating that
the anticodon binding domain of SepRS9 is more accommodating for the CUA anticodon with the
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adjacent G37 methyl group. However, the Phos-tagTM analysis indicates that a significant amount of
misincorporation still occurs in the presence of Trm5 and SepRS9 (Figure 2b).

Figure 2. (a) Secondary structure of tRNASep/G37A. Anticodon bases are highlighted and the G37A
mutation is indicated. (b) The effect of M. maripaludis Trm5 on the stop codon read-through with
original tRNASep and tRNASep/G37A in the presence or absence of wild-type SepRS or SepRS9 variant.
sfGFP-2TAG expression was monitored by fluorescence in a BL21(DE3) strain grown in Luria-Bertani
(LB) medium supplemented with 5 mM Sep. Responses were taken at 20 h. The amber suppression
efficiency is measured relative to the cell density (OD600). Phos-tagTM mobility shift analysis of
GFP-2TAG isolated from the strains harboring tRNASep, SepRS9, and Trm5 and tRNASep/G37A variant
and wild-type SepRS. OTS components are indicated above the wells. Proteins were detected by
Western blot using anti-GFP antibodies. The green arrow indicates the position of the Sep-containing
GFP, while the red one points to the position of cAA-containing GFP. (c) Endogenous GlyRS likely
charges MjtRNASep with Gly. LC-MS/MS analyses of sfGFP-151TAG demonstrate that in the
presence of Sep-OTS (tRNASep

CUA
G37A system), both Sep and Gly incorporation occur. The tandem

mass spectrum of the peptides (residues 141–156) LEYNFNSHNVGITADK (ion score 116.5) and
LEYNFNSHNVSepITADK (ion score 52.9) from purified sfGFP with one amber codon at position
151 from E. coli BL21 (DE3), using the tRNASep

CUA
G37A-containing Sep-OTS. Cells were grown without

additional Sep in the medium.

Because OTS optimization entails establishing a platform that maintains the o-aaRS
aminoacylation efficiency, retains or increases o-tRNA orthogonality, and maximizes EF-Tu acceptance
and o-tRNA decoding capacity, we decided to test a tRNASep variant with a G37-to-A mutation
(tRNASep/G37A) that was previously shown to enhance the suppression activity of the tRNA [29].
Because G37 [34] and its methylated counterpart [32] act as determinants for SepRS aminoacylation,
the success of o-tRNASep/G37A most likely originates from its improved decoding ability [26]. In fact,
adenosine at position 37 is common in strong natural and artificial UAG suppressors [3,35], suggesting
that A37 improves the tRNA suppression activity. It is well known that the stabilizing modifications
such as ct6Aand ms2i6A accompany weak A1-U36 or U1-A36 codon–anticodon base pairs in E. coli
(the same base pairing pattern occurs in the decoding of amber stop codons). Indeed, co-expression
of SepRS and tRNASep/G37A yielded a similar suppression efficiency as that of tRNASep/G37A alone,
and a 2.5× increase in comparison to G37-containing tRNASep. Although G73A did not improve tRNA
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orthogonality, it improved the suppression efficiency without decreasing the percentage of specific Sep
incorporation (Figure 2b). In addition to Phos-tagTM analysis, we confirmed Sep incorporation in a
purified recombinant sfGFP using tandem mass spectrometry (LC-MS/MS) (Figure 2c). In addition
to Sep, Gly was detected. This can result from misacylation of tRNASep/G37A, which shares sequence
elements with E. coli tRNAGly, with Gly by E. coli glycyl-tRNA synthetase [34,36].

3.2. Sep-OTS Activity in the Absence of Individual Post-transcriptional Modification Enzymes

In E. coli, an archaeal o-tRNA can be challenged by endogenous tRNA modification enzymes
that (a) may introduce bacteria-specific modifications (only half of archaeal modifications are found
in bacterial milieu) and (b) can act on the o-tRNA in a sequence-specific manner characteristic of
bacterial tRNAs [23,37]. On the other hand, archaeal o-tRNAs can also be challenged by the absence of
native archaeal modifications. For example, specific modifications that contribute to tRNA folding and
stabilization might be missing in bacteria [38,39].

To determine if heterologous tRNA modifications play a role in the activity of Sep-OTS in
E. coli, we used the sfGFP2-TAG reporter assay in a series of E. coli single-gene knockout strains
from Keio collection [18]. These strains are suitable for stop codon read-through assays, because
they do not possess genomic copies of tRNA suppressors, and, as indicated by the sfGFP-2TAG
synthesis in tRNASep/G37A absence (Supplementary Figure S2), show very low levels (<1%) of near
cognate suppression. Therefore, the observed sfGFP-2TAG production is exclusively based on the
activity of tRNASep/G37A. We tested 42 strains in which a single gene encoding a nonessential enzyme
involved in post-transcriptional tRNA modification was deleted (a full list of strains is given in
Supplementary Table S1). Although only a few of these enzymes operate independently, we decided to
investigate all enzymes participating in the biosynthesis of post-transcriptional modifications because
of their mutual interactions and their connection to other metabolic processes [40–42].

We observed significant variations in the efficiency of the Sep-OTS in the absence of particular
modification enzymes (Figure 3a, Supplementary Figures S3 and S4, Tables S3 and S4). For example,
in the strains lacking GluQRS, MiaA, ThiI, or TruB, sfGFP expression was decreased. Enzymes MiaA,
ThiI, and TruB are involved in the i6A37, s4U8, and Ψ55 modifications, respectively, suggesting
that these modifications may be important for the activity of the Sep-OTS. How the absence
of GluQRS impairs sfGFP synthesis is unclear since this enzyme operates on U34, which is
missing in tRNASep/G37A (Supplementary Table S1). Synthesis of wild-type sfGFP in ΔthiI and
ΔtruB strains demonstrates that in these strains the overall translation is somewhat diminished
(Supplementary Figure S5 and Table S5), thereby indicating that their absence might affect the activities
of endogenous tRNAs, not only tRNASep/G37A. In contrast, the yield of WT sfGFP in the ΔmiaA strain
is comparable to the yield in the wild-type BW25113 strain (Supplementary Figure S5 and Table S5),
implying that the lack of i6A37 modification directly affects tRNASep/G37A (and therefore Sep-OTS).

3.3. Effects of Post-transcriptional Modifications on the Orthogonality of tRNASep/G37A

We also analyzed the role of modifications on the orthogonality of tRNASep/G37A by expressing
this tRNA in the absence of SepRS (Figure 3b, Supplementary Figure S4). In this context, a decrease in
sfGFP expression signal can be interpreted as an increase in tRNASep/G37A orthogonality, which may
be related to the absence of modifications that improve mischarging of tRNASep/G37A by endogenous
aaRSs. Mischarging with canonical amino acids (cAAs) results in the cAA-tRNASep/G37A formation
which can seemingly increase the sfGFP-2TAG synthesis, mask the true Sep incorporation efficacy,
and reduce Sep incorporation by competing for the binding to the UAG codons (discussed in
Sections 3.4 and 3.5).
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Figure 3. Stop codon read-through assays with sfGFP-2TAG in 42 selected Keio collection strains with
full Sep-OTS (a) and with suppressor tRNASep

CUA
G37A only (b). First column (white) corresponds to

the signal recorded in the media without, and the second (black) with 5 mM Sep. Fold change values
were derived from 4–8 (a) and 3–6 biological replicates (b).

Some of the strains allow for minor improvements in tRNASep/G37A orthogonality (1.4–1.8-fold)
according to the mean decrease in sfGFP synthesis. Corresponding decreases were recorded in strains
lacking GluQRS, TrmJ, and TusE (Figure 3b, Supplementary Table S4). Strains lacking DusA, TcdA,
TruB, TtcA offer a marginal improvement of 1.2–1.4-fold. Among these enzymes, DusA, TcdA, TrmJ,
TruB, and TtcA can theoretically operate on tRNASep/G37A (Supplementary Table S1). TrmJ and TtcA
modify base C32, thereby influencing the conformation of the anticodon stem-loop. The corresponding
modifications Cm and s2C reduce the RNA conformational flexibility, thereby making this tRNA part
rigid [26]. Because anticodon stem-loop modifications directly influence its conformation, the lack of
these modifications may result in mirrored effects in screens with or without SepRS; in other words,
the lack of modifications placed in the tRNA anticodon will, most likely, reflect the changes in the
tRNAs’ decoding capacity. DusA catalyzes dihydrouridine formation on U20, which influences D-loop
flexibility and tRNA folding [22]. TcdA acts on premodified base A37, which is not likely to form in
the context of tRNASep/G37A [43]. Because wild-type GFP translation is decreased in both ΔtcdA and
ΔttcA, these enzymes may affect overall translation (Supplementary Figure S5 and Table S5), whereas
DusA and TrmJ may actually introduce modifications in tRNASep/G37A that influence its orthogonality.
In contrast, deletion of truB decreases sfGFP-2TAG synthesis in the absence and presence of SepRS;
thus, it is likely that the corresponding modification influences tRNASep/G37A stability overall, and not
the interaction of tRNASep/G37A with endogenous aaRSs.
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The highest increase in sfGFP synthesis occurs in E. coli strains lacking IscS, MnmCD, MnmE,
TGT, TruA, TusA, or TusB enzymes (Figure 3a, Supplementary Table S3). However, this effect is
accompanied by a decrease in orthogonality (Figure 3b, Supplementary Table S4). In comparison
with the wild-type strain, a significant decrease in orthogonality also occurs in the ΔqueA strain.
MnmCD, MnmE, QueA, and TGT should not act on tRNASep/G37A, as this tRNA does not possess the
necessary nucleotide sequence for their recognition (Supplementary Table S1). It is possible that the
lack of modifications on the E. coli tRNAs reduces the affinity of their corresponding aaRSs, resulting
in improved misacylation of tRNASep/G37A. IscS, TusA, and TusB participate in the sulfur transfer
required for the biosynthesis of sulfur-containing post-transcriptional modifications [44] and have no
tRNA substrates as such. Curiously, sfGFP-2TAG synthesis is approximately twofold higher in E. coli
TOP10 cells containing tRNASep/G37A, indicating that the BW25113 genetic background might be more
appropriate for Sep-OTS-assisted stop codon suppression and production of Sep-containing proteins.

3.4. Deletion of iscS Leads to a Significant Increase of Sep-Containing sfGFP

Efficiency of site-specific incorporation of ncAAs via nonsense suppression depends on the
catalytic prowess of the OTS [3], the availability of ncAA (depending on the ncAA intake and its
participation in the cellular metabolism, [45]), the suitability of ncAA-o-tRNA for EF-Tu binding [12],
and the capacity of ncAA-o-tRNA to decode the stop codon of interest [26] and outcompete the release
factor for binding to the same site [46]. Because each of these processes is usually less efficient than for
endogenous translation systems, yields of ncAA-containing proteins are typically low. Prompted by
the fact that some of the deletion strains tested in this study show markedly increased yields of
GFP-2TAG (Figure 3a), we decided to quantitatively explore the efficiency of Sep incorporation in
these strains. We isolated GFP-2TAG synthesized in the presence of Sep-OTS in these select strains and
analyzed the level of Sep incorporation by Phos-tagTM technology [47].

We chose strains with medium (ΔdusA, ΔdusB, ΔiscA, ΔtrmJ, and ΔtusD) and high (ΔiscS,
ΔmnmCD, ΔmnmE, ΔtruA, ΔtusA, and ΔtusB) increases in GFP-2TAG synthesis relative to the
wild-type (parental BW25113) strain. GFP isolated from these strains was subjected to Phos-tagTM

analysis—a mobility shift assay using an alkoxide-bridged dinuclear metal complex that can be
employed to monitor stoichiometric incorporation of Sep [47]. Because phosphoserine residues form
complexes with Mn2+-ions immobilized within the gel via chelating agent Phos-tag™, the fraction
with Sep-containing GFP is decelerated in the gel and separates from the cAA-containing GFP.
Using anti-GFP antibodies, these fractions can be quantified and relative amounts of Sep-GFP in
the total mixture calculated (Figure 4a,b).

The result of Phos-tagTM analysis is shown in Figure 4a. Densitometric quantification of the slower,
Sep-containing fraction shows that in the wild-type strain, Sep-GFP accounts for 65% of the total protein.
This ratio is preserved in ΔdusB, ΔiscS, ΔtrmJ, and ΔtusA strains (57%, 54%, 58%, and 53% of Sep-GFP,
respectively). In strains ΔdusA, ΔmnmCD, ΔmnmE, and ΔtruA, it is considerably lower (33%, 37%,
37%, and 39%, respectively). The mean increase in GFP production, as monitored by the fluorescence
(Figure 3a), multiplied by the fraction of Sep-containing GFP, as determined by Phos-tagTM analysis
(Figure 4b), allows us to establish factual increases in Sep-GFP production (Figure 4c). These values
demonstrate that deletion strains lacking TruA, TusB, and MnmE, while showing more than fourfold
increase in total GFP synthesis, provide a less than threefold improvement in Sep-GFP production.
While this is still an improvement, ΔdusA and ΔtrmJ—strains with moderate (less than twofold)
increases in GFP-2TAG production (Figure 3a, Supplementary Figure S3 and Table S3)—actually
produce less Sep-GFP than the wild-type (Figure 4c). In conclusion, only the iscS deletion strain offers
a substantial improvement in Sep-GFP synthesis (Figure 4c).
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Figure 4. Some of the deletion strains showing increased GFP-2TAG synthesis while preserving
the relative Sep-GFP to cAA-GFP ratio. (a) Phos-tagTM mobility shift analysis of GFP-2TAG
isolated from the corresponding knockout strains. Strain names are indicated above the wells.
Proteins were analyzed by the Phos-tag method and detected by Western blot using anti-GFP
antibodies. The green arrow shows the position of the Sep-containing GFP, while the red one
points to the position of nonphosphorylated, cAA-containing GFP. Wild-type GFP controls are also
shown. (b) Quantification of the shifted bands allows the estimation of Sep incorporation efficiency.
Percentages of Sep-modified GFP in the corresponding isolate are shown. Values are presented as
mean ± S.D. derived from two biological replicates. (c) Mean increase in total GFP-2TAG synthesis
(Figure 3, Supplementary Figure S3 and Table S3) multiplied by the mean percentage of Sep-containing
GFP in the matching strain shows the factual increase in Sep-GFP production.

3.5. Overexpression of MiaA and TruB Leads to a Higher Purity of Sep-Containing sfGFP

The analysis of the Sep-OTS-facilitated production of GFP-2TAG in the deletion strains (Figure 3a,
Supplementary Table S3) suggested that the modifications i6A37, s4U8, and Ψ55 influence Sep-OTS
performance. Because natural tRNA suppressors lacking i6A are significantly less active [35,48], we
decided to test whether overexpression of dimethylallyltransferase MiaA can increase production of
Sep-GFP. The i6A37 modification in the anticodon loop prevents unwanted hydrogen bond formation
between the C32 and A38, as well as the A37 and U33, thereby ensuring productive conformation of
this element [26]. The A36-A37-A38 motif (present in tRNASep/G37A, Figure 2a) serves as an identity
element for the E. coli MiaA enzyme [49]. In addition to MiaA, we examined pseudouridine synthase
TruB, which not only catalyzes pseudouridine formation but also acts as a general RNA chaperone [50].
We reasoned that the overexpression of MiaA and TruB may increase the fraction of tRNASep/G37A

with i6A37 and Ψ55, respectively, while TruB may also facilitate folding of this o-tRNA.
Genes encoding MiaA and TruB were separately introduced into a pCDF-derived plasmid

containing a copy of the SepRS gene. We decided to place the miaA and truB genes under the control of
the arabinose promoter to enable tight control of their expression, while SepRS expression was driven
by the constitutive lpp promoter. This experimental design allows us to compare Sep-OTS assisted
sfGFP-2TAG production with natural and artificially increased levels of MiaA and TruB.

Contrary to our expectations, the total Sep-OTS assisted sfGFP-2TAG synthesis decreases upon
stimulation of MiaA and TruB expression (Figure 5a). In BW25113, the mean fluorescence signal of
the sfGFP-2TAG reporter decreases 1.3-fold in the case of MiaA and 2.1-fold for TruB overexpression
relative to the cells expressing these enzymes solely from the chromosomal loci. However, homogeneity
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of Sep incorporation significantly improves upon overexpression of either MiaA or TruB, with Sep-GFP
yields amounting to 81% and 88%, respectively, as analyzed by Phos-tagTM (Figure 5b).

Figure 5. Overexpression of MiaA and TruB does not improve total yields of sfGFP-2TAG, but improves
specific Sep incorporation markedly. (a) Stop codon read-through facilitated by Sep-OTS in the presence
of overexpressed MiaA and TruB. Assay was executed in the strains BW25113 and TOP10, as well
as the serB deletion strains BL21ΔserB and HP13. The values represent the mean ± S.D. derived
from 4–8 biological replicates. (b) Phos-tagTM mobility shift analysis of GFP-2TAG isolated from the
corresponding strains (marked above the membrane). Overexpression of MiaA and TruB is indicated.
Deleted genes are denoted above the wells, except for the parental BW25113 strain. Proteins were
detected by Western blot using anti-GFP antibodies. The green arrow shows the position of the
Sep-containing fraction, while the red one points to the position of nonphosphorylated, wild-type GFP.
Control fraction containing GFP isolated from the BW25113 strain is also shown.

Sep is naturally synthesized in E. coli as part of the Ser metabolic pathway. Because Sep is
effectively converted to Ser by the phosphoserine phosphatase SerB, its cellular concentration is
low [45]. Thus, Sep-OTS-assisted read-through increases with Sep supplementation (Figure 3, Figure 4
, and Figures S2–S4). Alternatively, the intracellular levels of Sep can be increased by deleting the serB
gene [15,45]. However, in the E. coli strains HP13 (a TOP10 derivative) and BL21ΔserB, which lack
the serB gene, the stimulation of Sep-OTS-aided sfGFP-2TAG read-through is markedly different
(Figure 5a,b). This may be explained by the differences in metabolic fluxes between K12 and BL21
strains [51]. Compared with its parental TOP10 strain, HP13 allows a marginal (less than 1.5-fold)
improvement of sfGFP-2TAG synthesis with MiaA overexpression. In the case of TruB overexpression,
sfGFP-2TAG levels are comparably low in both cell strains. In terms of Sep-GFP homogeneity, the high
purity of Sep-GFP isolated from the HP13-TruB overexpressing strain is preserved (94%), while purity
decreases to 42% when MiaA is overexpressed in HP13 (Figure 5 and Figure S6). In the BL21ΔserB and
wild-type BW25113 strains, sfGFP-2TAG synthesis significantly improved when either MiaA or TruB
were overexpressed (4.6- and 4.1-fold improvement, respectively, Figure S6).

Based on the Phos-tagTM analysis of GFP-2TAG isolated from the wild-type BW25113 strain,
a considerable fraction of tRNASep/G37A is misacylated by E. coli aaRSs, which prevents the synthesis of
homogenous protein samples. While orthogonality tests can estimate a tRNA’s apparent orthogonality,
in the absence of the cognate o-aaRS, the pool of deacylated o-tRNA increases, allowing it to compete
for binding with endogenous aaRSs more easily. This phenomenon is exemplified by the iscS deletion
strain, where apparent orthogonality decreases approximately twofold in the stop codon read-through
assay, but analysis of the relative amounts of Sep-GFP in the mixture revealed that the relative
misacylation is comparable to what is occurring in the wild-type BW25113 strain. While methods to
accurately quantify ncAA incorporation in proteins are costly and less accessible, they are necessary in
establishing the strength and efficiency of a particular OTS [52].
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4. Conclusions

The efficiency of Sep-OTS—a translation system designed to synthesize proteins with Sep—was
evaluated in a series of E. coli strains with deletions of single genes responsible for nucleotide
modifications of tRNAs. Several E. coli enzymes were identified that positively affected the synthesis
of a GFP reporter variant containing Sep. An iscS deletion strain enables more than eightfold higher
production of this variant, while overexpression of the MiaA and TruB enzymes significantly improve
the specificity of the Sep incorporation. This work provides new evidence highlighting the role of tRNA
modification in efficient translation. This will help the design and construction of better o-tRNAs.
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of Sep-OTS. Figure S4: Levels of amber codon suppression efficiency in the selected Keio deletion strains in
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G37A. Figure S5: Levels of wild-type sfGFP synthesis in the tested

Keio collection strains. Figure S6: Quantification of the shifted bands corresponding to Sep-GFP yields observed
in presence of increased amounts of MiaA and TruB. Table S1: List of Keio knockout strains employed in this
study. Table S2: Plasmids used in this study. Table S3: Statistical analysis of the sfGFP-2TAG synthesis in the
Keio deletion strains in presence of Sep-OTS. Table S4: Statistical analysis of the sfGFP-2TAG synthesis in the
Keio deletion strains in presence of tRNASep/G37A. Table S5: Statistical analysis of the sfGFP synthesis in the Keio
deletion strains.
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Abstract: Mechanotransduction between cells and the extracellular matrix regulates major
cellular functions in physiological and pathological situations. The effect of mechanical cues
on biochemical signaling triggered by cell–matrix and cell–cell interactions on model biomimetic
surfaces has been extensively investigated by a combination of fabrication, biophysical, and biological
methods. To simulate the in vivo physiological microenvironment in vitro, three dimensional (3D)
microstructures with tailored bio-functionality have been fabricated on substrates of various materials.
However, less attention has been paid to the design of 3D biomaterial systems with geometric
variances, such as the possession of precise micro-features and/or bio-sensing elements for probing
the mechanical responses of cells to the external microenvironment. Such precisely engineered 3D
model experimental platforms pave the way for studying the mechanotransduction of multicellular
aggregates under controlled geometric and mechanical parameters. Concurrently with the progress
in 3D biomaterial fabrication, cell traction force microscopy (CTFM) developed in the field of cell
biophysics has emerged as a highly sensitive technique for probing the mechanical stresses exerted
by cells onto the opposing deformable surface. In the current work, we first review the recent
advances in the fabrication of 3D micropatterned biomaterials which enable the seamless integration
with experimental cell mechanics in a controlled 3D microenvironment. Then, we discuss the
role of collective cell–cell interactions in the mechanotransduction of engineered tissue equivalents
determined by such integrative biomaterial systems under simulated physiological conditions.

Keywords: mechanotransduction; soft lithography; cell-matrix interactions; cell–cell interactions;
cell traction force microscopy; 3D tissue mechanics

1. Introduction

During tissue regeneration, the geometrical and mechanical cues of the surrounding
microenvironment have been shown to regulate cellular responses, including migration, proliferation,
differentiation, and apoptosis, etc. [1,2]. As such, tissue engineering traditionally refers to the
development of various types of biomaterial scaffolds with specific bulk properties, such as
porosity, microarchitecture, and compliance for extensive applications in cell therapy and tissue
regeneration [3]. Although biomaterial scaffolding acts as a three-dimensional (3D) support for
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cell growth, it does not provide a highly engineered microenvironment with precise control in
the location and morphology of various types of cells. Such spatial control is important for
reestablishing the intricate organizations in the functional subunits of a typical organ. To overcome
the limitations of biomaterial scaffolds, two-dimensional (2D) micropatterning of cells on various
substrates has been exploited, with several techniques emerging, including microcontact printing [4],
microfluidic patterning [5], photolithography [6,7], and plasma polymerization [8]. To date, surface
features with spatial resolution of approximately 1 um can be fabricated by these techniques [9].
Increasingly, the 3D fabrication of precise microscale features which is not achievable with synthetic
based approaches (e.g., hydrogel synthesis) is critical not only for controlling cell placement, but
also for presenting spatially-controlled biological signals for the development of functional tissue
constructs in vitro or in vivo [10]. In order to develop 3D micropatterned biomaterial scaffolds, several
technical requirements in material selection, including mechanical properties, biocompatibility, and
processability, must be thoroughly addressed for specific applications [11]. Recently, the advancement
in 3D fabrication techniques has opened the possibility of attaining accurate spatial control of multiple
cell types in engineered tissue equivalents. More importantly, such enabling technology facilitates
the integration of cellular mechanical probes with a model microenvironment for studying intricate
phenomena in mechanobiology [12]. Therefore, a timely review on the recent development of 3D cell
patterning techniques in relation to the emerging investigations of 3D cellular mechanotransduction
will highlight the importance of a generally ignored issue of mechanobiology for the design of tissue
engineering products.

2. Cell Mechanotransduction

Mechanotransduction, which generally occurs at the cell–extracellular matrix (ECM) interface
and cell–cell contacts, is the transmission of mechanical forces to biochemical signals and vice versa
for the regulation of cellular physiology. Mechanical force fields in the 2D or 3D space containing cells
and ECM, either in the form of externally applied forces or cellular traction forces produced by the
cytoskeleton, have been intensely studied due to their important roles in maintaining homeostasis
in tissues in vivo. Although the involvement of cell traction force (CTF) on cellular signaling and
physiological function has been revealed, the precise mechanism of mechanotransduction in 3D
systems remains to be elucidated [13]. In the physiological microenvironment, both cells and
subcellular organelles can sense mechanical stresses from various sources, such as shear stress of
flowing blood, mechanical stress from the surrounding ECM, and contractile forces from adjacent
cells [13]. There are significant differences between external forces and cell-generated forces, which
can be characterized from the differences in magnitude, direction, and distribution. However, certain
indications on the existence of tight coupling between external applied forces and cell-generated forces
have been highlighted [14,15]. For instance, biomacromolecules, such as carbohydrate-rich glycocalyx,
which are found on the apical surface of vascular endothelial cells, have been shown to transmit
fluid shear stress under blood flow to the cortical cytoskeleton [16]. In the mechanotransduction of
the cardiovascular system, shear stress induced by flowing blood has been known to deform the
endothelial cells at the inner wall of blood vessels and to trigger a cascade of cell signaling for the
regulation of vascular physiology (Figure 1a). The endothelium mechanobiology, which leads to the
generation of CTF (red arrows on Figure 1b indicate the direction of contractile forces), is actually
governed by the highly synchronized interactions between external mechanical forces, cell–ECM
adhesion, cytoskeletal protein binding, blood vessel stretching, cell–cell junction formation, and basal
membrane mechanics, etc. (Figure 1b). Therefore, the mechanotransduction of cell layers will be
thoroughly discussed herein by focusing on the feedback mechanisms of cell signaling with adjacent
cells or ECM.
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Figure 1. Schematic illustrations of (a) endothelial cells that form the interior surface of blood
vessels subjected to stresses from the flowing blood; (b) The cell–cell junctions and cell–substrate
tractions exerted by endothelial cells; (c) Positive feedback in cell–extracellular matrix (ECM)
mechanotransduction. SMCs: smooth muscle cells.

In the first step of cell–ECM interaction, the binding between integrin and ECM protein triggers
the assembly of focal adhesions (FAs) which in turn link the integrins to the actin filaments of the
cytoskeleton with the help of adaptor proteins (e.g., talin, alpha actinin, vinculin) [17]. Moreover, FAs
have been known to stabilize the adhesion sites by synergistic interactions of numerous signaling
proteins (e.g., FAK, Ras, src) [18]. The biochemical processes involved in the generation of contractile
force in cells after adhesion and spreading on the ECM or substrate are triggered by actomyosin
interactions and actin polymerization [19,20]. These cell-generated forces, as mentioned above, are
commonly known as CTF which are transmitted forward to the ECM through integrin, and then feed
back to biochemical signals from ECM proteins to cytoskeletal proteins [21]. A series of molecular
biology studies have revealed that CTF is associated with major cellular functions through their
involvement in various signaling pathways. In smooth muscle cells (SMCs), CTF generation is
mainly regulated by the Rho-kinase/ROCK pathway, which directly affects mitogen-induced DNA
synthesis [22] and FA assembly [23]. As such, the presence of CTF plays a key role in modulating
cell differentiation, migration, and apoptosis, and in maintaining cell homeostasis in the local
microenvironment [24]. An emerging question on the intricate mechanisms of CTF regulations leading
to various cellular responses needs to be better addressed. For instance, it has been demonstrated that
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the mechanotransduction response of cells towards principal substrate characteristics, such as stiffness
and nanotopography, is linked to the talin-mediated mechanical regulation of the molecular clutch,
integrin clustering, and FA dynamics [25,26].

Most anchorage-dependent cells, except endothelial cells and epithelial cells, are functional only
in a 3D microenvironment in vivo. Thus, artificial 3D ECM networks have been developed as model
systems for cell culture and bio-functional studies. In general, collagen in the form of a 3D network
or a 2D gel has been widely used in various semi-quantitative assays of cell adhesion, biological
functions, and chemotaxis. For instance, the phosphorylation level of focal adhesion kinase (FAK) in
fibroblasts, which is associated with cell spreading, is reduced in 3D collagen gel matrix compared
to that on 2D collagen gel, while the formation of FAs of fibroblasts in the 3D collagen gel matrix are
triggered by the clustering of α5β1 integrins instead of αvβ3 integrins found on the 2D collagen gel [27].
Comparing 3D to 2D collagen cultures of SMCs, an upregulation of p21 and transforming growth
factor beta 1 (TGFβ1) expression, an upregulation of extracellular signal–regulated kinases (ERK)
phosphorylation, and a downregulation of FAK phosphorylation have been found, which supports
the role of geometrical factors of the microenvironment on cell proliferation and FA formation [28,29].
Similarly, an increase of matrix stiffness in 3D collagen network has been shown to promote the
invasive phenotypes of mammalian epithelial cells, such as Rho-mediated contractility [30]. Also,
primary dermal fibroblasts have switched from lamellipodia-based migration to lobopodia-based
migration in response to the shift of the mechanics of 3D gel matrix from nonlinear elasticity to linear
elasticity [31]. All results as mentioned above strongly suggest that the physical and mechanical
properties of the ECM or biomaterial directly moderate the intricate mechanisms of cell adhesion and
migration. Such influences have elicited the interplay between the mechanotransduction of adherent
cells and molecular architecture of the biomaterial scaffold or ECM network.

The mechanotransduction of a single cell on 2D biomaterial has been extensively studied during
the past two decades. CTF generated by the cytoskeletal remodeling of adherent cells is exerted
to the ECM or material interfaces of the surrounding microenvironment through the anchoring of
FAs. At the same time, the CTF of individual cells are influenced by both the surrounding ECM
and neighboring cells. Under in vivo microenvironment, a cell migrates with the CTF generation
on its surrounding ECM by synchronizing the protrusion and contraction at its leading edge and
trailing edge, respectively. On the other hand, the collective mechanotransduction of multicellular
aggregates in a 3D biomaterial, which has been studied to a lesser extent, likely influences major
cellular physiology, including morphogenesis, wound healing, and embryogenesis. A recent study has
reported the successful measurement of a CTF map exerted by an advancing epithelial cell sheet on a
hydrogel matrix [32]. Moreover, CTF in relatively small cell colonies composed of 1–27 cells on 2D
silicone gel has been found to be localized at the periphery of cell aggregate and is positively correlated
with the colony size [33]. Interestingly, another group has demonstrated that CTF is generated from
cells locating further behind the front edge of an advancing cell sheet instead of cells at the migrating
front boundary during collective migration [34]. In comparison to the mechanotransduction of single
cells, the maximal traction forces and stresses near the edge of the cell monolayer are significantly
higher [35]. Furthermore, the higher responsiveness of a cell sheet towards a stiffness gradient on
a planar substrate in comparison with a single cell suggests that cell–cell interaction enhances the
collective cell migration of a cell sheet [36]. Recently, a key endocytic protein known as RAB5A
has been shown to trigger collective migration of a cell population in originally stagnant epithelial
monolayers [37].

In general, the mechanical properties of native tissues vary significantly according to the functional
requirements of specific tissues or organs, and act as indicative parameters of the progression in certain
disease, e.g., muscular dystrophy [38]. As the mechanotransduction of cells is related to cytoskeleton
remodeling, ECM mechanics, and ECM protein composition, extensive studies have been focused on
the fabrication of substrates with variable stiffness, adhesive ligands, and micropatterns in order to
elicit the physiochemical factors for governing cell mechanics and function [39]. Cells exert CTF on the
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surrounding microenvironment, and at the same time moderate their cellular responses towards the
mechanical feedback signals obtained from the surrounding ECM (Figure 1c). In detail, the interaction
between individual cells and the ECM through interconnected pathways of receptor-mediated signal
transductions, CTF generation, and external matrix mechanics dictate the expression of specific genes
and phenotypes. At the same time, the elucidation of collective mechanics in cohesive cell layers as
well as its feedforward-feedback responses with surrounding microenvironments are required for
determining the working principle in tissue morphogenesis and regeneration. With the help of CTF
measurements, the cell signaling pathways involved in many physiological functions and pathological
processes of single cells have been revealed in more detail [15]. In addition to the mechanotransduction
of individual cells, CTF measurement of cell populations will make the in vitro biophysical study
of morphogenesis possible. It is believed that a thorough understanding of the intricate interplay
between cell mechanics and cell–ECM interactions will facilitate the development of biofunctional and
mechanoresponsive biomaterials for tissue regeneration and clinical diagnostics.

Mechanical stresses from the physiological microenvironment, including substrate, flowing fluid,
ECM, and neighboring cells, directly influence the collective responses of cell layers, e.g., the regulation
of the vasoactivity of blood vessels. A typical mechanosensing event in epithelial and endothelial
tissues is triggered by the formation of cell–cell junctions, which contain adherens junctions, gap
junctions, and tight junctions. For instance, adherens junction formation has been shown to induce
actin polymerization in the cytoskeleton of adjacent cells through the interactions of various signaling
proteins around the cytoplasmic domains of adherens junctions [40–42]. Moreover, cell–cell interaction
has led to the inhibition of cell proliferation and migration which is known as “contact inhibition”.
In the 2D culture of epithelial cells, cells which are sparsely distributed on the substrate proliferate
well, while the growth of a densely packed cell monolayer is impaired by the formation of cell–cell
contacts [43,44]. The phenomenon of contact inhibition of cell proliferation in epithelial cells also exists
in different types of cells [45,46]. Quantitative characterizations of contact inhibition dynamics in
confluent cell monolayers with different cell densities have shown that the interfacial contact formation
between adjacent cells is necessary but not sufficient for causing growth inhibition [47]. It has also
been suggested that mechanical compression may provide an inhibitory signal for cell division [48].

In addition to the inhibition of cell proliferation, cell-cell junction formation between neighboring
cells provides a cooperative effect to transmit appreciable normal stress, which guides the direction
of cell monolayer migration along the course of minimal intercellular shear stress [49]. As epithelial
cells require stable cell–cell adhesions and mesenchymal cells rely on transient and dynamic cell–cell
contacts, the strategies of collective cell migration in various cell types are different based on their
particular physiological functions [50]. A recent study has shown that the chase-run phenomenon
between placode cells and neural crest cells was involved in both chemotaxis and N-cadherin signaling
transduction, which in turn led to coordinated migration of different types of tissues [51]. With the
hypothesized phenomena of mechanical coupling between neighboring cells, cell–cell interactions
can be sufficient to guide the direction of collective cell migration, without the presence of a physical
cue [52–54]. On the other hand, understanding the principles and mechanisms involved in collective
cell migration remains a tremendous challenge, because the mechanical stresses of cell layers are
difficult to probe by conventional experimental techniques. CTF, which is a known mechanical property,
has been adopted as a model biophysical parameter for analyzing the intricate mechanotransduction
of cell monolayers [55–57].

3. 3D Fabrications of Polymeric Biomaterials

In general, the most commonly used synthetic polymers for 3D fabrication of biomaterial scaffold
include polyglycolic acid (PGA) [58], poly-caprolactone (PCL) [59], polydimethylsiloxane (PDMS) [60],
and polyethylene glycol (PEG)-based hydrogels [61]. For example, PGA and its copolymers are widely
used in the fabrication of various biomaterial scaffolds for tissue engineering applications because
they are biodegradable and non-toxic [62]. However, the native surface of PGA does not provide
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the biological cues for direct cell attachment and regeneration. Thus, the modification of PGA with
biologically active ligands is essential for cell culture applications, e.g., the addition of β-tricalcium
phosphate (β-TCP) in porous 3D PGA scaffolds has been required for treating bone defects [63].
Moreover, polylactic-co-glycolic acid (PLG) copolymers have been used to design biomaterial scaffolds
incorporated with controlled release capability of essential biomacromolecules, such as vascular
endothelial growth factor, in vivo [62]. The PLG system mentioned above has facilitated blood vessel
development and enhanced local vascularization during tissue regeneration [64]. Besides, microporous
membrane composed of poly-D, Ł-lactide-co-glycolide (PLGA) has been applied for the 3D stacked
culture of hepatic tissues [65].

In spite of the intense development of microporous polymeric scaffolds, there has been a
lack of 3D biomaterial systems with precise microscale features for simultaneous cell culture and
biomechanical measurement. As such, Shen et al. have developed a high-aspect ratio microchannel by
UV embossing of an UV polymerizable biodegradable macromer in a liquid formulation composed
of poly-e-caprolactone-r-Ł-lactide-r-glycolide diacrylate [66]. In detail, the master silicon (Si) mold
is prepared from a lithography system which uniquely combines deep reactive ion etching (DRIE)
with passivation treatments (Figure 2). After obtaining the daughter PDMS mold, an UV resin liquid
formulation and a polyester film are successively loaded onto the PDMS mold. Lastly, the resin is
polymerized under UV illumination and separated from the PDMS mold and polyester film [67,68].
The depth of the micropatterned biodegradable scaffold synthesized by this method can reach up to
70 μm. Furthermore, the layer-by-layer (LBL) process has been successfully applied to build multilayers
of confluent SMCs on the micropatterned biodegradable scaffold as mentioned above, and to trigger
the expression of the contractile phenotype of SMCs [69]. In addition to the formation of cell patterns,
effective mass transfer of dissolved gas and essential nutrients to cells bound on the biodegradable
scaffold are critical for maintaining cell viability and functionality. To address the limitation of mass
transfer, Sarkar et al. [59] have developed a porous micropatterned PCL by combining soft lithography,
melt molding, and PLGA micro/nanoparticles leaching. The group has further demonstrated that the
diffusion rate of culture media into the PLGA-leached PCL scaffolds mentioned above was enhanced
by six times in comparison with that through the non-porous PCL scaffolds. Later on, a biodegradable
microstructured polycaprolactone construct functionalized with an adhesive layer of polyethylene
glycol-diacrylate (PEG-DA) gel was incorporated into a 3D composite structure with a layer of vascular
smooth cells with precisely controlled cell orientation and geometry [70]. Until now, most emerging
techniques, as mentioned above, mainly focus on the precise 3D fabrication of microscale patterns in
biomaterial scaffolds for facilitating the formation of tissue equivalents, instead of probing intricate
cellular behavior in a controlled 3D microenvironment.

Figure 2. Schematic illustration on the fabrication process of a micropatterned polydimethylsiloxane
(PDMS) scaffold by combining lithography and deep reactive ion etching (DRIE).
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Interestingly, Deutsch et al. [60] have developed a new fabrication process for microgrooved
topographical cues on a PDMS scaffold by combining photolithography and soft lithography. Briefly,
the silicon wafer is spin-coated with a photoresist layer and exposed to UV light through a contact
mask. The micropatterned PDMS scaffolds are created by casting and curing of siloxane oligomers
and siloxane cross-linkers on the wafer surface. The fibronectin-coated PDMS scaffolds fabricated by
this method have been shown to direct the spatial organization of cells and extracellular matrix [71].
Based on its ideal biocompatibility, polyacrylamide hydrogel has been used as a model system for
studying the biophysics of cell migration, e.g., chemotaxis [34]. In another study, PEG-based hydrogel
microstructures were fabricated on glass substrates by using photolithography-based patterning [61,72].
In detail, a glass substrate was first functionalized with 3-(trichlorosilyl)propyl methacrylate, then
spin-coated with a PEG derivative and a photoinitiator, and finally exposed to UV light through a
photomask for PEG crosslinking. Moreover, the PEG-based hydrogel was successfully fabricated
into a cylindrical or cubic shape for the encapsulation of cells, detection of drug–drug interaction,
and formation of tumor spheres [73–75]. Hahn et al. [76] have further developed confocal-based
laser scanning lithography for 3D surface patterning (feature size ~5 μm) of PEG-based hydrogel
substrates. The micropatterned PEG-based hydrogels embedded within independently fabricated
PDMS housings are applied as a microfluidic device to study cell viability and metabolic activity, which
contributes to the emerging applications for in vitro diagnostics and regenerative medicine [77]. At the
same time, the PEG-based hydrogels can be further developed into a porous 3D structure to control
spatial organization and enhance cell binding affinity for tissue morphogenesis and angiogenesis
promotion [78,79]. In addition to lithographic patterning, other bottom-up approaches, such as
electrospinning, nanoimprinting, anodization, and phase separation, have been applied to fabricate
3D patterns on biomaterials [80].

Naturally-derived polymers, such as proteins and polysaccharides, are ideal materials for the
fabrication of biomimetic 3D scaffolds with superior biocompatibility compared to synthetic polymers.
Collagen is one of the most important natural polymers widely found in most extracellular matrix
(ECM) surrounding tissues in vivo as it serves as an adhesive ligand for major cell types [81]. Thus,
phase change ink-jet printing and indirect 3D printing techniques have been applied to fabricate
collagen scaffolds with micropatterns, such as internal channels and capillary networks [82,83].
For instance, indirect 3D printing of collagen involves three steps. Firstly, a negative mold is
created by a solid freeform fabrication technique which produces freeform solid objects directly
from computer-aided design without part-specific tooling or human intervention [84,85]. Secondly,
a collagen solution is casted into the mold and solidified at low temperature. Lastly, the patterned
collagen scaffold is recovered by the dissolution of the mold with ethanol, followed by critical point
drying with liquid carbon dioxide. Another preferred method for fabricating collagen-based scaffolds
with uniform pore structure is homogeneous freeze drying under a controlled freezing rate [86]. Cell
attachment and viability on the freeze-dried 3D collagen scaffold are shown to be influenced by specific
surface area and pore size of the resulted scaffold [87].

Besides protein, chitosan, which is formed from the deacetylation of chitin, is an important
naturally-derived polysaccharide for fabricating biomaterial scaffolds in various applications of tissue
engineering, such as hepatocyte regeneration [88,89]. In a pioneering study, a rapid prototyping
robotic dispensing (RPBOD) system has been developed to fabricate 3D scaffolds of chitosan and
chitosan-hydroxyapatite (HA) with reproducible macropore architecture by injecting chitosan and
chitosan–HA solution (in acetic acid) into a mixture of sodium hydroxide solution and pure ethanol
(in ratio of 7:3) [90]. Alternatively, a hydrogel with molecularly engineered filaments has been formed
from the self-assembly of oligopeptides to mimic the ordered microporous structure of native ECM
for 3D cell culture [91,92]. Recently, one self-assembly oligopeptide (SAP) designed with specific
motifs for enhancing cell adhesion, cell differentiation, and bone marrow homing has been successfully
developed into nanofibers for the functional maintenance of mouse adult neural stem cells in a
3D microenvironment. Also, SAP gels with high peptide concentration have been generated from a
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standard solid phase synthesis method for hosting cells inside their matrices. To date, the SAP gels have
been further engineered with tunable physical properties such as nano-scale architecture and biological
functionality for various applications in tissue engineering, such as vascular graft [93,94]. In spite of
the recent advances in the 3D fabrication of natural materials, the quantitative correlation between
scaffold properties and cellular responses for effective tissue regeneration remains to be elucidated. In
general, a 3D biomaterial scaffold should mimic the physical microenvironment and biochemical cues
of native ECM as closely as possible. Therefore, a better understanding of cell–biomaterial interaction
and bidirectional mechanotransduction within the 3D microenvironment will simultaneously aid
the design of superior biomaterial scaffolds for tissue regeneration and the development of a model
experimental platform for the study of cell mechanotransduction.

4. Recent Progress in Cellular Biomechanics

It is now known that the bulk elasticity (ranging from rigid to soft material) and surface
topography of a biomaterial directly modulates the contact mechanics of cells, while microfabrication
technologies, such as soft lithography, provide the spatial control of cell populations on the biomaterial
scaffold. Various types of cells, such as fibroblasts, SMCs, and hepatocytes, respond differently to
substrates with a range of elasticity through intricate interplay between ligand–receptor binding,
mechanotransduction, and cytoskeleton remodeling [95]. For instance, cell spreading and locomotion
speed of normal rat kidney epithelial cells has been demonstrated to reduce and increase, respectively,
on softer polyacrylamide gel substrates [96]. Moreover, 3T3 fibroblasts have demonstrated preferential
migration, known as durotaxis, over an elasticity gradient from a soft region to a stiff region on
a polyacrylamide gel substrate, but not vice versa on the same substrate [97]. Interestingly, a
recent discovery has proven that the migration of multiple cell aggregates is responsive to certain
perturbations of cell–cell adhesion, such as the downregulation of adherens junctions [98]. Recently,
topographical cues such as micropillars [99] and nanoparticulates [100] have also been shown to
effectively influence the contact mechanics and biological functions of adherent cells.

In general, the communication between cells and the apposing ECM or biomaterial scaffold
leading to cell growth and motility is driven by intricate mechanotransduction through the active
reorganization of the cytoskeletal network in the cytoplasm [101,102]. First of all, cell migration speed
has been demonstrated to follow a biphasic dependence on the density of immobilized adhesive
ligands, as predicted by a seminal mathematical model [103], and later on validated in experimental
measurement [104]. At the same time, the increase of ECM stiffness has been shown to enhance cell
motility as cells exert higher contractile forces towards stiffer substrate during cell body attachment,
detachment, and displacement [105]. The geometry of the 2D biomaterial sub-region functionalized
with adhesive islands can be precisely engineered with the use of microcontact printing techniques
which are instrumental for studying the combined effects of geometrical constraint and biological
recognition on cellular physiology. Several studies have shown that cell adhesion is not only triggered
by the binding between membrane-bound integrin and adhesive ligands, but also related to the
subsequent events, such as biochemical signal transduction and mechanical deformation of intracellular
organelles in the adherent cells [106]. It has been revealed that both the formation of FAs and the
emergence of actin stress fibers of adherent cells are dependent on ECM stiffness. Interestingly,
the optimal value of substrate stiffness for supporting maximal migration is correlated with the
concentration of ECM ligands covalently attached to the substrate [104]. Recently, a group has even
demonstrated that nanotopographical features deposited on a planar glass substrate are sufficient to
promote the maturation of neural networks [107].

Classical model systems for studying the mechanotransduction of cells at the cell–substrate
interfaces have been made possible with the development of experimental biophysics since 1980.
In the first report, the elastic distortion and wrinkling of a silicone substrate induced by the
adherent cells through cytoskeleton remodeling during cell locomotion have been observed by optical
microscopy [108], and can be further quantified through the variation of substrate elasticity [109,110].
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Thereafter, Balaban et al. have combined the transparent micropatterned elastomer and FA
characterization through the expression of green-fluorescent protein (GFP)-labeled vinculin in adherent
cells for elucidating the relationship between the assembly dynamics of FAs and the alteration of
CTF [111]. The method mentioned above mainly hinges on the use of a non-wrinkling substrate with
micropatterns composed of dots or lines for the determination of cell-induced deformation of the
material’s surface.

In a seminal study, Tan et al. developed a microfabricated array of elastomeric microposts, each
independently acting as a deformable structure to probe the mechanical transduction between the
adherent cells and apposing substrates [112]. With the use of a micropost as the mechanical probe, the
map of highly localized deformation caused by the CTF across the entire substrate can be determined
from beam theory [113]. By changing the height of the micropost, a series of micropost arrays reported
with a range of substrate rigidity further demonstrates the influence of microscale geometry and
elasticity on cell morphology, FA organization, and global cell contractility [114]. By combining
micropost array technology with ultrahigh-resolution cell imaging, the precision map of CTF with
a sensitivity of 500 pN and the nanoscale resolution of individual force-bearing FAs have been
simultaneously measured [115]. Moreover, the micropost array has been developed to probe the
real-time mechanotransduction of entire cells through the integration with a cell stretching device,
which provides a way of tuning the external force exerted on live cells [116,117]. Since microposts have
been commonly fabricated on elastomeric polymers such as PDMS, the functionalization of the PDMS
surface with ECM proteins is essential to create a more physiological relevant microenvironment for
cell adhesion. In addition to PDMS, polymeric hydrogels have been used in the fabrication of micropost
arrays [118]. In detail, the hydrogel monomers, such as hydroxyethyl methacrylate, were mixed with
a photoinitiator, followed by replica molding and UV exposure in order to partially polymerize
the precursors in solutions. Secondly, photo-crosslinking of the solutions, as mentioned above,
with ethylene glycol dimethacrylate leads to the formation of a stabilized hydrogel micropost array.
Moreover, the stability and surface clustering of a range of high-aspect-ratio hydrogel microarrays
under capillary forces have been studied by controlling the geometry and elastic moduli of individual
microposts [119].

Another popular substratum for studying cell–substrate mechanotransduction is
polyacrylamide-based hydrogel (Figure 3), a microporous material which has been proven to
be an ideal experimental system for various cell types due to its tunable chemical and mechanical
properties [120,121]. Firstly, polyacrylamide-based hydrogel can be easily tuned from an extremely
soft to stiff material with a distinct elastic modulus by adjusting the concentration ratio of acrylamide
and bis-acrylamide before the initiation of polymerization. Secondly, the polyacrylamide-based
hydrogel can be loaded with fluorescently labeled microbeads which serve as positional markers
for the detection of local deformation in selected regions of interest [122]. More importantly,
polyacrylamide-based hydrogel can be linearly deformed in response to the applied biological
forces and can be fully recovered to its original state upon the removal of force. Thirdly, the low
thickness and transparent nature of polyacrylamide-based hydrogel ensures the detection of small
displacements of the fluorescent beads with conventional fluorescence microscopy. Furthermore,
the polyacrylamide-based gels are naturally non-adhesive for mammalian cells unless specific ECM
molecules (e.g., type I collagen) are covalently coupled onto the surface.

In addition to the micropost array and polymeric hydrogel, the microelectromechanical systems
(MEMS) with on-line force transducers have determined the contractile force of adherent cells from the
measured deflection and the spring constant in the enclosed microbeams [123]. In one typical MEMS
design, the cell contraction force was measured from the deflections of micron-sized pads connected to
a cantilever [124]. A substrate composed of an array of closely packed cantilevers has been designed
with different tip geometry and spatial distribution for probing the local mechanical forces at the cell
adhesion contact [125]. At the same time, the control of the geometric pattern of a cell population on
planar MEMS can be achieved by using microcontact printing, as mentioned earlier.
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Figure 3. The schematic illustration for the making of PDMS microchannels with a polyacrylamide
gel (PAG) coating for cell traction force microscopy measurement (Top views). The micropatterned
PDMS is coated with PAG embedded with a thin layer of fluorescent microbeads. A UV-activated
heterobifunctional cross linker, sulfo-SANPAH, is applied for ECM coupling. Cells are then seeded
onto the activated surface for further study with cell traction force microscopy. After obtaining a pair
of fluorescent images of the same frame before and after trypsinization, the deformation of the elastic
substrate is determined and used for the CTF computation.

It is known that cell spreading and migration within 3D microenvironment is highly dependent
on the topological properties [126] and mechanical stiffness [127,128] of the surrounding ECM or
biomaterial scaffold. The stiffness of a 3D collagen gel matrix has been engineered with different
degrees of crosslinking under the same collagen concentration in solution for probing the effect of
gel matrix stiffness on cellular behavior. The result indicates that the increase of gel matrix stiffness
enhanced the spreading of endothelial cells [129]. When cells are partially or completely embedded
within a 3D matrix, the cellular responses are quite different from those observed in a 2D culture
dish, e.g., FAs become smaller, more diffusively distributed, and changed in FAK composition in the
cell cytoplasm [130,131]. Moreover, FA-associated proteins regulate the migration speed of live cells
embedded in a 3D matrix through their distinctive roles in driving protrusion activity and matrix
deformation, which are unimportant in 2D cell migration [132,133]. In contrast to individual cells, the
spatial organization of FAs within multicellular aggregates cultured inside a 3D matrix remains to be
fully elucidated.

5. Cell Traction Force Measurement

Mechanotransduction is an emerging research area which requires the knowledge from several
disciplines. A variety of methods have been developed to measure the CTF of both individual cells
and collective cell populations during the past few years [118], including cell-populated collagen gel
(CPCG) [119], thin silicone membrane [108], force sensor array [123], and improved micropost force
sensor [112]. The reported force and spatial resolution of major force sensing techniques mentioned
above have been summarized in Table 1 [134]. Currently, the most reliable and comprehensive method
primarily developed for CTF measurement is the cell traction force microscopy (CTFM) assay, which
was developed by Dembo and Wang in 1999 [135].
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Table 1. Force Sensitivity of Cellular Forces Measured with Selective Cell Mechanics Techniques

TECHNIQUE FORCE SENSITIVITY

Optical Tweezers 1–100 pN
Atomic Force Microscope 10–105 pN

Magnetic Tweezers 10–103 pN
Gel Wrinkling Method 10–100 nN
Micropost Deformation 1–100 nN

Cell Traction Force Microscope 10–106 pN

In CTFM, the fluorescent microbeads embedded in the substrate serve as positional markers
to record and track the deformation caused by CTFs (Figure 3). By taking a pair of ‘force loaded’
and ‘null force’ images in the same region of interest, the deformation of the elastic substrate is
determined and used for the CTF computation. By dividing images into overlapped windows with a
constant distance, a pair of small windows respectively from ‘force loaded’ and ‘null force’ images
are obtained and applied to calculate the displacements. There are two other versions of CTFM
techniques that have been developed by Butler et al. [19] and Yang et al. [136]. Both methods rely
on the setting window, and conduct the correlation computation by using Fourier transform. On the
other hand, the bead displacement calculation used in the Dembo and Wang [135] method is not
fixed to the paired windows as mentioned above. Butler et al. have developed explicit formulas
for transforming the traction and displacement fields of microbeads to cell mechanotransduction
parameters, such as the contraction moments and strain energy at cell-substrate interfaces [19]. While
other approaches based on pixel windows ignore the local rotational displacements of microbeads,
the method developed by Yang et al. incorporates a pattern recognition technique to track microbead
movements for estimating the displacement field of the elastic substrate [136]. Most importantly,
all CTFM associated methods need to overcome the challenge of the accurate measurement of the small
displacements of fluorescent microbeads. In addition, all methods of data analysis mentioned above
are limited to the positional mapping on a 2D substrate. The CTFM method can achieve a broader
application if the CTF characterizations can be extended to 3D matrices.

Recently, more efforts have been devoted to the development of novel experimental and numerical
methods for probing 3D CTFs, which have similar elastic moduli and physiological features to in vivo
situations. By combining laser scanning confocal microscopy with digital volume (3D) correlation,
3D full field traction can be computed by the cross-correlation function and displacement-gradient
technique [126,137–139]. In this method, the 3D CTFs of single cells are mapped over the 2D surface
between cell and polyacrylamide gel, and the dynamic CTFs during cell migration and locomotion
are calculated. Similarly, Hur et al. have developed 3D CTFM techniques to probe the cell–matrix
interaction of live bovine aortic endothelial cells (BAECs) on a polyacrylamide deformable substrate
in real time [140]. Moreover, Delanoë-Ayari et al. have presented the temporal map of CTFs during
the crawling of Dictyostelium cells on a soft hydrogel surface [141]. The differences among the
two methods mentioned above are the maximum limit of bead displacement in the computation
algorithms [142]. In comparison to the traditional linear deformation framework used in traditional
CTFM, a large deformation formulation for characterizing the cellular displacement field in conjunction
with the high resolution digital volume correction technique has been recently developed [143].

For 3D CTF measurements, i.e., for cells completely immersed within ECM, collagen rather than
synthetic hydrogel is used as a model system. The challenges of using a naturally-derived 3D scaffold
hinge on the difficulty in the control of its mechanical properties and in the limitation of its fabrication
process [93]. Legant et al. have successfully encapsulated GFP (EGFP)-expressing cells in well-defined
PEG hydrogel matrices, tracked the displacement of embedded fluorescent beads, and calculated
the CTFs exerted by the entrapped live cells [144]. They have applied linear elastic theory and the
finite element method to analyze the bead displacement map generated from confocal microscopy of
hydrogels. Their results indicate that the stiffer the hydrogels is, the stronger CTF the cells exert on
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the surrounding 3D ECM. Strong inward forces have been revealed to locate predominantly near the
long extensions of the encapsulated cell, while the shear tractions are the main type of CTF produced
by the cells encapsulated in 3D hydrogel [144]. By applying a 3D type I collagen network for cell
encapsulation, Gjorevski et al. [145] and Koch et al. [146] have obtained the 3D CTF mapping of single
cells throughout the surrounding hydrogel matrix. One challenge of this method is the interpretation
of the traction field from the cell types, like fibroblasts and certain tumor cells which can degrade
surrounding collagen matrix and subsequently change the mechanical properties of the surrounding
hydrogel during the CTFM assay [131].

Various external mechanical stimulations acting on cells from the surrounding microenvironment
take the form of shape, topology, and rigidity, which trigger the cycles of mechanosensing,
mechanotransduction, and mechanoresponse [147]. The exact mechanisms of mechanochemical
signaling from extracellular mechanical forces to intracellular molecular recognitions remain unclear.
To date, fluorescence resonance energy transfer (FRET)-based single-molecule spectroscopy of
mechanosensory molecular beacons has been validated with the high sensitivity required for probing
forces in the piconewton scale [148]. Such a technique opens up the new possibility for tracking
the propagation of molecular forces within cells during mechanotransduction. By incorporating
FRET into CTFM, valuable information connecting the cascade of mechanical stimuli propagations
to the identification of mechanosensitive proteins can be gathered conveniently. One of the possible
exploitations of the study of cell mechanics is to elucidate the developmental processes of mesenchymal
stem cells in response to external matrices of different underlying rigidities. For instance, the
differentiation into various cell lineages ranging from neurogenic cells on a softer matrix, myogenic
cells that resemble muscle tissues on a stiffer matrix, to the osteogenic cells on the most rigid matrix,
are identified on various crosslinked-collagen matrices [100].

By combining soft lithography with CTFM techniques, recent work focusing on confluent cell
monolayers cultured on a micropatterned polymeric substrate has been carried out to elucidate the
cell–cell interactions and intracellular mechanics, such as the collective CTF distribution of SMC
layers during the emergence of contractile phenotypes under a controlled 3D microenvironment
(Figure 4) [149]. In the vascular physiology of the endothelium, the effect of confluency of an endothelial
cell monolayer on the tensions at adherens junctions and the cytoplasm under both static and shear flow
conditions has been revealed [150]. A few groups have also shown that the spatial distribution of CTFs
exerted by cohesive cell colonies is significantly concentrated at the periphery of the colony [33,151].
A similar homogeneous zone of lower CTF or von Mises stress was observed in the center of a
circumferentially aligned SMC sheet, as shown in our recent study (Figure 4). In other words, collective
CTF is strongly influenced by the shape of the adhesive zone prescribed on the micropatterned
substrate. For better understanding of collective cell activities, novel CTFM has been developed to
show the dynamic traction domains and the compressions among cell clusters [152]. To quantify the
cell-generated mechanical stress in situ within living tissues, an emerging technique based on 3D
functionalized fluorocarbon microdroplets has been developed for studying the mechanical properties
of aggregates of mammary epithelial cells [153]. Moreover, the shape deformation of the microdroplets
(with similar size to individual cells) which are microinjected into the tissue of mouse embryo can be
used to calculate the anisotropic stresses generated by epithelial cell colonies via fluorescent imaging
and computerized analysis.
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Figure 4. The distributions of CTFs and von Mises stresses of a confluent SMC sheet aligned in the
circumferential direction. Scale bars are 250 μm and 100 μm in the 10X and 40X images, respectively.

Although 3D CTFM has attracted much attention, the techniques are still immature and not
applicable to various experimental systems. Several challenges, including the fabrication and
understanding of the 3D matrix, the influences of nanotopography, the techniques of high resolution 3D
imaging, and the necessity for complex computational algorithms, need to be overcome for promoting
the general adaptations of this potentially powerful technique [154]. In addition, various methods
for probing the collective cell traction field are affected by the intricate mechano-sensing mechanisms
of cells within a 3D microenvironment. Considering that multiple-cell sheets instead of single cells
participate in most physiological processes, there is an essential need to develop measurement methods
based on biomaterial innovations for 3D CTF that result from cell populations.

6. Conclusions

In order to study cell/tissue mechanotransduction under physiological conditions, a transition
from 2D to 3D biomaterial systems with prescribed microscale features is necessary. 3D micropatterning
tools for biomaterial fabrication can improve our knowledge about the influence of microenvironments,
like the composition, topography, stiffness, etc., on cellular functions, physiological regulations,
and pathophysiological progressions. While the general principles of the design for an appropriate
3D scaffold have been formulated, the better understanding of the mechanosensory responses of
cells within 3D microenvironments will in turn facilitate better scaffold design. Since cells undergo
complex mechanotransduction when they attach to and spread on a substrate surface, new advances
in the development of integrative biomaterial systems for probing the CTFs of single cells as well
as cell layers have been recently achieved. Given CTF as an ideal model to analyze the complex
mechanotransduction of multiple cells, 3D CTFM and derived techniques for the measurement of
collective CTF will become increasingly important.
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Abstract: Moving towards a bio-based and circular economy implies a major focus on the responsible
and sustainable utilization of bio-resources. The emergence of nanotechnology has opened multiple
possibilities, not only in the existing industrial sectors, but also for completely novel applications of
nanoscale bio-materials, the commercial exploitation of which has only begun during the last few
years. Bio-based materials are often assumed not to be toxic. However, this pre-assumption is not
necessarily true. Here, we provide a short overview on health and environmental aspects associated
with bio-based nanomaterials, and on the relevant regulatory requirements. We also discuss testing
strategies that may be used for screening purposes at pre-commercial stages. Although the tests
presently used to reveal hazards are still evolving, regarding modifications required for nanomaterials,
their application is needed before the upscaling or commercialization of bio-based nanomaterials,
to ensure the market potential of the nanomaterials is not delayed by uncertainties about safety issues.

Keywords: nanosafety; bio-based nanomaterials; toxicity testing; hazard assessment; regulations

1. Introduction

The movement of our society towards a bio-based and circular economy implies a major focus
on the responsible and sustainable utilization of bio-resources [1,2]. Pressure on biological resources
should be reduced, and a circular economy needs to be realized by utilizing bio-waste as a resource
and ensuring sustainable biomass production [3]. Renewable resources will play a key role in the
production of novel bio-based materials, contributing to improving the environmental profile of
polymer systems and composites currently produced from petroleum-based sources [2,4].

The forests constitute a major source of lignocellulosic biomass, a sustainable resource that, in
addition, is not competing with food production [5]. Lignocellulosic materials have long been used
in the paper and packing industrial sector, in healthcare products, such as wound healing materials,
dialysis membranes, and excipients in tablets, and as rheology modifiers in food products and
cosmetic formulations [6,7]. However, the emergence of nanotechnology has opened new and multiple
possibilities, not only in the existing industrial sectors, but also for completely novel applications, such
as biofuels, aerogels for insulation, vehicles’ components, electronics, or tissue engineering [2,4,6,7].
The commercial exploitation of nanoscale bio-materials has only begun during the last few years,
and although it is currently at pilot-scale for many applications, large-scale commercialization is
anticipated [4,6]. Therefore, companies have a unique chance of being proactive by demonstrating the
safety of the emerging bio-based nanomaterials in advance of their commercialization, ensuring that
their market potential is not delayed by uncertainties about safety issues [4,7].
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2. Toxicity of Bio-Based Nanomaterials

Due to their natural origin, bio-based materials are often assumed not to be toxic. In the middle
of last century, the recognition of byssinosis as an occupational lung disease, observed in workers
of the textile industry exposed to cotton dust, led to several studies investigating the possible health
risks associated with cellulosic materials. An excellent review of these studies has been published by
Endes et al. [6]. Whereas toxicological findings were contradictory among studies, all of them showed
an extremely high biopersistence of cellulose fibers. Biopersistent long and thin high-aspect-ratio
fibers have been postulated to have the potential to be carcinogenic, and lead to mesothelioma and
lung cancer, according to the fiber pathogenicity paradigm [8]. Nanoscale features may impart novel
material properties and biological behavior, as compared with conventional materials. A decrease in
particle size is associated with improved penetration through biological barriers, resulting in increased
doses of materials within cellular compartments or translocation to new localizations (e.g., the brain) [9].
On the other hand, the large surface area of nanomaterials may result in enhanced interaction with their
biological surroundings [10–12], leading in some cases to an accelerated formation of reactive oxygen
species [9,12]. In light of these findings, it is necessary to address the human health and environmental
safety aspects of lignocellulosic nanomaterials before scaling up their production [6,7,13,14].

Currently, little is known about the potential adverse biological impact of lignocellulose
nanomaterials, which comprise a broad spectrum of different structures from cellulose nanocrystals
and different types of nanofibrillated celluloses to lignin nanomaterials (see, e.g., reviews by Shatkin
et al. [4], Endes et al. [6] and Roman [13]; as well as summaries of more recent articles included
in Shvedova et al. [15] and Catalán et al. [16]). The scarce toxicological data are interpreted in
different ways by researchers. Whereas several authors think that the available results suggest that
nanocelluloses have a limited associated toxic potential [4,6,17], conflicting conclusions are reached,
especially for inhalation results and cytotoxicity [13,16]. However, all authors agree on assuming an
association between the hazard profile of lignocellulosic nanomaterials and their physicochemical
characteristics. It is well-recognized that the physicochemical features of nanomaterials can affect their
toxicity [18]. For instance, the interaction of nanofibrillated cellulose and dendritic cells depended on
the thickness and length of the material [19]. Therefore, differences in production technique, which
can dramatically affect the physicochemical characteristics of cellulosic nanomaterials [20], may also
affect their hazard features. That is the case for surface chemistry, which has been reported to drive
the inflammatory response to nanofibrillated cellulose [21]. Although most toxicological studies have
focused on unmodified materials [4], for many applications, such as uses in healthcare products
and food packaging, nanocellulose may be surface functionalized, imparting new properties to the
material [6]. However, far from being an obstacle, the possibility of moderating biological responses
by introducing surface modifications opens up the option of safe-by-design for these materials [21].

The route of exposure may also determine the toxicological responses of bio-based nanomaterials.
The main portals of entry to the human body include the gastrointestinal tract, skin, systemic
circulation, and the lung, through inhalation [6]. The latter is considered the primary route of exposure
for humans for any nanoparticle released into the environment, especially in the case of occupational
exposure [22], as also confirmed by a life cycle risk assessment of nanocelluloses [23]. In addition,
nanocelluloses are expected to be biopersistent, as indicated by in vitro experiments with artificial lung
airway lining and macrophage phagolysosomal fluids [24], and in vivo evidence [14,15]. As previously
mentioned, biopersistence of fibers has been identified as a key factor governing the biological response
following chronic inhalation exposures [8]. Therefore, the release and inhalation of cellulose/polymer
particles during processing steps, such as drilling, cutting, and sanding of polymer nanocomposites [6],
in addition to possible liquid aerosols in wet operations, might be a concern.

Although inhalation has been pointed out as the main route for human exposure to nanomaterials,
little is known about exposure concentrations or doses [25]. Few studies have reported measurements
of cellulose nanomaterials in occupational environments [17,26]. This means that there is not enough
data on occupational exposure or inhalation toxicity exist for cellulose nanomaterials to determine
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material-specific occupational exposure limits (OELs) for airborne dusts [4]. As for other nanomaterials,
lower exposure levels may be expected to be harmful for nanosized, than bulk forms. Applying the
pre-cautionary principle, Stockmann-Juvala et al. [27] recommended an OEL for nanocelluloses of
0.01 fibers/cm3, which is the same value as suggested for other biopersistent fibrous nanomaterials,
e.g., carbon nanofibers. As pointed out by these authors, the comparison of air sample concentrations
with the suggested OEL is difficult at the moment, due to the lack of reliable methods for quantitative
measurement. Therefore, a minimization of the exposure is recommended, as long as these methods
are not available [27].

3. Regulatory Requirements and Testing Strategies

The identification of material-posed hazards is required under several international regulations
(e.g., Registration, Evaluation, Authorization and Restriction of Chemicals—REACH, biocides,
pharmaceuticals, medical devices, food additives, cosmetics, etc.) dealing with the safe use of
chemical substances, products or devices (including nanomaterials-enabled ones). The corresponding
regulations under which the bio-based nanomaterial will need to be evaluated in connection with
scaling up of production or commercialization will depend on the uses and applications of the
materials, and the countries where they apply [7]. For instance, in the European Union, approval of
medical devices is addressed by three different European Commission directives [28], whereas different
directives apply to pharmaceuticals [29]. In addition, commercialization of chemical substances is
regulated by REACH [9,30], which aims at ensuring the protection of workers, downstream users,
consumers and the environment. Furthermore, the United Nations’ Globally Harmonized System
(GHS), which harmonizes the classification and communication of hazardous properties of chemicals
worldwide [31], has been adopted in several international regulations (e.g., in Europe). In an interesting
article, Shatkin et al. [4] identified the data gaps needed for cellulose nanomaterials to comply with the
requirements of this system.

Although there is a broad range of regulations, most of them agree on some basic human health
and environmental effects that should be addressed [7]. In general, hazard assessment relies on
several endpoints (e.g., cytotoxicity, sensitization, genotoxicity, etc.) that are assessed using validated
assays, most of them still requiring animal experiments. It is, however, expected that new alternative
methods, in accordance with the 3 Rs principles, will substitute them in the future [32]. Therefore,
the commercialization of bio-based materials will have to comply with the corresponding regulatory
requirements, depending on the intended final use of the products. Nevertheless, a first screening
of the toxic potential of the materials can be done at the pre-commercialization or pre-clinical stages
using in vitro assays.

During the last few years, several approaches and frameworks have proposed a testing strategy
suitable for nanomaterials [33–36]. Most toxicological studies on nanomaterials assess cytotoxic
potential in different human or mammalian cell systems. Cytotoxicity is one of the endpoints requested
for medical device biocompatibility testing to obtain regulatory approval in most markets [37]. It is also
required as a pre-test for establishing the range of doses to be evaluated in more specific endpoints, such
as genotoxicity. However, although cytotoxicity assays may allow a way to rank nanomaterials [38],
differentiating between partly soluble and poorly soluble metal-based nanoparticles, they do not
indicate which doses are toxic in vivo, or if the effect is organ-specific. Cytotoxicity neither provides
information on the type of hazardous event and the possible mechanism of action. The latter two can
be assessed by a battery of assays that, in addition to cytotoxicity in a relevant cell system for the route
of exposure, also include more specific endpoints. Furthermore, the lack of cytotoxicity does not mean
the lack of hazardous effects [39]. For instance, the woodderived nanofibrillated celluloses studied by
Lopes et al. [21] did not impair the cell viability of dermal cells, lung cells, or macrophages. However,
the unmodified nanofibrils promoted an inflammatory response in macrophages.

Genotoxicity is a key endpoint in the toxicity testing of nanomaterials [33,34,36,40]. It has
important consequences to human health, because mutations play a crucial role in the initiation
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and progression of carcinogenesis, and in reproductive and developmental abnormalities [41,42].
Genotoxicity is a hazard endpoint required in all product regulations (REACH, biocides,
pharmaceuticals, medical devices, food additives, cosmetics, etc.), as well as one of the categories
considered within the GHS for Hazard Communication [31]. The assessment of genotoxicity is based
on validated in vitro assays, which can be followed up by validated in vivo assays, depending on the
in vitro outcome and the regulation involved. Therefore, genotoxicity assessment at an early stage of
pre-commercialization is highly advised.

Inflammation is one of the initial steps that may give rise to lung fibrosis, secondary genotoxic
effects, and carcinogenesis after inhaling biopersistent nanofibers. In addition, most of the nanomaterials
administrated intravenously (e.g., nanomedicines) end up in immune-related organs containing cells
of the mononuclear phagocytic system [43]. Furthermore, all new human pharmaceuticals should
be evaluated for potential immunotoxic activity [44]. Therefore, immunotoxicity testing should be
included in a testing strategy [34,36].

Oxidative stress has been suggested to be a mechanism often underlying the possible toxicity
of nanomaterials, causing both immunotoxic and genotoxic effects [36,45]. Therefore, this endpoint
is included in most of the testing strategies proposed for nanomaterials. For instance, the in vitro
testing strategy suggested by Endes et al. [46] to mimic the inhalation of high aspect ratio nanoparticles
includes the assessment of cytotoxicity, oxidative stress, and pro-inflammatory responses in a 3D
lung model.

Bacterial lipopolysaccharides (LPS, also termed endotoxin) are common contaminators of
naturally derived materials [47]. Endotoxins are known to trigger inflammation, and they may induce
oxidative stress and subsequently other toxic effects (e.g., DNA damage) [16]. The absence of endotoxin
in nanomaterial test samples is considered important, and should be reported in toxicity studies [48],
especially in the case of immunotoxicity testing for biomedical applications [47,49]. However,
endotoxin testing of nanomaterials is not straightforward, due to the interference of nanomaterials
with the endotoxin assays [49]. Polymyxin B is sometimes used in parallel immunotoxicity experiments
to inhibit the potential effects of any endotoxin present in the samples [21]. Nevertheless, producing
and handling of the nanomaterials in an environment as much endotoxin-free as possible is highly
advised [49]. For instance, Nordli et al. [47] have described an updated method to produce ultrapure
cellulose nanofibrils suitable for wound dressings.

It is worth emphasizing that there are few legislations specifically dealing with nanomaterials
(e.g., the European biocidal products and cosmetics regulations). Instead, nanomaterial safety
evaluation is based on the existing regulatory frameworks and, hence, on validated standard
toxicological assays. However, the ability of some of these assays to detect the potential hazards
of nanomaterials has not well been established [35,43], and recommendations for assay modifications
have been suggested [48]. Furthermore, an important question in toxicological testing of nanomaterials
is the limited ability of the present in vitro assays to deal with secondary toxic mechanisms and organ
specificity that are fully present only in a whole organism in vivo. Co-culture of e.g., inflammatory
and target cells may provide a simple system for detecting secondary effects, such as secondary
genotoxicity [40], although such approaches have not widely been evaluated. 3D tissue models
have received increased attention in toxicology, but only a limited number of studies utilizing
these techniques has thus far been carried out with nanomaterials [50]. The integration of new
technologies (e.g., “omics”) may in the future allow researchers to elucidate mechanistic pathways
involved in toxicological responses of nanomaterials [40]. In the meantime, assay limitations
should be taken into account when using conventional in vitro tests for the hazard identifications of
bio-based nanomaterials.

4. Environmental Issues

Finally, effects on the environment are also part of safety evaluation. Bio-based materials are
assumed to be environmentally friendly [51,52]. In fact, wood-based feedstocks have much shorter
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carbon cycle and lower greenhouse gas emissions than fossil-based feedstocks [2]. In addition,
the use of wood-based materials can represent a bio-based alternative that does not compete
with food production, since forest areas are usually unsuitable for food production [2]. However,
the ecotoxicological data available by now are not adequate to allow the environmental hazard
classification of cellulose nanomaterials [4] or bio-based materials in general. Many bio-based
materials are regarded as readily biodegradable [4], but this is not true for all of them. For instance,
some plastics are not really biodegraded, but they break down into very small fragments that
accumulate in the environment [2]. Even for completely biodegradable materials, there are limited
data regarding their bioaccumulative potential and soil mobility [4], which prevents the exclusion of
environmental concerns.

5. Conclusions

Although legislation specifically concerning the safety of nanomaterials is still rare, existing
regulations governing the risks of chemical substances, biocides, pharmaceuticals, medical devices,
food additives, cosmetics, etc. are in effect, and also apply to bio-based nanomaterials. Despite the
tests presently used to reveal hazards to human health and the environment are still evolving,
regarding modifications required for nanomaterials, their application is needed before the upscaling or
commercialization of bio-based nanomaterials.
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