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Preface to ”Advanced Composite Biomaterials”

‘Biomaterials’ is one of the most important fields of study in terms of development in the 21st

century. This is due to the progress in medical science, material science, chemistry, and physics,

and the large number of materials with practical uses in osteointegration, controlled drug release

systems, and tissue engineering, etc. This book contributes to the broad field of biomaterials

by presenting both review articles in the area of polymeric biomaterials based on cellulose, e.g.,

hydroxyapatite or graphene composites for tissue engineering, and original research articles focused

on various applications, such as controlled drug release and composites based on polylactic acid

or poly (methyl methacrylate). The papers herein discuss, for example, the controlled release of

active pharmaceutical substances under the influence of stimuli in the magnetic field through heat

generation, which can be achieved by the synthesis of implantable polymeric biomaterials. Moreover,

improving the mechanical properties of propylene-based biomaterials, which are widely used in

abdominal surgery, by obtaining ligno-cellulose fiber composites is examined. These lines of research

have huge practical implications in the field of surgery. Furthermore, aerogels have multiple uses in

the field of biomaterials, and the synthesis of new such systems and the search for easily accessible

materials with improved properties are a continuous challenge. Thus, improving the mechanical and

thermal properties of aerogels, which is crucial for potential applications in the biomedical field, is

discussed. Furthermore, polylactic acid, one of the most widely used biocompatible polymers, is

investigated. Hydroxyapatite compounds of this polymer can be successfully used as precursors in

3D printing, as well as for obtaining polymeric biomaterial membranes with potential applications in

osteointegration and various other techniques. The synthesis and characterization of composite films

based on polyvinyl alcohol, cellulate nanofibrils, and carbon quantum dots are explored, with a focus

on potential applications in the manufacture of packaging with special properties, e.g., antibacterial,

transparent, and resistant to ultraviolet radiation. In the field of optical properties, the capacity and

staining mechanism of horn claw (a biocompatible material obtained from biomass) is investigated.

In addition, the clogging of polymer membranes is a major problem when separating viruses and

bacteria. A large study is presented regarding the synthesis of silicone rubber composite membranes

and graphene oxide with remarkable anticlogging properties. Moreover, the study demonstrated the

influence of the color of the surface of the membrane under conditions of hydrodynamic separation

(instead of the conditions of static separation), which opened a new field of research. In the field of

precursors for implantable dental materials, a new composite based on poly (methyl methacrylate)

and ZrO2 is reported, the composite material demonstrating remarkable mechanical properties

compared to classical resin. Cellulose derivatives are among the most widely used biocompatible

polymers due to the fact that their degradation exclusively releases glucose. For this reason,

cellulose-based composites are currently the most studied and developed form of precursor. Of

the many fillers that can be used, graphene (with potential applications in tissue engineering) and

hydroxyapatite (for osteointegration) are explored in detail in two reviews.

Stefan Ioan Voicu, Marian Miculescu

Editors
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“Biomaterials” is one of the most important fields of study in terms of its development in the 21st
century. This is due to both the progress of medical science, material science, chemistry, and physics,
and the large number of practical needs its scope can address—materials for favoring osteointegration,
systems for controlled release of drugs, materials and sites for tissue engineering, etc. From Figure 1, we
can see a steady increase in interest in research in the field of biomaterials in the last 10 years, following a
simple search of the keyword “biomaterial” across two main databases—Thomson Reuters ISI and Scopus,
respectively. The graph shows that, in the evaluated period, approximately 45,000 articles were published,
which is well above other areas.

 

Figure 1. Evolution of the number of publications on Scopus and ISI Web of Knowledge containing
“biomaterial” during the period 2011–2020.

This special number contributes to the vast field of biomaterials presenting both review articles
in the field of polymeric biomaterials based on cellulose (hydroxyapatite or graphene composites for
tissue engineering), as well as original research articles with various applications, such as controlled
release of drugs, composites based on polylactic acid or poly methyl methacrylate. Thus, the controlled
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release of active pharmaceutical substances by heat generation, under the influence of the stimuli in
the magnetic field, can be obtained by the synthesis of implantable polymeric biomaterials, having a
practical and crucial contribution in the field of surgery [1]. Propylene-based biomaterials are widely used
in abdominal surgery; their mechanical properties and biocompatibility can be improved by obtaining
lignocellulose fiber composites [2]. Aerogels have multiple uses in the field of biomaterials; the synthesis of
new such systems or the search for materials that are increasingly accessible or with improved properties,
being a continuous challenge. The properties of aerogels are crucial for potential applications in the
biomedical field, and the improvement of their mechanical and thermal characteristics are reported,
including for medical applications that require these properties [3]. One of the most widely used
biocompatible polymers is polylactic acid. Hydroxyapatite compounds of this polymer can be successfully
used as precursors for 3D printing, as well as for obtaining polymeric biomaterial membranes with
potential applications in osteointegration or various separations [4]. The synthesis and characterization
of composite films based on polyvinyl alcohol, cellulate nanofibrils and carbon quantum dots have been
reported, alongside the potential applications of films obtained in package manufacturing that have special
properties (antibacterial, transparent and resistant to ultraviolet [5]). In the field of the optical properties
of biomaterials, the capacity and staining mechanism for horn claw (a biocompatible material obtained
from biomass) were investigated [6]. The clogging of polymer membranes, especially of separations
of viruses or bacteria, is a major problem in the field of the separation of these species. A large study
has been reported on the synthesis of silicone rubber composite membranes and graphene oxide with
remarkable anti-clogging properties [7]. Moreover, the study showed, in the first place, the influence of
the color of the surface of the membrane under conditions of hydrodynamic separation (instead of the
conditions of static separation)—the reported data opening a new scientific field. In the field of precursors
for implantable dental materials, a new composite based on poly-methyl methacrylate and ZrO2 was
reported—the composite material proving to have remarkable mechanical properties compared to classical
resin [8]. Cellulose derivatives are among the most widely used biocompatible polymers due to the fact
that their degradation exclusively releases glucose. For this reason, cellulose-based composites are the
most studied and developed precursors at present. Of the many fillers that can be used, graphene (with
potential applications in tissue engineering) [9] and hydroxyapatite (especially for osteointegration) [10]
are presented in detail in two reviews.
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Abstract: Tearable and fillable implants are used to facilitate surgery. The use of implants that
can generate heat and release a drug in response to an exogenous trigger, such as an alternating
magnetic field (AMF), can facilitate on-demand combined thermal treatment and chemotherapy via
remote operation. In this study, we fabricated tearable sponges composed of collagen, magnetite
nanoparticles, and anticancer drugs. Crosslinking of the sponges by heating for 6 h completely
suppressed undesirable drug release in saline at 37 ◦C but allowed drug release at 45 ◦C. The sponges
generated heat immediately after AMF application and raised the cell culture medium temperature
from 37 to 45 ◦C within 15 min. Heat generation was controlled by switching the AMF on and off.
Furthermore, in response to heat generation, drug release from the sponges could be induced and
moderated. Thus, remote-controlled heat generation and drug release were achieved by switching
the AMF on and off. The sponges destroyed tumor cells when AMF was applied for 15 min but
not when AMF was absent. The tearing and filling properties of the sponges may be useful for the
surgical repair of bone and tissue defects. Moreover, these sponges, along with AMF application,
can facilitate combined thermal therapy and chemotherapy.

Keywords: magnetic nanoparticles; composite; DDS; hyperthermia; collagen

1. Introduction

Surgery is a standard treatment for removing bone and soft tissue tumors [1,2]. To reconstruct
the defects formed by surgery, restorative materials are frequently implanted into the defect site [3–5].
The use of restorative materials that can release anticancer drugs may play a role in the prevention of
the recurrence of tumors as well as the reconstruction of the defects [6–9].

To date, porous materials have been developed as implantable carriers for drug delivery systems
(DDS) [10–12]. Notably, sponge-like materials are promising implantable carrier materials for DDS
because they easily fill defects owing to their tearable and flexible properties [13–17]. To date, various
sponge-like materials composed of chitosan, silk, and gelatin have been fabricated by freeze-drying
and electrospinning methods [13–17]. However, in many cases, drug release from implantable carriers
is difficult to control because they are spontaneously dissolved in the body [17]. Therefore, researchers
have tried to actively control drug release by developing implantable carriers with responsiveness to
stimuli such as light [18] and electric fields [19,20]. Although these stimuli have the advantage of being

Materials 2020, 13, 3637; doi:10.3390/ma13163637 www.mdpi.com/journal/materials5
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switchable, they cannot penetrate deep into the body. Therefore, the use of these stimuli is considered
challenging for the active control of drug release.

Although chemotherapy controlled by DDS is a promising tumor treatment, the effectiveness of
anticancer drugs depends on the cancer type and stage [20]. In contrast, treatments such as thermal
therapy show therapeutic effects regardless of cancer type and stage [21–23]. It has been reported that
the combination of chemotherapy and thermal treatment, enhances treatment efficacy [24,25]. Notably,
magnetic nanoparticles and anticancer drug-loaded materials can be used in a way to exploit the heat
generated by magnetic nanoparticles in response to alternating magnetic field (AMF) exposure [26–29],
which can subsequently act as a trigger for releasing drugs from the materials, achieving a remotely
controllable on-demand administration of combined chemotherapy and thermal treatment [30–34].

In this study, we synthesized magnetic nanoparticles and anticancer drug-loaded collagen sponges
and evaluated their ability to generate heat and drug release behavior. Furthermore, the therapeutic
efficacy of combined chemotherapy and thermal treatment through the use of the composite sponge
and AMF application was evaluated using in vitro assays.

2. Experimental Section

2.1. Synthesis of Magnetic Nanoparticles (MNPs)

The MNPs were prepared using a previously reported method [35,36]. Briefly, iron (III)
acetylacetonate, Fe(acac)3, (Nihon Kagaku Sangyo, Tokyo, Japan) was dissolved in ethanol.
Subsequently, hydrazine monohydrate (Kishida Chemical, Osaka, Japan) and distilled water were
added to the Fe(acac)3 solution, and then the mixture was stirred at 78 ◦C for 24 h. The magnetic
properties of iron oxide (magnetite and/or maghemite) nanoparticles were controlled by adjusting the
Fe(acac)3 concentration and the amounts of hydrazine monohydrate and distilled water added to the
mixture. The Fe(acac)3 concentration and the amounts of hydrazine monohydrate and distilled water
used are shown in Table S1. The MNPs were collected by centrifugation of the solution at 10,000 rpm
for 10 min. The obtained MNPs were washed with ethanol and distilled water three times, respectively.

2.2. Fabrication of the MNPs and Anticancer Drug-Loaded Collagen Sponge

The anticancer drug we used was doxorubicin hydrochloride (DOX; Tokyo Chemical Industry,
Tokyo, Japan). For the fabrication of the MNPs and DOX-loaded collagen sponge (MDC sponge),
MNPs with the highest saturation magnetization (MNPs-8) were used. The MNPs (3.5 mg) and DOX
(85 μg) were mixed with a type-I collagen solution (5 mg/mL, Nitta Gelatin, Osaka, Japan), and the
MDC sponge was fabricated by freeze-drying the mixture at −80 ◦C for 48 h. To control DOX release
from the MDC sponge, the MDC sponge was crosslinked by heat treatment at 140 ◦C for 1.5, 6, or 24 h
under vacuum. To confirm that the MDC sponge contained DOX using Fourier-transform infrared
(FTIR) spectroscopy, a collagen sponge loaded with MNPs (without DOX; MC sponge) was fabricated.

2.3. Characterization of the MNPs and MDC sponge

The microstructures of the MNPs and MDC sponge were observed using a transmission electron
microscope (TEM; JEM-2100Plus, JEOL, Tokyo, Japan) and a scanning electron microscope (SEM;
JSM-5600, JEOL, Tokyo, Japan). The crystal phases of the MNPs and MDC sponge were confirmed
using X-ray diffraction (XRD; RINT-2100/PC, Rigaku, Tokyo, Japan). The crystallite size of the MNPs
was calculated using Scherrer’s equation and the 311-diffraction peak. The FTIR spectra were obtained
using an FTIR spectrometer (FT/IR-6100, JASCO, Tokyo, Japan). The inorganic and organic percentages
of the MDC sponge were measured using thermogravimetric and differential thermal analysis (TG-DTA;
DTG-60AH, Shimadzu, Kyoto, Japan). The magnetic properties of the MNPs and MDC sponge were
measured at room temperature using a vibrating sample magnetometer (VSM; BHV55, Riken Denshi,
Tokyo, Japan).
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2.4. Heat Generation Properties of the MNPs

The MNPs with the highest saturation magnetization (MNPs-8) were uniformly suspended in
distilled water by sonication (50 W, 20 kHz, 30 s) using an ultrasonic oscillator (VCX-50PB, Ieda Trading,
Tokyo, Japan) at a concentration of 1 mg/mL. The MNPs were suspended for a few hours at least
and no precipitation was observed. The suspension was placed inside the coil of an induction heater
(Easy Heat, Alonics, Tokyo, Japan). Subsequently, the suspension was exposed to a magnetic field
of 74 Oe and a frequency of 216 kHz for 10 min. The temperature of the suspension was measured
every 30 s using an infrared thermal imaging camera (InfReC G100EX, Nippon Avionics, Tokyo, Japan).
The heat generation properties of MNPs were assessed based on the specific absorption rate (SAR) of
the particles. SAR was calculated using the following equation:

SAR =
mC

mFe3O4

× dT
dt

, (1)

where, C is the specific heat of water (4.2 J/(g·K)); m is the mass of the sample; mFe3O4 is the mass of the
MNPs in the sample; T is the temperature; t is the application time of the AMF; and dT/dt is the slope
of the curve of temperature vs. application time of the AMF in the first 30 s [37].

2.5. DOX Release from the MDC Sponge Without the AMF Application

An untreated MDC sponge (4.4 mg) and an MDC sponge (4.4 mg) that was crosslinked for 1.5, 6,
or 24 h, were immersed in phosphate-buffered saline (PBS, 1.0 mL) at 37 ◦C and 45 ◦C. The UV-vis
spectra of the supernatant (400-800 nm of wavelength range) were measured using UV-vis spectroscopy
(V-670 spectrophotometer, JASCO, Tokyo, Japan). The amount of released DOX was estimated using
the Beer–Lambert law based on the absorbance at 480 nm.

2.6. Heat Generation Properties of MDC Sponge

An MDC sponge crosslinked for 6 h (11 mg) was immersed in a cell culture medium (1.3 mL) and
exposed to AMF (magnetic field of 74 Oe and frequency of 216 kHz) for 20 min using an induction
heater. The temperature of the MDC sponge in the cell culture medium was measured every 30 s using
an infrared thermal imaging camera.

2.7. Control of Heat Generation and DOX Release by Switching the AMF on and off

An MDC sponge crosslinked for 6 h was immersed in a cell culture medium, and the system
temperature was kept at 37 ◦C. The MDC sponge was exposed to AMF (magnetic field of 74 Oe
of magnetic field and frequency of 216 kHz) at 15-min intervals by switching the AMF on and off.
The solution temperature during AMF application was measured using an infrared thermal camera.
The amount of DOX released from the MDC sponge every 15 min was estimated using the Beer–Lambert
law based on the absorbance at 480 nm, which was measured using UV-vis spectroscopy.

2.8. Destructive Ability of the MDC Sponge on HeLa Cells in the Presence of an AMF

HeLa cells (Riken, Tsukuba, Japan) were cultured in Dulbecco's modified Eagle's medium (DMEM;
Fujifilm Wako Pure Chemical, Osaka, Japan) supplemented with fetal bovine serum (FBS; final
concentration 10%, Sigma Aldrich, MO), MEM non-essential amino acids solution (final concentration
1%, Fujifilm Wako Pure Chemical), and a penicillin–streptomycin solution (final concentration 1%,
Fujifilm Wako Pure Chemical). Cells were seeded at a density of 2.5×104 cells per well in a 24-well
plate and cultured under 5% CO2 at 37 ◦C for 24 h. Cells were enumerated using a cell counter
(Cell Counting Kit-8, Dojindo Laboratories, Kumamoto, Japan). The MDC sponge crosslinked for 6 h
(3.5 mg) was placed in a well and exposed to AMF (magnetic field of 74 Oe and frequency of 216 kHz)
for 15 min using the induction heater. Cell viability was measured using cytotoxicity assays and a
tetrazolium salt (CCK-8 assay system, Takara Bio, Shiga, Japan) at days 3 and 5 after AMF application.

7
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In the CCK-8 assay, the absorbance at 460 nm was measured using a microplate reader (Epoch 2,
BioTek Instrument, VT). As a control, we measured the cell viability of the non-treated cells and cells
cultured with the MDC sponge in the absence of the AMF application. Significant differences were
estimated by multiple comparisons between groups using a general multiple comparison method,
the Tukey–Kramer method. p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. The Structure, Magnetic Properties, and Heat Generation Ability of the MNPs

The XRD patterns showed that all the MNPs were composed of magnetite and/or maghemite
(Figure S1). The crystallite size of the MNPs was increased with increasing Fe(acac)3 concentration
and the additive amounts of hydrazine monohydrate and distilled water (Figure S2). We have
previously demonstrated that the crystallite size increased by increasing the amount of the iron source.
Furthermore, hydrolysis of the iron complex was promoted by increasing the amounts of hydrazine
and water, resulting in an increase in crystallite size. Thus, the results of this study are consistent with
those of our previous reports [31].

The magnetization curves of all the MNPs showed neither coercivity nor remnant magnetization
(Figure S3), indicating that the MNPs were superparamagnetic. It has been reported that MNPs less
than 10 nm in diameter exhibit superparamagnetic properties [38]. As the crystallite sizes of all the
MNPs in our study were less than 10 nm in diameter, all the MNPs exhibited superparamagnetic
properties. Furthermore, the magnetization of the MNPs increased when the Fe(acac)3 concentration
(Figure S3A) and the additive amounts of hydrazine monohydrate (Figure S3B) and distilled water
(Figure S3C) increased. Thus, the magnetization of the MNPs increased as the crystallite size increased.
As the MNPs-8 had the highest magnetization (76.8 emu/g) at 15 kOe, they were used to fabricate the
MDC sponges.

The MNPs-8 were uniformly suspended in distilled water and generated heat in response to
AMF exposure (74 Oe and 216 kHz), raising the water temperature from 28.5 to 56.8 ◦C for 10 min
(Figure S4). The SAR was 70.6 W/g. Hergt et al. reported that the SAR of Endorem, a magnetic
resonance imaging contrast agent consisting of 6-nm-MNPs, was < 0.1 W/g at 300 kHz and 82 Oe [39].
Timko et al. reported that the SAR of MNPs with a diameter of 10–140 nm enveloped by a biological
membrane consisting of phospholipids and specific proteins was 171 W/g at 750 kHz and 63 Oe [40].
Drake et al. reported that the SAR of Gd-doped iron oxide was 36 W/g at 52 kHz and 246 Oe [41].
Generally, SAR is proportional to the frequency and the square of the amplitude of the magnetic
field [42]. Thus, the MNPs-8 had higher heat generation abilities than the reported materials. We have
previously demonstrated that the dead layer of MNPs synthesized using the same method used in this
study was thin, providing high heat generation abilities [43].

3.2. The Structure of the MDC Sponges

The MDC sponges were flexible and tearable (Figure 1A,B), characteristics that facilitate the filling
of the defects formed by surgery. The MDC sponges were primarily composed of collagen fibers
(Figure 1C), which contained DOX and MNPs (Figure 1D,E). The crosslinking of collagen reportedly
impacts mechanical properties, such as the elastic modulus and elongation [44,45]. Owing to this
crosslinking effect, the handleability for filling the MDC sponges into the defects seems to be improved.

The diffraction peaks of magnetite and/or maghemite were detected in the XRD patterns (Figure 2A).
In the FTIR spectra of the MC and MDC sponges (Figure 2B), absorption bands attributable to amide
groups in collagen were detected at 1650 cm−1 (amide I band), 1560 cm-1 (amide II band), and 1235 cm−1

(amide III band) [46]. Furthermore, in the spectra of the MDC sponges, bands attributable to DOX were
detected at 1283 cm−1 (ν C-O-C), 1114 cm−1 (primary alcohol, ν C-O), 1070 cm−1 (secondary alcohol,
ν C-O), and 988 cm−1 (tertiary alcohol, ν C-O) [47]. The XRD and FTIR results demonstrated that the
MDC sponges contained MNPs and DOX in the collagen matrix. The TG-DTA curves showed weight
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losses due to dehydration in the range of 30–100 ◦C and due to the burnout of organics in the range of
200–800 ◦C (Figure 2C). The TG result revealed that the magnetite percentage was 38.7 wt %.

Figure 1. Characteristics of the MNPs and DOX-loaded collagen (MDC) sponges. (A) Photograph of
the MDC sponge and illustration showing its structure. (B) Photograph showing that the MDC sponge
is tearable. (C) SEM images of the MDC sponge. (D) Chemical structure of DOX. (E) TEM images
of MNPs-8.

 
Figure 2. The diffraction peaks of magnetite were detected in the X-ray diffraction (XRD) patterns
(A) XRD patterns of the magnetite nanoparticles (MNPs) and DOX-loaded collagen (MDC) sponge and
MNPs. (B) FTIR spectra of collagen, DOX, MC sponge, and MDC sponge. (C) Thermogravimetric and
differential thermal analysis (TG-DTA) curves of MDC sponge.

3.3. Control of DOX Release from the MDC Sponges in the Absence of AMF Application

To control the DOX release from the MDC sponge in the absence of AMF exposure, the MDC
sponge was crosslinked by heat treatment at 140 ◦C for 1.5, 6, or 24 h under vacuum. The crosslink
density was calculated by the area ratio between the P1 band due to the free amino group (1541 cm−1)
and the invariant P2 band, ascribed to –CH2 in-plane bending vibration (1456 cm-1) in the FTIR
spectrum [48]. The P2/P1 values were calculated (Figure S5B) based on the FTIR results of the MDC
sponges before and after crosslinking for 1.5, 6, and 24 h (Figure S5A). The P2/P1 values increased as
the crosslinking time increased (Figure S5B). Thus, the crosslink density increased as a result of the
increase in crosslinking time.

In the MDC sponges that were not crosslinked (Figure 3A), almost all the DOX was released
from the sponges within 10 min after immersion in PBS both at 37 ◦C (body temperature) and 45 ◦C
(thermal treatment temperature). In contrast, in the sponges that were crosslinked for 1.5 h, rapid DOX
release immediately after immersion was suppressed (Figure 3B). However, a gradual DOX release
still occurred at 37 ◦C, while heating at 45 ◦C prompted DOX release. Furthermore, a 6 h crosslinking
treatment of the MDC sponges led to the complete suppression of DOX release at 37 ◦C and a gradual
DOX release at 45 ◦C (Figure 3C). DOX was not released from the MDC sponges that were crosslinked
for 24 h either at 37 ◦C or 45 ◦C (Figure 3D). The crosslinking of collagen reportedly reduces the
swelling [44,45]. Thus, this crosslinking effect may allow for the prevention of DOX release from the
MDC sponges that underwent crosslinking treatment at 37 ◦C. The above results demonstrated that an
on-demand release of DOX using an exogenous trigger such as AMF exposure could be achieved by
crosslinking the MDC sponges for 6 h.
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Figure 3. DOX release from the MDC sponge without crosslinking treatment (A) and with 1.5 h (B),
6 h (C), and 24 h (D) crosslinking treatment in phosphate-buffered saline (PBS) and the absence of
alternating magnetic field (AMF) at 37 ◦C and 45 ◦C.

3.4. The Magnetic Properties and Heat Generation Ability of the MDC Sponges

Consistent with the MNPs findings, the MDC sponges had neither coercivity nor remnant
magnetization at room temperature and exhibited superparamagnetic properties (Figure 4).
The saturation magnetization of the MDC sponges was 44.8 emu/g, which was very close to the
value (44.4 emu/g) that is required to obtain thermal treatment efficacy [49].

 
Figure 4. Magnetization curve of the MDC sponge at room temperature.

The MDC sponges generated heat in the cell culture medium in response to AMF exposure
(Figure 5A) and heated the cell culture medium from 27.5 to 44.9 ◦C for 20 min (Figure 5B).
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Figure 5. (A) Photograph and thermal images of MDC sponges in the cell culture medium before and
during AMF application. (B) Change in medium temperature with AMF application time.

3.5. Control of DOX Release from the MDC Sponges by Switching the AMF on and off

The MDC sponges were exposed to AMF at 15-min intervals by switching the AMF on and off in
the cell culture medium. The MDC sponges responded immediately to AMF exposure and generated
heat, increasing the medium temperature to 45 ◦C within 15 min (Figure 6A). The MDC sponges
stopped generating heat immediately after the AMF was switched off, resulting in a rapid fall in the
medium temperature to 37 ◦C. Thus, heat generation by the MDC sponges was controlled by switching
the AMF on and off.

 
Figure 6. (A) Temperature change in MDC sponge-immersed in the cell culture medium in response to
switching the AMF on and off. (B) DOX release from the MDC sponge when AMF was repeatedly
applied and removed.

Although the MDC sponges released no DOX before the first AMF application, they started
releasing DOX immediately after the AMF was switched on (Figure 6B). When AMF application was
stopped, DOX release from the MDC sponges became slow. When AMF was applied again, a fast DOX
release from the MDC sponges was again observed. A similar DOX release response was observed
as the AMF was subsequently turned on and off. The above results demonstrated that both the
heat generation ability of the MDC sponges and DOX release from them were remotely and actively
controlled by switching the AMF on and off.
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3.6. The Tumor Cell Killing Ability of the MDC Sponges

The viability of the tumor cells (HeLa cells) that were incubated with the MDC sponge in the
absence of AMF exposure for 3 and 5 days was approximately 100% (Figure 7A,B), suggesting that
there was no DOX release from the MDC sponge. The viabilities of cells that were subjected to a
15-min AMF application in the presence of the MC sponge and subsequently incubated with the MC
sponge in the absence of AMF at days 3 and 5 were 27.6% ± 2.8% and 8.1% ± 4.9%, respectively
(Figure 7A,B). Thus, thermal treatment was effective in killing tumor cells. To evaluate the effects of
combined thermal treatment and chemotherapy, the cells were subjected to a 15-min AMF application
in the presence of the MDC sponge. Cell viabilities at days 3 and 5 were 7.5% ± 0.8% and 2.1% ± 0.3%,
respectively (Figure 7A,B). These results demonstrated that the combination of thermal treatment and
DOX action led to higher tumor cell killing effects than thermal treatment alone. Furthermore, gradual
DOX release from the MDC sponges after switching the AMF off continued to promote tumor cell
killing and cell growth inhibition. Thus, with a simple surgical procedure, the MDC sponges may
be utilized to achieve on-demand treatment and subsequent remotely controlled administration of
efficient treatments.

 
Figure 7. Viability of untreated HeLa cells incubated without sponges and AMF application, with the
MDC sponge and no AMF application, with MC sponge (without DOX) and 15-min AMF application,
and with MDC sponge and 15-min AMF application at 3 (A) and 5 (B) days, respectively (* p < 0.05
and ** p < 0.01).

Currently, collagen sponges are used in clinical practice due to their handleability. For example,
Teruplug® is filled into tooth extraction wounds for hemostasis, the protection of the wound surface,
and the promotion of tissue formation [50]. This fact suggests that MDC sponges, which have favorable
handleability, are considered applicable in clinical practice.

4. Conclusions

This study successfully produced tearable MDC sponges. The degree of crosslinking of the MDC
sponges was controlled by adjusting the crosslinking time. A 6-h crosslinking prevented undesirable
DOX release from the MDC sponges in the absence of AMF exposure, but it allowed DOX release after
AMF exposure. Heat generation and DOX release were controlled by switching the AMF on and off.
Furthermore, AMF application in the presence of the MDC sponges had profound effects on destroying
tumor cells, and the effect continued after termination of AMF exposure. Although the present study
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evaluated the handleability and cell killing abilities of MDC sponges through in vitro experiments,
in vivo experiments are necessary for the evaluation of practical usefulness. Therefore, in future
studies, we will evaluate the usefulness of MDC sponges through in vivo experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/16/3637/s1,
Figure S1: XRD patterns of MNPs, Figure S2: Relationship between crystallite size and Fe(acac)3 concentration,
Figure S3: Magnetization curves of MNPs at room temperature, Figure S4: Photograph and thermal images of
MNPs-8 dispersed in distilled water before and during AMF application, Figure S5: FTIR spectra of MDC sponges
before and after crosslinking for 1.5, 6, and 24 h, Table S1: Synthesis conditions of MNPs.
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Abstract: The mechanical performance of composites made from isotactic polypropylene reinforced
with natural fibres depends on the interface between fibre and matrix, as well as matrix crystallinity.
Sizing the fibre surface with nucleating agents to promote transcrystallinity is a potential route to
improve the mechanical properties. The sizing of thermo-mechanical pulp and regenerated cellulose
(Tencel™) fibres with α- and β-nucleating agents, to improve tensile strength and impact strength
respectively, was assessed in this study. Polarised microscopy, electron microscopy and differential
scanning calorimetry (DSC) showed that transcrystallinity was achieved and that the bulk crystallinity
of the matrix was affected during processing (compounding and injection moulding). However,
despite substantial changes in crystal structure in the final composite, the sizing method used did not
lead to significant changes regarding the overall composite mechanical performance.

Keywords: nucleating agent; isotactic polypropylene; transcrystallinity; natural fibres; Tencel™

1. Introduction

Isotactic polypropylene (iPP) is an important engineering thermoplastic polyolefin used in many
different commercial applications such as packaging and automotive parts [1]. The main advantages
of iPP are its easy processing and low manufacturing cost [2]. Its mechanical behaviour, thermal
properties, and chemical resistance depend on its semi-crystalline structure and fraction (typically
50%–70%) [3]. Isotactic polypropylene is a non-polar, polymorphic polymer. The three basic crystal
forms of iPP are: the monoclinic alpha (α) form, the trigonal beta (β) form and the orthorhombic
gamma (γ) form [4,5]. The α-form crystals are obtained under common processing conditions,
between 60 ◦C and 188 ◦C, with a maximum crystallisation rate around 80 ◦C [6,7]. In composites,
the presence of α-crystals improves thermodynamic stability and mechanical performance but also
reduces the impact strength, especially at low temperature. The β-form crystals are metastable
thermodynamically, and have several advantages over the α-form, such as improved elongation at
break and improved impact strength [8,9]. The β-crystals fan-shaped morphology has the ability to
dissipate the impact energy, therefore improving toughness [10]. The β-form can be obtained using a
temperature gradient method [11], shear flow-induced crystallization [12,13] or specific nucleating
agents (NA) [14]. A temperature of crystallisation around 130 ◦C is best to promote nucleation and
growth of β-iPP crystals [15,16].

It is a common strategy to improve the mechanical properties of polyolefin-based materials via
the introduction of reinforcing agents (e.g., carbon fibres, glass fibres, clays, lignocellulosic materials).
The strength of composite materials is influenced by: matrix properties, intrinsic properties of
the reinforcement, dispersion of the reinforcement in the matrix, degree of orientation, quality of
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the interface and volume fraction of reinforcement [17,18]. In the resulting composite, the stress
concentration develops at the interface between the matrix and reinforcement agent and is mainly
influenced by the following: the volume fraction; the thermal expansion coefficient difference between
each material; the interphase; and the crystallisation of the matrix. To achieve high mechanical
performance, good interfacial adhesion allowing stress transfer between the matrix and reinforcement
agent is crucial [19,20]. Several methods have been developed to improve interfacial adhesion
between highly polar fibres and nonpolar polymers. The most common strategies used are sizing,
compatibilisation, polymer grafting and interfacial crystallisation [10]. Transcrystallinity (TC) or
transcrystalline layers describes a crystalline structure with limited thickness located at the interphase
region, it originates from a high density of heterogeneous nuclei with a crystal growth orientation
mainly perpendicular to the fibre surface until the growing front impinges with spherulites nucleated
in the bulk [21,22]. The development of a TC structure is a promising route for improving the load
transfer between the semi-crystalline matrix and the fibre [23].

TC enhances fibre–matrix adhesion, reduces stress concentration, creates a mechanical interlock
and a protective layer around the fibres leading to an efficient stress transfer from the matrix across the
interphase [24]. Good TC is obtained when the crystallisation parameters are more favourable to the TC
formation compared to the crystallisation of spherulites in the bulk [25]. In composites, the development
of the TC layer is influenced by factors such as matrix type, thermal history, temperature of polymer
crystallisation, chain mobility, rate of cooling, occurrence of shearing forces during crystallisation and
thermal expansion coefficients of individual components [24,26]. The surface topology, composition
and sizing of the fibre itself are major parameters influencing the TC formation [27]. To achieve good
TC, high nucleation site density along the fibre surface is crucial [28]. The proximity of nucleation sites
restricts the crystal growth to the lateral direction, leading to the development of a columnar layer
around fibres [22,29].

Lignocellulosic fibres have many beneficial features such as biodegradability, renewability,
availability, low cost, and ease of preparation [30]. Polymer composites incorporating lignocellulosic
fibres offer several advantages including low density, good mechanical properties and high damping
capabilities [31,32]. The lignocellulosic fibres chosen for this study were High Temperature
Thermo-Mechanical Pulp fibres (HT TMP) and Tencel™. The HT TMP fibres are naturally coated
with a thin, relatively non-polar, lignin layer [33–35]. Softwood HT TMP fibres are of industrial
relevance due to their low cost of production and low weight advantage when compounded into plastic
composites [36,37]. Tencel™ is a regenerated cellulose fibre which exhibits high tensile properties
(strength of 1.4 GPa and modulus 36 GPa) [38] and was included in this study as a reference fibre, as its
high ductility improves the impact characteristics of brittle polymer matrices [39].

This study investigates the potential of α- or β-nucleating agent (NA) as a sizing additive for
improving the mechanical properties of an iPP-natural fibre composite. The hypothesis is that the
NA will generate a high nucleation density on the fibre surface leading to an α or β specific TC,
improving both tensile properties and/or impact resistance. The addition of the NA usually occurs at
the compounding stage of composite manufacture. In this study, we developed an original approach
by directly adding the NA onto the fibres that could be adopted to tailor the lignocellulosic fibre
composite characteristics eliminating the need for the addition of NA at the compounding stage. Our
novel approach was to coat the fibres with the NA prior to compounding with the iPP to create a TC
structure with improved matrix-fibre stress transfer.

2. Materials and Methods

2.1. Materials

2.1.1. Fibres

Wood chips (Pinus radiata), were thermomechanically pulped at 180 ◦C at Scion’s fibre and pulp
processing pilot plant (Rotorua, New Zealand). The resulting HT TMP fibres were dried in a tube
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drier to approximately 12% moisture content. An earlier study has found that chips processed in
this way lead to fibres with a cellulose content of 39%–42%, lignin content of 28%–31% and 22%–25%
hemicelluloses [40]. Prior to processing the fibres were approximately 1.25 mm long and 0.03 mm wide.
The length and aspect ratio were significantly reduced during compounding [41]. Tencel™ fibres were
purchased from Lenzing Fibers GmbH (Heiligenkreuz, Austria).

2.1.2. Nucleating Agents

The α-NA was Hyperform® HPN-68L (Milliken Chemical, Blacksburg, SC, USA) and the β-NA
was NU-100 (NJStar), (New Japan Chemical Co. Ltd., Osaka, Japan). Hyperform® HPN-68L is a
powdered α-NA comprising a dicarboxylate sodium-based compound known as HPN-68L. It is used
to reduce cycle time and improve the tensile and flexural mechanical properties of the iPP [42]. Nu-100
(NJSTAR NU-100) is a β-NA. Its active ingredient, N,N′-dicyclohexyl-2,6-naphthalenedicarboxamide
(DCNDCA), has been found to be an effective β-NA [15]. However, DCNDCA is dual selective and
can induce both α-phase and β-phase, depending on the thermal condition applied [15].

2.1.3. Polypropylene and Compatibiliser

Isotactic homo-polypropylene SJ-170, Hopelen was sourced from Lotte Chemical Co., Seosan,
South Korea. The compatibiliser was 3% w/w maleic anhydride grafted polypropylene (MAPP)
Epolene G3015 (Eastman Chemical Co., Kingsport, TN, USA). A 3% MAPP loading was used according
to the manufacturer recommendation for 30% wt lignocellulosic fibre content.

2.2. Methods

2.2.1. Sizing of the Fibre and Fibre Pellet Production

Fibres were blended with an adhesive thermoplastic acrylated emulsion [36] and NA in a dry
blender consisting of a 12 m steel loop (Ø: 0.15 m) with a fan that creates a turbulent flow. The adhesive
was administered onto the fibre in the loop via an inserted spray gun. The NA powder was then slowly
added into the loop and the materials were circulated in the loop for a further 2 min. The adhesive
was added at a 4% wt loading with respect to oven-dried fibre. The NA was added at a 1.7% loading
with respect to fibre (0.5% wt loading with respect to the finished composite). Coated fibres were
hot-pressed into 3 mm thin sheets and subsequently cut into small dice (4 × 4 mm) with a pneumatic
chopper. The process is described in detail in Warnes et al., [36].

2.2.2. Nitrogen Analysis

Between 0.25 and 0.5 g of fibre dice were heated in a stream of high purity oxygen in a Leco furnace
(Laboratory Equipment Corporation, St Joseph, MI, USA) to produce CO2, N2 and NOx. A subsample
of the combustion gases was passed through a heated copper catalyst that further reduced the NOx to
N2, which was then measured by thermal conductivity. This results in the percentage of total nitrogen.
This percentage was converted to NA content of the final sample by subtracting the N content of a
NA free reference from the sample containing NA and then dividing the resulting difference by the
nitrogen content of the pure NA. This method could only be applied to the β-NA as the α-NA does not
contain nitrogen.

2.2.3. Compounding

The HT TMP fibre dice and the Tencel™ fibre dice were compounded at 30% wt loading into iPP
with 3% wt maleic anhydride PP (MAPP) as a coupling agent. The LabTech™ extruder (LTE26-40,
LabTech Engineering Co. Ltd., Samut Prakan, Thailand) had a 26 mm screw diameter, with co-rotating
twin screws, with a 40 L/D (length/diameter) ratio. The PP and MAPP were dry blended and fed into
the main feed throat using a Weighbatch™ DS20 (Weighbatch, Hamilton, New Zealand) gravimetric
feeder. The fibre dice, which were oven dried overnight at 105 ◦C, were side-fed into the extruder
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using a K-Tron twin-screw gravimetric feeder (Coperion K-Tron, Sewell, NJ, USA). For the “no fibre”
reference, the NAs were dry-blended with the iPP at the same time as the MAPP. Two atmospheric
venting ports and one crammer vacuum (0.7 bar) degassing port were used to remove the entrapped air
in the melt along with volatile organic compounds (VOCs). The melt was extruded through a 2-strand
die and pulled into a water bath before being granulated into 3 mm long pellets. Each formulation was
compounded in a single extrusion run at 200 rpm screw speed and 8 kg h−1 total extrusion throughput
to ensure proper fibre mixing with a gentle screw design and reverse barrel temperature profile (220 ◦C
to 190 ◦C).

2.2.4. Injection Moulding

Prior to injection moulding, the compounded pellets were oven dried at 105 ◦C, to obtain a pellet
with residual moisture content below 0.3% wt. The compounded pellets were injection moulded
with a BOY 35 machine (BOY Spritzgiessautomaten, Neustadt-Fernthal, Neustadt-Fernthal, Germany)
into ISO multipurpose injection moulded test specimens (dogbone) type A (ISO 3167). The barrel
temperature of the injection moulder was 190 ◦C and the mould was kept at 30 ◦C. The injection speed
was 100 mm s−1. The mould was filled with a screw speed of 100 rpm with 15 bar back pressure.
Cooling time was 20 s. The injection moulding parameters were the same for all composites. Injection
moulded parts were collected once their weight was constant. Thirty test specimens were collected for
each treatment with the first ten disregarded for analysis.

2.2.5. Polarised Light Optical Microscopy (PLOM)

Cross-polarized optical microscopy was performed with a Leica DMRB microscope (Leica
Mikroskopie & Systeme GmbH, Wetzlar, Germany), using a Leica EC3 camera (Leica Microsystems
Ltd., Singapore) and a 10× magnification lens (Leica PL Fluotar). The temperature was controlled
during the experiments with a programmable Mettler-Toledo hot stage HS82 (Mettler-Toledo GmbH,
Greifensee, Switzerland).

For each experiment, a piece of iPP thin film was placed on a glass microscopy slide. Individual
fibres are then positioned onto the film. The slide was placed into the temperature-controlled
stage [43]. The stage temperature was raised to 200 ◦C and once the iPP was molten, the sample
was covered with a cover slip. After a 5-min holding period at 200 ◦C, to erase the thermal history
of the sample, the temperature was decreased with a 10 ◦C/min ramp and stabilized at 133 ◦C to
monitor the isothermal crystallisation (Scheme 1). The samples were imaged after 5 min of isothermal
crystallisation at 133 ◦C. The temperature of 133 ◦C was chosen as it is the optimal temperature to
promote β over α crystallisation [16,25].
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Scheme 1. Schematic representation of thermal protocol applied on the Isotactic polypropylene
(iPP)/fibre samples during polarised light optical microscopy (PLOM) measurements.

2.2.6. Etching

Injection moulded samples were etched based on the method of Olley [44]. This method removes
any amorphous material so that the remaining crystalline structure could be observed by electron
microscopy. A 35 mm section was cut from the middle part of a tensile specimen. The section was
gently stirred for 6 h in a solution of 1.3% wt potassium permanganate (KMnO4), 32.9% wt concentrated
sulfuric acid (H2SO4) and 65.8% wt concentrated phosphoric acid (H3PO4) at room temperature. It was
then cleaned with hydrogen peroxide for 5 min, rinsed with water, and dried overnight in an oven
at 105 ◦C.

2.2.7. Scanning Electron Microscopy (SEM)

All SEM samples were coated with chromium using an Emitech K575X sputter coater (Quorum
Technologies Ltd., Kent, UK) and imaged using a JEOL JSM 6700F (JEOL Ltd., Tokyo, Japan) at 3 kV
accelerating voltage. For publication purposes the images were contrast enhanced using the enhanced
local contrast (CLAHE) plugin in the ‘Fiji’ distribution of ImageJ (V1.5h) [45].

2.2.8. Crystal Size Measurement

The SEM images generated from the etched samples were analysed using V++ software (Digital
Optics, Version 5.0, Wellington, New Zealand) to determine the diameter of the crystals. Approximately
50 crystals were measured for each treatment.

2.2.9. Differential Scanning Calorimetry (DSC)

For DSC analysis, all measurements were performed in triplicate. A transverse section (0.35 mm)
was cut from the middle part of a tensile specimen. To avoid measuring the crystallinity of the skin
of the test specimens, only the core of the transverse section (~5 mg) was used. All the calorimetric
experiments were performed with a Discovery (TA instruments, USA) differential scanning calorimeter
under nitrogen atmosphere (50 mL min−1). The temperature scale was calibrated using indium, lead
and tin as standards to ensure reliability of the data obtained. Melting temperatures, enthalpies,
crystallisation and fusion peaks were determined by TRIOS software (TA Instruments, USA). The degree
of crystallinity ( c) was estimated using Equation (1) where ΔHm is the measured melting enthalpy
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of the polymeric part of the sample, Wf the fibre weight fraction in the composite, and ΔH 100% the
equilibrium melting enthalpy of 100% crystalline PP assumed to be 207 J g−1 [46].

c = 100 × ΔHm
ΔH 100% (1−Wf)

(1)

The thermal gradient of the DSC measurements is described in Scheme 2.

Scheme 2. Schematic illustration of the thermal protocol of the differential scanning calorimetry
(DSC) measurements.

The enthalpy variations of the polymer during the initial heating ramp (Scheme 2), gives an
indication of the thermal history related to the injection moulding conditions. A maximum temperature
of 190 ◦C was used to limit the natural fibre degradation but, as a consequence, the thermal history
might not have been totally erased. This step is followed by a slow cooling ramp at a rate that favours
the formation of a high β-fraction [15]. The melting cycle observed during the second heating ramp
illustrates the crystal formation process which occurred during a controlled slow cooling with limited
thermal history.

2.2.10. Mechanical Testing

Tensile and Modulus Tests

Tensile properties were measured on an Instron 5566 (Instron, Norwood, MA, USA) universal
testing machine fitted with a 10 kN load cell and an external extensometer, according to ISO 527.
The crosshead speed was 5 mm min−1. The gauge length was 115 mm and the extensometer length
were set to 25 mm. Ten specimens were tested to failure to obtain the average Young’s modulus and
maximum tensile stress.

Impact Test

Samples for Izod notched impact strength were prepared and tested in accordance with ASTM
D 256. Samples were of dimensions 12.6 mm × 63.5 mm x thickness and a 45◦ notch was machined
into each sample using a Ceast Notchvis (Ceast, Italy). Seven Izod samples for each variable were
tested at a velocity of 3.46 m s−1, a 150◦ angle and a 0.5 J hammer using a Ceast Resil impact testing
machine (Ceast, Torino, Italy). Pull-out surfaces were compared between different formulations with
SEM pictures taken from the central part of the transverse fracture area.

2.2.11. Water Uptake

ISO test specimens (dogbone) were submerged in water at 20 ◦C for 70 days. During this time
water uptake was monitored by briefly removing the samples from the water bath, wiping the surface
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dry with a tissue and weighing them. This approach is based on ASTM D1037. Samples were measured
in triplicate.

3. Results

3.1. Crystal Structure

The PLOM analysis showed no obvious transcrystallinity around the fibres without NA
(Figure 1A,D). Although transcrystallisation is generally expected in cellulose fibres [47–50], it is also
known to be impeded by the presence of lignin and hemicelluloses that decrease the frequency of
nucleation sites and degree of crystalinity [51,52]. The absence of transcrystallinity with the untreated
Tencel™ fibres is likely due to the cellulose II configuration of these artificially produced fibres which
reduces nucleation activity [53–56].

Treatment with NA resulted in crystal growth perpendicular to the two types of fibres (Figure 1B,C
and Figure 1E,F). The fibres treated with the β-NA (Figure 1C,F) showed better definition of the
crystalline structure than those treated with the α-NA (Figure 1B,E).

 

Figure 1. Optical micrographs of iPP trans-crystallisation around High Temperature Thermo-Mechanical
Pulp fibres (HT TMP) and Tencel™ fibres with different sizing. The images are taken after a cooling
period (10 ◦C min-1 ramp) and 5 min of isothermal crystallisation at 133 ◦C. (A) HT TMP only, (B) HT
TMP + α-NA, (C) HT TMP + β-NA, (D) Tencel™ only, (E) Tencel™ + α-NA, (F) Tencel™ + β-NA. Scale
bar = 50 μm.

SEM of the composites after compounding and injection moulding confirmed that the iPP matrix
containing fibres treated with the β-NA had iPP crystals that were fan-shaped, typical of β-crystals,
whereas the samples without β-NA only showed α-crystal morphology (Figure 2). The etching process
not only removes the amorphous phase of PP but also the fibres from the composite. The images show
that the crystals were not specifically present around the space previously occupied by the fibre but
seemed to be distributed throughout the matrix.

Compared to the controlled PLOM analysis, the compounded and injection moulded composites
investigated by SEM were subjected to shear stresses and faster cooling. Large α-crystals were evident
in the pure iPP (Figure 2a). The introduction of HT-TMP (Figure 2d) and Tencel™ (Figure 2g) fibres
did not change the crystal type and morphology but their size was decreased by half (Figure 2j). This
was the result of steric hindrance as the presence of the fibres increased the number of nucleation sites
thereby increasing the crystal density and thus restricting the growth of the α-crystals. The α-NA
resulted in a 30-fold size reduction of the α-crystals. This is likely due to the high number of nucleation
sites leading to a growth competition. The addition of both types of fibres (Figure 2e,h) did not lead
to further reduction of the crystal size (Figure 2j). The fan shaped β-crystals induced by the β-NA
(Figure 2c) had an average diameter around 3.3 μm (Figure 2j). The addition of HT TMP and Tencel™
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fibres (Figure 2c,f) also did not reduce the size of β-crystals further (Figure 2j). The hollows in the
centre of β-spherulites are attributable to the etched DCNDCA particles [57].

 

Figure 2. Scanning electron microscopy (SEM) images of iPP crystallisation. Transverse face of injection
moulded samples after permanganate etching. (a) iPP, (b) iPP + α NA, (c) iPP + β-NA, (d) iPP +HT
TMP, (e) iPP +HT TMP/α-NA, (f) iPP +HT TMP/β-NA, (g) iPP + Tencel™, (h) iPP+ Tencel™/α-NA,
(i) iPP + Tencel™ + β-NA. (j) Crystal diameters of iPP and iPP composites with various NAs (n ~ 60,
different letters indicate significant difference at α = 0.05).
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3.2. Differential Scanning Calorimetry (DSC)

Total crystallinity for all samples ranged between 36% and 45% (Table 1). The addition of fibre to
the iPP had little effect on the overall crystallinity of the composites. The addition of NA also had little
effect on the overall crystallinity of the iPP, however, the type of NA had a significant effect of the type
of crystal structure present. As expected, no β-crystals were observed in the composites without the
addition of β-NA.

The addition of β-NA, in the absence of fibre, led to an approximately 13% reduction of α-crystal
enthalpy. The decrease in the proportion of α-crystals was compensated by the appearance of β-crystals.
Therefore, the overall crystallinity was maintained. The same trend was observed in the presence
of both types of fibre. Removal of the thermal history led to a larger decrease in α-crystals, down
to ~10.5% and the highest level of β-crystals observed 34% and 30.4% for HT TMP and Tencel™,
respectively. The presence of fibres coupled with a slow cooling ramp and without shear stress was
the most favourable condition observed to generate a high β-crystal proportion. Our results are in
accordance with Kang et al., who found that iPP in the presence of the dual selective β-NA (TMB-5)
coupled and a slow cooling rate favoured the formation of high β-crystal fraction [15]. However, those
results contradict Dong et al., [57] who found that fast cooling is favourable for creating high β-content
in iPP/TMB-5 system. In our case, the slow cooling was favourable to the growth of β-crystals, possibly
because the β-crystals formed at a higher temperature compared to α-crystals and, therefore, β-crystals
had time to grow without competition from the α-crystals.

Evaluating how a combination of a slow cooling ramp and high shear stress (injection moulding)
affects β-crystals formation was not technically possible. Indeed, fast cooling of the polymer is central
to the injection moulding process to reduce cycle time without compromising on part quality [58].

The potential factors explaining why the composites containing HT TMP fibres had a higher
β-crystals content compared to one with Tencel™ fibres are probably related to the fibre surface.
Tencel™ fibres have a smooth surface [59] and HT TMP fibres are rough with a coating of lignin.
A rough surface increases the interfacial shear strength [60] which is a factor favouring β-interfacial
structures [61]. Moreover, lignin particles can increase β-crystallinity [62].

The addition of fibre into iPP without NA did not have a major influence on the melting
temperature of the polymer, neither did the addition of the α-NA (Table 1). The melting temperature
was around 163 ◦C for the α-crystals for all composites. The addition of the β-NA added a second
melting peak at 152 ◦C (after removal of thermal history). For the samples with β-NA, the cooling
process slightly shifts the β-crystals melting peaks.

Table 1. Comparison of α and β-crystal proportions and effect of α- and β-nucleating agent (NA) on
iPP melting properties, after injection moulding or after melting and a slow cooling ramp (10 ◦C/min).

No NA α-NA β-NA
Fibre Type Treatment Crystal Proportion (%)

α β α β α β avg (α+β) α %/β %

No fibre
After IM 36.4 ± 0.3 - 39.1 ± 2.1 - 23.0 ± 1.0 16.5 ± 0.5 39.5 58.2/41.8

Slow ramp 39.8 ± 1.9 - 45.1 ± 1.8 - 27.0 ± 1.5 15.5 ± 1.2 42.5 63.5/36.5

HT TMP
After IM 41.6 ± 0.4 - 35.8 ± 3.7 - 23.8 ± 1.0 15.5 ±0.1 39.3 60.5/39.5

Slow ramp 42.1 ± 1.5 - 41.8 ± 0.5 - 11.1 ± 0.9 34.0 ± 1.1 45.1 24.6/75.4

Tencel™
After IM 42.0 ± 2.7 - 36.0 ± 3.4 - 28.5 ± 2.8 12.7 ± 1.0 41.2 69.2/30.8

Slow ramp 38.1 ± 0.5 - 37.8 ± 1.8 - 10.1 ± 0.6 30.4 ± 0.9 40.5 24.9/75.1
Melting Peak Temperature (◦C)

α β α β α β

No fibre
After IM 166.4 ± 0.3 - 163.0 ± 0.2 - 163.9 ± 0.3 148.9 ± 0.3

Slow ramp 163.1 ± 0.2 - 164.1 ± 0.1 - 163.5 ± 0.2 151.5 ± 0.2

HT TMP
After IM 164.8 ± 0.7 - 163.3 ± 0.2 - 163.7 ± 0.1 146.6 ± 0.0

Slow ramp 161.9 ± 0.2 - 165.0 ± 0.1 - 163.1 ± 0.1 151.7 ± 0.1

Tencel™
After IM 163.9 ± 0.5 - 161.8 ± 0.2 - 164.3 ± 0.3 147.4 ± 0.2

Slow ramp 162.2 ± 0.3 - 163.7 ± 0.2 - 164.4 ± 0.9 152.3 ± 0.0

Compared to IM, after a 10 ◦C min−1 cooling ramp, the melting peak temperature of the β-crystals
increases by 2.6 ◦C, 5.1 ◦C and 4.9 ◦C for the iPP with β-NA without fibres, with HT TMP and with
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Tencel™ respectively. This indicates that the β-crystals which were grown at high temperature during
slow cooling are more stable and therefore melt at higher temperature [63].

Samples were cut from the centre of the transverse surface of a tensile test specimen (dogbone).
Proportions are extracted from integration of the melting peaks obtained from the DSC experiment.
(n = 3, ± = standard deviation)

For industrial processing, the crystallisation temperature is an important parameter as a higher
crystallisation temperature allows faster processing [64]. The presence of fibre in the iPP increases
nucleation sites, and thus the crystallisation temperature by 6 and 8 ◦C for the HT TMP and the
Tencel™, respectively (Figure 3).

 

Figure 3. Effect of NA and fibres on iPP crystallisation temperature during a 10 ◦C min−1 cooling ramp
(n = 3, different letters indicate significant difference at α = 0.05).

Addition of α-NA does not affect the proportion of α-crystals in the iPP, but its crystallisation
temperature is 20 ◦C higher. This is lowered with the addition of fibre. In presence of α-NA,
the crystallisation temperature for HT TMP and Tencel™ composites increased by 12 and 8 ◦C,
respectively. The addition of β-NA leads to a 15 ◦C rise in crystallisation temperature for the pure iPP.
Again, this was lowered with the addition of fibre. The presence of β-NA lead to 8 and 5 ◦C increase
in crystallisation temperature for the HT TMP and Tencel™ iPP composites, respectively. Overall,
the pattern of crystallisation temperature increase remains the same for composites filled with either
fibre, with a minor antagonist effect when the NA and fibres are present together.

3.3. Mechanical Properties

For commercial application, obtaining a composite with good mechanical properties especially
yield strength and impact strength is extremely important [58].

3.3.1. Young’s Modulus and Stress

The addition of fibre to iPP led to at least a doubling of the Young’s Modulus (Figure 4a). The effect
of the NA alone is minimal in comparison, with an increase of 29% and 17% for α-NA and β-NA added
to iPP. Additionally, the addition of both NAs in presence of fibres has no significant effect on Young’s
Modulus of the composites with the exception of α-NA with Tencel™ (+18%).
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The situation is relatively similar for tensile maximum stress properties (Figure 4b). The addition
of β-NA has no effect on iPP, while the α-NA leads to a moderate increase (+13%). The addition of
HT TMP and Tencel™ generates an increase in tensile maximum stress of 46% and 75%, respectively.
In all cases, the addition of α-NA lead to a minor increase, while the β-NA lead to an expected small
decrease in tensile maximum stress.

3.3.2. Impact Strength

Reinforcing iPP with HT TMP fibre gave an improvement in impact strength of the composite
(Figure 4c). Adding an impact strength modifier, such as a β-NA, to the fibre was considered an
opportunity to further enhance impact performance. Compared to pure iPP, the sole addition of HT
TMP fibre led to a 46% increase in impact strength. When added in conjunction with HT TMP fibre,
the α-NA addition reduces the impact strength of the fibre composite compared to the addition of fibre
alone. β-NA has no significant influence. The major gain is due to the presence of HT TMP. A major
improvement in impact strength comes from the addition of Tencel™ fibres with an increase of 181%.
Addition of α-NA led to no significant change, while the addition of the β-NA led to moderate further
improvement (+17%).

In summary, the main improvement for mechanical properties comes from the presence of the
fibres themselves. In some cases, the NAs are providing a further minor improvement but in other
cases, they can also have detrimental effects.

Figure 4. Influence of the α- and β-NA and HT TMP and Tencel™ fibres on (a) Young’s modulus,
(b) tensile maximum stress, and (c) notched impact strength. (Anova: different letter indicates significant
difference at α = 0.05).

3.4. Pull Out

SEM micrographs of transverse fracture surfaces from tensile testing samples show only minor
pull-out of fibres for HT TMP filled composites (Figure 5). The few visible fibres appear to be
delaminated or covered in matrix. The influence of lignin is complex, although lignin removal was
found to improve composite properties [65], the presence of lignin can also have the effect of improving
properties due to its interaction with coupling agents [66–69]. There are no visually observable
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differences in pull-out between the different HT TMP treatments. The fracture surfaces of Tencel™
filled-composites show a large number of fibres being pulled-out across all treatments. No matrix
material adheres to the pulled-out fibres. It indicates that the interfacial adhesion between Tencel™
and iPP is either lower than that of HT TMP and iPP or it can be explained by their higher shear
strength compared to the HT TMP fibre [70,71]. Those observations agree with the higher impact
strength observed for the Tencel-based composites, as a composite containing high strength fibres
weakly compatibilized with the matrix will exhibit good impact performance. The TC layer observed
by PLOM in the sandwich composite is clearly not covalently attached to the Tencel™ fibres after
injection moulding. The NA do not seem to have a strong effect on the interface.

 
Figure 5. Comparison of pull-out surface between HT TMP and Tencel, from SEM pictures of transverse
tensile test specimen fracture area. (a) HT TMP only, (b) HT TMP + α-NA, (c) HT TMP + β-NA,
(d) Tencel™ only, (e) Tencel™ + α-NA, (f) Tencel™ + β-NA. Arrows indicate fibres. Scale bar = 100 μm.

3.5. Water Uptake

A slow water absorption rate allows for better dimensional stability of the composite when exposed
to humidity. The nine formulations were immersed in water for 70 days. The results are expressed in
percentage of water absorbed (Figure 6 and Table 2). The water uptake of the pure hydrophobic iPP is
relatively low (0.3%). This value is comparable to previous studies [72]. The addition of β-NA leads to
a slight but significant decrease in water absorption.

The hydrophilic character of natural fibres, ascribed to the bonding of water molecules to the
free hydroxyl group is responsible for a water uptake increase in the plastic-fibre composites [73].
The addition of HT TMP and Tencel™ to iPP lead to an increase of water absorption to around 2%.
This indicates that the two types of fibres have the same type of hydrophilic behaviour. Surface
treatment of fibre has often been used to decrease natural fibre composite water uptake [74,75].
Wu et al., [76] compared the water absorption of flax fibres functionalised with MAPP within either α
or β crystalline iPP matrix. They did not observe any difference between the two types of crystal matrix.
However, when the fibres were not functionalised, the α matrix containing the flax fibres had a slightly
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higher water absorption than its β crystals counterpart. In our case, the addition of β-NA similarly
shows a small but significant reduction in water uptake that is consistent across all treatments.

Unexpectedly, the addition of α-NA shows a significant increase in water uptake for samples
containing fibres. The increase is only 0.5% in the case of the slightly hydrophobic HT TMP fibres,
but is more pronounced (3.4%) in the case of the hydrophilic Tencel™ fibres.

Additionally, DSC analysis (shown earlier) indicated the crystallinity of the α-NA and fibre
composites was lower than both the control and β-NA composites which is correlated to this increase
in water uptake. This increase in amorphous structure will create pathways for accelerating the water
penetration into the composite. The larger the decrease in crystallinity, the larger the water uptake

 

Figure 6. Water uptake of the various iPP composites.

Table 2. Percentage of water uptake of iPP composites after 70 days (n = 3, different letters indicate
significant difference at α = 0.05).

Treatment Avg Stdev Anova

iPP no NA 0.3% 0.1% A
iPP (α-NA) 0.2% 0.0% A
iPP (β-NA) 0.2% 0.0% B

iPP/ HT TMP (no NA) 2.0% 0.0% C
iPP/ HT TMP (α-NA) 2.5% 0.0% D
iPP/ HT TMP (β-NA) 1.9% 0.1% E
iPP/Tencel™ (no NA) 1.8% 0.0% E
iPP/Tencel™ (α-NA) 5.2% 0.1% F
iPP/Tencel™ (β-NA) 1.6% 0.0% G

4. Discussion

The main aim of this study was to improve the mechanical properties of HT TMP composites.
We developed an original approach by directly adding the NA on the fibres which could be adopted
to tailor the lignocellulosic fibre composite characteristics without an additive incorporation step.
The sizing of the fibres was successful; however, the hoped-for tensile strength (α-NA) and impact
resistance (β-NA) improvements were not observed. Our strategy failed to improve the mechanical
properties of the composite. It may be that the interface between lignocellulosic material and polyolefin
matrix in presence of MAPP is already sufficiently strong and is not improved by the TC and nucleation
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of the matrix [77]. The absence of covalent linkage between the NA and the fibre might be one of
the reasons for the lack of mechanical properties improvement. Another reason could be that the
concentration of β-NA is too high. To allow for losses in the blending process, a relatively high
concentration of NA was applied. However, losses were modest and nitrogen analysis revealed the
concentration of β-NA in the final composite to be 0.4%. Other studies have reported an optimal
concentration of β-NA is 0.1%. This allows a maximal growth of β-spherulite in needle like structure
and a concentration as low as 0.2% would lead to β-crystals growth competition leading to incomplete
spherulite and a decrease on impact strength [78]. When a composite has a high concentration of
β-NA, the ordered structure effect cannot be reached [79]. Another aspect could be that the crystal
structure at proximity of natural fibre might impair the MAPP efficiently grafting onto the fibre.

5. Conclusions

This study investigated the effect of coating lignocellulosic fibres with NA on the mechanical
properties of the resulting iPP-fibre composite. The influence on the TC layer, crystal morphology
and proportion, crystallisation temperature, mechanical properties, surface fracture and water uptake
were investigated. The addition of NA led to slight increases in composite crystallinity as well as an
increase in temperature of crystallisation. The presence of the NA also leads to a significant decrease
in crystal size. Sizing the fibres with NA was shown to be an effective method to manipulate the
crystallinity of the natural fibre composite. The presence of NA is deeply modifying the nature of
matrix crystallinity and its thermal characteristics. However, under the experimental conditions
of this study, the mechanical properties of the iPP-fibre composites were mainly influenced by the
characteristics of the fibres while the NA had little influence. This suggests that the NAs probably
have little influence on interfacial adhesion. In summary:

• The α- and β-NA as fibre sizings have the expected effect on iPP crystals.
• The α- and β-NA cause transcrystallinity at the interphase fibre-matrix in a sandwich composite.
• The α- and β-NA affects the whole matrix crystallinity after compounding.
• The tensile strength and impact strength of the fibre-iPP composite is not significantly improved

by the NA.
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Abstract: In this study, water-soluble ammonium polyphosphate- (APP) and methyl trimethoxysilane
(MTMS)-modified industrial bamboo residue (IBR)-derived holocellulose nanofibrils (HCNF/APP/
MTMS) were used as the raw materials to prepare aerogels in a freeze-drying process. Synthetically
modified aerogels were confirmed by Fourier transform infrared spectroscopy, X-ray diffraction, and
thermal stability measurements. As-prepared HCNF/APP/MTMS aerogels showed themselves to
be soft and flexible. The scanning electron microscopy (SEM) analysis showed that the foam-like
structure translates into a 3D network structure from HCNF aerogels to HCNF/APP/MTMS aerogels.
The compressive modules of the HCNF/APP/MTMS aerogels were decreased from 38 kPa to 8.9 kPa
with a density in the range of 12.04–28.54 kg/m3, which was due to the structural change caused by the
addition of APP and MTMS. Compared with HCNF aerogels, HCNF/APP/MTMS aerogels showed a
high hydrophobicity, in which the water contact angle was 130◦, and great flame retardant properties.
The peak of heat release rate (pHRR) and total smoke production (TSP) decreased from 466.6 to
219.1 kW/m2 and 0.18 to 0.04 m2, respectively, meanwhile, the fire growth rate (FIGRA) decreased to
8.76 kW/s·m2. The thermal conductivity of the HCNF/APP/MTMS aerogels was 0.039 W/m·K. All
results indicated the prepared aerogels should be expected to show great potential for thermally
insulative materials.

Keywords: industrial bamboo residue; holocellulose aerogel; hydrophobicity; fire resistance; thermal
insulation material

1. Introduction

In recent years, significant industrial waste from cellulose has been produced annually [1].
Typically, the industrial waste is landfilled or burned, which has caused a large amount of cellulose
resources to be wasted as well as environmental pollution [2,3]. As the people began to pay attention
to sustainable development of the environment, some industrial waste was then recycled and used
for low-cost preparation of bio-materials. Bamboo is a biomass resource with fast growth and vast
availability [4,5]. It is also the second most important lignocellulosic material behind wood [6,7].
With the development of the bamboo industry, the parenchyma cells of bamboo are often discarded
because of their loose structure, leading to a large amount of bamboo waste [8]. However, the loose
structure of parenchyma tissue is beneficial to chemical treatment and mechanical fibrillation. 80%
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of industrial bamboo residue (IBR) is parenchyma tissue, which can be used to prepare cellulose
nanofibers inexpensively [9]. Therefore, the application of IBR will effectively increase the added value
of bamboo.

One potential method for increasing usage of IBR is to prepare cellulose aerogels, which is a solid
biomass material that replaces the liquid in gels with gas without changing the 3D network structure
or volume of the gel [10]. As a next generation material, cellulose aerogels overcome the fragility of
silicon aerogels and can be self-assembled without a crosslinking agent. Over the past few decades,
cellulose aerogels have garnered significant attention in the field of thermal insulation, because of their
specific surface areas, low density, high porosity, favorable biodegradability, and biocompatibility [11].
However, the abundant hydroxyl groups and flammable properties of cellulose aerogels result in
poor water and fire resistance. In thermal insulation applications, this inherent defect hinders the
utilization of bio-based aerogels. But then again, abundant hydroxyl groups in cellulose aerogels
provide powerful conditions for modification [12]. To improve water and fire resistance, physical
or chemical modifications via reinforcing components are effective modification methods. Many
methods have been reported regarding flame retardant and hydrophobic modification, including: (1)
cellulose nanofibril (CNF) aerogels were modified with methylene diphenyl diisocyanate (MDI) by
solvent exchange [13]; (2) CNF aerogels were crosslinked with ionic liquid 1-allyl-3-methylimidazolium
chloride for hydrophobic modification [14]; (3) CNF aerogels were coated on a silane modifier by
chemical vapor deposition (CVD) [15]; (4) and CNF aerogels were modified with cationic chitosan
(Ch), anionic poly(vinylphosphonic acid) (PVPA), and anionic montmorillonite clay (MMT) by a
layer-by-layer technique [16]. However, these methods have complicated modification processes, and
often do not pay attention to the durability of modifiers. These modifiers easily lose their functionality
when they are affected by environment changes. Therefore, current research goals should focus on a
simple process that is controllable and enables environmental protection.

Water-soluble ammonium polyphosphate (APP) is an efficient commercial flame retardant with
excellent performance that is non-toxic and emits no gases or drips during a flame test and has
been shown to improve the flame retardancy of poly(vinyl alcohol) (PVA) aerogels [17]. However,
water-soluble APP can be dissolved in water and be removed when it encounters water. This decreases
the durability of APP in aerogels for practical applications. If aerogels are given hydrophobicity, this
problem can be solved. Currently, some hydrophobic aerogels were proposed in a process where
acid-hydrolyzed methyltrimethoxysilane (MTMS) sol modified CNF suspensions were generated
via freeze-drying [18]. This modification was carried out in the aqueous phase without chemical
post-treatment, which improved the hydrophobicity and mechanical properties of the CNF aerogel.
MTMS has strong hydrolysis activity and good chemical stability that can be used in the reaction
under aqueous conditions. It provides the conditions necessary so that the modification of MTMS
and APP can be carried out simultaneously under aqueous conditions, which avoids the complicated
modification process. On the other hand, the MTMS modification can effectively improve the durability
of APP, providing a possibility for the application of aerogels in the field of thermal insulation.

Although numerous studies have reported on cellulose aerogels for thermal insulation materials
with various water and fire resistance modifications, few have focused on using holocellulose nanofibrils
(HCNF) as raw materials to prepare aerogels. Cellulose aerogels most commonly have been prepared
from CNF, which uses high-pressure homogenizers. However, the energy consumption of this
kind of preparation is very high and causes easy clogging of the homogenizers. Thus, the use of
various pre-treatment methods, such as oxidation by 2,2,6,6-tetramethylpiperidiny loxyl or cellulose
modification by the introduction of charged groups [19], were necessary for commercial exploitation of
CNF production. However, this also created a complicated preparation process. Currently, it has been
reported that a high content of hemicellulose might lead to an easy nanofiber fibrillation tendency [20].
Compared to TEMPO-CNF (2.5 nm), the diameter of CNF which has been prepared by holocellulose is
4.2 nm [21]. In addition, the morphology and structure of TEMPO-CNF and holocellulose-derived CNF
showed no significant difference. Using holocellulose to prepare aerogels can allow one to skip the steps
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of TEMPO-oxidation and alkali treatment. Also, it can greatly improve the utilization of raw materials.
Thus, in this study, instead of the traditional cellulose aerogel preparation methods, the IBR-derived
holocellulose was directly used as the raw material to prepare aerogels via freeze-drying. To improve
the properties of the holocellulose aerogel composites, the HCNF solutions were freeze-dried in the
presence of APP and acid-hydrolyzed MTMS, resulting in ultralight aerogels with good hydrophobicity
and fire resistance. The mechanical, thermal, hydrophobic, and flame properties of the modified
aerogels were characterized, in addition to their thermal insulative properties. This eco-friendly
method for the preparation of cellulose-based thermal insulation aerogels from IBR not only simplified
the preparation of cellulose aerogels, but also shows its practical application prospects.

2. Materials and Methods

2.1. Materials

Industrial bamboo residues (IBR) were collected from Youzhu Technology Co. Ltd.(Yongan,
China) without further treatment. Water-soluble APP (76%) was purchased from Shandong Usolf
Chemical Technology Co. Ltd. (Qingdao, China). Glacial acetic acid was obtained from Beihua
Fine Chemicals Co., Ltd. (Beijing, China). Sodium chlorite (80%) and MTMS (98%) was obtained
from Aladdin Chemistry Co. Ltd. (Shanghai, China). Potassium bromide (KBr) and Congo red were
obtained from Guangfu Technology Development Co. Ltd (Tianjin, China). All chemical reagents were
used as received without further purification. Deionized water was used in all experiments.

2.2. Synthesis of HCNF/APP/MTMS Aerogels

The IBR was processed with chemical pretreatments of 3 wt% sodium chlorite (75 ◦C, 6 h) to
remove the lignin, resulting in the holocellulose samples, and then, the holocellulose samples were
dispersed in deionized water with a concentration of 1 wt% and nanofibrillated using industrial
high-power ultrasonication (Scientz-08, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China)
for 20 min at 30% power. The resulting HCNF solution was placed in a 4 ◦C environment before
further utilization.

Dissolving APP (0.1 g) in HCNF suspension (100 g, 1 wt%) formed APP/HCNF solutions, which
were then stirred for 10 min. The obtained HCNF/APP solutions were adjusted to a pH of 4 with a 0.5
M hydrochloric acid (HCl) solution. Then, the HCNF/APP/MTMS solutions were prepared dropwise
by adding MTMS (2.78 g, 20 mmol/g(CNF)) to HCNF/APP solutions (pH = 4) and stirred at room
temperature for 2 h.

As-prepared HCNF/APP/MTMS solutions were frozen in the refrigerator at −80 ◦C for 6 h.
After freezing, the samples were immediately transferred to a freeze-drier under 0.6 Pa and −80 ◦C
for 36 h. The obtained aerogels were sealed in plastic bags for further characterization. With
respect to nomenclature, the aerogels prepared from neat HCNF solutions, HCNF/APP solutions,
and HCNF/APP/MTMS solutions were called HCNF, HCNF/APP and HCNF/APP/MTMS aerogels,
respectively. The mechanism scheme for HCNF/APP/MTMS aerogels is shown in Figure 1.
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Figure 1. The mechanism scheme for HCNF/APP/MTMS aerogels.

2.3. Characterization

2.3.1. Chemical Composition

Before the tests, the samples were dried in an oven until the mass change was less than 0.02 g.
The test methods of chemical composition on lignin, holocellulose, and α-cellulose were according to
Chinese Standards of GB/T 2677-8 [22], GB/T 2677-10 [23], and GB/T 744 [24], respectively.

2.3.2. Density

The densities of various aerogels were calculated by measuring their masses and dimensions. The
detailed calculation uses the following equation:

ρ =
m
V

(1)

where ρ, m, and V are the density, quality, and bulk of aerogels, respectively.

2.3.3. Scanning Electron Microscopy (SEM)

The morphologies of the aerogels were observed by scanning electron microscopy (SEM, XL30,
FEI Ltd., Hillsboro, OR, USA). Aerogels were cut with a blade (Leica 819, Leica Microsystems Ltd.,
Wetzlar, Hessen, Germany) in liquid nitrogen, and then fixed with conductive carbon tape and coated
with a platinum layer for 90 s. The morphologies were observed with an accelerating voltage of 7 kV.

2.3.4. Fourier Transform Infrared (FT-IR)

Before the test, all samples were dried in an oven to eliminate the effects of moisture. The Fourier
transform-infrared (FT-IR) spectra were recorded by a Nicolet IS10 FT-IR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Aerogels were mixed in KBr with proportion of 1:100, and then ground
by ball milling (ST-M200, Xuxin Instrument Co. Ltd. Beijing, China) at 1500 r/min, for 5 min. The FT-IR
spectra were recorded in the range of 400–4000 cm−1 with a resolution of 4 cm−1.
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2.3.5. X-ray Diffraction (XRD)

A wide angle X-ray diffractometer (X PERTPRO-30X, PHILIPS Ltd., Almelo, the Netherlands) was
used to determine the crystal characteristics of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels
powders. The aerogel powders were smashed and sieved with more than 40 mesh. The X-rays were
operated at 40 kV and 40 mA. The X-ray diffractograms were recorded at 0.02◦/s over a 2θ scan in the
range of 5–45◦.

2.3.6. Compressive Properties

The compressive properties of the aerogels (20 mm × 20 mm × 25 mm) were measured on an
Instron 5848 testing machine (Instron Co. Ltd., Canton, MA, USA) with a load cell of 500 N. The
stress-strain curves were measured with a compression speed of 5 mm/min to 80% strain of aerogel
under a controlled atmosphere of 25 ◦C and 50% humidity.

2.3.7. Hydrophobicity and Contact Angle

The hydrophobicity of aerogels was measured by deionized water, which was dyed with Congo
red. The surface wettability of the aerogels was measured by static contact angle analysis using a
contact angle goniometer (OCA20, Dataphysics Instrument, Filderstadt, Germany). The volume of the
water droplet was 3 μL, and five positions were tested.

2.3.8. Thermal Stability

Thermal stability measurements were obtained using a thermogravimetric analyzer (TGA, Q 50
TA Instruments, New Castle, DE, USA) from room temperature to 700 ◦C at a 10 ◦C/min heating rate
under N2 protection. The quality of the tested aerogels was between 7–10 mg.

2.3.9. Flammability and Cone Calorimetry

The flame-retardant properties were evaluated by measuring the combustion with a butane
blowtorch (~1000 ◦C) under a fuming cupboard. The combustion of aerogels was investigated under a
cone calorimeter device (FTT, Fire Testing Technology Ltd., West Sussex, RH19 2HL, UK) with heat
flux of 50 kW/m2 in accordance with the ISO 5660-2 [25]. The aerogel (100 mm × 100 mm × 10 mm)
was placed in a horizontal configuration.

2.3.10. Thermal Conductivity

Thermal conductivities were tested with a hot disk thermal constant analyzer (TPS2500S, Kegonas
Co. Ltd., Uppsala, Sweden), which used a transient plane source method at 24 ◦C. The probe
(R = 3.189 mm) was sandwiched between two aerogels (100 mm × 100 mm × 10 mm) to measure the
changes in temperature. The output power and time of tests were 100 mW and 10 s, respectively.

3. Results and Discussion

3.1. Characterization of HCNF, HCNF/APP, and APP/MTMS/HCNF Aerogels

The morphology of the industrial bamboo residues (IBR) are shown in Figure 2a. The chemical
composition of IBR is summarized in Table 1. The contents of lignin, holocellulose, and α-cellulose
were 22.70, 69.08, and 39.09%, respectively. It is noteworthy that the IBR contained amounts of
holocellulose, which means the utilization of IBR will be greatly improved if holocellulose can be used
reasonably. Based on the results, the IBR directly went through a bleach treatment and high intensity
ultrasonication without any shredding, resulting in HCNF, followed by APP and MTMS modification.
The morphology of the as-obtained HCNF was characterized by SEM image (Figure 2b), indicating the
HCNF was successfully prepared.
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Figure 2. (a) Optical images of industrial bamboo residues (IBR) and (b) SEM images of as-prepared
HCNF suspension with 0.01 wt%.

Table 1. The chemical composition of industrial bamboo residues.

Sample Lignin (%) Holocellulose (%) α-Cellulose (%)

Industrial bamboo residues 22.70 ± 0.66 69.08 ± 0.22 39.09 ± 0.10

To investigate the modified aerogels, FTIR, XRD, and TGA were used to characterize the changes
in composition and thermal stability. Figure 3 shows the FT-IR spectra of HCNF, HCNF/APP, and
HCNF/APP/MTMS aerogels. The peaks at 1235 cm−1 and 1730 cm−1 in all aerogels are respectively
attributed to the C=O stretching vibration in the acetyl groups and C–O stretching vibration in the
glucuronic acid unit of the hemicellulose, indicating that hemicellulose exists in the aerogels [26].
In the HCNF/APP aerogels, the region at 3400~3030 cm−1 was broadened, which was attributed to
the N–H asymmetric stretching vibration of the NH4

+ in the APP [27]. This indicated that APP was
homogeneously distributed in the aerogels. A new band, which indicated stretching vibrations of
Si-C/Si-O-Si at ca. 770 cm−1, appeared in the HCNF/APP/MTMS aerogels, and the C–H deformation
vibrations of –CH3 at ca. 1272 cm–1 increased significantly. Meanwhile, the amount of –OH in the
HCNF/APP/MTMS aerogel was shown with a dramatic decline in the stretching vibration peak of
–OH observed at ca. ~ 3314 cm–1 [28]. This behavior was similar to that of MTMS-modified oil-water
separation materials [18].

 
Figure 3. The FT-IR spectra of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels.
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The XRD patterns of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels are shown in Figure 4.
The two main diffraction peaks appeared at 2θ = 16.5◦, 22.5◦, and 34.6◦ in HCNF and HCNF/APP
aerogels, which represent the crystalline area (110, 200 and 004) in the cellulose I pattern [29].
Thus, the cellulose I crystal integrity was maintained with the addition of APP. Note that with the
HCNF/APP/MTMS aerogels, an additional strong diffraction peak near 2θ ≈ 10◦ appeared. The new
peak covered the (110) crystalline area in the cellulose I crystal. However, the positions of the diffraction
peaks that belonged to the cellulose I crystal were not changed. This indicates that the cellulose I crystal
was also not affected by the modification of MTMS. Furthermore, the new diffraction peaks strongly
resemble that of organic-inorganic phyllosilicates (001) [30], which shows the existence of MTMS.

 

Figure 4. The XRD pattern of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels.

The TGA and DTA curves of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels are shown in
Figure 5, and the degradation data is summarized in Table 2. It was observed that the temperature at
which 30% weight loss of the HCNF/APP aerogels occurred was decreased compared to HCNF aerogels.
The lower values in both T30% and TMAX of HCNF/APP aerogels was main due to water-soluble APP
decomposing when heated to 180 ◦C, leading to dehydration and carbonization of the HCNF substrate
in the aerogels. However, the pyrolysis rate of the HCNF/APP aerogels was significantly decreased,
and the value of residue at 700 ◦C increased from 13.03% to 34.57%. The heat decomposition of APP
could dehydrate and carbonize the aerogel matrix to produce C=C and N−P−C structures. This could
result in a charred layer, which could hinder heat transfer and prevent further decomposition [31]. It is
noteworthy that, compared to HCNF/APP aerogel, the thermal stability at 30% weight loss was further
improved in HCNF/APP/MTMS aerogels. Tjos could be related to the high heat stability of MTMS.
From a previous report, it is known that the weight loss could eliminate the low-molecular-weight
species which adsorbed at the surface of cellulosic substrate if the polysiloxane is not bonded strongly
to the CNF substrate [32]. Furthermore, the effective coating of the cellulosic substrate by a modifier can
form an excellent physical barrier to prevent CNF from combustion [33]. Thus, the behaviors seen in
this study, in which the temperature at 30% weight loss of HCNF/APP/MTMS aerogel was significantly
delayed, indicate that the improvement of thermal stability was assigned to the inherent heat resistance
of the polysiloxane bonded at the HCNF surface. Moreover, the Si–O–C solid residues formed by the
modified aerogel at high temperatures further enhance the effects of carbon sequestration, making the
mass residues increase to 36.25%.
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Figure 5. The TGA (a) and DTG (b) curves of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels.

Table 2. TGA data of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels.

Samples T30%
1 (◦C) TMAX

2 (◦C) Residual Mass 3(%)

HCNF 298.26 329.87 13.03
HCNF/APP 236.62 237.49 34.57

HCNF/APP/MTMS 282.47 288.46 36.25
1 T30% is temperature at 30% weight loss of aerogels. 2 TMAX is temperature at the maximum rate of aerogel
degradation. 3 Residual mass after heating up to 700 ◦C.

To further study the properties of the modified aerogels, the morphology of HCNF and
HCNF/APP/MTMS aerogels are shown in Figure 6. The HCNF/APP/MTMS aerogels were more
soft and flexible than HCNF aerogels. It was indicated that the structure of HCNF/APP/MTMS aerogels
clearly changes. The aerogel structures were analyzed by SEM images and are shown in Figure 7.
The macropores were clearly observed in both aerogels. However, from HCNF to HCNF/APP/MTMS
aerogels, the foam-like structure translates into a 3D network structure and an amount of inorganic
particles coated on the surface of the aerogel matrix. Interestingly, HCNFs and bamboo fibers were
intertwined, forming a porous structure in both aerogels (Figure 7c,d). This is primarily due to the
structural differences of the fibers and parenchymal cells of bamboo [8]. Under the same ultrasonic
treatment conditions, the parenchymal cells are more easily microfibrillated than bamboo fibers.

 

Figure 6. Optical images of the (a) HCNF aerogel, and (b) HCNF/APP/MTMS aerogel with
different features.
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Figure 7. SEM images of the HCNF (a,c) and HCNF/APP/MTMS (b,d) aerogels.

3.2. Compressive Properties

Mechanical properties are important for thermal insulation materials. The densities of the HCNF,
HCNF/APP, and HCNF/APP/MTMS aerogels were 12.04 (0.25), 16.27 (0.29), and 28.54 (0.50) kg/m3,
respectively. The compressive properties of HCNF, HCNF/APP, and HCNF/APP/MTMS aerogels are
shown in Figure 8. The typical compression curves can be divided into three stages, namely the elastic,
yield, and densification stages. From the stress-strain curves, a distinct linear elastic region can be
observed in the HCNF aerogels, and those of the HCNF/APP and HCNF/APP/MTMS aerogels were
not boundaries between the elastic and yield regions (Figure 8a). These kinds of behaviors are similar
to the compression curves of other porous materials [34].

The compressive modulus is the slope of the linear region of the stress-strain curve in the elastic
stage. In this study, the compressive modulus can be determined at strains below 5%, because the
aerogels are elastic in this stage. As shown in Figure 8b, a compressive modulus of 38 kPa was
determined for the HCNF aerogels at a density of 12.04 kg/m3. However, the compressive modulus of
the HCNF/APP aerogels was only 1.4 kPa at density a 16.27 kg/m3, and that of the HCNF/APP/MTMS
aerogels was 8.9 kPa at a density of 28.54 kg/m3. There was a substantial reduction compared to
the HCNF aerogels. Based on the structural changes of the aerogels, with the addition of the APP
and MTMS, the foam-like structure translates into a 3D network structure, which indicated that the
bonding points of substrate showed a substantial reduction in the HCNF/APP/MTMS aerogels, causing
a weak crosslinking between HCNFs. The tightly-bound foam-like structure results in a relatively
high resistance to compression, and the weak bonding in the 3D network structure induces lower
stress values at the same deformation [35]. Thus, the mechanical properties of HCNF/APP/MTMS
aerogels decreased clearly. To further understand the influence of APP and MTMS on modified fibers
against density increase, the specific moduli of HCNF, HCNF/APP and HCNF/APP/MTMS aerogels
were measured by using densities for normalization. The specific modulus of the HCNF aerogel
was 3.16 kPa/(kg/m3), and that of HCNF/APP and HCNF/APP/MTMS aerogels decreased to 0.086
and 0.312 kPa/(kg/m3), respectively, which shows a substantial reduction. It was indicated that the
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APP and MTMS seriously affected the crosslinking of HCNFs, which proved the above conclusion.
However, the specific moduli of HCNF/APP/MTMS aerogels were better than that of HCNF/APP
aerogels, which could be due to the silane layer bonding enhancing the skeleton structure of aerogels,
making HCNF/APP/MTMS aerogels have better mechanical properties than HCNF/APP aerogels.

 

Figure 8. The (a) stress-strain curves and (b) compressive moduli and specific moduli of the HCNF,
HCNF/APP, and HCNF/APP/MTMS aerogels.

3.3. Hydrolytic and Flame Resistance

For thermal insulation materials, water and fire resistance are important. Water seepage
can enable thermal insulation materials to lose insulative properties. Additionally, combustible
thermally-insulative materials can easily to form a “chimney effect” so that the fire cannot be controlled.
To research the application feasibility of thermal insulation materials, hydrophobic and fire resistance
properties were utilized. As shown in Figure 9a, the HCNF aerogels, which contain abundant hydroxyl
groups, quickly absorbed water and sunk in 3 s. However, from Figure 9b, the HCNF/APP/MTMS
aerogels became hydrophobic as water formed droplets on the surface, and the aerogels could float on
water. Furthermore, a HCNF/APP/MTMS aerogel could refloat on water when it was pressed into
the water completely. Thus, the HCNF/APP/MTMS aerogels exhibited good hydrophobic properties.
Furthermore, by the contact angle test, the 3 μL water droplet on the surface of the modified aerogel
maintained a round shape with high contact angles of 130◦ for more than 10 min (Figure 9c). This was
primarily due to the MTMS covering the HCNF surface, causing the aerogel to form an air shield at the
interface between the water and the aerogel. The reduced availability of free hydroxyl groups in the
matrix can effectively reduce water absorption [36]. Thus, the HCNF/APP/MTMS aerogel exhibited
good water resistance, and meanwhile proved that the aerogel was well bound to MTMS. This behavior
not only protects the aerogel from water damage, but also solves the problem of the dissolution of APP
in water.

Moreover, the high-temperature fire resistance properties of the aerogel were assessed using a
butane blowtorch (~1000 ◦C). It was observed that the HCNF aerogels immediately burned and the
structure collapsed when contacted by fire until complete carbonization (Video S1). However, the
HCNF/APP/MTMS aerogels did not burn when they came in contact with fire by butane blowtorch.
Furthermore, during 60 s of fire treatment at 1000 ◦C, the HCNF/APP/MTMS aerogels slowly carbonized
from the side near the fire source. After the flame treatment, the fire did not spread to the remainder
of the aerogel (Video S2). This is due to the decomposition of APP, enabling the aerogel to form a
char layer quickly. Meanwhile, the released NH3 and H2O diluted the flammable gas and oxygen to
prevent further flame spreading [37].

Cone calorimetry has been widely used for flame resistance testing and can provide significant
amounts of data, including time to ignition (TTI), release rate (HRR), total heat release (THR), smoke
production rate (SPR), and total smoke production (TSP). To gain insight into fire resistance, a cone
calorimeter device, according to the standard of ISO 5660-2, was used in this study. As seen in Table 3,
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the TTI was increased from 0 (burns as soon as it is ignited) to 3 s after APP and MTMS modification.
Although all samples were flammable under a heat flux of 50 kW/m2, the addition of APP and MTMS
extended the TTI of the samples. As shown in Figure 10a, the HRR of HCNF/APP/MTMS aerogels
was observably reduced compared with HCNF aerogels. The peak heat release rates (pHRR) of the
HCNF, HCNF/APP aerogels were measured to be 466.6k W/m2 and 341 kW/m2, respectively, and that
of the HCNF/APP/MTMS aerogels was 219.1 kW/m2, which showed a 47% decrease. Moreover, the
THR of the HCNF/APP/MTMS sample was reduced from 6.9 to 6.1 MJ/m2 (Figure 10b). This is due
to the decomposition of APP caused the high efficiency carbonization effect leading to incomplete
combustion of the aerogels during testing.

 

Figure 9. Hydrophobicity of (a) HCNF and (b) HCNF/APP/MTMS aerogels, and (c) water contact
angles of the HCNF/APP/MTMS aeroge measured at 5 s and 10 min.

Table 3. Cone calorimeter data of the HCNF, HCNF/APP, HCNF/APP/MTMS aerogels.

Samples
TTI
(s)

pHRR
(kW/m2)

TpHRR

(s)
FIGRA

(kW/s·m2)
THR

(MJ/m2)
pSPR
(m2/s)

TSP
(m2)

HCNF 0 1 466.6 20 23.30 6.9 0.024 0.18
HCNF/APP 1 341.0 20 17.05 6.6 0.013 0.09

HCNF/AP-P/MTMS 3 219.1 25 8.76 6.1 0.006 0.04
1 the HCNF aerogel was immediately burned, so the TTI cannot be measured.
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SPR and TSP are important factors for insulation materials. Figure 10c,d show SPR and TSP
curves during sample burning. It can be clearly observed that the SPR and TSP decreased with the
addition of APP and MTMS. The peak of smoke production (pSPR) decreased from 0.024 to 0.006 m2/s,
and TSP decreased from 0.18 to 0.04 m2. Together with Figure 11, it can be seen that there was no
residue after cone calorimeter testing from the HCNF aerogels, while a little residue and a char layer
were obtained after cone calorimeter testing from the HCNF/APP aerogels. However, more continuous
char layers and the stable porous structure was preserved in the HCNF/APP/MTMS aerogels after cone
calorimeter testing. These behaviors showed that the APP and MTMS played a key role in enhancing
the fire resistance of HCNF/APP/MTMS aerogels. The continuous char layer can form a protective
layer to prevent the spread of flame, ensuring that the cellulose skeleton is not destroyed and produces
less smoke [38]. And the stable porous structure of the HCNF/APP/MTMS aerogels can effectively
absorb some of the smoke [39].

Figure 10. The (a) HRR, (b) THR, (c) SPR, and (d) TSP curves of the HCNF, HCNF/APP, and
HCNF/APP/MTMS aerogels.

 

Figure 11. Digital photographs of residues of (a) HCNF, (b) HCNF/APP, and (c) HCNF/APP/MTMS
aerogels after the cone calorimeter test.
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The aerogel fire growth rate (FIGRA) is given in Table 3. FIGRA is an important parameter used to
assess fire risks. The lower the FIGRA index, the higher the possibility that humans are able to survive
in a fire. For the HCNF/APP/MTMS aerogel, the FIGRA index decreased from 23.3 to 8.76 kW/s·m2.
Compared to the HCNF aerogel, the HCNF/APP/MTMS aerogel provides better chances for human
survival in a fire incident.

3.4. Thermal Insulation Properties

Thermal conductivity is an important parameter for thermal insulation materials. The total
thermal conductivities of HCNF and HCNF/APP/MTMS aerogels were measured using a hot disk
thermal constant analyzer at room temperature. The results are given in Table 4.

Table 4. The thermal conductivity of HCNF, and HCNF/APP/MTMS aerogels.

Samples
Temperature

(◦C)

Thermal
Conductivity

(W/m·K)

Standard
Deviation

Specific Thermal
Conductivity

(W/m·K)/(kg/m3)

HCNF 25 0.0285
0.0055

0.0024
HCNF/APP/MTMS 25 0.0398 0.0014

The aerogels made from HCNF aerogels with a bulk density of 12.04 kg/m3 had a thermal
conductivity of 0.0285 W/m·K, slightly higher than the thermal conductivity of air (0.023 W/m·K). The
thermal insulative properties of HCNF aerogels are believed to be due to morphology and molecular
structure. Due to the fact that HCNF aerogels exhibit low density and high porosity, the thermal
conductivities of the solids in the HCNF aerogels were decreased. Furthermore, with the addition of APP
and MTMS, the thermal conductivities of HCNF/APP/MTMS aerogels were increased to 0.039 W/m·K.
The thermal conductivities were normalized by density to measure the specific thermal conductivity
of HCNF and HCNF/APP/MTMS aerogels. The specific thermal conductivity of the HCNF aerogel
was 0.0024 (W/m·K)/(kg/m3), and that of HCNF/APP/MTMS aerogels was 0.0014 (W/m·K)/(kg/m3).
These behaviors indicated that the density of HCNF/APP/MTMS aerogels of up to 28.54 kg/m3 is the
main reason for the increase of thermal conductivity. In addition, the APP and MTMS changed the
structure of the HCNF/APP/MTMS aerogels, making it form an opening 3D network structure. This
disordered structure with a macropore (>70 nm) can reduce the mean free paths of air molecules [40].
On the whole, the thermal conductivities of the HCNF and HCNF/APP/MTMS aerogels were in the
range in 0.0285 to 0.039 W/m·K. For comparison, the expanded polystyrene of 0.030–0.045 W/m·K, and
conventional biomass-derived materials such as wood or hemp fiber insulation boards, have thermal
conductivities of 0.040 W/m·K or higher [41]. Moreover, conventional biomass-derived materials have
poor water and fire resistance, while expanded polystyrene, although it has less water absorption,
still has poor fire resistance. Thus, HCNF/APP/MTMS aerogel with ultralight, hydrophobic, and fire
resistant properties makes it possible to prepare ultralight and functional thermal insulation materials
in a manner which can easily be exploited in the field of building energy efficiency.

4. Conclusions

In this study, holocellulose aerogels were successfully prepared by freeze-drying, using IBR-derived
holocellulose which allows one to skip steps of alkali treatment, and greatly improves the utilization
of raw materials compared to regular CNF aerogels. Followed by APP and MTMS modification, the
aerogels were given properties of hydrophobicity and fire resistance. All aerogels had low densities,
ranging from 12 to 28 kg/m3, including the thermal conductivity of 0.028–0.039 W/m·K. The mechanical
properties, microstructures, chemical compositions, hydrophobicities, thermal stabilities, and flame
retardancies of the aerogels were determined. The FTIR, XRD, and TGA analyses have shown that
APP and MTMS were effectively attached by the aerogels’ substrates. The HCNF/APP/MTMS aerogels
showed decreased compressive strength, which was due to the structural changes after APP and MTMS
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additions. However, the HCNF/APP/MTMS aerogels showed higher hydrophobicity, with a contact
angle up to 130◦ and the ability to float on water. Moreover, the fire tests, as measured by butane
blowtorch (~1000 ◦C), showed tjat the HCNF/APP/MTMS aerogels exhibit good flame retardancy.
The pHRR of 219.1 kW/m2, pSPR of 0.006 m2/s, and TSP of 0.04 m2 were characterized by cone
calorimetry. Furthermore, the FIGRA index decreased from 23.3 to 8.76 kW/s·m2, which indicates that
the HCNF/APP/MTMS aerogels should exhibit better performance during fire incidents. As described
above, the HCNF/APP/MTMS aerogels solved problems such as poor water and fire resistance, and
meanwhile solved the problem that flame retardants can be easily lost in water, showing improvement
in service durability. The as-prepared aerogels could be useful for energy efficient building.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/2/477/s1,
Video S1: The fire test of the HCNF aerogel by a butane blowtorch, Video S2: The fire test of the HCNF/APP/MTMS
aerogel by a butane blowtorch.
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Abstract: This article presents a facile synthesis method used to obtain new composite films
based on polylactic acid and micro-structured hydroxyapatite particles. The composite films
were synthesized starting from a polymeric solution in chloroform (12 wt.%) in which various
concentrations of hydroxyapatite (1, 2, and 4 wt.% related to polymer) were homogenously dispersed
using ultrasonication followed by solvent evaporation. The synthesized composite films were
morphologically (through SEM and atomic force microscopy (AFM)) and structurally (through FT-IR
and Raman spectroscopy) characterized. The thermal behavior of the composite films was also
determined. The SEM and AFM analyses showed the presence of micro-structured hydroxyapatite
particles in the film’s structure, as well as changes in the surface morphology. There was a significant
decrease in the crystallinity of the composite films compared to the pure polymer, this being explained
by a decrease in the arrangement of the polymer chains and a concurrent increase in the degree of
their clutter. The presence of hydroxyapatite crystals did not have a significant influence on the
degradation temperature of the composite film.

Keywords: polylactic acid; hydroxyapatite; composite films

1. Introduction

Polymeric films represent a particular domain of materials due to their controlled and directed
selectivity capacity [1,2]. Recently, besides the common applications which imply the separation
of constituents from a complex composition [3,4], less conventional applications such as adjuvant
films for osteointegration have also been studied. In this case, the membrane can be placed at the
interface between a metal implant and bone. These materials aim to improve and to accelerate
the integration of the metal implant into the bone [5–7]. Composite membranes and polymeric
films based on hydroxyapatite (HA) have lately seen great development, especially due to their
potential applications in orthopedics [8]. Among the most commonly used polymers employed
to obtain the aforementioned composites, biocompatible and bioresorbable polymers are usually
preferred due to their ability to be desorbed over time into the human body and to promote osteoblast
proliferation during bone implant welding. Hence, composites films based on hydroxyapatite and
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various polymers such as cellulose derivatives [9], starch [10], and polylactic acid [11] have been
synthesized. Polylactic acid (PLA) is a synthetic polymer that can have both a crystalline [12] and
an amorphous [13] structure. There are several studies which have indicated the use of PLA/HA
composites for different applications [14]. Composites of PLA/HA with a percentage of 80 wt.% HA
loading have been synthesized by adding filler into the polymer melt [15]. The obtained composites
have been investigated in terms of their mechanical properties, and a significant improvement of
Young’s modulus has been observed. Moreover, the reported values are close to those of natural
bone. In order to synthesize composite films with improved mechanical and thermal properties, new
composite films based on polylactic acid/hydroxyapatite/graphene oxide (PLA/HA/GO) have also been
prepared. In this case the HA and GO have been homogenously dispersed into a polymer solution
using dimethylformamide and methylene chloride as solvents. The final composite films were obtained
after the evaporation of the solvents at 40 ◦C [16]. The as-synthesized composite films were tested for
potential use in tissue regeneration [17]. It seems that the presence of GO promotes the dispersion of
HA into the polymer matrix and also has a positive impact on the biocompatibility of the final material.

Due to PLA’s good biocompatibility [18] and bioresorbability [19], polymer composites with
HA nanoparticles are focused on the synthesis of materials that improve the osteointegration of the
implantable scaffold. Rakmae et al. have reported the modification of the surface of HA particles with
3-aminopropyltriethoxysilane (APES) or 3-methacryloxypropyltrimethoxysilane (MPTS) to increase
the compatibility between the inorganic filler and the polymer matrix [20]. The researchers observed
that the surface modification of HA nanoparticles significantly improved the mechanical and thermal
properties of the synthesized composites, preventing the cleavage of PLA chains and increasing
the degree of biocompatibility of the final material. At the same time, the mechanical and thermal
resistances were further improved by adding a third polarizer to the synthesized composites, namely,
poly-caprolactone [21]. The presence of poly-caprolactone allows an easier adjustment of some
properties of the membrane by controlling the pore diameter and distribution.

Furthermore, PLA polymeric composites with very high mechanical strength have been
synthesized by adding epoxy resin to the composite matrix [22]. Superior mechanical properties were
observed in the case of the addition of HA and silver nanoparticles within a melted PLA matrix [23].
The use of this synthesis procedure allows for the obtaining of composites with a high percentage of
hydroxyapatite (18 wt.%), and, at the same time, the existence of silver particles provides excellent
antibacterial properties. High antibacterial activity for Escherichia coli and moderate antibacterial
activity for Staphylococcus aureus have been observed. Generally, all synthesized composites have
exhibited a non-cytotoxic character and can be used both in vitro and in vivo [24–26]. The optimal
mechanical properties for implantable materials based on PLA/HA have been achieved for composite
materials with a very high content of HA (70–80 wt.%) [15]. These percentages are conditioned by a few
synthetic methods that can lead to uniform materials which imply such high inorganic filler content.

The current article presents an easy method with which to synthesize compact PLA/HA composite
films by dispersing various concentrations of micro-structured HA particles in PLA solution using
chloroform as a solvent, followed by evaporation. The obtained composite films were characterized by
SEM microscopy, atomic force microscopy (AFM) microscopy, FT-IR spectroscopy, Raman spectroscopy,
and thermal analysis. The novelty degree of the present research is given by the synthesis method
used, which involves solvent evaporation for obtaining the films, the use of chloroform as a solvent
(with a low boiling point and rapid formation of films by evaporation of the solvent) and also the use
of the biogenic source HA.

2. Materials and Methods

2.1. Synthesis of Hydroxyapatite Particles

The hydroxyapatite particles were synthesized from spongy bone samples which were obtained
after removal of the cortical components in accordance with a previously described procedure reported
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in the literature [27–29]. Firstly, bovine bone samples were mechanically cleaned, followed by a heat
treatment at 500 ◦C for one hour in order to remove organic components. Proper thermal treatment
was performed at 1200 ◦C for 6 h with a heating rate of 10 ◦C/min. After cooling in the air, the samples
were ground in an agate ball mill and then sieved. For the present study, hydroxyapatite particles with
sizes smaller than 40 μm were used.

2.2. Synthesis of PLA/HA Composite Films

Polylactic acid was dissolved in chloroform at a concentration of 12 wt.%. The hydroxyapatite
particles were dispersed by ultrasonication for 30 min into the polymer solution at three different
concentrations (1, 2, and 4 wt.%, respectively) in order to obtain a homogenous solution. The composite
films were prepared after casting the obtained mixture into a Petri glass 60 mm in diameter (LabBox,
Barcelona, Spain) and evaporating the solvent at 40 ◦C for 72 h in an oven. The long evaporation time
was necessary due to the low porosity of the obtained films and the slower solvent evaporation during
polymer precipitation. After synthesis, the composite films were washed with distilled water and
ethanol to remove any chloroform and polymer residues and kept dry until use.

2.3. Characterization of Obtained Materials

FT-IR spectra were recorded on a Bruker VERTEX 70 spectrometer (Bruker, Massachusetts, United
States) using 32 scans with a resolution of 4 cm−1 in the 4000–600 cm−1 region. The samples were
analyzed using Attenuated Total Reflectance annex (ATR) (Bruker, Massachusetts, United States).

Raman spectra were registered on a DXR Raman Microscope (Thermo Fischer, Waltham,
Massachusetts, USA) from Thermo Scientific using a 532 nm laser line and a number of 10 scans.
The laser beam was focused using the 10× objective of the Raman microscope.

Scanning electron microscopy was performed on a FEI XL 30 ESEM TMP microscope equipped
with an EDAX Sapphire device (FEI/Philips, Hillsboro, OR, USA).

Thermogravimetric analysis (TGA) curves were registered on Q500 TA Instruments (TA
Instruments, New Castle, DA, USA) equipment using a nitrogen atmosphere from room temperature
to 800 ◦C and a heating rate of 10 ◦C/min.

Differential scanning calorimetry (DSC) curves were recorded using Netzsch DSC 204 F1 Phoenix
equipment (Netzsch, Selb, Germany). The sample was heated from room temperature (RT) to 300 ◦C
using a heating rate of 5 ◦C/min under nitrogen (20 mL/min flow rate).

AFM analyses were performed using a multimode apparatus Agilent 5500 (Santa Clara, California,
United States) equipped with an AC mode III controller. The contact mode images were obtained
using a triangular silicon nitride cantilever with a typical spring constant of 0.06 N/m and a resonant
frequency of 10 kHz. This type of cantilever is a very soft one and is specific for contact mode and
used to obtain images without damaging the sample. The analyses were performed under ambient
conditions with a calibrated piezo-scanner with a maximum xy range of 90 μm × 90 μm and a z scan
range of 7 μm.

Mechanical tests were performed according to the European Standard EN ISO 527-3 part 3 (for
films and tests) using a universal mechanical tester (Instron, Model 3382, Massachusetts, USA) at a
relative humidity of ~50 % and a speed of 3 mm/min. The dimensions of the samples were 10 cm × 1
cm × 0.038 cm. For each composite film a minimum of five specimens were tested and the average
values and standard deviation (±SD) were reported.

3. Results and Discussion

Figure 1 presents the FT-IR spectra of the HA, PLA, and PLA/HA composite films. In the HA
spectrum, the bands corresponding to the stretching vibration of PO4

3− are observed at 603 cm−1, 957
cm−1, and 1041 cm−1 respectively. In the PLA spectrum, the bands at 2998 cm−1 and 2947 cm−1 can be
attributed to the asymmetrical and symmetrical stretching vibrations of the C–H bond, the band at
1755 cm−1 can be attributed to the stretching vibrations of the C=O bond, the band at 1457 cm−1 can
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be attributed to the deformation vibration of the CH3 group, the bands at 1184 cm−1 and 1089 cm−1,
respectively, can be assigned to the C–O–C binding vibrations, and the band at 871 cm−1 corresponds
to the vibrations of the C–COO bond [30]. The spectra of the composite membranes are similar to the
PLA spectrum, exhibiting only the vibration bands corresponding to the polymer structure. This is
due, on the one hand, to the overlapping of the vibration bands of HA in the range of 600–1100 cm−1

with the bands corresponding to the polymer, and on the other hand because of the small amount of
phosphate groups present in the composite film composition compared to the C–H bonds from the
polymer structure [9]. However, slight changes in the peak intensity can be identified. Moreover, when
considering as the reference band the band at 1088 cm−1 (νC–O–C), whose intensity is unchanged across
all the spectra, and calculating the ratio between this band and the band at 1045 cm−1 (δC–CH3), it can
be observed that there is an increase in the intensity ratio in the case of the composite films compared
with the pure polymeric film. This could suggest the presence of some interferences between HA and
the polymer chain [31].

Figure 1. FT-IR spectra of hydroxyapatite (HA) and polylactic acid (PLA)/HA composite films.

The presence of HA in the composite films was also observed using Raman spectroscopy. Figure 2
shows the Raman spectra for PLA and the PLA/HA composite films. According to the figure, the PLA
spectrum presents characteristic bands observed at 2995 cm−1, 2990 cm−1, and 2878 cm−1, which
can be attributed to asymmetric and symmetrical stretching vibrations of the C–H (νas/sCH3) bond
of the PLA chain; 1762 cm−1, which can be attributed to the stretching vibration of the C=O (νC=O)
bond; 1447 cm−1, which can be attributed to the asymmetric deformation vibration of the CH3 bound
(δasCH3); 887 cm−1, which can be attributed to the stretching vibration of the C–COO (νC–COO) bond [16].
Compared to the PLA spectrum, the spectra of the composite films with 2 and 4 wt.% HA loaded onto
them contain all the polymer-specific bands as well as the presence of an additional band around 960
cm−1 which corresponds to the PO4

3− stretching vibration. This band comes from the HA structure and
represents a piece of quite solid evidence for the presence of the inorganic compound in the polymer
matrix. The absence of this band in the case of the composite membrane’s spectrum with 1 wt.% HA
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loaded on is due to a small amount of HA being introduced into the polymer matrix which could be
homogenously covered by the polymer. Moreover, for the membrane with 4 wt.% HA loaded onto it,
due to the high amount of HA introduced into the polymer matrix, the presence of two additional
bands at 585 cm−1 and 428 cm−1 which can be attributed to the asymmetrical deformation vibrations
of PO4

3− in the HA structure can be observed [32].

Figure 2. Raman spectra of PLA and PLA/HA composite films.

Thermogravimetric analysis was used to study the effect of HA nanoparticles on the thermostability
of the polymer. Figure 3 illustrates the TGA and Differential Thermal Gravimetry (DTG) curves of
PLA and the composite films with different concentrations of HA added. According to Figure 3,
all membranes exhibit a similar profile with two degradation steps. The thermostability of the materials
was tested by measuring the decomposition temperature at 10% mass lost (Td10%). An increase in
the thermostability of the composite films with 1 and 2 wt.% HA loaded on was observed at about
53 ◦C compared to pure PLA. By further increasing the HA contents to 4 wt.%, the Td10% was shifted
to lower values; this was due to the formation of some HA agglomerates in the polymer matrix.
However, the thermostability of the HA composite film with 4 wt.% HA can be seen to be superior to
the pure polymer films, and this increase in thermal stability is due to the formation of strong hydrogen
interactions and Van der Walls forces between inorganic particles and the polymeric chain during the
homogenization process. More recent studies have suggested that when using higher concentrations
of HA in the polymeric matrix it is very difficult to achieve a homogenous dispersion of inorganic
filler into the matrix, leading to the formation of aggregates and diminishing the shielding effect of the
particles [33]. On the other hand, the maximum degradation temperature of the first degradation step
is almost invariable and the decomposition temperatures report the same value for all the samples
(approximately 350 ◦C).

The thermal properties of the materials were also studied by DSC. Figure 4 shows the DSC curves
for PLA and the composite films with 1, 2, and 4 wt.% HA added. The results obtained from the DSC
curves for both the pure polymer and the composite films are summarized in Table 1. According
to the figure, all samples presented two endothermic peaks around 142 ◦C and 150 ◦C due to the
gradual melting of different sized polymer blades [31]. Moreover, on the DSC curves the presence of an
exothermic peak around 106 ◦C can be observed which corresponds to the crystallinity of the polymer
(a cold crystallization—temperature of crystallization—Tc). After intercalation of HA particles to the
polymeric matrix, the Tc values tends to decrease due to the fact that HA particles act as nucleation
centers for PLA crystals. Similar results have been reported in the literature by Maria Persson et al. [34].
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Figure 3. (A) Thermogravimetric analysis (TGA) and (B) DTG curves of PLA and PLA/HA composite films.

Figure 4. Differential scanning calorimetry (DSC) curves of PLA and PLA/HA composite films.

Table 1. Thermal characteristics of obtained materials (where Tm1 and Tm2 are melting temperatures
for low respectively high-temperature endotherms, ΔHc is crystallization enthalpy of the sample and
ΔHm is melting enthalpy of the sample).

Sample Name wt.% Td10% (◦C) Tmax (◦C) Tc Tm1 Tm2 ΔHc (J/g) ΔHm (J/g) χc (%)

PLA 100 221 352 106.9 141.4 148.4 18.99 21.82 3.02
PLA/HA 1 wt.% 99 226 350 103.9 142.6 150.3 22.63 23.3 0.72
PLA/HA 2 wt.% 98 274 351 104.2 142.6 150.6 22.63 23.78 1.23
PLA/HA 4 wt.% 96 254 351 106 141.8 149.5 24.75 26.37 1.73

The degree of crystallinity was further calculated according to the equation below, assuming an
ideal melt heat of 93.7 J (Equation (1)).

χc= 100× (ΔHm − ΔHc)/93.7 (1)

After the calculations, values of crystallinity percentage ranging between 3 and 0.7% were obtained.
It can be observed that at a low HA concentration (1 wt.%) the crystallinity of the composite films
decreased significantly compared to the pure polymer. By increasing the amount of HA added,
the value began to increase, reaching 1.7% for the composite by 4 wt.%. However, this value was below
the crystallinity obtained in the case of the pure polymer. This could be explained by the fact that
the presence of a small amount of HA (less than 4 wt.%) leads to a decrease in the crystallinity of the
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polymer as the presence of HA decreases the orientation of the polymer chains by increasing their
degree of disorder. Furthermore, it appears that the presence of HA had no significant effect on the
melting temperature, but a slight decrease indicates that the crystal size was less stable.

From the DSC assays we can conclude that the addition of HA particles in the polymeric matrix
has an influence on the polymer chain arrangement, which further leads to a change in the polymer
behavior when heated. This is due to the fact that HA particles act as nucleation centers in order to
obtain a rigid phase that has a significant effect on the final polymer properties.

The presence of HA in the polymer matrix has also been shown to have an effect on the morphology
of composite films. Scanning electron microscopy (Figure 5) revealed some differences between the
analyzed samples. The pure PLA film displayed a smooth surface with no polymeric formation.

 
Figure 5. SEM images of PLA and PLA/HA composite films. (A) Active surface of the membranes,
(B) porous surface of the films.
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The pores were shown to have very small diameters but a difference was observed between
one side and the other, indicating the asymmetry of the membrane. Contrary to polymeric membranes
obtained by phase inversion (precipitation with a non-solvent), the films obtained by solvent evaporation
can be seen to have much smaller pores due to the slow disappearance of the solvent from the polymer
solution. In this case, the porosity is given by the solvent molecules in the film structure that diffuse
outside of the film during the evaporation process [2,7]. At the same time, the polymer chains are entrained
with the solvent from the base of the solution film to its surface, generating pores [34–36]. In the case
of HA composite membranes, hydroxyapatite crystals appear both on the active and porous surfaces.
These are observed both in a dispersed form and in the form of large crystals (agglomerates). As the
amount of the HA particles in the film’s structure increases, large crystals have a higher volume [29,37,38].
Increasing the size of the crystals is a consequence of the poor dispersion of the inorganic filler in the
polymer solution, the ultrasonication time being the same for all the samples. The presence of the HA on
the porous surface can be explained by the weight of the particles, which are gravitationally deposited to
the base of the polymer solution film. This behavior is also observed in the AFM.

The samples were morphologically characterized by atomic force microscopy in order to reveal the
surface structure modification appearing with the variation of the composition. Figure 6 reveals the 3D
morphology of the PLA and PLA/HA 4 wt.% samples. The PLA sample shows a surface topography
with very high roughness areas and smooth areas. The morphological differences can be attributed
to the polymer’s spatial arrangement in crystalline and amorphous zones. An ordered crystalline
arrangement led to high roughness areas with an average roughness of about 41.1 nm, and a disordered
amorphous arrangement led to a smooth area. The PLA/HA 4 wt.% composite film shows a decrease
in the average roughness, with the average roughness being about 28.6 nm. This decrease appears
because of the formation of HA aggregates on the membrane active surface, showing similar results
to those observed in the SEM images. The above surface of the composite membrane reveals a more
ordered structure due to a better HA dispersion with the average roughness decreasing to 10.8 nm.

  
PLA PLA/HA 1 wt.% 

  
PLA/HA 2 wt.% PLA/HA 4 wt.% 

Figure 6. Atomic force microscopy (AFM) images of PLA and PLA/HA composite films.
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The composite samples with 1 and 2 wt.% (Figure 6) highlight lower average roughness values of
about 7.44 nm and 9.46 nm, respectively. The roughness decreasing assumes a more ordered surface
structure due to a high HA dispersion. The higher HA dispersion for the composite samples with
1 and 2 wt.% HA loaded on can lead to the conclusion that these concentrations represent the right
amount of inorganic phase within the polymeric matrix. Increasing the HA amount can overcome the
system balance and generate HA aggregates.

Figure 7 displays tensile stress versus tensile strain curves for PLA and PLA/HA composite films.
According to the figure and Table 2, a slight decrease in Young’s modulus in the case of the composite
films with 2 and 4 wt.% HA loaded within the polymer matrices can be observed. This behavior
may be explained on the one hand by the presence of HA, which acts as a local strain concentrator
within the final material, and, on the other hand by the formation of the aggregates at 4 wt.% HA.
The agglomeration of HA nanoparticles at 4 wt.% was also observed in SEM and AFM images and
led to a low interfacial interaction between HA and the polymer. A similar trend has been observed
by H.Y. Mi et al. In their study, Young’s modulus tended to decrease in the case of thermoplastic
polyurethane/hydroxyapatite electrospun scaffolds with a concentration of >2 wt.% HA, and this was
able to be explained by the nonuniform dispersion of HA within the polymer matrix, which led to an
inhomogeneous stress distribution [39].

Figure 7. Mechanical tests of PLA and PLA/HA composite films.

Table 2. Mechanical tests of obtained materials.

Sample Name Young’s Modulus (MPa)

PLA 17 ± 0.59
PLA/HA 1 wt.% 17 ± 0.55
PLA/HA 2 wt.% 15 ± 0.14
PLA/HA 4 wt.% 14 ± 1.44

Previous reported research has shown an increased thermal resistance in the case of metal-doped
HA with different cations like cerium [40], iron [41], zinc [42], and silver [43]. The higher thermal
resistance is given in this case by the presence of cations inside the structure of HA, and also by
the increased percentage of HA content (in all cases >10% wt.). Our observed small differences in
the thermal behavior of the obtained films can be explained by the lower percent of HA (1–4% wt.),
which is more suitable for potential application in osseointegration and is enough to influence the
proliferation of pre-osteoblasts through the pores of polymeric films [5,7]. With potential application
in osseointegration as films at the interface between a metallic implant and bone, porous films are
preferred due to their more bioresorbable behavior under physiological conditions, with in this case the
mechanical and thermal properties not being very important [8–10]. Higher mechanical properties can
be obtained in the case of scaffolds obtained by 3D printing due to the large amount of polymer in the
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volume of the obtained material [44]. Also, in terms of mechanical properties, these can be significantly
improved by the use of an additional polymer during the preparation of composite films, but with a
much higher percent of HA. In the case of the composite film chitosan-PLA-HA at a 50% content HA
amount at a compressive strength of 25,682 MPa, the strain to failure has been observed to be 70%
with an elastic modulus of 857 MPa. With an increase in HA content (to 80%), the elastic modulus
decreased to 660 MPa [45]. In these composites, PLA plays an important role, greatly influencing the
nucleation and the growth of HA crystalline. An important factor in defining the mechanical and thermal
properties is the synthesis method. When using cryomilling [46], high mechanical resistance and also
improved thermal properties can be achieved via a Young’s modulus of the composite of 6 GPa and a
compressive strength of 110 MPa, which are quite similar to the values for natural bone. In the case of
electrospun fibers, the elastic modulus increase has been found to be approximately 40% for a system
filled with micrometric HA (μHA) at 10%, 70% for systems of randomly oriented (R) PLA/μHA of 20%,
100% for a system with a nanometric randomly oriented HA (R PLA/nHA) of 10%, and up to 140% for an
R PLA/nHA 20% composite [47]. All these methods assure a higher quantity of polymer respective to
HA in the structure of composites, which can explain the higher mechanical properties in comparison
with our films. Furthermore, even by solvent evaporation, asymmetric polymeric films are obtained with
membrane structures which are characterized by a large free volume filled with air inside the material [1].
Osseointegration evaluation is more dependent on the synthesis method than other properties [48], being
more suitable in the case of plasma discharge with sputter deposition at the surface of implants [49],
Janus membranes [50], or membranes obtained by phase inversion/precipitation from PLA dissolved
in acetone [51]. In comparison with membranes obtained from acetone by phase inversion, our films
present the advantage of a very low diameter of pores, which is more suitable for further biomedical
applications [25]. Also, the use of chloroform as a solvent can assure a better manipulation of pore
diameter through the temperature of evaporation (a higher temperature will assure an increased speed of
evaporation with a lower diameter of pores and a lower temperature of evaporation will decrease the
speed of film formation and will also imply a lower pore diameter).

4. Conclusions

In this work, PLA/HA composite films were synthesized starting from a polymer solution in
chloroform (12 wt.%) in which various concentrations of hydroxyapatite (1, 2, and 4 wt.% reportable to
the polymer) were dispersed by ultrasonic methods, followed by the synthesis of membrane materials
by solvent evaporation, resulting in polymeric composite films. The synthesized membranes were
morphologically (by SEM and AFM) and structurally (by FT-IR and Raman spectroscopy) characterized,
and the thermal behavior of the synthesized composite films was studied. SEM and AFM images
showed the presence of micro-structured hydroxyapatite particles in the composite film structure, as
well as changes in the surface morphology. There was a significant decrease in the crystallinity of the
composite films compared to the pure polymer, this being explained by the decrease in the arrangement
of the polymer chains and a concurrent increase in their degree of disorder. Also, the composite
films were characterized in terms of their thermal behavior and it was observed that the presence of
hydroxyapatite crystals did not have a significant influence on the degradation temperature of the
composite films. Future research will study the influence of HA particle dimensions on composite
polymer films using the same conditions (solvent and evaporation method) and in vitro tests related to
the synthesized materials.
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Abstract: In this study, the low-cost processing residue of Radiata pine (Pinus radiata D. Don) was
used as the lone carbon source for synthesis of CQDs (Carbon quantum dots) with a QY (The
quantum yield of the CQDs) of 1.60%. The CQDs were obtained by the hydrothermal method,
and +a PVA-based biofilm was prepared by the fluidized drying method. The effects of CQDs
and CNF (cellulose nanofibers) content on the morphology, optical, mechanical, water-resistance,
and wettability properties of the PVA/CQDs and PVA/CNF/CQDs films are discussed. The results
revealed that, when the excitation wavelength was increased from 340 to 390 nm, the emission peak
became slightly red-shifted, which was induced by the condensation between CQDs and PVA. The
PVA composite films showed an increase in fluorescence intensity with the addition of the CNF
and CQDs to polymers. The chemical structure of prepared films was determined by the FTIR
spectroscopy, and no new chemical bonds were formed. In addition, the UV transmittance was
inversely proportional to the change of CQDs content, which indicated that CQDs improved the
UV barrier properties of the films. Furthermore, embedding CQDs Nano-materials and CNF into
the PVA matrix improved the mechanical behavior of the Nano-composite. Tensile modulus and
strength at break increased significantly with increasing the concentration of CQDs Nano-materials
inside the Nano-composite, which was due to the increased in the density of crosslinking behavior.
With the increase of CQDs content (>1 mL), the water absorption and surface contact angle of the
prepared films decreased gradually, and the water-resistance and surface wettability of the films
were improved. Therefore, PVA/CNF/CQDs bio-nanocomposite films could be used to prepare
anti-counterfeiting, high-transparency, and ultraviolet-resistant composites, which have potential
applications in ecological packaging materials.

Keywords: tensile properties; UV barrier; water-resistance

1. Introduction

Polyvinyl alcohol (PVA) is a kind of semi-crystalline polymer with a linear structure and strong
hydrogen bonds intermolecular. It has been widely used in papermaking [1], textiles [2], coatings [3],
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adhesives [4], packaging [5], and biomedicine [6] because of its toughness [7], adhesiveness [8],
biocompatibility [9], swelling behavior [10], lack of toxicity [11], and sufficient thermal stability; it
is also odorless and tasteless. However, PVA is highly hydrophilic and water-soluble [12], and its
light transmittance is not suitable for light-barrier packaging [13]. In order to expand the application
of PVA, much attention has been paid to fabricating functional PVA composites. The existence of
hydrogen-bonding groups in PVA structure and the ability to form hydrogen bonds makes PVA
suitable for mixing with other materials to improve its functional properties [14,15]. In previous studies,
the prepared silica in situ enhanced PVA/chitosan biodegradation films [16], PVA/tea polyphenol
composite films [17], PVA reinforced with cellulose nanocrystals or cellulose nanofibers (CNF) [18],
and CNF/PVA-borax hybrid foams [19] had better functional properties than PVA itself, from the
perspective of packaging-industry application.

In recent years, carbon materials have been paid much attention for the preparation of functional
composites. As a typical carbon material, nanocellulose (CNF) has been successfully used to improve
the properties of PVA films because of its nanometer size in diameter, high strength, excellent stiffness,
renewability, and high surface area [20–23]. In addition, the raw materials that can be used to extract
CNF are inexhaustible in nature [24]. In particular, PVA contains a lot of hydroxyl, which are accessible
for surface modification [23,25]. Carbon quantum dot (CQD) is a new kind of carbon material that
emerged in recent years. Since its discovery, CQD has been known as an excellent candidate for
diverse applications such as optoelectronics [26], detection of transition metal ions [27], fluorescent
inks [28], and cellular imaging [29] due to its strong photoluminescence [30], high photostability [31],
good water-solubility [32], low cytotoxicity [33], excellent biocompatibility [34], and environmental
friendliness [35]. With persistent efforts, researchers have successfully extracted CQDs from agricultural
and forestry waste, including mustard seeds [36], Actinidia deliciosa [37], and unripe peach [38]. Recently
a few researchers have aimed to make PVA/CQDs composite films. Dong et al. prepared CQDs
by hydrothermal reaction. It was added to the PVA solution, and the poly (vinylidene fluoride)
film pretreated with an alkaline solution was immersed in the prepared CQD/PVA solution, to coat
the surface of the film with a UV-shielding layer, and the composite film could shield the UV light
completely [39]. El-Shamy et al. successfully fabricated novel P-type thermoelectric PVA/CQDs
nanocomposite films through the solution casting technique. Thermoelectric properties such as
electrical conductivity, Seebeck coefficient, and thermal conductivity of the prepared films were studied.
These nanocomposites have a promising potential application in thermoelectric devices because they
are economical and easy to scale up [40].

Radiata pine is most widely distributed in New Zealand, Australia, and Spain, and it is a major
cultivated species in Argentina, Chile, Uruguay, Kenya, and South Africa. Radiata pine wood can be
used in construction, wood-based panel, papermaking, furniture, railway sleepers, and other aspects
because of its medium density, uniform structure, strong stability, nail holding strength, and good
permeability. However, radiata pine is still a new tree species in China. Data from the production
line show that about 13% of sawdust is generated when processing 1 m3 of logs into sawdust, and
about 18% of the shavings and sawdust is produced while making wood structures with 1 m3 of sawn
timber. Such a large amount of processing residue not only causes great waste of resources, but also
pollutes the factory environment and becomes a potential fire hazard. This study provides a new way
for efficient utilization of these wastes in extracting carbon quantum dots (CQDs) from them with a
simple hydrothermal method [41,42] and preparing PVA/CNF/CQDs fluorescent films. The influence
of CQDs load on photoluminescent properties, UV-vis absorption characteristics, tensile property,
surface contact angle to distilled water, and water-resistance of PVA/CQDs films and PVA/CNF/CQDs
composites were investigated.
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2. Materials and Methods

2.1. Materials

Radiata pine wood (Pinus radiata D. Don) processing residue was procured from Jingjiang Guolin
Forest Co., Ltd. (Jiangsu, China). After being oven-dried at 105 ◦C, until its water content was less
than 15%, the residue was crushed with a pulverizer (400 Y, Yongkang boao hardware products Co.
Ltd., Zhejiang, China) and then passed through a 90-mesh stainless-steel sieve. The resulting wood
powder was sealed in a plastic bag, for later use. Coniferous nanocellulose suspension was offered by
Zhongshan Nan Fiber New Material Co., Ltd. (Guangdong, China). Its solid content, fiber diameter,
and aspect ratio were 2.5 ± 0.5 wt.%, 30 nm, and ≥20, respectively. Both PVA (degree of polymerization,
750 ± 50) and quinine sulfate (99.4%) were purchased from Aladdin Biochemical Co., Ltd. (Shanghai,
China). All chemicals were used as received, without further purification.

2.2. Synthesis of CQDs from Radiata Pine Processing Waste

CQDs were synthesized by a hydrothermal method. Firstly, the Radiata pine woody powder
(1.3 g) was dispersed into purified water (70 mL) under a strong stirring. Then, the mixture solution
was transferred into a high-pressure Teflon-lined stainless-steel autoclave (100 mL, Taizhou, China)
and heated at 200 ◦C for 8 h in an oil bath. After being cooled down to room temperature, the resultant
light-yellow product (Figure 1a) was removed out from the autoclave and then filtered through
a piece of microporous membrane (pore size, 0.22 μm), to remove large particles. Brown–yellow
CQDs (Figure 1b) were obtained by a dialysis treatment for 48 h, with a dialysis membrane (MWCO,
500–1000 Da, Spectrum Labs, Los Angeles, CA, USA). The resulting CQDs (with a concentration of
0.1 wt.%) were stored in a refrigerator (4 ◦C) for later use.

 

Figure 1. (a) Filtered CQDs solution; (b) dialysis CQDs solution.

2.3. Fabrication of PVA-Based Films

2.3.1. Experimental Method

Table 1 shows the experimental method for preparation of PVA-based films. No. 1 (PVA film)
and No. 6 (PVA/CNF film) are the control to No. 2–5 and No. 7–10, respectively, for investigating the
influence of CQDs on the properties of PVA films and PVA/CNF composites.

67



Materials 2020, 13, 67

Table 1. Experimental method for preparation of PVA-based films.

Film No. CQDs (0.1 wt.%)/mL PVA (10%)/mL CNF (1%)/mL

No. 1 0 10 0
No. 2 0.2 10 0
No. 3 1 10 0
No. 4 2 10 0
No. 5 4 10 0
No. 6 0 10 10
No. 7 0.2 10 10
No. 8 1 10 10
No. 9 2 10 10
No. 10 4 10 10

2.3.2. Fabrication of PVA-Based Films

A 10 wt.% PVA solution was obtained by mixing PVA (10 g) and purified water (90 mL) at 95 ◦C
for 2 h, with stirring, and 1 wt.% CNF solution was prepared by diluting the purchased CNF solution
(8 g, 2.5 wt.%) with deionized water (12 mL), under strong stirring at room temperature for 1 h. PVA
solution (10 wt.%) and CNF solution (1 wt.%) were mixed according to the formula in Table 1, and then
ultrasonic-processed (XO-1200, Nanjing Xianqu Biological Technology Co., Ltd., China) in an ice/water
bath for 40 min at 20–25 kHz frequency, with an output power of 960 W, resulting in PVA/CNF mixture
for later use.

PVA film (No. 1, shown in Figure 2) was obtained by placing 10 mL of PVA solution (10 wt.%)
in a petri dish and drying it at 40 ◦C for 24 h (101-2BS, Beijing Hengnuolixing Technology Co., Ltd.,
China). PVA/CNF film (No. 6, shown in Figure 2) was prepared in the same manner.

 

Figure 2. Images of PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films under daylight.

According to the formulation in Table 1, a certain amount of CQDs were mixed with PVA solution
or PVA/CNF solution. After ultrasonic processing (XO-1200, Nanjing Xianqu Biological Technology
Co., Ltd., China) in an ice/water bath for 30 min at 20–25 kHz frequency, with an output power of 960 W,
the mixture was cast in a glass petri dish with a diameter of 90 mm and oven-dried with ventilation
(101-2BS, Beijing Hengnuolixing Technology Co., Ltd., China) at 60 ◦C, to a state of smooth demolding,
resulting in PVA/CQDs films (No. 2–5, shown in Figure 2) and PVA/CNF/CQDs films (No. 7–10, shown
in Figure 2).
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2.3.3. Characterizations of the Obtained CQDs

A three-use ultraviolet analyzer (ZF-1, Li Chen, Zhejiang, China) with an emission wavelength
of 365 and 254 nm was used to obtain the fluorescence photographs of the prepared CQDs. The
morphology of the CQDs was investigated with a cold field-emission scanning electron microscope
(FE-SEM, S-4700, Hitachi, Japan) with an accelerating voltage of 200 kV, and the photoluminescence (PL)
spectra and photoluminescent intensity were recorded, using an LS 55 fluorescence spectrophotometer
(F-7000, Hitachi, Japan) with a band pass for excitation and emission of 10.

The quantum yield (QY) of the CQDs in this study was determined by referring to the method
reported in the literature [43]. Quinine sulfate was dissolved in 0.1 mL of H2SO4 (Φ = 54%) as a
standard. In order to minimize inner filter effect, both absorbance of the CQDs and the quinine sulfate
solutions were adjusted to below 0.1. The QY was calculated by Equation (1):

QYX = QYST

(
IX

IST

)(AST
AX

)( ηX

ηST

)2

(1)

where I and A are the fluorescence integral intensity and absorbance, respectively; η the refractive index
of the solvent is 1.33; and the subscripts X and ST correspond to CQDs and quinine sulfate, respectively.
According to the PL spectra of the CQDs and the quinine sulfate, the QY of our CQDs is 1.60%.

2.3.4. Characterizations of PVA-Based Films

The photoluminescent spectra and photoluminescent intensity of the PVA-based films were tested
by using the same method as in Section 2.3.3. In addition, ZF-1 Ultraviolet Analyzer was used to study
whether the prepared films had fluorescence effect and the influence of CQDs on fluorescence intensity
of the films. The Fourier Transform infrared (FTIR) spectra of the PVA-based films were recorded on
a spectrometer (VERTEX 80V, Bruker, Hamburg, Germany), using the KBr pellet technique, with a
resolution of 2 cm−1 in the range of 500–4000 cm−1. The ultraviolet-visible absorption characteristics of
the films were measured with an UV-vis spectrophotometer (Lambda 950, Perkin Elmer, Waltham,
MA, USA). The PVA-based film was cut to pieces with a diameter of 30 mm, after drying in an oven
(Electric blast drying box, 101-2BS, Beijing Hengnuolixing Technology Co., Ltd., Beijing, China) at 90 ◦C
for 24 h. The surface contact angles measurement of the prepared films to distilled water was tested
with an automatic single fiber contact angle measuring instrument (OCA40, Data Physics Instruments
GmbH, Feldstadt, German). In this study, we used the water absorption of the film to quantify its
water-resistance. The size of the sample was 20 × 20 (mm, length × width). After being oven-dried at
90 ◦C for 24 h, the sample was weighed (Wi) and then immersed in distilled water (50 mL) for 24 h, at
room temperature. After we dried the water on the sample’s surface with napkins, the sample was
weighed again (Wf). The water absorption of the sample was calculated by Equation (2):

A =
[(

W f −Wi
)
/Wi

]
× 100% (2)

The tensile test was done by using a universal mechanical tester (CMT 4204, 220V, Shenzhen Sans
Testing Machine Co., Ltd., Guangdong, China), at a relative humidity of 50% and a loading speed of
10 mm/min. The size of the sample was 50 × 20 (mm, length ×width). Three specimens were tested for
each film, and the average values were reported.

3. Results and Discussion

3.1. Optical Performance of the Prepared CQDs

The Radiata-pine-derived CQDs synthesized by hydrothermal method shows good fluorescence
photoluminescence, and the fluorescence intensity of the prepared CQDs was affected by excitation
waves (340–390 nm), as shown in Figure 3. When the excitation wavelength was increased from 340
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to 390 nm, the emission peak became slightly red-shifted, which was induced by the condensation
between CQDs and PVA [44]. When the excitation wavelength of ultraviolet ray was 340–390 nm, the
wavelength of the strongest emission peak of the CQDs was 400–450 nm, which belongs to blue–violet
light. Moreover, when the excitation wavelength was 365 nm, the CQDs presented the strongest
fluorescence intensity (563 a.u.), and a corresponding emission wavelength was 423 nm, which belongs
to violet light. This indicates that, in the PL spectrum of our CQDs, there appears an excitation
wavelength-dependent feature. The previous study also found similar results [43,45].

 

Figure 3. PL intensity of the diluted CQDs (0.1 wt.%) solution at various excitation wavelengths.

Figure 4 shows the optical images of the prepared CQDs under daylight (a) and UV light (c).
The CQDs solution is yellowish and transparent under daylight; however, it emits violet fluorescence
under UV light, with a wavelength of 365 nm. This is consistent with the finding in Figure 3. As for
the mechanism of CQDs with fluorescence photoluminescence, it is not well understood [44]. It may
be affected by such factors as electronic conjugate structures [46], emissive traps [47], and free zig-zag
sites [48]. Cunjin Wang, et al. believed that S-CQDs reduced the non-radiative transition of electrons
due to fewer surface defects, causing more electrons to radiate in the form of photons, therefore
resulting in strong blue fluorescence of S-CQDs under 365 nm ultraviolet lamps [49].

   

Figure 4. Optical images of the prepared CQDs solution under daylight (a) and UV light (b).
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3.2. PL Property of the Prepared PVA-Based Films

Figure 5 presents the images of the prepared PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs
films under ultraviolet rays (UV-rays) with a wavelength of 365 nm. The sample No. 1 (pure PVA film)
has no fluorescence under UV-rays. When the load of CQDs in PVA/CQDs composites increases from
0.2 to 2 mL (from No. 2 to No. 4), the fluorescence intensity of the films increases sequentially; this is due
to the increasing dosage of CQDs in the composites. However, further increasing the content of CQDs
to 4 mL (No. 5) leads to a decrease of fluorescence intensity. This is due to the conjugation effect and
the fluorescence self-quenching caused by too many CQDs in the composites [50,51]. Thus, introducing
our CQDs into PVA films can endow PVA/CQDs composites with certain photoluminescence, but the
content of CQDs in the composite has a threshold, which is 2 mL.

 

Figure 5. Images of PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films under ultraviolet rays
(365 nm).

Similarly, the introduction of our CQDs into PVA/CNF composites can endow PVA/CNF/CQDs
films with certain fluorescence photogenic effect. Sample No. 6 (PVA/CNF film) has no fluorescence
under UV-rays, indicating that the CNF in the PVA/CNF composites has no contribution to fluorescence
photogenic effect of PVA/CNF films. The fluorescence intensity of the prepared PVA/CNF/CQDs films
gradually enhances with increasing the dosage of the CQDs from 0.2 to 2 mL (from No. 7 to No. 9).
When this dosage exceeds 2 mL (No. 10), the fluorescence intensity of the PVA/CNF/CQDs films no
longer increases, or even starts to decrease. This trend is consistent with some previous research
results; it is the effect of the Mg–N-CQDs concentration was investigated, showing that the quenching
efficiency of Hg(II) was decreased with increasing concentration of Mg–N-CQDs, which confirmed by
Liu et al. [52]. Thus, just like PVA/CQDs films, there is also a threshold value for the CQDs content
in PVA/CNF/CQDs composites, which is 3 mL. It indicates that CNF may delay the occurrence of
quenching phenomenon due to too many CQDs in the composites. In the structure of the composites,
the CNF and PVA are cross-linked by hydrogen bonds in Figure 6 to generate the tension, and the
CQDs surface atoms are subjected to external strain from their relaxation positions, thus generating
new energy states in the CQDs band-gap. These states provide a non-radiate recombination path for
quenching [53].
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Figure 6. FTIR spectra of PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films.

3.3. Optical Performance of the Prepared PVA-Based Films

3.3.1. PL Spectra of the Prepared PVA-Based Films

Figure 7 displays the optical performance of the prepared films with various contents of CQDs
(No. 1 to No. 10), at the excitation wavelength of 365 nm. It is observed that the fluorescence spectra
of all the films present a similar changing trend. The fluorescence intensity decreases significantly
with the increase of emission wavelength from 350 to 375 nm, which belongs to the band of ultraviolet
light. However, when the emission wavelength increases from 425 nm to 575 nm, the fluorescence
intensity of the films decreases slowly in the visible light band, and tends to be almost the same, even
quenching for the emission wavelength greater than 575 nm. Moreover, the fluorescence spectra are
clearly visible with convex peaks in the emission wavelength of 375 to 450 nm, which is the lipid
oxidation fluorescence peak. The reason is that 2p2 nonbonding electrons of the oxygen atom occur n
→ π * electron transition in the free hydroxyl group of the molecular conformation of PVA [54]. From
this, we conclude that PVA-based films dopes with CNF and CQDs. It shows that the addition of
CNF and CQDs does not affect the characteristic emission peak of PVA-based films; however, the
fluorescence intensity is affected.

 

Figure 7. PL spectra of PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films (No. 1–10).

With the increase of CQDs content from 0 to 4 mL, the light intensity of emission waves with a
wavelength of 375–410 nm emitted by the films gradually decreases, showing that the CQDs content
has a significant effect on the attenuation of the fluorescence intensity of composites, which is consistent
with the result of Ling [55]. One possible reason is due to the increase of electron-withdrawing group
(carbonyl group) in the films, which can weaken the fluorescence [54]. Another possibility may be due
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to the π→ π * and n→ π * electron transitions to improve after doping CQDs in PVA, PVA/CNF films
(No. 1 and No. 6), thus weakening the fluorescence intensity of the films [56].

In general, the emission intensity (with same wavelength) of the PVA/CNF/CQDs films is higher
than that of the PVA/CQDs composites, indicating that introducing CNF into the PVA/CQDs films
leads to an increase of emission intensity. The reason is maybe that the absorption ability of excited
photons is enhanced by adding CNF, or due to existing the PVA/CNF hydrogel [57] with excellent
fluorescence [58], which leads to the increase of fluorescence intensity of PVA/CNF/CQDs films [59].
In addition, the optimum emission peak of the PVA/CQDs films is in 418–421 nm, while that of
PVA/CNF/CQDs films is in 422–425 nm, which creates the red-shift phenomenon. It is due to the
introduction of CNF.

3.3.2. FTIR Spectra of the PVA-Based Films

Figure 6 shows FTIR spectra of the PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films, and
Table 2 lists the typical absorption bands in the spectra and their corresponding functional groups. The
broad and intense peaks at 3265 and 3229 cm−1 correspond to the –OH stretching vibration [60], while
the peak at 2935 cm−1 is attributed to the asymmetric bending vibration of –CH2 [61]. The absorption
band at 2908 cm−1 is related to the C–H stretching vibration, which is similar to the result of Saikia [62].
The peaks at 1417, 1087, and 830 cm−1 are associated with the stretching vibration of nonconjugated
C=O [63], the stretching vibration of C–O [61], and the asymmetric aromatic ring skeleton vibration of
C–O–C [30], respectively. The vibration frequency of the peaks at 2908, 1417, and 1087 cm−1 distributes
sparsely due to the electron transition, which leads to the weaker absorption bands. However, the
stronger absorption bands appear at 2935 and 830 cm−1 due to a large variation of dipole moment
caused by the asymmetric molecular vibrations. The presence of these surface-functional groups, as
shown in Table 2, results in the high hydrophilic solubility of the prepared films (No. 1, No. 3, No. 5,
No. 6, No. 8, and No. 10 in Table 1).

Table 2. Functional group absorption bands of the PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films.

Wavenumber (cm−1) Functional Groups Vibrations

3265, 3229 –OH stretching
2935 –CH2 bending
2908 C–H stretching
1417 C=O stretching
1087 C–O stretching
830 C–O–C asymmetric aromatic ring skeleton

There are no significant differences among the spectra of the pure PVA, PVA/CQDs, PVA/CNF, and
PVA/CNF/CQDs films (No. 1, No. 3, No5, No. 6, No. 8, and No. 10 in Table 1) in Figure 6, indicating
that the introduction of CNF (0.8 wt.%) or CQDs (1 and 4 mL, as shown in Table 1) into PVA does not
cause significant functional group changes in PVA films. This is due to the fact that the infrared spectra
of the prepared films do not deviate greatly, because the main component of the prepared films is PVA.

Compared with the spectra of the PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films (No. 1,
No. 3, No. 5, No. 6, No. 8, and No. 10 in Table 1), the absorption peaks are shifted from 3229 to
3265 cm−1, which may be due to the hydrogen bonds between crosslinking [64]. Compared with the
spectra of the PVA and PVA/CQDs films (No. 1, No. 3, and No. 5 in Table 1), the peak at 1087 cm−1

in infrared spectra of the PVA/CNF and PVA/CNF/CQDs films (No. 6, No. 8, and No. 10 in Table 1)
shifts lightly to right. There are two possible reasons for this shift: The one reason is the existence
of π-π * conjugate effect due to the sp2 Hybrid when the C–O group in the films links to the larger
groups of conjugate system; the other is that it is easily formed through the intramolecular hydrogen
bonding between hydroxyl groups and carbonyl groups [65]. It shows that the absorption peaks are
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strongly related to the oxidation functional groups, which is that the PVA/CNF/CQDs films is basically
composed of oxygen atoms with amorphous carbon bonds [60].

The results show that no new chemical bonds are produced in the PVA/CQDs, PVA/CNF, and
PVA/CNF/CQDs films (No. 3, No. 5, No. 6, No. 8, and No. 10 in Table 1).

3.4. Barrier Property to Light of the Prepared PVA-Based Films

Transmittance curves of the films with different CQDs contents are shown in Figure 8. All the
films (No. 1–10) show a common trend; that is, when the wavelength changes from 290 nm to 800 nm,
the transmittance increases gradually until it becomes stable, reaching about 90%. It indicates that the
films have worse barrier property to light after the 700 nm wavelength. However, a strong absorption
peak appears at the wavelength from 240 to 290 nm, which belongs to C–H bend peak of a vibrational
structure. It is due to the dipole–dipole interaction between molecules [66], or n → π * transition,
because of unsaturated (C=O) bond break, as reported earlier [67].

 
Figure 8. Transmittance of the PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films.

Compared with the pure PVA films and PVA/CQDs films, the transmittance of PVA/CNF films
and PVA/CNF/CQDs films decreases with the addition of CNF (8 wt.%) into PVA-based film, showing
that barrier property to light of PVA/CNF film improved by the introduction of CNF. For PVA/CQDs
films and PVA/CNF/CQDs films, the transmittance of the films decreased with the increase of the
dosage of CQDs. It indicates that barrier property to light of the films enhances after the addition
of CQDs. The result coincides with Liu [68]. It is attributed to the increase of cluster size doped
CQDs [69]. The pure PVA film has almost no barrier to UV light, while the transmittance of the films
in the UV-light region reduces after adding CNF or CQDs; especially around 280 nm, the transmittance
is very low, which shows that the PVA films with the added CNF or CQDs have excellent barrier to
UV light. Furthermore, it is observed that, when the CQDs are added up to 4 mL (No. 5 and No. 10),
the transmittance of PVA/CQDs and PVA/CNF/CQDs films is almost down to zero in UV wavelength
range of 200–310 nm, demonstrating that the PVA/CQDs and PVA/CNF/CQDs films with CQDs dosage
of 4 mL in the composite matrix have good barrier property of UV light.
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In addition, for PVA film (No. 1 in Table 1) and PVA/CQDs films (No. 2 to No. 5 in Table 1),
the peaks of the light transmittance curve shift to the right at UV wavelength range of 240 to 300 nm,
with the increase of CQDs contents. One reason is that, although the spectra of PVA/CQDs films
(No. 2 to No. 5 in Table 1) are similar to those of the parent compound PVA, the observed shift in the
band positions may be attributed to the substituent chains attached. Another reason is the mutual
interactions of the CQDs surface dangling bonds, the absorption peak with CQDs added happens
to the red-shift in the UV-visible absorption spectrum, which generates the self-reabsorption. This
red-shift overlaps with emission, causing re-absorption with the loss of energy [70]. Compared with
the PVA/CNF films (No. 6 in Table 1), the PVA/CNF/CQDs films (No. 7–10 in Table 1) shift to right; this
is consistent with our previous reasons. Consequently, the advantage of CQDs to PVA films is the
reduction of the UV-transmittance [66].

As a result, it is shown that the modified PVA-based film can block almost all of the UV region, so
the PVA/CNF/CQDs films can be used to block UV-rays’ materials.

3.5. Tensile Properties of the Prepared PVA-Based Films

The tensile properties of the prepared PVA-based films are listed in Table 3, and the typical
stress–strain curves are shown in Figure 9. Figure 10 gives SEM graphs of the fracture section of
PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films. As shown in Figure 9, the preferential
tensile orientation is observed in the fractured surface of all the PVA-based films, which results in the
“drawing” at strains when the stress reaches a plateau before the film failure [71], as shown in Figure 9.

Table 3. Tensile properties of the prepared PVA-based films.

Film Number
Tensile Modulus

(MPa)
Tensile Strength

(MPa)
Elongation at

Break (%)
Film Thickness

(mm)

No. 1 580.76 (98.27 a) 42.50 (2.42 a) 345.02 (25.49 a) 0.129 b

No. 2 824.84 (121.76 a) 48.58 (6.68 a) 302.83 (48.24 a) 0.115 b

No. 4 881.28 (125.59 a) 45.91 (3.42 a) 287.69 (32.89 a) 0.177 b

No. 6 1291.00 (245.55 a) 51.68 (6.51 a) 254.77 (54.01 a) 0.137 b

No. 7 1185.25 (121.26 a) 56.37 (4.64 a) 264.39 (27.02 a) 0.157 b

No. 9 1316.06 (164.72 a) 59.71 (5.22 a) 313.01 (10.43 a) 0.163 b

a The standard deviation value of three samples. b The average value of three samples.

 

Figure 9. Stress–strain curves of the PVA-based films.
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Figure 10. SEM graphs of the fracture section of PVA film, No. 1 (a); PVA/CQDs film, No. 4 (b);
PVA/CNF, No. 6 (c); and PVA/CNF/CQDs film, No. 9 (d).

When adding an 8 wt.% CNF into the PVA matrix, the tensile modulus and tensile strength
increases from 580.76 and 42.50 MPa (No. 1 in Table 1) to 1291.00 and 51.68 MPa (No. 6 in Table 1),
respectively. It indicates that the introduction of CNF to the PVA-based film (No. 5 in Table 1) presents
a higher tensile modulus and tensile strength, as well as a lower elongation at break, demonstrating
that the CNF in PVA/CNF matrix can significantly improve its tensile performance. This is mainly
attributed to the stable hydrogen bond between the CNF and PVA polymer matrix, which restricts
propagation of the crack [72]. Compared with the smooth and flat tensile failure section of PVA film
(Figure 10a), the failure section of PVA/CNF film (Figure 10c) is rough and uneven, which is evidence
of a good combination of PVA and CNF interface. Yan et al. also found that the CNF could beneficially
improve the ductility and tensile strength of PVA/CNF films [73].

As shown in Table 3 and Figure 9, introducing CQDs into PVA or PVA/CNF matrix leads to an
increase of tensile modulus and tensile strength of the composite. The tensile modulus and tensile
strength of the PVA/CQDs films with 0.2 mL CQDs (No. 2) were 42.03% and 14.3% higher than PVA
(No. 1), respectively; and when the dosage of CQDs increases to 2 mL in the matrix, the tensile
modulus and tensile strength of the PVA/CQDs film (No. 4) increases by 51.75% and 8.02%, respectively.
Similarly, the tensile modulus and tensile strength of the PVA/CNF/CQDs film with 2 mL CQDs (No. 9)
was 1.90% and 15.60% higher than the PVA/CNF film (No. 6), respectively. Although we cannot
explain for the time being why CQDs can enhance the tensile modulus and tensile strength of PVA or
PVA/CNF films, we hypothesize it may be the result of hydrogen bonds, van der Waals force bond,
and other chemical bonds between the active groups on the surface of CQDs and PVA and CNF. The
SEM graphs in Figure 10 support this hypothesis. Compared with the PVA/CNF film (Figure 10c),
the PVA/CNF/CQDs film (Figure 10d) presents a denser failure section, which is evidence of a better
combination of PVA, CNF, and CQDs interface.

As described in Section 3.4, the introduction of CQDs into PVA or PVA/CNF gives PVA-based
composites a certain UV-light-barrier property; and the tensile test results here show that the CQDs in
PVA or PVA/CNF matrix improve the tensile strength and modulus of the composite films. Compared
with the proper films used in packaging [74], the prepared PVA/CQDs and PVA/CNF/CQDs films in
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this research study have higher mechanical properties and UV-radiation protection. Therefore, the
prepared films have promising applications in the packaging field.

3.6. Water-Resistance of the Prepared PVA-Based Films

Water-barrier property of the prepared PVA-based films is shown in Figure 11a. The water
absorption of films changes significantly within 0.5 h, which is due to the hydrophilic character of
CNF and CQDs [75,76]. In addition, the average value of the water absorption of the PVA film (No. 1),
PVA/CQDs film (No. 2 to No. 5), PVA/CNF film (No. 6), and PVA/CNF/CQDs film (No. 7 to No. 10)
was 82.19%, 82.99%, 74.36%, and 77.15% after 0.5 h, reaching 89.04%, 89.25%, 84.62%, and 84.70% after
24 h, respectively. It shows that the water absorption of films is slightly unchanged after 0.5 h, which is
due to saturation.

 

Figure 11. (a) Water absorption of the PVA, PVA/CQDs, PVA/CNF, and PVA/CNF/CQDs films with
different contents of CQDs in 4 h. (b) Average water absorption of the PVA, PVA/CQDs, PVA/CNF, and
PVA/CNF/CQDs films with different contents of CQDs within 24 h.

It shows the trend of the water absorption of the 10 composites is presented after 24 h in Figure 11b.
The water absorption is a vital index to characterize the water-resistance of composites. With the
decrease of water absorption, the water-resistance of the material increases. Compared with the
PVA-based films, the water absorption of PVA/CQDs films (0.2 mL) is higher, which maybe be attributed
to the introduction of CQDs. Meanwhile, the water absorption of PVA/CNF/CQDs films (0.2 mL)
is higher than that of PVA/CNF films, which is consistent with the previous one; that is, the water
absorption increase of the films is due to the introduction of CQDs. In addition, when the content of
CQDs exceeds 0.2 mL, the water absorption of PVA/CQDs (No. 3 to No. 5) and PVA/CNF/CQDs (No. 8
to No. 10) films decreased significantly, which may be due to the reduction of porosity [77]. Another
reason is, when CQDs with many carboxyl groups are introduced, the decrease of free hydroxyl
radicals is due to the reaction between hydroxyl and carboxyl groups. This leads to the decrease of
water absorption of the films [78]. This indicates that the change of CQDs content could affect the water
absorption of the films. The water absorption decreases from 89% of the pure PVA films to 81.25% of
the PVA/CQDs films (No. 5), and reduces to 70.13% of the PVA/CNF/CQDs films (No. 10). Compared
with the water absorption of PVA/CQDs (No. 1–No. 5), the water absorption of the PVA/CNF/CQDs
(No. 6 to No. 10) films reduces significantly. The result shows that the introduction of CNF reduces
the water absorption of PVA/CQDs-based films [79]. When doping CNF in the PVA/CQDs films, the
composites form more hydrogen bonds to reduce the amount of hydrophilic hydroxyl. Therefore, the
surface polar groups of the PVA-based films have less contact with water molecules [80]. The results
show that the doping of CNF and CQDs improves the water-resistance of PVA-based films.
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3.7. Surface Wettability of PVA-Based Films

The contact angles of the 10 PVA-based composites are presented in Figure 12. The water contact
angle is an important index to evaluate surface wettability of the prepared films. The contact angles of
the films (No. 1 to No. 10) fall within a narrow range (18◦–32◦), due to the fact that the composites
have a large amount of the hydrophilic groups. In contrast, the pure PVA films (No. 1) and the
PVA/CNF films (No. 6) have contact angles of 23◦and 23.5◦, respectively, which are lower than those
of the PVA-based films (28.2◦) and PVA/CNF-based films (32.0◦) loaded with 0.2 mL CQDs. This
suggests that the wettability of PVA/CQDs films (No. 2) and PVA/CNF/CQDs films (No. 7) is worse
than that of the pure PVA films and the PVA/CNF films, respectively. The change of contact angle
is mainly related to the surface smoothness, porosity, pore size, and distribution of the films. This
is probably due to the slight increase of surface smoothness of the prepared films after addition of
CQDs (<0.2 mL), which is shown in Figure 10 [81], and is in good agreement with existing work [82].
Compared with the pure PVA films, the PVA/CQDs films (No. 3 to No. 5) show lower contact angles,
which is attributed to the large amount of hydroxyl formed by high content of CQDs in the films. This
happens for the same reason that the PVA/CNF/CQDs films (No. 8 to No. 10) have lower contact angles.
Furthermore, the contact angles of PVA/CQDs films (No. 3 to No. 5) and PVA/CNF/CQDs films (No. 8
to No. 10) are small, which is due to no new chemical functional groups generated. This indicates
that the hydrophilicity of the films is not changed with the introduction of CQDs. With the increase of
CQDs content, the water contact angle decreases, which leads to the wettability of the prepared films
improves, due to a change in surface properties of the blend films. Compared with the PVA/CQDs
films (No. 1 to No. 5), respectively, the PVA/CNF/CQDs films (No. 6 to No. 10) present lightly larger
water contact angle (<32◦), due to the slightly higher surface roughness of the films (No. 6 to No. 10)
after the introduction of CNF [83], which can be observed from the SEM graphs of the PVA/CNF/CQDs
films in Figure 10. The results show the films after the introduction of CNF show a worse wettability.

 
Figure 12. Water contact angles of the PVA/CQDs films and the PVA/CNF/CQDs films with different
contents of CQDs.

4. Conclusions

In summary, a one-step hydrothermal method was adopted to prepare CQDs from Radiata pine
at a constant temperature of 200 ◦C for 8 h for the first time. The synthesized Radiata-pine-derived
CQDs exhibited excitation-dependent PL emissions with a QY of 1.60%.

When the excitation wavelength was 365 nm, the CQDs presented the strongest blue fluorescence
intensity (563 a.u.). Introducing our CQDs into PVA films can endow PVA-based composites with
certain photoluminescence; the fluorescence of films increases at first and then descends, reaching
self-quenching with the increase of CQDs dosage in the composites. Meanwhile, CNF contributes to
the fluorescence of the composite film, which creates the red-shift phenomenon at optimum emission
peak. In addition, doping CNF and CQDs in the PVA-blend films is also confirmed by FT-IR, which
indicates that the PVA matrix’s introduction to CNF and CQDs went well, due to no new chemical
bonds being produced. The pure PVA film has almost no barrier to UV light, while the transmittance
of the films in the UV-light region reduces after adding CNF or CQDs; especially around 280 nm, the
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transmittance is very low, which shows that the PVA films adding CNF or CQDs have excellent barrier
to UV light.

Dramatically, introducing CQDs and CNF into PVA matrix leads to an increase of tensile modulus
and tensile strength of the composite. Demonstrating the CNF in PVA/CNF matrix can significantly
improve its tensile performance. The introduction of CQDs affects the water absorption of PVA/CQDs
based films. When doping CNF in the PVA/CQDs films, the composites form more hydrogen bonds to
reduce the amount of hydrophilic hydroxyl. Therefore, the doping of CNF and CQDs improves the
water-resistance of PVA-based films. A significant reduction in the contact angle of the PVA-modified
film is observed, suggesting that the functionalized PVA improved the wettability of the film’s surface.
With the increase of CQDs content, the water contact angle decreases, which leads to an improvement
in the wettability of the prepared films.

Overall, the improvement in water-resistance property, enhancement of the physical properties
(structural and mechanical), and UV barrier of these the modified PVA-based films makes a variety of
uses in the multifunctional applications. For example, the composites have broad prospects in the
application of fruit and vegetable packaging. Therefore, we believe that the composite films can be
used to make transparent, anti-counterfeiting, anti-UV, good-mechanical-strength materials, which
have better application prospects in future.
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Abstract: Corn straw is a kind of biomass material with huge reserves, which can be used in plate
processing, handicraft manufacturing, indoor decoration, and other fields. To investigate the dyeing
mechanism of corn straw with different dyes, corn straw was pretreated and dyed with Acid Red GR
and Brilliant Red X-3B. The dyeing properties and light resistance of the two dyes were analyzed by
dyeing rate, photochromaticity, FTIR, SEM, and water-washing firmness. The results showed that
the structure and stability of the dyes were the main factors which influenced fading. A bleaching
pretreatment could remove the waxiness of the corn straw epidermis and increase the porosity on the
surface of the straw, which accelerated the photochromic coloring of the corn straw skin. The corn
straw dyed with both dyes had good light resistance, but the straw dyed with Reactive Brilliant Red
X-3B had higher dyeing rate, brighter color, and higher photochromaticity than the straw dyed with
Acid Red GR. FTIR and water-washing firmness showed that Acid Red GR mainly bound to lignin,
while Reactive Brilliant Red X-3B mainly bound to cellulose, hemicellulose, and lignin in corn straw
through covalent bonds, which increased the coloring rate.

Keywords: corn straw; pretreatment; dyeing; chemical structure

1. Introduction

With changes in the quantity and structure of the global forest, the available timber resources for
human production have been significantly reduced, and crop straws with a fast green growth cycle
have gradually received attention [1–4]. Corn straw is a natural and renewable biomass resource,
mainly composed of cellulose, hemicellulose, and lignin [5]. It has excellent physical and mechanical
properties and can even be used as a substitute for wood through some innovative technologies for
furniture, interior decoration, and artistic creation. The color of straw is an important indicator of its
value [6,7]. However, the waxy layer on the surface of corn straw makes it difficult to be dyed. There is
not enough research on how dye molecules bind to corn straw. Furthermore, dyed straw is an excellent
light absorber due to the presence of chromophores as phenolic hydroxyl groups, aromatic skeleton,
double bonds, and carbonyl groups in the lignin and extractives molecules it contains. These colored
unsaturated compounds may cause changes in the surface color and produce new aromatic and other
chromophores after irradiation [8–12]. The dyes are also predisposed to fade through either oxidation
or reduction reactions when stimulated by light radiation [13,14].

At present, research of dyed corn straw and photochromism is not systematic. In order to compare
how different dyes bind to corn straw and how the surface color changes after irradiation, this study
drew lessons from the theory and process of wood dyeing to dye corn straw, selecting acid dyes
and reactive dyes which are commonly used for wood dyeing. Acid Red GR and Active Brilliant
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Red X-3B were selected as dyeing agents to systematically explore the dyeing of corn straw after
pretreatment. Dyeing rate, photochromism, FTIR, SEM, and water-washing firmness were used to
analyze the dyeing, light resistance, chemical structure, microstructure, and water-washing firmness of
corn straw. This study has a great practical significance to optimize the decorative color of corn straw
and obtain a rich color system.

2. Materials and Methods

2.1. Materials

Corn straw epidermis: the straw was selected in Fengning, Hebei, as shown in Figure 1. Corn
straw with uniform texture and no defect on the surface was cut into 50 mm × 10 mm × 0.1 mm pieces,
which were put in black plastic bags for later utilization.

Figure 1. Corn straw epidermis.

Dyes: Acid Red GR and Reactive Brilliant Red X-3B were provided by the Second Plant Dye
Chemical Company (Tianjin, China). Their molecular structure formulas are shown in Figure 2.

Figure 2. Molecular structures of Acid Red GR (a) and Reactive Brilliant Red X-3B (b).

Reagents: sodium chloride (NaCl), 30% dilute sulfuric acid (H2SO4), soda ash (Na2CO3), sodium
hydroxide (NaOH), hydrogen peroxide (H2O2).

Instruments: constant-temperature water bath (HH-4, Kai hang, Shanghai, China); UV–visible
spectrophotometer (Genesys10 UV-335903, Thermo Scientific Spectronic, Waltham, MA, USA);
automatic spectrophotometer (MF-FS97Pro, Med Future, Shandong, China); solar weather tester
(MQ-UV-2, ZKMQ, Tianjin, China); Fourier infrared spectrometer (Nicolet Nexus 670, Waltham,
MA, USA); colorimeter (WR10, FRU, China); fourier transform infrared spectrometry(Avatar-380,
Thermo-Nicolet, Waltham, MA, USA); scanning electron microscope (Sigma500, ZEISS, Jena, Germany)

2.2. Methods

2.2.1. Pretreatment

The specimens were immersed in H2O2 with a solute mass fraction of 27%, avoiding superposition
between the specimens. The solution was heated to 50 ◦C, and the samples were taken out after 30 min.
The surface residue was washed with deionized water at room temperature. After air-drying, the
specimens were immersed in NaOH solution with solute mass fraction of 0.1% at room temperature,
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avoiding superposition among the specimens. After 30 min of treatment, the specimens were air-dried
to a moisture content of 8%.

2.2.2. Dyeing Method

Acid Red GR is a cationic dye existing in the form of sodium sulfonate in water, while Reactive
Brilliant Red X-3B exists in the form of an anion. The cellulose of corn straw is also charged in aqueous
solution as an anion, so there is a repulsive force between Reactive Brilliant Red X-3B and straw
cellulose, resulting in low dye utilization. By adding an inorganic salt, NaCl, a large amount of Na+

can promote the activity of the dye molecules in water to achieve the purpose of dyeing. Furthermore,
NaCl is also good at increasing the coloring rate of the dye molecules. In order to ensure accurate test
results, repeated each dyeing test three times.

(1) Acid Red GR staining

Step 1: An atmospheric-pressure dip-dye method was used for wood dyeing. A 0.5% Acid Red GR
solution in distilled water (w/v) of at 25 ◦C was prepared. The pH value of the solution was
adjusted to 4.0 by addition of 10% H2SO4 (w/w). Gaps were left between the samples to avoid
overlapping and to ensure dye homogeneity.

Step 2: A bath ratio of 1:20 (Vstraw/Vdye solution) was used, and the straw was placed into an 50 ◦C
electrically heated thermostatic water bath dye vat for 1 h. After 15 min, a cup of 1% NaCl
solution was added to assist the dyeing process. After 30 min, another cup of 1% NaCl solution
was added. After dyeing, all dyed straw was washed with distilled water and then air-dried to
a moisture content of 12%.

(2) Reactive Brilliant Red X-3B staining

Step 1: Refer to Acid Red GR staining, but the pH value of the solution was adjusted to 10 by addition
of 10% Na2CO3 (w/w).

Step 2: Refer to Acid Red GR staining, but after 30 min, another cup of 1% NaCl and 1% Na2CO3

solution was added.

The dyeing effects of Acid Red GR and Reactive Brilliant Red X-3B on corn straw are shown in
Figure 3.

Figure 3. Dyeing effects Acid Red GR (a) and Reactive Brilliant Red X-3B on corn straw (b).

2.2.3. Dyeing Rate Calculation

The maximum absorption spectrum curves of Acid Red GR and Reactive Brilliant Red X-3B were
measured by a ultraviolet spectrophotometer, and the absorbance of the dye solution before and after

87



Materials 2019, 12, 3483

dyeing was measured at the maximum absorption wavelength. The dye uptake rate Ct was calculated
as follows:

Ct (%) = (A0 − A1) × 100%/A0 (1)

In the formula, Ct is the dye uptake, A0 is the absorbance before dyeing, A1 is the absorbance
after dyeing.

2.2.4. Chromaticity Value Calculation

The 1976 International Illumination Commission CIE (L*a*b*) standard colorimetric characterization
system is used for color measurement in the case of small chromatic aberrations. By comparing the
chromaticity values of Acid Red GR and Reactive Brilliant Red X-3B, the light resistance level of the dyed
straw could be analyzed and calculated as follows:

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (2)

where ΔE* indicates the degree of total color change, L* stands for lightness from 0 (for black) to
100 (for white), a* represents the red-green chromaticity coordinates (+a* is for red, −a* for green),
b* denotes the yellow-blue chromaticity index (+b* is for yellow,−b* for blue), ΔL*, Δa*, and Δb* are
the differences of the values of L*, a*, and b* before and after treatment, respectively. The unit of
chromaticity value is represented by “NBS”. When the value of ΔE* is 1NBS, it is equivalent about
5 times to the visual recognition threshold. There is approximately such a correspondence between
color difference and visual perception: 0.0~0.50, the feel of visual perception is gentle; 0.5~1.50, the feel
of visual perception is slight; 1.50~3.0, the feel of visual perception is noticeable; 3.0~6.0, the feel of
visual perception is appreciable; 6.0 or more, the feel of visual perception is violent.

The test samples were prepared by laminating the straw which was dyed by Acid Red GR and
Reactive Brilliant Red X-3B. Each test piece was placed in a colorimeter (WR10, FRU, China) using a D65
standard illuminant and 10◦ standard observer for 50 h ultraviolet-lamp irradiation test. The chromatic
value ΔE* of the samples were measured after irradiation at each wavelengths of light source for 0, 1, 2,
5, 10, 20, 30, and 50 h, respectively.

2.2.5. Surface Chemical Structure Analysis

The chemical composition and structure of corn stalks are complex. During the dyeing process,
the dye molecules have a large volume, which makes it difficult for them to pass through the
microporous structure of the straw, so they are easily adsorbed by the straw components. Therefore,
the presence of dyes in straw can be utilized. Attenuated total reflectance–Fourier-transform infrared
spectrometry (ATR–FTIR) was performed for the characterization of the surface chemical structure
of the dyed straw. All samples were placed on the diamond crystal of the ATR–FTIR spectrometer
(Avatar-380, Thermo-Nicolet, Waltham, MA, USA), and the spectra were collected in transmittance
mode by 64 scans in the range of 4000–400 cm−1 at a resolution of 8 cm−1.

2.2.6. Microstructure Analysis

The untreated corn straw, the straw treated by the pretreatment process, and the straw dyed with
the two dyes were cut out transversely to make slices, and after gold plating by an ion-coating machine,
the images were observed by SEM (Sigma 500, ZEISS, Jena, Germany).

2.2.7. Water-Washing Firmness

Straw dyed by Acid Red GR and Reactive Brilliant Red X-3B was made into straw panels, and the
surface chromaticity value ΔE* was measured by an automatic spectrophotometer. Then, the straw was
placed in a 1000 ml beaker, and the beaker was placed in an electrically heated thermostatic water bath
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and soaked at 65 ◦C for 2 h. After soaking, the straw was taken out and air-dried. Then, the surface
chromaticity value ΔE* was measured.

3. Results

3.1. Dyeing Rate

The average dyeing rates of Acid Red GR and Reactive Brilliant Red X-3B were calculated in three
tests, as shown in Table 1.

Table 1. Dyeing rate of Acid Red GR and Reactive Brilliant Red X-3B. A0: absorbance before dyeing,
A1: absorbance after dyeing.

Acid Red GR

Test 1 Test 2 Test 3 AVG Dyeing Rate/%

A0 0.716 0.715 0.721 0.717
29A1 0.497 0.512 0.516 0.508

Reactive Brilliant Red X-3B

Test 1 Test 2 Test 3 AVG Dyeing Rate/%

A0 0.789 0.785 0.781 0.785
46A1 0.420 0.432 0.424 0.425

The dyeing rate of Reactive Brilliant Red X-3B was 46%, and that of Acid Red GR was 29%.
The dyeing rate of Reactive Brilliant Red X-3B was much higher than that of Acid Red GR, and both
dyes all had good dyeing ability acting on corn straw. According to studies on wood dyeing with acid
dyes and reactive dyes, acid dyes mainly act on lignin, and the binding mode of dyes to corn stalks is
physical adsorption [15,16]. However, the epidermis of corn straw contains a very high amount of
cellulose, so the combination of acid dye and straw is limited. Reactive dyes mainly act on cellulose and
hemicellulose and react with them to form covalently bound reactive groups [17,18]. When NaCl was
added to the reactive dye solution, the negative-charge repulsion between the straw fiber surface and
the dye anions in the solution was weakened, greatly improving the opportunity for dye molecules to
approach the straw fiber. However, when NaCl was added into the acid dye solution, it only improved
the fastness of dye molecules adsorption on the straw epidermis but did not promote the covalent
binding between dye molecules and straw components. Therefore, Reactive Brilliant Red X-3B had
higher dyeing rate of corn straw epidermis.

3.2. Chromatic Value

In the accelerated aging process of light irradiation, the brightness index L* curve of the two
dyes dyeing corn straw is shown in Figure 4a, the curve of the chromaticity index a*, changing with
the illumination time, is shown in Figure 4b, the curve of the chromaticity index b*, changing with
the illumination time, is shown in Figure 4c, and the curve of value of chromatism ΔE* is shown in
Figure 4d.

In Figure 4a, the measured data showed that the change of the brightness index L* of the two dyed
straw was basically the same, and both curves showed an increasing trend. The brightness index L* of
Reactive Brilliant Red X-3B-dyed corn straw showed a slower increase than that of corn straw dyed
with Acid Red GR, indicating that the brightness change of corn stalk dyed with Reactive Brilliant Red
X-3B was slighter after irradiation with ultraviolet light. The curves of dyed straw chromaticity index
a* showed a decreasing trend, while the curves of the chromaticity index b* adopted first and then
rose, shown in Figure 4b,c, corresponding to the incremental reflection of whiteness, indicating the
discoloration of the surface of straw.
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Figure 4. Color comparison of corn straw dyed with the two dyes during light irradiation.

It can be seen from Figure 4d that the value of chromatism ΔE* of each group increased with the
extension of the irradiation time. The dyed straw underwent significant fading. After 50 h of light
irradiation, the value of chromatism ΔE* of the two test pieces exceeded to12NBS, and the maximum
was 17.43NBS. The chromophore system of the dyed straw consisted of the dye, lignin, and extractives
present in the straw, which combined the chromophore group and the auxiliary color group in many
forms and absorbed the visible light [19,20]. In the early stage of light irradiation (the first 30 h),
the main reason for the fading of dyed straw is that the dyed material absorbs light and exposes the
unsaturated groups in the dye and wood extract, causing photooxidation and photodegradation and
bringing irreversible changes and destruction of the dyeing specimen. After 30 h of light irradiation,
the chemical structure of the surface of the dyed straw and the active groups in the chromogenic
system were basically deteriorated, and other stable groups were formed by the photooxidation
and photodegradation. The dyed straw entered a slow deterioration stage, and the color gradually
became lighter.

After 50 h of light irradiation, the value of chromatism ΔE* (6.61NBS~17.43NBS) of the straw
dyed with Reactive Brilliant Red was significantly larger than that of the straw dyed with Acid Red
GR (4.39NBS~12.09NBS). This is because Acid Red GR combined with straw by physical adsorption.
The dye molecules adsorbed on the cell wall of the straw were the first to undergo photo-discoloration
when light was irradiated. The Acid Red GR is an azo dye with good light resistance [21]. In addition,
acid dyes mainly dye lignin in straw components, and photodegradation of lignin is the main cause of
wood color fading. The corn straw which was dyed with a reactive dye had the characteristics of high
dyeing rate and poor light resistance, maybe because the surface wax of the straw was removed, and
the fiber structure of the straw epidermis became weak after pretreatment. The structure of the straw
is mainly composed of cellulose and hemicellulose, and the inner core is mainly composed of lignin.
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After removing the surface wax, the reactive dye could easily bind to the surface fibers [19]. However,
the pretreatment process promoted the combination of reactive dyes and surface fibers, and the fiber
structure became fragile. With the prolongation of the light time, the fiber structure on the surface of
the straw gradually broke, so the light resistance of the straw dyed with the reactive dye was not as
good as that dyed with the acid dye. The above parameters are shown in Table 2.

Table 2. Photochromic parameters of Acid Red GR and Reactive Brilliant Red X-3B.

Acid Red GR

Time(h) L* a* b* �L* �a* �b* ΔE*
0 37.92 42.28 23.52 0 0 0 0
1 41.57 41.34 25.77 3.65 −0.94 2.25 4.39
2 40.7 38.88 24.21 2.78 −3.4 0.69 4.45
5 40.85 37.16 22.69 2.93 −5.12 −0.83 5.96

10 42.7 34.51 22.11 4.78 −7.77 −1.41 9.24
20 43.18 32.73 22.87 5.26 −9.55 −0.65 10.92
30 43 32.97 24.77 5.08 −9.31 1.25 10.67
50 44.68 32.45 25.49 6.76 −9.83 1.97 12.09

Reactive Brilliant Red X-3B

Time(h) L* a* b* �L* �a* �b* ΔE*
0 37.73 51.74 18.21 0 0 0 0
1 37.62 45.89 15.14 −0.11 −5.85 −3.07 6.61
2 37.8 45.02 14.54 0.07 −6.72 −3.67 7.66
5 38.48 42.69 14.42 0.75 −9.05 −3.79 9.84

10 39.11 40.51 13.85 1.38 −11.23 −4.36 12.13
20 40.56 36.95 15.24 2.83 −14.79 −2.97 15.35
30 41.36 33.42 15.7 3.63 −18.32 −2.51 18.84
50 41.7 34.77 18.4 3.97 −16.97 0.19 17.43

3.3. Surface Chemical Structure Changes

A Fourier-transform infrared spectrometer was used to calculate the infrared spectrum data of
corn straw dyed with Acid Red GR and Reactive Brilliant Red X-3B before and after illumination.
The results of the analysis are shown in Figures 5 and 6.

Figure 5. FTIR of corn straw dyed with Acid Red GR under irradiation.
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Figure 6. FTIR of corn straw dyed with Reactive Brilliant Red X-3B.

The FTIR spectra of the corn straw dyed with Acid Red GR before and after ultraviolet radiation
are shown in Figure 5. Considering the peak of 1300 cm−1 as a reference, obvious transmittance changes
can be observed in the fingerprint region from 800 cm−1 to 1800 cm−1. The light sensitivities of the
carbonyl structure (C=O) and the aromatic ring (C=C) are particularly noticeable. Under irradiation
with artificial light, some unsaturated functional structures in lignin and/or dyes were degraded
by photooxidation, confirmed by the considerable disappearance of C=O bonds at 1242 cm−1 and
1735 cm−1. The absorption peaks at 2921 cm−1 and 2854 cm−1 were significantly reduced, reflecting
the C–H stretching vibration in lignin [21–23]. These changes indicate that the original chromophoric
system of the dyed straw was reduced, inducing an undesirable discoloration. The narrow change
of the spectral band at 3346 cm−1 reduced the phenolic hydroxyl group –OH, which was gradually
broken after 50 h of irradiation. This was probably due to the reaction of the methoxy group on the
benzene ring and/or to hydrogen bond cleavage caused by the evaporation of water molecules.

Lignin is an excellent light absorber whose molecular structure can undergo free-radical reactions
after irradiation and form new carbonyl and carboxyl chromophoric groups. These molecular structures
include carbonyl groups, phenolic hydroxyl, methoxy, and other functional groups [8,15,20]. In this
process, lignin degrades through free-radical reactions. Meanwhile, the spectral band of cellulose and
hemicellulose at 1426 cm−1, 2916 cm−1, 1370 cm−1, 896 cm−1, and 1160 cm−1 were almost unaffected
by UV irradiation. It can be deduced that Acid Red GR mainly combined with lignin. After UV
irradiation, lignin (including aromatic extractives) was reduced and formed new chromophoric groups
which caused surface chromatism of the straw.

The FTIR spectra of the corn straw dyed with Reactive Brilliant Red X-3B before and after
ultraviolet radiation are shown in Figure 6. Compared with the straw dyed with Acid Red GR, the
spectra are similar, especially, the peaks of cellulose and hemicellulose at 1426 cm−1, 2916 cm−1,
897 cm−1, and 1160 cm−1 were almost unaffected by UV irradiation. The absorption peak at 1644 cm−1

was enhanced, indicating that the hydroxyl group –OH in cellulose could be oxidized to a ketone
carbonyl group after irradiation and to an aldehyde, carbonyl group, or carboxyl group by free-radical
reactions, and these chromophore groups were unstable under the applied illumination conditions.
The narrow change of the spectral band at 3343 cm−1 represents the phenolic hydroxyl group (–OH)
which was gradually broken after 50 h of irradiation. This was probably due to the reaction of the
methoxy group in the benzene ring and/or to hydrogen bond cleavage caused by the evaporation of
water molecules.
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3.4. Surface Microstructure Changes

The appearance of untreated, pretreated, and dyed corn straw slices is shown in Figure 7.

  
(a) (b) 

  
(c) (d) 

Figure 7. (a) Surface of untreated straw; (b) Surface of pretreated straw; (c) Straw surface dyed with
Acid Red GR; (d) Straw surface dyed with Reactive Brilliant Red X-3B.

It can be seen from Figure 7a that the surface of the corn straw was covered by a waxy layer, whose
pore distribution was relatively uniform. After pretreatment, the surface of the straw became rough and
many breaks appeared, meanwhile the fiber texture was clear, as shown in Figure 7b. This is because
the wax on the surface of the straw was an ester composed of fatty alcohols and higher fatty acids,
which was soluble in alkali. In the presence of sodium hydroxide (NaOH), the wax and pectin were
dissolved. After the barrier was removed, penetration and diffusion of the dyes were possible. It can
be seen from Figure 7c,d that the surface of the straw became smoother, and the texture was clear after
dyeing. It can be inferred that there was a physical or organic combination between dye’s molecules
and straw microregions. As for Acid Red GR, it exists in aqueous solution as ions (D− or D+), ionic
micelles (nDn− or nDn+), and micelles {[(HD)mnD]n − or [(DA)mn D]n+}. The electrostatic repulsion
between the dye SO3H-dissociated sulfonic acid group SO3

− and the negatively charged region in the
fiber caused aggregation and blockage of the dye molecules. As for Reactive Brilliant Red X-3B, it can
chemically react with cellulose to form ester and ether bonds after the dissociation of the hydroxyl
groups in cellulose and forms hydroxyl anions. By combining FTIR and SEM, the penetration or
organic binding of Brilliant Red X-3B could be demonstrated, whose mechanism of reaction as shown
in Figure 8. In the first step, the ionization of cellulose under alkaline condition and form cellulose
anions. In the second step, the cellulose negative ions attack the carbon atoms with the lowest electron
cloud distributed around the active group, causing a nucleophilic substitution reaction.
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Step 1:

Step 2: Figure 8

Figure 8. Mechanism of reaction between Brilliant Red X-3B and straw.

3.5. Water-Washing Firmness

After the washing treatment, the surface color of the straw dyed with Acid Red GR became
obviously lighter, and the surface color of the straw dyed with Reactive Brilliant Red X-3B remained
bright red, as shown in Figure 9.

Figure 9. (a) Water washing effect of the straw dyed with Acid Red GR (b) Water washing effect of the
straw dyed with Reactive Brilliant Red X-3B.

It can be seen from Table 3 that the chromaticity value ΔE* of the corn straw dyed with Acid
Red GR was greatly reduced, and its color was lighter after water washing, while the chromaticity
value ΔE* of the corn straw dyed with Reactive Brilliant Red X-3B changed little, and the color did not
change obviously at the naked eyes. This is because the dye molecules of Acid Red GR cellulose only
physically combined with the lignin of corn straw, so the bonding strength was fragile [19]. When the
dyed straw was immersed in hot water, since the concentration of the dye in the water was zero, a large
concentration gradient was generated between the inside of the straw and the external environment.
With the prolongation of the soaking time, the dye molecules in the straw desorbed and diffused into
the water, which produced a great change of the chromaticity value. The combination of Reactive
Brilliant Red X-3B and straw was mainly based on covalent bonds, and Reactive Brilliant Red X-3B
mainly acted on cellulose, becoming a part of the components of the straw, so Reactive Brilliant Red
X-3B did not desorb, and the color changed little.
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Table 3. Chromaticity values of straw before and after washing.

Dyeing Materials ΔE* before Washing ΔE* after Washing Change of ΔE*

Acid Red GR 4.39 1.29 −3.1
Reactive Brilliant Red X-3B 6.61 6.24 −0.37

3.6. Utilization of Dyed Corn

Dyed corn straw can be utilized in decorating furniture as pasteup. Corn straw dyed with various
reactive dyes is used for decoration elements to improve their color system and aesthetics, as shown in
Figure 10.

Figure 10. Utilization of dyed straw

4. Conclusions

1. Corn straw was bleached with 27% hydrogen peroxide (H2O2) and 0.1% NaOH, which had a
good effect of decolorization. The dilute solution of NaOH could significantly improve the permeability
of straw and opened the partially blocked pores of the straw, facilitating dyeing.

2. Under the condition of 1 h dyeing time, the dyeing rate of corn straw dyed with Reactive
Brilliant Red X-3B was 46%, while the dyeing rate of corn straw dyed with Acid Red GR was 29%,
indicating that Reactive Brilliant Red X-3B has a high dyeing rate for corn straw. The most content
of cellulose in corn straw is high, indicating that Reactive Brilliant Red X-3B mainly binds cellulose,
whereas Acid Red GR mainly binds lignin.
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3. After 50 h of irradiation, the brightness change of corn straw dyed with Reactive Brilliant Red
X-3B was small. The values of chromatism ΔE* of the corn straw dyed with Acid Red GR and Reactive
Brilliant Red X-3B were 12.09NBS and 17.43NBS, respectively, indicating that the straw dyed with Acid
Red GR had a good light resistance.

4. The results of FTIR showed that Acid Red GR mainly combined with lignin, and the lignin
(including aromatic extractives) distributed on the surface of the straw was seriously damaged
after ultraviolet irradiation, when new chromophoric groups were generated, resulting in surface
discoloration of the straw. Reactive Brilliant Red X-3B mainly combined with cellulose and hemicellulose
in the corn straw specimens and formed covalent bonds. After the straw was irradiated with ultraviolet
radiation for a long time, the fiber inside the straw broke, so that the binding rate between dye and
fiber was reduced.

5. SEM showed that when 27% H2O2 and 0.1% NaOH were used to bleach the corn straw,
removing the silica (SiO2) covering the surface of the straw, obvious damage on the surface of the
straw occurred, which was conducive to the organic combination of dye molecules with the internal
components of the straw. After dyeing, the surface of the straw became smoother, and its texture was
clear, which proved the infiltration or organic combination of the dye.

6. The analysis of water-washing firmness showed that the value of chromatism ΔE* of corn straw
dyed with Reactive Brilliant Red X-3B changed little after soaking at 65 ◦C for 2 h, and the color did
not change obviously at the naked eyes, confirming that the combination of Reactive Brilliant Red
X-3B with straw was based mainly on covalent bonds, while Reactive Brilliant Red X-3B mainly acted
on cellulose and became a component of the straw.

5. Patents

Patent of invention: A method of pretreatment and dyeing of corn straw, grant number
ZL201710873966.X.
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Abstract: Biofouling is a significant maritime problem because the growth of fouling organisms on
the hulls of ships leads to very high economic losses every year. Inspired by the soft skins of dolphins,
we prepared graphene oxide/silicone rubber composite membranes in this study. These membranes
have low surface free energies and adjustable elastic moduli, which are beneficial for preventing
biofouling. Diatom attachment studies under static conditions revealed that color has no effect on
antifouling behavior, whereas the studies under hydrodynamic conditions revealed that the combined
effects of color and elastic modulus determine the antifouling performance. The experimental
results are in accordance with the “harmonic motion effect” theory proposed by us, and we also
provide a supplement to the theory in this paper. On the basis of the diatom attachment test results,
the membrane with 0.36 wt % of graphene oxide showed excellent antifouling performance, and is
promising in practical applications. The results confirmed that the graphene oxide and graphene have
similar effect to enhance silicone rubber antifouling performance. This study provides important
insight for the design of new antifouling coatings; specifically, it indicates that lighter colors and low
Young’s moduli provide superior performance. In addition, this study provides a reference for the
application of graphene oxide as fillers to enhance the composite antifouling performance.

Keywords: graphene oxide; silicone rubber; composite materials; antifouling; harmonic motion

1. Introduction

Biofouling is a significant maritime problem because fouling organisms that grow on the hulls
of ships promote their deterioration and increase drag, thereby increasing fuel costs [1,2]. Another
impact of biofouling is bioinvasion [3]. In the coast of California, more than 60% of invasive species
arrived by clinging to the surface of ships [4]. To solve these problems, the California government
announced regular biological inspection of hulls starting from January 2018 to reduce the invasion
of alien species [5]. These negative impacts have caused enormous economic losses worldwide [6].
Intense methods have been developed to combat biofouling, including the use of copper coatings [7]
and tributyltin self-polishing copolymer (TBT-SPC) [8]. However, in the 1980s, a series of studies
reported the high toxicity of TBT-SPC to marine organisms [9,10]. Since then, the use of toxic antifouling
coatings has gradually been banned in many countries [11,12]. Therefore, the development of new
eco-friendly antifouling coatings is urgent.
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In recent years, composite coatings have aroused considerable interest as economic and eco-friendly
solutions for preventing marine biofouling [13]. Composite coatings based on polydimethylsiloxane,
silicone, and polyurethane-acrylate, among others, have been shown to prevent biofouling
effectively [14–16]. Recently, considerable effort has been devoted to developing new composite
antifouling coatings with graphene/graphene oxide (GO) as fillers [17,18], which promote the antifouling
properties of the coatings [19]. However, several challenges still need to be overcome before these
methods can be applied, such as high cost and low durability [20]. Hence, low cost and efficient
antifouling coatings need to be designed and developed.

Dolphins, soft corals (Sarcophyton trocheliophorum), and seals were found to have antifouling
capacity. These organisms have elastic skin, enabling the creation of a dynamic surface around the flow
to resist biofouling, which is called the “harmonic motion effect.” [21,22] Inspired by this antifouling
strategy, six GO/silicone rubber (GOSR) composite membranes were prepared in the present study.
The preparation method is simple, highly efficient, and low-cost, and the resulting GOSR membranes
are environmentally friendly. They are characterized by adjustable Young’s moduli, low surface free
energies, and smooth surfaces, which are conducive to preventing biofouling. In this study, diatoms
were selected as fouling organisms. The diatom attachment was examined under both static and
hydrodynamic conditions, which revealed that color and Young’s modulus play major roles in diatom
attachment. We previously reported a new understanding of the effect of elastic modulus on antifouling
performance, which we referred to as the “harmonic motion effect” [21]; the experimental results of
the present study can be explained on the basis of this effect. This study provides insight that will be
useful for the design and fabrication of new antifouling coatings.

2. Materials and Methods

2.1. Materials

Silicone rubber (SR) was purchased from Guangdong Bo Rui Co., Ltd, Shenzhen, China. GO was
purchased from Yuhuang New Energy Technology Co., Ltd, Heze, China. Acetone, tetrahydrofuran,
and anhydrous ethanol were supplied by Beijing Chemical Works (Beijing, China). The diatom Triceratium
sp. was obtained from Nanhuaqianmu Biotechnology Co. Ltd, Zhengzhou, China. Algal broth medium
(028820) was purchased from Huankai Microbial Sci. & Tech. Co., Ltd, Guangzhou, China.

2.2. Membrane Preparation

Scheme 1 illustrates the preparation of the GOSR composite membranes. (a) First, GO was added
to acetone under mechanical agitation for 3 h, then remove the mixture into an ultrasonic cleaner for
3 h, which yielded GO dispersions, and the weight ratio of GO/acetone was 1/9. (b) SR was added to
tetrahydrofuran under magnetic stirrer for 2 h, then SR dispersions were obtained, and the weight
ratio of SR/tetrahydrofuran was 1/4. (c) According to the following Equation,

Weight percent (wt%) =
1/10MGo dispersions

1/10MGo dispersions + 1/5MSR dispersions
(1)

Five different GO/SR composite materials were prepared, the GO in composite materials were
expressed as 0.16, 0.36, 0.64, 1.28, and 2.56 wt %, respectively. The mixtures were then stirred for 1 h
under mechanical agitation, after which they were placed in a vacuum chamber for 1 h at 60 ◦C until
acetone and tetrahydrofuran were removed. (d–e) Finally, the mixtures were poured into an acrylic
mold and cured at room temperature for 24 h. A pristine SR (PSR) membrane with 0 wt % GO was
prepared as a control.
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Scheme 1. Preparation schematic of graphene/graphene oxide (GO)/silicone rubber (GOSR) composite
membranes: (a) Preparation of a GO dispersion, (b) preparation of an silicone rubber (SR) dispersion,
(c) the two dispersions are mixed to produce GOSR composite material, and (d,e) the mixture is poured
into an acrylic mold and cured.

2.3. Diatom Attachment Testing

First, 3.8 g of the algal broth medium was added to 1 L of deionized water, and the mixture
was heated in an autoclave for 15 min at 121 ◦C. After cooling, 100 g of diatoms was added, and the
mixture was cultured for 2 days at room temperature. As diatoms are photosynthetic organisms,
a light-emitting diode (LED) plant lamp was used with a light/dark time-cycle of 14/10 h per day.
After culturing for 2 days (see Figure S1, Supporting Information), the diatom suspension was added
to containers for static and hydrodynamic diatom attachment tests. The containers were filled with
50 L of water and 50 g of the algal broth medium. The size of the specimens was approximately 5 cm
× 2 cm × 2 mm (length × width × thickness). The specimens were submerged in a static container
for 8 days, after which they were examined and measured. In the hydrodynamic test, the specimens
were fixed to a hexagonal prism, and the speed of the electric motor was set as 500 rad/min. Therefore,
the linear velocity (V) near the specimens was 3.4 m/s (Figure S2 and Table S1). Some studies reported
the negative relevant relations between the amount of fouling organisms adhered on ship hulls and the
flow velocity [23,24]. Therefore, a low flow velocity can reveal the antifouling capability of coatings
under hydrodynamic conditions. The specimens were examined after 10 days.

2.4. Characterization

Raman spectra was obtained using a Raman spectrometer (T64000, HORIBA, Paris, France) which
combined an Olympus microscope lens with a 532.05 nm CW He-Ne laser. The composition of GO
nanosheets were analyzed using a Fourier transform infrared spectroscopy (FTIR, Thermo Fisher
Scientific, Nicolet 6700, Waltham, MA, USA). The morphologies of GO nanosheets were obtained
using a transmission electron microscope (TEM, JEOL, JEM1200EX, Mitaka-shi, Japan). The elemental
composition was analyzed using an energy dispersive spectrometer (EDS, X-Max50, Oxford, UK)
installed in a scanning electron microscope (JSM-7610, JEOL, Mitaka-shi, Japan). The water contact
angles were measured using a surface tension meter (WCA, XG-CAM, Xuanyichuangxi, Shanghai,
China) at room temperature with deionized water as testing liquid, and three specimens were
measured for each membrane. The Young’s moduli were tested using a rubber testing machine
(UTM5305, YOUHONG, Shanghai, China), and three specimens were measured for each membrane.
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The surface topographies of the specimens were analyzed by scanning probe microscopy (SPM,
ICON, BRUKER, Karlsruhe, Germany). Specimens under static and hydrodynamic conditions were
observed by scanning electron microscopy (SEM; MAGELLAN 400, FEI, Hillsboro, Oregon, USA,
and JSM-7610, JEOL, Mitaka-shi, Japan). After the diatom attachment test, the six specimens were
removed and placed into the same amounts of normal saline (4 ml), after which they were placed in an
ultrasonic cleaner for 1 h to separate the diatoms from the specimens, and to produce diatom solutions.
The optical densities of these solutions were measured at 440 nm (OD440) using an ultraviolet-visible
spectrophotometer (UV-5500/PC, METASH, Shanghai, China), which revealed the amounts of diatoms
on the different specimen surfaces. Three specimens were measured for each membrane to minimize
the experimental error.

3. Results and Discussions

3.1. Membrane Composition Analysis

The morphologies of GO nanosheets were observed by SEM (Figure S3a) and TEM (Figure
S3b). As can be seen, the GO nanosheets resemble crumpled silk veil waves, which indicates that
they are multi-layered. The GO nanosheets were confirmed by Raman spectroscopy (Figure S3c),
and it is evident that GO has typical D (1359 cm−1) and G (1589 cm−1) peaks and a 2D region [25,26].
The functional groups of GO nanosheets were analyzed by FTIR (Figure S3d). The band at 3199.55 cm−1

is assigned to the O−H stretching vibration. The peak at 1722.31 cm−1 is attributed to C=O stretching
vibration. The band at 1617.94 cm-1 is assigned to C=C skeletal vibration. The three peaks at
1401.60 cm−1, 1221.08 cm−1, and 1049.12 cm−1 correspond to the C−O stretching vibration. The Raman
spectra of the GOSR membrane (red curve in Figure 1a) exhibits a peak at 1594 cm−1, which is
the G peak of GO. The elemental compositions of the membranes were determined using the EDS
(Figure 1b), and the results in Table S2 reveal that the carbon content increases with increasing GO
content. The presence of GO in the membranes is evident (Figure S4). The PSR membrane appears
milky white and semi-transparent, whereas the GOSR membranes are brown because of the imbedded
GO, and the color deepens with increasing GO content.

 
Figure 1. Characterization of specimens with different GO contents: (a) Raman spectra, (b) energy
dispersive spectrometer (EDS) results.

3.2. Membrane Properties

The surface free energies, Young’s moduli, and surface topographies of these membranes were also
examined, as they are vital for bio-adhesion. The contact angles of GOSR were measured (Figure 2a,
red curve), and the correlation between contact angle and surface energy is given by [27]:

cos θ = −1 + 2
√

γS

γL
[1−β(γL − γS)

2] (2)
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where θ stands for contact angle, γS and γL represents surface energy of solid and liquid, respectively.
β is a constant with the value 1.057 × 10−4 m2/mJ, and surface energy of deionized water is 72.8 mJ/m2.

 
Figure 2. Characterization of specimens with different GO contents: (a) Water contact angles and
surface free energies, (b) Young’s moduli.

The surface free energies of the membranes with varying GO contents range from 19.57 mJ·m−2 to
23.74 mJ·m−2 (Figure 2a, blue curve), which are conducive to reducing marine biofouling [28]. It is
clear that GO significantly affects the Young’s modulus (Figure 2b). Some studies have reported that
Young’s modulus increases with GO contents [29]. However, the Young’s modulus results from this
test contradict reported data as well as our previous studies [21,30], which is ascribable to the GO not
being pre-treated with the coupling agent (KH-550) in this experiment. The GO in the membrane can
aggregate, resulting in points of converging stress in the membrane [17]; consequently, the Young’s
modulus decreases with increasing GO contents. Another explanation is that an excess of the GO filler
will weaken the interaction between the polymer chain segments and decrease the tensile strength [31].
It is generally assumed that a low Young’s modulus is beneficial for mitigating the adhesion of fouling
organisms [21,32]. The surface topographies were also examined. Figure 3a reveals that the membranes
have smooth surfaces at the micron level, and this low surface roughness is important for combating
biofouling [33]. In addition, SPM results (Figure 3b and Figure S5) show that nanostructures are
present on the surfaces, and some studies reported that nanoscale roughness is conducive to combating
biofouling [34].

 
Figure 3. (a) SEM images of pristine SR (PSR)/GOSR membrane surfaces. (b) Scanning probe microscopy
(SPM) height profiles of PSR/GOSR membranes.
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3.3. Diatom Adhesion Testing Under Static Conditions

The specimens were examined after soaking for 8 days. In summary, these specimens show similar
results (Figure 4b,c), and no biofilms were observed (Figure 4d), and only scattered diatoms were
present on the surfaces. It is commonly assumed that the Young’s modulus does not influence static
attachment [35]. Since the surface free energies of the specimens are similar (Figure 2a), they show
similar diatom attachment results which conform to the prediction of "Baier curve" [28]. Previous
studies confirmed that diatoms prefer to adhere to dark surfaces [36,37]. However, their experiments
were performed under hydrodynamic conditions. The results in Figure 4 show that colors have no
effect on diatom adhesion under static conditions.

Figure 4. (a) Schematic illustration of diatom adhesion testing under static conditions. (b) Optical
images of sample surfaces at 0 days and 8 days. (c) OD440 results of the membranes after 8 days.
(d) SEM images of specimens after 8 days.

3.4. Diatom Adhesion Testing Under Hydrodynamic Conditions

The specimens were examined after 10 days. Biofilms were observed on the 0 wt %, 0.16 wt %,
and 1.28 wt % membranes (Figure 5d). The 0.36 wt % membrane showed the cleanest surface
(Figure 5c,d), and scattered diatoms were present on the 0.64 wt % and 2.56 wt % membranes. A low
Young’s modulus is beneficial to combat adhesion of fouling organisms [21,38]. According to Figures
2b and 5, the 0.64 wt %, 1.28 wt %, and 2.56 wt % GO-containing membranes have the lowest Young’s
moduli; however, they show poor antifouling performances, due to their dark colors. On the other
hand, the 0 wt % and 0.16 wt % membranes perform poorly due to high Young’s moduli. The 0.36 wt
% membrane with appropriate color and Young’s moduli exhibits the best antifouling performance.
We conclude that the combined effects of color and Young’s modulus determine the antifouling
performance of GOSR membranes.
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Figure 5. (a) Schematic illustration of diatom adhesion testing under hydrodynamic conditions.
(b) Optical images of sample surfaces at 0 days and 10 days. (c) OD440 results of the membranes after
10 days. (d) SEM images of specimens after 10 days.

In our previous studies, we proposed the “harmonic motion effect” to explain the antifouling
behavior of elastic membranes [21], in which the deformation of an elastic membrane under turbulent
flow imparts biofouling resistance. Biofouling resistance involves three components: (i) Fouling
organisms have difficulty identifying dynamic surfaces (Figure 6a); (ii) when these organisms approach
an elastic membrane, its dynamic surface sweeps them away (Figure 6b); (iii) if some organisms
adhere to the elastic membrane (Figure 6c), they cannot adhere tightly because of the micro-flaws [21]
produced at the interface.

To reveal the mechanism via which a low elastic modulus aids in combating fouling organisms in
the present study, a theory by Kulik is introduced below. Studies by Kulik revealed that the deformation
amplitude of the elastic coatings in turbulent flow is approximately 0 μm to a few microns [39,40].
Three equations [41] (from Kulik) were employed to calculate the deformation amplitude of a surface:

C∗n =
Cn

H/E
=
λ
H

(
V
C0

t

)2
(1 + σ)αF

2π(1− iμ)2[2− (V/C0
t )

2

1−iμ − 2S]
(3)

ηrms =

√
η2= [

∫ ∞

0

∣∣∣Cn(ω)
∣∣∣2P(ω)dω]1/2, (4)

where C∗n is the vertical (normal to the surface) compliance; P(ω) stands for the energy spectrum
of pressure pulsations; ηrms denotes the vertical displacement; η and H are deformation and
elastic-membrane thickness, respectively; and V and C0

t are the flow rate and shear wave rate
for an ideal material, respectively.
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Figure 6. (a–c) Contributions of “harmonic motion” to biofouling resistance. (d) Deformations (η/H) of
elastic membranes as functions of V/C0

t for different Young’s moduli. (e) E = 0.63 MPa curve. (f) Area
as a function of Young’s modulus. (g) Elastic surface with high Young’s modulus. (h) Elastic surface
with low Young’s modulus. (i) Schematic illustration of the fracture mechanics on antifouling.

η/H is plotted as a function of V/C0
t for various Young’s moduli in Figure 6d. In a practical situation,

the flow velocity is not constant; thus, various velocities need to be studied. Figure 6e shows the curve
of E = 0.63 MPa; the area between the curve and the x-axis (blue area in Figure 6e) characterizes the
total deformation of membrane surface. Figure 6f shows the areas for E = 0.60−1.06 MPa (Figure 2b),
which reveal that a lower Young’s modulus leads to a bigger area, i.e., a bigger deformation. According
to contact mechanics [20,42], this higher deformation is conducive to combating the adhesion of
fouling organisms (Figure 6g,h). Thus, 0 wt % and 0.16 wt % membranes show poor antifouling
performances, due to their high Young’s modulus. On the basis of this theory, the 0.64 wt %, 1.28 wt %,
and 2.56 wt % GO-containing membranes have a low Young’s moduli which are conducive to resisting
biofouling; however, they show poor antifouling performances, due to their dark colors. In the past,
fracture mechanics [38,43] was employed to reveal the mechanisms of fouling organisms and elastic
surfaces. Figure 6i shows a schematic illustration of the fracture mechanics, which indicates that the
contact between the fouling organism and elastic surface is not strong enough; consequently, there are
some microcracks at the contact area. Fouling organism tend to detach from the surface when the
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microcracks grow increasing large due to the stress concentration. The Griffith theory of brittle fracture
is as follows [43]:

F =

√
2Eγ
Aπ

(5)

where F represents the stress; A stands for the crack length; E represents for the Young’s modulus of
the surface; γ stands for the surface energy density.

On the basis of the Griffith equation, A is assumed to be a constant. Hence, F
√

Aπ is a function
of Eγ. Here, F

√
Aπ denotes a separating force (the force required to separate the fouling organism

from the surface), and a low Young’s modulus (E) leads to a low separating force (F
√

Aπ). The low
Young’s modulus is beneficial for fouling organisms to isolate from the surface due to low separating
force. The experimental results in the present study also are in accord with the fracture mechanics.
The harmonic motion effect sheds new light on the effects of Young’s modulus on antifouling behavior.

4. Conclusions

SR composite membranes containing 0.36 wt % GO exhibited excellent antifouling performance
in this study, while they are low-cost with inexpensive silicone rubber as the main material. Hence,
these membranes may be promising for applications in antifouling. The combined effects of color and
Young’s modulus determine the antifouling performance of GOSR membranes. The findings provide
insight that could facilitate the fabrication of new antifouling coatings; specifically, lighter colors and
low Young’s moduli provide superior performance. In addition, we provide a novel insight into the
role of the elastic modulus toward the antifouling performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/16/2608/s1,
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nanosheets, Figure S3c: Raman spectra of GO nanosheets, Figure S3d: FTIR spectra of GO nanosheets, Figure S4:
Colors of the membranes with different GO contents, and Figure S5: Roughness or GOSR membranes with
different GO contents, Table S1: Nomenclature and values, Table S2: Elemental compositions of membranes.
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Abstract: Acrylic resin PMMA (poly-methyl methacrylate) is used in the manufacture of denture
bases but its mechanical properties can be deficient in this role. This study investigated the mechanical
properties (flexural strength, fracture toughness, impact strength, and hardness) and fracture behavior
of a commercial, high impact (HI), heat-cured denture base acrylic resin impregnated with different
concentrations of yttria-stabilized zirconia (ZrO2) nanoparticles. Six groups were prepared having
different wt% concentrations of ZrO2 nanoparticles: 0% (control), 1.5%, 3%, 5%, 7%, and 10%,
respectively. Flexural strength and flexural modulus were measured using a three-point bending
test and surface hardness was evaluated using the Vickers hardness test. Fracture toughness and
impact strength were evaluated using a single edge bending test and Charpy impact instrument. The
fractured surfaces of impact test specimens were also observed using a scanning electron microscope
(SEM). Statistical analyses were conducted on the data obtained from the experiments. The mean
flexural strength of ZrO2/PMMA nanocomposites (84 ± 6 MPa) at 3 wt% zirconia was significantly
greater than that of the control group (72 ± 9 MPa) (p < 0.05). The mean flexural modulus was
also significantly improved with different concentrations of zirconia when compared to the control
group, with 5 wt% zirconia demonstrating the largest (23%) improvement. The mean fracture
toughness increased in the group containing 5 wt% zirconia compared to the control group, but it was
not significant. However, the median impact strength for all groups containing zirconia generally
decreased when compared to the control group. Vickers hardness (HV) values significantly increased
with an increase in ZrO2 content, with the highest values obtained at 10 wt%, at 0 day (22.9 HV0.05)
in dry conditions when compared to the values obtained after immersing the specimens for seven
days (18.4 HV0.05) and 45 days (16.3 HV0.05) in distilled water. Incorporation of ZrO2 nanoparticles
into high impact PMMA resin significantly improved flexural strength, flexural modulus, fracture
toughness and surface hardness, with an optimum concentration of 3–5 wt% zirconia. However, the
impact strength of the nanocomposites decreased, apart from the 5 wt% zirconia group.

Keywords: PMMA; zirconia (ZrO2); nanocomposite; denture base; flexural strength; impact strength;
fracture toughness; hardness

1. Introduction

In practical applications, denture base materials experiences different types of stresses, such as
compressive, tensile and shear, which can lead to premature failure. Intra-orally, repeated mastication
over a period of time can lead to denture base fatigue failure. Extra-orally, denture bases can also
experience high impact forces when dropped by accident [1,2]. Impact fractures occur extra-orally as a
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result of inadvertent denture damage [1,3]. The incidence of denture fracture is relatively high: 68% of
dentures fail within three years of fabrication and the incidence in partial denture is greater than that
of complete dentures [4,5]. Studies have also reported that 33% of the repairs in dental laboratories
are as a result of de-bonded teeth, and 29% percent of fractures occur in the midline of the denture
base, being seen more frequently in the upper than in the lower prosthesis [6,7]. The remaining 38% of
fractures are caused by other types of failure [6,7].

High impact (HI) denture base resins are widely used in prosthetic dentistry. These materials
are provided in either powder or liquid forms and are processed in the same manner as other
heat-cured, poly-methyl methacrylate (PMMA) resins. HI resins are reinforced with butadiene-styrene
rubber, with the rubber particles grafted to the poly-methyl methacrylate so that the particles
are covalently bonded into the polymerized acrylic matrix in order to better absorb mechanical
loads [4,8–10]. Incorporation of butadiene-styrene rubber into PMMA resins improves impact strength
and dimensional stability [8,11,12]. However, such reinforcement can result in the reduction of
mechanical properties, including flexural strength, fatigue strength and stiffness [8,11,13].

Many attempts have been made to improve the strength of denture base resins, including the
addition of metal wires and plates made of either Co-Cr alloy or stainless steel. However, these
materials present limitations contrary to the standard requirements, including poor adhesion between
the acrylic resin and reinforcing metal. This separation can result in a reduction in overall mechanical
strength within the prosthesis, as well as poor aesthetics. Additionally, metal-reinforced denture bases
can become noticeably heavier [13,14]. Other attempts to improve denture base mechanical properties
include fibre reinforcement to enhance fracture toughness, flexural and impact strength, and fatigue
properties [13,15]. Different fibre types, such as ultra-high modulus polyethylene fibre (UHMPE),
aramid fibre, nylon fibre, carbon fibre and glass fibre, have all been investigated [13,15,16]. UHMPE
fibre does not demonstrate good adhesion to PMMA, and therefore, no significant increase in flexural
properties has been demonstrated [17]. Carbon and aramid fibres are not practical materials because
of difficulties in polishing the final prostheses, and resultant poor aesthetics [18]. However, nylon
reinforcement enhances fracture resistance and structural elasticity of acrylic resins [15]. A study
undertaken by Vallittu et al., on the flexural and transverse strength of heat-cured PMMA denture bases
reinforced with a high concentration of continuous glass fibre demonstrated an improvement in these
properties [19]. Additionally, silane coupling agents have been added to enhance adhesion between
the polymer resin and glass fibres to improve mechanical strength, resulting in enhanced flexural and
fatigue strength [19,20]. However, fibre orientation in the resin matrix is technically difficult to control
and a random distribution could result in defects within the finished product [21].

In recent years, several investigations have focused on improving the mechanical properties
of PMMA acrylic resins by adding nanomaterials, such as bio-ceramic nanoparticles, due to their
special characteristics [22]. Zirconia (ZrO2) is a bio-ceramic material that has been widely used for
various dental applications, such as crowns and bridges, implant fixture “screws” and abutments,
and orthodontic brackets [23]. Zirconia has a high flexural strength (900 to 1200 MPa), hardness
(1200 HV), and fracture toughness (9–10 MPa m1/2) [24]. Furthermore, zirconia shows excellent
biocompatibility compared to other ceramic materials, such as alumina [22,24]. A number of studies
found that reinforcement of conventional, heat-cured denture base resins with zirconia nanoparticles
significantly improved mechanical properties such as flexural and impact strength, as well as surface
hardness [22,25]. However, no systematic study on the effect of zirconia addition in the high impact
(HI) heat-cured PMMA denture base material has been reported in the literature. Therefore, research is
needed to identify an optimum amount of zirconia suitable for improving performance and life of HI
PMMA denture bases.

The purpose of this study is to evaluate the effects of zirconia nanoparticle addition at low
concentrations (up to 10%) to a commercially available, high-impact, PMMA denture base resin on
selected mechanical properties such as flexural strength, impact strength, fracture toughness, hardness
and fracture behaviour.
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2. Material and Methods

2.1. Materials

A commercially available, Metrocryl HI denture base powder, (PMMA, poly-methyl methacrylate)
and Metrocryl HI (X-linked) denture base liquid (MMA, methyl methacrylate) (Metrodent Limited,
Huddersfield, UK) were selected as the denture base material. Yttria-stabilized zirconia (ZrO2)
nanoparticles (94% purity; Sky Spring Nano materials, Inc., Houston, TX, USA) were chosen as the
inorganic filler agent for fabricating the nanocomposite denture base specimens.

2.2. Specimen Preparation

2.2.1. Silane Functionalization of Zirconia Nanoparticle Surfaces

Fifteen grams of zirconia nanoparticles and 70 mL of toluene solvent were deposited into a plastic
container, which was then placed in a speed mixer (DAC 150.1 FVZK, High Wycombe, UK), and mixed
at 1500 rpm for 20 min. Following the initial mixing, 7 wt% silane coupling agent (3-trimethoxysilyl
propyl methacrylate; product no. 440159, Sigma Aldrich, Gillingham, UK) was added slowly over a
period of 20 s. The mixture was then placed in the speed mixer at 1500 rpm for 10 min and divided
equally into two tubes and spun in a centrifuge at 23 ◦C at 4000 rpm for 20 min. The supernatant
(separated toluene) was removed, and the remaining silanized nanoparticles were transferred into a
personal solvent evaporator (EZ-2 Elite, Genevac Ltd., SP Scientific Company, Ipswich, UK) for 3 h of
drying at 60 ◦C.

2.2.2. Selection of Appropriate Percentages of Zirconia Nanoparticles

To determine the most appropriate weight percentages of zirconia nanoparticles for the current
study, preliminary investigations were undertaken using 1.5 wt%, 10 wt% and 15 wt% mixtures. Based
on these results and knowledge from relevant literature, a decision was made to utilize the following
weight percentages of silanized zirconia nanoparticles in the denture base formulation: 0.0% (control),
1.5 wt%, 3.0 wt%, 5.0 wt%, 7.0 wt%, and 10.0 wt%. The composition details of the specimen groups used
in this study are described in Table 1 (all used an acrylic resin powder:monomer ratio of 21 g:10 mL,
in accordance with manufacturer’s instructions).

Table 1. Weight percent zirconia in combination with acrylic resin powder as well as monomer content of
the specimen groups. HI: High impact; PMMA: Poly-methyl methacrylate; MMA: methyl methacrylate.

Experimental
Groups

Zirconia
(wt%)

Zirconia
(g)

HI PMMA
Powder (g)

HI MMA
Monomer (mL)

Control 0.0 0.000 21.000 10.0
1.5 1.5 0.315 20.685 10.0
3.0 3.0 0.630 20.370 10.0
5.0 5.0 1.050 19.950 10.0
7.0 7.0 1.470 19.530 10.0
10.0 10.0 2.100 18.900 10.0

2.2.3. Mixing of Zirconia with PMMA

The silane-treated zirconia and acrylic resin powders were weighed according to Table 1 using an
electronic balance (Ohaus Analytical with accuracy up to 3 decimal points). The zirconia powder was
added to the acrylic resin monomer and mixed by hand using a stainless-steel spatula to make sure all
the powder was uniformly distributed within the resin monomer. The HI acrylic resin powder was
then added to the solution, and mixing continued until a consistent mixture was obtained, according
to the manufacturer’s instruction. The mixing continued for approximately 20 min until the mixture
reached a dough-like stage, which was suitable for handling. When the mixture reached a consistent
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dough-like stage (working stage), it was packed into a mould by hand. The moulds were made from
aluminium alloy, which contained five cavities with a dimension of 65 mm (l) × 10 mm (w) × 2.50 mm
(d) for producing flexural strength and hardness test samples. However, the cavity dimensions for the
impact test was as follows: 80 mm (l) × 10 mm (w) × 4 mm (d) and fracture toughness was 40 mm (l) ×
8 mm (w) × 4 mm (d). Before pouring the mixture into the mould, sodium alginate as a separating
medium (John Winter, Germany) was applied to the surfaces of the mould for easy removal of the
specimens. The mould was then closed and placed in a hydraulic press (Sirio P400/13045) under a
pressure of 15 MPa in the first cycle, and then the pressure was released. Excess mixture was removed
from the mould periphery, which was then re-pressed at room temperature for 15 min under the same
pressure. The mould was then immersed in a temperature-controlled curing water bath for 6 h to allow
polymerization. The curing cycle involved increasing the temperature to 60 ◦C over 1 h and maintained
this temperature for 3 h. After this time, the temperature was increased to 95 ◦C over an additional 2 h
to complete the heat polymerization cycle. The mould was removed from the curing bath and cooled
slowly for 30 min at room temperature. The mould was then opened and the specimens were removed.
The specimens were then trimmed using a tungsten carbide bur, ground with an emery paper and
polished with pumice powder in a polishing machine (Tavom, Wigan, UK) in accordance with British
International Standard Organization (BS EN ISO 20795-1:2008) and British Standard Specification for
Denture Base Polymers (BS 2487: 1989 ISO 1567; 1988) [26,27].

2.3. Mechanical Characterization of the Nanocomposite

2.3.1. Flexural Strength Test

Flexural strength of the nanocomposite specimens was evaluated using a 3-point bend test in a
universal testing machine (Zwick/Roell Z020 Leominster, UK) in accordance with British International
Standard for Denture Base Polymers (2487: 1989) [27]. The dimensions of the specimens were 65 mm
length × 10 ± 0.01 mm width × 2.50 ± 0.01 mm thickness. All specimens were stored in distilled
water at a temperature of 37 ± 1 ◦C for 50 ± 2 h in an incubator before testing. The specimens were
then removed from the distilled water and placed on a support jig. The loading plunger (diameter
7.0 mm) was fixed at the center of the specimen midway between two supports, which were parallel
and separated by 50 ± 0.1 mm, and the diameter of the load supports were 3.20 mm. A 500 N load
cell was used to record force and the load was applied using a cross-head speed of 5 mm/min. The
maximum force (F) was recorded in newtons, and flexural strength was calculated in MPa for all
specimens using the following equation [28]:

σ =
3Fl

2bh2 (1)

where F is the maximum force applied in N, l is the distance between the supports in mm, b is the
width of the specimen in mm, and h is the height of the specimen in mm. The flexural modulus was
determined as the slope of the linear portion of the stress/strain curve for each test run.

2.3.2. Fracture Toughness Test

Fracture toughness tests were conducted using a single edge span notch bending test on the Zwick
universal testing machine in accordance with the British International Standard Organization (BS EN
ISO 20795-1:2008) [26,29]. The dimensions of the specimens were 40 mm (l) × 8 mm (w) × 4 mm (h),
and a notch was created in the middle of the specimens with a diamond blade and a saw to a depth
of 3.0 ± 0.2 mm along a marked centre line. All specimens were then stored in distilled water and
placed in an incubator at 37 ± 1 ◦C for 168 ± 2 h before testing. The specimens were removed from
the water, dried by a towel and placed edgewise on the supports of the testing rig. The notch of the
specimen was placed directly opposite to the load plunger (diameter 7 mm) and in the middle of the
span between the two supports (32.0 ± 0.1 mm). The load cell was 500 N, and the cross-head speed
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was 1.0 mm/min. Fracture toughness was determined by increasing the force from zero to a maximum
value in order to propagate a crack from the opposite side of the specimen to the impact point. The
maximum force (P) in newtons to fracture was recorded in order to calculate the fracture toughness
(KIC) in MPa m1/2 according to Equation (2) [29]:

KIC =
3PL

2BW
3
2

×Y (2)

where W is the height of the specimen in mm, B is the width of the specimen in mm, L is the distance
between the supports in mm, and Y is a geometrical function calculated by Equation (3).

Y = 1.93 ×
( a

w

)1/2
− 3.07 ×

( a
w

) 3
2
+ 14.53 ×

( a
w

) 5
2 − 25.11 ×

( a
w

) 7
2
+ 25.80 ×

( a
w

) 9
2

(3)

where a is the depth of the notch.

2.3.3. Impact Test

The Charpy V-notch impact test (kJ/m2) utilized a universal pendulum impact testing machine
(Zwick/Roell Z020 Leominster). Specimen dimensions were 80 mm (l) × 10 ± 0.01 mm (w) × 4 ± 0.01
mm (h), in accordance with the European International Standard Organization (EN ISO 179-1:2000) [30].
The specimens were notched in the middle to a depth of 2.0 ± 0.2 mm, a notch angle of 45 ◦ and a
notch radius of 1.0 ± 0.05 mm and were then stored in distilled water at 37 ± 1 ◦C for 168 ± 2 h in an
incubator before testing. The specimens were then removed from the water and dried with a towel.
Each specimen was placed in the machine and were supported horizontally at its ends (40 ± 0.2 mm),
and the centre of the specimen (the un-notched surface) was hit by a free-swinging pendulum that was
released from a fixed height. The pendulum load cell was 0.5 J and directly faced the centre of the
specimen, as shown in Figure 1. When the test was started, the pendulum was released to strike the
specimen, and the impact energy absorbed was recorded in joules (J). The Charpy impact strength
(aiN) (kJ/m2) was calculated using Equation (4) [10,30]:

aiN =
Ec

h ∗ bN
× 103 (4)

where Ec is the breaking energy in joules absorbed by breaking, h is the thickness in mm, and bN is the
remaining width in mm after notching.

 
Figure 1. (A) Impact test machine and (B) position of sample in the machine before the test.
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2.3.4. Hardness Test

The Vickers hardness (HV0.05) of the specimens was measured using a micro-hardness testing
machine (FM-700, Future Tech Corp, Tokyo, Japan). Specimens were 65 mm length × 10 mm width ×
2.50 mm thickness, and the test load was fixed at 50 g for 30 s. The Vickers hardness was calculated by
measuring the diagonals of the pyramid-shaped indentation impressed on the specimen. A total of
three indentations were taken at different points in each specimen one side, and then a mean value
was calculated. The mean hardness values for all the specimens were determined demonstrative of
the materials in the dry condition at day 0. The specimens were then stored individually in 37 ± 1 ◦C
distilled water for 7 d ± 2 h, and were then re-immersed for a total of 45 d ± 2 h. From the raw data,
the mean hardness values for each sample group were calculated [31,32].

2.4. Scanning Electron Microscopy (SEM) Examination

The size and shape distribution of the PMMA powder and zirconia nanoparticles was analysed
using a scanning electron microscope (SEM) (Carl Zeiss Ltd, 40 VP, Smart SEM, Cambridge, UK). The
fractured surface was also studied to identify failure mechanism. Specimens were mounted onto
aluminium stubs and sputter-coated with gold after which SEM visualization was performed using a
secondary electron detector at an acceleration voltage of 2.0 kV.

2.5. Statistical Analyses

Flexural strength, modulus, impact strength, fracture toughness and Vickers hardness data
were analysed using a statistical software (SPSS statistics version 23, IBM, New York, NY, USA).
Non-significant Shapiro–Wilk and Levene tests showed that the data of flexural and fracture toughness
were normally distributed and there was homogeneity of variance. The flexural and fracture toughness
data were analysed using a one-way analysis of variance (ANOVA) with the Tukey honestly significant
difference post-hoc test at a pre-set alpha of 0.05. Impact strength and hardness data demonstrated
nonparametric distributions as evidenced by significant Shapiro–Wilk test results for two groups, and
therefore the Kruskal–Wallis test was used to analyse the results as well as to compare the differences
among the test groups at a pre-set alpha of 0.05. In addition, the Friedman’s two-way analysis test was
applied to identify any significant difference between the three immersion time groups (p < 0.05).

3. Results

3.1. Visual Analysis

SEM analysis revealed that the average particle size of the PMMA powder was approximately
50 μm with a range from 10 μm to 100 μm, as shown in Figure 2A. The rubber particles were also visible
within the powder, with an average size of approximately 50 μm. The as-received, yttria-stabilized
zirconia nanoparticles demonstrated an average size ranging between 30 nm and 60 nm for individual
particles and 200 nm to 300 nm for clusters, as shown in Figure 2B.

 
Figure 2. Particle size and shape distributions of (A) PMMA powder and (B) zirconia nanoparticles.
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3.2. Mechanical Tests

3.2.1. Flexural Strength and Flexural Modulus

One-way analysis of variance (ANOVA) of flexural strength values presented in Table 2 show
a significant difference (p < 0.05) for the specimen group containing 3 wt% zirconia. However, the
mean values of flexural modulus showed a significant increase (p < 0.05) for all specimens, except
that containing 7 wt% zirconia, which was not significantly different (p > 0.05) from the control
group. The flexural strength data in the table demonstrates that an addition of zirconia nanoparticles
to the HI PMMA gradually increased the strength up to 3 wt% and then gradually decreased for
other compositions when compared to the control group (0 wt%). The highest value of flexural
strength was recorded for the group containing 3 wt% zirconia (83.5 MPa) in comparison with the
control group (72.4 MPa), representing a 15% increase in the flexural strength. However, a higher
percentage of zirconia nanoparticles (7 wt% to 10 wt%) in the specimens reduced the strength, which
was comparable to the control group. A similar behaviour was also found for the flexural modulus of
the nanocomposites with increasing zirconia content (Table 2). However, a maximum value of the
flexural modulus was reached at a zirconia content of 5 wt% (2419 MPa) when compared to the control
group (1971 MPa), meaning an increase of 22.7%. Furthermore, even though at high zirconia content
the modulus values decreased, they were still higher than those of the control group.

Table 2. Mean (MPa) Standard deviation (SD) values of flexural strength, flexural modulus and fracture
toughness as well as median of impact strength (kJ/m2) Interquartile range (IQR) for the test groups.

Zirconia Content
(wt%)

Flexural Strength
and SD (MPa)

Flexural Modulus
and SD (MPa)

Impact Strength
and (IQR) (kJ/m2)

Fracture
Toughness and
(SD) (MPa m1/2)

Control (0%) 72.4 (8.6) A 1971 (235) A 10.0 (2.69) A 2.12 (0.1) A

1.5 78.7 (6.9) A 2237 (117) B 7.03 (4.45) A 1.91 (0.2) A

3.0 83.5 (6.2) B 2313 (161) B 7.38 (4.50) A 1.97 (0.2) A

5.0 78.7 (7.2) A 2419 (147) B 9.05 (3.50) A 2.14 (0.1) A

7.0 72.2 (7.0) A 2144 (85) A 7.12 (1.50) A 1.86 (0.1) A

10.0 71.5 (5.7) A 2204 (91) B 5.89 (2.33) B 1.76 (0.8) B

Within a column, cells having similar (upper case) letters are not significantly different from the control (0% zirconia
content) value. N = 10 specimens per group.

3.2.2. Fracture Toughness and Impact Strength

The mean values of the fracture toughness (Table 2) of the nanocomposites decreased significantly
compared to that of the control group at the zirconia concentrations of 7% and 10% (p < 0.05).
Furthermore, after the initial decrease of fracture toughness at 1.5 wt% zirconia, the values slightly
increased in the groups containing 3 wt% and 5 wt% zirconia, but they were not statistically significant
increases (p > 0.05). Table 2 shows that the best fracture toughness could be achieved at 5 wt% zirconia.

The values of the impact strength for all nanocomposite groups were not statistically significant
(p > 0.05), as shown in Table 2. The median impact strength gradually decreased with the increase
in zirconia content, except in the group containing 5 wt% zirconia, which showed the best impact
strength (only 10% reduction compared to the control group). However, all measured impact strength
values for the nanocomposites were lower than that for the control group.

3.2.3. Hardness

The median values of Vickers hardness in Table 3 show significant differences (p < 0.05) for the
specimen groups containing 7 wt% and 10 wt% zirconia in both dry (0 day) and wet (7 days) conditions.
From the graphical presentation of the hardness results (Figure 3), it is interesting to note that at lower
zirconia contents (1.5–5.0%), the difference in hardness between dry and wet conditions was much
lower than that at higher zirconia contents (7.0–10.0%). Furthermore, no significant difference was
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found between the hardness of the specimens stored in water for seven days and 45 days at all zirconia
contents. This finding indicates that the hardness of the nanocomposites does not degrade over time in
the wet condition at lower zirconia contents, particularly up to 3% zirconia.

Table 3. Vickers hardness (kg/mm2) (median and interquartile range) after 0, 7 and 45 days of
water immersion.

Day Zero (Dry) 7-Days Water- Immersion 45 Days Water-Immersion

Weight Percent
Zirconia

Vickers Hardness
(kg/mm2)

Median (IQR)

Vickers Hardness (kg/mm2)
Median (IQR)

Vickers Hardness (kg/mm2)
Median (IQR)

Control (0.0%) 17.6 (1.7) Aa 15.2 (2.0) Ab 15.5 (3.3) Ab*
1.5% 18.9 (3.2) Ab 17.7 (1.1) Ab 17.0 (1.8) Ab*
3.0% 19.6 (4.0) Ac 17.8 (1.2) Ac 17.3 (2.8) Ac

5.0% 21.1 (3.1) Ad 17.9 (2.9) Ad 17.1 (2.2) Ad*
7.0% 21.7 (3.0) Be 19.4 (0.9) Be 16.8 (2.3) Ae*
10.0% 22.9 (2.9) Bf 18.4 (3.3) Bf 16.3 (1.2) Af*

Within a column, values identified using similar upper-case letters are not significantly different from the control
group value; within rows values identified using the same lower-case letters are not significantly different; asterisks
indicate significant differences between day 0 and 45 days; N = 5 specimens per experimental group.

Figure 3. Vickers hardness median (kg/mm2) after 0, 7, and 45 days of water immersion.

3.3. Microstructural Characteristics

The fractured surface of pure PMMA specimens displayed a smooth surface in small areas
and revealed a ductile type failure behaviour exhibiting irregular and rough surface as is shown in
Figure 4A. The composite fractured surface showed signs of cracks and particle clustering with small
voids (Figure 4B). Figure 4C presents more clear fracture features and shows that the distribution of the
nanoparticles was not uniform. The image highlights particle clustering in several places and voids on
the fractured surface.
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Figure 4. Representative SEM images of the fractured surfaces of impact strength test specimens at
two different magnifications (1 at 10K and 2 at 50K for the control group (A) 0 wt%, (B) 5 wt% and
(C) 10 wt% added zirconia, respectively).

4. Discussion

In this study, it was shown that combining zirconia nanoparticles to HI acrylic resin improved
flexural strength and flexural modulus, which can lead to a reduction in different types of stresses
encountered during the mastication process, including compressive, tensile and shear stresses [33].
However, the reinforced HI acrylic resin with lower concentration of zirconia (5%) did not show any
significant difference from the control group on fracture toughness and impact strength.

The inorganic reinforcing nano-fillers have a large surface area that provides high surface energy,
and this produces nanoparticles with a strong tendency to aggregate. This characteristic may decrease
the chemical interaction between the nanoparticles and the base PMMA [22]. In this study, to enhance
the chemical adhesion between the ZrO2 nanoparticles and ZrO2-PMMA, the surface of the ZrO2

particles was treated with 7 wt% silane coupling agent (3-MPS) to create reactive functional groups. This
could be responsible for improving the flexural properties of the nanocomposites at lower concentrations
of zirconia nanoparticles. Moreover, the improvement in flexural strength and flexural modulus could
be a result of the improved dispersion of the ZrO2 nanoparticles when mixing with the speed mixer

119



Materials 2019, 12, 1344

machine during the preparation stage. This improvement would decrease the agglomeration tendency
in the composites. Additionally, the large interfacial area of the nanoparticles contributes to more
contact points between the ZrO2 and PMMA, thus enhancing mechanical interlocking and offers
additional flexibility in the nanocomposites [34].

Only a few studies on the effect of adding ZrO2 nanoparticles in HI heat-cured denture base
acrylic resin are available in the literature. In contrast, investigators have worked on improving the
mechanical properties of conventional heat-cured denture base acrylic resin by incorporating different
types of fillers [35]. Alhareb et al. [36] showed a 16% increase in flexural strength value compared
to control samples when PMMA was reinforced with Al2O3 and ZrO2 with a filler concentration
of 5 wt%. Moreover, the flexural modulus increased with an increase in Al2O3/ZrO2 nanoparticle
concentration [36]. The greater value of the modulus indicates a stiffer material [16], and this
improvement can be explained by a homogenous distribution of the fillers within the polymer matrix.
Vojdani et al. [3] evaluated the effect of adding Al2O3 particles to PMMA denture bases on flexural
strength. They found that a 6% increase in flexural strength value with 2.5 wt% Al2O3 compared to a
control group could be obtained. Zhang et al. [22] investigated the effect of hybrid ZrO2 nanoparticles
and micro-particles of aluminium borate whiskers (ABWS) at concentrations of 1 wt%, 2 wt%, 3 wt%,
and 4 wt% on the flexural strength of PMMA denture base resin. They found that 2 wt% nano-ZrO2

with a ZrO2/ABWS ratio of 1:2 improved flexural strength by 32% when compared to a control group.
These previous studies in the literature were in agreement with the results obtained in this study, which
revealed that zirconia positively influenced the flexural properties of HI PMMA with an optimum
zirconia concentration between 3 wt% and 5 wt%.

Fracture toughness (KIC) is a critical stress intensity factor that provides information on crack
formation [29] and the ability of a material to resist crack propagation [37]. The reduction of fracture
toughness in the PMMA/ZrO2 nanocomposites with increasing filler content could be due to a
number of reasons, such as particle distribution in the polymer matrix, the type and size of the
particles, the concentration of the added particles, and chemical reactions between the particles
and polymer [15,35,38]. A high filler concentration leads to more filler-to-filler interactions than
filler-to-matrix interactions; therefore, agglomeration may act as a point of stress concentration that
could lead to non-uniform stress distribution. When applying the load, the agglomeration restrains
the movement of molecular deformation and reduces the fracture toughness [38]. Sodagar et al. [39]
determined that the incorporation of TiO2 nanoparticles to the PMMA matrix causes agglomeration,
which acts as a stress raiser in the centre of the matrix and reduces the mechanical properties of
the polymer material with increasing concentrations of the TiO2 nanoparticles. Fangqiang et al. [40]
investigated the distribution of ZrO2 particles in PMMA matrix using two strategies during mixing:
Physical method and chemical method. The physical method was conducted by melt blending,
high-energy ball milling or ultrasonic vibration. In the chemical method, when mixing nanoparticles
with an MMA monomer, the inorganic ZrO2 nanoparticles acted as a core, and the monomer as
a shell structure by in situ polymerization of the monomers, known as grafting. The chemically
modified nanoparticle surfaces with MMA enhanced the dispersion stability of the nanoparticles in
the polymer matrix. Owing to a combined physical and chemical preparation, it was observed that
the dispersion of ZrO2 nanoparticles in the polymer matrix was enhanced and particle aggregation
and phase separation decreased to a demonstrable extent. The results of the present study on fracture
toughness are consistent with those reported in the study of Alhareb et al. [36], where a PMMA denture
base reinforced with 5 wt% fillers (80/20 Al2O3/ZrO2) showed an improvement in fracture toughness
but an increase in zirconia concentration decreased toughness.

The incorporation of hard ZrO2 ceramic into PMMA can increase brittleness in the specimens,
which would reduce the impact strength. Additionally, the lack of adhesion due to poor chemical
reaction at the interface between the particles and PMMA or the inhomogeneous distribution of the
nanoparticles with frequent clustering could affect the impact strength negatively [25,36]. A study
conducted by Gad et al. [25] evaluated the effect of the incorporation of ZrO2 nanoparticles with
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varying concentrations (2.5 wt%, 5 wt% and 7 wt%) to PMMA denture bases on impact strength. The
results showed that the impact strength decreased with an increase in ZrO2 nanoparticle concentration.
The finding of the impact strength in the present study is in agreement with that of the previous study,
with the exception of the 5 wt% ZrO2/PMMA nanocomposite results. This result can be explained by
the fact that a concentration of 5 wt% might be the optimum quantity to improve particle distribution
and reduce amalgamation. Asar et al. [35] investigated the influence of metal oxides, ZrO2, TiO3, and
Al2O3, with 1% and 2% by volume on the impact strength of the PMMA acrylic resin. In contrast
to the current study, the findings showed a slight increase in the values of impact strength with 2%
ZrO2 addition.

Denture base materials should also have adequate abrasion resistance to prevent high wear of
the material by abrasive denture cleansers, food or general functional forces [41]. Greater hardness
in the denture base will reduce abrasive wear. The improvement of hardness in the nanocomposites
might be related to the inclusion of hard yttria-stabilized zirconia nanoparticles with fine grains,
which are known as tetragonal zirconia poly-crystals (TZP). The size of the grains is dependent on the
metastable nature of the tetragonal phase and can be important for providing improved mechanical
properties in the nanocomposites, and this zirconia-yttria phase increases surface hardness to resist
indentation [42]. However, the increase in surface hardness with the increase of the concentration of
zirconia also reduces the impact strength, as seen in Table 3. The reason for hardness decrease after
water immersion was described in a previous study conducted on acrylic resin denture base materials,
where residual monomers release and water absorption occurring simultaneously caused the surface
to become softened [43].

The finding of the present study is in agreement with a study by Yiqing et al. [43], who evaluated
the hardness of PMMA/ZrO2 nanocomposites with different ZrO2 concentrations (0.5 wt%, 1 wt%,
2 wt%, 3 wt%, 4 wt%, 5 wt%, 7 wt% and 15 wt%) using indentation and pendulum hardness tests. They
found that the hardness values were increased with an increase in the ratio of ZrO2 to PMMA, with
the highest value being 15 wt%. Zhang et al. [22] investigated the effect of zirconia nanoparticles and
aluminium borate whiskers (ABW) in PMMA denture bases on the surface hardness at concentrations
of 1 wt%, 2 wt%, 3 wt% and 4 wt%. The results showed an increase in surface hardness with an
increase in ZrO2/ABW content, and the optimum hardness was achieved at 3 wt% ZrO2 nanoparticles.
They suggested that the decrease in surface hardness with higher filler loading was caused by poor
adhesion of the particles to the resin matrix and filler clustering within the matrix. In another study,
the incorporation of aluminium oxide (Al2O3) with percentages of 0.5 wt%, 1 wt%, 2.5 wt% and 5 wt%
to PMMA acrylic resin exhibited an improvement in Vickers hardness with an increase of Al2O3 filler
concentrations [3].

The lower impact strength in the nanocomposites can be related to the presence of voids and
clustering of the nanoparticles [22,36]. At high magnification, the SEM images showed voids on
the fractured surface, and these voids could lead to the generation of stress concentration under
loading and initiate crack propagation by crossing the HI PMMA/ZrO2 nanocomposite matrix. At low
magnification, the fractured surfaces of the nanocomposite specimens exhibited less ductile fracture
compared to the control group with a large amount of fragment crack deformation, which formed an
irregular surface. Furthermore, the distribution of ZrO2 nanoparticles in the polymer matrix was not
homogeneous with evidence of agglomerations, which could reduce the impact strength, particularly
at high ZrO2 concentrations (10 wt%).

5. Conclusions

With consideration to the limitations of this study, the following conclusions can be drawn:

1. The flexural strength of the high impact (HI) heat-cured PMMA denture base was significantly
enhanced by the addition of zirconia nanoparticles with 3 wt% when compared to the pure acrylic
material (control group).
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2. The flexural modulus of the high impact (HI) heat-cured PMMA denture base was significantly
enhanced compared to the control group by addition of zirconia nanoparticles with 1.5 wt%,
3 wt%, 5 wt% and 10 wt%. The 7 wt% of zirconia showed a non-significant enhancement
compared to the control group.

3. The fracture toughness of the zirconia-reinforced PMMA was significantly decreased, particularly
at 10 wt% ZrO2 concentration. The fracture toughness was slightly increased at 5 wt%, but this
was not significantly different compared to the control group.

4. For all zirconia contents, the impact strength of the nanocomposites was significantly lower than
that of the control group. However, at 5 wt% and 3 wt% zirconia content, the proportion of
reduction in impact strength was not significantly different from that of the control group.

5. Surface hardness continuously increased with increase of zirconia content, in the dry condition
at day 0. However, in the wet condition after seven days, and 45 days surface hardness was
decreased with all groups.

6. Addition of zirconia in PMMA between 3 wt% and 5 wt% zirconia would provide the optimum
mechanical properties suitable for denture base applications.
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Abstract: Tissue engineering is an interdisciplinary field that combines principles of engineering and
life sciences to obtain biomaterials capable of maintaining, improving, or substituting the function
of various tissues or even an entire organ. In virtue of its high availability, biocompatibility and
versatility, cellulose was considered a promising platform for such applications. The combination
of cellulose with graphene or graphene derivatives leads to the obtainment of superior composites
in terms of cellular attachment, growth and proliferation, integration into host tissue, and stem
cell differentiation toward specific lineages. The current review provides an up-to-date summary
of the status of the field of cellulose composites with graphene for tissue engineering applications.
The preparation methods and the biological performance of cellulose paper, bacterial cellulose,
and cellulose derivatives-based composites with graphene, graphene oxide and reduced graphene
oxide were mainly discussed. The importance of the cellulose-based matrix and the contribution of
graphene and graphene derivatives fillers as well as several key applications of these hybrid materials,
particularly for the development of multifunctional scaffolds for cell culture, bone and neural tissue
regeneration were also highlighted.

Keywords: scaffolds; membranes; hydrogels; cellulose; tissue engineering

1. Introduction

1.1. General Aspects Concerning Tissue Engineering

In recent decades, the rapidly aging population, environmental stressors, frequent cases of
traumatic injuries and chronic diseases lead to a growing interest in the revolutionary domain of
tissue engineering (TE) [1–3]. Tissue engineering evolved from the field of biomaterials; its purpose
is to combine scaffolds, cells, and biologically active molecules to obtain multifunctional materials
that restore, maintain or improve damaged tissues or an entire organ. Some examples of Food and
Drug Administration (FDA)-approved engineered tissues include artificial skin and cartilage, but they
have limited use in human medicine due to several yet unknown aspects regarding their long term
biocompatibility [4–9]. Bioactive scaffolds, cell therapy, smart drug delivery systems, and wound
healing mats are some representative examples of the research topics approached by TE. In addition to
medical applications, non-therapeutic findings include the use of tissues as biosensors to detect chemical
or biological threats or the development of organs-on-a-chip for toxicity screening of experimental
medication [4,8,10].

Porous three-dimensional (3D) scaffolds are an important component of tissue engineering.
These constructs are used to provide an appropriate environment for tissue and organs regeneration.
Biological scaffolds (e.g., fibrin, amniotic membrane, and perfusion-decellularized organs) are an
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accessible option because they already contain a broad spectrum of signaling molecules with
an important role in the processes of cellular morphogenesis and function development [11,12].
However, their composition is strongly related to their source of origin, therefore they have poor
reproducibility. Biomaterials-based scaffolds have the advantage that they can be tailored to meet
specific requirements, the result being a controllable environment in which stem cells and growth factors
can be incorporated to recreate various tissues [4,5,13]. Considering the response of the body’s immune
system, it is recommended that scaffolds replicate the native extracellular matrix (ECM) of different
tissues, in terms of physical structure, chemical composition and biological functionality [13–16].
Biocompatibility, non-immunogenicity, and non-toxicity are mandatory features of biomaterials-based
scaffolds. Their design and mechanical properties are also important because they should have
the ability to enhance cell migration, proliferation, and differentiation, by presenting appropriate
biomechanical, biophysical, and biochemical signals, in vivo, while maintaining their shape and
integrity [17,18].

1.2. Characteristics Recommending Cellulose and Graphene for Applications in Tissue Engineering

Cellulose remarks itself among the biomaterials used for scaffold production due to its high
availability and renewability. Cellulose is mainly extracted from plant cell walls. The nano-scaled
forms of plant cellulose—cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs), are obtained
following specific mechanical and chemical treatments (e.g., ball milling, enzymatic or chemical
hydrolysis, TEMPO-mediated oxidation) [3,19]. In virtue of its natural origin, cellulose has a
native biocompatibility and negligible cytotoxicity [20]. Some issue were posed related to the
inflammatory effect and oxidative stress caused by the cellular uptake of the nano-scaled forms of
cellulose [21] but studies showed that both cellulose nanocrystals and cellulose nanofibers presented a
non-immunogenic and non-cytotoxic character when different mammalian cell lines were exposed to
CNCs suspensions [22] or CNFs membranes [23].

Cellulose can also be produced by certain microorganisms, in this case being called bacterial
cellulose (BC). BC is considered to be the most biocompatible form of cellulose because it lacks
biogenic impurities such as lignin and hemicellulose and only mild chemical treatments are required
to ensure its purity [24]. The nanofibrillar porous structure of bacterial cellulose is similar to the
extracellular matrix, this making BC one of the most recommended materials for tissue engineering
scaffolds [14,25,26]. Previous studies highlighted that BC has the ability to reduce the inflammatory
response and increase the rate of tissue regeneration when it is used as wound dressing [25–27]. Due to
its excellent mechanical properties, BC was considered a promising material for the development of
vascular grafts, dental implants, artificial skin, and blood vessels [25,28–32].

Pure cellulose lacks solubility in common organic solvents. This represents an issue when it comes
to processing techniques where a stable polymeric solution is required to prepare the final material
(e.g., electrospinning, phase inversion). Cellulose was dissolved so far only in mixtures of highly toxic
solvents (e.g., ionic liquids, carbon disulfide, N-methyl-morpholyne-N-oxide, dimethylformamide) [33];
however, for biomedical applications such as tissue engineering, they are not recommended because
even small traces of such solvents could cause a substantial biocompatibility decrease. Consequently,
cellulose derivatives were developed, their improved dissolution ability in less noxious solvents,
or even water, encouraging their use as an alternative to pure cellulose [3]. Moreover, cellulose
derivatives maintain the biocompatibility features of pristine cellulose presenting mild or no foreign
body reaction during in vivo assays [34].

Graphene (GE) is an allotrope of carbon produced by top down (e.g., mechanical or chemical
exfoliation of graphite, chemical synthesis) or bottom up techniques (e.g., chemical vapor deposition,
pyrolysis, epitaxial growth) [35]. GE has some unique properties such as high specific surface area,
superior electrical and thermal conductivity, and excellent mechanical properties. The free π electrons
and reactive sites, generated by the plane carbon-carbon bonds in GE’s aromatic structure, ensure it a
facile surface functionalization [36,37]. However, the hydrophobicity and strong interactions between
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sheets hinder the dispersion of GE in aqueous or organic environments [38,39]. This issue was solved
with the development of graphene derivatives such as graphene oxide (GO) and reduced graphene
oxide (rGO) which possess specific surface groups that allow them to be effectively dispersed in a wide
range of solvents or to be incorporated in polymeric matrices (Figure 1) [40,41]. For example, graphene
oxide presents hydroxyl functional groups on the upper and bottom surface as well as carboxylic groups
on the edges. This chemical structure is characterized by a hydrophilic character that enables GO’s
dispersion in water and polar solvents and facilitates hydrogen bonding with polymeric matrices [42].
Reduced graphene oxide is characterized by a lower hydrophilicity and oxygen content but an enhanced
electrical conductivity. It was showed that the addition of rGO in polymer composites can increase the
thermal stability, improve the bioactivity and mechanical properties, and also provide an appropriate
medium for electrical stimulation procedures [40,43,44]. A special type of graphene derivative is
represented by graphene quantum dots (GQDs). This nano-scaled form of graphene is made up of one
or a few GE layers, with lateral dimensions smaller than 10 nm (Figure 1). GQDs photoluminescence
and quantum confinement effect recommend them for applications in bioimagistics, biosensors and
photocatalysis devices [45].

Figure 1. The chemical structures of graphene and its derivatives [46]. Reproduced with
copyright permission.

Generally, graphene and its derivatives are considered biocompatible and non-cytotoxic, still,
their preparation method highly influences the in vivo and in vitro tests because the residual solvents
and reagents used during the synthesis procedures can interact with cells and tissues, thus inducing
cytotoxicity and oxidative stress. The hydrazine used to obtain reduced graphene oxide was found
to be particularly noxious for human mesenchymal stem cells (hMSCs) [47]. Eco-friendly reduction
methods were developed to diminish these residual chemicals-induced adverse effects. For example,
Erdal et al. used a microwave-induced hydrothermal reaction and caffeic acid (Caf), a green reducing
agent, to produce nanosized reduced graphene oxide (n-rGO), starting from commercial α-cellulose.
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Cellulose was treated with an aqueous solution of H2SO4 in a microwave device. The material was
kept at 180 ◦C and a pressure of 40 bar, for 2 h, under nitrogen flow. Following this treatment, black
solid carbon spheres were obtained. The spheres were further dispersed in concentrated nitric acid
(HNO3), ultrasonicated 30 min at 45 ◦C and heated at 90 ◦C for 30 min, under magnetic stirring to
obtain nGO. The ultrasonication time is a decisive factor in obtaining materials with uniform and
reproducible properties [48]. The green reduction process was performed by placing an aqueous
suspension of nGO and Caf in the microwave device, using the same conditions as in the case of carbon
spheres synthesis [49]. The resulting n-rGO was incorporated in polycaprolactone (PCL) matrices
for the production of bioactive and bioresorbable composites [50], 3D scaffolds with drug delivery
ability [51] and macroporous scaffolds with applications in bone tissue engineering [52].

The size and oxidation status of GE are also important for cytotoxicity evaluation. GE and
GE derivatives may disrupt cell membranes by direct contact. Moreover, small sized GO has a
high potential of being internalized into cells via endocytosis and could cause apoptosis at high
concentrations [53]. Surface modification with biocompatible molecules or the insertion in biopolymer
matrices were the main solutions proposed to minimize the potential cytotoxic character of GE and
GE derivatives. In addition, after incorporation in a polymer matrix, the carbonaceous fillers provide
cellular binding sites and, in the case of GO, the oxygenated surface groups increase the hydrophilic
character, thus improving cellular adhesion [47].

GE and its derivatives have a demonstrated ability to promote stem cells differentiation processes,
particularly adipogenesis and osteogenesis by enhancing the adsorption of differentiation factors and
cell adhesion [54]. Graphene-induced osteogenesis was found to be related to the activation of the
mechanosensitive integrin-focal adhesion kinase (FAK) axis and also to GE’s capacity of promoting
the paracrine release of pro-osteogenic molecules in its surroundings, as well as enhancing their
delivery to the sites of action [55]. According to recent studies, graphene oxide and reduced
graphene oxide are pro-angiogenic. The mechanisms for GO and rGO induced angiogenesis
include intracellular formation of reactive oxygen and nitrogen species as well as activation of
specific serum antibodies (e.g., phospho-eNOS, phospho-Akt) [56]. The potential of reduced
graphene oxide (rGO) to enhance angiogenesis was evaluated by Chakraborty et al. using polyvinyl
alcohol/carboxymethyl cellulose (PVA/CMC) scaffolds loaded with different concentrations of rGO
nanoparticles. Primary biocompatibility studies included in vitro alamarBlue cytotoxicity assays on
three different cell lines—fibroblasts NIH3T3, endothelial-like cells (ECV304) and endothelial cells
(EA.hy926). The scaffolds showed no toxicity toward the analyzed cell lines, the cellular viability being
similar to the control group. It was concluded that when incorporated inside a scaffold, rGO does not
present cytotoxicity even if it is used in concentrations higher than the cytotoxicity threshold in free
solution (100 ng/mL). The composite scaffolds were implanted in chick chorioallantoic membrane (CAM)
models to study their influence on the neovascularization process. Two days following implantation,
the number and wall thickness of the blood vessels were substantially increased, compared to the
untreated control. Moreover, angiogenesis and arteriogenesis were enhanced as the rGO concentration
in the composites increased, whereas neat PVC/CMC scaffolds showed no bioactivity [57].

As a results of their remarkable properties, cellulose/graphene composites were extensively
researched particularly for biomedical applications. Cellulose is a versatile, highly available,
biodegradable, and biocompatible material, these characteristics recommending it as a low cost,
sustainable alternative to petroleum-based plastics or other types of natural polymers used in
tissue engineering. Cellulose/graphene composites designed for the TE field can be divided
in two main categories—composites where specific types of cellulose (e.g., cellulose paper [58],
bacterial cellulose [59], cellulose derivatives [60]) are employed as polymer matrices in which the
carbonaceous fillers are dispersed to improve their mechanical characteristics and biocompatibility,
or, composite fillers based on CNCs or CNFs combined with GE or GE derivatives that are used to
synergistically reinforce other polymer matrices [21] (e.g., polylactic acid—PLA [61,62], polybutylene
succinate—PBS [63], polyacrylamide—PAM [38], polycaprolactone—PCL [64]). Composite membranes
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with graphene [65,66] were also studied for applications in the hemodialysis field [67,68]. The use of
GO for reinforcing cellulose acetate membranes led to an increase of bovine serum albumin (BSA)
retention from 80% to over 96% [69,70]. The synergistic effect between GO and carbon nanotubes
(CNT) used for the preparation of composite cellulose acetate membranes with potential applications
in hemodialysis showed good results in the retention of BSA and hemoglobin [71]. These results are
due to both the presence of GO, which has a high surface adsorption ability of the proteins that need to
be separated [72,73], and also to the weak chemical interactions that emerge between the delocalized
electrons on the surface of graphene and the non-participating electrons from the functional groups of
the polymer [74,75].

The enumerated types of cellulose/graphene composites were discussed in detail in the following
sections of this review.

2. Cellulose Composites with Graphene for Tissue Engineering Applications

An ideal material for tissue engineering should have an excellent biocompatibility with the cellular
components and mimic, as much as possible, the extracellular matrix of the recreated tissue. A porous
structure with interconnected porosity is among the essential characteristics of a scaffold in order
to allow cellular attachment and migration and facilitate the diffusion of nutrients and metabolites
throughout its volume [17]. Moreover, the mechanical characteristics must not be neglected because
they should match the ones of the host tissue. Studies showed that both stem and mature cells
are sensitive to the stiffness of the substrate on which they are seeded and show different adhesion
and morphological characteristics depending on it. The scaffolds should also possess a certain
degree of bioactivity and interact with the surrounding environment to actively regulate cellular
activity [76]. The recreated tissue type dictates the design and functionality of TE scaffolds. For example,
in the case of bone tissue engineering, the restoration of normal biomechanical functions is crucial,
therefore, the scaffolds must have similar mechanical properties to the native bone and a degradation
behavior matching with the novel bone formation rate [77]. Electrical properties are another important
aspect, especially for neural tissue engineering, because the neurons proliferation, migration and
communication with other cell types is realized by electrical signaling mechanisms [78]. Furthermore,
electrical stimulation performed during cell culture was showed to enhance cell migration, proliferation
rate and differentiation, being considered a revolutionary tool for tissue engineering and regenerative
medicine [79].

In the next sections of this review, the fabrication methods, physico-chemical features and
biological performance of cellulose/graphene composites for tissue engineering will be described.
As it will be observed, by carefully choosing the type of cellulose and graphene used as well as the
preparation technique, it is possible to obtain scaffolds with tunable characteristics depending on the
desired application.

2.1. Cellulose Paper-Graphene Composites

Paper-based scaffolds were first developed starting from surgical grade cotton or bacterial cellulose.
The cotton-derived substrates were obtained by a simple and cheap paper making process involving
cooking and beating the cotton before pressing it in a British sheet forming device. The resulting paper
was afterwards immersed in a gelatin solution to enhance its cellular adhesion ability. According
to the FESEM and MTT assay, MG63 cells incubated on all of the developed scaffolds presented
a normal morphology but the adhesion and proliferation rates increased on the gelatin-modified
ones [80]. Cheng et al. used bacterial cellulose and hydrophobic petroleum jelly-liquid paraffin ink
to create cost effective tissue models (~4 cents per single device) by the matrix assisted sacrificial 3D
printing technique. The fugitive ink was 3D printed on the wet BC pellicles in a predetermined pattern.
The pellicles were air dried and then heated at 70 ◦C to liquefy the ink and remove it by rinsing with
n-hexane and distilled water, thus resulting well-defined microchannels inside the cellulosic matrix.
The obtained devices were tested as vascularized breast tumor models by seeding green fluorescence
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protein (GFP)-labeled human umbilical vein endothelial cells (HUVECs) inside the microchannels and
MCF-7 cells on the surrounding cellulosic matrix. The drug response of the tissue model was also
evaluated by injecting tamoxifen in the endothelialized microchannels [81].

Graphene-enriched scaffolds improve stem cell viability and osteogenesis by participating in the
activation of physiologically relevant mechano-transduction pathways. GE’s topographical features
and electrical conductivity facilitate cell anchorage and hydroxyapatite formation ability with physio
electrical signal transfer, thus enhancing osteogenesis [64,82]. A novel graphene-cellulose (G-C)
paper scaffold was developed by Li et al. for applications such as in vitro modeling of human bone
development and regeneration, or bone patches and plugs to facilitate in vivo osteogenesis following
injuries. Commercial tissues, blotting paper and filter paper were tested as substrates for the fabrication
of G-C composites. The papers were laser cut to 1 cm × 1 cm size and aqueous dispersions of GO
were deposited on the substrates. The resultant GO-coated papers were dried at 100 ◦C for 2 min and
reduced in 50 mM L-ascorbic acid solution at 80 ◦C for 3 h (Figure 2 left) [58]. It was found that the
G-C papers electrical conductivity and mechanical properties were positively influenced by the rGO
and could be tuned by modifying the number of deposited rGO layers. The composites presented an
improved biocompatibility, translated by a higher surface live cell density, compared to the uncoated
paper. This was attributed to an increase in hydrophilicity caused by rGO addition that favored
human adipose derived stem cells (hASDCs) adhesion. Higher levels of alkaline phosphatase (ALP)
were observed for the G-C papers-cultured cells, this suggesting that rGO also guided the cellular
differentiation into an osteogenic lineage.

Figure 2. The fabrication stages of G-C paper and origami inspired cell-laden constructs (left); Rolling
and folding of the 3D structures for applications in bone tissue regeneration (right) [58]. Reproduced
with copyright permission.

An interesting fact was that the G-C papers could be laminated with alginate and folded
or rolled to obtain origami inspired cell-laden constructs as shown in Figure 2 (right). Similar
cellulose paper/cell-laden structures were previously obtained using commercial chromatography
papers and HS-5 human bone marrow stromal cells suspended in Matrigel [83] or filter papers and
MDA-MB-231-GFP breast cancer cells suspended also in Matrigel [84]. In another study, sodium alginate
containing 3T3 mouse fibroblasts was used as bioink to create ultrafine patterns on chromatography
papers treated with an alginate crosslinking solution (CaCl2) [85]. However, in this studies, cellulose
was employed just as a support for the cell-embedded hydrogels, compared to the G-C papers where
the modified cellulose itself played an important role in cellular growth and proliferation. The 3D
structures were obtained by suspending hASDCs in an alginate solution followed by drop-wise
deposition of a small amount of hADSCs-laden alginate on the upper surface of each G-C paper
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and stacking of multiple such sheets before crosslinking them by immersion CaCl2 (Figure 2 left).
Cross sectional SEM images showed that these 3D constructs had a stratified structure, the alginate
hydrogel effectively binding the G-C papers. Viable cells were observed at the hydrogel-paper interface
immediately post assembly and after a 42 days study period, therefore, it was concluded that the 3D
G-C-paper/alginate structures are able to provide a long term cellular support [58].

The developed G-C papers also have the potential to be used for cellular electrical simulation
(ES) due to the electrical conductivity provided by the incorporated rGO. This subject was thoroughly
analyzed by the same research group. The study was made by integrating the electroactive paper
in polystyrene (PS) chambers to obtain electrodes. The electrode assembly process is illustrated in
Figure 3. Briefly, the G-C papers were cut into strips and mounted in parallel on a glass substrate.
The PS chamber, with an open bottom and removable lid, was attached on top of the glass substrate
using silicone and copper tapes were glued on both edges, perpendicular to the G-C strips, to connect
them. The electrode was afterwards coupled to an electrical simulator using copper wires [82].

Figure 3. Schematic representation of the assembly and functionality of a G-C-based electrode for
cellular electrostimulation [82]. Reproduced with copyright permission.

During electrochemical characterization by cyclic voltammetry and electrochemical impedance
spectroscopy, the G-C electrodes showed high stability, lower impedance, and higher charge injection
capacity than commercial gold electrodes. hADSCs were cultured on the G-C scaffolds with or without
electrical stimulation. At the end of the 28 days study period it was found that electrically simulated
cells showed increased proliferation, mineral deposition and ALP expression compared to control
samples. According to these results, it was considered that the developed G-C electrodes could
represent an alternative to conventional metal electrodes that present the risk of corrosion-related cell
compatibility issues [82].

2.2. Bacterial Cellulose-Graphene Composites

Bacterial cellulose/graphene composites (BC/GE) represent an intensively researched subject in
tissue engineering. There are two essential requirements for the successful preparation of BC-based
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composites with GE—the finding of an appropriate synthesis method that maintains the intrinsic
nanofibrous structure of BC and the homogenous dispersion of the carbon-based material in the
cellulosic matrix [86]. Both graphene and graphene oxide are promising materials for biomedical
applications, still, recent studies suggest that the incorporation of GE and GO into 3D nanofibrous
scaffolds results in different biological properties, and GO-based scaffolds have a better biocompatibility
and bioactivity compared to the ones containing GE [87]. GE and GO-reinforced BC scaffolds were
prepared using an accessible membrane-liquid interface culture (MILIC) method. The MILIC technique
consisted of the pulverization of a GE or GO-containing culture medium onto BC pellicles obtained
from conventional static cultures. A thin layer of GE/BC or GO/BC was formed on the neat BC surface
and served as a new substrate for the next hydrogel layer as illustrated in Figure 4. The process was
repeated until a desired thickness was reached. After purification and freeze drying, the morphologies,
structure, mechanical properties and biocompatibility of BC/GE and BC/GO were compared between
them and with pristine BC scaffolds as control.

Figure 4. Schematic representation of the steps involved in the MILIC fabrication method used for the
GO/BC and GE/BC scaffolds [87]. Reproduced with copyright permission.

Cellular viability assays were conducted using mouse embryonic osteoblasts (MC3T3-E1).
As expected, BC/GO scaffolds displayed a better cellular adhesion, spreading, proliferation and
osteogenic differentiation compared to neat BC and BC/GE. A possible explanation could be that GO’s
hydrophilic surface groups provide an improved cytocompatibility [87,88].

Bacterial cellulose/reduced graphene oxide (rGO) films were also studied for applications in
biomedical device fabrication, biosensors, and tissue engineering. The composites were obtained using
a bacteria-mediated reduction technique. Gluconacetobacter intermedius (BC 41) was cultured in a
mixture of culture medium and GO in a static incubator. During the 14 days culture period, BC/GO
composites self-assembled in situ and the GO on the surface of the cellulose fibers was biochemically
reduced. Cross section SEM images revealed an interconnected structure comprised of stacked rGO
sheets linked together by BC nanofibrils. This distinct structure was associated with the favorable
mechanical characteristics of the composites, mechanical resistance being a characteristic required
to ensure their functionality under the harsh conditions in living organisms. The electrochemical
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performance of rGO obtained by bacterial reduction was inferior to chemically synthesized rGO;
however, it still exhibited a high charge carrying capacity at a given voltage and was considered
sufficient to be used for cellular electrical simulation or to collect physiological signals in biosensors.
Human marrow mesenchymal stem cells (HMSCs) were used to monitor the cellular response of the
BC/rGO films in terms of cellular adhesion and proliferation. Tissue culture polystyrene (TCP) and
plain rGO films were set as control groups. After 7 days in culture, HMSCs were present in a higher
number on BC/rGO substrates (9.65 × 104) compared to the control groups (6.89 × 104—rGO and
9.15 × 104—TCP). Also, BC/rGO-grown cells displayed better cell attachment and retention when
observed using confocal microscopy after 3 days of culture on the analyzed substrates [89].

For enhanced bioactivity, graphene oxide was coated with hydroxyapatite (HA) by a wet chemical
precipitation route. Briefly, calcium hydroxide and ortho-phosphoric acid were incorporated in a
GO solution (1 mg/mL concentration) by magnetic stirring. The residue was aged for 24 h, washed
with distilled water and dried in a hot air oven. The resulting GO-HA complex was incorporated in
bacterial cellulose matrices by impregnating the wet BC membrane with the GO-HA suspension in
ethanol, under continuous stirring for 24 h. Due to the osteoinductive and osteoconductive properties
of hydroxyapatite [90], GO-HA could ensure a higher viability of osteoblasts compared to unmodified
GO. The biological characterization was performed on normal (NIH3T3) and osteosarcoma (MG-63)
cell lines, and consisted of methyl thiazolyl tetrazolium (MTT) assay and alkaline phosphatase (ALP)
activity measuring in culture supernatants. The viability of both MG-63 and NIH3T3 cells in the
presence of BC/GO-HA composites was better compared to BC, GO and BC/HA and a higher ALP
activity was observed, particularly at a concentration of 50 μg/mL. The results were confirmed by the
phase-contrast microscopy images that showed an increased cell density on the BC/GO-HA composites
surface compared to the other materials tested [91].

Another area where bacterial cellulose/graphene composites showed promising results is
represented by neural tissue engineering. The use of bacterial cellulose/graphene-based scaffolds
for cell-based regenerative therapy could solve the main problems associated with this technique,
more specifically, the decreased cellular viability, poor integration within the host brain tissue and
decreased tendency of implanted stem cells to differentiate toward functional neurons. For an effective
reconstruction of injured brain tissues, the used scaffold should reduce inflammation and apoptosis,
promote restorative processes, neurite outgrowth as well as axonal elongation [92]. A first attempt to
obtain such constructs was made by Si et al. The research group developed BC/GO nanocomposite
hydrogels using a facile one-step in situ biosynthesis. A commercial aqueous dispersion of GO
nanosheets was added to the BC culture medium, followed by intense stirring for 60 min. The resulting
BC/GO pellicles were soaked in deionized water at 90 ◦C for 2 h and boiled in sodium hydroxide
(NaOH) solution for 15 min for purification. The materials were then washed until they reached a
neutral pH. SEM images revealed that the GO nanosheets were uniformly dispersed within the BC
matrix and the 3D fibrous network and porous structure of BC was kept after the incorporation of the
inorganic compounds. The good structural properties of BC/GO composites were attributed to the in
situ biosynthesis method that favored strong interactions between the hydroxyl groups on both BC and
GO surface. Also, GO maintained its crystal structure the characteristic crystal lattices being visible in
TEM images. Tensile testing of BC/GO composites was performed using a universal material testing
instrument, under ambient temperature and humidity. The inclusion of GO in the BC structure lead to
a notable increase of the tensile strength and Young modulus, as showed by the stress-strain curves.
This improvement was considered the result of the strong interfacial interactions and homogenous
dispersion of the carbonaceous filler inside the polymeric matrix, which favored an effective load
transfer from BC to GO [86].

Further studies on biosynthesized BC/GO scaffolds were conducted by Kim et al. They reported
a non-genetic manipulation method of Acetobacter xylinum that resulted in the synthesis of
carbon-hybridized BC hydrogels. The bacteria was incubated for 14 days in a culture medium
containing GO stabilized with a comb-like amphiphilic polymer (APCLP) for a better dispersion.
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The resulting composites were purified with NaOH, washed with distilled water and vacuum dried
before characterization. The crystallinity of the hybrid BC/GO scaffolds was lower compared to neat
BC while the porosity was higher. These characteristics were associated with the accelerated formation
of the BC pellicles, and the perturbation of individual polysaccharide chains crystallization in the
culture medium containing APCLP-GO, which lead to a densification of the cellulose nanofibrils,
thus increasing the overall porosity. For the biological assessment, a neuronal network was constructed
by seeding rat embryonic hippocampal neurons (E18) (Figure 5a) on both sides of the synthesized
scaffolds and neat BC pellicles for comparison purpose. As the neurons developed inside the
scaffolds (Figure 5b), their terminations interconnected vertically, thus forming a long range neuronal
network referred as “minibrain” (Figure 5c,d). Neurons cultured on BC and BC/GO substrates had an
accelerated neuronal processes development, compared to the ones cultured on conventional flat glass
substrates that presented only early stage dendrites expansion. These differences were attributed to
the nanofibrillar ECM-like structure of BC that may simulate cellular development and even guide
neurite pathfinding [93].

Figure 5. Pseudo-colored SEM image of an E18 neuron seeded on neat BC (a) 3D confocal fluorescence
images of an E18 neuron development inside neat BC scaffolds (b) 3D confocal fluorescence images of
Tuj1 red and Phalloidin green-stained neurons cultured on neat BC (c) and BC/GO hydrogels (d) [93].
Reproduced with copyright permission.

No significant differences in embryonic rat hippocampal neurons development were observed
between neat BC and BC/GO. The general conclusion was that GO had little or no influence and the
accelerated growth of the neuronal processes (compared to conventional glass substrates) was mainly
attributed to the fibrous structure of BC. However, in a different study, neural development was studied
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using human neural stem cells and the results indicated that GO had an important role in guiding
and accelerating the cellular differentiation process toward the neuronal lineage and also enhanced
neurites formation, elongation, and branching. The study was conducted by Park et al. that developed
3D hybrid scaffolds based on bacterial cellulose and amphiphilic comb-like polymer (APCLP)-covered
graphene oxide flakes, and applied them as brain cortex mimetics in motor cortectomy rat models [92].
The GO flakes, prepared by a chemical exfoliation process (Hummers method), were coated with
APCLP for a uniform dispersion, and added in the bacterial culture medium. The obtained membranes
were purified with NaOH, washed with distilled water, and dried overnight at 60 ◦C. Human neural
stem cells (F3), isolated from embryonic brains, were seeded within the BC and BC/GO-APCLP
scaffolds. The cellular development was observed via phase-contrast microscopy. It was observed that
two days after seeding, long neurites started growing from the BC/GO-APCLP-cultured F3 cells whiles
the BC-cultured ones showed no substantial changes in morphology. Immunofluorescence assays
were further employed for a better understanding of the cellular proliferation and differentiation
processes occurring in the scaffolds. Luciferase activity indicated that the number of F3 cells increased
constantly until the 8th day of the study but mature neuronal markers (MAP2) and synaptic vesicle
proteins (synaptophysin), were present only in BC/GO-APCLP scaffolds. The cell-enriched scaffolds
were implanted to motor cortex-ablated rats with mimicked trauma injuries and the cellular behavior
using in vivo molecular imaging. According to the bioluminescence signals, representing the number
of viable F3 cells, the cells cultured on BC/GO-APCLP and neat BC scaffolds had a higher survival rate
(12 days vs. 10 days) compared to the cell-only treated group (conventional cell therapy). After the test
period, excised brains were analyzed by immunohistochemistry. Similar to the in vitro tests, most of
the cells cultured on BC/GO-APCLP scaffolds showed strong homogenous staining on MAP2 and
synaptophysin. Only a few BC-cultured cells presented the same characteristics respectively no cells in
the case of the control (cell-only treated) group [92].

2.3. Cellulose Derivatives-Graphene Composites

Electrospinning is a frequently used technique for the production of ECM-mimicking fibrous
structures. The electrospinning device uses a high tension source to create an electrical field that
draws charged polymer droplets from the tip of a needle to a collector plate, thus resulting micro
and nano-scaled fibers [94,95]. In virtue of their native biocompatibility and surface topography
that promotes cellular adhesion and influences the conformation of adsorbed adhesion proteins
(e.g., fibronectin, vitronectin), electrospun cellulose-based fibers could be worthy candidates for the
production of tissue engineering scaffolds [96,97]. Among cellulose derivatives, cellulose acetate
(CA), in particular, showed good fiber forming ability in a variety of solvents, flexibility and excellent
mechanical strength in fibrous form [98]. Cellulose acetate-based scaffolds have the ability to support
osteoblasts growth, phenotype retention and bone formation [99], this encouraging their application as
scaffolds for bone tissue engineering.

Liu et al. incorporated GO in CA solutions in acetone/dimethyl formamide (DMF) and electrospun
the resulting mixture to obtain hybrid CA/GO nanofibrous mats. The composites presented a uniform
and smooth surface and a decreased fiber diameter compared to neat CA. The Raman spectrum of
CA/GO showed characteristic peaks at 1300 cm−1 (graphene D band) and 1580 cm−1 (graphene G band),
with increased intensity at higher GO contents. The incorporation of GO into the CA fibers improved
their mechanical properties, a higher strain at break and an increased Young’s modulus being observed
in the stress-strain curves of the composites, compared to neat CA. To investigate the cellular adhesion
behavior, human mesenchymal stem cells (hMSCs) were cultured for 1, 2, 4 and 8 h on CA/GO and
the results were compared with the control group represented by cells grown on conventional tissue
culture polystyrene (TCP) substrates. As expected, hMSCs adhered more efficiently onto the hybrid
scaffolds, most likely due to their increased hydrophilicity and high surface area that creates a good
environment for cellular retention. The nanofibrous scaffolds were immersed in simulated body fluid
(SBF) and the biomineralization process was observed by SEM. The production of calcium phosphate
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increased proportionally to the SBF incubation time and the concentration of GO in the nanofibers.
It is well known that biomineralization in hybrid materials is governed by the availability of functional
groups [100]. In this case, the hydroxyl and carboxyl functional groups in facilitated the deposition of
Ca2+ ions and facilitated the formation of apatite crystals on the nanofibrous mats. HMSCs seeded
on GO-CA substrates also showed significantly higher alkaline phosphatase activity than the control
group, in differentiation medium [94]. In another study, reduced graphene oxide-cobalt composite
nanoparticles were incorporated in CA-based electrospun scaffolds to investigate their potential
to enhance human mesenchymal stem cells (hMSCs) osteogenic differentiation under alternative
magnetic field (AMF). SEM images showed that the copper nanoparticles were well attached and
evenly decorated the surface of the rGO sheets. The cellular biocompatibility of the electrospun mats
was confirmed by MTT assay and 4′,6-diamidino-2-phenylindole (DAPI) nucleus staining performed
on the seeded hMSCs (Figure 6a). Even if cellular adhesion was similar for both hybrid and neat CA
fibers, the cell growth orientation on CA/rGO-Co was improved (Figure 6b). Moreover, certain genes
associated with novel bone formation (e.g., Runx2, OC, Col 1, OCN) presented an enhanced activity
when the hybrid scaffolds were exposed to AMF (Figure 6c) [101].

Figure 6. DAPI stained hMSCs 3 days post seeding on CA (left) and CA/rGO-Co (right) scaffolds (a)
SEM images of the stem cells seeded on CA (left) and CA/rGO-Co (right) nanofibrous scaffolds (b)
Relative expressions of Run × 2, Col1, OCN and OC genes for hMSCs cultured on CA and CA/rGO-Co,
with (np +wave) or without (np) AMF (c) [101]. Reproduced with copyright permission.

This study opens up new possibilities for the development of magnetic cellulose-based composites
with graphene, besides its demonstrated bioactivity, the carbonaceous structure also being an
appropriate support for the immobilization of magnetic nanoparticles.

The development of scaffolds for tumor cell culture is another area of application for nanofibrous
CA/GO hybrids. These in vitro models are essential for the evaluation of cytostatics prior to their
introduction on the market and also for the study of cancer cells biological features. In a recent study
conducted by Wan et al., electrospun CA/GO scaffolds, seeded with human breast cancer cells (MCF-7),
were investigated. Cellulose acetate solutions were prepared by dissolving CA in a mixed solvent
system of acetone/acetic acid/dichloromethane with a volume ratio of 2/2/1. Subsequently, a GO
suspension was added into the CA solution and the system was kept under magnetic stirring for 5 h at
room temperature. After vacuum drying, the morphology of the obtained materials was observed
using SEM microscopy. It was found that the addition of GO does not significantly influence the
scaffold morphology except for the fact that the fibers diameters decreased. The presence of GO and
its interactions with the CA matrix were confirmed by the presence of specific D and G bands in the
structure of CA/GO, corresponding to ordered sp2 bonded graphitic carbon of GO, and also by the
obvious OH peak shift toward lower values in the FTIR spectra of the composites, due to the formation
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of hydrogen bonds between CA and GO. MCF-7 cell adhesion, viability and proliferation were assessed
using live staining with fluoresceindiacetate, rhodamine phalloidin and 4′,6-diamidino-2-phenylindole,
followed by observation under fluorescence microscopy. The results revealed a progressive increase in
the number of viable cells for both CA and CA/GO scaffolds; however, at the end of the 5 days testing
period, there were fewer cells on the neat CA scaffolds compared to CA/GO. These results confirm that
GO had a positive influence on the ability of CA scaffolds to sustain MCF-7 cell development [102].
In another study performed by the same research group, electrospun CA/GO microfibrous hybrids
were placed on previously synthesized BC pellicles and culture medium was sprayed over them to
initiate the in situ BC synthesis inside the CA/GO mats. The layered material was purified by boiling
in NaOH solution and washed several times with distilled water until a neutral pH was reached.
SEM images revealed the interpenetrated structure of the BC/CA/GO scaffolds. Two different kind
of fibers with average diameters of 43.5 nm and 2.2 μm were identified. The purpose of combining
nanofibers with microfibers was to obtain a more intricate ECM-like environment, which may notably
improve cell-cell and cell-ECM communication. GO was hardly visible in the SEM images because
the carbonaceous sheets were embedded in the polymeric matrix, still, the OH peak shift in the FTIR
spectrum and the existence of D and G bands at 1345 and 1590 cm−1 in the Raman spectra confirmed
its presence in the structure of the composites and its interactions with the cellulosic matrix. Biological
characterization by CCK-8 and live cell staining procedures indicated that the cancer cell spreading and
proliferation was dependent on the GO content, better results being obtained for the GO-incorporated
scaffolds compared to neat CA/BC [103].

Phase inversion is a well-established method for the production of cellulose acetate membranes
with applications in biomedical engineering and water purification. The process consists of casting the
polymer solution on a proper substrate and immersion in a coagulation bath containing a non-solvent
to precipitate the membrane. Membranes obtained by this procedure have different structural
characteristics than electrospun mats. They are usually asymmetric, consisting of dense layer in top and
a porous substructure at the bottom [90]. Ignat et al. used phase inversion to developed cellulose acetate
membranes reinforced with graphene oxide and carbon nanotubes (CNT). The polymer was dissolved in
N,N′-dimethylformamide under constant stirring and a small amount of NaOH was added to increase
the concentration of surface hydroxyl groups for a better polymer-filler compatibility. The carbonaceous
fillers were effectively dispersed in the organic matrix by ultrasonication. The membranes were obtained
by casting the CA/GO-CNT solution on a glass slide and immersing it in a coagulation bath containing
2-propanol and distilled water. Micro CT analysis showed that CA/GO-CNT membranes exhibited
a porous morphology, with open and interconnected porosity, appropriate for cellular migration
within the material. The ability of CA/GO-CNT membranes to guide human adipose derived stem
cells (hASCs) differentiation toward the adipogenic lineage was evaluated using Oil Red O staining.
A higher accumulation of intracellular lipids was observed on the CA/GO-CNT-grown cells, compared
to neat CA after 7 and 21 days. Also, a more pronounced Perilipin gene expression was observed in the
CA/GO-CNT hybrids compared to the CA reference. Alizarin Red S staining was employed to evaluate
the capacity of CA/CNT-GO membranes to induce osteogenesis in hASCs. Neat CA-cultured cells
became round, this indicating that osteogenesis was initiated but no further changes were detected
during the 21 days test period. In the case of the CA/CNT-GO membranes, the mineralization levels
increased proportionally to the content of GO and CNTs. The expression of osteopontin (OPN) was
evaluated via qPCR. It was that found that after 21 days, the gene activity was gradually increased on
both neat CA and hybrid membranes but in a higher measure for CA-CNT/GO [54]. According to the
results of this study, GO and CNT have the ability to selectively improve hASCs differentiation and
could be used for the design of novel materials for well-defined tissue engineering applications.

Hydrogels are another category of promising materials for tissue engineering, their soft and highly
hydrated structure resembling the ECM of native tissues. Crosslinkers are essential components for
the preparation of hydrogels, since the crosslinking process improves the mechanical properties and
degradation rate of these materials. The disadvantage of most crosslinkers is their cytotoxicity and
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poor biodegradability, characteristics that make them inappropriate for biomedical applications [38].
Citric acid-derived graphene quantum dots (GQDs) were employed as safe, biocompatible, crosslinking
agents for carboxymethyl cellulose (CMC). GQDs, CMC and glycerol as plasticizing agent were
dissolved in distilled water using magnetic stirring. The resulting paste was cast to a polystyrene
plate and cured at 60 ◦C for 24 h to obtain a hydrogel film with thickness of approximately 10 μm.
The proposed hydrogel formation mechanism is represented in Figure 7. The carboxylic groups
present on GQDs surface dehydrates, thus forming a cyclic anhydride that further reacts with the
hydroxyl groups of CMC chains, forming an ester linkage. The reaction continues until the hydrogel is
crosslinked via esterification [104].

Figure 7. Schematic illustration of the proposed formation mechanism for CMC/GQDs hydrogels [104].
Reproduced with copyright permission.

The drug delivery ability of the CMC/GQDs hydrogels was studied using doxorubicin (DOX) as a
model anticancer drug. It was found that the composites released DOX in a pH-dependent manner,
most likely due to the pH sensitive swelling of CMC. The hydrogels did not swell in simulated acidic
medium (pH 2), thus protecting the loaded drug from degradation at the stomach level, while in
the pH range of 4–8.5 corresponding to the duodenum, the highest swelling and drug release were
recorded. The swelling and degradation processes also lead to the release of small material fragments.
Their potential cytotoxicity on human colon adenocarcinoma HT29 cells was studied by MTT assay and
it was found that cellular viability was over 80% even at high concentrations of GQDs (45%) [104,105].

Graphene oxide is a valuable candidate for the development of smart drug delivery systems,
its large surface area and oxygenated edge groups ensuring it a high drug loading capacity and potential
for further functionalization. Moreover, it was found that due to its amphiphilic character, GO is able to
stabilize hydrophobic drugs [106]. Several researchers developed GO-based controlled drug delivery
systems for cancer treatment [107–110]. Jiao et al. used carboxymethylcellulose-grafted graphene oxide
(CMC/GO) loaded with methotrexate (MTX) to obtain a pH sensitive drug delivery system for colon
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cancer therapy. CMC was grafted on GO via ethylene diamine by hydrothermal treatment at 90 ◦C for
10 h. MTX was dissolved in NaOH and predetermined quantities of freeze dried CMC-GO were added
under ultrasonication to obtain various drug loading percentages. The drug release rate ranged from
4.76% in simulated buffer solution (SBF) with pH 1 to 67.4% in SBF with pH 7.4. The differences were
related to the higher swelling of CMC at basic pH due to the protonation of –COO- groups. The CMC/GO
composites presented a negligible cytotoxicity against NIH3T3 cells during MTT assays and the cellular
viability was better for the CMC/GO-MTX-treated cells compared to free MTX-treated ones. Metastatic
tumor models were created by splenic injection of HT-29 cells to female Balb/c mice. The mice were
treated for 5 days with MTX and CMC/GO-MTX administered intra-gastric. Tumor growth was
evaluated by Hematoxylin-Eosin staining. A superior tumor inhibition activity was observed for
CMC/GO-MTX (83.3%) compared to free MTX (72.2%). Additionally, CMC/GO-MTX-treated mice
presented reduced liver metastasis and prolonged survival time [108]. Cancer cells often present an
overexpression of the folate receptor, a membrane glycoprotein considered a highly selective tumor
marker. The folate receptor binds folic acid with high affinity [111]. Based on this phenomenon,
Sahne et al. designed folate-targeting drug delivery systems based on carboxymethylcellulose,
polyvinylpyrrolidone (PVP) and spherical graphene oxide nanoparticles synthesized through carbon
rehybridization, chemical exfoliation and centrifugation. CMC was modified by thiolation whereas
PVP was enriched with amine and thiol-reactive end groups by reversible addition-fragmentation
chain transfer (RAFT) polymerization. The functionalized polymers were deposited layer by layer on
the surface of GO. Curcumin (Ccm), a polyphenol with antioxidant and antitumoral properties was
encapsulated in the CMC layer during the deposition process and monoclonal folic acid antibodies
(FA) were grafted on the CCm/CMC-PVP-GO using polyethylene glycol (PEG) as linker. Cytotoxicity
studies were performed on MCF7 and Saos 2 cells and 4T1 bearing Balc/c mice were used as tumor
models. The Ccm-FA/CMC-PVP-GO presented an inhibition rate of 76 and 81% against Saos 2 and
MCF7 tumor cell lines and a 76% antitumor efficiency, expressed by antiangiogenesis, apoptosis and
tumor growth inhibition in vivo [109].

2.4. Cellulose Nanocrystals-Graphene Composites

A special type of cellulose-based hydrogels were prepared by Khabibullin et al. using cellulose
nanocrystals (CNCs) as building blocks [112]. The characteristics that determined the choice of CNCs for
this application are their widespread availability, high mechanical properties, native biocompatibility,
and facile surface functionalization. Graphene quantum dots were used as crosslinkers for the
CNC-based hydrogels, their addition not only reinforcing the cellulosic structure but also providing it
fluorescence properties. The GQDs were dispersed in aqueous solutions of CNCs and the suspensions
were vortex mixed for 15 s. The formation of CNC/GQD network was governed by the interactions
between the surface hydroxyl and half ester groups on CNCs surface and the carboxyl moieties on
GQDs edges (Figure 8b). Hydrophobic interactions could also occur between CNCs hydrophobic faces
and GQDs basal planes.

The CNC/GQD hydrogels exhibited a shear thinning behavior during rheological evaluation.
At 1% strain, the hybrid suspension formed a hydrogel with G = 80 Pa while at 50% strain, the value
of G’ decreased to 2 Pa, this signifying gel liquefaction. To exploit this characteristic, the hydrogels
performance as injectable material was examined using a 3D printer. The printed hydrogel threads
retained their structure and were able to create predetermined patterns. Also, they exhibited variable
photoluminescence in the spectral range of 400–680 nm when excited at 365 nm (Figure 8a) [112].
The physico-chemical characteristics of these materials suggest that they could be used as injectable
composites for tissue engineering applications, particularly for bioimagistics and biosensing. However,
a thorough biocompatibility assessment should also be performed to demonstrate that their use in the
biomedical field is risk-free.
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Figure 8. Schematic representation of the CNCs and GQDs hydrogels building blocks and illustration of
the shear thinning behavior and photoluminescence properties (a) Hydrogen bonds formation between
GQDs and CNCs upon mixing (b) [112]. Reproduced with copyright permission.

In another study conducted by Kumar et al., GO nanosheets and CNCs were employed as
multifunctional crosslinking agents for polyacrylamide-sodium carboxymethyl cellulose (PAA-NaCMC)
hydrogels, prepared by in situ free radical polymerization. Due to GO and CNCs hydrophilic nature
and ability to provide sites for hydrogen and covalent bonding, both PAA and NaCMC had favorable
molecular interactions with GO and formed strong interfacial bonds with CNCs. The synergistic effect
of GO and CNC lead to an improvement of the viscoelastic mechanical properties, shape recovery
behavior and self-healing ability of the interpenetrating PAA/NaCMC network. Still, further studied
must be conducted in order to determinate if these hybrid hydrogels represent appropriate 3D
microenvironments for tissue engineering applications [38].

Polylactic acid is a biobased plastic obtained by bacterial fermentation processes.
Its biodegradability and biocompatibility recommend it for replacing conventional petroleum-based
plastics used in the biomedical field. Still, its mechanical properties need further improvement.
CNCs and rGO were used as reinforcing fillers for PLA [61,62]. The polymer was dissolved in
chloroform and a chloroform suspension of CNCs and rGO was gradually added into the polymeric
solution under vigorous magnetic stirring. The mixture was casted on circular Petri plates and left to
dry at room temperature (Figure 9 (left)). The traces of solvent were removed by further drying the
PLA films in a laboratory oven, at 40 ◦C for 3 h. The filler addition increased the tensile strength but
also slightly decreased the ductility, thus resulting a lower elongation at break. The biocompatibility of
the PLA films was evaluated by seeding NIH3T3 fibroblasts on their surface and observing the changes
in cellular morphology 24 h post seeding via fluorescence microscopy (Figure 9 (right)). Minor changes
such as small cytoplasmatic lesions were observed but they were not considered a sign of cytotoxicity.
An interesting fact was that rGO induced an antibacterial character to the PLA films, as observed
during the disk diffusion assay. The samples containing only 0.5 wt % rGO presented an antibacterial
activity that was not noticed on neat PLA or PLA/CNC composites (Figure 9 (right)) [61].

This study suggests that rGO is not only a reinforcing agent for biopolymer matrices
but can also induce an antimicrobial character, very useful for preventing infections in tissue
engineering applications.
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Figure 9. Schematic description of the method used for the preparation of nanocomposite films
(left); Antibacterial properties, cytotoxicity, biocompatibility, and morphology of the PLA/CNC-rGO
composites (right) [61]. Reproduced with copyright permission.

Undeniably, cellulose and graphene are highly versatile materials and they can be employed in
multiple ways to obtain hybrid composites with superior physico-chemical and biological features
compared to cellulose or graphene alone. A summary of the cellulose/graphene composites for tissue
engineering applications presented in the previous chapters is found in Table 1.

3. Conclusions and Future Perspectives

This review highlighted some of the recent discoveries regarding cellulose-based composites with
graphene and graphene derivatives. As most of the described studies concluded, the combination
of cellulose and graphene renders sustainable and cost effective composites with improved
physico-chemical features and bioactivity. Cellulose and graphene can be labeled as complementary
materials because the incorporation of graphene in cellulose-based matrices minimizes GE’s potential
cytotoxic character and, in its turn, GE improves the biocompatibility of cellulose by providing cell
binding sites and positively interfering in cellular differentiation processes and also its mechanical
properties. The versatility of both cellulose and graphene is another important reason cellulose/graphene
composites are needed in tissue engineering. Cellulose paper was used to develop electrodes for cellular
electrical stimulation or in vivo tissue models for a better understanding of a specific tissue biology and
experimental drug testing. Bacterial cellulose and cellulose derivatives were employed in the form of
electrospun mats, membranes, and hydrogels as ECM-mimicking scaffolds for enhanced cell adhesion,
growth and proliferation whereas cellulose nanocrystals and cellulose nanofibers were incorporated
in various biopolymer matrices for a reinforcing effect. Some particularly interesting features for
tissue engineering are related to GE and its derivatives ability to guide stem cells differentiation
toward specific lineages (osteogenic, adipogenic, angiogenic) and also to the electrical conductivity and
fluorescent properties that they provide to cellulose matrices, thus extending the areas of application of
cellulose/graphene composites Also, a synergistic reinforcing effect was observed when both cellulose
and graphene-based fillers were incorporated in various biopolymer matrices.
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Table 1. Components, preparation methods and applications of the cellulose/graphene composites
presented in this review.

Cellulose Type Graphene Type Composite Preparation Method Application Ref.

Cellulose paper
(commercial,

tissues, blotting
paper, filter paper)

rGO

Drop-wise deposition of GO (aqueous
dispersion) on the paper substrate and

GO reduction with L-ascorbic acid
followed by lamination of the G-C

papers with alginate
Integration of the G-C papers in

polystyrene chambers

Multilayered constructs for bone
tissue engineering

Electrodes for concomitant cell
culture and electrical stimulation

[58,59]

BC GE, GO Membrane-liquid interface
culture (MILIC) Cell culture scaffolds [87]

BC rGO In situ biosynthesis and
bacteria-mediated reduction

Cell culture scaffolds with
electrical stimulation
potential, biosensors

[89]

BC GO-HA Impregnation of the wet BC pellicle
with an ethanolic GO-HA suspension

Cell culture scaffolds for bone
tissue engineering [91]

BC GO In situ biosynthesis Cell culture scaffolds for neural
tissue engineering [86]

BC GO stabilized
with APCLP

Non-genetic manipulation of
Acetobacter xylinum

E18 neurons culture scaffolds used
to construct a 3D neuronal

network (minibrain)
[93]

BC GO covered with
APCLP In situ biosynthesis Brain cortex mimetics [92]

CA GO Electrospinning Cell culture scaffolds for bone
tissue engineering [94]

CA rGO-Co Electrospinning
Cell culture scaffolds for enhances
osteogenic differentiation under
alternative magnetic field (AMF)

[101]

CA GO Electrospinning Tumor cell culture scaffolds for [102]

BC/CA GO
Electrospinning of CA/GO solution and
impregnation with BC culture medium

for in situ biosynthesis

Tumor cell culture scaffolds with
improved ECM-like features [103]

CA GO-CNT Phase inversion Membranes for guided
hASCs differentiation [54]

CMC GQDs Crosslinking of aqueous CMC
suspension by GQDs via esterification

ECM-like scaffolds with pH
sensitive drug delivery potential [104,105]

CMC GO Grafting of CMC on GO via
hydrothermal treatment

pH sensitive drug delivery
systems for colon cancer treatment [108]

CMC GO

Layer by layer deposition of CMC and
PVP on GO nanoparticles,

encapsulation of curcumin in the CMC
layer, surface grafting of folic acid

antibody using PEG as linker

Folate-targeting drug delivery
systems for cancer treatment [109]

CNCs GQDs Crosslinking of CNCs aqueous
suspensions by GQDs

Injectable hydrogels with
photoluminescence properties [112]

CNCs GO Mixing of CNCs and GO in
distilled water

Multifunctional crosslinking
agents for

PAA/NaCMC hydrogels
[38]

CNCs rGO Mixing of CNCs and rGO in chloroform Reinforcing fillers with
antibacterial properties for PLA [61,62]

The constant research activity in the field of cellulose/graphene composites lead so far to
important discoveries in the area of tissue engineering. Even if these materials could represent
promising alternatives to currently used medical techniques, the progress toward obtaining clinical
products is slow. Future trends consist of the collaboration of clinicians, biomaterial scientists and
engineers, with expertise in their own fields, to elaborate marketable and accessible products for
therapeutic purposes.
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Abstract: The development of novel polymeric composites based on cellulose derivatives and
hydroxyapatite represents a fascinating and challenging research topic in membranes science and
technology. Cellulose-based materials are a viable alternative to synthetic polymers due to their
favorable physico-chemical and biological characteristics. They are also an appropriate organic matrix
for the incorporation of hydroxyapatite particles, inter and intramolecular hydrogen bonds, as well
as electrostatic interactions being formed between the functional groups on the polymeric chains
surface and the inorganic filler. The current review presents an overview on the main application
fields of cellulose derivatives/hydroxyapatite composite membranes. Considering the versatility of
hydroxyapatite particles, the hybrid materials offer favorable prospects for applications in water
purification, tissue engineering, drug delivery, and hemodialysis. The preparation technique and the
chemical composition have a big influence on the final membrane properties. The well-established
membrane fabrication methods such as phase inversion, electrospinning, or gradual electrostatic
assembly are discussed, together with the various strategies employed to obtain a homogenous
dispersion of the inorganic particles in the polymeric matrix. Finally, the main conclusions and the
future directions regarding the preparation and applications of cellulose derivatives/hydroxyapatite
composite membranes are presented.

Keywords: membrane; cellulose; hydroxyapatite; water purification; tissue engineering

1. Introduction

Among the functional materials currently known, membranes possess a unique characteristic
and that is selectivity [1]. Another aspect is represented by the fact that they were the first functional
materials known on earth—the membrane of the first unicellular organism [2]. Polymeric membranes
were manufactured on a wide scale as filtering materials after the Second World War from the practical
necessity of obtaining drinkable water from affected or contaminated natural sources. The first polymer
applied industrially to obtain these membranes was cellulose nitrate, an explosive powder used
to fabricate bombs and as a consequence, available in large quantities. Membrane technology was
constituted in an individual scientific field starting with the research conducted by Loeb and Sourirajan
that explained the formation mechanism of asymmetric membranes and the coagulation phenomenon
of a polymer from concentrated solution in the presence of a non-solvent [3]. Once the formation
mechanism of polymeric membranes was established and understood, more and more materials were
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developed for different practical applications such as gas separation [4–6], protein concentration [7–9],
heavy metals separation [10], and removal of environmental pollutants [11–13]. As time passed, beyond
their primary role as filtering materials used to obtain drinking water, membranes were employed
in more and more advanced applications, the field with the most advanced performance demands
being biomedical engineering. To fulfill the requests of such applications, composite membranes were
developed by incorporating nanostructured inorganic fillers in the polymeric matrix thus resulting
in a synergistic performance by combining the advantages of organic and inorganic materials [14].
One of the first niche domains targeted the obtainment of hemodialysis membranes [15]. Hemodialysis
is the membrane process designed for patients with chronic kidney disease [16] and it is used to
substitute kidney functions once every two days. The main chemical species that are separated
during this process are urea, uric acid, and excess of creatinine and salts from the human body [17].
Other biomedical applications based on the extracorporeal blood circulation is the artificial lung used
especially during open-heart surgeries [18,19] or experimental studies for an artificial liver based on
composite membranes functionalized with porcine hepatocytes [20].

Due to the porosity and semi-permeable properties, polymeric membranes are also used in
the development of controlled drug delivery devices [21], in an attempt to avoid the toxic effects
of high quantities of pharmaceutically active substances on the human body. Another increasingly
researched field of application is the one of osseointegration membranes that are placed at the
interface between a metallic implant and the bone, with the purpose of favoring the pre-osteoblasts
growth and spreading, in order to integrate the implant into the host bone tissue [22–24]. These
latter membranes are based especially on composites with hydroxyapatite. Hydroxyapatite is one
of the natural bone components, the so called “soft component”. It can be used as such, to obtain
composites [25,26] or with the addition of other elements, like silver, to obtain hydroxyapatite with
antibacterial properties [27]. Hydroxyapatite also has a high synthesis versatility because it can be of
animal [28,29] or synthetic origin [30]. The present review desires to offer the reader an overview on
the recent progress made in the domain of composite membranes based on cellulose derivatives and
hydroxyapatite. Why these two components? They both present the great advantage of originating
from natural sources, which is associated with biocompatibility of the resulting composites. More than
that, once inserted into the human body, in the case of tissue engineering scaffolds, cellulose presents
the remarkable property of bioresorbability, with only glucose molecules resulting after its hydrolysis
and degradation. Cellulose derivatives-based membranes for various applications such as water
purification, tissue engineering, osseointegration, drug delivery, and hemodialysis will be presented,
all having in common hydroxyapatite as a filler agent.

Pure cellulose is frequently turned into cellulose derivatives to overcome the drawbacks related
to its poor solubility in common organic solvents [31]. Due to the low cost and widespread availability
of cellulose [32], cellulose acetate (CA) and carboxymethylcellulose (CMC) particularly are among the
most used cellulose-based matrices for the incorporation of inorganic hydroxyapatite particles in order
to obtain hybrid composite membranes with improved physico-chemical and biological characteristics.

Cellulose acetate is a cellulose ester formed by partial or full acetylation of the free hydroxyl
groups in the anhydroglucose unit. Depending on the acetyl content that usually ranges between
29% and 48%, mono-, di-, and triacetate can be differentiated [33]. The ability of facile processing by
various techniques and its broad range of applications make cellulose acetate the most commonly
synthesized cellulose derivative worldwide, the global production of CA from biomass being projected
by Global Industry Analysis to be 751.1 thousand metric tons until 2024 [34]. The classic cellulose
acetylation process is based on the reaction between wood or cotton pulp with acetic anhydride as
the acetylation agent and sulfuric acid as catalyst in an acetic acid reaction media [35]. Currently,
this approach is used industrially but more and more research is being conducted on the use of
agro-industrial residues and environmentally friendly synthesis routes that involve replacing the
sulfuric and acetic acids by eco-friendly reagents [36]. Cellulose acetate is employed for the production
of a variety of consumer goods including textiles, photographic films, personal hygiene products,
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and cigarette filters [37] but its resistance to the action of chemical agents, good thermal stability,
flexibility, and mechanical strength [38], coupled with low fouling susceptibility and a hydrophilic
nature [39], recommend this polymer especially for the production of membranes, with applications in
industrial and biomedical processes (e.g., adsorption, separation, catalysis, biosensing, drug delivery,
or tissue regeneration). Cellulose acetate was used in the purification process of contaminated resources
of natural gas starting with the mid 1980s, when several companies applied dried CA membranes for
CO2/CH4 natural gas separations. The hydrophilic nature of cellulose acetate makes the membranes
suitable for assisting chemical and biochemical reactions as well as for the removal of polar compounds
or specific organic–organic separations using pervaporation. The separation of helium particularly is
of great interest in the natural gas purification process, due to its high added value. Asymmetric CA
membranes presented an acceptable permeability for He and a good He/N2 and He/CH4 selectivity,
being considered economically feasible for usage in three stage membrane processes with recycle
streams [40]. Carboxymethyl cellulose, one of the most important cellulose ethers, is synthesized by
treating alkali cellulose with monochloroacetic acid or sodium monochloro-acetate in an aqueous
sodium hydroxide (NaOH) medium [41]. Wood residues, cotton linters, paper sludge, and agricultural
waste biomass such as orange peels, corncobs, sugarcane bagasse, rice, or corn husks were used so
far as cellulose sources for the preparation of carboxymethylcellulose [42]. As the reaction takes
place, the hydroxyl groups in the cellulose backbone are replaced with carboxymethyl groups in the
C6 > C3 > C2 order [43]. The chemical structure obtained following etherification is responsible for the
unique properties of carboxymethylcellulose, such as water solubility, non-toxicity, biodegradability,
transparency, and good film forming ability [44]. Owing to these characteristics, carboxymethylcellulose
is already applied in the food, pharmaceutical, and daily-use chemical industries as an emulsifier,
thickener, and a flocculating or chelating agent [45,46]. Currently, carboxymethylcellulose based
materials are investigated for biomedical applications such as tissue engineering [47] and drug
delivery [48] mainly in the shape of hydrogels, membranes, and nanoparticles [49].

Some of the most popular membrane manufacturing techniques include electrospinning, gradual
electrostatic assembly, and phase inversion by immersion precipitation or solvent evaporation.

Phase inversion is a popular method for the preparation of cellulose acetate membranes. The first
step of this process consists in the dissolution of the polymer in an appropriate solvent, such as
hexafluoro-2-propanol [50], formic acid [51], N, N-dimethylformamide [52], acetone [53–55], or a
mixed solvent system of the latter two [56], to obtain a homogenous polymeric solution. Afterwards,
the obtained solution is cast on a glass plate and submerged in a coagulation bath containing
a non-solvent, usually distilled water. The penetration of the solvent into the non-solvent and
non-solvent into the polymeric solution cause demixing and polymer precipitation with the formation
of a membrane with an asymmetric structure, composed in most cases of a thin film top layer also
called “skin”, a support porous substructure, and a bottom layer [54,57].

Gradual electrostatic assembly is based on the spontaneous interactions between two oppositely
charged polysaccharides, mixed in an aqueous solution. The electrostatic interactions are followed
by polymeric chain entanglement and hydrogen bond formation, this resulting in a polyelectrolyte
complex membrane. Due to its anionic nature, carboxymethylcellulose was used in combination with
cationic polymers such as chitosan (CS) to prepare such composites [58].

Cellulose acetate was among the first electrospun polymers [59]; it is considered suitable for
electrospinning because it can be easily dissolved in common organic solvents and maintains high
mechanical strength during membrane fabrication [60]. To date, there are no studies that report
the effective electrospinning of carboxymethylcellulose without the addition of another polymer;
nonetheless, blends of CMC with polyvinylpyrrolidone (PVP) [61], polyvinyl alcohol (PVA) [62],
or polyethylene oxide (PEO) [63,64] were successfully electrospun into nanofibrous membranes with
applications especially in the biomedical area. The electrospinning experiments usually take place at
room temperature under normal atmospheric conditions. The device consists of three major parts:
high voltage power supply, feeding nozzle or spinneret, and a grounded collecting plate (metal plate
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or rotating drum). The polymeric solution is inserted into a capillary tube connected to a feeding
nozzle. A high voltage source is used to inject a certain polarity charge into the polymeric solution or
melt. When the electric field reaches a critical value the repulsive electrical forces surpass the surface
tension forces at the tip of the nozzle and the solution is accelerated towards the opposite polarity
collector. The solvent is evaporated and polymeric fibers are formed [65]. Solution viscosity, polymer
concentration, and molecular weight are important factors that influence the electrospinning process
and an optimal balance between them must be achieved in order to generate uniform fibers. Due to
their unique properties, electrospun fibers have been successfully applied in various domains such as
environmental engineering, pharmaceutics, optoelectronics, biomedicine, and biotechnology [66].

Lately, an increased research interest was directed towards the utilization of cellulose
derivatives/hydroxyapatite composite membranes in environmental or biomedical engineering
(e.g., water purification, bone tissue regeneration, wound healing, controlled drug delivery). It was
found that there is a good compatibility between cellulose-based matrices and hydroxyapatite,
the inorganic particles interacting with the organic component by inter and intramolecular hydrogen
bonds, and also by ion-dipole forces formed between the calcium ions of HA and the functional groups
on the cellulose derivatives surface [60]. For example, in the case of CA, the positively charged calcium
ions bind with the negatively charged carboxylate groups and hydrogen bonds are formed between
the hydroxyl groups of cellulose acetate and hydroxyapatite (Figure 1).

 

Figure 1. Proposed formation mechanism of cellulose acetate/hydroxyapatite hybrid composites
(reproduced with permission from Ref. [60]).

It is demonstrated that hydroxyapatite (HA) particles are good mineral adsorbers and have
the capacity to bind divalent heavy metal ions, hence they were researched for the removal of
harmful substances in drinking water [53]. Hydroxyapatite particles can also be used as additives
for cellulose acetate to improve the morphology and properties of the membranes, this resulting in a
better separation performance and higher water flux values [54]. More than that they could act as a
catalyst for the precipitation process involved in phase inversion, by increasing the viscosity of the
solution [39,57]. The most common synthesis methods for membranes are phase inversion with two
possible variants—precipitation in a non-solvent and solvent evaporation. The most versatile is the
precipitation of the membrane in a non-solvent. The non-solvent flow through solution polymer film
will determine the porosity and morphology depending on several parameters—viscosity, temperature,
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and miscibility with the polymer solvent. These properties directly influence the speed of membrane
formation—the higher the formation speed, the smaller the pore diameter with a high distribution
of pores at the surface. A slow process of membrane coagulation will lead to pores with a large
diameter and a lower distribution of pores on the surface. Each possibility is preferred depending on
the application of the synthesized membrane. The presence of hydroxyapatite in a polymer solution
acts in two ways—firstly it will increase the viscosity of the solution and second it will influence the
speed of non-solvent through the polymer solution film. The first influence is always higher, so from a
more viscous initial solution, membranes with a decreased diameter of pores will be obtained. This can
be translated into a more efficient separation. More than that, hydroxyapatite particles itself, in the
structure of the membrane, participate in the separation process due to their porosity and ability to
retain small chemical species like cations, pesticides, and dyes.

An arising issue is represented by the aggregation tendency of the inorganic particles but various
strategies such as ultrasound-assisted mixing [52], surfactants addition [54], or modification of the
hydroxyapatite surface [56] are investigated for an improved dispersion. The aggregation tendency of
hydroxyapatite particles in aqueous media was successfully overcome by using electrospinning as
membrane fabrication technique. Electrospun membranes have some advantages over phase inversion
membranes in terms of volume and aspect ratio, specific area, and porosity, but, according to a recent
study, HA concentrations higher than 3 wt/v% generated a “beads on a string” morphology in the case of
CA solutions (15 wt/v%) in a mixed solvent system of acetone and N,N-dimethylformamide (DMF) [60].
Therefore, the inorganic filler concentration must be carefully chosen in order to obtain smooth
nanofibers. Due to its biocompatibility, bioactivity, and osteoconductive properties, hydroxyapatite
distinguished itself among materials used for bone tissue regeneration. However, the direct use
of hydroxyapatite in such applications was associated with poor mechanical and chemical stability
especially in the case of synthetic particles [67]. Therefore hybrid polymer/hydroxyapatite composites
were developed, natural polymers such as collagen [68,69], polylactic acid [24,70], chitosan [71,72],
and cellulose [73] being preferred, instead of synthetic ones [74], for the preparation of novel composite
materials with superior bioactivity compared to pure components.

2. Applications of Cellulose Derivatives/Hydroxyapatite Composite Membranes

2.1. Water Purification

Membrane technology received great attention and was widely applied in the process of separation
of toxic compounds from water. Various studies were focused on the improvement of cellulose
derivatives/hydroxyapatite composite membranes morpho-structural characteristics in order to ensure
an increased water flow without affecting their filtration ability. For example, Pandele et al. prepared
cellulose acetate/hydroxyapatite membranes by immersion precipitation and used ultrasound assisted
mixing to achieve a homogenous filler dispersion throughout the organic phase. The membranes
presented a dense surface with embedded micro-structured hydroxyapatite crystals and conical shaped
pores on the bottom side (Figure 2) [52]. In this case, scanning electron microscopy presents surface
aspect changes and the emergence of hydroxyapatite crystals in the composite membranes, both on
the active and on the porous surface of the membrane. On the active surface, a slight decrease of the
average diameter of the pores and shape in the case of composite membranes was observed compared
to membranes made of neat cellulose acetate (explained by weak chemical interaction between the
acetate groups of the polymer and the phosphate groups of HA). In such cases these interactions can
lead to internal defects in the membrane structure. A difference in pore diameter on active surface and
porous surface of the membranes can also be easily observed. This can be explained by the precipitation
of the polymer film into a non-solvent which generate an asymmetric structure of the membrane with
a conical shape of pores in cross section of the membrane [2,12]. Water flows increased by increasing
the concentration of hydroxyapatite, ranging from 8.29 L/m2h for the CA membrane to 20.96, 23.25, or
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26.73 L/m2h for the composite membranes with 1, 2, and 4 wt. % HA due to the uniform addition of
hydroxyapatite particles within the membrane structure.

 

Figure 2. SEM images of the cellulose acetate/hydroxyapatite membranes prepared by immersion
precipitation (reproduced with permission from Ref. [52]).

Despite the sonication treatment, high amounts of filler cannot be dispersed uniformly throughout
the membrane and hydroxyapatite clusters with high concentrations are formed. Another dispersion
improvement strategy was reported by Ohland et al. and it is represented by the functionalization
of the hydroxyapatite particles in a methanol plasma atmosphere, prior to their ultrasound-assisted
incorporation in the polymeric solution. X-Ray Photoelectron Spectroscopy (XPS) analysis of the
functionalized hydroxyapatite revealed an increase in the oxygen atomic percentage and also in the
oxygen/carbon ratio, this indicating that the methanol plasma precursor successfully provided hydroxyl
groups that were further transferred to the particles surface, this increasing their hydrophilicity and
compatibility with the polymeric matrix. The composite membranes prepared using phase inversion
with partial solvent evaporation before precipitation presented an anisotropic morphology (Figure 3a).
The plasma-treated hydroxyapatite particles were well dispersed, aggregates being observed only at
5 wt. % HA concentrations and higher (Figure 3b). The incorporation of the functionalized particles in
the cellulose acetate matrix improved the membrane affinity and lead to an increased water and salt
flux in forward and reverse osmosis permeation tests (Figure 3c,d) [56]. In another study conducted by
the same research group, the plasma functionalized hydroxyapatite particles were incorporated in
both layers of a dual-structured membrane composed of a porous cellulose acetate support obtained
by phase inversion and a selective polyamide layer synthesized over the porous support by interfacial
polymerization. The addition of the functionalized hydroxyapatite particles in the cellulose acetate
support improved the hydrophilicity and reduced internal concentration polarization, which further
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increased water flux in forward osmosis without affecting the reverse salt flux. More than that,
the incorporation of functionalized hydroxyapatite in the selective polyamide layer reorganized the
polymeric chains and improved its affinity with water, this resulting in lower diffusion resistance and
improvement of water permeability in reverse and forward osmosis [75].

 

Figure 3. SEM images of the anisotropic cellulose acetate/hydroxyapatite membranes with details
of top and bottom layers (a); particle agglomerates observed in the cross-section of the membrane
containing 5 wt. % hydroxyapatite (HA) (b); water (c); and salt flux (d) of the composite membranes
obtained during permeation tests (reproduced with permission from Ref. [56]).

High performance ultrafiltration membranes based on cellulose acetate and nano-hydroxyapatite
were prepared using the surfactant assisted phase inversion method to prevent particle agglomeration.
The nano-powder was first dispersed in 12-hydroxystearic acid, an amphiphilic surfactant, and then
mixed homogenously with the polymeric solution, acetone being used as solvent in both cases. The filler
loading percentage was varied between 10 and 30 wt. %, the best results being obtained for the
membrane containing 30 wt. % hydroxyapatite. The higher water flux values and the increase in
salt rejection capability of the composite membranes were attributed to the formation of hydrophilic
nano-pores in the top layer and in the pore walls of the middle layer, coupled with the negative
surface charge. These characteristics are thought to also be involved in the modification of the fouling
behavior [54]. Overall, the addition of an amphiphilic surfactant during the membrane preparation
process was shown to be an effective way to prevent the hydroxyapatite particle aggregation and allowed
the effective incorporation of a high filler percentage in the organic matrix. The membranes obtained by
this method presented superior performances in terms of water flux values (34.96 L/m2 h bar) and fouling
resistance compared to previously reported studies [52,56,75].
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Azzaoui et al. used polyethylene glycol (PEG) 1000 as surfactant, during the hydroxyapatite
synthesis stage, to obtain highly dispersed particles that were further incorporated into cellulose
acetate [53] or hydroxyethyl cellulose acetate (HECA) [76] matrices. The hybrid membranes were
prepared using phase inversion by controlled evaporation, a procedure also known as solvent
casting. Morphology studies showed a good compatibility between both of the two organic matrices
(CA and HECA) and hydroxyapatite particles. The thermal stability of the composites increased
proportionally with the loading of HA but was slightly lower compared to the neat polymers.
For example, the decomposition temperature of HECA/HA/PEG ranged between 269–353 ◦C while neat
HECA decomposed between 280–375 ◦C, respectively, CA/HA/PEG composites decomposed between
355–375 ◦C while neat CA membranes presented a maximum decomposition temperature of ~376.88 ◦C.
Nuclear Magnetic Resonance (NMR) spectra revealed the presence of hydrogen bonding between
carbon–oxygen groups in HECA and the hydroxyl groups on the inorganic particles surface. The
CA/HA/PEG membranes were further tested for their ability to separate toxic compounds from water.
They presented recovery rates of adsorbed bisphenol-A, a toxic and carcinogenic organic compound
from polluted water, comparable with the commercial Florisil®® adsorbent for chromatography,
notably in the case of the 30/60/10 CA/HA/PEG composite (Figure 4). The study concluded that thin
CA/HA/PEG composite membranes coupled with gas chromatography-mass spectrometry (GC–MS)
analysis could be successfully used for the retention and detection of potential toxic compounds in
water such as bisphenol-A [53].

 
Figure 4. Chromatograms of bisphenol-A desorbed from cellulose acetate/hydroxyapatite/poly(ethylene
glycol) (CA/HA/PEG) composite membranes (a) and commercial Florisil (b) (reproduced with
permission from Ref. [53]).

Other examples of toxic compounds in water include heavy metals, pesticides, polychlorinated
biphenyls, and inorganic and organic poisons [77]. Nanofibrillated cellulose acetate/hydroxyapatite
membranes were tested for the adsorption of Fe (III) and Pb (II) ions in wastewater. The experimental
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adsorption procedures, conducted using solutions of 10 ppm metal ion concentration, showed that
CA/HA nanofibers recorded a 100% removal efficiency for Pb (II) and 95.5% for Fe (III) while neat
CA nanofibers recorded only a 19.3% and 22.6% removal of Pb (II) and Fe (III) ions respectively.
The adsorption potential was highly increased by the addition of hydroxyapatite due to the chemical
and physical affinity between the positively charged metal ions and the functional groups on the
filler particles surface. Porosity also played an important role in the improvement of adsorption rates,
the heavy metal ions hydroxide precipitates being retained not only on the surface but also in the depth
of channels and pores of the membranes [60]. Similar results were obtained in the case of cellulose
pulp/carboxymethyl cellulose/nano-hydroxyapatite composite paper sheets tested for the adsorption
of iron, lead, and cadmium ions in polluted water [78].

Carboxymethylcellulose was also used in combination with hydroxyapatite to prepare
biodegradable nanocomposite membranes for the removal of bisphenol-A from water. The membranes
were fabricated by two different methods, the conventional solution casting and the double
decomposition procedure. Double decomposition is a common method used for the synthesis
of hydroxyapatite. It consists of the decomposition of both calcium and phosphate sources in an
aqueous solution to form hydroxyapatite precipitates [79]. In this case Ca(NO3).4H20 and (NH4)2HPO4

were precipitated in an aqueous CMC solution and lysine, an essential amino acid with antibacterial
activity due to its amine group [80], was used as a plasticizer. The membrane fabricated by double
decomposition had superior characteristics in terms of filler dispersion and flexibility. Due to the
improved dispersion of the inorganic particles in the polymeric matrix, the double decomposition
membrane kept its transparency after the addition of HA, while the casted one became opaque.
The bisphenol-A extraction efficiency was evaluated using gas chromatography coupled with mass
spectrometry. The highest recovery rate was recorded for the membranes obtained by double
decomposition containing a mass ration of 20:70:10 CMC/HA/lysine. These membranes also presented
good antifungal and antimicrobial properties against Candida albicanis, Gram-positive Bacillus subtillus
and Gram-negative Escherichia coli, this indicating their multi-functionality and potential to be used for
both water purification and biomedical applications [44].

2.2. Bone Tissue Engineering

The use of cellulose derivatives/hydroxyapatite composite membranes as artificial scaffolds for
in vitro regeneration of bone tissue was reported in several studies. Osteoblasts are anchorage
dependent cells whose attachment on scaffolds depends on the surface area and porosity.
Electrospinning cellulose acetate results in biocompatible membranes, with appropriate structural
characteristics for cellular attachment and migration. The thin fibers serve as attachment sites for cells
while the interconnected porosity allows the cellular migration inside the membrane. Studies showed
that the fibrous cellulose acetate membranes are very flexible and the pores can dynamically expand to
accommodate growing cells (Figure 5a). The bioactivity is ensured by the hydroxyapatite particles
that are involved in both initial adsorption of adhesion proteins such as fibronectin and vitronectin,
that will further serve as anchorage sites for osteoblasts (Figure 5b,c) and in cellular differentiation and
promotion of calcium phosphates deposition [81].

Surface modifications via oxygen plasma or alkaline treatments were reported for the improvement
of the membranes biological activity by mechanisms such as migration of the hydroxyapatite filler
towards the fiber surface or the increase in hydrophilicity and deacetylation of cellulose acetate [82].
According to a study conducted by Tao et al., electrospun cellulose acetate/silk fibroin/hydroxyapatite
membranes are an efficient carrier for the sustained release of bone morphogenetic protein-2 (BMP-2).
Silk fibroin contains ligands that promote cell adhesion, migration, and proliferation and can also
support the differentiation of mesenchymal stem cells into osteoblasts. BMP-2 is a growth factor
that plays an important role during the development and regeneration of bone tissue. Coaxial
electrospinning was employed for the membranes preparation, the fibers consisting in a cellulose acetate
core and a silk fibroin shell in which nano-hydroxyapatite and BMP-2 were included. The presence
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of hydroxyapatite and the controlled release of BMP-2 simulated the proliferation and osteogenic
differentiation of bone marrow mesenchymal stem cells seeded on the fibrous membranes and also
the cell—mediated calcium accumulation. The fibrous composites were implanted directly on a bone
defect site to study their influence on the tissue regeneration in vivo. It was observed that the presence
of the material significantly increased the rate of novel bone tissue formation in rat cranial defects after
12 weeks of implantation [83].

 

Figure 5. Differences between osteoblast cells grown on neat cellulose acetate fibers (a) and composite
cellulose acetate/nano-hydoxyapatite fibers at low (b) and high (c) magnification (reproduced with
permission from Ref. [81]).

Natural bone is an anisotropic material composed of cells, a collagen matrix, and calcium
phosphates in the form of hydroxyapatite. Inspired by the constituents of the natural bone, hybrid
membranes based on cellulose acetate, hydroxyapatite, and cellulose microfibers were studied
as materials for bone tissue engineering. Cellulose microfibers extracted from raw cotton were
selected as reinforcing agents for the cellulose acetate matrix due to their resemblance with collagen.
The microfibers were coated with hydroxyapatite by immersion in simulated body fluid (SBF) prior
to their dispersion in the cellulose acetate solution using cetrimonium bromide (CTAB) as surfactant.
The thin membranes obtained after solvent evaporation presented a porous morphology, favorable
for osseointegration and were flexible enough to be rolled and stacked, if required, to increase their
mechanical strength and anisotropy [84]. Hydroxyapatite deposited from SBF was also used for the
coating of cellulose acetate/polyvinylpyrrolidone (PVP) electrospun membranes. The immiscibility of
the two polymers coupled with the low surface tension of PVP lead to a phase separation during the
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electrospinning process, this causing the formation of a dual fiber structure composed of an inner CA
core and an outer PVP discontinuous shell. As the PVP content increased, the uniform cylindrical fibers
morphology was gradually lost, flat fibers with multiple surface grooves being obtained. However, the
composite fibers provided more favorable conditions for biomineralization, the grooves and cavities
facilitating the hydroxyapatite particles deposition and crystals growth. Additionally, the thermal
stability was improved due to the formation of hydrogen bonds between CA and PVP [85]. Yamaguchi
et al. also reported a successful method for the fabrication of hydroxyapatite coated cellulose-based
membranes by biomineralization in SBF. Cellulose acetate nanofibers were deacetylated, then treated
with sodium hydroxide and subsequently carboxymethylated using a sodium carbonate/chloroacetic
acid mixture to obtain sodium carboxymethylcellulose (NaCMC) nanofibers. It was noticed that the
NaOH concentration, biomineralization time, and bicarbonate ion (HCO3

−) density had an important
influence on the hydroxyapatite crystals formation and growth. At higher NaOH and HCO3

−
concentrations, a large number of fine hydroxyapatite crystals were formed on the nanofibers probably
due to the increased substitution degree of the carboxyl groups and the intermolecular interactions
between HA particles and HCO3

− ions. A longer biomineralization time lead to crystal growth and
formation of aggregates in the hollow spots between the nanofibers (Figure 6). A mineralization
time of 6 h was found to be optimal for the proliferation of MC3T3-E1 cells, the fine attachment and
homogenous dispersion of hydroxyapatite on the NaCMC nanofibers favoring cellular anchorage and
development [86].

 

Figure 6. SEM images of hydroxyapatite coated sodium carboxymethylcellulose nanofibers mineralized
for 0 h (a), 6 h (b), 12 h (c), 18 h (d), and elemental mapping images of the NaCMC/HA nanofibers
mineralized for 6 h: carbon map (e), calcium map (f), and phosphorus map (g) (reproduced with
permission from Ref. [86]).

Other cellulose based matrices reported in literature for biomimetic mineralization include
composites of ethyl cellulose (EC) and hydroxypropyl cellulose (HPC) with polyacrylic acid (PAA).
The composites were soaked in salt solutions containing small amounts of PAA to prevent mineral
precipitation and thermostated at 30 ◦C for 5 days, the solutions being frequently changed to maintain
an optimal pH value (8.5–9). The mineralization rate was proportional to the content of PAA that
served as an ion adsorbent. XRD and EDS analysis revealed that the minerals were incorporated in
the polymeric matrix in the form of amorphous calcium phosphate, hydroxyapatite, and PAA-Ca2+

complexes. The thermal and mechanical properties were remarkably improved after mineralization,
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especially in the case of EC/PAA composites that presented a higher percentage of deposited inorganic
compounds [87].

Recent studies showed that carboxymethylcellulose stimulates adhesion, spreading, and
migration of mouse fibroblasts in vitro and also has the potential to induce osteogenic differentiation.
These findings support its use in the fabrication of materials for bone tissue regeneration [88].
Carboxymethylcellulose blends with polyvinyl pyrrolidone (PVP) and sodium tripolyphosphate as
crosslinking agents were reported for the preparation of electrospun nanofibrous membranes with
applications in bone tissue engineering. For an improved bioactivity, hydroxyapatite doped with
different quantities of zinc and manganese was incorporated in the CMC/PVP solutions prior to the
electrospinning process. According to previous studies, the slow release of zinc and manganese ions at
the defect site has the ability to enhance novel bone formation and growth around implants and also
improves cellular adhesion. The cellular proliferation ability of human osteoblasts (HOS) seeded on
the composite membranes was evaluated by 3-[4-5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assays at different time periods (1, 3, and 7 days). The cellular proliferation and
attachment increased proportionally to the culture time, this indicating the non-toxicity of the fibers
(Figure 7). The antimicrobial activity and hemocompatibility were also evaluated. The highest
zone of microorganism’s growth inhibition being observed for the membrane containing 60 wt. %
hydroxyapatite doped with 0.1 M Zn–Mn (PC1-60). This membrane was also the most hemocompatible,
with hemolysis values lower than 3% when compared to the other formulations [61].

Polyethylene oxide (PEO) was also found to be an effective additive for the improvement of
CMCs electrospinnability, the emergence of hydrogen bonds between the macromolecules of CMC and
PEO, combined with the polymeric chains entanglement, resulting in a crosslinked structure which
allows the spinning of nanofibers. A detailed study on the influence of the electrospinning parameters
on the formation of nanofibers from aqueous mixtures of carboxymethylcellulose/polyethylene
oxide/nano-hydroxyapatite was performed by Gasparic et al. It was found that a blend of 7 wt. %
CMC and 5 wt. % PEO (CMC:PEO 1:1 wt./wt.), electrospun using a voltage of 60–65 kV and a distance
of 150 mm between electrodes, at a relative humidity lower than 50% at 20 ◦C, produced high quality
nanofibrous membranes. The addition of hydroxyapatite nanoparticles broadened the size distribution
of the fibers but their diameter remained on the nanoscale. Additionally, the prepared membranes were
hydrophobized by impregnation with alkenyl succinic anhydride, to extend their range of applications
by making them insoluble in water. Cellular viability results were similar to the ones obtained for
commercial collagen/apatite scaffolds. Osteoblasts grown on the hydrophobized membranes presented
similar viability but reduced cellular attachment compared to the commercial substrates [64]. Another
strategy to improve the properties of CMC was reported by Qi et al. and it consisted in the protonation
of CMC nonwoven sheets. To prepare the nonwoven sheets, pre-purified cotton linters were dissolved
in cuprammonium and the obtained solution was ejected from the spinning nozzle of a net conveyor.
The resultant cellulose nonwoven sheets were then carboxymethylated using a mixture of sodium
chloroacetate and sodium hydroxide [49]. For protonation, the sheets were immersed for 1 h in a
mixture of nitric acid and methanol. The protonated sheets were then loaded with calcium phosphates
by an alternate soaking method in aqueous solutions of CaCl2/Tris-HCl and NaH2PO4 to obtain
flexible and easy to handle scaffolds for bone regeneration. XRD spectra showed that the deposited
calcium phosphate was a mixed phase of brushite (dicalcium phosphate dihydrate) and hydroxyapatite.
The highly soluble brushite could act as a calcium resource and promote mineralization during
osteogenesis while hydroxyapatite contributes to osteoconductivity. Further analysis indicated that a
higher protonation degree determined a more effective loading due to the suppression of the fibers
swelling during the soaking process, this leaving the fiber gaps open for calcium phosphates deposition.
Also, the sheet dissolution time can be adjusted according to the desired application by modifying the
protonation degree [88].
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Figure 7. MTT assay results for HOS cells seeded on CA/PVP (PCP) and CA/PVP/HA 0.1M Zn–Mg
(PC1-60) membranes on the 1st, 3rd, and 7th days (a); microscopy images showing cellular growth (b–d)
and attachment (e–g) on PCP and PC1-60 membranes (reproduced with permission from Ref. [61]). *
Significant difference from all in day 3 (p < 0.5). ** Significant difference from all in day 7 (p < 0.5).

Guided bone regeneration is a surgical procedure that uses barrier membranes, with or without
bone substitution materials, to avoid the interfering of non-osteogenic components in tissue regeneration,
prior to the installment of metallic implants. The barrier membrane plays a vital role in the guided bone
regeneration process, therefore, the optimization of membrane materials, both in terms of barrier and
bioactive properties, represents an important research topic [89]. Composites based on cellulose acetate
and hydroxyapatite represent a suitable option for guided bone regeneration as long as an optimal
synthesis route is developed to ensure best membrane performances in this field. In a recent study
conducted by Dascalu et al., the influence of tree key synthesis parameters—ultrasonic dispersion time,
hydroxyapatite particles size, and powder concentration—on the final cellulose acetate/bovine-bone
derived hydroxyapatite membrane characteristics was investigated. Two sorts of hydroxyapatite
powders (20 μm vs. 40 μm particle size) were added in different concentrations (20%, 30%, and 40%) in
cellulose acetate solutions and sonicated for 1 or 4 min. The biocomposite membranes were obtained by
immersion precipitation, using distilled water as non-solvent. The variation of the synthesis parameters
influenced both surface and bulk characteristics of the membranes. It was determined that a uniform
dispersion and a homogenous surface and volume aspect is favored by smaller hydroxyapatite particles
sizes and a longer sonication time even at high concentrations (Figure 8). In vitro biocompatibility
assays were also performed using mouse pre-osteoblasts (MC3T3-E1) and the results were favorable,
all the analyzed membranes eliciting a good cellular response in terms of adhesion and viability [90].
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Figure 8. The influence of the three key synthesis parameters—ultrasonic dispersion time,
hydroxyapatite particles size, and powder concentration—on the morpho-compositional features
of the composite cellulose acetate/hydroxyapatite membranes (reproduced with permission from
Ref. [91]).

Carboxymethylcellulose/chitosan blends were also studied in combination with
nano-hydroxyapatite (n-HA) for the preparation of membranes with applications in guided
bone regeneration. Different techniques were employed for the preparation of such membranes but
gradual electrostatic assembly was found to be the most effective for obtaining a uniform, homogenous
structure. Jiang et al. studied three types of blending methods to determine which one is optimal for
the electrostatic self-assembly of sodium carboxymethyl cellulose (NaCMC) and chitosan (CS) without
phase separation or aggregation of the nano-hydroxyapatite particles or polymeric components.
Layered casting was used in early studies, more specifically, a certain amount of nano-hydroxyapatite
was homogenized into an aqueous NaCMC solution and the mixture was poured in a Petri plate.
Afterwards, a chitosan solution in acetic acid was casted slowly on the NaCMC/n-HA wet membrane
and the tri-composite material was dried at room temperature and crosslinked with CaCl2. However,
SEM analysis showed that the chitosan solution did not penetrate into the NaCMC/n-HA liquid
membrane and the electrostatic interactions were limited only at the interface between the two
phases [91]. To avoid the formation of this double-layered structure, layered casting was replaced
with solution blending. The process consisted of the preparation of two different solutions, CS in
acetic acid and NaCMC/n-HA slurry in distilled water, which were further mixed together under
continuous stirring. The ternary blending mixture was dried at room temperature, immersed in NaOH
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5% solution for 24 h, and then dried again. It was noticed that a membrane cannot be formed using this
technique, the organic components having the tendency of agglomeration into macroscopic particles
or clusters due to the immediate electrostatic interactions that appear between the cationic groups of
CS and anionic groups of NaCMC when the two separate solutions are mixed together. Finally, it was
established that the optimal blending method was the incorporation of n-HA slurry and chitosan
powder into the aqueous NaCMC solution followed by dropwise addition of acetic acid under intense
stirring for the gradual dissolution of the CS particles. The extended chitosan chains connect to the
surrounding NaCMC matrix through electrostatic interactions and intermolecular hydrogen bonds
forming a polymer composite reinforced with n-HA particles that also form hydrogen bonds with
the organic matrix. This homogenous structure provided enhanced hydrostability to the membrane,
preventing its progressive collapse into pieces, as observed in the case of the layered casted and
solution blended membranes when soaked into water. The nano-hydroxyapatite content influenced
the tensile strength and elongation rate, which presented an increasing trend with the n-HA percentage
up to 60 wt. %, a sharp decrease being recorded at higher values [58]. This optimized blending
technique was used for the preparation of NaCMC/CS/n-HA composites for bone tissue regeneration.
The membrane containing 60 wt. % n-HA displayed the highest osteoblast viability and osteocalcin
expression during the cellular compatibility tests. For an improved integration with the anisotropic
natural bone tissue, the membranes were treated by mechanical perforation with a pore size of 300 μm
(1 mm pore-to-pore spacing) and curled in a concentric manner to obtain spiral-cylindrical scaffolds
with an osteon-like structure (Figure 9). After rolling, the membranes presented a tensile strength
comparable to that of cancellous bone (4.91 MPa) and were therefore considered appropriate to support
new bone formation at the site of implantation. The materials were implanted in radial defects models
of New Zealand white rabbits and radiopacity was observed in the whole implant area after 12 weeks
due to the new bone tissue formation throughout the entire scaffold and its remodeling into cortical
bone. Histological analysis of the cross-sections collected from the middle part of the scaffold revealed
that the newly formed bone tissue grew along the spiral wall and bone marrow penetrated the entire
cylinder forming a medullar cavity in the center, this indicating a successful osseointegration and
functional reconstruction facilitated by the spiral-cylindrical architecture. The study concluded that
the NaCMC/CS/n-HA spiral-cylindrical scaffolds have a high potential for the treatment of large bone
defects and could also be effective in the healing of critical-sized segmental bone defects [92].

Figure 9. Structural comparison between natural bone (a) and the CS/NaCMC/n-HA spiral-cylindrical
scaffold (b) (reproduced with permission from Ref. [93]).
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2.3. Wound Healing

Multiple studies emphasized the important role of calcium in the normal homeostasis of the
skin and keratinocyte proliferation and differentiation [93]. Nano-hydroxyapatite was used as a
calcium source and incorporated in cellulose acetate/gelatin solutions. The composite membranes
were prepared by electrospinning and their potential as wound healing mats was evaluated via a
full-thickness excision wound model in healthy adult male Wistar rats. The results showed that the
concentration of nanoparticles was in direct correlation with porosity, hydrophilicity, water vapor
transmission rate, and cellular proliferation. The synthesized dressings had higher wound closure
percentages compared to the sterile gauze used as control and also improved collagen synthesis,
re-epithelialization, neovascularization and the overall cosmetic appearance of the wounds (Figure 10).
Best results were obtained for the cellulose acetate/gelatin membranes with a hydroxyapatite content
of 25 mg/10 cc of polymer solution, a higher inorganic particles percentage leading to hyperplasia of
the epidermal layer and foreign body reactions [50].

 

Figure 10. Cosmetic appearance of the wounds treated with the cellulose
acetate/gelatin/nano-hydroxapatite dressings 7 and 14 days post-wounding (A) and histograms
comparing the wound closure percentages at the end of the 7th and 14th day post-wounding (B)
(reproduced with permission from Ref. [50]). * Significant difference from all in day 7 (p < 0.5).
** Significant difference from all in day 14 (p < 0.5).

2.4. Controlled Drug Delivery

Drug delivery systems are gaining momentum in the biomedical field due to their advantages such
as controlled release of the therapeutic substance, which ensure the maintenance of its level within a
desired range and the need for fewer administrations associated with an increased patient comfort [94].
Nystatin (Nys), a polyene antibiotic obtained from Streptomyces noursei bacterial strain, was used
as model drug to evaluate the controlled drug delivery ability of cellulose acetate/hydroxyapatite
membranes. The composites were obtained by adding calculated amounts of hydroxyapatite and
nystatin in the cellulose acetate solution (CA/Nys mass ratio ~3.34), followed by casting on Petri plates
and solvent evaporation [55]. The release rate of nystatin was higher when hydroxyapatite was present
in the membranes. The release enhancement was associated to the increased membrane porosity
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generated by the addition of HA. The connection between membrane porosity and the drug release
rate was also observed by Wang et al. that prepared CA membranes for the transdermal delivery
of scopolamine using PEG 1000 as pore-forming agent. The scopolamine release was found to be
proportional to the PEG content, a higher PEG percentage generating a more porous structure and
higher release rates respectively [95]. Another important aspect that influenced the Nys release was
related to the retention of drug molecules by the hydroxyapatite crystals formed on the membrane
surface, thus favoring the drug dispersion and also increasing its exposure to the dissolution media
during the release tests. Hydroxyapatite and nystatin were also observed in the cross-section SEM
images as white spots spread over the internal surface of the membrane, therefore the particles were
not retained entirely on the surface and a part of them were incorporated in the polymeric matrix.
The CA membranes achieved a sustained Nys release for up to 50 h, the CA/HA ones releasing the drug
faster. According to literature, they can be characterized as an effective controlled drug delivery device
because the drug release occurred over a period of time greater than 24 h [96]. Chitosan (CS) [97] and
polycaprolactone (PCL) [98] were also investigated as controlled delivery devices for nystatin in the
form of films and capsules. However, the CS films maintained a gradual nystatin release for only 5 h,
reaching a plateau phase in approximately 1–2 h while the PCL nanocapsules completely released
the drug after 9 h. Consequently, CA/HA-based delivery systems are a viable option for applications
where a prolonged drug delivery is required.

2.5. Hemodialysis

Hemodialysis is the process of removal of waste and extra water from blood using an external
filter called a dialyzer, which contains a semipermeable membrane [99]. Cellulose acetate was
among the first polymers used for the production of hemodialysis membranes, the renewability,
biodegradability, and biocompatible nature as well as low cost and good toughness recommending
it for this application [100]. Due to the binding sites on the particles surface, hydroxyapatite can
effectively retain biomolecules. This aspect is very important because in hemodialysis the toxins should
be removed and useful biomolecules like proteins and carbohydrates should be retained. Hayder et al.
investigated the effect of hydroxyapatite on the morphology, water flux, urea clearance, and glucose and
bovine serum albumin (BSA) retention of cellulose acetate/polyethylene glycol membranes prepared by
phase inversion. After the addition of hydroxyapatite, macro-pores were formed in the compact cellulose
acetate matrix due to the leech out of filler particles. The porosity and increased hydrophilicity of the
composite membranes determined a significant increase in water and urea permeation, the calculated
permeability of the composites membranes being 0.075 L/h m bar for water and 0.035 L/h m bar for
urea compared to 0.005 and 0.0037 L/h m bar in the case of pure CA. However, only low quantities of
glucose and bovine serum albumin passed through the membranes [51]. These results, together with
the reported hemocompatibility of cellulose acetate [101], show promising prospects for the use of
hydroxyapatite as functional filler in hemodialysis membranes.

3. Conclusions and Future Perspectives

The present review was focused on the systematical presentation of the preparation
methods and functional applications of cellulose derivatives/hydroxyapatite composite membranes.
The manufacturing techniques varied from phase inversion by immersion precipitation or solvent
evaporation to electrospinning and gradual electrostatic assembly, the optimal method being selected
depending on the type of cellulose derivative used as an organic matrix. For example, cellulose acetate
was found to be appropriate especially for electrospinning and phase inversion while the anionic
nature of carboxymethylcellulose recommended it for gradual electrostatic assembly in combination
with oppositely charged polymers. The reviewed studies showed that the addition of hydroxyapatite
can impart desired characteristics to the surface and structure of the membrane thus improving
its performance. However, an important issue is represented by the aggregation tendency of the
hydroxyapatite particles especially when phase inversion is used for membrane preparation. Various
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strategies were employed to obtain a homogenous filler dispersion, the addition of surfactants, plasma
modification of the inorganic particles, and ultrasound assisted mixing showing promising results.
Regarding the application fields of the hybrid cellulose derivatives/hydroxyapatite membranes, water
purification, hemodialysis, and tissue engineering are among the domains intensively researched.

Future perspectives are mainly related to the biomedical applications of composite membranes
with hydroxyapatite, particularly osseointegration combined with the controlled release of therapeutic
agents. The synthesis of hydroxyapatite with controlled particle dimensions to favor an optimal
osseointegration represents one of the challenges of the near future. Too large dimensions hinder the
development of pre-osteoblasts, while too small ones are characterized by an inefficient activity of
these particles. Another future direction is represented by the obtainement of hydroxyapatite from
natural sources, other than bone (e.g., snail shells or seashells) as well as its wide scale synthesis
from anorganic precursors. A domain that will know an explosive development will be the one of
controlled release of pharmaceutically active substances from hydroxyapatite particles, antibiotics and
cytostatics being the main classes of drugs that will be studied for such applications. In the dental field,
composite membranes are already used to favor osseointegration. The capacity of the membrane to
release antibiotics, locally, from particles of hydroxyapatite will enhance both quality and efficiency of
the medical act and will also improve the patient’s life. The utilization of composite membranes with
hydroxyapatite for such applications will provide multiple simultaneous advantages—the membrane
will favor implant osseointegration in the case of major bone defects generated by the extraction of the
tumoral mass and the targeted release of cytostatics will be associated with an augmented treatment
efficiency and with the minimization of the toxic impact of these drugs on the human body.

Principle practical gaps are related to the control of porosity for both components—hydroxyapatite
and the membrane. New methods for hydroxyapatite production will be accompanied by processing
steps like controlled milling or sintering in order to provide the desired porosity for the required
application. In the domain of membranes the porosity can be easily controlled, but a major challenge
will be the synthesis of membranes with macroporosity and nanoparticles in their structure. Most
probably, the easiest way to address this problem will be the chemical bonding between hydroxyapatite
and the cellulose derivative, which will remain a future challenge.
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