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Editorial

Synthesis, Applications and Biological Impact of Nanocellulose

Rajesh Sunasee * and Karina Ckless *

Department of Chemistry and Biochemistry, State University of New York at Plattsburgh, Plattsburgh, NY 12901, USA
* Correspondence: rajesh.sunasee@plattsburgh.edu (R.S.); kckle001@plattsburgh.edu (K.C.)

Interest in cellulose-based nanomaterials has continued to increase dramatically in the
past few years, especially with advances in the production routes of nanocellulose—such
as cellulose nanocrystals (CNC), cellulose nanofibrils (CNF) and bacterial nanocellulose
(BNC)—that tailor their performances [1–3]. In addition, given the presence of ample
hydroxyl groups on the surface of nanocellulose, there have been significant develop-
ments in the chemical modifications of nanocellulose toward the design, fabrication and
characterization of advanced functional nanocellulose-based materials for various appli-
cations [4–7]. Nanocellulose exhibits unique characteristics (v/s molecular cellulose) due
to its nanoscale size, large surface area and other physicochemical properties. Research in
the past decade has shown that nanocellulose is a promising bio-based material for several
biomedical applications [6,8], given its biocompatibility and relatively low risk to human
health. However, to advance the nano-biomedical applications of nanocellulose, it is crucial
to develop a solid understanding of the biological impacts of nanocellulose, including
toxicity, genotoxicity and potential immune responses elicited by these nanomaterials [9].

The present Special Issue in Nanomaterials aims to highlight recent advances in the
synthesis of nanocellulose, surface modifications for the design of functional nanocellulose
as well as its applications and potential biological impact. It features two review articles
and four original research articles authored and reviewed by experts in the nanocellulose
field. The compilation of the reviews and research articles for this book targets a broad
readership of chemists, materials scientists, biochemists, nanotechnologists and others with
an interest in nanocellulose research.

An extensive review by Lam and Hemraz discusses the preparation and surface
functionalization of carboxylated CNC [10]. While sulfated CNC, derived from the sulfuric-
acid-mediated hydrolysis of cellulose, has been the predominant form of this class of
nanocellulose, carboxylated CNC has emerged as a similar material of interest for various
studies and potential applications. The presence of the carboxyl groups on the nanocrystal’s
surface enables several chemical modification approaches to be explored for the design
of functionalized carboxylated CNC. This review targets the recent progress in methods
and feedstock materials for producing carboxylated CNC, their functional properties and
discussions on the initial successes in their applications. The authors also discuss some of
the inherent advantages that carboxylated CNC might possess in similar applications with
sulfated CNC. The second review by Finny et al. focuses on 3D-printable nanocellulose-
based functional materials [11]. The authors summarize the potential of nanocellulose as
a promising material for designing functional nanostructures and devices via 3D printing.
The different properties, preparation methods, printability and strategies to functionalize
nanocellulose into 3D-printed constructs are thoroughly discussed. The recent development
in 3D-printed nanocellulose-based composites for food, environmental, food packaging,
energy, and electrochemical applications is also highlighted.

In an original research study, Shaikh et al. report the preparation of poly(vinyl
alcohol)/guar-gum-based phase-separated film, which is then incorporated with date-
palm-derived CNC as the reinforcing agent [12]. The films are synthesized via the solution-
casting method and characterized by various spectroscopic and microscopic techniques.
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A drug release study shows that the release of Moxifloxacin can be tailored by altering the
CNC content within the phase-separated films. Overall, the developed films are found to
be ideal as delivery carriers for Moxifloxacin. The biological impact of nanocellulose is
portrayed in three other original research studies [13–15]. For instance, Bernier et al. inves-
tigated the impact of a library of cationic CNC in the human blood and endothelial cells
using cell-based assays [13]. They observe that despite the cationic CNC not changing RBC
morphology or causing aggregation, at 24 h exposure, mild hemolysis is detected, mainly
with pristine CNC. They further study the effect of various concentrations of CNC on the
cell viability of human umbilical vein endothelial cells (HUVECs) in a time-dependent
manner. Results indicated that none of the cationic CNCs caused a dose–response decrease
in the cell viability of HUVEC at 24 h or 48 h of exposure. Overall, the findings of this
study, combined with the authors’ previous study on the immunomodulatory properties of
these cationic CNCs [16], support the potential development of engineered cationic CNCs
as vaccine nanoadjuvants.

In another study, Mota et al. describe the use of the fluorescence microscopy technique
to detect and visualize BNC and BCNC nanomaterials [14]. Both BNC and BCNC are
prepared and characterized, and using adsorption studies, the interaction of a cellulose-
binding module fused to a green fluorescent protein (GFP–CBM) with BNC and BCNC
is investigated along with the uptake of BCNC by macrophages. An initial in vivo study
shows that BNC or BCNC throughout the gastrointestinal tract is only observed in the
intestinal lumen, indicating that cellulose particles are not absorbed. Wacker et al. study
the effect of surface-coating BNC small-diameter vascular grafts with human albumin,
fibronectin or heparin–chitosan upon endothelialization with human saphenous vein
endothelial cells (VEC) or endothelial progenitor cells (EPC) in vitro [15]. The results
indicate that the fibronectin coating significantly promotes the adhesion and growth of VEC
and EPC, while albumin only promotes the adhesion of VECs. The heparin–chitosan coating
only significantly improves the adhesion of EPC. Overall, both fibronectin and heparin–
chitosan coatings could impact the endothelialization of BNC-SDVGs and, as such, could
be promising approaches to help improve the longevity and reduce the thrombogenicity of
BNC small-diameter vascular grafts.

Overall, this book compiles two excellent reviews with highlights of challenges and
future directions as well as four articles related to research with nanocellulose from the
Special Issue entitled “Synthesis, Applications and Biological Impact of Nanocellulose”.
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Abstract: In recent years, cellulose nanocrystals (CNCs) have emerged as a leading biomass-based
nanomaterial owing to their unique functional properties and sustainable resourcing. Sulfated
cellulose nanocrystals (sCNCs), produced by sulfuric acid-assisted hydrolysis of cellulose, is currently
the predominant form of this class of nanomaterial; its utilization leads the way in terms of CNC
commercialization activities and industrial applications. The functional properties, including high
crystallinity, colloidal stability, and uniform nanoscale dimensions, can also be attained through
carboxylated cellulose nanocrystals (cCNCs). Herein, we review recent progress in methods and
feedstock materials for producing cCNCs, describe their functional properties, and discuss the initial
successes in their applications. Comparisons are made to sCNCs to highlight some of the inherent
advantages that cCNCs may possess in similar applications.

Keywords: carboxylated cellulose nanocrystals; functionalization; surface treatment; nanomate-
rial; biomaterial

1. Introduction

Interest in biomass-based nanomaterials has grown in the last decade owing to their
unique functional properties and sustainable resourcing. Currently, cellulose nanocrystals
(CNCs) are among the leading biomass-based nanomaterials in terms of publications,
applications developed, and technology readiness level (TRL). First produced by Nickerson
and Habrle in 1947 [1], CNCs are crystalline, rod-shaped particles ranging in size from 5
to 20 nm in width and hundreds of nm in length, depending on the biomass source and
production method. In order to obtain CNCs, native semi-crystalline cellulose is broken
down into its elementary crystalline domains with the concurrent removal of amorphous
cellulose segments. With its high aspect ratio [2], colloidal stability in aqueous media [3],
liquid crystalline properties [4], and biocompatibility [5], CNCs have been used in a diverse
range of applications, including but not limited to polymer composites [6], electronics [7],
biomedical [8], and photonic films [9]. A number of excellent review papers have been
published over the years that document the technological advances related to CNC’s
research [10–16].

The most commonly used method for CNC’s synthesis is via sulfuric acid-mediated
hydrolysis, in which removal of the amorphous cellulose segments is facilitated by the
hydrolysis of glycosidic bonds and concomitant esterification of surface hydroxyl groups
to form sulfate half-ester groups [17]. Mukherjee and Woods found that acid concentration
(64 wt. % sulfuric acid) was an important factor in producing sulfated cellulose nanocrystals
(sCNCs) [18]. Today, these sCNCs are produced by a number of companies, including
Alberta-Pacific Forest Industries, GranBio, and the industry-leading Celluforce, who utilize
forestry pulp feedstocks [15]. At the moment, the leading industrial producers of cCNCs
are located in Canada: Anomera (30 kg/day production, target 1 ton/day in 2021; hydrogen
peroxide-assisted) and Blue Goose Biorefineries (10 kg/day production; transition-metal-
catalyzed) [15]. These daily production rates are only at the pilot scale and lag behind

Nanomaterials 2021, 11, 1641. https://doi.org/10.3390/nano11071641 https://www.mdpi.com/journal/nanomaterials5
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the industry leader, Celluforce, which has a production capacity of 1 ton per day for
sCNCs. Although sulfuric acid hydrolysis is the predominant method for producing CNCs,
there are many other methods reported in the literature that allow for the preparation
and isolation of CNCs at various levels of TRL. These methods include enzymes [19],
oxidizers [20–22], mechanical treatments [23], or a combination of these means [24,25].
Efforts in developing alternative CNCs’ production methods to sulfuric acid hydrolysis
have been driven by the various challenges associated with using sCNCs in downstream
applications, including low thermal stability [26] and nanomaterial aggregation [27].

Researchers have also turned to other methods to improve the economics and sus-
tainability of the CNC production process. The sulfuric acid hydrolysis method is a harsh
reaction due to the corrosiveness of the acid employed and favors the use of pure cellulosic
feedstocks (forestry pulp materials, for example) to produce sCNCs. When biomass waste
streams (such as raw lignocellulosic biomass containing cellulose, lignin, pectin, and other
biopolymers) are used in the same process, it often leads to a low-yielding, impure CNC
product that requires additional purification steps [20]. Alternative methods and different
cellulosic feedstock materials have led to the production of CNCs with varying yields
and different functional properties (morphology, surface chemistry, and surface charge
density) compared to sCNCs. For example, other mineral acids such as HCl [28] and
H3PO4 [29] have been used to produce CNCs, but these products have low surface charge
and, as a result, do not disperse as well as the sCNCs. Carboxylated cellulose nanocrystals
(cCNCs) have similar colloidal stability, uniform nanoscale lengths, and high crystallinity
compared to sCNCs. Similar to sulfate half-ester groups of sCNCs, cCNCs possess carboxyl
groups that promote the electrostatic repulsion between neighboring CNCs that prevents
aggregation. One particularly enticing feature of cCNCs is the ability for these carboxyl
groups to undergo further reactivity for surface modification to tailor the properties of the
nanomaterial for downstream applications.

This review provides a summary of the different methods used to produce cCNCs
from a diverse range of feedstock materials. With the availability of the carboxyl groups
on the surface of the nanocrystal, a wide range of chemical modification approaches
were explored to further alter the functional properties of the nanomaterial. As methods
to produce cCNCs have become more mature, more applications utilizing cCNCs are
emerging, and examples in the recent literature are also presented. Comparisons of cCNCs
to sCNCs highlight the advantages the carboxyl group may bring to these end applications.
Finally, a future outlook is provided to address future challenges and directions. This
review is focused on the direct synthesis of cCNCs from biomass feedstocks and excludes
reactions performed on nanocelluloses and other types of cellulose derivatives.

2. Production of cCNCs

It is possible to obtain cCNCs through four general classes of reactions (Scheme 1),
and although they all feature the carboxyl functional group on the surface of CNCs, the
location of the carboxyl groups differ slightly:

1. Carboxyl group on the C6 position of the cellulose chain, generally obtained through
oxidation of the primary hydroxyl groups at the C6 position.

2. Carboxylic acid group tethered to a moiety covalently attached to the hydroxyl
group on the C6 position in addition to carboxylic acid group on the C6 position
when considering two anhydroglucose units (AGU), typically obtained through the
esterification of cellulose hydroxyl groups with carboxylic acids.

3. 2,3-Dicarboxylic acids from glucose ring opening.
4. Carboxylic acid groups found exclusively at the reducing ends of CNCs, which can

be obtained due to the chemistry of the highly reactive aldehyde functional group.
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Scheme 1. Four main types of cCNCs, produced through reactions on various cellulosic sources and utilized for a wide
range of applications.

2.1. Class 1: Carboxyl Group on the C6 Position of the Cellulose Chain

Among the four classes of cCNCs depicted in Scheme 1, most of the widely used
methods produce cCNCs containing carboxyl groups at the C-6 position. It is possible
to generate this type of cCNCs either through various oxidative hydrolysis processes or
through a two-step methodology of acidic hydrolysis, followed by oxidation of cellulosic
biomass. The most commonly used oxidizing agents for the generation of cCNCs with
carboxyl groups at the C-6 position are shown in Scheme 2.

Scheme 2. General methods for obtaining cCNCs from cellulosic sources.

7
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2.1.1. TEMPO

The 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidation reaction is the
most popular way to incorporate carboxylic acid groups on the surface of the nanocrystals
(Scheme 3) through the oxidation of the primary hydroxyl groups of CNCs. In most cases,
this method has been adopted as a post-production strategy on CNCs produced from
the acid hydrolysis of cellulosic sources. The TEMPO oxidation was first introduced by
De Nooy et al., whereby primary hydroxyl groups on polysaccharides were selectively
oxidized in the presence of the secondary hydroxyl groups [30]. Its applicability on CNCs
was first reported by Vignon and co-workers on nanocrystals produced from the HCl
hydrolysis of cotton linter, subjected to a mixture of sodium hypochlorite, sodium bromide,
and TEMPO for the selective oxidation of the primary surface hydroxyl groups to produce
cCNCs. The carboxyl content or the degree of oxidation (DO) can be measured by con-
ductometric titrations, FT-IR, and methylene blue adsorption, with conductometry being
the most reliable method. In this case, a DO of 0.15 was obtained by conductimetry [22].
Due to the presence of negative surface charges, the cCNCs formed are well-dispersed
in water and produce non-flocculating birefringent suspensions. It was noted, however,
that excessive TEMPO oxidation led to a decrease in the crystal size. As such, the authors
next optimized the oxidation process by varying the ratio of NaOCl to AGU such that
only the accessible primary hydroxyl groups on the surface of the nanocrystals would be
oxidized without affecting the core. The remaining hydroxyl groups are not affected by
the oxidation process–this includes the inaccessible half of the primary hydroxyl groups
on the surface, secondary hydroxyl groups on the surface, and all hydroxyl groups of the
glucose units in the core crystal (see Scheme 4). This is consistent with other cCNCs of this
class, where the carboxyl group is located exclusively on the C6 position of the cellulose
chain. The TEMPO-oxidized product is often used as a precursor for further chemical
modification via the reactive carboxylate group. While this review is not an exhaustive
account of all TEMPO-mediated oxidation reactions and their subsequent transformations,
some examples of further chemical functionalization and applications are discussed in later
sections.

Scheme 3. TEMPO oxidation of CNCs [22].

Scheme 4. TEMPO oxidation of accessible hydroxyl groups at the surface of the CNCs (Reproduced with permission
from [31]. Copyright Springer Science Business Media, Inc. 2006).
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As opposed to using TEMPO oxidation to introduce carboxyl groups after CNCs’
production, Isogai and co-workers initially treated softwood bleached kraft pulp (SBKP)
and microcrystalline cellulose (MCC) with a TEMPO mixture system [24]. After surface
oxidation of the primary hydroxyl groups, the oxidized cellulose materials were exposed to
cavitation-induced forces by sonication in water for 10–120 min to produce cCNCs with an
average length of 200 nm and 3.5–3.6 nm in width. cCNCs prepared from SBKP exhibited
higher mass recovery ratios and carboxylate content compared to those produced from
MCC. Furthermore, the cCNCs prepared by TEMPO-sonomechanical treatments had a
more uniform size distribution and exhibited a higher negative surface charge compared
to CNCs prepared by acid hydrolysis, and did not require further purification through
dialysis.

Faria and co-workers produced cCNCs from elephant grass by milling and hydrother-
mal processing with H2SO4 to remove hemicellulose and other extractives and NaOH to
remove lignin [32]. This pre-treated feedstock was oxidized by TEMPO and mechanically
disintegrated by sonication to yield cCNCs. They demonstrated that cCNCs are potential
anti-biofouling agents that utilize contact-mediated membrane stress as the mechanism
governing the toxicity of CNCs towards bacteria cells. In follow-up work, the same ele-
phant grass cCNCs were crosslinked with polyamide membranes to produce antimicrobial
thin-film composites [33].

2.1.2. Ammonium Persulfate (APS)

The TEMPO process is a powerful reaction to convert surface hydroxyl groups of CNCs
to carboxyl groups, and yet it has several limitations. To produce cCNCs, either acid hy-
drolyzed CNCs are subjected to a post-production surface modification with TEMPO [22],
or TEMPO-oxidized cellulosic materials are further treated with acid hydrolysis [31,34]
or sonomechanical treatments [24]. The TEMPO process cannot directly produce cCNCs
from longer-chain cellulosic materials as it is unable to break down the amorphous do-
mains of cellulose [35]. To this end, other non-acid methods have been sought for the
production of CNCs with similar potency to mineral acids. Despite the low cost and high
abundance of mineral acids like sulfuric acid, these production methods require expensive
corrosion-resistant equipment, multiple treatments, and isolation steps such as dialysis. In
2011, Luong and co-workers developed a process to produce cCNCs using APS, a low-cost,
low-toxicity oxidant, from a variety of native plant materials and bacterial cellulose [20].
The cellulosic materials were heated at 60 ◦C in 1 M APS for 16 h with vigorous stirring.
Under these conditions, the persulfate anions undergo two reactions in solution:

S2O8
2− + heat → SO4·− (1)

S2O8
2− + 2H2O → 2HSO4

− + H2O2 (2)

The free radicals and hydrogen peroxide are capable of hydrolyzing the amorphous
cellulose, decolorizing the product via the oxidative breakdown of the aromatic components
of the plant material, and oxidizing the C6 alcohol groups on the surface of the nanocrystal.
The yields of the cCNCs vary greatly as they depend on the starting biomass materials:
native plant materials (such as flax, hemp, and triticale) yield lower amounts of cCNCs
compared to MCC or paper filters as the plant materials possess additional components
such as lignin, hemicellulose, and wax, which lower the weight percentage of cellulose
in the starting material. The DO of the resulting cCNCs ranged from 0.11 to 0.19. From
TGA analysis, cCNCs produced were found to be more thermally stable than sCNCs.
To better understand the nature of the APS reagent breakdown, Lam et al. conducted
Raman spectroscopy studies on the reaction mixtures of APS and MCC and found that
nearly 60% of the sulfate ions in solution were attributed to the H2SO4 [36]. By the
addition of NH4OH to the solution, it was possible to not only initiate the recovery of
sulfate anions as ammonium sulfate but the resulting neutralized cCNCs with COO−NH4

+
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groups exhibited better dispersion and thermal characteristics over cCNCs with COOH
and COO−Na+ groups.

A limitation to the APS method by Luong and co-workers is the large amount of
APS required for biomass conversion (22.8 g APS per g of biomass) and the long reaction
time (minimum of 16 h) [20]. Liu and co-workers investigated the use of N,N,N′,N′-
tetramethylethylenediamine (TMEDA) and ultrasonic-assisted disintegration to address
the economic issues of the APS oxidation [37]. Under the conventional APS method, a single
type of free radical is produced (SO4·−), which Liu et al. believe results in the relatively
weak hydrolysis ability of APS, necessitating a higher loading of the oxidant and longer
reaction times to produce cCNCs. By using TMEDA as a redox initiator, two additional
free radicals (SO4·− and HO·) were also produced that can react with the biomass at higher
redox potentials [38]. An ultrasonic step was further added to the process to promote
disintegration of the cellulosic chain by increasing the surface area for increased reaction
sites. Under these conditions, cotton pulp was successfully converted to cCNCs in 6 h at
75 ◦C for a yield of 62.5%, with lower consumption of APS (8.5 g APS per g of pulp).

Amoroso et al. examined the use of a microwave-assisted process to overcome the
inefficiencies of heating currently used in the conventional APS process [39]. They found
that controlling the heating ramp time and holding the heating time were important
parameters to allow for sufficient time for the APS to convert to the active radical oxidant
reacting with the biomass. Limiting microwave power output also reduced the potential
of carbonizing the cellulosic material, which was detrimental to the cCNC’s yield. Cotton
residues were converted to cCNCs in 90 min under microwave-assisted heating, which
demonstrates the process as an effective way to reduce the reaction time of the APS process.
However, the limitation to the microwave-assisted reaction comes from scalability: APS
conventional heating can be performed at 1000 L, while the current microwave-assisted
method has only been demonstrated at 50 mL volume.

Researchers are often interested in comparing hydrolysis methods for producing CNCs
from a variety of waste streams, whether they are post-consumer products, agricultural
residues, or unlikely non-plant sources of cellulosic materials. For example, recycled paper
waste is often viewed as a source of secondary cellulosic fibers for valorization. Jiang et al.
evaluated the conversion of these materials into sCNCs and cCNCs (by APS oxidation) [40].
cCNCs were produced in lower yield (22.42%) compared to sCNCs (41.22%), with a
crystallinity index (CrI) of 77.56% and 72.45%, respectively. It was noted that sulfuric
acid residues on the surface of the sCNCs could promote the carbonization of cellulose
and increase the production of carbon residues. The carbon residue of sCNCs was 26.73%
compared to only 14.17% for cCNCs. Zhang and co-workers investigated different methods
to produce CNCs from lemon (Citrus limon) seeds, including sulfuric acid treatment for
sCNCs, and both APS and TEMPO oxidation for cCNCs [41]. In all three methods, the
CNCs retained their cellulose Iβ structure. TEMPO-oxidized cCNCs produced the highest
yield of cCNCs with larger nanorod dimensions (~360 × 34 nm) and lower CrI compared
to the other two methods. APS-treated cCNCs had the highest CrI and sCNCs the smallest
nanocrystal dimensions. The lemon-seed-derived CNCs were tested in Pickering emulsions,
in which the sCNCs and APS-treated cCNCs exhibited the best stabilizing effects compared
to the TEMPO-oxidized cCNCs.

The use of APS to convert bamboo borer powder (produced when lyctus bruneus, a
beetle, attacks the woody bamboo materials to yield a flour-like powder) to cCNCs as
a means to valorize bamboo raw materials was investigated [42]. The resulting cCNCs
were more spherical in shape (20–50 nm) and had a CrI of 62.75%. The spherical geometry
of these particles could be attributed to the nanoparticles and was possibly created by
a self-assembly process of CNCs and their fragments from the less-crystalline cellulose
sources [43]. Lu and Hsieh also produced spherical sCNCs from chardonnay grape skins
in which the starting cellulose’s CrI increased from 54.9% to 64.3%. The authors believe
that the lower crystallinity of the grape skin cellulose produces fewer rod-like crystals
compared to cotton and wood, which have larger intact crystalline regions. Furthermore,
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the drying process could promote the aggregation of smaller, more abundant, non-rod
nano-fragments around less abundant, larger nano-rods by hydrogen bonding, leading to
a core–shell spherical cellulose nanostructure.

Tunicates are marine invertebrate sea animals that are the only known animal source
of cellulose. Cellulose from the mantle of Halocynthia roretzi was extracted through several
alkali treatments and bleaching processes. The tunicate cellulose was then treated with APS
and ultrasonic post-processing to produce cCNCs [44]. The formation of tunicate cCNC
lyotropic chiral nematic liquid crystals was observed for the first time, which displayed
birefringence and a fingerprint texture. The critical concentration of phase separation for
tunicate cCNC suspension was around 3.5 wt%. Solid films were subsequently prepared
from evaporation-induced self-assembly, which showed preservation of the chiral nematic
structure of tunicate cCNCs. In previous work using TEMPO-oxidized tunicate CNCs,
only non-uniform birefringence was observed, which may be attributed to the high poly-
dispersity of the length (from 0.1 to 10 μm) of the tunicate CNCs and their high viscosity
suspensions [31].

Pan and co-workers converted bleached kraft pulp (cellulose I feedstock) into cellulose
II using a mildly acidic lithium bromide trihydrate (MALBTH) system to induce the partial
hydrolysis and polymorph transition [45]. APS was then used to convert the cellulose II
into cCNCs II, which were found to be smaller in size compared to those of cellulose I
cCNCs that were not subject to the polymorph transition procedure. Other researchers have
focused on different feedstocks to produced cCNCs by the APS method, including recycled
medium-density fiberboard [46], denim waste [47], and balsa and kapok fibers [48].

2.1.3. Hydrogen Peroxide

One of the simplest and greenest oxidizing agents available is hydrogen peroxide.
Anomera, a company based in Quebec, Canada, has developed a process to produce cCNCs
in one step from biomass, dissolving pulp and wood waste using 30% hydrogen peroxide at
115 ◦C for about 8 h using a method developed by Andrews and Morse [21]. An advantage
to this process is the full consumption of hydrogen peroxide. In the same patent, it was also
possible to produce cCNCs from spruce fibers at room temperature by irradiating a 30%
hydrogen peroxide solution with UV light for 12 h. In addition, they were able to convert
the negatively charged cCNCs to a positively charged nanomaterial by mixing the cCNCs
with polydiallyldimethylammonium chloride (PDDA), a cationic polymer that is used as a
wet-end additive in papermaking. The company’s current cCNC product, Dextracel, has
a size of 150–250 nm in length, a width of 5–10 nm, crystallinity of >85%, and a carboxyl
content of 0.12–0.20 mmol/g.

2.1.4. Sodium Hypochlorite (NaOCl)/Sodium Chlorite (NaOCl2)

Blue Goose Biorefineries is a company in Saskatchewan, Canada, that produces cCNCs
from a variety of biomasses using a transition metal-catalyzed oxidation process [49]. The
process is characterized by three steps. In the first step, a redox reaction using sodium
hypochlorite and a catalyst (either iron or cupric sulfate) is employed to break down the
starting biomass. The isolated biomass filter cake is then subjected to a sodium hydroxide
treatment as part of the second step. In the final step, the alkaline-treated biomass is
exposed to a second redox reaction in conditions similar to the first step, which finally
results in the production of cCNCs. The yields of the reaction are dependent on the biomass
source used. For example, the highest yields were reported for A96 high purity cellulose
at 38.8% yield, but only 9.7% yield was reported for Yreka, a medium-density fiberboard
with high lignin content. Despite similar reaction times required for all biomass materials
tested, the amount of sodium hypochlorite required to produce cCNCs using this method
increases with the lignin content in the starting biomass. The company’s current cCNC
product, BGB Ultra, has a size of 100–150 nm in length, a width of 9–14 nm, crystallinity of
80%, and a carboxyl content of 0.15 mmol/g.
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The pilot-scale nanocellulose production at USDA Forest Product Laboratory utilizes
a combination of sulfuric acid, sodium chlorite, and 4% hypochlorite solution to produce
25 kg of cCNCs per batch, with nanocrystals of 5–20 nm in width and 150–200 nm in
length [50]. Using a 50 kg machine-dried pre-hydrolysis kraft rayon-grade dissolving
pulp into a 400 L reactor, the cellulose strips are subjected to sulfuric acid hydrolysis at
45◦ C for 90 min (300 L, 64 wt. %) under a nitrogen atmosphere. Upon quenching the
reaction, the acidic suspension is treated with sodium chlorite, sodium hydroxide, and 4%
hypochlorite solution for neutralization and bleaching of the nanocrystals, which had been
discolored by the sugar degradation during the acid hydrolysis process. Carboxyl groups
are likely introduced when the suspension is treated with sodium chlorite and hypochlorite
solutions.

2.1.5. Mixed Acid Solutions with Oxidizers

Some researchers have turned to using mixtures of acids and oxidizers to produce
cCNCs. This strategy is intended to overcome some of the drawbacks that each reagent
may contribute to the synthesis of the CNC product. For example, strong acids like sulfuric
acid are capable of hydrolyzing cellulose to form CNCs, but the introduction of the sulfate
ester groups may be undesirable as it may limit the utility of the CNCs by decreasing their
thermal stability. Weak acids and oxidizers can be used to tune the surface chemistry of
the nanocrystal but are unable to generate sufficiently high proton concentration to induce
cellulose hydrolysis.

A one-pot procedure for cCNCs from cotton pulp was developed using 1% sulfuric
acid, with potassium permanganate and oxalic acid, as the oxidizing and reducing agents,
respectively [51]. cCNCs prepared from this method were 150–300 nm in length and
10–22 nm in width with a carboxyl content of 1.58 mmol/g. The authors believe that the
oxalic acid can complex Mn3+ to form [Mn(C2O4

2−)]+ and prevent the Mn3+ from being
reduced to Mn2+, leading to the prolonged strong oxidizing capacity of the reaction system.
Compared to sCNCs, their cCNCs’ solutions of >6 wt. % displayed chiral nematic liquid
crystalline phases.

A one-step hydrolysis process to convert MCC to cCNCs was developed using sulfuric
acid and nitric acid in 0.5 h, whereby the resulting cCNCs had physicochemical charac-
teristics consistent with those obtained from APS and TEMPO oxidation [52]. From 50 to
90 ◦C, the length and width of the nanocrystals decreased in size and yield while exhibiting
increasing DO (up to a maximum of 0.11 at 80 ◦C). High crystallinity for these cCNCs
(average CrI about 90%) was reported, though the starting MCC CrI was already at 85.3%.

2.2. Class 2: Carboxylic Acid Group Tethered to a Moiety at C6 Position

While sulfuric acid is the most common mineral acid employed for the production of
CNCs, its use comes with economic and sustainability challenges. For example, in produc-
ing 1 kg of sCNCs, nearly 9 kg of sulfuric acid is consumed, leading to the generation of
13 kg of Na2SO4 from acid neutralization, with only moderate yields reported (30–50%) [53].
Organic acids, specifically carboxylic acids, are gaining traction as alternative hydrolysis
reagents to mineral acids to overcome these economic, technical, and environmental chal-
lenges. However, a key criterion to produce CNCs is to use organic acids with sufficient
acid strength (pKa = 1–3). For example, formic acid (pKa = 3.77) was used to hydrolyze
birch pulp, resulting in mainly micron-length cellulosic fibers [54]. Only after increasing
the acidity of the reaction mixture with 2% HCl were CNCs of <1000 nm produced. In
addition, the use of formic acid did not produce cCNCs; a subsequent TEMPO oxidation
step was required to convert micron-length cellulosic fibers into cCNCs.

Chen et al. demonstrated the use of different dicarboxylic acids (oxalic and maleic
acid) on a bleached eucalyptus kraft pulp to produce CNCs and cellulose nanofibrils [53].
The carboxylation of the cellulose is not a direct oxidation of the C6 alcohol of cellulose (as
in the case of TEMPO or APS oxidation), but a Fischer esterification, in which the organic
acid is added onto the cellulose. The use of organic acids of relatively lower acid strength
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(pKa = 1.25 for oxalic acid; pKa = 1.9 for maleic acid) led to the production cCNCs of longer
length and greater thermal stability (albeit at lower yields) compared to those produced
from sulfuric acid, which has a higher acid strength (pKa = −3.0). In the optimal case
of using 70% oxalic acid at 100 ◦C for 60 min, only a 25% yield for cCNCs was reported.
The majority of the cellulosic residue left in the reaction mixture could be processed by
mechanical fibrillation to produce CNF. Due to the low solubility of the organic acids in
water, the acid was easily recovered by crystallization; nearly 95% of the oxalic acid used
in the reaction was recovered from the hydrolysate, reflecting a greener process.

An extension into weak tricarboxylic acids was reported by using citric acid and
ultrasonication methods to produce cCNCs from sugarcane bagasse pulp [55]. The addition
of the post-ultrasonication method increased the yield of the cCNCs by 21.6% in comparison
to the non-ultrasonication protocol. cCNCs were recovered by dialysis and centrifugation
steps, and the remaining oxidized cellulosic residues were subjected to homogenization to
produce cCNF (63.4%). Citric acid was subsequently recovered from the reaction liquor by
rotary evaporation. A common problem cited with the use of citric acid is the low yield of
cCNCs obtained due to the weak acidity of citric acid (pKa = 3.13), which is corroborated
by the much higher isolated yield of cCNF compared to cCNCs. Higher yields (87.8%) of
cCNCs were reported using 90% citric acid and 10% HCl to convert MCC to cCNCs, but
this process required the addition of the strong mineral acid HCl to promote hydrolysis [56].
These citric-acid-oxidized cCNCs were then used in the preparation of oil/water emulsions
for food applications. Emulsions made with higher concentrations of cCNCs (5%) resulted
in smaller droplet sizes (1.01 μm) compared to those produced at lower concentrations
of cCNCs (0.1%) at an average droplet size of 17.8 μm. The smaller droplets were more
effective in stabilizing the soybean oil over 28 days. A similar approach (Scheme 5) has
been utilized to produce dicarboxylated CNCs using the oxidative hydrolysis of MCC by
APS, followed by esterification with citric acid in the presence of ultrasonication [57].

Scheme 5. Reaction of microcrystalline cellulose with APS and citric acid to produce CNCs with dicarboxylic acid
moieties [57].

An underutilized plant in African nations is the cellulose-rich Juncus plant (Juncus
effuses). The Juncus plant has a grass-like structure consisting of hollow cylindrical rods
about 1 m in height, and 4–8 mm in diameter and are typically harvested as materials
for woven textiles. Kassab et al. investigated the production of CNCs from the Juncus
plant [58]. Purified cellulose microfibers (CMF) were first obtained from the plant stems,
and subsequent treatment with citric acid/HCl hydrolysis produced cCNCs with a length
of 352 ± 79 nm, a diameter of 6.1 ± 2.8 nm, and a CrI of 83% with cellulose I structure.
The authors speculated that the Juncus plant cCNCs could be used as a nano-reinforcing
agent for polymer composites due to the high degradation temperature (231 ◦C). In another
report, the authors evaluated the use of post-harvest tomato plant residue (TPR) as a
sustainable source for the extraction of cellulose derivatives, namely, CMF and CNC [59].
After obtaining CMF with an average diameter of 20 μm from the TPR, the CMF was then
treated with a mixture of citric acid and HCl to produce the cCNCs. The resulting TPR
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cCNCs also possessed a cellulose I structure with a length of 514 ± 131 nm, a diameter of
4.7 ± 1.4 nm, and a CrI of 78%. A higher degradation temperature of 243 ◦C was reported
for the TPR cCNCs compared to sCNCs and phosphorylated CNCs produced in the study
(219 and 235 ◦C, respectively), a trend that was also observed for the Juncus plant CNCs.

Liu et al. were able to increase the cCNC’s yield to 80.3% by using catalytic amounts
of FeCl3 to enhance citric acid hydrolysis efficiency [60]. The authors believe that FeCl3 can
promote the reaction in several ways: (1) as a Lewis acid to increase the acidity of the citric
acid solution by polarizing the water molecules around the central metal ions, (2) the Fe3+

can coordinate with glucose to produce an intermediate complex with weakened C-O-C
bonds that are more susceptible to bond breakage, and (3) disrupt inter- and intramolecular
hydrogen bonds within cellulose to enhance the hydrolysis reaction.

2.3. Class 3: 2,3 Dicarboxylic Acids from Glucose Ring Opening

Carboxylation can be achieved by using sodium periodate, which can cleave the
C2–C3 bonds of β-D-glucose monomer units of cellulose, and selectively oxidize C2 and C3
vicinal hydroxyl groups to form 2,3-dialdehyde units along the cellulose. These aldehyde
groups can undergo further oxidation to form 2,3-dicarboxyl groups by sodium chlorite
in an aqueous acidic medium (Scheme 6). This two step-process was used to convert
softwood pulp into cCNCs [61]. Initial separation of the two fractions yielded mainly
oxidized microfibrils. Upon alcohol addition, a second fraction of cCNCs was obtained
with dicarboxylated functionalities on the surface of the nanomaterial and a carboxyl
content ranging from 3.60 mmol/g to 6.60 mmol/g. Based on dynamical light scattering
(DLS) measurements, these dicarboxylated cCNCs had significantly larger hydrodynamic
radii, which the authors attribute to the presence of dicarboxylate chains protruding off the
main CNC nanorods, contributing to the increased carboxyl content values obtained. Upon
further hydrolysis of these dicarboxylated cCNCs, the carboxyl content of the materials
decreased to 1.4 mmol/g as these dicarboxylate chains are more readily hydrolyzable
compared to the crystalline CNC nanorods.

Scheme 6. Formation of cCNCs via oxidative cleavage of C2–C3 bonds using sodium periodate
oxidation, followed by oxidation of the aldehyde groups into carboxyl groups using sodium chlo-
rite [61].

Sugarcane bagasse was used to prepare cCNCs using two methods: a single-step
sodium periodate oxidation method and the two-step sulfuric acid/TEMPO oxidation
method [62]. One aspect of the investigation was to compare the physicochemical proper-
ties of the cCNCs of the different oxidation methods. When the sodium periodate reaction
was performed at room temperature, rod-like cCNCs (104 × 6 nm) were obtained. How-
ever, at 60 ◦C, spherical nanoparticles (approx. 24 nm in diameter) were formed instead,
which the authors attribute to agglomeration of the crystalline regions of the cellulose. Acid
hydrolyzed cCNCs showed greater crystallinity (69.0%) compared to either the rod-like
(46.7%) or spherical (43.6%) cCNCs obtained from the sodium periodate method, which
cleaves the chemical bond between the C2 and C3 positions, and retains regions of oxidized
amorphous cellulose.

2.4. Class 4: Presence of Carboxylic Acid Groups at the Reducing End of CNCs

The presence of the highly reactive aldehyde functional group at the reducing end of
CNCs allows for the production of cCNCs through another method. CNCs are made up of
β-1,4 linked anhydro-D-glucose units. Similar to the structure of cellulose, they have three
components: the non-reducing end, the cellobiose sequence (the repeat unit made up of
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two glucose units), and the reducing end. The latter is a hemiacetal, which in its open-chain
form contains an aldehyde functional group. As such, these aldehyde moieties can be
selectively oxidized to produce carboxyl groups at the reducing ends of the nanocrystals.
Hieta et al. successfully applied a method involving the use of sodium chlorite at a pH
of 3.5 (adjusted using acetic acid) for 20 h at room temperature to produce microfibrils
and nanocrystals with carboxyl groups at the reducing ends of the materials. The selective
deposition of silver at the reducing ends served as a tool to elucidate mechanistic and
structural aspects related to the parallel configuration of cellulose I [63]. This method was
later reproduced to yield thiolated CNCs using thioethanolamine via an amide linkage [64].
The aldehyde groups at the reducing ends were then oxidized to produce the carboxylic
acid derivative using sodium chlorite (Scheme 7). The CNCs used were from sulfuric acid
hydrolysis and were therefore devoid of surface carboxyl groups prior to treatment with
sodium chlorite. This type of cCNCs is very useful for selective functionalization at the
end of the nanocrystals.

Scheme 7. Oxidation of aldehyde groups at the reducing ends of CNCs using sodium chlorite [63].

2.5. cCNCs from Different Feedstocks

Although commercial production of CNCs primarily uses cellulose-rich sources such
as wood pulp, many researchers have turned to other feedstock materials that are either
more regionally plentiful, or there is an imminent need to valorize specific biomass waste
streams that would only be discarded into the environment if unused (such as agricultural
residues). A key challenge to using any new biomass material is the weight percent content
of cellulose versus its other components (i.e., lignin, hemicellulose, wax, and pectin) can
vary from feedstock to feedstock. Table 1 summarizes some of the cCNCs previously
discussed in Section 2, produced from different feedstock materials with a diverse range of
physicochemical properties dependent on the method used. For the majority of the entries
in Table 1, the feedstocks used to produce the cCNCs had undergone bleach processing
prior to hydrolysis. Only the reactions utilizing APS were capable of hydrolyzing raw
biomass into cCNCs.

Table 1. Production of cCNCs from different feedstock materials.

Feedstock Method Length (nm) Width (nm) CrI (%) Yield (%)
Carboxyl
Content

(mmol/g)
Ref.

Cotton linters HCl, TEMPO n.r. 4–5 75 81 0.15 (DO) [22]

Sugar beet pulp HCl, TEMPO n.r. 3–4 52 63 0.23 (DO) [22]

Softwood-bleached
kraft pulp

TEMPO,
cavitation 155–244 3.6 81 94 1.57 [24]

MCC TEMPO,
cavitation 163–192 4.3 88 70 1.12 [24]

Flax fibers APS 144 ± 5 3.8 ± 0.1 75 28 0.18 (DO) [20]

Flax shives APS 296 ± 16 5.1 ± 0.1 64 22 0.19 (DO) [20]

Hemp fibers APS 148 ± 3 5.8 ± 0.1 73 36 0.17 (DO) [20]

Triticale straw extract APS 134 ± 5 4.2 ± 0.1 73 31 0.11 (DO) [20]

MCC APS 128 ± 4 5.5 ± 0.1 83 65 0.19 (DO) [20]

Whatman CF1 APS 121 ± 3 6.7 ± 0.3 91 81 0.12 (DO) [20]

Wood pulp APS 124 ± 6 6.0 ± 0.2 81 36 0.19 (DO) [20]
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Table 1. Cont.

Feedstock Method Length (nm) Width (nm) CrI (%) Yield (%)
Carboxyl
Content

(mmol/g)
Ref.

Bacterial cellulose APS 88 ± 5 6.5 ± 0.2 70 14 0.14 (DO) [20]

Black spruce
dissolving pulp H2O2 170 10 n.r. n.r. 0.15 [21,65]

Dissolving pulp
NaOCl,

transition metal
catalyzed

100–150 9–14 80 n.r. 0.15 [49]

Lemon seed APS 140–160 10–20 74 13 n.r. [41]

Lemon seed TEMPO 340–380 26–42 66 52 n.r. [41]

Juncus plant Citric acid/HCl 352 ± 79 6.1 ± 2.8 83 n.r. n.r. [58]

Tomato plant residues Citric acid/HCl 514 ± 131 4.7 ± 1.4 78 n.r. n.r. [59]

Bamboo borer powder APS 20–50
(spheres) - 63 n.r. n.r. [42]

Recycled paper APS 130 ± 15 4.7 ± 2.5 72 22 0.57 [40]

Tunicate APS 383 ± 164 10.9 ± 2.3 86 n.r. 0.07 (DO) [44]

Cotton powder APS, microwave 80–400 7 n.r. 46 n.r. [39]

Softwood pulp TEMPO 103 ± 29 21 ± 7 n.r. 12 0.7 [66]

Softwood pulp Cu2SO4/H2O2 247 ± 58 6 ± 2 n.r. 51 0.9 [66]

Cotton pulp APS/TMEDA 80–350 3–12 91 63 1.38 [37]

Cotton pulp
H2SO4,

KMnO4/oxalic
acid

150–300 10–22 89 68 1.58 [51]

MCC H2SO4, HNO3 186 ± 13 9 ± 3 91 24 0.11 [52]

Sugarcane bagasse Citric acid,
ultrasonication 251 ± 52 21 ± 6 77 32 0.60 [55]

MCC Citric acid, HCl 231.8 ± 23.2 15.8 ± 3.0 83 88 1.40 [56]

Bleached eucalyptus
kraft pulp Citric acid, FeCl3 100–250 6–12 80 80 0.90 [60]

Bleached eucalyptus
kraft pulp Oxalic acid 278 19 81 25 0.19 [53]

Softwood pulp
Sodium

periodate,
sodium chlorite

120–200 13 91 n.r. 6.6 [61]

Bleached kraft pulp
H2SO4, sodium

chlorite, 4%
hypochlorite

150–200 5–20 n.r 50 n.r [67]

Elephant grass TEMPO,
ultrasonication 174 ± 73 5.2 ± 1.4 n.r n.r n.r. [32,33]

Bleached kraft pulp LiBr/H2SO4,
APS 57 ± 24 9.3 ± 3.1 96 52 0.44 [45]

Recycled
medium-density

fiberboard
APS 170–365 13–17 63 55 0.10 (DO) [46]

Denim waste NaOH, APS 81.5 ± 20.5 18.4 ± 2.5 27 79 n.r. [47]

Balsa fibers APS 95.5 6.5 n.r. 57.7 n.r. [48]

Kapok fibers APS 112.1 5.8 n.r. 60.7 n.r. [48]

n.r. = not reported; DO: degree of oxidation.
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3. Chemical Modifications of cCNCs

The presence of carboxyl groups on the surface of the nanocrystals not only provides
electrostatic stabilization but also opens up a wide range of surface modification possi-
bilities. It is possible to modify the surfaces of cCNCs through covalent and noncovalent
functionalization. Compounds containing amino and hydroxyl groups can react covalently
with the carboxyl moieties of the nanocrystals to form a wide range of derivatives. Similarly,
it is possible to decorate the periphery of the nanocrystals with positively charged ions,
polymers, or surfactants using noncovalent surface modifications, which rely on the elec-
trostatic interactions with the negatively charged carboxylate groups. These modifications
broaden the scope of applications of these nanomaterials by altering the surface properties
and improving their dispersibility in non-aqueous media since unmodified cCNCs have
limited dispersion in a non-aqueous environment, leading to flocculation.

3.1. Amidation

The most commonly used covalent reaction that cCNCs undergoes is the amidation
reaction, which relies on the strong reactivity of the carboxyl and amino groups to produce
the stable amide bond (Scheme 8). Amidation allows the incorporation of important func-
tional moieties on the surface of the nanocrystals via the amide linkage that can be exploited
for various applications. The most common conditions involve the method of Bulpitt and
Aeschlimann [68], with the use of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hy-
drochloride (EDC) and N-hydroxysuccimide (NHS), whereby EDC activates the carboxylic
acid to form an O-acylisourea or carboxylic ester. Since the O-acylisourea is prone to hy-
drolysis, the addition of NHS creates a more stable NHS-ester that is resistant to hydrolysis.
As the amine is added, the amidation reaction proceeds with less undesired products since
NHS is a better-leaving group [69].

Scheme 8. General amidation reaction of cCNCs.

Table 2 shows examples of amidation reactions performed on cCNCs, with TEMPO
oxidation being the most common way to generate carboxyl groups on the surface of the
nanocrystals. An amidation reaction was performed on TEMPO-oxidized cCNCs from
cotton linters and sugar beet pulp cellulose using 4-amino TEMPO in the presence of EDC
and NHS at neutral pH [69]. The nitroxide moiety on the product was instrumental in
characterizing the product through various spectroscopic techniques. It was found that
about 30% of the carboxylic groups engaged in the newly formed amide bonds, with
a slightly better coupling (31% compared to 26%) for the cotton linter due to a larger
crystal size. The 4-amino-TEMPO-modified cCNCs formed stable dispersions in organic
solvents such as chloroform, toluene, and dimethylformamide. Amidation at the reactive
carboxyl acid sites was explored to generate precursors for click chemistry [70]. TEMPO-
oxidized cCNCs were first modified with 11-azido-3,6,9-trioxaundecan-1-amine through
a carbodiimide-mediated reaction to produce terminal azide functionalized CNCs. In
a separate reaction, the amino-functional group on propargylamine was coupled with
the cCNCs to yield CNCs with a terminal alkyne functionality. The resulting terminal
azide and alkyne CNCs derivatives were then coupled via a Cu(I)-catalyzed Huisgen 1,3-
dipolar cycloaddition to produce nanoplatelet gels, which were characterized by various
spectroscopy and microscopy techniques. Using a similar strategy, the authors designed
photoresponsive CNCs for the click reactions by simply using azido-bearing coumarin
and anthracene as their azide precursors [71] to couple the propargylamine-CNC adduct
formed [70]. Hemraz et al. reported a mild two-step protecting group-free protocol for the
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synthesis of aminated CNCs starting from sCNCs [72]. The latter was first oxidized using
TEMPO oxidation, after which the TEMPO-oxidized cCNCs were reacted with aliphatic
diamines under aqueous conditions to produce CNCs functionalized with terminal amino
groups. This approach of functionalizing with bifunctional amines of small alkyl length can
serve as a handle for bioconjugation and has been recently used for polymer attachment [73].
The cCNCs have also been coupled to aromatic amines [74], resulting in aromatic amides.
Due to the hydrophobic nature of these derivatives, these nanomaterials can be dispersed
in organic solvents. Amidation reactions have also been performed on cCNCs generated
using the APS process to functionalize the nanocrystals with decylamine, dioctylamine,
2-aminoanthracene, and avidin [20].

Table 2. Amidation reactions on cCNCs for the design of functionalized CNCs in various applications.

Reaction Conditions Dispersion DO of Ccnc a Application Reference

EDC, NHS, pH 7.5–8
24 h, 50 ◦C CHCl3, THF, toluene 0.21 Nanocomposites [69]

EDC, NHS, MES
pH 4, 24 h, RT Ionic liquid 0.2–0.28 Click chemistry

Nanoplatelet gels [70]

EDC, NHS, MES
pH 4, 24 h, RT Ionic liquid 0.2–0.28 Click chemistry

Nanoplatelet gels [70,71]

EDC, NHS, MES
pH 5, 24 h, RT Aqueous 0.25 Conjugation [72]

EDC, NHS, pH 8–8.5
72 h, RT

Acetone
CH2Cl2

0.22 Nanocomposites [74]

EDC, NHS, pH 7.5–8
24 h, RT DMF/aqueous 0.2 Thermo-responsive

materials [75]

EDC, NHS, pH 7.5–8
48 h, RT Aqueous 0.25 Thermo-responsive

materials [76]

EDC, NHS, pH 7.2, PBS,
DMF16 h, RT DMF/aqueous 1.52 b Nanosensors [77]

Quantum Dots-NH2
EDC, NHS, pH 5,

overnight, RT Aqueous 0.24 Bioimaging [78]

Amino-functionalized sugars
EDC, NHS, MES

pH 7.5–8.5
16 h, RT

Aqueous 1.56 b Biorecognition [79]

Fluorescent quinoline dye
EDC, NHS, MES

pH 7.5–8.5
16 h, RT

Aqueous 1.56 b Bioimaging [79]

Aminoethyl rhodamine dye CDI, DMF, 20 h,
60 ◦C DMF/aqueous 1.102 b Molecular switching,

imaging [80]

Lysozyme-NH2
EDC, NHS, MES
pH 5.7, 3 h, RT Aqueous - Antibacterial [81]

Lysozyme-NH2 DMTMM, 1 h, 37 ◦C Aqueous 0.7–0.9 b Emulsifier [66]

a The values displayed for the DO or carboxyl content of cCNC correspond to values prior to the amidation reactions; b Carboxyl content
(mmol/g); EDC: N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; NHS: N-hydroxysuccimide; MES: 2-(N-morpholino)-
ethanesulfonic acid buffer; DMTMM: 4-(4,6-dimethoxy-1,3,5-tr,azin-2-yl)-4-methylmorpholinium chloride; CDI: 1,1′-carbonyldiimidazole.
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3.2. Esterification

Esterification is a common reaction performed on CNCs due to the abundance of
primary alcohols on the surface, resulting in the reaction of hydroxyl groups from CNCs
with carboxyl acids [10]. The presence of the carboxylic acid group on the surface of cCNCs
still allows the scope for esterification via coupling with alcohols. This approach was used
to design smart biobased materials for food packaging using cyclodextrins [82]. cCNCs
were first prepared through a TEMPO-mediated oxidation reaction. The resulting product
was then cast into a sheet and esterified with betacyclodextrin (β-CD) and hydroxypropyl-
beta-cyclodextrin (HP β-CD) at 70 ◦C (Scheme 9). The formation of the ester bonds was
confirmed by FT-IR, which showed adsorption bands at around 1730 cm−1 and the CD
content was determined by phenolphthalein colorimetry. The small molecules, carvacrol
and curcumin, were then entrapped by the β-CD and HP β-CD modified cCNCs and their
release from the complexes was investigated. It was found that the loading amount of
carvacrol and curcumin was significantly increased by the presence of CDs when compared
to the complexation of the small molecules with the cCNCs. A prolonged release of
carvacrol and curcumin was also observed. In addition, the carvacrol-loaded HP β-CD
modified cCNCs displayed excellent antibacterial activities and could have applications as
antibacterial products in packaging.

Scheme 9. Esterification reaction between cyclodextrins and TEMPO-oxidized cCNCs [82].

4. Applications of cCNCs

The number of applications utilizing cCNCs as an alternative material over the pre-
dominant sCNCs has increased in the past decade as the methods for cCNCs’ production
mature (Section 2), and researchers have begun to take advantage of both the inherent
physicochemical properties and the potential to further tailor the material by surface modi-
fication at the carboxyl group (Section 3). Some of these applications will be discussed in
detail. Naturally, as a reinforcing material, cCNCs have been used in polymer composites.
However, with the biocompatibility of CNC, some of these applications have been directed
towards the food and medical sector. The rich surface chemistry and nanoscale structure
also enable cCNC to be a structural support for the fabrication of novel chemical and
biocatalysts and materials for environmental remediation.

4.1. Nanocomposites

CNCs have been used to form nanocomposites due to numerous properties, namely,
nanometer dimensions, low toxicity, biocompatibility, biodegradability, high aspect ratio,
high Young’s modulus, high strength, renewability, and abundance. Ever since the use
of CNCs in polymer matrices was reported in 1995, there have been numerous reports
of CNCs in nanocomposites [6,83]. This has also led to the application of cCNCs as
components for nanocomposites, specifically utilizing the carboxyl group of the cCNCs
to add functional groups that impart specific properties to the whole composite. For
example, cCNCs have been used to create organic-inorganic nanomaterials through the
carbodiimide-assisted coupling of the polyhedral oligomeric silsesquioxane (POSS) onto
the carboxylic acid functional groups. POSS was found to be evenly distributed on the
TEMPO-oxidized cCNCs, consistent with covalent bonding along the oxidized surface of
C6 groups. However, for sodium periodate-oxidized cCNCs, POSS was found aggregated
at different sites of the cellulose chain at either the more crystalline, central regions of
the cellulose (where the carboxylic acid groups are located on the C2 and C3) or the
oxidized amorphous end chains. Not surprisingly, the thermal stability of all the organic–

19



Nanomaterials 2021, 11, 1641

inorganic nanomaterials increased compared to the starting cCNCs as POSS can impart
flame-retardant properties to composites [84].

Thermo-responsive polymers such as Jeffamines [75] and PNIPAM [76] have been
grafted onto the surface of CNCs. These polymers can either be hydrophilic below the
LCST or hydrophobic above the LCST just by changing conformation of the polymer chains
from coil to globule state. Jeffamines are commercial polymers formed from the statistical
copolymerization of ethylene oxide and propylene oxide that possess thermosensitive
properties. Grafting of thermosensitive amine-terminated Jeffamine polymer chains on the
surface of TEMPO-oxidized cCNCs was achieved using a “grafting-onto” strategy, and the
resulting materials were characterized by various spectroscopy and microscopy techniques.
The loss in electrostatic stability was reflected by the zeta potential measurements. In water,
the zeta potential of the TEMPO-oxidized cCNCs was −23.5 mV, and upon grafting, as
expected, the potential values decreased in magnitude in the range of −8 to −5 mV. Yet,
despite losing on electrostatic stability, the samples did not flocculate, as they gained steric
stability from the polymer chains. Through DLS experiments, which showed an increase
in hydrodynamic diameter as the temperature was increased, the UV-vis spectra showed
a surge in optical density above the LCST. This change in turbidity was reversible with a
4 ◦C hysteresis effect [75]. While in the case of sCNCs, surface modification was conducted
via different polymerization approaches through the primary hydroxyl sites, attachment
of PNIPAM chains in this work occurred through the covalent bonds formed between the
amino groups of PNIPAM and the carboxylic acid groups of the cCNCs [76]. The TEMPO-
oxidized cCNCs had a DO of 0.25, and the percentage of carboxylate groups that were
found to have been substituted by amino groups was 30%. The removal of the unreacted
polymer chains was ensured by quenching the reaction at a pH of 1–2 and subjecting
the resulting product to dialysis. It was found that the polymer chains in PNIPAM-CNC
bestowed steric stabilization in not only aqueous suspensions but also in suspensions of
high ionic strengths resulting from the addition of salt, thus preventing flocculation. DLS
experiments were used to demonstrate a thermo-reversible aggregation, whereby a low
hydrodynamic diameter was observed below the LCST. Above the LCST, aggregation
led to a five-fold increase in size. In addition to the thermo-sensitive behavior observed
by rheological measurements, an increase in viscosity was observed from 0.008 for the
TEMPO-oxidized cCNCs to 40 Pa·s for the grafted polymer. This change in viscosity was
significantly higher than what was observed for PNIPAM adsorbed on the surface of the
nanocrystals (0.3 Pa·s).

Risteen et al. designed a thermo-responsive poly(N-isopropylacrylamide) (PNIPAM)-
based CNC derivative with a thermally switchable liquid-crystalline (LC) phase [85].
PNIPAM has been explored for a wide range of applications, including applications in
the biomedical field, since it exhibits a lower critical solution temperature (LCST) at 32 ◦C.
Usually, CNCs with a non-selective attachment of PNIPAM grafts undergo phase sepa-
ration when heated above the LCST. In this work, the authors conducted a preferential
attachment of an atom transfer radical polymerization (ATRP) initiator to the ends of the
CNC rods, followed by a surface-initiated ATRP to produce a selectively grafted CNC
sample (Scheme 10). The authors used CNCs from USDA, which already contain some car-
boxyl groups on the surface (26 μmol COOH/g CNCs). The concentration of reducing end
groups in the unmodified CNCs was found to be 18.2 μmol CHO per gram of CNCs. The
aldehyde functional group at the reducing ends of the CNCs was oxidized using sodium
chlorite to produce the carboxylated material at a yield of 57%. The resulting carboxylic
acids were then reacted with ethylenediamine to express primary amino groups on the
surface of the CNCs. A ninhydrin assay was conducted to determine the concentration
of primary amine groups introduced, and it was found to be much higher than expected
(60.3 μmol NH2/g CNCs). The ethylenediamine molecules did not just covalently react to
the carboxylic acids on the surface and ends but also physically adsorbed on the nanocrys-
tals. The aminated CNCs were then subjected to polymerization to produce birefringent
materials. Unlike the “brush” PNIPAM-modified CNCs, which have densely packed poly-
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mer chains, these selectively grafted CNC have limited polymer chains on the surface,
allowing more translational and rotational freedom with minimal attractive interactions.
As a result, heating and cooling did not result in phase separation for the selectively grafted
CNCs. A similar approach was used to graft thermosensitive polyetheramines at the
reducing ends of CNCs [86]. Heating the polymer-functionalized CNC dispersions above
the LCST triggered a heat-induced aggregation, leading to the formation of star-shaped
assemblies. As the temperature was lowered below the LCST, the assemblies dissociated.
This temperature-dependent aggregation and dissociation was reversible and could be
monitored by DLS experiments through a change in hydrodynamic diameter. The authors
envisage the use of these thermal-responsive CNCs for sensor applications.

Scheme 10. PNIPAM functionalized cCNCs, with preferential attachment at reducing ends of
cCNCs [85].

Capron and co-workers investigated the modification of bacterial cellulose nanocrys-
tals (BCNs) for the formation of silver nanoparticles [87]. Silver nanoparticles are popular
amendments to CNCs as they can confer antimicrobial properties [88]. BCNs were ob-
tained from nata de coco, a jelly-like food produced from the fermentation of coconut
water in which Gluconacetobacter xylinu secretes microbial cellulose. BCNs exhibit primarily
hydroxyl groups, and the researchers modified these nanocrystals to be either cationic
(covalent bonding with cholaminchloride hydrochloride), anionic (by TEMPO oxidation),
or hydrophobic (EDC-NHS coupling of TEMPO-oxidized cCNCs to octylamine). Native
BCNs and the modified BCNs had lengths between 850 and 1750 nm and a width between
20 and 40 nm. The surface charge of native BCNs (−11.2 mV) decreased to −25.4 mV
upon TEMPO-oxidation, increased to +15.9 mV in cationic modification, and remained
similar in charge when hydrophobically modified (−9.3 mV). Contrary to the assumption
that increased negatively charged surfaces would preferentially favor the interaction of
Ag+ for nanoparticle formation over positively charged surfaces, the key finding was
that hydroxyl surface groups on cellulosic surfaces were the real nanoparticle nucleation
points for well-defined Ag nanoparticles in all cases. Additional negative surface charges
merely improved the dispersion state, thereby increasing the accessibility to the nucleation
sites. The ability to form well-dispersed Ag nanoparticles on even hydrophobic BCNs
demonstrates the potential to form bifunctional nanocomposite materials in non-aqueous
solvents.

The use of self-healing conductive composites with metallic conductivity has been
proposed for flexible electronics for enhanced durability and operational lifetime, as these
materials are able to restore their structure and functionality from damage [89]. As a
biocompatible and hydrophilic polymer, polyvinylalcohol (PVA) composites have been
used for electronic skin sensors but suffer from poor mechanical properties, which limits
the stretchability of the material [90]. Chen et al. turned to cCNC as a nanofiller to enhance
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the mechanical properties of flexible films for personal electronics [91]. cCNCs obtained
from the hydrolysis of MCC with citric acid were initially coated with polypyrrole (PPy)
to form a cCNC-Ppy conductive nano-network, followed by further polymerization with
methyl methacrylate (MMA) onto the functionalized CNCs. Ppy is a commonly used,
low-cost, conductive polymer, promising conductive polymers with fast impulse discharge
performance and vitro/vivo cytocompatibility for personal electronics [92]. PVA was
incorporated at different concentrations (1–4%) to the cCNC-Ppy-PMMA composite to form
the final conductive, self-healing films characterized by a dynamic network crosslinked
by hydrogen bonding. As expected, the addition of cCNCs increased the mechanical
strength of the films. However, variations in the concentration of PVA (and their effect
on the overall hydrogen-bonding network) also influenced the tensile strength, fracture
stress, and fracture strain of the films. As the films were stretched, bent, or deformed,
an electric resistance response was obtained, which correlated to the distance of the PPy
chains. The self-healing properties of these films were demonstrated by cutting the film
and then reheating the cut ends together at 60 ◦C for 20 min to show that a continuous
circuit could be completed to light an LED bulb.

Food packaging has an integral role in the preservation of perishable foods and allows
for the optimal use of space during food transport and storage. Most food packaging
materials are synthetic polymers that are cheap to produce and offer the required durability
and waterproofness required for food preservation. Unfortunately, these polymers are ex-
tremely resistant to natural degradation, which leads to significant environmental pollution.
There has been an interest identifying biopolymers that can offer similar physicochemical
properties to plastics yet are biodegradable and safe for food use. Cao et al. initially devel-
oped cassia gum films for edible packaging films assisted by the use of glycerol and sorbitol
as plasticizing agents [93]. Cassia gum is a water-soluble polysaccharide extracted from
the seeds of the sicklepod consisting of 1,4-ß-D-mannopyranose units and 1,6-linked α-D-
galactopyranose units. In these films, they noted their poor mechanical, heat-sealability,
and barrier properties. Nanoscale materials have been extensively investigated as potential
filler materials in composites for strength reinforcement and impart functionalities, and
cCNCs (with dimensions of 100–500 nm in length and 3–10 nm in width) were used in
conjunction with glycerol to produce reinforced cassia gum films [94]. The interaction
between the cassia gum and cCNCs was based on hydrogen bonding, with no evidence of
covalent interactions between the two respective polysaccharides. The inclusion of up to
4% cCNCs to these films resulted in improving the oil permeability, mechanical properties,
and heat seal strength compared to the native cassia gum film. At 6% cCNC content,
aggregation of the cassia gum and cCNCs was observed.

4.2. Biomedical Applications

CNCs are promising materials for biomedical applications due to their hydrophilicity,
biocompatibility, their high specific surface area, high aspect ratio, and sharp angles. They
have been explored in drug delivery and tissue engineering applications as versatile
platforms for protein and enzyme immobilization and in combination with fluorescent
probes for bioimaging and biosensing [14]. A fluorescent CNC probe was designed as a
potential candidate for nanosensor applications using a 1,8-naphthalimide dye, covalently
attached to TEMPO-oxidized cCNCs via an EDC/NHS mediated coupling between the
carboxylic acid and amino groups [77]. The resulting reaction was confirmed by FT-IR,
UV-vis adsorption, and fluorescence spectra. In addition, no morphological or structural
change was observed with the surface-functionalized nanofibers. Since the fluorescence
quantum efficiency of dye depends on solvent polarity, the effect of solvent polarity and
ionic strength on fluorescent intensity was investigated. It was found that the stronger
fluorescence was observed under UV illumination for the dye-labeled CNCs compared
to the pure dye. In addition, the colour was enhanced at lower solvent permittivity and
higher ionic strength. This behaviour was attributed to aggregation-enhanced emission,
resulting from the compression of the electrostatic double layer of the nanocrystals.
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Chu et al. went a step further and developed fluorescent nanoprobes by conjugating
the amino groups of another 1,8-naphthalimide dye (NANI) and biocompatible poly
(ethylene glycol) (PEG) to cCNCs, obtained from the TEMPO/HCl hydrolysis of bleached
softwood pulp, through two-step successive grafting [95]. Notably, the addition of PEG
brushes on the cCNCs increased the hydrophilicity of the nanomaterial. The resulting
materials were investigated in the bioimaging of Hela cells in a physiological environment
at high salt concentration. The nanometer dimensions and the morphology were vital in
allowing the CNC derivatives to enter and disperse in the cells efficiently. As a result, strong
fluorescence emission was obtained in the bioimaging. Nanoprobes consisting of only
cCNCs and NANI were found to aggregate within the cell, leading to lower fluorescence
emission, but nanoprobes with cCNCs, NANI, and PEG were found to be better dispersed
within the cell, leading to greater fluorescence emission.

Rojas and co-workers coupled amino-functionalized carbon quantum dots (CQD)
with TEMPO-oxidized cCNCs to produce biocompatible and photoluminescent hybrid
material, which was used as a bioimaging probe to image HeLa and RAW 264.7 macrophage
cells [78]. The resulting material was characterized using X-ray photoelectron spectroscopy,
fluorescence spectroscopy, electron, and confocal microscopies. Unlike the cCNC, the
CQD-cCNC hybrid material displayed a green fluorescence upon excitation using UV
light (365 nm). It was found that the quantum dots improved the cytocompatibility and
internalization of the cCNCs in the cells.

A multifunctional CNC platform constituting carbohydrate and fluorophore com-
ponents was developed for lectin recognition and bacterial imaging [79]. The carboxylic
acid groups of the TEMPO-oxidized cCNCs were coupled with the amino groups on the
fluorescent dye 4-(2-aminoethylamino)-7H-benz[de]benzimidazo[2,1-a]isoquinoline-7-one
and the carbohydrate ligand 1-(2-(2-(2-aminoethoxy)ethoxy)ethoxy-D-mannopyranoside
via the amide linkage, in the presence of EDC and NHS (Scheme 11). As evidenced by
scanning transmission electron microscopy (STEM) images, these dual-functionalized
CNCs maintained a rod-like morphology, with an average length of 265 ± 80 nm and
width of 5.2 ± 0.3 nm. They also displayed a CrI of 65% and a yellow-green fluorescence
upon excitation at 450 nm. DLS was used to investigate the change in the apparent size
due to aggregation from lectin binding. A significant increase in hydrodynamic diameter
was observed from about 200 nm for the cCNCs to around 400–600 nm, which could be
attributed to cross-linking between the lectins and the carbohydrate-functionalized CNCs.
These results were supported by transmission electron microscopy (TEM) measurements,
which showed agglomeration of the modified CNCs and the protein concanavalin A. Con-
focal fluorescence microscopy was used to evaluate the biorecognition and binding of
the dual-functionalized CNCs to concanavalin A through interactions with the mannose
moiety and it was found that mannosylated nanocrystals underwent selective interactions
with FimH-presenting E. coli.

Scheme 11. Synthesis of carbohydrate-functionalized and fluorescent cCNCs (Reproduced with
permission from [79], Copyright: American Chemical Society 2015).
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Zhao et al. immobilized rhodamine spiroamide groups on the surface of CNCs in
an attempt to design smart materials [80]. The rhodamine B dye was first coupled with
ethylenediamine to introduce amino groups to the dye. The resulting aminoethyl rho-
damine was then reacted with TEMPO-oxidized cCNCs by coupling the carboxylate groups
of the nanoparticles to the primary amino groups on the dye. Elemental analysis was used
to determine the amount of aminoethyl rhodamine immobilized on the surface of the
nanocrystals, and it was estimated to be about 0.2 mmol/g. These functionalized materials
(CNC-RhB) were responsive towards multiple stimuli and underwent a color-switching
process as a result of a ring-opening and -closing process initiated by the various triggers
applied. As seen in Scheme 12, CNC-RhB displayed a beige color in DMF at neutral pH
and room temperature, and subsequent heat treatment at 130 ◦C led to a ring-opening
reaction upon which the color transitioned to yellow. The ring-opening mechanism of
the rhodamine B is reversible with the addition of NaOH, which restores the temporary
binding between carboxyl groups and rhodamine. Similarly, UV-illumination under acidic
conditions produced a magenta-colored solution. These materials have potential appli-
cations as smart switchable devices due to their excellent switching performance and
reversibility under multiple stimuli. It was also possible to study the structural changes by
nuclear magnetic resonance through dynamic nuclear polarization.

Scheme 12. Synthesis of rhodamine-functionalized fluorescent cCNCs (Reproduced with permission from [80], Copyright:
Royal Society of Chemistry 2014).

Biomaterials have attracted considerable interest in tissue-engineering applications
due to their hydrophilic properties and biocompatibility to mimic components of the
extracellular matrix. Challenges in the development of artificial extracellular matrix ma-
terials include adequate engagement of cell attachment, proliferation, migration, and
differentiation, and their ability to transport biomolecules and waste metabolites from
native tissue. Recently, extrusion 3D printing of cell-free or cell-loaded hydrogel ink has
led to the production of desired compositions and architectures for tissue-engineering
applications [96]. However, most biomaterials on their own lack the inherent mechanical
properties required to maintain their structural integrity and support stress factors in an
in vivo 3D environment [97]. Kumar et al. developed stable cell-free and cell-loaded hydro-
gel inks for direct-write extrusion-based 3D printing using cCNCs and xanthan gum within
a sodium alginate hydrogel matrix [98]. On their own, each biopolymer component lacks
the necessary physicochemical properties to produce sufficient bioinks for 3D printing.
Sodium alginate has fast gelling properties but inadequate mechanical properties and
biocompatibility to interact with the extracellular matrix. Xanthan gum features highly
pseudoplastic behavior, good thermal properties, and variable viscosity influenced by shear
rate, but poor mechanical properties. The cCNCs (prepared from MCC using APS) were
selected specifically for both their reinforcement properties as a nanofiller, and to access
their carboxylic acid functional groups for extra crosslinking to the hydrogel network for
improving the mechanical properties and shear-thinning behavior during extrusion. Utiliz-
ing all three biopolymers, the bioink featured good rheological properties, post-printing
fidelity, and dynamic mechanical properties of the gel with viability towards human skin
fibroblast (CCD-986Sk) cells.
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Lastly, CNCs have been applied towards the formation of Pickering emulsions [99], as
they can self-assemble at the oil-water interface due to negative surface charges, wettability,
crystalline structure, and morphology. Pickering emulsions can be utilized in a number
of biomedical applications, including drug delivery and scaffolding material [100]. Their
properties have been Capron and co-workers investigated the ability of sCNCs to form
Pickering emulsions and found that samples with the higher negative surface charges
produced more stable emulsions [101]. Unlike the fairly labile sulfate half-esters produced
during the hydrolysis process, the presence of carboxylate groups from oxidation of the
CNCs increased the magnitude and stability of surface charges on the crystals. Surface
modification of the oxidized nanocrystals through the ionic exchange of the sodium ions
with stearyltrimethylammonium chloride produced CNCs decorated with quaternary
ammonium salts, which could form more stable emulsions and larger droplets. Mikulcová
et al. investigated APS-oxidized CNCs in the formation of Pickering emulsions from
acidic to neutral pH with a triglyceride oil (e.g., tricaprine or tricapryline) [102]. The
size of emulsion droplets was dependent on oil and cCNC loading. The authors noted
that lowering the pH did not trigger the release of oil from the micron-sized Pickering
emulsions, which they attributed to the strong absorption of cCNCs towards the polar
triglyceride oil used.

4.3. Biocatalysis

In biocatalysis, enzymes are often immobilized on scaffold materials to improve their
stability and increase their activity over a free and unsupported enzyme. Nanoscale carriers
are favored because of their high surface area, which can increase enzyme loading and
reduce diffusion restrictions, leading to enhanced enzyme activity while promoting greater
stability over a free enzyme.

Abouhmad et al. investigated the immobilization of lysozymes on the surface of
CNCs and its subsequent impact on antibacterial activity [81]. Lysozyme is an antibacterial
enzyme that is effective against Gram positive bacteria, while T4 bacteriophage shows
activity against both Gram positive and Gram negative bacteria. Lysozyme, from hen egg
white and T4 bacteriophage, were covalently linked to cCNCs and glutaraldehyde-activated
aminated CNCs. The latter was prepared by first forming the ammonium salt of cCNCs
through neutralization of cCNCs with ammonium hydroxide to improve dispersibility.
The neutralized cCNCs were then oxidized to their dialdehyde derivative with sodium
metaperiodate, followed by reaction with ethylenediamine and subsequent activation by
glutaraldehyde. Incubation of lysozymes with the glutaraldehyde-activated aminated
CNCs led to conjugates showed increased antibacterial activity and exhibited enhanced
storage stability. The effect of immobilization on antibacterial activity and enzymatic
activity was also investigated, and it was found that lysozymes adsorbed on CNCs showed
weak activities compared to the lysozyme-CNC bioconjugates formed through covalent
immobilization. The activities exhibited by the materials are likely related to their surface
properties, as evidenced by the zeta potential measurements. The cCNCs, ammonium salt
of cCNCs, and glutaraldehyde-activated aminated CNCs showed zeta potential values
of about −54 mV, −42 mV, and +31 mV, respectively, while the zeta potentials of the
lysozymes were mildly positive (about +7 to +10 mV). Noncovalent adsorption of the
lysozymes onto the CNC surface resulted in negatively charged bioconjugates (about −30
mV), while the covalently bound glutaraldehyde-CNC-lysozyme conjugates formed stable
and positively charged colloidal suspensions, with zeta potential values ranging between
+37 mV and +43 mV.

Koshani and van den Ven also developed a nanocarrier system using cCNCs for the
immobilization of lysozymes [66]. cCNCs were targeted as a potential nanocarrier for
enzymes due to their non-toxicity, ease of fabrication and modification, biodegradability,
and biocompatibility. The nanomaterials were produced from softwood pulp under two
methods: TEMPO-oxidation and Cu-catalyzed H2O2 oxidation [103]. The carboxyl con-
tent of H2O2-oxidized cCNCs (0.9 mmol/g) was higher than TEMPO-oxidized cCNCs
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(0.7 mmol/g). The carboxyl groups of H2O2-oxidized cCNCs enabled the immobilization
of the lysozymes by adsorption to achieve an enzyme loading of 240 mg/g by adsorp-
tion for an immobilization yield of 73% and an enzyme activity of 62%. In comparison,
TEMPO-oxidized cCNCs exhibited an enzyme loading of 550 mg/g by adsorption for
an immobilization yield of 98% and an enzyme activity of 73%. When a bioconjugation
method employing DMTMM was used to immobilize the lysozyme, an inverse relation
was obtained in which the H2O2-oxidized cCNCs obtained an immobilization yield of
65% and an enzyme activity of 60%, compared to an immobilization yield of 54% and
an enzyme activity of 52%. As expected, the lower carboxyl content of TEMPO-oxidized
CNCs should result in lower enzyme immobilization due to the necessity for carboxylic
groups for bio-conjugation. On the other hand, for adsorption, the authors attribute the dif-
ferences in enzyme immobilization and activity to changes in the structural conformation
of lysozymes, influenced by the varying surface roughness and curvature of the different
cCNCs.

4.4. Catalysis

The high surface area and available surface functional groups have made CNCs
an ideal support material for recyclable catalysts. The most developed approaches for
CNC-catalysts are as support materials for metal nanoparticles as they can promote the
reduction of metals, but other possibilities include the grafting of organometallic species or
surface functionalization to create organocatalysts [104]. The surface chemistry of CNCs
can promote greater interaction of substrates with the supported catalytic site for reactions
to occur more favorably. The majority of catalyst examples utilize sCNCs; however, a
few examples for cCNCs have been reported in the literature. An early example of using
APS-oxidized cCNCs in a catalyst application was reported by Luong and co-workers for
the reduction of 4-nitrophenol to 4-aminophenol [105]. Gold nanoparticles are often used
as catalysts for organic transformation reactions, but an agglomeration of these catalysts in
a solution can significantly reduce their catalytic activity. Although gold nanoparticles can
be stabilized by immobilization on other support materials, these immobilized catalyses
often exhibit weaker catalytic activity compared to the free metal catalyst due to lower
accessibility of substrates towards immobilized gold nanoparticles. A nanocomposite was
prepared by deposition of pre-formed negatively charged gold nanoparticles (AuNP) onto
the surface of a positively charged PDDA-coated cCNCs in which its catalytic activity of
AuNP/PDDA/cCNCs was demonstrated in the reduction 4-nitrophenol to 4-aminophenol.
Tam and co-workers developed a polyamidoamine (PAMAM) dendrimer-grafted cCNCs
(G6 PAMAM) as a support material for gold nanoparticles [106]. PAMAM dendrimers
were grafted onto TEMPO-oxidized cCNCs followed by in situ reductions of HAuCl4 to
form gold nanoparticles with diameters of <20 nm without the need for further addition of
a reducing agent. Gold nanoparticle formation was influenced by pH and the concentration
of the PAMAM-grafted cCNCs: larger nanoparticles tend to form at pH > 3.3 and at higher
concentrations of the functionalized cCNCs. The developed catalyst materials were applied
towards the reduction of 4-nitrophenol to 4-aminophenol in which its enhanced catalytic
behavior was attributed to smaller gold nanoparticles, and the improved dispersity and
accessibility of gold nanoparticles within the PAMAM dendrimer domain. Other reports
of nanocomposites made of PANAM dendrimers grafted onto TEMPO-oxidized cCNCs
have been applied for the removal of Cu (II) from water solutions with the highest Cu
(II) adsorption capacity of 92.07 mg/g at 25 ◦C [73], and for CO2 capture at capacities of
13.31 ± 0.38 mg/g at 25 ◦C, 9.64 ± 0.60 mg/g at 35 ◦C, and 9.18 ± 1.27 mg/g at 45 ◦C,
respectively [107].

The carboxyl groups of cCNCs offer sites of reactivity for the covalent immobilization
of catalytic transition metal complexes that would normally be soluble and difficult to
recover in the reaction media. Heterogeneous dirhodium (II) catalysts based on cCNCs were
produced for cycloproponation reactions [108]. Ligand exchange between Rh2(OOCCF3)4
and the carboxyl groups was conducted to incorporate the dirhodium (II) catalyst to the
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surface of the TEMPO-oxidized cCNCs. Using thermogravimetric analysis, the dirhodium
(II) content on the cCNC surface was found to be 0.23 mmol/g of cCNCs. The catalytic
performance of Rh grafted-cCNC catalyst was investigated in the cyclopropanation of
styrene with ethyl diazoacetate, achieving a yield of 80% in 180 min at room temperature
compared to the homogeneous catalyst (Rh2(OOCCF3)4) of 84% in 1 min. Not surprisingly,
the authors believe the activity of heterogeneous catalysts was limited by mass transfer
and loss of mobility as the Rh catalytic centers are confined on the surface of the cCNC
support. However, the benefits of the heterogeneous catalyst reside in its stability against
leaching and its reusability associated with the covalent bonding of the Rh to the cCNC
and catalyst accessibility from separate binding sites on the surface of the nanocrystal.

Hu et al. immobilized reactive Co (III) salen species onto sCNCs to produce heteroge-
neous catalysts for the synthesis of cyclic carbonates from propylene oxide and CO2 [109].
These catalysts achieved a near quantitative yield in 24 h at low CO2 pressure of 0.1 MPa
with demonstrated reusability in four reaction cycles. Control experiments showed a 22%
yield in the absence of any catalyst, but when sCNCs and TEMPO-oxidized cCNCs were
used (without the presence of Co (III) in both cases), the yields increased to 35% and 55%,
respectively. The authors believe that the surface-functional groups (sulfate or carboxylic
groups) could promote catalytic activity to the system through hydrogen bonding between
the epoxide starting material and the CNC.

Ellebrecht and Jones investigated the use of cCNC as a support material for bifunc-
tional heterogeneous organocatalysts [110]. Alkyl diamines were conjugated onto TEMPO-
oxidized cCNCs (derived initially from sCNCs) by EDC amide coupling to impart both acid
and base characteristics to cCNC surfaces. The catalyst materials were used as acid–base
catalysts for the aldol condensation reaction of 4-nitrobenzaldehyde with acetone, with
comparable activity to aminosilica organocatalysts. Greater rates of reactions were achieved
when the solvent system was switched from a water–acetone mixture to an all-organic
system (acetonitrile–acetone) system. The authors also noted that the length of diamines
used was influential in decreasing catalytic activity: longer diamines promoted crosslinking
between the cCNCs while shorter diamines reduced acid–base cooperativity in the overall
organocatalyst system. The authors optimized their work on these acid−base heteroge-
neous catalysts by specifically tailoring surface species on the cCNCs [111]. The sulfate
half-ester content was found to not affect catalysis but was essential to organocatalyst func-
tionalization and dispersion. Crosslinking reduces catalyst activity, and diaminopropane
was found to be the most optimal diamine base as this chain length led to the least num-
ber of crosslinking events between functionalized cCNCs. By controlling the carboxylic
acid to amine ratio, the authors were also able to prepare cCNC catalysts effective for the
upgrading of furfural (a key specialty chemical derived from biomass resources) by aldol
condensation with acetone with high selectivity towards the furfuryl acetone, outperform-
ing mesoporous silica SBA-15-supported catalysts in both activity and selectivity.

4.5. Environmental Remediation

The release of harmful organic pollutants in waste streams poses a major environ-
mental and human health concern. Amongst various pollutants, organic dyes are very
worrisome due to their complex aromatic structures, which make them chemically stable
and resistant to degradation by heat, light, and oxidants in nature. One of the most cost-
effective methods for dye remediation is adsorption. Pinto et al. examined the potential of
two positively charged CNCs, namely sCNCs and cCNCs, for the removal of the organic
cationic dye, Auramine O (AO) [112]. In head-to-head batch adsorption experiments, the
highest removal percentage (82%) and adsorption capacity (20 mg/g) were obtained for
the sCNCs for an equilibrium contact time of 30 min. Adsorption behavior of AO on both
CNCs was well-described by Freundlich isotherm. The calculated thermodynamics param-
eters indicated that AO adsorption on both CNC samples was a spontaneous exothermic
process. In contrast, while entropy decreased for the sCNCs, an increase in entropy was
reported for cCNCs. Overall, the adsorption process of AO dye on the CNC was thought
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to be driven by two mechanisms: electrostatic interactions between the positively charged
nitrogen of AO with anionic sulfate or carboxylate groups of the respective CNC, and
hydrogen bonding between the AO tertiary nitrogen atoms with the CNC hydroxyl groups.

Samadder et al. developed magnetic composites based on polyacrylic acid (PAA)
crosslinked with acrylic-functionalized Fe3O4 nanoparticles (M3D) and cCNCs for the
removal of the widely used and toxic cationic dye, methylene blue, from aqueous solu-
tions [113]. The cCNCs were extracted from sawdust waste. The latter first underwent
stepwise treatments to remove lignin, pectin, and hemicellulose, and the resulting purified
cellulose was subjected to sulfuric acid hydrolysis, followed by TEMPO oxidation. The
nanopolysaccharide reduced the gel-like properties of the whole nanocomposite particles
(60–90 nm in size), which was found to be advantageous for use as an adsorbent. The maxi-
mum adsorption capacity increased from 114 mg/g for the M3D–PAA nanocomposite to
332 mg/g for the M3D-PAA-cCNC nanoparticles for methylene blue. These nanoparticles
displayed better performance in alkaline conditions as the surface charge of the particles
became increasingly negative.

In another remediation report involving methylene blue, Luong and co-workers
utilized the high aspect ratio of cCNCs, and the negative surface charges resulting from the
carboxylate groups generated via the APS process, to adsorb the toxic cationic dye [114]. It
was found that cCNC has a homogeneous surface and a maximum adsorption capacity of
101 mg per gram of nanomaterial, only moderately lower than the maximum adsorption
capacity of 127 mg/g for a carbon monolith. Ethanol was 90% effective in desorbing
methylene blue from cCNCs using centrifugation. Adsorption and remediation of the dye
using cCNCs and ethanol could be a potential method for the removal of organic pollutants.
It should be noted that sCNCs from cellulose fibers, as well as its carboxylated derivative
obtained from subsequent TEMPO oxidation, also demonstrate adsorption abilities. While
the TEMPO oxidation certainly adds an extra step towards the formation of the cCNCs,
the adsorption capacity improved from 118 mg to 769 mg of methylene blue per gram for
cCNCs [115].

Most of the studies conducted on the adsorption capacity of cCNCs relied on the high
aspect ratio of the rod-like nanoparticles. A recent study provided new insights into the
ability of cellulose microbeads, made from cCNCs by a hydrogen peroxide method, to
adsorb methylene blue [65]. The dye was spray-dried onto the cCNC microbeads, and the
adsorption was quantified using a film-pore diffusion model. This work highlights the
transport properties of the microbeads and shows how nanoparticles can be rescaled into
functional microscale objects for water purification and applications requiring controlled
uptake and release.

The removal of salts such as NaCl, Na2SO4, and MgSO4 is an important task with
respect to water remediation, particularly for the treatment of brackish water desalination.
Salt-rejecting membranes generally require high permeate flux and selectivity, as well
as good mechanical properties to purify drinking water [116]. Nanomaterials have been
used as additives in membranes to increase their performance and reduce environmental
impact. The use of sCNCs as a beneficial addition to polyamide (PA)-polyethersulfone
(PES) membranes for enhancing nanofiltration of Na2SO4 and NaCl aqueous solutions
was investigated [117]. The sCNC layer was found to not only control the degree of cross-
linking of the formed PA layer but also increased the hydrophilicity of the membranes,
allowing for greater water permeation through CNC-containing membranes compared to
PES and PA-PES membranes alone. The effects of where the TEMPO-oxidized cCNCs were
incorporated in the production of thin-film membranes also consisting of PA and PES for
water desalination of Na2SO4, MgSO4, and NaCl was studied [118]. A higher permeate
flux was reported when the cCNC was incorporated into the active layer of the membrane.
However, when the cCNC was added to the support layer of the membrane, increased salt
rejection and mechanical performance were achieved for the thin-film membranes.

Nanoabsorbents formed from the functionalization of sCNCs with succinic anhydride
were prepared for the removal of heavy metal ions (Scheme 13) [119]. The resulting succinic
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carboxylated CNC (SCNC) was then converted into the sodium form by treatment with a
saturated sodium bicarbonate solution and freeze-dried to yield the sodium nanoabsorbent
(NaSCNC). Adsorption experiments conducted on SCNC and NaSCNC demonstrated
that the nanomaterials were able to adsorb the heavy metal ions Cd2+ and Pb2+. A higher
adsorption capacity was exhibited by NaSCNC due to the ability of the carboxylate to bind
more strongly to the nanomaterial than in the acid form. In addition, it was found that
adsorption was pH-dependent, with higher adsorption ability for the metal ions at higher
pH. The authors believe that at lower pH, more protons are competing with metal ions
for the active binding sites. At the same time, the adsorbent surface is positively charged,
which increases the difficulty for positively charged metal ions to approach the adsorbent
due to electrostatic repulsion. The maximum adsorption capacities of SCNC and NaSCNC
were found to be 259.7 mg/g and 344.8 mg/g for Cd2+, and 367.6 mg/g and 465.1 mg/g
for Pb2+, respectively. It was interesting to note that both SCNC and NaSCNC showed
high selectivity and binding for Pb2+, and adsorption was not affected by the presence
of coexisting ions. NaSCNC was also efficiently regenerated upon treatment with a mild
saturated NaCl solution, with no loss of adsorption capacity after two recycles.

Scheme 13. Reaction of sCNCs with succinic anhydride to produce another type of carboxylated
CNC [119].

Going a step further, Lu et al. designed a magnetic composite made of Fe3O4 nanopar-
ticles and cCNCs (Fe3O4-CNC) for adsorption of Pb2+, which did not require filtration or
centrifugation to recover the adsorbent [57]. The dicarboxylated CNCs were produced
using the oxidative hydrolysis of MCC by APS, followed by esterification with citric acid.
With two carboxylic acid moieties per AGU (Scheme 5), the resulting product was co-
precipitated with Fe3O4 nanoparticles to form a composite (Fe3O4-CNC) with enhanced
dispersibility. With the templating effect of the cCNC, the hydroxyl and carboxylic acid
groups on the cCNC surface hydrogen-bonded with the hydroxyl groups on the surface of
the Fe3O4 nanoparticles. The Fe3O4 succeeded in imparting a lower but sufficiently high
saturation magnetization for Fe3O4-CNC (34.13 versus 71.08 emu·g−1) to enable fast mag-
netic separation. Adsorption experiments conducted on Fe3O4-CNC showed a maximum
adsorption capacity of 63.78 mg/g for Pb2+ and easy separation from the aqueous solution
using magnetism. Dicarboxylated CNCs also improved coagulation and flocculation per-
formance for cationic dyes, kaolin suspension, and textile effluent [120]. The dicarboxylated
CNCs, with an approximate dimension of 200–250 nm in length, were generated from a
citric acid and HCl hydrolysis of MCC, with a reaction time of 2–6 h and yields of about 80–
90%. Compared to the TEMPO-oxidized cCNCs [115], these dicarboxylated CNCs showed
a higher adsorption capacity for methylene blue removal. In the presence of the coagulant
CaCl2, dicarboxylated CNCs displayed remarkable coagulation–flocculation potential by
showing a turbidity removal of 99.5% for kaolin suspension. Similarly, dicarboxylated
CNCs produced from hydrochloric acid and citric acid treatment of bamboo have also been
used as templates to produce zinc oxide-CNC hybrid materials to adsorb within 5 min
cationic dyes methylene blue and malachite green at about 91% and 98%, respectively [121].
In addition, the zinc oxide-CNC materials exhibited high antibacterial activities against E.
coli and S. aureus.
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4.6. Rheology Modifiers

Researchers have turned to cCNCs as novel ingredients for rheology modification
with enhanced lubricating and heat-transfer properties. In tribology, a common challenge is
to identify lubricants for moving systems that will work well over large temperature ranges
and have low-temperature fluidity at nominal viscosity. Nanomaterials such as metal
oxides and carbonaceous materials have attracted considerable attention as additives in
lubricants due to their inherent properties to decrease wear and friction in moving objects
caused by high pressures and temperatures [122]. These nanoparticles can interact better
than larger particles to form surface protective films, which contribute to the improvement
of anti-wear performances. However, metal oxides themselves are under scrutiny as they
can contribute to corrosion and introduce impurities that are considered toxic. Awang
et al. investigated cCNC as an additive for SAE40 engine oil and found that 0.1% cCNC
exhibited the lowest coefficient of friction (COF) and the strongest wear resistance under
all conditions in the piston skirt-liner tribometer test [122]. In the absence of cCNC, worn
surfaces showed large areas of metal exfoliation, metal burr, and wear debris. However,
with cCNCs in the engine oil, the cCNCs are able to chemically react with surfaces to form a
tribo-boundary film that deposits above the frictional surfaces and lower the COF, resulting
in minimal surface exfoliation.

The removal of heat is essential for maintaining the longevity of tools that would
otherwise wear out and fail due to excessive heat generation. As an alternative to metal
oxides, Samylingam et al. investigated the use of cCNC as a sustainable additive for coolant
fluid for machining [123]. These fluids consist of cCNCs (ranging in concentration from 0.1
to 1.5%), ethylene glycol, and water. As the concentration of cCNCs increased, the coolant
fluid exhibited greater thermal conductivity and viscosity. A coolant fluid of 0.5% cCNC
improved tool life through superior heat transfer fluid in comparison to the benchmark
metalworking fluid used for lathe machining operation.

Bentonite is an absorbent swelling clay consisting mostly of montmorillonite. It has
attracted interest as suspensions for water-based drilling fluids in oil well excavation
but suffers from poor rheology and filtration performance at low solid content. Li et al.
compared the use of cCNC and its cationically modified derivative (caCNC-reaction of
cCNC with 2,3-epoxypropyl)trimethylammonium chloride) as rheology and filtration
modifiers for bentonite suspensions. cCNC (at 0.5% concentration) were found to be better
rheological and filtration agents in water-based drilling fluids compared to caCNC [124].
This was directly attributed to how the bentonite suspensions dispersed when cCNCs
and cationic cCNCs were added. For native cCNCs, the bentonite platelets were bridged
together by the cCNCs in an “edge-to-edge” interaction (Scheme 14). Cationic cCNCs were
absorbed on the face surface of bentonite platelets leading to stack layers of platelets in
a “face-to-face” interaction. The authors believe the edge-to-edge interaction created by
the cCNC favors a more rigid network, thus inducing superior rheological performance
over caCNC. In the corresponding patent application, cCNCs were found to be superior to
non-carboxylated CNCs as they provide a more uniform dispersion state of the bentonite
platelets attributed to the interactions between the carboxyl groups on the nanocrystals
and the weakly positively charged edge surfaces of the bentonite platelet [125].

The same group later developed water-based drilling fluids with thermo-controllable
rheological properties in response to the need for stimuli-responsive drilling fluids that can
maintain rheology based on the ever-changing conditions (i.e., temperature, pH, pressure,
etc.) that oil reservoirs exist in. This was accomplished through cCNCs grafting with
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) and PNIPAM by APS free
radical polymerization [126]. PAMPS, with its amido functional groups and negatively
charged sulfonate groups, promoted the creation of well-dispersed bentonite clusters, while
PNIPAM enabled thermo-thickening rheological characteristics for the fluid at elevated
temperatures.
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Scheme 14. TEM micrographs and proposed surface interactions of water-based drilling fluids
formulated using cCNC and bentonite in an edge-to-edge interaction (a,c) and cationic CNC and
bentonite in a face-to-face interaction (b,d). (Reproduced with permission from [124]. Copyright:
American Chemical Society, 2018).

5. Conclusions and Future Outlook

In this review, we present the known production methods for generating cCNCs.
These range from (1) post-production modification of CNCs by TEMPO oxidation, (2) direct
conversion of biomass to cCNCs using oxidizers, (3) treatment of cellulosic sources with
organic acids, to (4) transformation of cellulose-rich substrates to cCNCs using a mixture of
oxidizers, organic acids, and mechanical processing. The presence of the carboxyl groups
on the surface of cCNCs provides unique opportunities for the carboxylated material to
supersede the predominant sCNCs. Indeed, compared to sCNCs, cCNCs can be easily
modified through various chemical transformations at the carboxyl group, while still
maintaining their dispersibility. Such surface modification is a gateway to incorporating
new functional properties for the design of composites, hydrogels, Pickering emulsions,
and films that can be applied to biomedical, agrochemical, and electronic domains. Other
less-explored opportunities reside in the use of cCNCs as scaffold materials for enzymes
and catalysis.

Large-scale utilization of sCNCs is only beginning to take place, which has necessitated
the need for ton-scale production of sCNCs. The current cCNCs production is only at a
pilot scale, and it is likely that cCNCs will face similar challenges in identifying anchor
applications to justify upscaling the production of the nanomaterial. Feedstock availability,
batch-to-batch consistency, and the reduction of water and chemical consumption are
critical barriers to the commercial production of cCNCs that need to be overcome. Most
current processes utilize an exorbitant amount of acids and oxidizers; therefore, efforts
should be focused on making cCNCs under milder and greener reaction conditions. This
could entail developing enzymes that could selectively attack the amorphous regions of
cellulose and transform the primary hydroxyl groups into carboxyl groups. Enabling the
recycling of reagents would also help in reducing the detrimental environmental impact of
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these oxidative processes. Finally, little is known on the environmental impact of CNCs
as there is no information available on the fate of these entities in the environment nor
on life-cycle analysis [127]. Efforts aiming at addressing these pertinent environmental
questions are necessary for all types of CNCs.
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Abstract: Nanomaterials obtained from sustainable and natural sources have seen tremendous
growth in recent times due to increasing interest in utilizing readily and widely available resources.
Nanocellulose materials extracted from renewable biomasses hold great promise for increasing
the sustainability of conventional materials in various applications owing to their biocompatibility,
mechanical properties, ease of functionalization, and high abundance. Nanocellulose can be used
to reinforce mechanical strength, impart antimicrobial activity, provide lighter, biodegradable, and
more robust materials for packaging, and produce photochromic and electrochromic devices. While
the fabrication and properties of nanocellulose are generally well established, their implementation
in novel products and applications requires surface modification, assembly, and manufacturability
to enable rapid tooling and scalable production. Additive manufacturing techniques such as 3D
printing can improve functionality and enhance the ability to customize products while reducing
fabrication time and wastage of materials. This review article provides an overview of nanocellulose
as a sustainable material, covering the different properties, preparation methods, printability and
strategies to functionalize nanocellulose into 3D-printed constructs. The applications of 3D-printed
nanocellulose composites in food, environmental, and energy devices are outlined, and an overview
of challenges and opportunities is provided.

Keywords: nanocellulose; 3D printing; composites; packaging; sustainable materials; additive manu-
facturing

1. Introduction

Nanocellulose, derived from cellulose in the form of cellulose nanocrystals, cellulose
nanofibers, or bacterial nanocellulose, has emerged as a robust, new, and versatile material
for energy, food, environmental, and biomedical applications [1,2]. Nanocellulose is pro-
duced from wood pulp by acid hydrolysis, and the resulting structures have dimensions
ranging between 5–100 nm or longer. Its unique properties include a high surface area, high
mechanical strength and barrier properties, good biocompatibility, biodegradability, and an-
timicrobial activity, making it a promising candidate for use in various applications. While
the properties of nanocellulose are only beginning to be explored, its promise to replace
traditional materials and enable the rapid manufacturing of novel products and applica-
tions is high [2]. For nanocellulose to reach its full potential as an alternative sustainable
solution to traditional materials, research is needed to develop methods that can convert
raw nanocellulose materials into functional constructs made of nanocellulose composites.
The latest developments in manufacturing techniques such as additive manufacturing and
3D printing represent a new wave of technology that can help new developments and
the realization of these composites and resulting products on an industrial scale. Figure 1
illustrates the transformation of nanocellulose from a raw material derived from plant cells
into 3D-printed constructs and the different stages of the transformation process.
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Figure 1. Schematic diagram of nanocellulose: source, processing, and 3D printability.

Cellulose, poly(1,4-D-glucose), is one of the most widespread natural renewable
resources on Earth and represents a potential source of high-value products. Cellulose
is abundant, can be produced inexpensively on a large scale from sustainable sources, is
biocompatible and biodegradable, and can be modified for a variety of applications [3].
Nanocellulose is produced from cellulose by varying chemical and biological processes.
Its physical properties, chemical functionality, large surface area, biocompatibility, and
biodegradability make nanocellulose a promising material for a broad range of applications.
Due to its versatility, nanocellulose can be used as an unlimited source for advanced
functional materials, but in order to fully exploit its potential, it is critical to develop
strategies to produce derivatives with improved properties in order to expand the range of
potential applications. However, nanocellulosic materials do not have sufficient functional
properties for advanced applications, and therefore to improve their value and utility,
they require modification. Their tailorable functionality can be tuned by selecting surface
modifiers or other materials such as natural or synthetic polymers to fabricate composite
functional structures and useable products.

The intrinsic properties, size, and composition of native cellulose can be modified by
chemical (e.g., solvent) or thermal treatment or by creating hybrid structures in conjunc-
tion with other natural or synthetic polymers and biomolecules including epoxy, starch,
polyurethane, polylactic acid, hydroxyethyl cellulose, cellulose acetate butyrate, melamine-
formaldehyde resins, chitosan, polystyrene, polypyrrole, methacrylates, polyacrylamide,
polyacrylate, polyaniline, polyfuryl alcohol, and polyvinyl alcohol [4,5]. The properties
of the resulting cellulose-based nanocomposites depend on the structural features of the
starting cellulosic materials, which vary heavily on the properties of the cellulose fiber net-
work rather than the individual nanofibers. The bonding and adhesion between the fibers
are dependent on the homogeneity and origin of the nanocellulose matrix. To improve
the homogeneity of nanocellulose composites, surface functionalization by introducing
stable negative or positive electrostatic charges has been used to tweak the surface energy
characteristics and graft functional molecules by in situ modification within the nanocel-
lulose matrix [6]. Many hydroxyl groups available on the surface make functionalization
possible while maintaining the hydrophobicity of the surface and keeping the composites
thermodynamically stable [7].
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There are multiple ways in which cellulosic nanocomposites can be produced. Stan-
dard methods include casting, electrospinning, melt extrusion, molding, milling, and
precipitation. The recent introduction of 2D and 3D printing techniques provides an av-
enue for scalable and reproducible manufacturing of new materials and devices. These
additive manufacturing techniques enable the production of constructs with tailorable struc-
tures and enhanced mechanical and chemical properties. Using 3D printing techniques,
mechanically stable constructs are fabricated through computer-controlled deposition of
materials, layer by layer, until structures with precise macroscopic and microscopic control
are created [8]. Increased usage of extrusion-based 3D printing has been seen, which
involves the utilization of hydrogels or printable pastes constructed by incorporating
viscous materials that can retain their shape after deposition through chemical, photo, or
thermal crosslinking methods [9,10]. Nanocellulose can be introduced to these pastes to
facilitate the deposition and realization of stable constructs for applications. The selection
of materials and their rheological properties decide whether these could be 3D printed and
incorporated into applications.

The interest in nanocellulose research has grown substantially in recent years as evi-
denced by the exponential growth in the number of publications, with the highest numbers
from countries such as China, USA, Sweden, and Canada, who have invested heavily
in efforts to support reutilization and repurposing of cellulosic materials to promote the
development of high-value wood-based products (Figure 2). In the past four years, with the
recent growing interest in additive manufacturing, there is also increased use of 3D printing
for nanocellulose research. This review article summarizes the potential of nanocellulose as
a promising material for the fabrication of functional nanostructures and devices fabricated
by 3D printing. Some of the commonly used bioprinters are the EnvisionTec 3D-Bioplotter,
RegenHu 3DDiscovery Evolution, Poietis NGB-R and NGB-C 3D bioprinters, Cellink Bio
X6, 3D Systems Allevi Series, Rokit Dr. Invivo 4D, Inventia Rastrum, Organovo NovoGen
MMX, Aspect Biosystems RX1, and Bioprinting Solutions Fabion 2. Even though most
of these printers are used for printing functional tissues and organs, in recent times they
have seen a tremendous increase for use in other areas for creating functional materials
(Figure 2). The properties, modification, and fabrication of nanocellulose-based nanocom-
posites and printable inks for food, energy, and environmental applications have seen
increased interest in recent times.

Figure 2. Graphs showing the number of publications between 2011–2021 (a) and publications per country (b) using Web of
Science (accessed on 30 June 2021).
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2. Nanocellulose: Preparation, Treatment, Functionality, and 3D Printability

Nanocellulosic materials include three types of structures [7]: (i) bacterial nanocel-
lulose (BNC), bacterial cellulose (BC), or microbial cellulose; (ii) nanofibrillated cellulose
(NFC), also called cellulose nanofiber (CNF) or cellulose nanofibrils; and (iii) nanocrys-
talline cellulose (NCC), also known as crystallites, whiskers, or rod-like cellulose micro-
crystals as well as crystalline nanocellulose [11–13]. Nanocellulose is considered non-toxic,
renewable, biodegradable, and safe [1,14]. Its high aspect ratio gives good strength and
toughness as a reinforcement matrix for various formulations in additive manufacturing,
food packaging, medical, flexible electronics, military, and energy applications [15–19]. This
section discusses the main functional properties of nanocellulose, modification techniques,
and composites to create 3D-printable structures.

2.1. Preparation

Cellulose is reported to be the most abundant polysaccharide in nature [20]. It is widely
distributed as it constitutes the major component of a plant’s cell wall; hence, cellulose
can be easily sourced from plants, bacterial pellicles, and agricultural wastes [21,22]. The
diameter of BC ranges between 20–100 nm, and it is commonly produced from low-
molecular-weight sugars and alcohols. Glucose chains are formed inside the bacterial body
during the biosynthesis process and extrude out through tiny pores present on the cell
envelope [23]. These chains combine to form microfibrils further aggregated into ribbons to
generate a web-shaped network structure with BC [23]. Stefan-Ovidiu D. et al. also reported
BNC production from a kombucha membrane obtained as a secondary product from the
fermentation of tea broth in beverage production [24]. Several processing methods have
been used to produce CNC and CNF from cellulose sources, usually agricultural wastes, by
exposing the basic building blocks of cellulose [20]. These methods can be summarized into
two: (i) pretreatment or purification of the agricultural biomass for fractionation and (ii)
treatment with the isolation of nanocellulose from purified cellulose [25]. The plant cell wall
contains lignin and hemicellulose, which serve as a protective coating around the cellulose
fibers, and this enables the cell wall to maintain its structured form. To extract the cellulose
to produce nanocellulose, a hybrid preparation system is usually employed to remove
the protective coating through mechanical forces followed by chemical pretreatment [22].
The chemical pretreatment step involves using chemicals such as alkali, the most common
method in the industrial production of cellulose, which enables the effective delignification
and partial solvation of the hemicellulose. Common alkalis used for this purpose include
NaOH, KOH, and NH4OH [26,27].

Other chemical pretreatment methods include oxidative delignification, which in-
volves converting lignin copolymer into carboxylic acids using strong oxidizers such as
hydrogen peroxide or ozone. To further ease the penetration of hydrolytic media, oxidative
delignification could be followed by effective enzymatic hydrolysis. Due to the low cost
of hydrogen peroxide and its effectiveness in delignification pretreatment, the method is
widely used on woody biomass. Several combined pretreatment steps are often needed to
achieve nanosized materials with a high aspect ratio and crystallinity index [26,27]. Khan
et al. produced CNC with an aspect ratio of 10.45 ± 3.44 nm and a crystallinity index
of 66.7% by pretreating dunchi fiber with alkali, hydrogen peroxide, and sulfuric acid
sequentially [28].

Other works have highlighted the use of ionic liquids (ILs) as a selective pretreatment
method for removing the lignin and hemicellulose (soluble) from lignocellulose biomass.
The method enables precipitation of the insoluble cellulose, which can then be filtered
off and washed. ILs are expensive and have been found to inactivate cellulase enzymes
irreversibly; hence it may not be suitable for pretreating cellulose for biological uses [29].
Deep eutectic solvents (DESs) are recently emerging solvents with promising prospects in
lignocellulose biomass pretreatment. DESs have similar physicochemical characteristics as
ILs and can be prepared at a lesser cost. While ILs are produced from the combinations
of particular types of discrete anions and cations, DESs are formed by mixing Bronsted
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or Lewis acid and bases made up of diverse cationic and anionic species [30], and their
physicochemical properties can be tuned to a specific need by adjusting the molar ratio of
each constituent [31].

Following the isolation of the nanosized cellulose particles from the pretreated fiber,
a sequential chemical, enzymatic, or mechanical treatment is applied. The selection of
suitable nanocellulose isolation methods depends primarily on the desired degree of
crystallinity and the type of nanocellulose (CNF or CNC) of interest [25]. Fan B. et al.
reported the preparation of nanocellulose from the bamboo leaf that was initially pretreated
by grinding, sieving, dispersion in water, ultrasonication, oven-drying, functionalization,
and then subjected to further mechanical ultrasonication treatment [32]. Fortunati, E. et al.
obtained nanofiber with about 10 nm diameter and 175 nm length from a sunflower using
sulfuric acid treatment [33]. CNF of ~100 nm and 67% crystallinity was derived through
acid hydrolysis of pretreated ginger tuber by Abral H. et al.; however, the crystallinity
dropped to 48% after ultrasonication. A common technique is the direct acid hydrolysis of
microcrystalline cellulose (MCC), microfibrillated cellulose (MFC), nanofibrillated cellulose
(NFC), wood fiber (WF), or plant fiber (PF) to produce highly crystalline needle-like
particles with a high aspect ratio of about 10 nm width and several 100 nm in length and
made of about 100% cellulose with a high fraction of Iβ crystal structure [1]. A pure form of
BC can be synthesized using bacteria (such as Acetobacter xylinum) without pretreatment to
remove unwanted contaminants or impurities such as hemicellulose, pectin, and lignin [34].

2.2. Functional Nanocellulose-Based Composite Nanostructures

Nanostructured materials with defined structures (size, shape, and connectivity) and
controllable physicochemical properties (sorption and separation) are of great interest
in materials science, opening new avenues for designing functional materials and de-
vices [34–38]. Their advantages include a high surface-to-volume ratio, large pore volume,
and the possibility to control charge, accessibility, and availability of surface functional
groups. Changes in these properties, i.e., volume, porosity, and shape, can be triggered
by varying environmental conditions, pH, ionic strength, water, electricity, or light [39].
This has allowed the development of stimuli-responsive materials with reversible and
programmable actuation and can offer promising capabilities in sensing, artificial muscles,
and electronic devices [40].

The combination of nanocellulose with other materials, polymers, and fillers can
increase mechanical and thermal stability and change the wetting behavior of the native
material [41]. For example, significant enhancement of cellulose tensile strength was
achieved by loading cellulose with only 0.2% graphene [42]. The ability of nanocellulose
to enhance mechanical properties has enabled their use for the fabrication of printable
electronics [43] or sustainable food packaging, as a new type of packaging material [44].
Other possibilities include using polymers to change the surface properties, porosity, and
wetting characteristics. Water permeation and salt rejection capabilities have been achieved
by interfacial polymerization of amino-functional piperazine and 1,3,5-trimesolyl chloride
on cellulose, which enabled applications in water purification [45]. Ultrathin nanocellu-
lose shell microparticles were obtained via emulsion-templated colloidal assembly. This
method enabled the loading of pH-responsive compounds, such as methylene blue, using
polystyrene as a matrix. The carboxyl groups of the CNF shell showed pH-dependent
properties and strong adsorption and drug release behavior [46]. Chemical or biological
receptors can also be integrated to provide selectivity for sensing applications. In this case,
fabrication requires appropriate surface chemistry suitable for the assembly of biomolecules
to maintain bioactivity for selective binding.

2.3. Three-Dimensional Printability of Nanocellulose Composites

Three-dimensional printing is an emerging technology that applies rapid prototyping
techniques to fabricate computer-designed models and integrate complex structures with
an unprecedented level of functionality for applications. The method is currently being
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explored for various materials and devices, and has proven helpful for patterning and
assembling nanomaterials in geometrically complex functional structures [47]. The method
provides unique opportunities for the large-scale manufacturing of nanocellulose-based
constructs and nanocomposite structures. However, achieving the required level of func-
tionality and integration is challenging as it requires the ability to pattern and develop
nanocellulose-based inks of suitable rheology, composition, deposition, and crosslinking
conditions for realizing printability. Unlike conventional plastics, nanocellulose is typically
processed in aqueous solutions, which are used to create printable inks but might result in
anisotropic deformation and poor mechanical properties [48]. Therefore, achieving high
consistency and ensuring printability with shape retention and structure by 3D printing is
challenging. Nevertheless, the integration of nanocellulose with 3D printing can enable
the creation of functional structures with optical, mechanical, electrical, and biological
properties for many applications. In contrast with conventional deposition methods, 3D
printing enables rapid prototyping and provides mass production capabilities, reducing
development time, fabrication steps, and cost.

Printing of 3D nanocellulose-based devices requires incorporating additional mate-
rials, typically polymers and solvents, in conjunction with nanocellulose. The printing
process also involves post-processing to consolidate the 3D structure and provide shape
consistency. In fabricating composite structures, the size, shape, and type of nanocellulose
materials as well as the type and properties of the additional binders and their complemen-
tarity play a critical role. It has been shown that when a neat CNF ink is 3D printed into
a specific shape, the printed structure collapses when handled or exposed to mechanical
force due to the inability of the fibers to crosslink; hence, neat CNF ink is not conducive
for 3D printing [49]. Crosslinking enables the 3D-printed material to maintain its shape
and mechanical structure. To achieve improved surface properties that enhance struc-
tural sustenance, supportive chemical species can be grafted to the reactive end (-OH side
groups) of the nanocellulose [1]. Several components have been combined with CNF at
varying concentrations, such as biodegradable polymers and hydrogels. Reagents such as
xylan-tyramine (XT) [38], which alone is not printable, can be used in a composite structure
with CNF at the appropriate concentration to impact crosslinking ability (Figure 3). Silver
nanoparticles (AgNPs), a broad-spectrum antimicrobial agent, have been widely used to
impact the antimicrobial properties of nanocellulose and fabricate antimicrobial constructs
by 3D printing [50–52].

In a recent example, the manufacturing of stable structures with cellulose nanocrystals
(CNCs) involved: (1) obtaining homogenous dispersion of CNC hydrogel ink by mixing,
(2) printing cellulose scaffolds by aligning the anisotropic CNC upon printing, and (3)
UV curing of the printed scaffold (Figure 4) [53]. CNC was used in this example as a
reinforcing agent (up to 35%), while CNF was added at a lower concentration (1%) to
enhance shape retention. N-isopropyl acrylamide (NIPAM), a photo-crosslinkable polymer,
was used to produce biocompatible hydrogel inks. The addition of ε-polylysine imparted
antimicrobial properties for potential biomedical uses. This composition enabled the ability
to control the composite structures’ local orientation, mechanical properties, actuation,
and printability while providing additional functionality, e.g., antimicrobial activity and
the ability to bend and twist upon hydration. The nanocellulose–NIPAM hydrogels were
printed using a direct ink writing procedure with the hydrogels placed in plastic cartridges
and extruded through steel nozzles under compressed air. Curing was achieved under UV
exposure conditions. It was observed that nanocellulose was able to constrain the swelling
and shrinkage of the PNIPAM structures, enabling the production of shape-morphing
nanocellulose-based composites through direct ink writing [53].
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Figure 3. A queen chess piece printed with pure CNFs which collapsed due to lack of crosslinking (a), poor printability
shown by unsuccessful grid printed with pure XT (b). Three-dimensional printed and crosslinked, freestanding and
crosslinked cylinder (c) grid, handled and bent in air (d). Rook chess piece, held upside down from optimized formulation
of CNF and XT (e), reprinted with permission from ref. [49]. Copyright 2017, American Chemical Society.

Figure 4. Illustration of the steps involved in the preparation of 3D-printed functional CNC-based hydrogels, involving:
(A) ink formulation, (B) ink writing of cellulose-based polymer ink, (C) post-treatment to cure the printed construct, and
(D) (i–v) characteristics of inks and printed constructs, reprinted from ref. [53].
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In another report, a 3D-printed biobased composite made of acetylated CNCs (5–
20 wt%) and poly(3-hydroxybutyrate-co-3hydroxyhexanoate) (PHBH), a biodegradable
aliphatic polyester was fabricated as an environmentally friendly alternative bioplastic [54].
The method involved the use of a melt-compounding process, preceded by solvent mixing
to obtained biobased composites with good dispersion behavior of PHBH and CNCs. An
extrusion-based printing, fused deposition modeling (FDM) was further used to print the
composite. Acetylation of the CNC was first required to create compatibility between the
CNCs and the PHBH and enable the formation of a stable structure (Figure 5).

 

Figure 5. Illustration of CNC acetylation process and 3D-printed nanocellulose–PHBH-based composites showing the (A)
acetylation process (a) of a CNC particle of a cellulose structure (b) by sulphuric acid (c) and acetic anhydride (d), and
acetylated nanocellulose after functionalization (e–g). (B) FDM 3D-printed nanocellulose composites of PHBH-acetylated
CNC (10%) showing an alteration of 0–90◦ (a–c) as an example of a medical device for finger dislocation (c,d), used with
permission from ref. [54].

3. Applications of 3D-Printed Nanocellulose-Based Materials

Even though 3D-printable nanocellulose-based composites are still in their infancy,
there has been an increase in their applications in different fields ranging from biomedicine,
including wound dressing, drug release, and tissue engineering, sensors, food, and packag-
ing, to energy storage and electronics, with growing interest in other areas as well [17–55],
summarized in Figure 6. This section discusses the recent development in 3D-printed
nanocellulose-based composites for food, environmental, food packaging, energy, and
electrochemical applications.

3.1. Environmental Applications

Due to its sustainability, biocompatibility, and ability to form high mechanically robust
and stable structures with a broad range of functionalities, nanocellulose has found various
applications in the environmental field. Nanocellulose-based printed devices can be used
as filters and membranes for water purification and environmental remediation, e.g., for
pollutant removal, filtration, and desalination [18], or as materials to create sensors for
environmental detection. A printed sensor on a bagasse-derived CNF-based biocomposite
was demonstrated to be applicable for a wide range of humidity sensing (20–90% relative
humidity, RH) with potential for soil and agricultural products monitoring in the smart
farming sector [56]. Bagasse, a dry pulpy residue from the sugarcane industry, was oxidized
using a 2,2,6,6-Tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation process after
two different pretreatment methods for comparison, (i) soda and (ii) hot water and soda, to
obtain CNF. Four CNF-based sensors were then fabricated by screen printing carbon-based
interdigitated electrodes (IDEs), which are reliably sensitive to impedance changes. These
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four sensors showed decreasing impedance with increasing RH in a humidity chamber
experiment with no significant difference in sensing behavior between the four sensors.
Polyethylene glycol (PEG) has been reported to enhance the mechanical properties of CNF
films and the printability of CNF substrates [57,58]. To enhance the ductility of the CNF
film, PEG was used to fabricate self-standing humidity sensors. The response of the sensors
containing PEG was fast and stable at each level within the tested range of 7 × 105 Ω
(at 20% RH) to 1.5 × 104 Ω (at 90% RH), while the counterpart without PEG, FS_T3.8,
covered a more comprehensive range than was represented by the change of impedance
level from 8.6 × 106 Ω (at 20% RH) to 8.3 × 103 Ω (at 90% RH), and the average values of
the impedances for each RH level were used to construct the calibration curve (Figure 7).
However, the incorporation of the PEG plasticizer into the biocomposite film decreased the
oxygen barrier significantly.

Figure 6. Summary highlighting the broad examples of applications of 3D-printed nanocellulose constructs.
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Figure 7. Calibration curves of tested samples (green, without plasticizer, and blue, with plasticizer) (a); RH sensors based
on CNF films with screen-printed carbon electrodes (b). Impedance spectra under different humidity levels for the sample
with plasticizer (c) and without plasticizer (d) at 25 ◦C. Insets: spectra for humidity levels 50, 60, 70, 80, and 90%, used with
permission from ref. [53].

Another 3D-printable nanocellulose-enhanced composite of PLA/CNF (polylactic
acid/cellulose nanofibers) was successfully printed (Figure 8) by T. Ambone et al., with
high tensile strength, stress, and strain. This structure has potential as an eco-friendly
packaging material, being fabricated from bioderived and biodegradable matrixes and
fillers [59]. PLA/CNF composites were formulated by incorporating 1/3/5 wt% of CNF
into the matrix of PLA to improve the poor mechanical properties of PLA and were printed
through fused filament fabrication (FFF)-3D printing process. The micrographs of the
printed materials from scanning electron microscopy reveal that 3% CNF in PLA was
evenly distributed because no CNF aggregates were observed in the fracture surfaces.
Furthermore, as indicated with black arrows, the voids, welding points, and overlapped
structure (Figure 9) that were responsible for the porosity and lower mechanical prop-
erties of the fracture surface morphology of the 3D-printed neat PLA are absent in the
fracture surface of PLA/3% CNF nanocomposite, while micro aggregates were seen on
PLA/5%CNF. Furthermore, through differential scanning calorimetry, it was discovered
that the incorporation of CNF accelerates the nucleation and enhances the crystallinity of
the 3D-printed PLA. Further characterization of the PLA/CNF FFF-3D-printed material
using X-ray microtomography revealed that the incorporation of the nanocellulose did not
compromise the construct’s thermal stability, but it did have lesser voids compared to the
ordinary 3D-printed PLA.

46



Nanomaterials 2021, 11, 2358

 
Figure 8. Three-dimensional-printed tensile specimen of PLA (a) and PLA/1CNF (b) composites, scanning electron
microscopy micrographs (×600 magnification) of the tensile fractured surface of compression-molded PLA (c), PLA/1%
CNF (d), PLA/3CNF (e), and PLA/5CNF (f) composites, used with permission from ref. [59].

 
Figure 9. Tensile stress–strain curve of compression-molded and 3D-printed PLA and PLA/CNF composites (a) and
histograms of mechanical properties of the samples (b,c). Scanning electron microscopy micrographs (×150 and ×600)
of the tensile fracture surface of 3D-printed PLA (d,e) and 3D-PLA/1% cellulose nanofiber composites (f,g), used with
permission from ref. [59].
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Another potential growth area in the environmental field is to use 3D printing to
fabricate nanocellulose-based filters and membranes for environmental remediation and
cleanup. Due to its high adsorption capacity, functionality, and high specific surface area,
nanocellulose is a promising sustainable adsorbent for removing chemical contaminants
such as heavy metals and organic dyes. The abundance of the functional group enables
further enhancement of the adsorption efficiency, making nanocellulose a particularly suit-
able sorbent for environmental decontamination and a possible substitute to the currently
used adsorbents such as activated carbon, inorganic zeolites, silica, or polymeric-based
materials [60]. Functionalization of nanocellulose can be done depending on the type
of contaminant. Typical procedures include adding carboxyl-, amino-, or thiourea-using
chemical modifiers such as ethylenediaminetetraacetic acid (EDTA) or carboxymethyl
groups to enhance heavy metal adsorption [61]. While applications of nanocellulose for
heavy metal ion and other contaminants adsorption have been reported, the use of 3D
printing to create systems such as filters and membranes for water purification remains
largely unexplored.

3.2. Food and Packaging Applications

With the need to replace petroleum-based products, there is a demand for sustainable,
biodegradable materials and packaging to increase sustainability throughout the food
chain, and many exciting materials can be developed using nanotechnology products [62].
The biocompatibility and suitable shear-thinning property of nanocellulose, even when
used at a low concentration, provide unique features for this material to be used for food
production, packaging, and sensing applications. Nanocellulose can reinforce and stabilize
printable composites, enhance the printability of nutritious foods, and improve barrier
properties when used with biopolymers or synthetic polymers [63,64]. A few selected
applications featuring 3D printing techniques of nanocellulose composite materials are
described in this section.

Three-dimensional-printable food using CNF-based nutritional pastes, containing
ingredients from all main groups of nutrients such as carbohydrates, protein, fat, and
dietary fiber was reported by Martina and co-workers [65]; these pastes were formulated
from mixtures of varying percentages of CNF, starch, rye bran, oat protein concentrates
(OPC), fava bean protein concentrates (FBPC), skimmed milk powder (SMP), and semi-
skimmed milk powder (SSMP). A simplified extrusion pump system (Figure 10) controlled
by air pressure was employed in the 3D food printing through the tip of a syringe filled
with the prepared and well-mixed pasted. There was a noticeable difference in the effects
of the two drying methods (oven-drying and freeze-drying) used in this research on the
printed samples (Figure 10), the freeze-dried samples possess higher dry matter content
but less hardness compared to oven-dried samples, which makes the freeze-drying method
preferable, especially for samples with initial dry matter content less than 35%. It was
observed that in samples where part of the SSMP constituent was replaced with CNF, there
was a reduction in the drying rate which was attributed to the high water-binding capacity
of CNF and the lower dry matter content of CNF-containing samples leading to softening
of such samples. The construct printed from 0.8% CNF-50% SSMP composite was achieved
without clogging of printer tips, providing high printing quality and good structural
stability after freeze-drying and oven-drying. High-quality printing was also achieved
with pastes containing 60% SSMP due to higher yield stress and good post-printing shape
stability. The study highlighted the importance of optimizing critical parameters, such
as the solid content, drying rate, and hardness, that affect the composition and the shape
stability of the printed paste.
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Figure 10. The material extrusion type of device used for 3D printing of food materials (a). The effect of the oven freeze-
drying on the appearance of 3D-printed samples (b): 0.8% CNF + 50% SSMP (1) and 60% SSMP (2), used with permission
from ref. [65].

Alternative packaging materials are also used to preserve the quality of packaged
food. As much as 30% of the loss rate of fruits was attributed to mechanical damage during
transportation [66]. The irreversible loss in the quality of vegetables and fruits is due to
the vibration, collision, shock, and static pressure they are subjected to during their trans-
portation [67,68]. The difficulties in degrading and recycling the commonly used foamed
polyethylene (EPE) and polystyrene (EPS) packaging materials [6] call for the development
of an eco-friendly biodegradable packaging material. Spoilage of fruits and vegetables
due to the actions of microbes during transportation and storage is another pressing issue
in the food packaging industry. A 3D-printed food packaging material with cushioning
and antimicrobial dual-function from ink based on carboxymethyl nanocellulose (CMC)
was recently reported [50]. First, the fibers of CMC were discovered to form entangled 3D
network structures after freeze-drying, suggesting its suitability for fabricating cushioning
aerogel for packaging. To prepare the CMC-based 3D-printable ink, shell ink, Irgacure 2959,
and N, N′-methylenebis(acrylamide) were mixed with 8 mL of varying concentrations (75,
50, 25, and 0%) of glycerin solution, and the mixture was heated in a water bath to aid
complete dissolution. The obtained solutions were added to a mixture of CMC, Irgacure
2959, and N, N′-methylenebis(acrylamide) under constant stirring. The rheology of CMC
and CMC-based inks reveals the positive impact of increasing glycerin concentration. The
best printability was achieved with the composite containing the higher amount of glycerin,
which had the largest yield stress and highest viscosity at the lowest shear rates (Figure 11),
indicating better printability. The formulated inks were printed via coaxial 3D printing
technology, cured by UV for 7 min and freeze-dried. The printed sample with 75% glycerin
(CNGA75-7) fully retained its shape after freeze-drying, while the samples with lower
glycerin concentrations had some degree of shrinkage and deformations. To study the
effect of curing duration on crosslinking efficiency, CNGA75 samples were exposed to UV
rays for 5, 7, and 9 min and then lyophilized (Figure 12). In general, increase in stress under
the same strain and the elastic modulus of the aerogels were observed as the crosslinking
time increases, while their resilience and cushioning performance were decreasing. The
CNGA75-7 with 7 min curing time was suggested as a good candidate for fruit packaging.
Chitosan/AgNPs inside the aerogels by coaxial 3D printing technology were used to form
a core–shell fiber with a translucent matrix shell and a yellow chitosan/AgNPs core. The
degradation, swelling properties, cushioning performance, and silver release behavior was
evaluated. The 3D-printed cushioning packaging exhibited antibacterial potency against
Escherichia coli and Staphylococcus aureus [50].
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Figure 11. SEM images of CMC before (1a) and after freeze-drying (1b). Viscosity as a function of the shear rate for CMC
and CMC-based inks (1c), G′ and G” as a function of the shear stress for CMC and CMC-based inks (1d); Photographs of
CMC-based 3D-printed aerogel before curing (2a), after curing (2b) and after freeze-drying (2c), used with permission from
Ref. [50].
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Figure 12. Morphology of 3D-printed samples by 75ink with different crosslinking times, before (a) and after (b) UV curing
and after freeze-drying (c1,c2). (d) Stress-strain curves, (e) cushioning curves, and (f) thrice compression resilience ratio of
samples with different crosslinking times, used with permission from ref. [50].

In addition to food packaging, nanocellulose hydrogels could be used to create smart
indicators for intelligent packaging [62]. For example, a sugarcane-based nanocellulose
hydrogel was developed in the form of a pH-responsive freshness indicator that changes
color when meat deteriorates. The concept is illustrated in Figure 13, showing the for-
mation of the Zn2+-nanocellulose network prepared by induced gelation of carboxylated
CNFs from cellulose filaments [44]. The nanocellulose hydrogel was used as a carrier
for a pH-responsive dye and as a sorbent for CO2 to improve the color sensitivity of the
hydrogel. The indicator color was correlated with the CO2 and microbial growth and
changes in volatile compounds as a freshness indicator in packaged chicken breast. Such
smart labels made of hydrogels can be easily fabricated by 3D printing using 3D extrusion
bioprinting [9], which enables printing of viscous inks of viscosity up to 6 × 107 mPa.s. The
viscosity and ink composition can be easily tuned to achieve printability and mechanical
properties by varying the hydrogel components’ composition, gelation conditions, and rhe-
ology characteristics. Using 3D printing, such sensors can be manufactured inexpensively
and in large quantities.
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Figure 13. Design of CNF-based smart freshness indicator prepared by a 2,2,6,6-tetramethyl piperidinyl-1-oxyl (TEMPO)
catalysis method for monitoring degradation in packaged meat, used with permission from ref. [44].

3.3. Energy and Electrochemical Devices

Additional applications of 3D-printed nanocellulose composites have been explored
in the development of energy and electrochemical devices. In the conventional approaches,
conductive inks contain expensive noble metals at a concentration of about 60% to augment
the conductivity of the inks, but this high concentration of metals makes the ink toxic [69]
and reactive to air and other environmental factors, which reduce its chemical stability.
Nanocellulose was explored as a biocompatible material to add to the ink to improve the
properties of conductive inks in an effort to reduce toxicity and improve the sustainability
of energy and electrochemical devices.

Films fabricated from graphene- and nanocellulose-based inks and pastes with high
chemical stability and no record of cytotoxicity were developed as metal-free conduc-
tive substitutes from water-based inks with potential for applications in the production
of liquid-phase electronic device constructs [70]. These films presented interesting elec-
tronic properties, suggesting potential applications as a substitute for the metal-containing
conductive inks for electric or optoelectronic devices such as sensors, supercapacitors,
and solar cells. Nanocrystalline cellulose (NCC), NCC type I, and NCC type II were
prepared with different stirring and heating temperature conditions using an established
procedure [71]. These NCCs were used as a dispersing agent for graphene oxide (GO).
Varying concentrations of carbon nanotubes (CNTs) in water were tested, and aqueous
ammonia (NH4OH) enabled a reaction medium with a basic pH suitable for the chemical
crosslinking and aggregation of the graphenic nanomaterials during the hydrothermal
treatment at 180 ◦C. The procedure provided low-viscosity inks, high-viscosity paste, or
self-standing hydrogel. Conductive films were then formed by spray-coating the inks on
glass substrates while the pastes were deposited via a rod-coating method on an agate
rod or glass substrates. The resulting films were characterized in terms of resistivity, mor-
phology, microstructure, thickness, and surface roughness, and it was observed that films
from low-viscosity inks possessed smoother surfaces and negligibly smaller pores than the
rough-surfaced films from the pastes having more prominent pores [71]. The morphology
of the resulting structures, shown in Figure 14, indicates that hydrothermal treatment
over 30 min always results in hydrogel formation, irrespective of the other parameters.
Subjecting this hydrogel to unidirectional freezing, followed by lyophilization, leads to the
formation of anisotropic porous-microstructured aerogels (Figure 15) applicable to energy
and environmental remediation applications.
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Figure 14. Optical photographs (a–d) and SEM images (e–h) of films obtained with low-viscosity
inks (a,b,e,f) and high-viscosity pastes (c,d,g,h). Scale bars (in white) = 1 mm (a,b), 400 μm (c,d),
100 μm (e,g), and 50 μm (f,h). Each image (either optical or from SEM) corresponds to a random
point of each sample, none is the direct magnification of another. Used with permission from ref. [70].
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Figure 15. Three-dimensional scatter plot describing the effect of CNTs added in basic pH and
conditions to obtain liquid inks (blue), viscous pastes (orange), and self-standing hydrogels (gray) (a).
All samples had basic pH. Photographs of films made from low-viscosity inks (b) and high-viscosity
pastes (c) on glass substrates. Real images of a hydrogel derived from hydrothermal treatment in
water (left) and preparation scheme of aerogels by unidirectional freezing followed by lyophilization
(right) (d), used with permission from ref. [70].

Table 1 summarizes examples of 3D printable nanocellulose composites, their sources,
formulation, printing method and applications reported in literature.
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4. Conclusions

Three-dimensional printing of nanocellulose-based materials has shown tremendous
potential in recent years as evidenced by the increased scientific interest and research work
resulting in diverse applications. Recent progress to incorporate 3D printing into indus-
trial applications and the use of nanocellulose as a filler for various composites provides
exciting new opportunities for applications due to the excellent characteristics that this
material provides, such as enhanced rheological properties, sustainability, biocompatibility,
mechanical strength, biodegradability, non-toxicity, and environmental friendliness. This
paper discussed the different strategies to produce 3D-printable composites and structures
made of nanocellulose with excellent printability and fidelity.

Although a great deal of research has demonstrated the benefits of nanocellulose,
studies that explore the printing of these materials in manufacturable products are only in
their infancy. Before their potential is realized, more work needs to be done to improve
printability and applications. Several future directions could be envisaged. First, there is a
need to improve characteristics of nanocellulose-based inks and identify complementary
materials and formulations for obtaining suitable printable compositions that result in
strong and mechanically stable constructs for applications. A library of tabulated viscosity
and rheological properties in relation to the materials’ physicochemical properties, the
type, content, and stability in the composite mixture, along with the curing conditions,
would be beneficial for future developments. Second, more attention needs to be paid
to the structural characteristics and understanding of the fundamental changes in the
structure and properties of nanocellulose in the composite form upon printing. So far,
most optimization on the printability of these composites has been done on a relatively
macroscopic scale, and therefore the need for fundamental understanding of these materials
that could further accelerate the development of 3D-printable materials is critical for
translating this research into new products and applications. Third, the potential of
these materials for applications is only beginning to be explored. Further innovations
in nanocellulose modification chemistries are needed to add functionality at the surface,
which could result in increased mechanical strength, barrier and sorption properties, as
well as selectivity for applications such as environmental remediation and sensing. Fourth,
there is a need to evaluate the environmental fate and lifecycle of these materials to fully
understand their transformation and biodegradability in the environment and/or confirm
their biocompatibility upon processing.

In summary, nanocellulose provides innovative solutions to social problems concern-
ing sustainability and moves away from the reliance on petroleum-based products. The
recent developments discussed in this review summarize the research status and needs
necessary to advance the manufacturability and applications of these promising materials.
Future efforts should concentrate on improving printability and understanding the funda-
mental properties of nanocellulose in printed constructs to enable advanced applications.

Author Contributions: A.S.F., O.P. and S.A. conceived the study; A.S.F. and O.P. performed literature
review and prepared the manuscript; S.A. reviewed and completed manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose nanomaterials review: Structure, properties and
nanocomposites. Chem. Soc. Rev. 2011, 40, 3941–3994. [CrossRef]

2. Thomas, B.; Raj, M.C.; Athira, K.B.; Rubiyah, M.H.; Joy, J.; Moores, A.; Drisko, G.L.; Sanchez, C. Nanocellulose, a Versatile Green
Platform: From Biosources to Materials and Their Applications. Chem. Rev. 2018, 118, 11575–11625. [CrossRef]

3. Kirk, K.A.; Othman, A.; Andreescu, S. Nanomaterial-functionalized Cellulose: Design, Characterization and Analytical Applica-
tions. Anal. Sci. 2018, 34, 19–31. [CrossRef]

4. Aitomaki, Y.; Oksman, K. Reinforcing efficiency of nanocellulose in polymers. React. Funct. Polym. 2014, 85, 151–156. [CrossRef]

56



Nanomaterials 2021, 11, 2358

5. Oksman, K.; Aitomaki, Y.; Mathew, A.P.; Siqueira, G.; Zhou, Q.; Butylina, S.; Tanpichai, S.; Zhou, X.J.; Hooshmand, S. Review of
the recent developments in cellulose nanocomposite processing. Compos. Part A Appl. Sci. 2016, 83, 2–18. [CrossRef]

6. Thunberg, J.; Kalogeropoulos, T.; Kuzmenko, V.; Hagg, D.; Johannesson, S.; Westman, G.; Gatenholm, P. In situ synthesis of
conductive polypyrrole on electrospun cellulose nanofibers: Scaffold for neural tissue engineering. Cellulose 2015, 22, 1459–1467.
[CrossRef]

7. Goffin, A.L.; Raquez, J.M.; Duquesne, E.; Siqueira, G.; Habibi, Y.; Dufresne, A.; Dubois, P. Poly(epsilon-caprolactone) based
nanocomposites reinforced by surface-grafted cellulose nanowhiskers via extrusion processing: Morphology, rheology, and
thermo-mechanical properties. Polymer 2011, 52, 1532–1538. [CrossRef]

8. Gebhardt, A. Understanding Additive Manufacturing; Carl Hanser Verlag GmbH & Co. KG: München, Germany, 2011.
9. Finny, A.S.; Jiang, C.; Andreescu, S. 3D Printed Hydrogel-Based Sensors for Quantifying UV Exposure. ACS Appl. Mater. Interfaces

2020, 12, 43911–43920. [CrossRef]
10. Othman, A.; Norton, L.; Finny, A.S.; Andreescu, S. Easy-to-use and inexpensive sensors for assessing the quality and traceability

of cosmetic antioxidants. Talanta 2020, 208, 120473. [CrossRef]
11. Abitbol, T.; Rivkin, A.; Cao, Y.F.; Nevo, Y.; Abraham, E.; Ben-Shalom, T.; Lapidot, S.; Shoseyov, O. Nanocellulose, a tiny fiber with

huge applications. Curr. Opin. Biotechnol. 2016, 39, 76–88. [CrossRef] [PubMed]
12. Klemm, D.; Cranston, E.D.; Fischer, D.; Gama, M.; Kedzior, S.A.; Kralisch, D.; Kramer, F.; Kondo, T.; Lindstrom, T.;

Nietzsche, S.; et al. Nanocellulose as a natural source for groundbreaking applications in materials science: Today’s state. Mater.
Today 2018, 21, 720–748. [CrossRef]

13. Chaichi, M.; Hashemi, M.; Badii, F.; Mohammadi, A. Preparation and characterization of a novel bionanocomposite edible film
based on pectin and crystalline nanocellulose. Carbohydr. Polym. 2017, 157, 167–175. [CrossRef] [PubMed]

14. De France, K.J.; Hoare, T.; Cranston, E.D. Review of Hydrogels and Aerogels Containing Nanocellulose. Chem. Mater. 2017, 29,
4609–4631. [CrossRef]

15. Norrrahim, M.N.F.; Kasim, N.A.M.; Knight, V.F.; Ujang, F.A.; Janudin, N.; Razak, M.A.I.A.; Shah, N.A.A.; Noor, S.A.M.; Jamal,
S.H.; Ong, K.K.; et al. Nanocellulose: The next super versatile material for the military. Mater. Adv. 2021, 2, 1485–1506. [CrossRef]

16. Chen, W.S.; Yu, H.P.; Lee, S.Y.; Wei, T.; Li, J.; Fan, Z.J. Nanocellulose: A promising nanomaterial for advanced electrochemical
energy storage. Chem. Soc. Rev. 2018, 47, 2837–2872. [CrossRef] [PubMed]

17. Omran, A.A.B.; Mohammed, A.A.B.A.; Sapuan, S.M.; Ilyas, R.A.; Asyraf, M.R.M.; Koloor, S.S.R.; Petru, M. Micro- and Nanocellu-
lose in Polymer Composite Materials: A Review. Polymers 2021, 13, 231. [CrossRef]

18. Wei, H.; Rodriguez, K.; Renneckar, S.; Vikesland, P.J. Environmental science and engineering applications of nanocellulose-based
nanocomposites. Environ. Sci.-Nano 2014, 1, 302–316. [CrossRef]

19. Azeredo, H.M.C.; Rosa, M.F.; Mattoso, L.H.C. Nanocellulose in bio-based food packaging applications. Ind. Crop. Prod. 2017, 97,
664–671. [CrossRef]

20. Wang, Y.K.; Wang, L.; Jin, L.; Wang, J.P.; Jin, D.C. Evolutionary Analysis of Cellulose Gene Family in Grasses. Commun. Comput.
Inf. Sci. 2011, 244, 178.

21. Ilyas, R.A.; Sapuan, S.M.; Atiqah, A.; Ibrahim, R.; Abral, H.; Ishak, M.R.; Zainudin, E.S.; Nurazzi, N.M.; Atikah, M.S.N.; Ansari,
M.N.M.; et al. Sugar palm (Arenga pinnata [Wurmb.] Merr) starch films containing sugar palm nanofibrillated cellulose as
reinforcement: Water barrier properties. Polym. Compos. 2020, 41, 459–467. [CrossRef]

22. Asyraf, M.R.M.; Ishak, M.R.; Sapuan, S.M.; Yidris, N.; Ilyas, R.A. Woods and composites cantilever beam: A comprehensive
review of experimental and numerical creep methodologies. J. Mater. Res. Technol. 2020, 9, 6759–6776. [CrossRef]

23. Iguchi, M.; Yamanaka, S.; Budhiono, A. Bacterial cellulose—A masterpiece of nature’s arts. J. Mater. Sci. 2000, 35, 261–270.
[CrossRef]

24. Dima, S.O.; Panaitescu, D.M.; Orban, C.; Ghiurea, M.; Doncea, S.M.; Fierascu, R.C.; Nistor, C.L.; Alexandrescu, E.; Nicolae, C.A.;
Trica, B.; et al. Bacterial Nanocellulose from Side-Streams of Kombucha Beverages Production: Preparation and Physical-Chemical
Properties. Polymers 2017, 9, 374. [CrossRef]

25. Ee, L.Y.; Li, S.F.Y. Recent advances in 3D printing of nanocellulose: Structure, preparation, and application prospects. Nanoscale
Adv. 2021, 3, 1167–1208. [CrossRef]

26. Amin, F.R.; Khalid, H.; Zhang, H.; Rahman, S.U.; Zhang, R.; Liu, G.; Chen, C. Pretreatment methods of lignocellulosic biomass for
anaerobic digestion. AMB Express 2017, 7, 72. [CrossRef] [PubMed]

27. Kumar, A.K.; Sharma, S. Recent updates on different methods of pretreatment of lignocellulosic feedstocks: A review. Bioresour.
Bioprocess. 2017, 4, 7. [CrossRef]

28. Khan, M.N.; Rehman, N.; Sharif, A.; Ahmed, E.; Farooqi, Z.H.; Din, M.I. Environmentally benign extraction of cellulose from
dunchi fiber for nanocellulose fabrication. Int. J. Biol. Macromol. 2020, 153, 72–78. [CrossRef]

29. Zhi, S.L.; Liu, Y.L.; Yu, X.Y.; Wang, X.Y.; Lu, X.B. Enzymatic Hydrolysis of Cellulose after Pretreated by Ionic Liquids: Focus on
One-pot Process. Energy Procedia 2012, 14, 1741–1747. [CrossRef]

30. Smith, E.L.; Abbott, A.P.; Ryder, K.S. Deep Eutectic Solvents (DESs) and Their Applications. Chem. Rev. 2014, 114, 11060–11082.
[CrossRef] [PubMed]

31. Chen, Y.L.; Zhang, X.; You, T.T.; Xu, F. Deep eutectic solvents (DESs) for cellulose dissolution: A mini-review. Cellulose 2019, 26,
205–213. [CrossRef]

57



Nanomaterials 2021, 11, 2358

32. Sultan, S.; Abdelhamid, H.N.; Zou, X.D.; Mathew, A.P. CelloMOF: Nanocellulose Enabled 3D Printing of Metal-Organic
Frameworks. Adv. Funct. Mater. 2019, 29, 1805372. [CrossRef]

33. Fortunati, E.; Luzi, F.; Jimenez, A.; Gopakumar, D.A.; Puglia, D.; Thomas, S.; Kenny, J.M.; Chiralt, A.; Torre, L. Revalorization of
sunflower stalks as novel sources of cellulose nanofibrils and nanocrystals and their effect on wheat gluten bionanocomposite
properties. Carbohydr. Polym. 2016, 149, 357–368. [CrossRef]

34. Pohanka, M. Photography by Cameras Integrated in Smartphones as a Tool for Analytical Chemistry Represented by an
Butyrylcholinesterase Activity Assay. Sensors 2015, 15, 13752–13762. [CrossRef] [PubMed]

35. Zhang, W.Y.; Yuan, J.Y. Poly(1-Vinyl-1,2,4-triazolium) Poly(Ionic Liquid)s: Synthesis and the Unique Behavior in Loading Metal
Ions. Macromol. Rapid Commun. 2016, 37, 1124–1129. [CrossRef] [PubMed]

36. Zhang, W.; Zhao, Q.; Yuan, J. Porous polyelectrolytes: Charge pores for more functionalities. Angew. Chem. 2017. [CrossRef]
37. Sicard, C.; Glen, C.; Aubie, B.; Wallace, D.; Jahanshahi-Anbuhi, S.; Pennings, K.; Daigger, G.T.; Pelton, R.; Brennan, J.D.; Filipe,

C.D.M. Tools for water quality monitoring and mapping using paper-based sensors and cell phones. Water Res. 2015, 70, 360–369.
[CrossRef]

38. Delaney, J.L.; Hogan, C.F.; Tian, J.; Shen, W. Electrogenerated Chemiluminescence Detection in Paper-Based Microfluidic Sensors.
Anal. Chem. 2011, 83, 1300–1306. [CrossRef]

39. Gong, J.; Lin, H.J.; Dunlop, J.W.C.; Yuan, J.Y. Hierarchically Arranged Helical Fiber Actuators Derived from Commercial Cloth.
Adv. Mater. 2017, 29, 1605103. [CrossRef]

40. Lin, H.J.; Gong, J.; Eder, M.; Schuetz, R.; Peng, H.S.; Dunlop, J.W.C.; Yuan, J.Y. Programmable Actuation of Porous Poly(Ionic
Liquid) Membranes by Aligned Carbon Nanotubes. Adv. Mater. Interfaces 2017, 4, 1600768. [CrossRef]

41. Fujisawa, S. Material design of nanocellulose/polymer composites via Pickering emulsion templating. Polym. J. 2021, 53, 103–109.
[CrossRef]

42. Mingwei, T.; Lijun, Q.; Xiansheng, Z.; Kun, Z.; Shifeng, Z.; Xiaoqing, G.; Guangting, H.; Xiaoning, T.; Yaning, S. Enhanced
mechanical and thermal properties of regenerated cellulose/graphene composite fibers. Carbohydr. Polym. 2014, 111, 456–462.
[CrossRef]

43. Lasrado, D.; Ahankari, S.; Kar, K. Nanocellulose-based polymer composites for energy applications-A review. J. Appl. Polym. Sci.
2020, 137, 48959. [CrossRef]

44. Lu, P.; Yang, Y.; Liu, R.; Liu, X.; Ma, J.X.; Wu, M.; Wang, S.F. Preparation of sugarcane bagasse nanocellulose hydrogel as a
colourimetric freshness indicator for intelligent food packaging. Carbohydr. Polym. 2020, 249, 116831. [CrossRef]

45. Li, S.; Liu, S.; Huang, F.; Lin, S.; Zhang, H.; Cao, S.; Chen, L.; He, Z.; Lutes, R.; Yang, J.; et al. Preparation and Characterization of
Cellulose-Based Nanofiltration Membranes by Interfacial Polymerization with Piperazine and Trimesoyl Chloride. ACS Sustain.
Chem. Eng. 2018, 6, 13168–13176. [CrossRef]

46. Fujisawa, S.; Togawa, E.; Kuroda, K.; Saito, T.; Isogai, A. Fabrication of ultrathin nanocellulose shells on tough microparticles via
an emulsion-templated colloidal assembly: Towards versatile carrier materials. Nanoscale 2019, 11, 15004–15009. [CrossRef]

47. Elder, B.; Neupane, R.; Tokita, E.; Ghosh, U.; Hales, S.; Kong, Y.L. Nanomaterial Patterning in 3D Printing. Adv. Mater. 2020, 32,
1907142. [CrossRef] [PubMed]

48. Klar, V.; Pere, J.; Turpeinen, T.; Karki, P.; Orelma, H.; Kuosmanen, P. Shape fidelity and structure of 3D printed high consistency
nanocellulose. Sci. Rep.-UK 2019, 9, 3822. [CrossRef] [PubMed]

49. Markstedt, K.; Escalante, A.; Toriz, G.; Gatenholm, P. Biomimetic Inks Based on Cellulose Nanofibrils and Cross-Linkable Xylans
for 3D Printing. ACS Appl. Mater. Interfaces 2017, 9, 40878–40886. [CrossRef] [PubMed]

50. Zhou, W.; Fang, J.W.; Tang, S.W.; Wu, Z.G.; Wang, X.Y. 3D-Printed Nanocellulose-Based Cushioning-Antibacterial Dual-Function
Food Packaging Aerogel. Molecules 2021, 26, 3543. [CrossRef]

51. Sarwar, M.S.; Niazi, M.B.K.; Jahan, Z.; Ahmad, T.; Hussain, A. Preparation and characterization of PVA/nanocellulose/Ag
nanocomposite films for antimicrobial food packaging. Carbohydr. Polym. 2018, 184, 453–464. [CrossRef]

52. Hartemann, P.; Hoet, P.; Proykova, A.; Fernandes, T.; Baun, A.; De Jong, W.; Filser, J.; Hensten, A.; Kneuer, C.; Maillard, J.Y.; et al.
Nanosilver: Safety, health and environmental effects and role in antimicrobial resistance. Mater. Today 2015, 18, 122–123.
[CrossRef]

53. Fourmann, O.; Hausmann, M.K.; Neels, A.; Schubert, M.; Nystrom, G.; Zimmermann, T.; Siqueira, G. 3D printing of shape-
morphing and antibacterial anisotropic nanocellulose hydrogels. Carbohydr. Polym. 2021, 259. [CrossRef]

54. Giubilini, A.; Siqueira, G.; Clemens, F.J.; Sciancalepore, C.; Messori, M.; Nystrom, G.; Bondioli, F. 3D-Printing Nanocellulose-
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) Biodegradable Composites by Fused Deposition Modeling. ACS Sustain. Chem.
Eng. 2020, 8, 10292–10302. [CrossRef]

55. Salimi, S.; Sotudeh-Gharebagh, R.; Zarghami, R.; Chan, S.Y.; Yuen, K.H. Production of Nanocellulose and Its Applications in Drug
Delivery: A Critical Review. ACS Sustain. Chem. Eng. 2019, 7, 15800–15827. [CrossRef]

56. Syrovy, T.; Maronova, S.; Kubersky, P.; Ehman, N.V.; Vallejos, M.E.; Pretl, S.; Felissia, F.E.; Area, M.C.; Chinga-Carrasco, G. Wide
range humidity sensors printed on biocomposite films of cellulose nanofibril and poly(ethylene glycol). J. Appl. Polym. Sci. 2019,
136, 47920. [CrossRef]

57. Tehrani, Z.; Nordli, H.R.; Pukstad, B.; Gethin, D.T.; Chinga-Carrasco, G. Translucent and ductile nanocellulose-PEG
bionanocomposites-A novel substrate with potential to be functionalized by printing for wound dressing applications. Ind. Crop.
Prod. 2016, 93, 193–202. [CrossRef]

58



Nanomaterials 2021, 11, 2358

58. Sun, F.Z.; Nordli, H.R.; Pukstad, B.; Gamstedt, E.K.; Chinga-Carrasco, G. Mechanical characteristics of nanocellulose-PEG
bionanocomposite wound dressings in wet conditions. J. Mech. Behav. Biomed. 2017, 69, 377–384. [CrossRef]

59. Ambone, T.; Torris, A.; Shanmuganathan, K. Enhancing the mechanical properties of 3D printed polylactic acid using nanocellu-
lose. Polym. Eng. Sci. 2020, 60, 1842–1855. [CrossRef]

60. Norrrahim, M.N.F.; Kasim, N.A.M.; Knight, V.F.; Misenan, M.S.M.; Janudin, N.; Shah, N.A.A.; Kasim, N.; Yusoff, W.Y.W.;
Noor, S.A.M.; Jamal, S.H.; et al. Nanocellulose: A bioadsorbent for chemical contaminant remediation. RSC Adv. 2021, 11,
7347–7368. [CrossRef]

61. Daochalermwong, A.; Chanka, N.; Songsrirote, K.; Dittanet, P.; Niamnuy, C.; Seubsai, A. Removal of Heavy Metal Ions Using
Modified Celluloses Prepared from Pineapple Leaf Fiber. ACS Omega 2020, 5, 5285–5296. [CrossRef]

62. Mustafa, F.; Andreescu, S. Nanotechnology-based approaches for food sensing and packaging applications. RSC Adv. 2020, 10,
19309–19336. [CrossRef]

63. Gao, Q.; Lei, M.; Zhou, K.M.; Liu, X.L.; Wang, S.F. Nanocellulose in Food Packaging-A Short Review. J. Biobased Mater. Bioenergy
2020, 14, 431–443. [CrossRef]

64. Ahankari, S.S.; Subhedar, A.R.; Bhadauria, S.S.; Dufresne, A. Nanocellulose in food packaging: A review. Carbohydr. Polym. 2021,
255, 117479. [CrossRef] [PubMed]

65. Lille, M.; Nurmela, A.; Nordlund, E.; Metsa-Kortelainen, S.; Sozer, N. Applicability of protein and fiber-rich food materials in
extrusion-based 3D printing. J. Food Eng. 2018, 220, 20–27. [CrossRef]

66. Zhou, R.; Su, S.Q.; Li, Y.F. Effects of cushioning materials on the firmness of Huanghua pears (Pyrus pyrifolia Nakai cv. Huanghua)
during distribution and storage. Packag. Technol. Sci. 2008, 21, 1–11. [CrossRef]

67. Jarimopas, B.; Singh, S.P.; Sayasoonthorn, S.; Singh, J. Comparison of package cushioning materials to protect post-harvest impact
damage to apples. Packag. Technol. Sci. 2007, 20, 315–324. [CrossRef]

68. Lin, M.H.; Chen, J.H.; Chen, F.; Zhu, C.Q.; Wu, D.; Wang, J.; Chen, K.S. Effects of cushioning materials and temperature on quality
damage of ripe peaches according to the vibration test. Food Packag. Shelf 2020, 25. [CrossRef]

69. Karagiannidis, P.G.; Hodge, S.A.; Lombardi, L.; Tomarchio, F.; Decorde, N.; Milana, S.; Goykhman, I.; Su, Y.; Mesite, S.V.;
Johnstone, D.N.; et al. Microfluidization of Graphite and Formulation of Graphene-Based Conductive Inks. ACS Nano 2017, 11,
2742–2755. [CrossRef]

70. Gonzalez-Dominguez, J.M.; Baigorri, A.; Alvarez-Sanchez, M.A.; Colom, E.; Villacampa, B.; Anson-Casaos, A.; Garcia-Bordeje, E.;
Benito, A.M.; Maser, W.K. Waterborne Graphene- and Nanocellulose-Based Inks for Functional Conductive Films and 3D
Structures. Nanomaterials 2021, 11, 1435. [CrossRef]

71. Gonzalez-Dominguez, J.M.; Anson-Casaos, A.; Grasa, L.; Abenia, L.; Salvador, A.; Colom, E.; Mesonero, J.E.; Garcia-Bordeje, J.E.;
Benito, A.M.; Maser, W.K. Unique Properties and Behavior of Nonmercerized Type-II Cellulose Nanocrystals as Carbon Nanotube
Biocompatible Dispersants. Biomacromolecules 2019, 20, 3147–3160. [CrossRef]

59





Citation: Shaikh, H.M.; Anis, A.;

Poulose, A.M.; Madhar, N.A.;

Al-Zahrani, S.M. Date-Palm-Derived

Cellulose Nanocrystals as

Reinforcing Agents for Poly(vinyl

alcohol)/Guar-Gum-Based

Phase-Separated Composite Films.

Nanomaterials 2022, 12, 1104.

https://doi.org/10.3390/nano

12071104

Academic Editors: Rajesh Sunasee,

Karina Ckless and Linda J. Johnston

Received: 21 February 2022

Accepted: 25 March 2022

Published: 27 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Date-Palm-Derived Cellulose Nanocrystals as Reinforcing
Agents for Poly(vinyl alcohol)/Guar-Gum-Based
Phase-Separated Composite Films

Hamid M. Shaikh 1,*, Arfat Anis 1, Anesh Manjaly Poulose 1, Niyaz Ahamad Madhar 2 and Saeed M. Al-Zahrani 1

1 SABIC Polymer Research Centre, Department of Chemical Engineering, King Saud University, P.O. Box 800,
Riyadh 11421, Saudi Arabia; aarfat@ksu.edu.sa (A.A.); apoulose@ksu.edu.sa (A.M.P.);
szahrani@ksu.edu.sa (S.M.A.-Z.)

2 Department of Physics and Astronomy, College of Sciences, King Saud University, P.O. Box 2455,
Riyadh 11451, Saudi Arabia; nmadhar@ksu.edu.sa

* Correspondence: hamshaikh@ksu.edu.sa

Abstract: The current study delineates the use of date-palm-derived cellulose nanocrystals (dp-CNCs)
as reinforcing agents. dp-CNCs were incorporated in varying amounts to poly(vinyl alcohol)/guar-
gum-based phase-separated composite films. The films were prepared by using the solution casting
method, which employed glutaraldehyde as the crosslinking agent. Subsequently, the films were
characterized by bright field and polarizing microscopy, UV-Vis spectroscopy, FTIR spectroscopy, and
mechanical study. The microscopic techniques suggested that phase-separated films were formed,
whose microstructure could be tailored by incorporating dp-CNCs. At higher levels of dp-CNC
content, microcracks could be observed in the films. The transparency of the phase-separated films
was not significantly altered when the dp-CNC content was on the lower side. FTIR spectroscopy
suggested the presence of hydrogen bonding within the phase-separated films. dp-CNCs showed
reinforcing effects at the lowest amount, whereas the mechanical properties of the films were compro-
mised at higher dp-CNC content. Moxifloxacin was included in the films to determine the capability
of the films as a drug delivery vehicle. It was found that the release of the drug could be tailored by
altering the dp-CNC content within the phase-separated films. In gist, the developed dp-CNC-loaded
poly(vinyl alcohol)/guar-gum-based phase-separated composite films could be explored as a drug
delivery vehicle.

Keywords: date palm; cellulose nanocrystals; poly(vinyl alcohol); guar gum; phase-separated films;
moxifloxacin; drug delivery

1. Introduction

Recently, PVA- and polysaccharide-based phase-separated films have been proposed
by several authors. Phase-separated systems are a special type of composite system wherein
the different phases are formed due to the thermodynamic incompatibility between the two
polymeric phases. Yadav et al. (2017) have synthesized PVA and carboxymethyl tamarind
gum-based composite films [1]. Herein, the dispersed phase was carboxymethyl tamarind
gum, while the PVA formed the continuum matrices. The films were reported to form phase-
separated structures. The authors noted that the carboxymethyl tamarind gum-containing
composite films supported better human keratinocyte proliferation. The composite films
were also found to be capable of antimicrobial drug delivery applications. In another
study, the same group further reported that the properties of the composite films were
significantly changed when the internal carboxymethyl tamarind gum phase was reinforced
with graphene oxide nanosheets [2]. The blank films showed good antimicrobial properties,
which was accounted for the antimicrobial activity of graphene oxide nanosheets. The films
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were also explored for antimicrobial drug delivery applications. It was found that the films
were biocompatible towards human keratinocytes.

Polyvinyl alcohol (PVA) is a semi-crystalline polymer [3]. The polymer is highly
hydrophilic, due to which it can be easily soluble in water and is an excellent film-forming
polymer [4]. It has been extensively used to develop polymeric matrices for wide applica-
tions, including drug delivery, tissue engineering, regenerative medicine, food packaging,
and sensor development [5,6]. The biological applications of PVA are motivated because of
its excellent biocompatibility with human tissue [7]. Nevertheless, the polymer matrices of
PVA have been reported to exhibit poor mechanical and thermal stability. As mentioned
previously, the hydrophilic nature of PVA results in quick water absorption when placed in
the biological environment [8]. The absorption of water molecules results in the mechanical
instability of the PVA matrices, thereby leading to their disruption. The polymer matri-
ces of PVA have been crosslinked either by physical or chemical methods for improving
mechanical stability even when such matrices are placed in an aqueous environment [9].
Further, various authors have reported the inclusion of reinforcing materials (e.g., nanocel-
lulose, carbon nanotubes, and their derivatives, silver nanoparticles, etc.) for enhancing the
mechanical stability of PVA [10–12].

Similarly, many researchers have proposed the synthesis of polymeric architectures by
blending PVA and other biological polymers [13,14]. The blending of polymers of biological
origin with PVA allows the researchers to modulate the functionality of the polymeric
architectures. For example, polymeric structures of PVA and gelatin, alginate, chitosan, or
pectin have been proposed for drug delivery and tissue engineering applications [15–18].
Recently, PVA and polysaccharide-based phase-separated films have been proposed by
several authors. In such systems, the polysaccharides from the dispersed phase. The main
advantage of such a system can be related to the reinforcing effect exerted by the polysac-
charide phase, which helps to improve the mechanical stability of the films, compared
with the pristine PVA film. However, the mechanical stability of such phase-separated
films is composition-dependent. It has been found that, at a critical concentration, the
mechanical stability of the phase-separated film is the highest. The alteration in mechanical
properties can be related to the microstructural arrangement and the crystallinity of the
polymeric phases.

Guar gum (GG) is a widely used polysaccharide-based biopolymer that is extracted
from the embryos of Cyamopsis tetragonoloba [19]. Chemically, GG has a linear backbone
of (1–4)-β-D-mannopyranosyl units, which consists of α-D-galactopyranosyl units as pen-
dants. The gum has been proposed as a coating material for site-specific drug delivery [20].
Similarly, cellulose is another one of the most abundant naturally occurring polysaccharides
from plant cell walls in which a glucose unit of β-1,4 D-glucopyranosyl (anhydroglucose
(AGU)) is joined linearly in the 4C1-chain configuration. The high degree of polymeriza-
tion, high surface-area-to-volume ratio, and availability of numerous chemical functional
groups in the nanocellulose offer a high loading and binding capacity for drug release [21].
These polysaccharides are extensively used as biomaterials due to their biodegradable and
biocompatible characteristics.

Nonetheless, cellulose nanocrystals (CNCs) are also derived from agricultural waste
materials. Valorization of the CNCs has been reported to develop several polymeric
architectures for various applications, including photonic, pharmaceutical, and biomedical
applications. The dp-CNCs are being synthesized from the wastes of the date palm industry
in our previous research [22]. Moreover, the reinforcing effect of the dp-CNCs on the
phase-separated composite films has not been studied yet. Hence, examining the ability
of the dp-CNCs in tailoring the properties of phase-separated composite films seems
rather justified.

Therefore, in this study, we propose to develop PVA–guar gum (GG) phase-separated
film where the GG would form the dispersed phase, and the PVA would form the ex-
ternal phase. The PVA–GG film would be reinforced with date-palm-derived cellulose
nanocrystals (dp-CNCs). A thorough literature survey suggests that composite films of such
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compositions have not been investigated. Accordingly, PVA–GG (PGC) phase-separated
films reinforced with dp-CNCs are fabricated using a solvent casting method, and its
structure–property relationship for drug delivery analysis is studied in this study.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (Mw 89,000–98,000, 99+% hydrolyzed CAS number 9002-89-5),
glutaraldehyde solution 25% (v/v), were purchased from Sigma Aldrich, St. Louis, MO,
USA. Isopropanol (99.9%, analytical grade), and hydrochloric acid (37%, ACS reagent)
were obtained from Panreac Química, Garraf, Spain. Guar gum was supplied by Scharlab,
Barcelona, Spain. dp-CNCs were synthesized in our lab, as per the method mentioned
earlier. In brief, fine powder was obtained from palm tree trunk mesh and pretreated with
supercritical carbon dioxide (ScCO2) to eliminate the water-soluble extractives. It was then
treated with a 20% (w/v) sodium hydroxide solution at 90 ◦C for 6 h. The solid fraction
was separated and washed until it became alkali-free. Finally, a bleaching reaction was
carried out at 70 ◦C for 4 h, using an acidic solution of sodium chloride (pH 3.7). The pure
cellulose was collected by filtration, washed several times until it became neutral, and
finally dried to obtain a constant weight. For obtaining nanocellulose from this cellulose,
a combination of mechanical disintegration and chemical treatments with sulfuric acid
was used. Firstly, homogenous cellulose suspension has a solid content of ~5 wt.%. The
suspension was then fed into the barrel of a twin-screw DSM-Xplore micro-compounder
(15 cm3 Xplore®, Sittard, The Netherland) for mechanical defibrillation of cellulose. It is
continuously recirculated within a barrel for about 30 min at a constant screw speed of
250 rpm. After this treatment, solids were collected and subjected to sulfuric acid hydrolysis.
In short, 10 g treated cellulose samples were hydrolyzed in 100 mL 50 wt.% H2SO4 solution.
The reaction was performed at 45 ◦C with continuous stirring for about 60 min. Finally,
the hydrolysis reaction was quenched by the addition of a large amount of distilled water.
This suspension was centrifuged several times, and the supernatant fluid was discarded
till it became neutral. This cloudy suspension was then dialyzed against distilled water
until the pH of the suspension reached a constant value. This portion of the nanocellulose
suspension was stored in a refrigerator at 4 ◦C, while the other was freeze-dried and utilized
for further use. Furthermore, it has nanoparticles with sizes ranging from 26 nm to 61 nm, a
negative zeta potential of −35 mV, and 89% crystallinity [22]. Furthermore, double distilled
water was used throughout the study.

2.2. Preparation of Nanocomposite Films

The PVA–GG-based nanocomposite films were prepared similar to the method pro-
posed by Yadav et al. [2]. In short, initially, solutions of 10% (w/w) PVA and 2% (w/w)
GG in water were prepared. To make a 10% aqueous solution of PVA, 10 g of PVA was
gradually dispersed in 90 g of water by stirring. The mixture was then put in a water
bath at 90 ◦C to achieve complete dissolution of PVA. For GG preparation, 2 wt.% GG
was prepared at room temperature by dissolving 2 g GC in 98 g of hot water. Then, the
solutions of PVA and GG were mixed in the ratio of 18:2 (w/w) and homogenized at room
temperature using an overhead stirrer (200 rpm; 5 min). A volume of 10 mL of water
was then added to the mixture and subsequently homogenized. A suspension of dp-CNC
in 10 mL water, containing 0 mg, 2.5 mg, 5 mg, 7.5 mg, and 10 mg, was then added to
the diluted solution and homogenized further for another 5 min. This was followed by
the addition of the 2 mL of glutaraldehyde reagent, which was used as the crosslinking
solution. The glutaraldehyde reagent was prepared by mixing glutaraldehyde, isopropanol,
and hydrochloric acid in the ratio of 0.5:0.5:0.05 (i.e., 0.5 mL of glutaraldehyde, 0.5 mL of
isopropanol, and 0.05 mL of hydrochloric acid). The liquid mixtures (42 mL) were then
converted into films of 60 mm diameter by the solution casting method using 20 mL of
the mixtures. During the drying stage, the liquid mixtures, which were poured into Petri
dishes, were kept in a thermal cabinet (40 ◦C) for 24 h. The drying process resulted in the
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formation of films, which were peeled off with the help of forceps. The films were named
A0, A1, A2, A3, and A4, respectively. A0 film was a phase-separated film of PVA and GG,
devoid of dp-CNC reinforcement. The rest of the films contained 2.5 mg, 5 mg, 7.5 mg, and
10 mg of dp-CNCs, respectively, in the 40 mL of PVA–GG mixture. The drug-loaded films
were synthesized by incorporating 400 mg of moxifloxacin in the liquid mixture after the
addition of the crosslinking agent. The films thus formed were named A0D, A1D, A2D,
A3D, and A4D. Figure 1 illustrates the flowchart of the film formulation.

Figure 1. Flowchart diagram of the preparation of the films.

2.3. Characterization of the Films
2.3.1. Microstructure Analysis

The microstructures of the films were observed and analyzed under bright-field
(Model: DM750, Leica Microsystems, Wetzlar, Germany) and polarizing (Model DM 75,
Leica Microsystems, Wetzlar, Germany) microscopes.

2.3.2. Spectroscopic Analyses

The UV-Vis transmission spectrum of the films was evaluated using a UV-Vis spec-
troscope (Shimadzu 3600 UV-VIS-NIR, Kyoto, Japan). The scanning was carried out in
the wavelength region of 280 nm and 800 nm. The functional group analysis and the
interactions among the functional groups were analyzed using a Fourier transform infrared
(FTIR) spectroscope (Nicolet iN10, Thermo Scientific, Winsford, UK). The measurements
were made in the attenuated total reflectance (ATR) mode at room temperature.
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2.3.3. X-ray Diffraction Study

The films were subjected to wide-angle X-ray diffraction studies using an X-ray diffrac-
tometer (D8 Advance, Bruker, Berlin, Germany). An automated wide-angle goniometer
coupled with a sealed tube with Cu-Kα source radiation (λ = 1.54056 Å) was used. In
reflection mode, a range of 2θ was scanned from 5◦ to 50◦ at 5◦/min, and the X-ray tube
was operated at 40 kV and 40 mA.

2.3.4. Mechanical Study

The mechanical property of the films was estimated by performing the stress relaxation
(SR) study, which can divulge information about the viscoelastic nature of the films. The
samples were cut into rectangular pieces (size (L × B): 60 mm × 5 mm). Then, the film
pieces were attached to the sample holder and placed under the tensile grip. The length
of the sample holder window was maintained at 50 mm. The test was carried out by
stretching the films by 2 mm and then recording the reduction in the stress values for 60 s.
The analysis was carried out in triplicate.

2.3.5. Drug Release Study

The drug release study was conducted in Franz’s diffusion cell. The receptor com-
partment of the diffusion cell was 12.0 mL. The films were cut into circular pieces (1 cm
diameter) so that the drug content in the films was 1.57 mg/cm2. The receptor compartment
was filled with phosphate-buffered saline (PBS; 6.8). Then, an activated dialysis tube was
placed over the receptor compartment, followed by the placement of the films. Thereafter,
the donor compartment was placed and secured, followed by the addition of 1.0 mL of
PBS. The PBS in the receptor compartment was sampled (1.00 mL) at regular intervals,
which was then replaced with fresh PBS. The sampled PBS was then analyzed in a UV-Vis
spectrometer at 391 nm wavelength to determine the drug content. The release study was
conducted in triplicate.

2.3.6. Statistical Analysis

The results of mechanical and drug release studies are reported as average ± standard
deviation. The variation in the average values was analyzed by t-test.

3. Results and Discussions

3.1. Microstructure Analysis

The addition of dp-CNCs in A1, A2, A3, and A4 was expected to alter the microstruc-
ture of the films considerably. The bright-field micrographs (Figure 2) of A1, A2, and A3
showed the presence of the dispersed phases. The agglomeration of the dispersed phase
of GG was found to be composition-dependent. Interestingly, it was found that the mi-
croarchitecture of A4 was relatively smoother than the other films. Such an observation can
only be explained by the ability of dp-CNCs to reduce the interfacial tension among PVA
and GG molecules when their concentrations were highest. The bright-field micrographs
of A0 film (control), which did not contain dp-CNCs, showed the presence of dispersed
phases. This observation was in concurrence with the observations made by Yadav et al. [2],
wherein the formation of phase-separated films of PVA was reported.
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Figure 2. Bright-field and polarizing micrographs of the prepared films.

The polarizing micrographs of A0 also showed the presence of these phase-separated
structures. However, the overall brightness of the polarizing micrograph was relatively
dark. The dark appearance of the micrographs was due to the positioning of the polarizer
and the analyzer in the cross-polarized position. The polarized light micrographs of A1, A2,
and A3 confirmed the presence of GG as the dispersed phases. The microarchitecture of A3
showed agglomerated structures of the dispersed phase. The extent of the agglomerated
structures was relatively greater in A3 as against A1 and A2, which predominantly showed
isolated dispersed phases. Interestingly, the polarized light micrographs of A3 also showed
some minor microcracks within the film structure. The polarized light micrographs of A4
showed the extensive presence of microcracks, which were more predominant than the
microcracks of A3.

Moreover, the prepared films were colorless and transparent (Figure S1). The forma-
tion of colorless and transparent films of PVA and polysaccharides has been reported earlier
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by several research groups [2]. Such an observation can be related to the presence of PVA,
which forms colorless and transparent films, in a higher amount than the polysaccharide.
The prepared films were firm to touch and could be appropriately handled without damag-
ing their structure. Apart from this, the foldability of the films was also very good. This
can be reasoned to the presence of PVA as the continuum matrix. The films were placed
over a scale to judge their apparent transparency (Supplementary Information). It could
be observed that the marking of the scale through A0, A1, A2, and A3 could be clearly
seen. There was no distortion of the markings on the scale. However, in the case of A4,
the markings appeared slightly hazy. This is an indication of reduced transparency when
dp-CNC is incorporated within the films in higher quantity.

Nonetheless, researchers are extensively studying the microstructures of polymer
matrices. This is because an alteration in the microstructure can alter the properties,
including physicochemical and mechanical properties, of the polymer matrices. Even a
slight change in the microstructure can greatly alter the properties of the polymer matrices.
The polymer scientists have reported adding two or more polymers for tailoring the
properties. In this regard, PVA has been blended with various polysaccharides, including
GG (pristine or modified), by many researchers [23,24]. In many studies, PVA has been
blended together with GG and other polymers (e.g., chitosan, tamarind seed kernel powder,
κ-carrageenan, cellulose, etc.) [25–28]. Further, the properties of the blends of PVA and GG
have also been tailored using nanoparticles [26]. In all of the papers, it has been reported
that the addition of GG, other polymers, and nanoparticles have considerably affected the
properties of the PVA films.

3.2. Spectroscopic Analyses

The UV-Vis spectra of the films are shown in Figure 3a. From the spectral profiles,
it can be seen that at ~280 nm (start region of UVB radiation), the absorption by all
the films was very high, thereby resulting in near-zero transparency. However, by the
wavelength of 315 nm (end region of UVB radiation), there was a considerable increase in
the transparency values of the films [29]. The A0, A1, A2, and A3 films showed similar
transparency values ~73%, but the A4 films showed significantly lower transparency (~62%).
In the UVC region, there was an increase in the transparency of the films throughout the
radiation wavelengths [30]. The A0, A1, and A2 films showed similar transparency values,
higher than A3 and A4 films. The transparency of the A3 film was slightly lower than
the transparency of the A0, A1, and A2 films. Nevertheless, the transparency of the A4
films was significantly lower than the rest of the films. Further, in the visible region, the
transparency values remained constant. There was not a considerable variation in the
transparency values of the films from the transparency values at 400 nm. The spectra in
the visible region are concurrent with the results from the apparent transparency. In the
apparent transparency test, it was found that there was a considerable distortion in the
markings of the scale when overlayed with A4 film.

Figure 3b–f represent the FTIR spectra of the films. The control (A0) film showed
the absorption bands at ~2929 cm−1, ~2861 cm−1, ~1649 cm−1, ~1420 cm−1, ~1329 cm−1,
~1086 cm−1, ~1028 cm−1, ~919 cm−1, and ~824 cm−1. The C–H stretching vibrations in
the alkyl groups in PVA and guar gum can be attributed to the appearance of the peak at
2929 cm−1. The CH2 bending vibrations in PVA and guar gum are responsible for the band
at 1651 cm−1. The absorption band at 1420.2 cm−1, 1086.2 cm−1, 919.3 cm−1, and 828.6 cm−1

were attributed to C–H wagging vibrations in the -CH2 group, C–O, CH2 stretching, and
C–C stretching vibrations, respectively [31,32]. All the films showed the presence of all
the peaks at similar locations. This observation suggested that the interactions in A0 and
dp-CNC films were similar. The addition of dp-CNCs in the films did not significantly
affect the nature of the interactions.
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Figure 3. Spectroscopic analyses of the films: (a) UV-Vis spectra of the prepared films; (b–f) FTIR
spectra of the films ((b) A0, (c) A1, (d) A2, (e) A3, and (f) A4).

Further, there was a broad absorption band in the wavenumber ranges of 3700 cm−1

and 2997 cm−1 in all of the films (Figure 4). This broad absorption band can be explained
by the hydrogen bonding and -OH stretching vibrations within the components of the
films [33]. The area under the peak (AUP) of this broad absorption band is a marker of
hydrogen bonding. The AUP of the control film (A0) was 7.10. The AUP of A1 film, having
the lowest amount of dp-CNCs, decreased to 5.18. However, with a further increase in
dp-CNC content within the films A2, A3, and A4, the AUP was increased to 8.61, 21.89, and
33.76, respectively. The increase in AUP could be due to the increase in the intermolecular
and intramolecular hydrogen bonds within the film components [34]. A significant increase
in the hydrogen bonding may be attributed to the appearance of microcracks in A3 and
A4 films.

Figure 4. The area under the broad absorption band (3700 cm−1 and 2997 cm−1) of the films: (a) A0,
(b) A1, (c) A2, (d) A3, and (e) A4.
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3.3. XRD Study

The diffractograms of the films are provided in Figure 5. The control (A0) films showed
two major peaks at 12.50◦ and 20.05◦ 2θ. The former was a broad peak and had a lower
intensity (565.34 arbitrary units (a.u.)). This peak could be associated with the amorphous
region within the films. The second peak was a sharp peak, with an intensity of 9271.68 a.u.,
and could be attributed to the crystalline region. From the intensity values of these peaks,
percentage crystallinity (%C) was calculated as per Equation (1) [35]. The %C was found to
be 93.90%.

%C =
Ic − Ia

Ic
× 100 (1)

where %C is the percentage of crystallinity, Ia is the intensity of the amorphous region, and
Ic is the intensity of the crystalline region.

 

Figure 5. XRD diffractograms of the films: (a) A0, (b) A1, (c) A2, (d) A3, and (e) A4.

The diffractograms of the dp-CNC-loaded films appeared similar in nature. These
films also showed amorphous and crystalline peaks, as seen in A0. However, both of the
bands were conjoined, unlike in A0. The amorphous peaks of A1, A2, A3, and A4 were
located at 13.64◦, 14.7◦, 13.85◦, and 13.62◦ 2θ, respectively. It can be observed here that
the position of the amorphous peak of A2 was at a higher 2θ value than A1. Thereafter,
there was a decrement in the 2θ values in A3 and A4. The corresponding peak intensities
were 1787.38, 1026.56, 1133.27, and 1645.09 a.u. As the dp-CNC amount was increased
in A2, there was a decrease in the intensity values. In fact, the intensity value of the
amorphous peak of A2 was the lowest. After that, the intensity values of the amorphous
peaks increased in a concentration-dependent manner. The crystalline peaks in the dp-
CNC-loaded films were present at 19.66◦, 19.56◦, 19.72◦ and 19.96◦ 2θ values [35]. The
position of the crystalline peak of A2 was at the lowest position. An increment in the
dp-CNC content resulted in the increment in the 2θ values of A3 and A4, respectively. The
intensity of the crystalline peaks of A1, A2, A3, and A4 were 9575.19, 11,732.9, 6692.58, and
9642.71 a.u., respectively. The results suggested that the highest intensity of the crystalline
peak was exhibited by A2. However, no trend regarding the variation in the intensity of
the crystalline peaks could be deciphered. %C was calculated from the intensity values of
the amorphous and crystalline peaks [35]. The %C of the dp-CNC-loaded films was lower
than the control film (93.90%). Among the dp-CNC-loaded films, the %C values of A1, A2,
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A3, and A4 were found to be 81.33, 91.25, 83.07, and 82.94, respectively. The %C of A2 was
highest, followed by A3, A4, and A1.

3.4. Mechanical Study

The mechanical properties of the films were analyzed by the stress relaxation (SR)
study. This method allows the researchers to analyze the changes in the polymer architec-
ture when they are subjected to a constant strain. The SR profiles are shown in Figure 6a.
With the increase in the strain, there was an increase in the force values. The force values
reached the maximum (F0), related to firmness, when the films were stretched to the maxi-
mum extent (2 mm) (Figure 6b). The F0 value of A0 was 593.63 ± 43.33 g. The inclusion of
dp-CNCs into the films significantly increased the firmness of A1 (F0 = 908.51 ± 102.26 g),
explained by the reinforcing effect of dp-CNC. A further increase in the dp-CNC content
correspondingly reduced the F0 value of the films. The F0 values of A1 and A2 were
significantly different from the control film (p < 0.05). The variations in the F0 values of A3
and A4 were statistically similar to the control film (p > 0.05). Among the dp-CNC-loaded
films, the F0 values of A1–A3, A1–A4, and A2–A3 were statistically different (p < 0.05).

Figure 6. Mechanical properties of the films: (a) stress relaxation profiles, (b) F0 values, (c) F60 values,
and (d) percent stress relaxation profiles.

The relaxed force values (F60) of the films showed a similar trend as that of F0 values
(Figure 6c). However, the differences in the F60 values of the films were statistically
insignificant (p > 0.05). Subsequently, percentage SR (%SR) values were calculated using the
F0 and F60 values (Equation (2)) [36]. The %SR of A0 was 43.87 ± 2.51 g, which was increased
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in A1 (54.81 ± 2.09 g) and A2 (55.26 ± 9.42 g) (Figure 6d). The %SR values of A1 and A2
were statistically similar. Even though the %SR values of A0 and A1 were significantly
different (p < 0.05), the %SR values of A0 and A2 were similar (p > 0.05). A consequent
increase in the dp-CNCs in the films reduced the %SR values in A3 (47.54 ± 3.08 g) and
A4 (45.61 ± 1.40 g), respectively. Among the dp-CNC-containing films, the reduction in
the %SR values of A3 and A4 were statistically different (p < 0.05). It can be observed
that the average %SR values of A1 and A2 were greater than 50%. This is suggestive of a
more fluidic component in the films, compared with the others, which are predominantly
elastic [37].

%SR =
F0 − F60

F0
× 100 (2)

where %SR is percentage stress relaxation, F0 is maximum force attained at the maximum
strain, and F60 is the force at the end of the relaxation period.

In gist, it can be observed that A1 showed higher firmness over the other films due
to the reinforcing effect of dp-CNCs. However, it also showed the most increased fluidity,
compared with others. Such property can help improve the endurance of the films.

3.5. Drug Release Study

The moxifloxacin drug release profiles from the films are provided in Figure 7. It can
be observed that there were corresponding increases in the cumulative percent drug release
(CPDR) values as time progressed. However, the CPDR vs. time plot was not a linear
plot [29]. An increase in the dp-CNC content in the films correspondingly improved the
CPDR values. This may be due to the increase in the hydrophilicity with the increase in
the dp-CNC content. The CPDR value of A0D, A1D, A2D, A3D, and A4D at the end of the
study was 31.36 ± 2.15%, 33.17 ± 0.35%, 35.56 ± 1.31%, 42.60 ± 1.01%, and 45.45 ± 1.01%,
respectively. Even though the average CPDR values of A1D and A2D were higher than
the CPDR value of A0D, the values were not statistically significant (p > 0.05). The CPDR
values of A3D and A4D were significantly higher than A0D (p < 0.05). Among the dp-CNC
containing films, except the CPDR values of A1D and A2D that were similarly valued
(p > 0.05), all other CPDR values were significantly different (p < 0.05). In gist, the release of
the drug from the films was not affected significantly, compared with the control, in which
the dp-CNC content was on a lower side. Nevertheless, when the dp-CNC content was on
a higher side, the release of the drug was considerably increased.

Figure 7. Cumulative percent drug release profiles: A0D, without dp-CNC, with 400 mg of drug;
A1D, 2.5 mg dp-CNC, with 400 mg of drug; A2D, 5 mg dp-CNC, with 400 mg of drug; A3D, 7.5 mg
dp-CNC, with 400 mg of drug; A4D, 10 mg of dp-CNC, with 400 mg of drug.
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4. Conclusions

In the current study, the synthesis of poly(vinyl alcohol)/guar-gum-based phase-
separated film was discussed, which was confirmed by the bright-field and polarizing
microscopy techniques. The phase-separated film thus formed was incorporated with
dp-CNC as the reinforcing agent. The micrographs suggested the presence of two distinct
phases within the films. The appearance of such microarchitectures can be attributed to
the formation of phase-separated films. It was found that at the lowest dp-CNC content,
dp-CNCs acted as reinforcing agents. Interestingly, the hydrogen bonding was lowest in
this film. An increase in the dp-CNC content significantly improved the hydrogen bonding.
However, the mechanical properties of the films were compromised significantly in A2,
A3, and A4, compared with A1. In fact, in A3 and A4, the hydrogen bonds were so strong
that they formed microcracks. These microcracks can be explained by the decrease in the
mechanical properties of the A3 and A4 films. Lastly, it was found that the developed
films were suitable as delivery vehicles for Moxifloxacin. In the future, research with other
types of drugs will be performed. Additionally, the biocompatibility of the films will be
ascertained using in vitro cell culture studies and in vivo animal studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12071104/s1, Figure S1: The prepared phase-separated
films placed over scales to analyze morphology and transparency.
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polymorphic transitions and physicochemical properties of mango butter. Food Chem. 2021, 347, 128987. [CrossRef] [PubMed]

37. Bharti, D.; Kim, D.; Cerqueira, M.A.; Mohanty, B.; Habibullah, S.; Banerjee, I.; Pal, K. Effect of Biodegradable Hydrophilic and
Hydrophobic Emulsifiers on the Oleogels Containing Sunflower Wax and Sunflower Oil. Gels 2021, 7, 133. [CrossRef] [PubMed]

74



nanomaterials

Article

Vascular and Blood Compatibility of Engineered Cationic
Cellulose Nanocrystals in Cell-Based Assays

Alexandre Bernier, Tanner Tobias, Hoang Nguyen, Shreshth Kumar, Beza Tuga, Yusha Imtiaz,

Christopher W. Smith, Rajesh Sunasee * and Karina Ckless *

Citation: Bernier, A.; Tobias, T.;

Nguyen, H.; Kumar, S.; Tuga, B.;

Imtiaz, Y.; Smith, C.W.; Sunasee, R.;

Ckless, K. Vascular and Blood

Compatibility of Engineered Cationic

Cellulose Nanocrystals in Cell-Based

Assays. Nanomaterials 2021, 11, 2072.

https://doi.org/10.3390/

nano11082072

Academic Editor: Takuya Kitaoka

Received: 12 July 2021

Accepted: 13 August 2021

Published: 15 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Chemistry, State University of New York at Plattsburgh, Plattsburgh, NY 12901, USA;
abern012@plattsburgh.edu (A.B.); ttobi004@plattsburgh.edu (T.T.); hnguy021@plattsburgh.edu (H.N.);
skuma010@plattsburgh.edu (S.K.); tuga0002@umn.edu (B.T.); yusha.imtiaz@emory.edu (Y.I.);
C.W.Smith022@gmail.com (C.W.S.)
* Correspondence: rajesh.sunasee@plattsburgh.edu (R.S.); kckle001@plattsburgh.edu (K.C.)

Abstract: An emerging interest regarding nanoparticles (NPs) concerns their potential immunomod-
ulatory and pro-inflammatory activities, as well as their impact in the circulatory system. These bi-
ological activities of NPs can be related to the intensity and type of the responses, which can raise
concerns about adverse side effects and limit the biomedical applicability of these nanomaterials.
Therefore, the purpose of this study was to investigate the impact of a library of cationic cellulose
nanocrystals (CNCs) in the human blood and endothelial cells using cell-based assays. First, we
evaluated whether the cationic CNCs would cause hemolysis and aggregation or alteration on the
morphology of red blood cells (RBC). We observed that although these nanomaterials did not alter
RBC morphology or cause aggregation, at 24 h exposure, a mild hemolysis was detected mainly
with unmodified CNCs. Then, we analyzed the effect of various concentrations of CNCs on the cell
viability of human umbilical vein endothelial cells (HUVECs) in a time-dependent manner. None of
the cationic CNCs caused a dose-response decrease in the cell viability of HUVEC at 24 h or 48 h
of exposure. The findings of this study, together with the immunomodulatory properties of these
cationic CNCs previously published, support the development of engineered cationic CNCs for
biomedical applications, in particular as vaccine nanoadjuvants.

Keywords: cellulose nanocrystals; cationic; immunomodulator; hemolysis; cytotoxicity

1. Introduction

The medical nanotechnology field has grown exponentially in the past 10 years and
the possibilities of applications of cellulose nanocrystals (CNCs) in this context have been
expanded from the initial proposed use as drug delivery platforms [1] to sophisticated
bio-imaging [2] and pH sensing [3] systems, among others [4]. The source of CNCs is
cellulose. This polymer, made of glucose, plays a crucial role in maintaining the structure
of the plant cell wall and it is the most abundant polysaccharide on earth [5–9]. CNCs are
unique nanomaterial obtained from the acid hydrolysis of native cellulose, forming rigid
“rod-like” crystalline nanocellulose (length typically between 100–200 nm and diameter
~5–10 nm). They exhibit remarkable strength and physicochemical properties including
a high aspect ratio, low density, and large specific surface area, as well as have the pres-
ence of abundant hydroxyl groups for surface chemical modifications [7,10,11]. In fact,
the presence of abundant hydroxyl groups allows these nanomaterials to be engineered by
modifying these groups with various functional polymers and pendants with the purpose
to be tailored for specific biomedical applications [9], including potential immunomodula-
tors. Polysaccharides, such as 2,3-O-acetylated-1,4-β-D-glucomannan, have been shown
to elicit an immune response by stimulating the secretion of cytokines, interleukin 1-beta
(IL-1β), and tumor necrosis factor alpha (TNF-α) in human cell lines [12]. The immune
response is a physiological event that occurs in many biological systems and it is the
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foundation of vaccine effectiveness. The proper immune response and lasting immunity
towards a pathogen elicited by a vaccine is sometimes achieved only in the presence of
adjuvants, which are substances that help to boost this response [13–15]. Adjuvants cur-
rently approved as components of vaccines are particulate nanomaterials such as “alum”
(aluminum oxohydroxide and aluminum hydroxyphosphate) or oil-in-water emulsions,
which act as both vaccine delivery vehicles and immunostimulants [16,17]. The emerg-
ing interest in CNCs for biomedical applications as well as their particulate morphology
prompted us to develop a series of wood-based CNCs with positive surface charges and
potential immunomodulatory activities that hopefully could be further developed in newly
engineered vaccine nanoadjuvants. In fact, the immunostimulatory activity of cationic
CNCs was first described in our previous work in which we found that they induced
the secretion of the inflammatory cytokine, IL-1β, in mouse and human macrophage
cells [18,19]. Recently, we successfully expanded the library of cationic CNCs by engi-
neering the surface of CNCs with poly[2-(methacryloyloxy)ethyl]trimethylammonium
chloride (METAC) and poly(aminoethyl methacrylate hydrochloride (AEM)) possessing
pendant cationic groups (+NMe3 and +NH3 respectively)[20]. By changing the proportion
of initiators (2-bromoisobutyryl bromide, Brib) and monomers (METAC and AEM) during
the polymerization process, we obtained a series of cationic CNCs with different surface
charges and hydrodynamic sizes. This new library of cationic CNCs was evaluated using
three different cell-based assays and relevant immune cells, including mouse cell lines
and human peripheral blood mononuclear cells (PBMCs). Overall, we demonstrated that
these cellulose-based nanomaterials present very low cytotoxicity in all our tested experi-
mental conditions [20]. Given that these cationic cellulose-based nanomaterials have the
potential to be developed as immunomodulators and therefore vaccine nanoadjuvants, it is
paramount that all aspects of their interactions with biological systems must be evaluated.
The majority of currently utilized vaccines are administered intramuscularly (i.e., direct
injection into the skeletal muscle) [15], implying that these nanoadjuvants have the possi-
bility to be in contact with blood and vascular cells. As part of the biomedical application
safety assessment of nanoparticles, the blood compatibility assays comprehend a series of
tests to verify the interaction between nanomaterials and blood components alongside its
consequences including hemolysis [21] and RBC aggregation and morphology [22]. Thus,
in this study, we utilized RBC lysis, aggregation, and morphology, as well as cytotoxicity in
endothelial cells in dose-response and time course studies to evaluate the blood and vascu-
lar compatibility of engineered cationic CNCs. Overall, we demonstrated that unmodified
and modified CNCs are compatible with RBC and endothelial cells, and therefore can be
further investigated as potential vaccine nanoadjuvants.

2. Materials and Methods

2.1. Cationic CNCs and Preparation of Their Colloidal Suspensions for Biological Assays

The unmodified CNCs used in this study were spray-dried CNCs obtained via sulfu-
ric acid hydrolysis of hardwood pulp that were kindly supplied by InnoTech Alberta Inc.
(Edmonton, AB, Canada). The unmodified CNCs possess a negative surface charge due
to the presence of the sulfate half-ester groups. CNCs conjugated with the cationic poly-
mers [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) and 2-aminoethyl
methacrylate hydrochloride (AEM) were synthesized via surface-initiated single electron
transfer living radical polymerization and characterized using analytical, spectroscopy
and microscopy techniques as described in our recent publication [20]. The chemical struc-
tures of unmodified CNCs and engineered cationic CNCs (also referred to as modified
CNCs) are depicted in Scheme 1 and their respective compositions, apparent particle sizes,
and zeta potentials are illustrated in Table S1. The cationic CNCs used in this study are
CNC-AEM-1A, CNC-AEM-2A, CNC-METAC-1A, CNC-METAC-2A, and CNC-METAC-2B.
While CNC-METAC (1A, 1B, and 2A) have the same chemical structures, they differ in
terms of their composition based on the amount of initiator and monomer used during the
polymerization. For instance, CNC-METAC-1A and CNC-METAC-1B were prepared using
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the same amount of initiator (5:3 [Br]/[AGU]) but with a different monomer concentration
(50:3 and 60:3 [monomer]/[AGU], respectively). CNC-METAC-2B was synthesized with
5:12 [Br]/[AGU]) and 60:3 [monomer]/[AGU] (Table S1). The colloidal suspensions of the
unmodified and modified CNCs were prepared at 1 mg/mL in ultrapure water by vor-
texing for 15 sec followed by sonication (70 output) for 2 min. The sonicated suspensions
were filtered using a 0.45 μm polytetrafluoroethylene (PTFE) filter and autoclaved at 121◦
C 15 psi for 30 min. The sterile CNCs suspensions were aliquoted and kept at −20 ◦C.
For simplicity, the names of the modified cationic CNCs were abbreviated in the figures
by omitting “CNC” from their denominations. For full name, chemical structures, and
respective physicochemical characteristics, see Table S1 and Scheme 1.

Scheme 1. Chemical representation of the cellulose-based nanomaterials used in this study: unmodi-
fied CNCs and engineered cationic CNCs (CNC-AEM and CNC-METAC).

2.2. Human Blood Preparation

Human blood containing citrate phosphate double dextrose Solution (CP2D) as an
anticoagulant were extracted from Leukotrap blood filters (UVM Health Network-CVPH
North Country Regional Blood Center) from healthy blood donors. To retrieve blood cells,
the filter was slowly flushed once with a 50 mL syringe filled with air and approximately
15 mL was collected. The blood was diluted 1:10 in sterile calcium and magnesium-free
phosphate buffered saline (PBS) to obtain approximately 1.5 mg/mL of total hemoglobin.
In a 48-well plate, 225 μL of diluted blood was mixed with 25 μL of CNCs suspensions
(final concentrations of 25 and 50 μg/mL), followed by incubation at 37 ◦C in a 5% CO2-
supplemented atmosphere for 1, 2, and 24 h before analysis.

2.2.1. Hemolysis Assay

The hemolysis assay was modified using the protocol from the National Cancer
Institute (NCI) [23] and as previously published [24]. After the respective period of
incubation, the percentage (%) of RBC hemolysis was analyzed by transferring 150 μL of the
RBC/CNC mixture into a clean microtube and centrifuging it at 4000 RPM. The supernatant
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was then reacted with 1 mL of Drabkin solution (Ricca, Arlington, TX, USA) for 10 min
RT in the dark, followed by spectrophotometric analysis at 540 nm. To determine the
total hemoglobin in each experimental condition, 1% triton was added to 20 μL of the
RBC/CNCs mixture for the complete release of hemoglobin prior to the addition to the 1 mL
of Drabkin solution and the absorbance was measured at 540 nm using a microplate reader
(Synergy H1 Hybrid Multi-Mode, BioTek/Agilent, Winoski, VT, USA). PBS (negative)
ultrapure water, Triton 1%, and polyethylene glycol (PEG) 1 mg/mL (positive) were
utilized as controls. The absorbance of the Drabkin solution at 540 nm was considered
blank and subtracted from the absorbance obtained from all the samples. The percent of
RBC lysis was calculated using the following equation.

% lysis =

[
(Abs540 nm of supernatants − Abs540 nm of blank)

(Abs540 nm of suspension − Abs540 nm of blank) x diluition f actor
]× 100

2.2.2. Red Blood Cell (RBC) Morphology and Aggregation

After the treatments, 10 μL of blood/CNCs mix were diluted in 100 μL of sterile
calcium and magnesium-free PBS, and were promptly analyzed in a BD Accuri C6 Flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). At least 20,000 events were collected
using a forward scatter channel (FSC) and sideward scatter channels (SCC), and were pre-
sented as histograms (FSC vs. count). The data were acquired and analyzed with BD Accuri
software. PEG 1 mg/mL (positive control) was utilized for gating the aggregated cells.

For morphological changes and the aggregation of RBC, samples were diluted as
described for flow cytometry analysis and observed in an Olympus CKX53 inverted
microscope coupled with a DP22 Olympus camera. The Cell Sens (Olympus, Waltham,
MA, USA) software was utilized to capture the images in bright field at 400x magnification.

2.3. Cell Culture and Experimental Conditions

Human umbilical vein endothelial cells (HUVEC, ATCC Manassas, VA, USA) were
cultured in F-12K Medium (Kaighn’s Modification of Ham’s F-12 Medium, ATCC), sup-
plemented with 10% fetal bovine serum (FBS, Gibco/Thermo Fisher Scientific, Waltham,
MA, USA), 0.1 mg/mL heparin (MilliporeSigma, Burlington, MA, USA), and 0.3 mg/mL
Endothelial Cell Growth Supplement (Corning, Corning, NY, USA). Cells were seeded
at 1 × 105 cells/mL in a 96-well plate and cultured at 37 ◦C in a 5% CO2-supplemented
atmosphere for at least the overnight before the treatment with 10, 25, 50, and 100 μg/mL
of CNCs for 24 or 48 h.

Cell Viability Assays

To assess the impact of CNCs on endothelial cell viability, the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma)) and Neutral Red assay
(NR, Sigma) were utilized. These assays have different approaches to assess cell viability but
both focus on organelle function. The MTT assay assesses the conversion of the water-soluble
MTT (yellow) into a water-insoluble formazan (purple/blue), mainly by mitochondrial
dehydrogenases [24]. The NR assay is based on the ability of viable cells to incorporate
and bind the neutral red dye in the lysosomes [25]. In both assays, the intensity of the
color is directly proportional to cell viability. After treatments, the medium from the
HUVEC culture was removed and 100 μL of fresh culture medium containing 500 μg/mL
of MTT or 50 μg/mL of NR was added to each well. The cells with the MTT or NR loading
medium were incubated at 37 ◦C in a 5% CO2-supplemented atmosphere. After 30 min,
the respective loading medium was removed and the attached cells were gently washed
once with PBS. To solubilize the formazan crystals, 100 μL/well of dimethyl sulfoxide
(DMSO) was added and the absorbance was measured at 570 nm using a microplate reader
(Synergy H1 Hybrid Multi-Mode, BioTek/Agilent). To extract NR dye from the lysosomes,
100 μL of acidified ethanol (1% glacial acetic acid, 50% ethanol) was added and the plate
was placed on the plate shaker for ~10–15 min with protection from light. The absorbance
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at 540 nm and 690 nm was measured in the microplate reader within 60 min from adding
the NR Desorb solution. For calculations, absorbance at 690 nm was subtracted from
540 nm. The non-treated cells (control) were considered 100% viable cells in both the MTT
and NR assays. For statistical significance, both cell viability assays were repeated at least
3 times in triplicates.

2.4. Statistical Analysis

The data were statistically analyzed by using the two-way analysis of variance (ANOVA)
test followed by a comparison test using GraphPad Prism 8.2 software. Multiple compari-
son tests and statistical significance are indicated in the legend of the respective figures.

3. Results and Discussion

Blood Compatibility Assay

First, we evaluated the interaction of unmodified CNCs and the respective cationic
derivatives with human RBC, as these nanomaterials will be in contact with RBC when
entering the circulatory system. Red blood cells (RBC) constitute almost half of blood
volume [25] and therefore are important cells to determine the hemocompatibility of a
nanomaterial. Initially, we assessed the capability of unmodified and modified CNCs to
cause RBC lysis. Hemolysis refers to the damage of red blood cells leading to the release
of intracellular content. A percent hemolysis less than 2 means that the nanoparticle is
not hemolytic; 2–5% hemolysis means that the nanoparticle is slightly hemolytic; and >5%
hemolysis means that the test sample is hemolytic [23]. Most of the CNCs demonstrated
none or just slight hemolytic activity according to the definition above. In addition, we did
not observe differences in hemolytic activity between the PBS (negative control) and any of
the two concentrations of CNCs at a short period of exposure, namely 1 h (Figure S1) and
2 h (Figure 1A,B). As expected, triton 1% showed 100% hemolysis (data not shown) and
PEG 1 mg/mL induced significant hemolysis with 2 and 24 h treatment, whereas ultrapure
water only showed hemolytic activity at 24 h of incubation (Figure 1A, insert). At 24 h of
exposure, however, 25 μg/mL of unmodified CNCs induced hemolysis at the threshold (5%
or greater), notably significantly greater than the PBS (Figure 1A, black bars). The hemolytic
effect of the unmodified CNCs on the RBC lysis could be attributed, at least in part, to the
surface chemistry and reactivity between unmodified and modified CNCs. Unmodified
CNCs displayed a negative surface charge (−34.8 ± 2.16 mV) and the derivatized CNCs
showed a cationic surface charge ranging between +31.8 ± 2.89 and +45.0 ± 1.44 mV [20].
In addition to the charge differences, the reactivity of unmodified CNCs is also different
from the derivatized counterparts. The unmodified CNCs contained greater amounts
of hydroxyl and sulfate half-ester functional groups, and this abundance could lead to
greater interactions with RBC membranes. For instance, hydroxyl moieties on silica NPs
have been implicated in the hemolytic activity of silica as this functional group promotes
interactions with cell membranes [26]. Additionally, the significant hemolytic effect of the
unmodified CNCs occurred at a lower concentration, rather than higher. This apparent
unexpected result could be due to the capability of unmodified CNCs to agglomerate at
higher concentrations and therefore impact their interaction with cellular membranes. The
degree of agglomeration of CNCs in cell culture media is among the several factors that
can impact the results of biocompatibility assays [27].

79



Nanomaterials 2021, 11, 2072

Figure 1. Hemolytic activity of unmodified and modified CNCs in human red blood cells (RBC). Percentage of hemolysis
induced by 25 μg/mL (A) and 50 μg/mL (B) after 2 h (gray bars) and 24 h (black bars) of exposure in diluted human blood
with respective concentrations of CNCs. PEG 1 mg/mL, ultra-pure H2O, and Triton-X-100 1% (100% hemolysis, not shown)
were used as positive controls (insert in A) and PBS as negative controls (A,B). * p < 0.05 vs. PBS 24 h; # p < 0.05 vs. PBS
2 h (Tukey’s).

In parallel, we also investigated the possibility of unmodified CNCs and their cationic
derivatives to cause RBC aggregation or changes in the RBC morphology using cell imaging
and flow cytometry approaches. RBC aggregation and morphology together with RBC lysis
are important parameters to assess the biocompatibility of nanomaterials [22]. None of
the CNCs induced RBC aggregation at short (Figure 2A,B) or long exposure (Figure 3A,B),
despite their cationic surface charges [20] and cationic polymers such as polyethyleneimine
(PEI) that are well known to cause RBC aggregation [28]. The positive control, PEG 1 mg/mL,
induced strong RBC aggregation in both short and long exposure (Figures 2 and 3C,
respectively). The flow cytometry data confirmed what was observed in the cell imaging
analysis. Typically, side scatter (SSC) signals are attributed to cellular internal structure
and organelles, representing cellular granularity, and the forward scatter (FSC) signal is
proportional to the diameter of the cell, representing the size of the cells [29]. None of the
cationic CNCs or unmodified CNCs caused RBC aggregation at short or longer exposure
(Figure 4A,B, respectively). PEG 1 mg/mL as a positive control was used to gate the
“aggregation” behavior of the RBC. Although there was no major difference between RBC
exposed to PBS (negative control) and cells exposed to unmodified and modified CNCs, we
observed that the histogram profile had changed over time. At longer exposure (Figure 4B),
the histogram displays two peaks for all the conditions, instead of one peak with 2 h
of exposure (Figure 4A). RBC aggregation is expected to increase the FSC by shifting
the histogram to the right, as observed in the positive control PEG (Figures 2 and 3C).
The histogram of RBC exposed to 50 μg/mL of CNC-METAC-2B showed a mild increase
in the number of events (counts) in the same region but not a right shift as expected for
the increasing size of the cells which is an indication for RBC aggregation. This effect is
more evident at 2 h (Figure 4A, right panel, green line) than at 24 h (Figure 4B, right panel,
green line) of treatment. We did not observe differences in cellular granularity in all the
conditions tested (Figure S2).
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Figure 2. Effect of unmodified and modified CNCs on RBC morphology and aggregation. Diluted
human blood was treated for 2 h with (A) 25 μg/mL or (B) 50 μg/mL of unmodified and modified
CNCs, or with controls, (C) PBS, ultrapure H2O, and PEG 1 mg/mL. The pictures were captured
using a bright-field inverted microscope (400×).
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Figure 3. Effect of unmodified and modified CNCs on RBC morphology and aggregation. Diluted
human blood was treated for 24 h with (A) 25 μg/mL or (B) 50 μg/mL of unmodified and modified
CNCs, or with controls, (C) PBS, ultrapure H2O, and PEG 1 mg/mL. The pictures were captured
using a bright-field inverted microscope (400×).
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Figure 4. Effect of unmodified and modified CNCs on red blood cell (RBC) aggregation. Diluted human blood were
treated for 2 h (A) or 24 h (B) with controls, PBS, ultrapure H2O, and PEG 1 mg/mL (2 h only), or with 25 μg/mL
or 50 μg/mL of unmodified and modified CNCs. After respective treatments, RBC aggregation was accessed by flow
cytometry. The histograms displayed the number of events vs. the FSC-H (forward light scatter) high channel (size
estimation). The aggregation of RBC was gated using PEG 1 mg/mL (red, 2 h) for both 2 and 24 h time points (A,B).

The surface chemistry and the morphology (size, shape, and state of aggregation) of
nanoparticles that are in contact with the cells are important physicochemical aspects that
drive the cytotoxicity of these nanomaterials [26]. Considering the growing interest in
nanomaterials for biomedical applications, assessment of the toxicity in cell-based assays
has become a crucial part of the characterization of nanomaterials [30]. In addition to
the analysis of the impact of these cellulose-based nanomaterials on RBC and as part
of the assessment of the biocompatibility of CNCs for potential biomedical applications,
we chose to evaluate the effect of unmodified and engineered cationic CNCs on the cell
viability of endothelial cells. Endothelial cells form a single cell layer that lines all blood
vessels and regulates exchanges between the bloodstream and the surrounding tissues [31].
They are relevant in this context as these nanomaterials can reach systemic circulation
and potentially be in contact with these cells; thus, they have been used to assess the
biocompatibility of nanomaterials [28]. To evaluate the cytotoxicity of the cationic CNCs,
we chose to perform MTT and NR assays because these low cost and reproducible assays
are largely used for the screening of the cytotoxicity of compounds in general with potential
biomedical applications. Most of the CNCs materials tested did not show a statistically
significant decrease in the viability of HUVECs with 24 h of treatment, as demonstrated
by MTT (Figure 5A) or NR (Figure 5B) assays. The exception is CNC-AEM-2A that at
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the highest concentration showed approximately a 20% decrease of cell viability using
the NR assay (Figure 5B). The overall result is consistent with our previous work, in
which we demonstrated that the same nanomaterials did not cause a decrease in the
viability of human peripheral blood mononuclear cells (PBMCs) [20]. At 48 h of treatment,
all nanomaterials, including unmodified CNCs, showed some degree of decrease in cell
viability in both assays (Figure 5C,D). However, we did not observe a relevant dose–
response relationship, which is the central concept in toxicology [32]. In general, this data
is also consistent with the hemolytic effect of these compounds. The lack of a relevant
dose-response decrease in cell viability is not a surprise as they also did not show relevant
hemolytic activity. It has been suggested that hemolytic activity is generally associated
with the cytotoxicity of nanoparticles [26].

Figure 5. Effect of unmodified and modified CNCs on the cell viability of the HUVEC culture assessed by MTT (A,C) and
NR (B,D) assays. After 24 h (A,B) or 48 h (C,D) of treatment, cell viability was determined spectrophotometrically using
the respective assays. Representative of three independent experiments in triplicates. * p < 0.01 compared to the control,
non-treated cells, (100% cell viability, Dunnett’s).

4. Conclusions

In conclusion, we have assessed the vascular and blood compatibility of a series of
engineered cationic CNCs. The interaction of both unmodified CNCs and cationic CNCs
with human RBC concerning to RBC aggregation or changes in the RBC morphology was
evaluated using cell imaging and flow cytometry approaches. We also assessed the effect of
unmodified and engineered cationic modified CNCs on the cell viability of endothelial cells
using MTT and NR assays. Overall, our results indicated that unmodified and engineered
cationic CNCs are compatible with RBC as well as with endothelial cells. The findings
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of this study, together with the immunomodulatory properties of these cationic CNCs
previously published, support the development of engineered biocompatible cationic
CNCs for biomedical applications, in particular as vaccine nanoadjuvants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11082072/s1: Table S1: Composition of cationic CNCs as well as their respective zeta
potential and apparent particle sizes; Figure S1: Hemolytic activity of unmodified and modified
CNCs at 1 h of exposure; and Figure S2: Side scatter flow cytometer histograms of blood exposed for
2 and 24 h at different concentrations of unmodified and modified CNCs.
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Abstract: The potential of nanomaterials in food technology is nowadays well-established. However,
their commercial use requires a careful risk assessment, in particular concerning the fate of nanomate-
rials in the human body. Bacterial nanocellulose (BNC), a nanofibrillar polysaccharide, has been used
as a food product for many years in Asia. However, given its nano-character, several toxicological
studies must be performed, according to the European Food Safety Agency’s guidance. Those should
especially answer the question of whether nanoparticulate cellulose is absorbed in the gastrointestinal
tract. This raises the need to develop a screening technique capable of detecting isolated nanosized
particles in biological tissues. Herein, the potential of a cellulose-binding module fused to a green
fluorescent protein (GFP–CBM) to detect single bacterial cellulose nanocrystals (BCNC) obtained by
acid hydrolysis was assessed. Adsorption studies were performed to characterize the interaction of
GFP–CBM with BNC and BCNC. Correlative electron light microscopy was used to demonstrate that
isolated BCNC may be detected by fluorescence microscopy. The uptake of BCNC by macrophages
was also assessed. Finally, an exploratory 21-day repeated-dose study was performed, wherein Wistar
rats were fed daily with BNC. The presence of BNC or BCNC throughout the GIT was observed
only in the intestinal lumen, suggesting that cellulose particles were not absorbed. While a more
comprehensive toxicological study is necessary, these results strengthen the idea that BNC can be
considered a safe food additive.

Keywords: food additive; bacterial nanocellulose; bacterial cellulose nanocrystals; cellulose binding
module; fluorescence microscopy; gastrointestinal tract; absorption

1. Introduction

The 21st century’s environmental and economic challenges, in particular related to sus-
tainability and safety, have been driving the preference for the use of green, renewable and
recyclable raw materials for the production of high-value-added products but with lower
environmental impact [1]. Nanocellulose (NC), a nano-scaled cellulosic material (with at
least one dimension <100 nm), from plant or bacterial sources [1–4], is at the forefront of
such promising biopolymers [2]. Due to its large specific area, negligible toxicity, low den-
sity, biodegradability and biocompatibility, NC has increasingly been explored in several
fields such as textiles, pharmaceuticals, cosmetics, medicine, food and packaging [4–6]. In
2020, the worldwide market for NC has been estimated at USD 297 million and is expected
to increase by 2025 to as much as USD 783 million [7].
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As food additives, micron and colloidal plant cellulose and their derivatives are ap-
proved for human consumption by several regulatory authorities, such as the FDA (Food
and Drug Administration, Silver Spring, MD, USA) and the EC (European Commission);
they are regularly applied in the food industry to regulate its texture, stability, rheology
and organoleptic features [8,9]. In the 1980s, plant nanocellulose was first suggested as a
human food additive with enormous potential, as its high aspect ratio could confer new
physicochemical properties and behaviors to foods [10]. Ever since, several other studies
have pointed out the potential of NC to further improve food quality and appeal, as well
as their capacity to modulate digestion and nutrient absorption [11]. But, because of their
nanoscalar nature, different properties and interactions with biological systems may arise,
as compared to the micro-sized counterparts [12,13], raising several concerns throughout
the various stages of NC life cycle. This is especially relevant, as the biological effects
of nanocelluloses depend on their chemical nature, size, shape, aggregation properties,
degree of branching, specific surface properties, among others. These intrinsic proper-
ties of NC, affecting their interactions with cells and living organisms, are still poorly
understood [14–16]. For instance, nanotoxicity derives mainly from the small size and
large surface area of engineered nanomaterials, which may enable their translocation to
different organs by getting absorbed into the blood through the intestinal lumen [17–19].
Several publications have reported the toxicity of ingested inorganic nanomaterials such
Ag or ZnO nanoparticles in animal models [20–22]. Regarding plant or bacterial cellu-
loses’ absorption in the gastrointestinal tract (GIT), few and contradictory studies have
been published [23–28]. Reports have shown that bacterial [23] and plant cellulose [8] are
slowly and limitedly degraded in rats’ large intestine, yielding metabolites that are partially
absorbed by the colon and/or microflora, in both cases used mainly as an energy source.
These cellulose degradation products, absorbed in the intestine, were detected in urine and
in exhaled CO2. Studies with germ-free rats (no intestinal microflora) were also carried
out, wherein the total excretion of cellulose was observed, thereby concluding that there
is no absorption of undegraded cellulose but only of its degradation products [23]. Thus,
a thorough environmental and risk assessment (the fate and toxicity of NC in the human
body) is of extreme importance when considering NC production (occupational exposure),
commercialization and use (human consumption).

On the other hand, the lack of appropriate detection and characterization techniques
and the absence of reproducible and validated methods for toxicological studies have been
identified as major bottlenecks in the evaluation of the safety of nanomaterials [12,13,29–32].
For instance, the metabolization of cellulose by the colon microflora makes it very diffi-
cult to distinguish the celluloses’ fibers from their degradation products, not allowing
the clarification of whether the fibers are absorbed in the GIT. BNC is a nanofibrillar
exopolysaccharide produced by acetic-acid-bacteria, such as the ones from the genera
Komagataeibacter. Although chemically identical to plant cellulose, BNC is chemically pure
and has higher tensile strength, water-holding capacity and crystallinity than cellulose
from plant sources [4]. Furthermore, while plant cellulose comminution to the nanoscale
requires mechanical, chemical or enzymatic processes, BNC is naturally nano-sized [4,9].
In food applications, BNC is marketed mostly in Asia as “nata de coco” [4,9,33], but it has
been attracting the attention of many industries worldwide, given its unique features. The
available toxicological data on BNC has been extensively reviewed by Dourado et al. (2016),
wherein (i) the absence of genotoxicity, carcinogenicity, pyrogenicity or developmental or
reproductive toxicity and (ii) the long history of its consumption (without any reported
cases of toxicity) were exposed [33]. Like plant nanocellulose, the potential hazards of
ingested BNC, derived from its nanoscale nature, are insufficiently characterized, hindering
its entry into the Western food market.

Fluorescence-based detection is the most common method used in biosensing, due to
its relatively low-cost and high sensitivity, specificity and simplicity. On the other hand, elec-
tron microscopy is the technique of choice when a high resolution is required [34–37]. To fill
the gap between light and electron microscopies, correlative light and electron microscopy
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(CLEM) strategies have been developed, allowing the establishment of a correlation be-
tween a particular ultrastructural feature (by SEM or TEM) and a fluorescence signal [34–37].
This approach could be used to determine the sensitivity of fluorescence microscopy (FM)
and its potential to detect cellulose nanostructures in biological tissues, namely in the GIT,
in particular BNC. Thus, the present study was designed to evaluate whether fluorescence
analysis is sensitive enough to detect isolated bacterial cellulose nanocrystals (BCNC) using
CLEM. As such, we prepared BCNC by acid hydrolysis [38–40] to simulate an (unlikely)
scenario of the extreme digestion of BNC in the GIT. The BCNC were stained with a fluores-
cently labeled cellulose-binding domain [41], and, using CLEM, we attempted to determine
whether isolated nanocrystals are detected by FM. After such validation, fluorescence
microscopy was used in the analysis of the histological slides of different tissues from
Wistar rats, fed with BNC, to determine whether the fibers (or their degraded versions)
could be detected, establishing a platform for more comprehensive studies.

2. Materials and Methods

2.1. Materials

BNC membranes were obtained from HTK Food Co., Ltd. (Ho Chi Minh City, Vietnam).
Chemicals used for the reaction of the bacterial cellulose nanocrystals, namely H2SO4 and
HCl, were supplied by Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Preparation of Bacterial Nanocellulose

The as-received BNC membranes were washed with distilled water (dH2O) until the
pH became that of the dH2O, to remove any soluble chemicals. Then, the membranes were
cut into small pieces and ground using a high-speed blender (Moulinex Ultrabend1 500 W,
Écully, France), at 24,000 rpm for 5 min, to obtain a pulp, which was then filtered. The
BNC cake was further concentrated by centrifugation at 11,000 rpm (Centrifuge 5430 R,
Eppendorf, Hamburg, Germany) for 20 min at room temperature (RT). The solid fraction
of the centrifugate was adjusted to 10% (m/v) with dH2O and stored at 4 ◦C in a glass
container until use.

2.2.2. Production of Bacterial Cellulose Nanocrystals

The BNC centrifugate was subjected to acid hydrolysis with a solution of H2SO4/HCl
(34 and 24% m/m, respectively), as described elsewhere [39]. For each batch of BCNC pro-
duction, 10 g of BNC (at 10% solids) and 1000 mL of acid solution were mixed at 45 ◦C with
magnetic stirring (500 rpm) with a H03D mini-stirrer (lbx Instruments, Lonay, Switzerland)
for 75 min. The hydrolysis reaction was then stopped by diluting the reaction 15-fold
with cold dH2O. The suspension was ultracentrifugated at 11,000 rpm (Heraeus Multifuge
X3R, Thermo Fisher Scientific, Waltham, MA, USA) for 15 min at RT to precipitate the
BCNC, which were then washed with dH2O under several cycles of ultracentrifugation
(11,000 rpm for 20 min) to remove excess acid. This procedure was repeated until the pH
was in the range 5–7. The resulting suspension was sonicated for 3 min at 500 W (Sonics &
Materials, Newtown, CT, USA), and the final concentration was adjusted to ∼1% (m/v).

2.3. Characterization of the BCNC
2.3.1. Zeta Potential

The stability of the BCNC aqueous suspension was assessed by measuring the par-
ticles’ surface zeta potential. For that, BCNC suspensions of 0.1% (m/v) in dH2O were
prepared and the zeta potential measured using a Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK). Data were calculated considering the viscosity of water at 25 ◦C of
0.893 ×10−3 Pa.s−1. Three measurements of each suspension were performed. Throughout
the work, six batches of BCNC were made. The zeta potential result displayed is the
average of all measurements.
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2.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopic analysis of BNC and BCNC was carried out in a Bruker FTIR
spectrometer ALPHA II (Bruker Corporation, Billerica, MA, USA) in transmission mode,
operating at a resolution of 4 cm−1. BNC and BCNC were both frozen and processed in
a freeze-drier (Coolsafe 100-9 Pro, Labogene, Allerød, Denmark). Two milligrams of the
samples were then mixed with 200 mg of dry potassium bromide (Thermo Fisher Scientific,
Waltham, MA, USA) to obtain a solid pellet that was scanned three times to check the
authenticity of data. The spectra were taken between 4000 and 700 cm−1 by averaging
24 scans for each spectrum.

2.3.3. Transmission Electron Microscopy (TEM)

The morphology of the BCNC was assessed by TEM imaging. Briefly, 5 μL of BCNC
aqueous suspension at 0.01% (m/v) was applied on the grid (FCF400-Cu, Electron Mi-
croscopy Sciences (EMS), Hatfield, UK) and allowed to settle for 2 min at RT. The sample
was then blotted off, and 5 μL of uranyl acetate (UA) (Sigma-Aldrich, St. Louis, MO, USA)
for negative staining was directly applied. The excess solution was again blotted off and
replaced by another 5 μL of UA. Each time, the UA was allowed to incubate for 30 s
before it was removed. The sample was observed with a JEOL 2100 plus TEM device
(JEOL, Tokyo, Japan), operated at 80 kV accelerating voltage. Several images were taken,
considering areas far from each other and trying to represent the whole grid’s surface. The
length (L) and width (W) of the BCNC were determined from at least 150 measurements by
image analysis, using ImageJ software (Version 1.51j8, Bethesda, MD, USA) [42].

2.4. GFP-CBM3A Adsorption onto BNC and BCNC

Knudsen et al. (2015) developed a method for the specific and sensitive detection of
cellulose fibers, including nanofibrillar cellulose, in biological tissues (both in cryopreserved
and paraffin-embedded tissues), using a biotinylated carbohydrate-binding module (CBM)
of the β-1,4-glycanase from the bacterium Cellulomonas fimi [41]. Based on their work,
we evaluated the efficiency of a GFP-fused CBM derived from Clostridium cellulolyticum
(GFP–CBM3A, NZytech, Lisbon, Portugal) to bind both to BNC and BCNC. The recom-
binant GFP–CBM3A (henceforward designated as GFP–CBM, for the sake of simplicity)
was purified from Escherichia coli and contains a family 3A carbohydrate-binding module
(CBM3A) and an N-terminal green fluorescent protein (GFP). CBM from the type 3A family
binds specifically to crystalline forms of cellulose [41].

For these experiments, a HORIBA scientific spectrofluorometer (Kyoto, Japan) was
used, operating at emission and excitation wavelengths of 510 and 475 nm, respectively. A
calibration curve using aqueous solutions of GFP–CBM at 0.005, 0.010, 0.0150, 0.020 and
0.025 mg/mL was first obtained.

Next, in eppendorf tubes, different solutions of GFP–CBM, with concentrations of
0.500, 0.250, 0.175, 0.100, 0.050, 0.025, 0.0125, 0.005 and 0.000 mg/mL in the final mixture,
were each incubated with a fixed mass of 0.25 mg (dry basis) of BNC or BCNC in 0.40 mL
of dH2O for 2 h (sufficient time to reach equilibrium, as observed in exploratory assays)
at RT. Then, the dispersions were centrifuged (Centrifuge 5430 R, Eppendorf, Hamburg,
Germany) for 10 min at 8000× g. The GFP–CBM in the collected supernatant was quantified
through spectrofluorometry, as described above.

A non-linear regression analysis was used to calculate the parameters of the Langmuir
adsorption isotherm [43,44]:

GFP − CBMBound =
GFP − CBMMax . Ka .GFP − CBMFree

1 + Ka .GFP − CBMFree
(1)

where GFP–CBMBound is the amount of adsorbed protein per unit mass of cellulose
(mg/mg), GFP–CBMFree is the protein concentration (mg/mL) in the liquid phase at
the adsorption equilibrium, GFP–CBMMax is the maximum amount of adsorbed protein
per unit mass of cellulose (mg/mg), and Ka is the Langmuir constant (mL/mg). Three
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independent assays were performed, each of them in triplicate. The non-linear regression
and parameters (Ka and GFP–CBMMax) were calculated using OriginPro 2018 software
(Version 9.5.1.195, Northampton, MA, USA) [45].

Finally, the binding of the GFP–CBM was also assayed qualitatively by the observation
of the GFP–CBM-bound celluloses by FM on an Olympus BX51 (Olympus, Tokyo, Japan)
with a 60×objective and a FITC filter set.

2.5. Correlative Light Electron Microscopy (CLEM)

The feasibility of FM to detect individual nanometric particles was evaluated by
CLEM. To this end, reference grids (50/B D300F1FC-50CU, EMS) with adsorbed BCNC
were observed using widefield fluorescence microscopy and then by TEM to detect co-
localized single BNC crystals. Briefly, suspensions of BCNC were diluted to 0.001 mg/mL
and labeled with GFP–CBM at a final concentration of 0.05 mg/mL for 30 min at RT. Next,
5 μL of GF—CBM:BCNC suspension was applied to the grid and allowed to settle for 2 min.
Then, the sample was blotted off and sequentially observed on (i) a FM Nikon ECLIPSE
Ti (Nikon, Tokyo, Japan) with a 10x/0.45 or 40x/0.95 PlanApo objectives, FITC filter set
and an IRIS 9 camera (Photometrics, Huntington Beach, CA, USA) under the control of
NIS-Elements software (Version 4.5, Nikon, Tokyo, Japan) and then on (ii) a JEOL JEM 1400
Transmission Electron Microscope (JEOL, Tokyo, Japan). Images were digitally recorded
using a CCD digital camera 1100W (Orius, Tokyo, Japan).

Some technical issues regarding sample throughput between FM and TEM obser-
vations arose, which were overcome by using gelatin from edible grade (Results and
Discussion, Section 3.3). The effect of the gelatin matrix on the visualization of BCNC
was first assessed in both FM and TEM. After optimization, 0.002 mg/mL BCNC labeled
with GFP–CBM (0.05 mg/mL) (prepared as described above) were mixed with a solution
of 2% gelatin (1:1 final mass ratio) for 15 min at 45 ◦C. After cooling to RT, the suspen-
sion was (i) placed on microscope slides (VWR, Radnor, PA, USA) for FM evaluation
or (ii) applied to the grid (FCF200-NI-TA, EMS) and allowed to settle for 2 min before
analysis. The length (L) and width (W) of the BCNC were determined using ImageJ
(Version 1.51j8, Bethesda, MD, USA). Samples were processed for CLEM following the
aforementioned methodology.

2.6. In Vitro Assays
2.6.1. Cell Line and Cell Culture

Mouse fibroblast L929 cell line was purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). The cell line was maintained in Dulbecco’s modified essential
medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) iFBS
(Sigma-Aldrich, St. Louis, MO, USA) and 1% (v/v) penicillin (10,000 U/mL, Sigma-Aldrich,
St. Louis, MO, USA)–streptomycin (10,000 μg/mL, Invitrogen, Waltham, MA, USA) (com-
plete DMEM medium) at 37 ◦C and 5% CO2.

2.6.2. Bone-Marrow-Derived Macrophage (BMMΦ) Differentiation

Mouse bone marrow cells were differentiated in vitro as described elsewhere [46].
C57BL/6 mice were anesthetized using isoflurane and euthanized by cervical dislocation.
Femurs and tibias were removed and cleaned in aseptic conditions. Bones were discon-
nected by the articulations and then flushed using complete DMEM medium. The obtained
cell suspension of bone marrow cells was centrifuged (300× g, 10 min) at RT and the
pellet resuspended in 15 mL of complete DMEM medium supplemented with 20% (v/v)
L929-cell conditioned medium (LCCM) as a source of macrophage colony-stimulating
factor (M-CSF). Prior to this, LCCM was prepared as follows: L929 cells (at a initial density
of 5 × 103 cells/mL) were grown for 8 days at 37 ◦C in a 5% CO2 atmosphere. Cells
were then centrifuged (300× g, 10 min), the supernatant collected, filtered (0.2 μm filter)
and finally stored at −20 ◦C before use. The bone marrow cell suspension was cultured
overnight at 37 ◦C in a 5% CO2 atmosphere. The non-adherent cells were collected with
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warm complete DMEM medium supplemented with 20% (v/v) LCCM, plated in a 96-well
plate and incubated once again at 37 ◦C in a 5% CO2 atmosphere. On the 4th and 7th days,
half of the medium was renewed, and on the 10th day, cells became fully differentiated
into macrophages.

2.6.3. Cytotoxicity Testing

The effect of BCNC on the viability of BMMΦ primary cells and in L929 cells was
studied using a standard resazurin assay [47]. Briefly, a monolayer of BMMΦ (at a density
of 3 × 104 cells/well) and L929 (at a density of 1 × 104 cells/well) were each incubated for
24 h (37 ◦C in a 5% CO2 atmosphere) with increasing concentrations of BCNC (0.00, 0.001,
0.005, 0.01, 0.02, 0.04, 0.10, 0.20 and 1.00 mg/mL), previously sterilized by UV radiation for
15 min at RT. A higher BCNC concentration (2.0 mg/mL) was also used for cytotoxicity
evaluation in BMMΦ cells. After incubation, 10% (v/v) of a 2.5 mM resazurin solution
(Sigma-Aldrich) was added to each well, and the cells were incubated at 37 ◦C in a 5% CO2
atmosphere for another 4 h. A well containing only LCCM-supplemented DMEM medium
was used as the blank sample. Fluorescence was measured (λex 560/λem 590 nm) in a
SpectraMAX GeminiXS microplate reader (Molecular Devices LLC, San Jose, CA, USA).
Results were expressed as the mean percentage ± SD of viable cells relative to a control
without BCNC (considered as 100% viability). Three independent assays were performed,
each in triplicate.

2.6.4. Uptake of BCNC by BMMΦ Primary Cells

The uptake of BCNC by macrophages was evaluated either by FM and TEM. For that,
1 mL of BMMΦ cells (at a density of 1 × 106 cells/well) was incubated in 24-well plates
(at 37 ◦C in a 5% CO2 atmosphere) with a suspension of previously sterilized nanocrystals
at a concentration of 0.001 mg/mL for (i) 2, 4, 6 and 24 h for fluorescence analysis and for
(ii) 4 h and 24 h for TEM analysis.

For FM, inside each well was a chemically modified glass coverslip (ECN 631-1578,
VWR) that allowed the macrophages to grow and adhere to its surface. After each incu-
bation period, the medium was removed, and the cells were rinsed in fresh medium and
fixed for 15 min in 4% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA).
Subsequently, cells were rinsed 3 times with PBS (Sigma-Aldrich, St. Louis, MO, USA),
permeabilized with 0.1% Triton X-100 (PanReac, Barcelona, Spain) at RT for 15 min and
rinsed again with PBS. Nuclei were stained with 1 μg/mL DAPI (Frilabo, Porto, Portugal)
at RT for 30 min. Cells were rinsed again with PBS, and then the actin-cytoskeleton was
stained with 1 μg/mL phalloidin-TRITC (pha-red) (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min at RT. Cells were rinsed with PBS and incubated with GFP–CBM (0.05 mg/mL)
for BCNC detection. After 3 final rinses in PBS, the coverslips were removed from the
wells using tweezers and mounted for FM analysis. As control, macrophages without
BCNC incubation were used. FM images of the stained macrophages were acquired using
an Olympus BX61Confocal Scanning Laser Microscope (Model FluoView 1000, Olympus,
Tokyo, Japan) using the following combination of excitation/emission detection-range
wavelengths: 405/430–470, 488/505–540, and 559/575–675, for the visualization of the cells’
nuclei, GFP–CBM:BCNC and cells’ cytoskeleton, respectively. Images were acquired with
the software FV10-Ver4.1.1.5 (Olympus, Tokyo, Japan).

For electron microscopy analysis, the cells grew and adhered directly to the bot-
tom of the well plate. After the incubation period, trypsin was used to detach the
cells, which were centrifuged for 10 min at 800× g. The resulting pellet was fixed in a
solution of 2.5% glutaraldehyde (#16316; EMS) with 2% formaldehyde (#15713; EMS)
in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 day and post fixed in 1% osmium
tetroxide (#19190; Electron Microscopy Sciences, Hatfield, UK) and 1.5% potassium
ferrocyanide (Sigma-Aldrich, St. Louis, MO, USA) diluted in 0.1 M sodium cacodylate
buffer (Sigma-Aldrich, St. Louis, MO, USA). After centrifugation, the pellet was washed
in dH2O and then stained with aqueous 1% UA solution overnight, dehydrated and
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embedded in Embed-812 resin (#14120; EMS). Ultra-thin sections (50 nm thickness)
were cut on an RMC Ultramicrotome (RMC Boeckeler, Hamburg, Germany) using Di-
atome diamond knifes, mounted on mesh copper grids (EMS) and stained with UA
substitute (#11000; EMS) and lead citrate (#11300; EMS) for 5 min each. As control,
macrophages without BCNC incubation were used. Samples were viewed on the JEOL
1400 (Tokyo, Japan), and images were digitally recorded using a CCD digital camera
(Orius 1100W, Tokyo, Japan).

2.7. Cellulose Tracking in Animal Tissues
2.7.1. Animals, Housing and Feeding Conditions

The study was performed at I3S. The experimental procedures followed the EU Direc-
tive 2010/63/EU and National Decreto-Lei 113/2013 legislation for animal experimentation
and welfare. The rats’ housing, handling and experimentation were accredited by the Por-
tuguese National Authority for Animal Health, Direção-Geral de Alimentação e Veterinária
(DGAV) (approval n◦012910/2020-08-07).

This pilot study aimed at establishing the methodological grounds—namely concern-
ing the detection of cellulose fibers by a histological analysis of the tissues collected from
the rats—for a larger and more comprehensive study.

Eight-week-old Wistar Han IGS Rats (Crl:WI(Han)), four male and four female, were
used in this study. The rats were obtained from Charles River (Barcelona, Spain) and bred at
a i3S animal facility. On arrival, the animals were examined for signs of health, followed by
a one-week adaptation period. They were kept under controlled environmental conditions
for one week before starting the experiment. Each rat was uniquely numbered with a color
marker in their tail and placed in polycarbonate type III H cages with a stainless-steel wire
lid and a polysulphide filtertop cage (Tecniplast, West Chester, PA, USA), with corncob and
carboard tubes as bedding materials. An artificial light/dark cycle with a sequence of 12 h
was applied. The room was ventilated with about 15–20 air changes/h. A temperature of
22 ± 2 ◦C and a relative humidity of 55 ± 15% was maintained.

Feed and water were provided ad libitum to all animals during the experiment. They
received a commercial 2014S Teklad rodent diet (Teklad diets, ENVIGO) based on 14.3%
crude protein, 4% fat, 48% carbohydrates and 4.1% crude fiber in addition to vitamins and
fatty acids.

2.7.2. Test Substance and Dosing Concentration

Given the high viscosity of BNC aqueous suspensions, the concentration for daily
gavage was adjusted to 1% (m/v), as measured by gravimetry after drying overnight at
105 ◦C, by adding dH2O. The ground BNC was sterilized by autoclaving for 20 min at
120 ◦C and 1 bar; after cooling to RT, the suspensions were stored at 4 ◦C under sterile
conditions. Before feeding, the suspensions were warmed to RT and homogenized by
vigorously vortex agitation.

2.7.3. In Vivo Study

This study comprised one dose group (each animal received 0.75 mL of the previously
prepared 1% BNC suspension daily for a 21-day period) of 4 animals (two male and two
female). Oral gavage was performed in the morning at a fixed time, using a polypropylene
gavage needle of 1.3 × 1.3 mm without a ball tip. Each animal was observed daily for
clinical signs. As control, animals fed only with commercial feed for 21 days were used.

Following sacrifice, the animals’ intestinal tract was collected and processed by the
Swiss roll technique (SRT). The small intestines were collected and cut into three equal seg-
ments to obtain the duodenum, jejunum and ileum regions. The lumen of each small/large
intestine portion was washed with PBS, processed by the SRT, cut longitudinally, opened
so that the lumen is facing upward and then rolled. All of these tissues were embedded
in OCT compound (Tissue-Tek®, SakuraTM, Flemingweg, The Netherlands), frozen and
cryo-sectioned in 20 μm-thick slices (LEICA CM 1900, Wetzlar, Germany).
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2.7.4. Staining and Microscopic Observations

All samples were subjected to UV pre-treatment and final Sudan Black B (SBB)
(Sigma-Aldrich, St. Louis, MO, USA) staining to remove tissue autofluorescence that
could hinder cellulose detection with fluorescent CBM [48]. Briefly, after samples’ pre-
treatment with UV for 2 h, they were fixed with 4% PFA for 30 min, followed by a washing
step with PBS buffer at RT. Cells’ permeabilization was carried out with 0.5% Triton X-100
in PBS at RT, in a humid chamber (HC), then the blocking step was performed with 10%
(v/v) fetal calf serum (FCS) (Sigma-Aldrich) in PBS for 1 h. For nucleus visualization, the
slides were incubated with DAPI (1 μg/mL) for 10 min. After washing, pha-red (1 μg/mL)
was applied, for 30 min in a HC, to stain the actin cytoskeleton. Then, samples were washed
with PBS (three times) and incubated with GFP–CBM (0.05 mg/mL) for 2 h at RT in a
HC. Sections were washed again with PBS and incubated with 0.1% SBB for 20 min in HC.
Finally, the slides were washed with PBS and mounted with permafluor mounting media
(Sigma-Aldrich, St. Louis, MO, USA).

At last, FM images of the stained histological samples were acquired using the Oympus
BX61 Confocal Scanning Laser Microscope (Tokyo, Japan).

2.8. Statistical Analysis

The obtained raw data were statistically analyzed using GraphPad Prism software
(Version 8.0.2.263, Graph Pad Software, Inc, San Diego, CA, USA). Differences in data
from cytotoxicity assay were analyzed statistically using one-way ANOVA, with Dunnett’s
multiple comparison test. All of the treatment conditions were compared with the control,
and a 95% level of confidence (p < 0.05) was used.

3. Results and Discussion

The extent of BNC degradation in the human microbiome as well as its fate in the
human body are still poorly characterized. This represents a primary obstacle towards its
use in food systems, given the current regulatory constraints on the use of nanomaterials.
In this work, we first aimed at establishing the methodological tools that allow the detec-
tion of individual BCNC through fluorescent microscopy. For this, BNC was chemically
hydrolyzed into its elemental structural unit (BCNC). CLEM was then used to demonstrate
that the same isolated BNC nanocrystals identified by TEM could also be visualized by
FM. Secondly, using FM, we aimed to evaluate the cellular uptake of BCNC by phagocytic
cells. Finally, an exploratory in vivo study using Wistar rats was performed to evaluate the
behavior of BNC along the GIT, namely its potential absorption.

3.1. BCNC Production and Characterization

The combination of sulfuric and hydrochloric acids has been shown to allow the
production of stable BCNC with high dispersibility in aqueous suspensions [39]. In this
work, the surface charge of the prepared BCNC was evaluated by means of Zeta-potential
analysis. It is generally considered that colloidal systems with particles bearing a modulus
of >30 mV reflect good stability due to electrostatic repulsion forces [49]. BCNC presented
an average zeta value of −45.2 ± 0.7, indicative of such good stability. The highly negative
surface charge density of the BCNC is due to the conjugated sulfate groups generated from
the esterification of the hydroxyl groups at the surface of the BCNC, since HCl does not
react with the hydroxyl groups [49–51].

Figure 1 displays the FTIR spectra of BNC and BCNC. Both samples exhibited similar
vibration bands, namely ~900, 1030–1165, 1375–1475, 1635, 2900 and 3350–3400 cm−1, well
described in the literature: C-O-C stretching from β-(1,4) glycosidic linkages are attributed
to the band near 900 cm−1; peaks ranging from 1030 to 1165 cm−1 have reflected other
C-O bonds; the ones comprised between 1375–1435 cm−1 are assigned to C-H bending;
the wide bands around 3350–3400 and 1630–1700 cm−1 were related to the O-H groups of
cellulose; finally, the band at 2900 cm−1 represented C-H stretching [52]. As expected, the
small shoulder at 811 cm−1 (black arrow), only observed in the BCNC spectra, corresponds
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to the C-O-S group vibration, owing to the establishment of sulfate esters on nanocrystal
surfaces during the acid hydrolysis [52].

Figure 1. FTIR spectra of BNC and BCNC.

With TEM imaging (Figure 2), BCNC display a typical needle-shaped structure [46,48],
with dimensions of 6–25 nm in width (average W of 13 ± 4 nm) and about 50–1100 nm in
length (average L of 303 ± 199 nm). The BCNC dimensions are close to those reported in
the literature for BCNC prepared under similar hydrolysis conditions [39,41,49].

Figure 2. (A,B) TEM micrographs of the BCNC prepared by the acid hydrolysis of BNC and (C) the
corresponding particle-size distributions. Scale bars: (A) 500 nm and (B) 200 nm.
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As could be expected from their high modular value of the zeta potential, any ag-
gregates observed consisted of only few nanocrystals, mostly organized ‘side by side’.
Similar size-distribution profiles were reported in other works, in particular for cellulose
nanocrystals produced by HCl hydrolysis [53–55].

3.2. GFP–CBM Adsorption onto BNC and BCNC

A GFP-fused carbohydrate-binding module (type 3a family [41], GFP–CBM3A) was
selected to detect cellulose in biological tissues and to track its localization in histological
slides. The GFP–CBM adsorption on BNC and BCNC was compared and the obtained data
fitted to the Langmuir adsorption model [43,44]. Figure 3 shows the adsorption isotherms of
GFP–CBM onto BNC and BCNC and the respective parameters of the Langmuir isotherm.

Figure 3. Adsorption isotherm of GFP–CBM onto: (A) BNC and (B) BCNC, after 2 h of incubation.

In both cases, the calculated R2 values were higher than 0.97, indicating a good fitting
of the experimental data to the Langmuir isotherm model, as also demonstrated in other
studies using type-A CBMs towards micro- and nano-crystalline cellulose, either from
plants or bacterial [38,56–59].

Regarding the Langmuir constant Ka, BCNC (~70 mg/mL) show a higher value
than BNC (~36 mg/mL), suggesting the GFP–CBM affinity is higher in the former case.
The higher surface area of BCNC relative to BNC is probably responsible for the higher
(apparent) affinity in the former case. However, the maximum adsorption was lower for
BCNC (0.74 mg/mL for BCNC vs. 0.99 mg/mL for BNC). The analysis of the results
obtained is not straightforward, as the two celluloses likely present different surface areas,
as well as different surface charges. Several structural studies showed that GFP–CBM from
the type 3A family, such as the one used in this work, bind to the hydrophobic face of
crystalline cellulose, notably on the 110 face of crystallite [58]. Thus, the adsorption in
higher amounts to BNC could be expected, since the surface charge on BCNC does not
favor the interaction. With regards to the main purpose of this work, we could conclude
that the interaction of the GFP–CBM with BCNC is not hampered by some surface sulfation
associated with hydrolysis. Additionally, as shown in Figure 4, FM allows the visualization
of the GFP–CBM adsorbed on hydrolyzed nanocellulose.
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Figure 4. FM images of GFP–CBM (0.05 mg/mL) bound onto (A) BNC and (B) BCNC after 2 h of
incubation. BNC and BCNC stock solutions were both at 0.25 mg/mL. Scale bar: 10 μm.

3.3. Considerations for Correlative Light Electron Micoscopy

In CLEM, FM observation is performed first, followed by TEM, because the electron
beam can destroy the sample to some extent. The transition between FM and TEM must
be made without dislocating the nanocrystals, a requirement strictly essential for any
correlation to be possible. This proved to be challenging, since drying the sample before
FM, to ensure the proper adhesion of the nanocrystals to the grid’s surface, resulted in
a dramatic reduction of the fluorescence. On the other hand, using a moisturized/wet
sample for FM analysis, followed by drying prior to TEM, resulted in the dislocation of
BCNC on the surface.

These issues have been overcome by using gelatin, which provides both steric and
electrostatic stabilization of colloidal suspensions [60–62]. Thus, BCNC were dispersed
in gelatin, and a certain suspension volume was placed on the surface of the grid.
Ahmad et al. (2011) demonstrated that silver nanoparticles synthesized in edible-grade
gelatin showed a more homogenous size distribution compared to those produced by
conventional methods; also, the nanoparticles had lower levels of aggregation in gelatin
than the dried ones [63]. In a similar way, we hypothesized that, (i) in gelatin, the
BCNC should remain well dispersed and spatially stabilized upon drying and (ii) the
gelatin matrix would not interfere in the visualization of BCNC either in FM (e.g., due to
autofluorescence) or in TEM (e.g., by exhibiting nanofibers with a complex shape that
could hinder the detection of BCNC).

As shown in Figure 5, the change of the dispersion matrix from water to gelatin
resulted in well-dispersed GFP–CBM-labeled BCNC, as seen in FM (Figure 5A) and also
in TEM (Figure 5B). While the dispersions of GFP–CBM:BCNC are stable, due to the
sulfated groups, upon drying they tend to aggregate (Figure 5C), which is not the case
when dispersed in gelatin (Figure 5B). Furthermore, in the latter, the calculated BCNC
width (15 ± 4 nm) and length (449 ± 250 nm) were in accordance with the previous
measurements obtained for BCNC in water suspensions (Figure 2C). Additionally, gelatin
showed no autofluorescence, providing a suitable environment where nanocrystals exhibit
high fluorescence. Thus, CLEM was performed using dispersions of GFP–CBM:BCNC
in gelatin.
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Figure 5. Microscopic images of GFP–CBM:BCNC (0.002 mg/mL) mixed with 2% gelatin (1:1)
(A,B) and of GFP–CBM:BCNC aqueous suspension (C). (A) FM image. (B,C) TEM images. Scale bars:
(A) 20 μm and (B,C) 1 μm.

3.4. Correlative Light Electron Microscopy

GFP–CBM: BCNC complexes were stabilized in gelatin, and a drop of the mixture
was placed on a grid in order to assess the sensitivity of FM to detecting nanocrystals by
CLEM. Given its lower resolution (limit ~200 nm [64]) compared to TEM, FM alone does
not allow the measurement of the size of BCN crystals that give rise to the green signal
detected (Figure 6), and it is not possible to reach conclusions on whether the fluorescent
signal is generated by single crystals or by aggregates of several crystals. However, with
CLEM imaging, it is possible to confirm the co-localization of the signals observed by FM
and TEM, and, in several cases, the signal detected by FM seems indeed to correspond to
single crystals, as detected by TEM. These results show that, despite the lower resolution
limit compared to TEM, fluorescence imaging can be used as a feasible, robust and highly
specific technique for the detection of isolated cellulose nanocrystals and thus also of larger
fragments of BNC or smaller fibers released in vivo, in biological tissues.

3.5. In Vitro Assays
3.5.1. Cytotoxicity Evaluation

Evaluating the biocompatibility of a material is an essential step toward its acceptance.
Cell culture studies usually are the first step for the biocompatibility evaluation, as they are
simple systems that minimize the effect of other variables. Although BNC is regarded as
a biocompatible material [65], there are not so many reports on the cytotoxicity of BCNC,
which we intend to use while studying the internalization (and subsequent detection)
by macrophages. In this way, the cytotoxicity of BCNC was characterized, using both
fibroblasts and macrophages.

Results from the metabolic viability assay of L929 and BMMΦ cells when cultivated
with BCNC for 24 h (Figure 7) show that BCNC did not significantly affect the viability of
either cell type, even at very high concentrations (1 and 2 mg/mL, which are unlikely to
be reached in vivo). The obtained data show that BCNC are not cytotoxic—as defined by
ISO 10993, they did not reduce cell viability by more than 30%—consistent with reports
from the literature [38]. However, a significant increase (by 50% on average) in the metabolic
viability was obtained in BMMΦ cells after treatment with all tested concentrations. The
effect was previously observed by others when exposing macrophages to vegetable nano
and microfibrillated cellulose [66,67].
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Figure 6. CLEM images of BCNC labeled with GFP–CBM. Small green dots in FM correspond to
single BCNC in TEM (highlighted in the red boxes). The solid part of the TEM grid had some
autofluorescence (yellow arrow); however, it did not interfere with the visualization as the GFP–
CBM:BCNC-gelatin mixture was fixed in the transparent network mesh. Scale bars: (A–C) 10 μm for
FM, (A,C) 500 nm and (B) 1 μm for TEM.
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Figure 7. Metabolic viability of (A) L929 and (B) BMMΦ cells when cultured with increasing doses of
BCNC for 24 h, as assessed by the Resazurin assay. PBS was used as the control. Data is expressed
as a percentage relative to the control and is the mean ± SD of three independent experiments. All
treatment conditions were compared with the control using Dunnett’s multiple comparison test.
* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared to control (non-treated cells).

3.5.2. Uptake of BCNC by BMMΦ Primary Cells

As in most tissues, gut-resident macrophages are important immune sentinels and
effector populations. Positioned in close apposition to the epithelial layer, they are able to
rapidly uptake and respond to any material breaching this barrier [68]. Thus, the process
of the internalization of BCNC by macrophages was evaluated over time using GFP–CBM
as described above.

Fluorescence images (Figure 8 showed that during short incubation periods (2 to
6 h), macrophages were already able to internalize BCNC; however, the amount of in-
ternalized material was very small. Despite this, it was possible to see labeled cellulose
crystals inside some cells (most of the non-internalized BCNC was washed before cell
fixation). At 24 h, clearly, a higher amount of the nanomaterial was uptaken. Several stud-
ies have reported that the macrophage internalization of foreign particles increases over
time [69,70]. For instance, Erdem et al. (2021) showed that pristine cellulose nanocrystal
uptake by alveolar macrophages increased significantly as the cell exposure period was
longer (2, 6 and 24 h) [71]. Furthermore, we made an attempt to identify BCNC through
ultrastructural analysis, which appear to be located within a lysosome (Supplementary
Materials Figure S1). As described in the literature, macrophages are able to internalize
particles with a diameter ranging from 6 to 6000 nm [72]. Therefore, we demonstrate that,
using fluorescent CBM, we are able to detect BCNC inside the macrophages, and thus, this
may also be possible in vivo.
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Figure 8. Cellular uptake of BCNC by phagocytic cells. FM images of macrophages exposed to
0.001 mg/mL BCNC for 2, 4, 6 and 24 h. DAPI (blue), Pha-red (red) and GFP–CBM (green) were
used for nuclei, actin cytoskeleton and BCNC visualization, respectively. Scale bar: 50 μm.

3.6. Nanocellulose Tracking in Animal Tissues

Despite several studies having reported important data supporting the safety of
BNC as a food additive [33], its fate in the human body upon ingestion is still not totally
clarified. Indeed, detecting small materials in biological tissues through imaging tech-
niques is often hampered either by high background levels or by the lack of sensitive,
nanomaterial-specific detection methods. Once it was demonstrated that fluorescence-
based detection is a feasible method for the detection of nano-sized cellulose particles, a
21-day in vivo pilot study was made, to determine whether the same methodology was
suitable for detecting micro- and/or nanocellulose in histological samples of animal tis-
sues. It should be noted that UV + SBB treatment [48] eliminated the autofluorescence
associated with this type of tissue, which, in several studies, made it difficult to apply
fluorescence-based detection methods [73].

To better assess whether GFP–CBM-based detection is able to detect trace amount of
cellulose along the GIT, the rats’ intestines were washed to remove, as much as possible,
the cellulose present in the lumen and processed with SRT. Cellulose was found only in
a few cases in the intestinal lumen or between the villi (Figure 9), without any notable
difference in frequency or location among animals of different genders. However, no signs
of the intestinal persorption of cellulose were found.
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Figure 9. FM images of a male rat histological sample after a 21-day repeated-dose study. Four GIT
regions (duodenum, jejunum, ilium and colon) were stained for nuclei (blue), actin cytoskeleton (red)
and cellulose (green). Control (no gavage) and BNC (oral gavage) animals. Cellulose fibers were
detected at the intestinal lumen or trapped between the villi (pointed out by the yellow arrow and
the respective amplified image in the yellow box). Scale bar: 200 μm.

In fact, other studies examining the fate of cellulose particles in the intestinal tract have
found no signs of translocation [26,33,74]. For instance, Mackie et al. (2019) sequentially
studied the GIT fate of cellulose nanocrystal emulsions and their exposure to the intestinal
mucus layer. They determined that the nanocrystals were clearly trapped in the intestinal
mucosa, unable to reach the underlying epithelium, and were therefore considered safe
emulsifiers [74]. Accordingly, the proposed routes of cellulose particle uptake predicted by
others along the GIT, such as through M cells, the paracellular pathway and through ente-
rocytes by transcytosis or passive diffusion [75], appear not to be supported since particles
must first pass through the intestine mucus layer to subsequently interact with the gut wall.
Our findings seem to confirm these reports, but a larger number of animals and a more
detailed screening of the tissues must be performed to take more definitive conclusions.

4. Conclusions

A methodology for the specific detection of nano-scalar cellulose is critical for an under-
standing of its distribution in the human body. Herein, we demonstrate that fluorescence-based
method can be used to detect and visualize different kinds of cellulose fibers, including
nano-sized ones. The screening assay revealed simple, feasible and specific, allowing the
detection of nanocrystals internalized in macrophages.

An exploratory work in vivo was performed, whereby no evidence of mucus layer
translocation in the intestine was found. A more comprehensive study is required in order
to take conclusions with regards to the potential cellulose persorption and thus contribute
to the analysis of the safety of BNC as a food additive.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12152605/s1, Figure S1: Uptake of BCNC by BMMΦ primary
cells—Electron Microscopy.
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Abstract: In this study, we contrast the impacts of surface coating bacterial nanocellulose small-
diameter vascular grafts (BNC-SDVGs) with human albumin, fibronectin, or heparin–chitosan upon
endothelialization with human saphenous vein endothelial cells (VEC) or endothelial progenitor cells
(EPC) in vitro. In one scenario, coated grafts were cut into 2D circular patches for static colonization
of a defined inner surface area; in another scenario, they were mounted on a customized bioreactor
and subsequently perfused for cell seeding. We evaluated the colonization by emerging metabolic
activity and the preservation of endothelial functionality by water soluble tetrazolium salts (WST-
1), acetylated low-density lipoprotein (AcLDL) uptake assays, and immune fluorescence staining.
Uncoated BNC scaffolds served as controls. The fibronectin coating significantly promoted adhesion
and growth of VECs and EPCs, while albumin only promoted adhesion of VECs, but here, the cells
were functionally impaired as indicated by missing AcLDL uptake. The heparin–chitosan coating led
to significantly improved adhesion of EPCs, but not VECs. In summary, both fibronectin and heparin–
chitosan coatings could beneficially impact the endothelialization of BNC-SDVGs and might therefore
represent promising approaches to help improve the longevity and reduce the thrombogenicity of
BNC-SDVGs in the future.

Keywords: bacterial nanocellulose; small-diameter vascular grafts; endothelialization; tissue engi-
neering; bioreactor

1. Introduction

Coronary artery bypass grafting (CABG) is the most frequently performed heart
surgeries in the western world. In Germany and the USA alone, more than 450,000 CABG
operations are conducted every year, using small caliber vascular grafts with an inner
diameter of 6 mm or below to redirect the blood distal to the blockage [1,2]. Autologous
vessels—especially the internal thoracic artery, the radial artery, or the saphenous vein—
are considered the gold standard for graft material in CABG surgery, as they represent
the best compromise between availability and long-term patency rate, which is mainly
dependent on the biological function of the grafts, e.g., the endothelial integrity and
mechanical characteristics of the vessel wall [3,4]. While the optimal bypass graft has

Nanomaterials 2021, 11, 1952. https://doi.org/10.3390/nano11081952 https://www.mdpi.com/journal/nanomaterials107



Nanomaterials 2021, 11, 1952

not yet been found, access to autologous vessels that are expected to have a long-term
patency of over 90%, such as the internal thoracic artery, is often limited due to vascular
diseases, pre-surgery, or increased risk of wound infections [5–7], and alternatives, such
as the saphenous vein, are expected to occlude in over 50% of the cases after 10 years [8].
Therefore, alternatives are warranted, and today, tissue-engineered vascular grafts (TEVG)
are thought to be a promising approach in the development of synthetic grafts mimicking
the biological functionality of autologous vessels with unlimited availability.

Despite many different approaches that have been examined to date, none have been
able to show satisfactory long-term patency in application-oriented experimental setups [9].
Common causes of low patency rates, such as intimal hyperplasia and thrombus formation,
could be addressed with a functional endothelium [10,11]. However, the time-consuming
fabrication of in vitro endothelialized grafts does not appear to be appropriate, as current
guidelines recommend revascularization within a few days to a few weeks following
diagnosis [12]. Therefore, acellular grafts for off-the-shelf use that become endothelialized
in situ after implantation are warranted. Among the variety of different approaches in the
development of small-diameter TEVGs, acellular scaffolds made of synthetic polymers
are of particular interest, because they are reproducible, possess satisfying mechanical
properties, and are capable of being stored for longer periods without the need for long-
term precultivation and cell seeding [13].

We developed an acellular TEVG composed of bacterial nanocellulose (BNC) with
a small inner diameter (below 5.00 mm). The BNC grafts have shown satisfactory short-
term results, which were characterized by good surgical manageability and burst pressure
in the physiological environment. These grafts were also successfully surface modified to
reduce the thrombogenicity, but the long-term results are still limited as reflected by low
patency rates and lack of sufficient endothelialization [14–17].

The in vivo endothelialization of acellular scaffolds after implantation works by
two different mechanisms: (i) continuous ingrowth of vascular endothelial cells (VECs)
from the anastomotic region and (ii) attachment of circulating endothelial progenitor cells
(EPCs) directly from the blood [18]. The homing and adhesion of VECs and EPCs is mainly
dependent on expression of proteins on the respective cell surface; in fact, surface coating
with substances that resemble the function of these proteins has shown promising results
with regard to adhesion of endothelial cells [18,19].

With regard to BNC grafts, coatings with fibronectin, heparin–chitosan, or albumin
are interesting approaches for future surface modification of BNC grafts. Fibronectin, of
note, is a protein of the extracellular matrix modulating the adhesion and proliferation of
endothelial cells in vivo [20]. It has been shown that fibronectin coating led to significant
improvements with endothelial cell expansion on the BNC surface [21]. Crosslinking
of BNC with heparin led to increased endothelialization and reduced activation of the
coagulation cascades [22,23], and heparin coating could be of further interest with respect
to intimal hyperplasia, as it is reported to inhibit the growth of fibroblasts [24]. This is
particularly appealing, as fibroblast growth can result in intimal hyperplasia and thus late
occlusion of the synthetic grafts. Chitosan, a polysaccharide derived from the chitin shell of
crustaceans with antibacterial and anticoagulative properties, has recently shown excellent
results with regard to endothelial cell adhesion and proliferation when used as a component
of small-diameter vascular grafts [25,26]. A combination of heparin and chitosan has
already been introduced as a coating for BNC based grafts but was only examined with
non-human endothelial cells [22]. This encouraged us to test this combination in a more
clinical setup using human VECs. Additionally, albumin also seems to be a promising
coating to induce EPC homing for an enhanced in situ self-endothelialization on vascular
devices [27].

However, more information to verify these beneficial impacts for clinically relevant
cells by proof of principle studies in a dynamic environment is still warranted to help the
design and further development of TEVGs, as many studies investigating the effect on the
above mentioned coatings on endothelialization have been conducted using non-human
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cells or human umbilical vein endothelial cells [21,23,28,29], which differ significantly
in function and receptor expression from human saphenous vein endothelial cells or
EPCs [30,31], and which therefore relativize the translational approach of these studies.
This translational approach is further limited when in vitro experiments do not include
medium perfusion [21,22,32–34], because the activity of integrins that mediate cell adhesion
is dependent on shear stress and is regulated accordingly [35]. With this comparative study,
we report the endothelialization of small-diameter vascular grafts made of BNC which
were either coated with fibronectin, heparin–chitosan, or albumin in a clinically relevant
in vitro setting and tried to simulate the natural and necessary stimulation by wall shear
stress in a bioreactor.

Upon cell seeding with human primary EPCs or human saphenous vein endothelial
cells, these grafts were cultivated under both static and dynamic conditions, using an
in vitro approach and a bioreactor perfusion system. Besides proliferation assays, the
endothelialized grafts were analyzed histologically with regard to the extent of endothelial-
ization and endothelial cell characterization, including their functionality. Thus, using the
current state-of-the-art equipment, we hope to better screen for the potential for transla-
tional applications.

2. Materials and Methods

All procedures were in accordance with the ethical standards of the responsible com-
mittee on human experimentation of the University Hospital of Magdeburg (application
number 81/18) and with the Helsinki Declaration of 1975, as revised in 2000. Informed
consent was obtained from all participants for being included in the study.

2.1. BNC Graft Production

The BNC grafts with an inner diameter of 5.0 mm were produced in a standardized
fashion as described before [36–38]. Briefly, in a customized bioreactor, cylindrical templates
made of bamboo with a diameter of 5.0 mm were moved periodically between air space
and a reservoir, which was filled with liquid culture medium and bacteria of the genus
Komagataeibacter xylinus (German Collection of Microorganisms and Cell Cultures GmbH,
DSM 32384). During dipping, the template was loaded with culture medium and bacteria,
and after leaving the liquid, BNC formation took place on the template surface. After
the cultivation time, the templates were removed from the BNC, leaving a vascular graft
with an inner diameter that corresponded to the bamboo template. The BNC grafts then
underwent several post-processing steps, including washing in ultrapure water and boiling
in sodium hydroxide solution, followed by autoclaving.

2.2. Coating Procedures

To investigate the effect of surface coating on the in vitro endothelialization, three
different coatings (human fibronectin, heparin–chitosan, and human albumin) were ex-
amined and compared to uncoated BNC grafts. Thus, the different coated BNC grafts
are referred to as fibronectin, heparin, albumin, or uncoated group. Static culture was
performed in 48-well plates, where round patches of 10 mm diameter were punched out
from the tubular, uncoated grafts with a medical biopsy punch and were subsequently
coated. For dynamic culture, the coating was performed directly on the tubular graft. All
coating procedures for the patches and the tubular BNC scaffolds in the heparin group
were performed in a beaker glass. For fibronectin and albumin coating of the tubular BNC
scaffolds, autoclaved BNC grafts were mounted to the custom-made 3D printed bioreac-
tors and fixed with non-absorbable surgical sutures under sterile conditions as shown in
Figure 1. The coating procedure for the grafts was then performed by adding the coating
solutions with syringes directly to the mounted grafts through the luer-lock adapters.
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Figure 1. Laboratory setup for dynamic and static endothelialization experiments: (A) Perfusion system which was set up
in an incubation chamber with controlled atmosphere (5% CO2). (1) Medium reservoir, (2) Syringes for media sampling,
(3) Roller pump, (4) 0.2 μm sterile filter for adding WST-1 cell proliferation assay reagent, (5) 3D printed reactor containing
the BNC grafts. (B) Enlarged view of the BNC grafts mounted on the 3D printed bioreactor, secured with surgical sutures.
(C) A piece auf autoclaved PVC tube (*) was added on top of the patch and placed in a 48-well plate to avoid cells running
off the BNC patch during the first 24 h of static cultivation. (D) Perfusion chamber mounted to a self-made rotation unit.
Left: Control unit. Right: The bioreactor was positioned inside a commercially available piece of drain pipe and rotated on
the rotation unit to promote cell distribution over the whole BNC graft surface.

2.2.1. Heparin–Chitosan Coating

The heparin–chitosan coating on BNC was done in a modified way than originally
described in 2017 by Li et al. [22]. Briefly, the BNC constructs were immersed in an aqueous
chitosan solution containing 1% (v/v) acetic acid (Carl Roth, Karlsruhe, Germany), 1%
(v/v) glycerin (Sigma-Aldrich, St. Louis, MI, USA) and 1 mg/mL chitosan (molecular
weight 600,000 to 800,000 Da, ≥90% deacetylated; VWR Chemicals, Radnor, PA, USA)
for 24 h under agitation at room temperature (RT), followed by fixation in 0.1 M NaOH
aqueous solution (Sigma-Aldrich, St. Louis, MI, USA) for 24 h without agitation. After
extensive washing with 1% (v/v) penicillin/streptomycin (pen-strep) in distilled water
(ThermoFisher Scientific, Waltham, MA, USA), the BNC constructs were directly transferred
into a glass beaker containing 0.05 M MES buffer (Sigma-Aldrich, St. Louis, MI, USA) for
2 h. Then, the BNC scaffolds were coated with heparin by immersion in an EDC/NHS
crosslinking solution for the formation of amide and ester bonds, prepared with 0.05 M
MES buffer, containing 1 mg/mL heparin, 0.25 M NaCl, 0.03 M NHS, and 0.06 M EDC (all
purchased from Sigma-Aldrich, St. Louis, MI, USA) for 24 h in a water bath shaker at 30 ◦C.
After extensive washing with pen-strep solution for 2 h, the tubes were stored in pen-strep
solution, sterilized by gamma irradiation with 13 Gray, and stored at 4 ◦C.

2.2.2. Albumin and Fibronectin Coating

The coating procedure was modified from the procedure published by Kuzmenko
et al. [21]. The 1-cyano-4-dimethylamino pyridinium tetrafluoroborate (CDAP), acetonitrile,
triethylamine sodium acetate, human fibronectin, and human albumin were purchased
from Sigma-Aldrich (St. Louis, MI, USA). First, the BNC surface was activated with CDAP
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as the respective crosslinker, generating a cyanate ester derivate. For this, a CDAP crosslink
solution was prepared by dissolving 50 mg CDAP in 1 mL acetonitrile. For activation, the
required amount of CDAP per cm2 patch surface for the inner graft surface was ensured
by setting the concentration to 50 μmol/cm2 in an excess of volume, ensuring that the
patches were completely immersed or the tubes were completely filled with CDAP crosslink
solution. After adding the CDAP crosslink solution to the BNC grafts or patches, they were
incubated for 30 s at room temperature. Then, the same volume of 0.2 M triethylamine
(TEA) solution prepared in distilled water was added and incubated for 2 min, followed
by discarding the CDAP/TEA solution. After rinsing the BNC patches/grafts with 0.1 M
sodium acetate buffer (pH 3.0), prepared in distilled water, the BNC patches/grafts were
extensively rinsed with 1% pen-strep solution until the pH was neutralized.

For subsequent bioconjugation with the respective protein by an isourea bond to the
amino acids of the protein, an aqueous solution containing 100 μg/mL human fibronectin
or albumin was added to the CDAP activated BNC patches/grafts, ensuring that the
patches were completely covered or no air remained in the tubular grafts. After incubation
for 12 h at 37 ◦C, the patches and grafts were rinsed with phosphate buffered saline solution
containing 1% (v/v) pen-strep, gamma irradiated (13 Gray for patches and 25 Gray for
tubular grafts), and stored at 4 ◦C.

2.3. Coating Analyses for Quality Control
2.3.1. XPS Analyses

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface chemistry
of the coated BNC grafts [39]. Therefore, rectangular samples (0.5 × 0.5 cm) were cut
from coated BNC grafts and freeze dried. Then, the samples were analyzed by XPS using
a PHI 5600 ESCA System (Physical Electronics Inc., Division of ULVAC-PHI, 187,25 Lake
Drive East in Chanhassen, MN 55317, USA), equipped with a Spherical Capacitor electron
energy Analyzer (energy resolution 25 meV, PHI 5600 ESCA System) and a Dual Anode
X-ray Source operating with Mg K-alpha at 14 kV and 400 W. The analyzed lateral area had
a diameter of 800 μm, using a detection angle (Source to SCA) of 54◦. To define the atomic
concentration of the analyzed elements, multiplex spectra were measured for each sample.

2.3.2. Heparin Detection

To verify sufficient heparin presence at the graft surface, we used a toluidine blue
staining modified from the one described by Hinrichs et al. [40]. Samples of coated and
uncoated BNC grafts were stained in a 0.04% toluidine blue (Sigma-Aldrich, St. Louis,
MI, USA) staining solution prepared in 0.01 M HCL containing 2 mg/mL NaCl for 12 h,
followed by extensive washing with distilled water and incubation for 24 h in distilled
water before images were obtained.

2.3.3. Albumin and Fibronectin Detection

To validate the presence of the respective functional proteins at the luminal surface af-
ter coating, grafts were sampled and subjected to immunofluorescent evaluation. Therefore,
0.5 cm long sections from exemplary tubular grafts coated with albumin or fibronectin were
frozen in compound (Tissue-Tek O.C.T. compound, Sakura Finetek Europe B.V., Alphen
aan den Rijn, NL) and thereafter sectioned using a Leica CM 1950 cryostat (Leica Biosys-
tems, Nussloch, Germany). Recombinant monoclonal rabbit anti-human serum albumin
antibody (MA5-29022, ThermoFisher Scientific, Waltham, MA, USA) and recombinant
monoclonal rabbit anti-human fibronectin antibody (MA5-32509, ThermoFisher Scientific,
Waltham, MA, USA) were used as the primary antibody and donkey anti-rabbit Alexa Fluro
488 (Jackson ImmunoResearch, West Grove, PA, USA) as the secondary antibody. Upon
fixation in 4% paraformaldehyde (PFA), the graft slices were blocked with 3% standard
donkey serum for 30 min and then incubated with the primary antibodies at a dilution
of 1:50 in 3% donkey serum overnight. After washing, the fluorescent dye-conjugated
secondary antibody at a dilution of 1:500 in 3% donkey serum was incubated on the slice

111



Nanomaterials 2021, 11, 1952

in the dark for 1 h. After mounting, the slices were analyzed using the EVOS Auto 2
(ThermoFisher Scientific, Waltham, MA, USA).

2.4. Cell Isolation and Cell Culture
2.4.1. Human Saphenous Vein Endothelial Cells (VECs)

The isolation of endothelial cells from human saphenous veins for use in vascular
prostheses seeding experiments is a standard method and was described in 1984 by Watkins
et al. [41]. For cell isolation, the vein sections obtained from patients undergoing coro-
nary artery bypass surgery were flushed with PBS to remove blood and thereafter filled
with 0.4% Collagenase A solution (Sigma-Aldrich, St. Louis, MI, USA) and incubated at
37 ◦C for 30 min. By rinsing with PBS, the cell suspension was collected and plated as passage
0 on 0.1% gelatin-coated cell culture flasks using a cell specific growth medium (Endothelial
Cell Growth Medium C22110, Promocell, Heidelberg, Germany) containing 1% pen-strep so-
lution and 10% fetal calf serum (FCS) with a density of 0.6–1.0 × 105 cells/cm2. For long-term
stand cell culture, the cells were passaged at 90% confluence using 0.05% trypsin/EDTA
(ThermoFisher Scientific, Waltham, MA, USA). Also, for the standard growth medium,
the FCS content was reduced to 5% for passage 1 and 2% for later passages. For seeding
experiments, endothelial cell cultures were used until passage 5 as a maximum. Cells were
stored at −150 ◦C (50% FCS, 10% DMSO).

2.4.2. Human Endothelial Progenitor Cells (EPCs)

Human endothelial progenitor cells were isolated from peripheral blood obtained from
healthy volunteers. The procedure was carried out as described by Ormiston et al. [42].
Briefly, 60 mL of fresh blood was drawn in sodium citrate tubes (Vacutainer 367704,
Becton Dickinson [BD] GmbH, Heidelberg, Germany), and peripheral blood mononuclear
cells (PBMCs) were obtained by density gradient centrifugation (Ficoll-Paque Plus, GE
Healthcare, IL, USA). After washing with PBS, the PBMCs were resuspended in endothelial
cell medium (Endothelial Growth Medium-2MV, CC-3202, Lonza, Basel, Switzerland) with
10% FCS content and plated in T75 flasks coated with 5 μg/cm2 collagen (Type 1 Collagen,
derived from rat tail, 35-4236; BD Biosciences, Heidelberg, Germany).

According to the protocol, the cells were passaged for the first time after initial
outgrowth colonies reached a size of approximately 1000–2000 cells/colony, counted on
microscopy images. Deviating from the protocol of Ormiston et al., TrypLE (ThermoFisher
Scientific, Waltham, MA, USA) was used for cell dissociation. The cells were cultured in
uncoated TPP tissue culture flasks (Techno Plastic Products AG, Trasadingen, Switzerland)
after passage 5 with an FCS content of 5% for long-term cell culture. The cells were
passaged at 90% confluence, cultivated to a maximum of nine passages and stored at
−150 ◦C (50% FCS, 10% DMSO).

2.5. Cell Characterization

A detailed description of endothelial cell characterization is described in the Supple-
mentary Material (Figures S1 and S2).

2.5.1. Phase Contrast Microscopy

For morphologic characterization, cells were observed daily with a conventional
phase contrast microscope during culture (EVOS XL Core Imaging System, ThermoFisher
Scientific, Waltham, MA, USA). In the case of apparent fibroblast contamination, those
cultures were not used for experiments.

2.5.2. AcLDL Assay

To exclude potential degeneration of the endothelial cells, we actively tested the
endothelial functionality by the ability for the uptake of acetylated low density lipoproteins
by the scavenger cell pathway using a commercial assay (Alexa Fluor 488 AcLDL assay,
ThermoFisher Scientific, Waltham, MA, USA) [43–45]. For AcLDL assay, the endothelial
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cells were seeded in 24-well plates and cultivated until 90% confluence. The assay was
performed as recommended by the manufacturer. Briefly, the cells were washed two times
in a 1% bovine serum albumin (BSA)/PBS+ solution for 5 min, followed by adding 400 μL
of cell culture medium containing 0.0.125% AcLDL assay solution and incubation at 37 ◦C
for 3.5 h. After adding one drop of NucBlue live staining solution for Deoxyribonucleic acid
(DNA) staining, (ThermoFisher Scientific, Waltham, MA, USA), the cells were incubated for
another 30 min in the incubator. After washing another three times, images were directly
obtained with a conventional fluorescent microscope (EVOS FL Auto 2 cell imaging system,
ThermoFisher Scientific, Waltham, MA, USA).

2.5.3. Flow Cytometry

The isolated endothelial cells were characterized using flow cytometry (FC) for the
expression of the endothelial cell markers von Willebrand Factor, CD 144, CD31, and CD34.
A detailed description of the methodology and the results is given in the supplementary files.

2.6. Control Based Construct Culture

To get a general impression of the cell growth characteristics on the corresponding
BNC surfaces, we chose a static model of cultivation in 48-well plates, and to achieve further
understanding of the cell adhesion property in a so-called physiological environment,
we cultivated the cells under media perfusion. For both dynamic and static conditions,
a control based approach was chosen, where cells were seeded in the same density on 0.1%
gelatin-coated well plates and used for normalization of metabolic activity, where values
from control cells were set to 100% as optimal cell adherence to the cell culture flask bottom
and respective proliferation was considered. To determine optimal cell densities for seeding,
previous examinations were conducted where cells were seeded on uncoated BNC patches
and gelatin-coated control well plates. After static incubation for 24 h and DNA staining,
the cell distribution was examined with immunofluorescence microscopy, determining
the lowest cell concentration that avoids overly dense growth in the control wells but still
reaches a seeding efficacy of over 5%, as reported in the literature for endothelialization-
based cell seeding experiments [46]. Based on these results, the seeding density was set to
5 × 104 cells per cm2 surface area. A concentration of 10% FCS in the respective cell culture
medium was chosen to provide optimal nutrients to the endothelial cells. 2 × 106 cells from
each experiment were frozen and stored at −150 ◦C for subsequent cell characterization
(50% FCS, 10% Dimethylsulfoxid (DMSO)).

2.6.1. Static Culture Experiments

The coated and uncoated patches were placed in a 48-well plate with the luminal side
facing upwards. The position inside the well was fixed by placing a piece of autoclaved
polyvinylchloride (PVC) tube (inner diameter of 8 mm, wall thickness of 1 mm) inside
the well (Figure 1), thereby ensuring that cells did not run off the BNC patch surface.
Either VECs (n = 10 for each coating) or EPCs (n = 5 for each coating) were thawed and
cultured for 4 days in T75 flasks on 0.1% gelatin coating. After harvesting, the patches were
subjected to passive seeding and the cells were allowed to settle. After 24 h cultivation for
cell settling and adhesion, the PVC tubes were removed and the patches were placed into
new wells for subsequent cultivation for 96 h. The media was changed every day.

2.6.2. Perfusion Culture Experiments
Bioreactor Perfusion System

To study the behavior of the seeded endothelial cells on the grafts under perfusion, we
used customized 3D printed bioreactors and a perfusion platform that was described by
Schuerlein et al. [47], shown in Figure 1A. The 3D printed bioreactors allowed us to perfuse
two BNC tubes connected to one pump system simultaneously (Figure 1B). All parts of
the reactor were autoclavable and the BNC grafts were attached to the connectors with
surgical sutures. To exclude possible bias from different lengths of the silicone tubes, the
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volume inside the perfusion path between the two stop cocks upstream and downstream
to the BNC tube was determined individually for each perfusion slot. The perfusion
system further consisted of silicon tubes and a reservoir bottle as shown in Figure 1A.
After autoclaving, the system was assembled under the cell culture bench, and syringes
for medium sampling as well as 0.2 μm sterile filters (Intrapur Neonat infusion filter, B.
Braun Melsungen AG, Germany) for the cell proliferation assay were attached before the
closed perfusion system was mounted on the perfusion platform. The perfusion platform
consisted of an incubator with a controlled atmosphere (5% CO2) and temperature (37 ◦C)
and a roller pump for medium perfusion.

Seeding Technique

The respective endothelial cells were thawed and cultured 4 days in advance in T75
flasks with 0.1% gelatin coating for VECs or no coating for EPCs and 10% FCS. On the
first day of the experiment, the cells were harvested after setting the cell concentration;
the suspension was taken up in a 10 mL syringe. Then the cell suspension was manually
perfused through the perfusion path that integrates the graft in between two three-way
stopcocks, holding the bioreactor in an upright position, until the whole graft was filled
with the cell suspension, and the connectors were closed with sterile caps. Cell settling
and adhesion were supported by incubation on a custom-made roller shaker (Figure 1D)
at a speed of 0.05 rpm at 37 ◦C for 30 min, followed by static incubation for 3.5 h at 37 ◦C.
After incubation, the bioreactors were connected to the tubing system as described before
and mounted on the perfusion platform. The perfusion pump was set to pulsatile flow
and a medium flow rate of 1.5 mL/min. The perfusion system was filled with a total of
50 mL of medium and samples were taken every day for analytical evaluation. After 96 h,
the perfusion was stopped and the BNC grafts were removed, divided into equal parts,
and stored in PBS for subsequent analyses. Cells seeded on 0.1% gelatin-coated (VEC) or
uncoated (EPC) 12-well plates with the same cell number were used as controls. For each
coating group, n = 4 BNC grafts were cultured and analyzed.

2.7. Metabolic Activity (WST-1 Assay) of Cells on BNC Constructs, Normalization

A WST-1 ((4-(3-4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzenedisulfonate)
proliferation assay (Sigma-Aldrich, St. Louis, MI, USA) was used to determine the overall
cell viability and proliferation of the cells. For the assay, a working solution was prepared
by diluting the WST-1 reagent in the respective cell culture medium to a final concentration
(v/v) of 12.5% in growth medium. The WST-1 cell proliferation assay was conducted under
both static and dynamic conditions and for both cell lines, VEC and EPC.

2.7.1. Static Cultures

The WST-1 cell proliferation assay was performed after 24 h and 96 h of cultivation.
500 μL of the WST-1 working solution was added to the respective wells after washing
with PBS for an incubation time of 4 h at 37 ◦C.

2.7.2. Perfusion Cultures

Consistent with the static cultivations, WST-1 proliferation assay was performed after
24 h and 96. The perfusion was stopped and 3 mL of WST-1 working solution was added to
the lumen of each BNC graft individually via the connected 0.2 μm filters (Intrapur Neonat
infusion filter, B. Braun Melsungen AG, Germany) to avoid contamination. After 4 h of
incubation, the WST-1 working solution was collected and the perfusion was re-established.
In parallel, the positive controls in the 12-well plate were incubated in 437 μL of WST-1
working solution, which corresponded to the same amount of WST-1 volume per seeded
cells per surface area.

The extinction of the WST-1 working solution was determined for each sample with
a multiplate reader (Infinite 200 pro M Plex, Tecan Trading AG, Switzerland) at 440 nm (ref-
erence wavelength 600 nm) and blanked to working solution. All samples were measured
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as duplicates. For dynamic conditions, the measured absorbance had to be multiplied with
a dilution factor, depending on the luminal volume in the perfusion path. The values for
WST-1 proliferation index obtained after 24 h and 96 h were normalized to controls as
described before.

2.8. AcLDL Assay on Seeded BNC Cell Constructs

The AcLDL assay was performed as described above with light modifications. After
96 h of cultivation, the seeded BNC constructs (patches or sections from tubular BNC
grafts) were immersed in 2 mL Eppendorf tubes filled with PBS for washing. After
5 min of incubation, the samples were transferred to a new micro-reaction tube with
fresh PBS. The washing step was repeated three times. Afterwards, the AcLDL assay
was performed as described before with an excess of medium containing 0.0125% AcLDL
assay solution. Following the incubation time, the samples were washed again in PBS
and images were acquired with a fluorescence microscope (EVOS FL Auto 2 cell imaging
system, ThermoFisher Scientific, Waltham, MA, USA). Subsequently, the samples were
stored in PBS at 4 ◦C until they were additionally stained with rhodamine-conjugated
phalloidin dye as described above. Finally, further images were taken with a Leica confocal
imaging system (Leica TCS SP8, Leica Microsystems GmbH, Wetzlar, Germany).

2.9. Cryosectioning and Immunofluorescence of BNC Constructs

Acridine Orange staining, a fluorescent dye that reports both cytoplasmic RNA and
DNA in the nuclei, was used to get a visual impression of cell survival, cell morphology, and
its distribution on the BNC surface [48,49]. To determine the shape of the cytoskeleton of the
endothelial cells, we additionally stained for F-actin, which is a commonly accepted method
for morphological studies on endothelial cells [50,51]. Furthermore, we complemented
a CD-31 staining to detect preserved endothelial character of the cells [50]. For cultivated
constructs, cell-specific markers were evaluated after fixation in 4% PFA solution for 5 min
before staining. Acridine orange staining was achieved by incubating the whole sample in
an acridine orange staining solution for 45 min, prepared from acridine orange dye (Sigma-
Aldrich, St. Louis, MI, USA) diluted 1000-fold in PBS. Samples were subjected to F-actin
staining, and subsequently to the AcLDL uptake assay. Therefore, we used rhodamine-
conjugated phalloidin dye (Abcam, Cambridge, UK) diluted 1:1000 stock solution in
PBS containing 1% BSA. Nuclei were counterstained with NucBlue. CD31 staining was
performed utilizing CD31/PECAM-1 mouse anti-human antibody (BBA7, R&D Systems,
Minneapolis, MN, USA) in a concentration of 8 μg/mL as the primary antibody and
donkey anti-rabbit Alexa Fluro 488 (Jackson ImmunoResearch, West Grove, PA, USA) at
the dilution of 1:500 as the secondary antibody. Both antibodies were diluted in PBS−
containing 3% donkey serum. After overnight incubation at 4 ◦C with the primary antibody,
samples were washed with PBS−. For secondary antibody incubation, the samples were
incubated for another hour at room temperature in a staining solution consisting of the
secondary antibody, 1:1000 rhodamine-conjugated phalloidin dye, and NucBlue DNA
staining. Finally, the samples were washed again and images were obtained with a Leica
confocal imaging system (SP8) or with a conventional immunofluorescence microscope
(EVOS FL Auto 2 cell imaging system, ThermoFisher Scientific, Waltham, MA, USA).

2.10. Data Analysis and Image Processing

Due to the low n-numbers, non-normally distributed errors can be expected for the
raised data, and thus a non-parametric Kruskal–Wallis test with Dunn’s post-test was
performed using GraphPad Prism version 8 for Windows, (GraphPad Software, La Jolla,
CA, USA). The level of significance was set to p < 0.05.

Fiji 64-bit for Windows (Version 1.53c) [52] was used for image processing if not
otherwise stated. For stitching the whole mount images of acridine orange-stained samples,
the plugin “Stitching” of Fiji was used, based on the publication from Preibisch et al. [53],
following the directions as given by the plugin description.
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3. Results

3.1. Comparative Coating Efficiencies of Fibronectin-, Heparin–Chitosan- and Albumin-Coated
BNC Grafts

In immunofluorescence images, the coated BNC grafts showed one homogenous layer
of albumin and fibronectin at the luminal side of the grafts; in particular, no discontin-
uation of the layer was found (Figure 2A,B). Accordingly, the concentration of nitrogen
at the luminal surface was clearly enhanced only for protein-coated groups, showing
a concentration of 5.6% for albumin- and 6.7% for fibronectin-coated grafts on the luminal
surface, as shown by XPS analyses (Figure 2D). For uncoated grafts, the concentration
of nitrogen was 0%. The heparin-coated grafts stained with toluidine blue exhibited
a deep blue staining covering the whole surface, compared to uncoated grafts (Figure 2C),
and the detection of sulphur (1.1% vs. 0% for uncoated or albumin-/fibronectin-coated
grafts) on the luminal side by XPS analyses indicated the presence of the highly sulphated
glycosaminoglycan heparin. Data on the stability of the albumin and fibronectin coating
are included as Table S2 in the supplementary files.

Figure 2. Coating analyses of exemplary coated BNC grafts: (A) Immunofluorescence staining of a cross-sectioned BNC
graft against albumin. (B) Immunofluorescence staining of a cross-sectioned BNC graft against fibronectin. (C) Comparison
of toluidine blue staining for heparin-coated and uncoated BNC grafts. (D) Results of XPS analyses of the coated BNC
grafts. The colored arrows indicate the respective peaks for N (nitrogen), O (oxygen), C (carbon), and S (Sulphur).

3.2. Progress of Metabolic Activity

The results are summarized in Figure 3 and Table S1. In general, increased metabolic
activity (as indicated by measured extinction of the WST-1 metabolite after 24 h of in-
cubation) was considered to be increased vitalization (Figure 3). Interestingly, values
clearly varied for different cell types. For static culture after 24 h, only the fibronectin
group showed a recognizable vitalization by VEC cells, which revealed significantly higher
metabolic activity compared to heparin-coated (18.93 ± 7.40 vs. 2.00 ± 3.12%, p = 0.0001)
and uncoated grafts (1.07 ± 2.28%, p < 0.0001). After 96 h, this had not significantly
changed, then showing 27.50 ± 9.74% for the fibronectin group, which was significantly
higher than the heparin group (1.40 ± 4.55%, p < 0.0001) and uncoated group (1.70 ± 4.19%,
p < 0.0001). The albumin group showed 6.00 ± 4.50% after 24 h and 9.70 ± 8.67% after
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96 h, not reaching the level of statistical significance compared to the other groups. For
dynamic cultivations, the vitalization of all groups by VEC cells had clearly increased to
51.00 ± 14.88% for albumin, 59.25 ± 23.92% for fibronectin, 32.00 ± 10.42% for heparin,
and 32.50 ± 27.45% for the uncoated group, not showing statistically significant differ-
ences. After 96 h by trend, this had slightly decreased to 33.25 ± 10.44% for albumin,
44.25 ± 14.55% for fibronectin, 29.75 ± 13.57% for heparin, and 34.00 ± 31.78% for the
uncoated group.

Figure 3. Results of WST-1 proliferation assay performed on the cell seeded BNC grafts under both static and dynamic
conditions for vascular endothelial cells (VEC) and endothelial progenitor cells (EPC). The WST-1 values are normalized to
control cells. n = 10 (VEC static), n = 5 (EPC static), n = 4 (VEC and EPC dynamic except EPC Hep 24 h (n = 3)). Alb—albumin,
Fib—fibronectin, Hep—heparin, Unc—uncoated BNC grafts. ** p < 0.01, *** p < 0.001.

For EPC, similar values for all coatings could be observed after static culture for
24 h, where values ranged between 27.00 ± 12.29% for uncoated and 40.60 ± 7.09% the
fibronectin, without reaching the level of statistical significance. After 96 h of culture,
this had not changed, still showing similar values for all coatings. Dynamic culture led
to clearly higher values after 24 h, but only for fibronectin (60.75 ± 21.93%) and heparin
(36.00 ± 11.53%), while the others remained close to zero. After 96 h, both groups decreased
to 29.25 ± 5.91% for fibronectin and 30.25 ± 2.63% for heparin, while the others still
remained close to zero.

3.3. Histological Analyses
3.3.1. Graft Colonization under Static Conditions: Acridine Orange Staining

Figure 4 shows whole mount images after cultivation for 96 h under static conditions,
stained with acridine orange. The round image sections correspond to the total area of
BNC patches seeded with endothelial cells and cultured for 96 h as described earlier.

For VECs, only fibronectin-coated patches showed multiple large and partially coher-
ent colonized areas, but also nonpopulated spots and areas, especially close to the edge
where the formerly attached pieces of PVC tube were imposed. All other coatings only
showed smaller cell islets or singular cells. In contrast, for EPC, densely populated areas of
EPCs were found for all coatings and also uncoated BNC patches after seeding the cells
under static conditions.
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Figure 4. Stitched whole-mount microscopy images of acridine orange staining of BNC grafts seeded with vascular
endothelial cells (VECs, upper row) and endothelial progenitor cells (EPCs, bottom row) under static conditions. The region
of interest outlined in white is shown in enlarged scale in the upper right image section for each coating. While a rather
confluent cell layer of VECs was only found on fibronectin-coated grafts, EPCs showed a rather confluent growth on all
coatings and also uncoated grafts. Alb—albumin, Fib—fibronectin, Hep—heparin, Unc—uncoated.

3.3.2. Graft Colonization under Dynamic Conditions: Acridine Orange Staining

Under dynamic conditions, partially confluent areas of VECs were found for both
the albumin and fibronectin groups, while the uncoated group showed a lower density of
VECs (Figure 5 and Figure S3). The heparin group showed only scattered signals at much
lower density. The most confluent coverage and highest density was clearly demonstrated
by the fibronectin group.

Figure 5. The image shows the luminal side of a sliced and spread out section of the tubular BNC graft seeded with
vascular endothelial cells (VECs, upper row) and endothelial progenitor cells (EPCs, bottom row) after 96 h of dynamic
cultivation, stained with acridine orange. All images reflect the exemplary regions that are labelled in Figures S3 and S4.
Islands with high cell density of VECs were only found on albumin- and fibronectin-coated grafts, with lower density on
uncoated grafts. The EPCs grew to highly dense populated areas only on fibronectin- and heparin-coated grafts, whereas the
albumin and uncoated groups only showed isolated cells and cell groups. Alb—albumin, Fib—fibronectin, Hep—heparin,
Unc—uncoated.
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Colonization by EPCs resulted in an apparently similar coverage for the fibronectin
group (Figure 5 and Figure S4). Here, the heparin group was also colonized, but at lower
cell densities. The albumin and uncoated groups remained mostly unpopulated, and only
scattered cells were found.

3.3.3. Cytoskeleton—Static Conditions

The F-actin staining in Figure 6 shows the cytoskeleton of the endothelial cells that
were cultured on BNC patches for 96 h. For VECs, apparent stress fibers could be observed
mainly in the albumin and fibronectin groups, while the heparin and uncoated groups
showed rather diffuse and rare F-Actin signals, concentrated around the cell nucleus.
Therefore, the albumin group showed denser and more oriented signals compared to the
fibronectin group. In contrast to the VECs, apparent stress fibers could be detected in
all groups colonized by EPCs. Here, F-Actin signals were generally at a higher intensity,
showing denser stress fibers, which seemed to be almost equally distributed across the
groups. However, the fibronectin group showed the highest density of apparent fibers, but
also at the highest cell density. As apparent in the heparin group and less intensive in the
fibronectin group, the fibers were more concentrated at the cell margin compared to the
cytoplasmic area.

 

Figure 6. Confocal microscopy images of BNC grafts seeded with vascular endothelial cells (VEC) and endothelial progenitor
cells (EPC) under static conditions. Cell nuclei were stained against DAPI (blue) and the F-actin of the cytoskeleton was
stained with rhodamine phalloidin (red). All groups seeded with EPCs showed areas with dense colonization and a distinct
cytoskeleton. For VECs, it was only in the heparin group that singular cells without pronounced a cytoskeleton were found,
while VECs in the other groups showed areas of cells with a regular expansion of the F-actin filaments.

3.3.4. Cytoskeleton—Dynamic Conditions

The pattern of F-actin filaments under dynamic conditions is shown in Figure 7. Visible
fibers were detected for all groups but heparin, where cells apparently were not vital. For
the albumin and fibronectin groups, fibers were densely concentrated at the cell margin.
While the uncoated group showed a less dense network of F-actin filaments, cells in the
heparin group were only detected as scattered, singular and apparently not vital cells. This
pattern of the cytoskeleton was also seen for EPCs in the uncoated and albumin groups. In
contrast to this, the stress fibers of EPCs in the fibronectin group showed a strong signal,
and singular fibers as well as fiber bundles at the cell margin were visible. The heparin
group also showed a distinct F-actin signal, while the fibers were not visible as singular
strands but rather as concentrated bundles at the cell margin.
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Figure 7. Confocal microscopy images of BNC grafts seeded with vascular endothelial cells (VEC) and endothelial progenitor
cells (EPC) under dynamic conditions. Cell nuclei were stained against DAPI (blue) and the F-actin of the cytoskeleton was
stained with rhodamine phalloidin (red). The fibronectin group showed a pronounced expansion of the cytoskeleton for
both cell types. The VECs also showed a distinct expression of F-actin filaments on uncoated grafts. For the albumin group,
the F-actin filaments were concentrated around the nuclei, indicating less spread of the cell bodies, and the heparin group
showed no distinct signal of F-actin filaments. For EPCs, cells in the albumin and uncoated groups did not show clearly
recognizable structures of F-actin filaments. EPCs on heparin-coated grafts showed a distinct F-actin signal.

3.3.5. CD31—Dynamic Conditions

The images obtained from parts of the BNC grafts under dynamic culture and stained
against CD31 are shown in Figure 8. For VECs, a distinct signal of CD31 on the cell surface
was only found for the fibronectin group, and only partially in the albumin group. In the
heparin group, there were hardly any vital cells with recognizable structures and clear
CD31 signals. For EPCs, a clear signal was found for the fibronectin and heparin groups,
but not for the albumin and uncoated groups.

Figure 8. Confocal microscopy images of BNC grafts seeded with vascular endothelial cells cultivated under dynamic
conditions and stained against DAPI (blue) and CD31 (green). A distinct signal of CD31 on VECs was only seen clearly in
the fibronectin group, and for EPCs in the fibronectin and heparin groups.
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3.4. AcLDL Assay
3.4.1. Static Conditions

The results of the AcLDL uptake assay are shown in Figure 9. In the albumin, heparin,
and uncoated groups, no intracellular AcLDL particles were found, while cells in the
fibronectin group partially showed uptake of the AcLDL particles to the cytoplasm. In
contrast to this, the EPCs showed uptake of AcLDL particles for all groups.

 

Figure 9. Confocal microscopy images from vascular endothelial cells (VEC) and endothelial progenitor cells (EPC)
cultivated under static conditions on bacterial nanocellulose patches coated with albumin (Alb), fibronectin (Fib), heparin–
chitosan (Hep) and on uncoated (Unc) patches. The cell nuclei were stained against DAPI (blue), and acetylated low density
lipoprotein particles are shown in green (indicated by arrows). The VECs in the albumin and uncoated groups only showed
nonspecific signals.

3.4.2. Dynamic Conditions

Under dynamic conditions, partial uptake of AcLDL particles into VECs was only seen
in the fibronectin group, while the other groups did not show any clear signals (Figure 10). For
EPCs, intracellular AcLDL particles were present mainly for the fibronectin and heparin
groups, while no specific signal was found in the albumin and uncoated groups.

 
Figure 10. Fluorescence microscopy images from vascular endothelial cells (VEC) and endothelial progenitor cells (EPC)
cultured under dynamic conditions on bacterial nanocellulose grafts coated with albumin (Alb), fibronectin (Fib), heparin–
chitosan (Hep) and on uncoated (Unc) grafts. The cell nuclei were stained against DAPI (blue), and acetylated low density
lipoprotein particles are shown in green (indicated by arrows).
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4. Discussion

Endothelialization of small-diameter vascular grafts remains to be a crucial factor
for both short- and long-term patencies, exhibited by several animal models [54–57] and
also in human coronary artery bypass grafting [58,59]. This is most appealing for acellular
off-the-shelf grafts, which exhibit on-site endothelialization after implantation. From
the clinical perspective, the preservation of endothelial function in autologous vessels is
considered to be indispensable for long-term patency [58,59]. Bacterial nanocellulose small-
diameter grafts are thought to be a promising approach in the development of acellular
grafts for in vivo population with ECs [14,16,17,34,60]. However, in contrast to the native
extracellular matrix, BNC scaffolds fail to provide tissue-specific proteins for cell adhesion.

Accordingly, in this study, we used an uncoated BNC graft during the in vitro dynamic
experimental setup, which proved to be challenging for patient-derived endothelial cells.
The uncoated grafts showed poor EC growth kinetics in the WST-1 assay except for EPCs
under static conditions, and only scattered cells were found, as evidenced by nucleic acids
stains such as acridine orange. The morphology of EPCs was impaired as evidenced
by F-actin staining, and apparently, endothelial functionality could not be preserved, as
indicated by a deficiency in CD31 signals and active AcLDL uptake by both cell types.
We have therefore provided an additional confirmation to show the poor performance of
human microvascular ECs [61] and isolated human saphenous vein ECs [34] on uncoated
grafts, which were in line with previous reports. In these studies, the authors showed that
ECs seeded on unmodified BNC surfaces exhibit low adhesion and proliferation and do
not spread but remain in a round shape, without the formation of a typical endothelial
cell-like cytoskeleton.

Here, we contrasted the effects of coating BNC-SDVGs with different substances of
previously reported relevance with regard to endothelialization in a setup using BNC-
SDVGs of clinically relevant length and diameter. Thereby, we hoped to find an optimal
candidate regarding adhesion and growth of clinically relevant endothelial cell types.
We hypothesized that coating of small-diameter BNC grafts of clinically relevant length
and diameter with one of these substances would increase the adhesion and vitality
of clinical relevant EC types, such as human saphenous vein ECs (HSVECs) or EPCs.
Special emphasis was given to the biological model of these two cell types, which are of
particular interest because the in vivo endothelialization of vascular prosthesis depends
mainly on two mechanisms: (I) the continuous ingrowth of ECs at the anastomic site,
which are derived by proliferation of VECs but are often restricted to a length of 1–2 cm;
(II) colonization of more distended regions by EPCs from peripheral blood [62].

Adhesion and anchorage of cells on an artificial surface is a complex process. Therefore,
and though not analyzed in this study, it should also be considered that next to specific
ligand binding, cell adhesion is also impacted by the biomaterial’s hydrophilicity and
surface charge [63].

Regarding the surface charge, for the in vivo situation, a positive surface charge is
considered to indirectly enhance cell adhesion and proliferation by enabling adsorption
of plasmatic proteins, such as fibronectin, which in turn can provide specific domains
for anchorage [63–65]. However, in vitro, it is rather the density of charges that fosters
unspecific affinities to the cell adhesion molecules [66].

Unmodified BNC has been shown to have a negative charge [65], and cell adhesion
could be promoted by introduction of a positive ionic charge [65,67]. Data on the surface
charge of fibronectin-, albumin- or heparin–chitosan-modified BNC surfaces is limited,
but fibronectin has been shown to bear a mild negative potential under experimental
conditions. In contrast, albumin [68,69] and heparin [70] are both considered to be highly
negatively charged molecules, while chitosan is considered to be a positively charged
molecule [71,72].

As a measure for hydrophilicity, the water contact angle became a common parameter
to estimate the potential for a general adhesion affinity [63]. It has been shown that the
coating of biomaterials with fibronectin [21] or its binding site RGD [33], heparin [73], and
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albumin [27] impacts the water contact angle, where heparin- and albumin-modified sur-
faces showed reduced water contact angle measurements, but heparin–chitosan-modified
BNC was characterized as more hydrophilic compared to native BNC [22]. Thus, regarding
the expected functionality for endothelialization, the role of fibronectin as a protein of
the extracellular matrix that binds via its RGD binding domain to integrins of the EC
membrane (e.g., αVβ3 and αIIbβ3), allowing adhesion of the cells and thereby increasing
the cell viability, is well established and widely used [35,74,75].

In contrast, mechanisms for cell adhesion on albumin seems to be rather unspecific, as
integrin binding domains have not been identified for albumin yet [75]. Here, increasing
the hydrophilicity of albumin-coated surfaces could improve cell adhesion, mediated by
the previously mentioned indirect mechanisms by the recruitment of plasmatic proteins
that are currently under debate [27,63,76].

Regarding heparin–chitosan, ECs lack a direct receptor for heparin, but it is speculated
that the glucosamine group of chitosan contains domains that interact with integrins and
receptors of the cell membrane, thereby modulating cell spread and proliferation [32].

After all, coating procedures for all substances could be successfully transferred to
our grafts by established methodology [21,22]. After seeding and biomimetic perfusion
culture in our bioreactor, the fibronectin coating clearly outperformed both albumin and
heparin, as well as the uncoated BNC. Both VECs and EPCs efficiently adhered to the
graft and formed densely populated colonies with preserved endothelial functions, and in
addition, also built stress fibers. In the WST-1 assay, the fibronectin-coated grafts achieved
approximately one third of the metabolic activity of the control groups for both cell types
after a culture time of 96 h, under both static and dynamic conditions, indicating that
the cells adhered well and were not washed out under flow conditions for longer hours.
This was further evidenced by a dense cell population with acridine orange staining, and
further, we found typical expression of stress fibers and functional integrity as evidenced
by positive CD31 signals and AcLDL uptake by the cells, respectively. Importantly, this
accounted for both cell types and both static and dynamic conditions, making the results
most consistent compared to the other coatings, where cell adhesion and vitality differed
between cell types and static or dynamic conditions.

Generally, this is in line with the established role of fibronectin as a protein of the
extracellular matrix that binds via its RGD binding domain to integrins of the EC membrane,
allowing adhesion of the cells and thereby increasing the cell viability [74,75]. Besides
ECs, fibronectin also increases the proliferation of other SDVG-relevant cell types, such as
vascular smooth muscle cells, leading to intimal hyperplasia and narrowing of the internal
vessel lumen [77,78]. Previous studies with in vivo experiments have not shown excessive
intimal hyperplasia in fibronectin coated SDVGs [79–81], but some studies have already
shown that fibronectin coating increases EC adhesion to acellular vascular grafts [81–85]
and also to BNC [21].

Kuzmenko et al. found that coating of CDAP-activated BNC with fibronectin leads to
improved endothelialization with HUVECs under static conditions [21]. Recently, Osorio
et al. used decellularized BNC constructs that were previously seeded with fibroblasts
and showed that the BNC surface was modified with a fibronectin-containing extracellular
matrix, resulting in higher cell populations in the following re-seeding experiments [86].
Consistent with the VECs that we used, Bodin et al. used HSVECs to study the repopu-
lation of BNC modified with the fibronectin cell-binding domain RGD [33]. They found
increased endothelialization for the modified BNC constructs in comparison to uncoated
constructs and concluded that the RGD modification was the key factor for the improved
cell adherence. We observed similar behaviors of EPCs on our fibronectin-coated grafts,
which is also in line with the literature, as it is known that fibronectin coating of vascu-
lar grafts induces the homing of CD34+ endothelial progenitor cells [87] and promotes
VEGF-induced CD34+ cell differentiation into ECs [88]. Consistent with that, our EPCs
were characterized as CD34+ by FACS.
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Importantly, it should also be considered that fibronectin coating of vascular prostheses
could have unfavorable effects with regard to thrombogenicity. Fibronectin-modified
surfaces are able to capture platelets via β1 and αIIbβ3 integrins, probably resulting in
increased thrombogenicity [89–92], which might be counterweighted by platelet-derived
EC growth factors, which in turn stimulate the growth of endothelial cells [77,93], which has
already been shown by Stronck et al. with regard to endothelialization of SDVGs [94]. Also,
platelet adhesion after vascular interventions is controlled by the standard administration
of antiplatelet drugs [95,96], which might further lower the prothrombogenic effect of
fibronectin coating.

Nevertheless, heparin and heparin–chitosan coating have also generally been shown
to enhance the proliferation of ECs in vitro [22,97]. For example, Li et al. found a significant
proliferation of porcine iliac ECs on heparin–chitosan-modified BNC grafts under static
culture conditions [22]. Contradictorily, we found no reasonable VEC growth as the
metabolic activity ranged even below uncoated BNC grafts for both static and dynamic
conditions. However, the reason behind the lack of EC growth might be due to the cell type
that were used in this study. Heparin has previously been shown to inhibit the proliferation
of endothelial cells, particularly HSVECs [98–100]. Furthermore, heparin–chitosan-coated
surfaces did not support the proliferation of other clinically relevant primary ECs, such as
human coronary ECs [32].

Though albumin coating has been studied intensively as a candidate for the function-
alization of the surfaces of medical devices in the last 30 years, data on albumin coating of
vascular prostheses is limited. Importantly, it has been shown that human serum albumin
inhibits apoptosis in ECs [101] and can also act as an anti-inflammatory agent by inhibiting
TNFα-induced VCAM-1 expression and monocyte adhesion in human aortic ECs [102].
Furthermore, it is known that serum albumin immobilization on blood-contacting materials
reduces thrombogenicity because adhesion of platelets and leukocytes is reduced [103,104].
These attributes of albumin still mark albumin as an interesting candidate for the coating
of vascular prostheses.

However, in this study, VEC proliferation activity on albumin-coated grafts was only
10% of the controls under static conditions after 96 h, while up to 33% was achieved
under dynamic conditions (Table S1) as measured by the WST-1 assay. Interestingly, this
was flipped for EPCs, where no significant growth was seen under dynamic conditions,
indicating that the cells did not adhere properly or might have been washed away during
perfusion. In addition, the few adhered cells were functionally impaired, as evidenced by
their inability to take up the AcLDL particles. Interestingly, in the literature, the impact of
an albumin coating on endothelial cell growth is assessed ambiguously. In vivo, a bovine
serum albumin aptamer coating of titanium discs, implanted in the iliac artery of dogs,
enhanced proliferation of canine EPCs but not vascular ECs [27], while albumin coating
of vascular Dacron prostheses did not enhance the in vivo endothelialization in another
canine model [105]. In contrast to this, Krajewski et al. found that albumin-coated stents
showed improved endothelialization with HUVECs [28], while others found reduced
endothelialization for albumin-coated polyester grafts [29] or albumin-coated polyethylene
(PET) vascular prostheses [27], when both seeded with HUVECs.

In direct comparison, EPCs exhibited improved performance for all tested parameters,
even in the heparin-coated grafts. They showed reasonable growth under static conditions
and were apparently not washed away under perfusion, as the metabolic activity reached
approximately 30% of the controls after 96 h of dynamic cultivation. We found dense
colonized areas, which is a reasonable signal of stress fibers and preserved functional
integrity with respect to positive AcLDL signals.

The basic mechanism behind the different growth pattern for VECs in contrast to EPCs
that were observed for the albumin- and heparin-coated grafts remains obscure. Perhaps
these differences could be explained by the differences in cell proliferation potential and
gene expression profile of ECs obtained from different localizations. It has been shown
that EPCs provide more robust adhesion characteristics due to highly expressed genes
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associated with proliferation, adhesion, and motility (VEGFR1, JMJD6, and TGFB3) and
indeed, they multiply rapidly in comparison to saphenous vein ECs and are more resistant
to apoptosis [42,106–108]. So, heparin–chitosan coating still might enable colonization by
EPC in vivo.

Cumulatively, the results obtained from the three different types of coated grafts
reinforces the fact that except for the albumin-coated graft, where the results are still
indefinite, the coating of BNC grafts with either fibronectin or heparin–chitosan remains
most promising for the future development of small-diameter vascular grafts.

Taken together, this study indicates that endothelialization by the capturing of en-
dothelial progenitors seems possible for heparin–chitosan-coated BNC grafts. Thereby,
heparin–chitosan-coated grafts would be a very interesting option for small-diameter
vascular grafts, even if the continuous ingrowth of ECs from the anastomic region could
be impaired. It is known that intimal hyperplasia caused by smooth muscle cells at the
anastomosis is one of the causes for graft failure [109,110], and interestingly, Chupa et al.
found impaired proliferation and cell spread of smooth muscle cells on heparin–chitosan-
modified surfaces [32], which is also confirmed by the findings of Clowes et al. [111]. Thus,
a heparin–chitosan coating could probably limit the intimal hyperplasia at the anastomosis
to the native vessel, while promoting endothelialization with EPCs originating from the
donor blood, thereby overcoming the disadvantage of reduced attachment of HSVECs.

In summary, our data indicate that in our setting, only the groups containing integrin-
binding domains—presented here by fibronectin, and potentially by chitosan—enabled
colonization with preserved endothelial functionality. The albumin group revealed adhe-
sion, but no clear signals for AcLDL uptake, and CD31 expression was low on VEC and
absent on EPC.

5. Conclusions

In this study, we could confirm that for both VECs and EPCs, bacterial nanocellulose
per se does not seem to be an attractive material for the formation of a tissue-typical
endothelium. Coating with fibronectin clearly outperformed albumin and heparin–chitosan
coating, regarding cell growth and preservation of endothelial functions for both cell
lines. But heparin–chitosan-coated BNC grafts still allowed the attachment and spread of
EPCs. Hence, for off-the-shelf small-diameter vascular grafts made of BNC, coating with
either fibronectin or heparin–chitosan might promote the important endothelialization
by host-cells. Further optimization is warranted and should be addressed in detail with
in vivo settings.
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10.3390/nano11081952/s1: Figure S1: Exemplary characterization of vascular endothelial cells (VEC)
and endothelial progenitor cells (EPC) by flow cytometry. Figure S2: Exemplary characterization
of vascular endothelial cells (VEC) and endothelial progenitor cells (EPC). Figure S3: Stitched
microscopy images of the luminal side of a sliced and spread out section of the tubular BNC graft
seeded with vascular endothelial cells after 96 h of dynamic cultivation, stained with acridine orange.
Figure S4: Stitched microscopy images of the luminal side of a sliced and spread out section of
the tubular BNC graft seeded with endothelial progenitor cells after 96 h of dynamic cultivation,
stained with acridine orange. Table S1: Results of WST-1 proliferation assay performed on the cell
seeded BNC grafts under both static and dynamic conditions for vascular endothelial cells and
endothelial progenitor cells. Table S2: Protein coating stability. During the coating procedure of
albumin and fibronectin patches, samples from the respective coating solution before coating and
after the incubation time of 12 h were obtained, as well as from the PBS in which the samples
were stored.
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