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Abstract: Cellulose, the most abundant natural polymer, is a versatile polysaccharide that is being
exploited to manufacture innovative blends, composites, and hybrid materials in the form of mem-
branes, films, coatings, hydrogels, and foams, as well as particles at the micro and nano scales. The
application fields of cellulose micro and nanoparticles run the gamut from medicine, biology, and
environment to electronics and energy. In fact, the number of studies dealing with sphere-shaped
micro and nanoparticles based exclusively on cellulose (or its derivatives) or cellulose in combination
with other molecules and macromolecules has been steadily increasing in the last five years. Hence,
there is a clear need for an up-to-date narrative that gathers the latest advances on this research
topic. So, the aim of this review is to portray some of the most recent and relevant developments on
the use of cellulose to produce spherical micro- and nano-sized particles. An attempt was made to
illustrate the present state of affairs in terms of the go-to strategies (e.g., emulsification processes,
nanoprecipitation, microfluidics, and other assembly approaches) for the generation of sphere-shaped
particles of cellulose and derivatives thereof. A concise description of the application fields of these
cellulose-based spherical micro and nanoparticles is also presented.

Keywords: cellulose; cellulose derivatives; sphere-shaped particles; microparticles; nanoparticles;
particle manufacturing; emulsification; microfluidics; nanoprecipitation

1. Introduction

The inception of micro and nanotechnology has brought society to a new era, opening
the gates to a whole “new world” of tremendous potential. By manipulating materials
at these scales, scientists are now able to precisely manufacture very small particles with
customizable attributes, meticulously optimized for specific applications [1,2]. These appli-
cations include, for example, the delivery of pharmaceuticals [3], agrochemicals [4], and
bioactive ingredients and nutraceuticals [5], as well as cell culture [6], cancer treatment [7]
and enzyme immobilization [8], but also environmental remediation [9,10], electronics [11],
and energy conversion and storage [12,13].

Most of the micro and nanoparticles have a composition based on inorganic and
organic compounds, synthetic polymers, or hybrid materials [2,14–20]. Nevertheless, and
just like in other fields of modern science and technology, there is a growing interest in
using alternative bio-based raw-materials for the production of micro and nanoparticles,
because renewable resources are essential to contribute for the goals of the 2030 Agenda
for Sustainable Development [21]. So, natural polymers, produced by living organisms,
are particularly relevant to engineer micro and nanostructures, as reviewed by Joye &
McClements [1] and, more recently, by Stanisz et al. [22]. In fact, particles have already
been obtained from polysaccharides (or derivatives thereof) [19], namely cellulose [23], algi-
nate [24] and chitosan [25,26], but also from proteins [18], such as albumin [27], gelatin [28]
and fibroin [29], and nucleic acids (e.g., DNA [30] and RNA [31]).
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Among the existing natural polymers, the ubiquitous and inexpensive cellulose with a
cost of ca. 790 € per metric ton or 0.79 € kg−1 (wood pulp) [32], is exceptionally interesting
for particle development due to its renewability, biocompatibility, good mechanical per-
formance, and customizable surface chemistry. In practice, there are already commercial
products of cellulose-based micro and nanoparticles. For instance, the JNC Corporation
is commercializing the Cellufine™, viz. cellulose spherical beads with particle size of ca.
40–130 µm, which are used as chromatography media designed for the purification of pro-
teins, enzymes, and other biomolecules [33]. The company IONTOSORB® produces Macro-
porous Bead Cellulose MT, i.e., highly porous regenerated cellulose with particle size of
ca. 30–250 µm, for application as gel filtration media for biomolecule separations [34]. The
Cytiva™ technologies is selling the Cytopore™ macroporous microcarriers—crosslinked
cotton cellulose particles with diameters of 200 to 280 µm—that are designed for use in
stirred suspension culture systems for the growth of cells and the production of recombi-
nant proteins for therapeutic use, as well as for the immobilization of insect cells, yeast,
and bacteria [35]. Also worth mentioning is the fact that, in addition to spherical particles,
cellulose elongated nanostructures, viz. cellulose nanocrystals with cross-sectional size
of 5–70 nm and length in the range 100–250 nm [36], are being commercialized by the
Canadian CelluForce under the tradename CelluForce NCC®, for application as inter-
face stabilizers, rheological modifiers, films/coatings, reinforcing additives, among other
examples [37].

The production of small sphere-shaped particles requires specific, laborious, and com-
plex fabrication techniques, some of which were recently discussed by Zielińska et al. [38]
who reviewed the most commonly used methods for the production of nanoparticles from
synthetic polymers, whereas Joye & McClements [1] examined the top-down and bottom-
up fabrication methods for biopolymer-based nanoparticles and microparticles. In the
specific case of the cellulose natural polymer, these methodologies are mostly based on the
dissolution, regeneration and shaping of cellulose or its derivatives [23,39]. Understand-
ably, the selection of an appropriate technique will be heavily dependent on the starting
material, the desired particle size and surface characteristics, and the final application.

A substantial number of publications about the assembly of sphere-shaped particles
from cellulose and its derivatives has surfaced. However, and as far as our literature
analysis could discover, the last literature reviews in this matter date back to 2013 and 2015.
The first is the comprehensive appraisal by Gericke, Trygg & Fardim [39] dealing with
the preparation, characterization, and applications of functional cellulose beads (spherical
particles exclusively composed of cellulose) with diameters in the micro to millimeter scale
(≥10 µm). The second is the review by Zhao and Winter [23] dedicated to the available
methods for nanosphere formation based on cellulose and its derivatives. Although these
publications are of great interest for scientists working in chemistry, biochemistry, materials
science, and other related areas, a concise and up-to-date portrayal is essential to map a
path of the latest works on microparticles and nanoparticles from cellulose.

In this manner, the present review comprises some of the most recent and relevant
works on the manufacturing of sphere-shaped cellulose-based micro and nanoparticles.
Herein, and for clarity purposes, micro and nanoparticles solely or mostly composed
of cellulose (or its derivatives) are microspheres/microcapsules with diameters at the
microscale, and nanospheres/nanocapsules with diameters at the nanoscale, respectively.
Therefore, cellulose nanocrystals with a rod-like morphology (elongated nanostructures),
cross-sectional size of 5–70 nm and length in the range 100–250 nm [36,40–43], despite
being considered cellulose nanoparticles [44], are out of the scope of this appraisal. In
terms of organization, the current review includes a concise overview of the cellulose
fundamentals and the fabrication methodologies of spherical particles, followed by the
landscape of available examples dealing with the production of sphere-shaped micro and
nanoparticles derived from the ubiquitous cellulose. The main current applications of these
particles are also briefly covered.
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2. Cellulose Fundamentals

Cellulose is the most abundant natural polymer in the planet, and it is characteristically
present in woody substrates and plant-life (Figure 1A), where it is associated with other cell-
wall constituents (like hemicellulose and lignin) and plays a key-role in plant support [45].
This natural polymer is also produced by tunicates, algae, and non-pathogenic bacte-
ria [36]. Regardless of the source, cellulose is comprised of D-glucopyranose units linked
by β(1→4) glycosidic bonds (Figure 1B). The characteristic intra- and intermolecular hy-
drogen bond network of this polysaccharide is responsible for the crystallinity of cellulose,
its insolubility in water and in most common organic solvents, and the three-dimensional
arrangement of cellulose into microfibrils (with diameters of 2–20 nm, Figure 1C). These
microfibrils, comprised of both crystalline and amorphous domains, further entangle to
form macrofibrils [46,47].

Although cellulose is mainly used in the pulp and paper industry, it has been ex-
ploited, along with its derivatives (e.g., cellulose acetate (CA), carboxymethylcellulose
(CMC), and ethylcellulose (EC)) and nanoforms (i.e., cellulose nanocrystals (CNCs), cellu-
lose nanofibrils (CNFs) and bacterial nanocellulose (BNC) [36,48,49]), for other purposes,
including textiles [50], fuel cells [51–53], electronics [54,55], water remediation [56–58], food
packaging [59–61], cosmetics [62,63], drug delivery [64,65], cell and tissue cultures [66,67],
just to mention some examples. In order to be applied in these multiple domains, cellulose
needs to be extracted from biomass resources by conventional technologies (e.g., kraft
pulping) or innovative methodologies (e.g., extraction with ionic liquids (ILs) or deep
eutectic solvents (DES)) [68–71] or produced in its pure form by non-pathogenic bacte-
ria (e.g., Komagataeibacter) [63,72,73]. Then, it can be processed into blends, composites,
and hybrid materials in the form of membranes, films, coatings, hydrogels, foams, and
particles [74–78].

One of the main difficulties when processing cellulose is associated with its insol-
ubility in most common solvents [47]. The approaches developed to dissolve cellulose
are usually classified as either derivatizing or non-derivatizing solvents. The deriva-
tizing options act through the modification of cellulose [79,80], while non-derivatizing
solvents act by dissolving the polysaccharide directly (Figure 1D). Examples of these
solvents include the use of aqueous solutions of transition metals (e.g., cuprammonium
hydroxide), or bases (e.g., NaOH or LiOH) [81–83]. Amongst non-aqueous alternatives,
the use of lithium chloride (LiCl) and N,N-dimethylacetamide (DMA) systems [83,84],
and the dissolution of cellulose with N-methylmorpholine-N-oxide (NMMO) are de-
scribed [68,79]. An overview of traditional solvents for cellulose dissolution can be found
in the relevant literature [39,79,85,86]. Major advances in this domain that can be ex-
plored to overcome these constraints include the utilization of switchable solvents (e.g.,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)/CO2) [87] or organic electrolyte solutions (i.e.,
mixtures of a room-temperature ionic liquid with a neutral, organic, polar co-solvent (e.g.,
dimethyl sulfoxide (DMSO)) [88,89], for cellulose green and safe dissolution (and chemical
conversion). Furthermore, the dilemma of cellulose dissolution can also be circumvented
by chemical modification into its derivatives (Figure 1D), such as cellulose esters (e.g., CA),
or ethers (e.g., CMC, methyl cellulose (MC), EC and hydroxyethyl cellulose (HEC)), which
are generally soluble in water and in common organic solvents [90].

Cellulose can be used as a substrate to manufacture sphere-shaped beads, micropar-
ticles, and nanoparticles with diameters at the millimetric, micrometric, and nanometric
scales, respectively [23,39,91]. As an illustrative example, Kim et al. [92] developed cellu-
lose hydrogel beads with a diameter of ca. 2.0 mm for the immobilization of lipase from
Candida rugosa, as shown in Figure 1E. In more recent studies, Druel et al. [93] produced
cellulose aerogel microparticles with diameters in the range of 5.4± 1.8 µm to 20.9± 8.9 µm
via emulsion-coagulation technique (Figure 1F), while Chin et al. [94] fabricated cellulose
nanoparticles with diameters ranging between 70 and 365 nm by the nanoprecipitation
method (Figure 1G).
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Figure 1. (A) Common sources of cellulose (Adapted with permission from [76]. Copyright Springer Nature, 2021),
(B) chemical structure of cellulose, (C) schematic description of the hierarchical structure and manufacturing challenge of
cellulose (Reproduced with permission from [76]. Copyright Springer Nature, 2021), (D) general pathways for cellulose
dissolution and particle shaping (Adapted with permission from [39]. Copyright American Chemical Society, 2013), and
electronic micrographs of (E) a cellulose bead (Reproduced with permission from [92]. Copyright Elsevier, 2012), (F) cellulose
microparticles (Reproduced with permission from [93]. Copyright American Chemical Society, 2020), and (G) cellulose
nanoparticles (scale bar: 200 nm, Reproduced with permission from [94]. Copyright Elsevier, 2018).

In the present review, focus will be placed only on sphere-shaped cellulose-based
micro and nanoparticles. The fabrication of these particles requires specific and complex
fabrication techniques, since the processing challenge increases with size reduction, as
illustrated in Figure 1C. Therefore, selecting an appropriate manufacturing technique to
produce sphere-shaped cellulose microparticles and nanoparticles is an intricate work of
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balance between the specificities of cellulose or derivatives thereof, the desired particle
features, and the intended application, as discussed in the following sections.

3. Overview of Spherical Particles Fabrication

The methods for the production of spherical particles depend greatly on the type
of starting raw material, namely inorganic and organic compounds, or synthetic and
natural polymers [1,95–97]. In the particular case of polymeric micro and nanoparticles,
some of the go-to strategies include the following: (i) emulsification, nanoprecipitation,
dialysis, and supercritical fluid technology, as reviewed by Crucho & Barros [98] and
Zielińska et al. [38] for synthetic polymers, and (ii) shredding, homogenization, extrusion,
anti-solvent precipitation, coacervation, inclusion complexation, and fluid gel formation, as
revised by Joye and McClements [1] for biopolymer-based nanoparticles and microparticles.

From the perspective of this review, the following paragraphs provide a concise
exposition of the production methodologies used to fabricate spherical cellulose-based
particles, namely emulsification, nanoprecipitation, microfluidics, and other assembly
approaches. These methodologies can generate both spheres, viz. particles with a polymer
matrix-like structure where the polymer and other components are uniformly dispersed,
and capsules, i.e., particles with a core-shell morphology in which the polymer shell
surrounds the confined components in the inner cavity (aqueous or oily) [98].

Emulsions consist in the mixing of two (or more) liquid phases, which are totally or
partially immiscible in one another, with the aid of surfactants, i.e., amphiphilic surface-
active molecules that stabilize the interfacial tension between the two liquids [98]. Typically,
emulsion systems are formed by the dispersion of an oil phase in an aqueous phase (oil-
in-water, o/w) or vice-versa (water-in-oil, w/o), or even more complex systems such
as water-in-oil-in-water (w/o/w). The particles are then obtained as aqueous colloidal
suspensions through the (i) evaporation of the solvent (emulsion/solvent evaporation
technique, Figure 2A), (ii) dilution with a large volume of water, inducing solvent diffusion
(emulsion/solvent diffusion technique, Figure 2B), or (iii) solvent diffusion through the
salting-out effect (emulsification/reverse salting-out technique, Figure 2C) [38]. These
techniques usually originate nanoemulsions (10–100 nm), miniemulsions (100–1000 nm)
and macroemulsions (>1 µm) depending on the droplet size [99], and thus are suitable to
produce particles (spheres and capsules) at the micro and nano scale ranges. Although
these techniques are relatively simple, economical and allow the easy control of particle
size and size distribution, they are disadvantaged from high energy consumption, the use
of surfactants and organic solvents, and long purification processes [23]. Supplementary
facts and details about emulsification processes are available elsewhere [38,98,99].

The nanoprecipitation, also known as solvent displacement technique, is a methodol-
ogy commonly used to fabricate nanoparticles, as an alternative to the emulsion process.
Here, the polymer is first dissolved in an adequate solvent, and posteriorly added in a
one-step or drop-wise fashion to an antisolvent (miscible with the polymer solvent), as
illustrated in Figure 2D [98]. The solvent subsequently diffuses into the antisolvent, causing
the precipitation of the polymer, in the form of nanoparticles with well-defined size [100].
In terms of advantages, the nanoprecipitation is a one-step and economical technique that
presents excellent reproducibility, does not require the use of surfactant and allows the
efficient entrapment of target molecules; still, the low concentration of particles achievable
is the main drawback [23]. Additional information about the nanoprecipitation technique
is reported in the appropriate literature [38,98,100–102].

The microfluidics technology is a versatile chip-platform that enables the design of
microparticles with adjustable size, shape, and morphology through the precise manip-
ulation of multiphasic flows at the microscale [103]. In fact, microfluidics has been used
to assemble a diversity of designs, such as spherical, tubular, and helical with Janus or
core-shell structures, by regulating microchannels geometry, precursor solutions, and hy-
drodynamic fluids flow rates [104]. In the droplet microfluidics (one of the most effective
techniques), immiscible liquids (a dispersed phase (droplet phase) and a continuous phase)
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are conducted through distinct microchannels (Figure 2E) [105]. In terms of advantages,
microfluidics offers size and process control, small particle size, and monodispersity [23].
Comprehensive discussions about microfluidic technology are accessible in the relevant
literature [105–108], including the review by Liu et al. [109] that discusses emulsification via
microfluidic processes and the appraisal by Jo & Lee [103] about biopolymer microparticles
fabricated by microfluidics for biomedical applications.

Figure 2. Schematic representation of different methods for spherical particle production: (A) emulsification/solvent
evaporation, (B) emulsification/solvent diffusion, (C) emulsification/reverse salting-out, (D) nanoprecipitation (Adapted
with permission from [38]. Copyright MDPI, 2020), and (E) microfluidics devices for emulsion droplets (Reproduced with
permission from [105]. Copyright Royal Society of Chemistry, 2018).

A body of recent research suggests that, apart from emulsification, nanoprecipita-
tion, and microfluidics, sphere-shaped polymeric particles can also be prepared by other
methodologies, such as layer-by-layer (LbL) assembly [110], supercritical fluid technol-
ogy [98], spray-assisted techniques, such as electrohydrodynamic atomization [111], or
even a combination of some of the previously enumerated approaches to engineer more
complex shapes and morphologies.

4. Production of Spherical Cellulose-Based Microparticles

The production of sphere-shaped cellulose-based microparticles can be performed
by emulsification processes [93,112–115], and microfluidics technology [116–125], as well
as other less common techniques, namely spray-assisted techniques [126–130], and the
LbL assembly [131,132]. Concerning the cellulosic substrate, the majority of the studies
reported the utilization of cellulose derivatives, such as CMC [120,131], CA [114,119] and
EC [123,124,133,134], but also pristine vegetable cellulose [112,135–137], bacterial nanocel-
lulose [116–118] and microcrystalline cellulose (MCC) [93,115,138,139]. The preference for
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cellulose derivatives to generate microparticles was anticipated given their solubility in
water or in most common organic solvents, which translates into simpler processability.

Some of the most recent and important contributions about microparticles composed
of cellulose and derivatives thereof via different production methods are discussed in the
subsequent sections. Depending on the method, both microspheres (i.e., particles with a
cellulose matrix-like structure) [93,138,140] or microcapsules (i.e., particles with a cellulose
core-shell morphology) [116,132,139,141] can be obtained.

4.1. Emulsification Processes

Emulsion techniques remain the golden standard in the preparation of sphere-shaped
cellulose-based microparticle, as evidenced by the number of publications gathered in
Table 1. Cellulose derivatives, such as CA, cellulose acetate butyrate (CAB), cellulose
acetate phthalate (CAP), CMC or EC, are largely employed in these techniques, given their
simpler solubility. Nevertheless, emulsions have also been applied to prepare micropar-
ticles from BNC [113] and CNFs [142], or even from native vegetable cellulose dissolved
in NaOH/urea aqueous solutions [112] or microcrystalline cellulose dissolved in ionic
liquids [143] (Table 1).

Table 1. Examples of spherical cellulose-based microparticles produced by emulsification processes.

Cellulosic Substrate General Features Diameter (µm) Application Ref.

Bamboo pulp

Aqueous phase: cellulose in
NaOH/urea/H2O
(7:12:81 wt.%)
Oil phase: paraffin oil/Span® 80
Emulsion type: w/o
Modified with magnetic
nanoparticles and
poly(DOPAm-co-PFOEA) a
posteriori

~30
(microcapsule) – [112]

BNC

Aqueous phase: gelatin/K. xylinus
bacterium
Oil phase: corn oil/Span® 80
Emulsion type: w/o

~10
(microsphere) – [117]

BNC

Aqueous phase: oxidized BNC in
[C1mim][Cl]/collagen/polystyrene
templates/TWEEN® 80
Oil phase: n-hexadecane/Span®

80
Emulsion type: w/o

8–12
(microsphere)

Cell culture
(MC3T3-E1 cells)

Drug delivery
(model drug: BSA)

[113]

BNC

Aqueous phase:
DHYL-DBC/chitosan in acetic
acid solution
Oil phase: Paraffin oil
Emulsion type: w/o

~450
(microsphere)

Cell culture
(BMSCs cells) [144]

BNC

Aqueous phase: 2% v/v bacterial
solution
Oil phase: decane
Emulsion type: w/o

350
(microcapsule) – [125]

CA

Aqueous phase: PVA in water
Oil phase: CA in ethyl
acetate/eugenol
Emulsion type: o/w

~1.3
(microsphere)

Functional textiles
(active agent: eugenol) [114]
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Table 1. Cont.

Cellulosic Substrate General Features Diameter (µm) Application Ref.

CA

Aqueous phase: Span®

80/TWEEN® 80 in water
Oil phase: CA in DMF/DCM
Emulsion type: w/o

~5
(microsphere) Catalysis [145]

CAB
Aqueous phase: PVA in water
Oil phase: CAB in chloroform/EB
Emulsion type: o/w

70–150
(microsphere)

Pesticide delivery
(EB) [146]

CAB

Aqueous phase: PVA in water
Oil phase: CAB in ethyl
acetate/eugenol
Emulsion type: o/w

~2.2
(microsphere)

Functional textiles
(active agent: eugenol) [114]

CAP

Aqueous phase: PVA in water
Oil phase: CAP in chloroform +
ethanol/eugenol
Emulsion type: o/w

~20
(microsphere)

Functional textiles
(active agent: eugenol) [114]

CAP (thiolated)

Aqueous phase: w1:
M5BT/Pluronic® F-127, w2: PVA
in water
Oil phase: CAP in DCM and ethyl
acetate/ethanol
Emulsion type: w/o/w

~3.20
(microsphere)

Oral vaccination
(M5BT subunit vaccine) [147]

CNFs

Aqueous phase: CNFs/PVA in
deionized water/glutaraldehyde
Oil phase: Toluene/Span® 80
Emulsion type: w/o
(Crosslinking with
glutaraldehyde)

94.5 ± 16.1
503.9 ± 73.5

(microsphere)

Cell culture
(NIH 3T3 cells) [142]

Cotton linter pulp

Aqueous phase: cotton pulp
dissolved in NaOH/zinc nitrate
aqueous solution
Oil phase: Isooctane/Span® 80
Emulsion type: w/o
(In situ precipitation of ZnO
nanoparticles)

~60
(microsphere) – [135]

Cotton linter pulp

Aqueous phase: cellulose in
NaOH/urea/ H2O + tannins
from Areca catechu
Oil phase: Paraffin oil/Span®

80/TWEEN® 80
Emulsion type: w/o
(Microcapsules crosslinked with
epichlorohydrin)

408 ± 15
(microsphere)

Water remediation
(organic dye:

methylene blue)
[136]

Cotton linter pulp

Aqueous phase: Cellulose in
NaOH/urea/H2O
Oil phase: Paraffin oil/Span® 80
Emulsion type: w/o

~12
(microsphere) HILIC stationary phase [137]

CP

Aqueous phase: CP in NaOH
solution
Oil phase: 1,2-dichloroethane
with CAB
Emulsion type: w/o
(Microsphere crosslinked with
epichlorohydrin)

10–20
(microsphere)

Water remediation
(organic dyes:

methylene blue,
rhodamine 6G)

[148]



Nanomaterials 2021, 11, 2744 9 of 35

Table 1. Cont.

Cellulosic
Substrate General Features Diameter (µm) Application Ref.

CS

Aqueous phase:
CS/alginate/chitosan
Oil phase: Isooctane/Span®

80+TWEEN® 80
Emulsion type: w/o

62.4 ± 13.9
(microcapsule) – [149]

EC

Aqueous phase: PEG/SDS in nitric
acid aqueous solution
Oil phase: EC in benzene+
ethanol/linseed oil
Emulsion type: o/w

400
(microcapsule) – [141]

EC

Aqueous phase: methylcellulose in
water
Oil phase: EC in
chloroform/Pheo-a
Emulsion type: o/w

149–163
(microsphere) – [133]

EC

Aqueous phase: glycerin in
water/PVA
Oil phase: EC in acetone
Emulsion type: o/w

13.7 ± 0.5
(microsphere) – [140]

EC

Aqueous phase: w1: water, w2:
PVA in water
Oil phase: EC in DCM or
DCM/methanol or chloroform
or ethyl acetate
Emulsion type: w/o/w

60–133
(microsphere) – [150]

EC

Aqueous phase: w1: PVA in water,
w2: PEI in water
Oil phase: EC in
chloroform/PVP/SDS
Emulsion type: w/o/w
(Microcapsules crosslinked with
glutaraldehyde)

5–30
(microcapsule)

Water remediation
(metal nanoparticles:

Ag and Au NPs)
[151]

EC

Aqueous phase: PVA in water
Oil phase: EC in chloroform+
ethanol/eugenol
Emulsion type: o/w

~11.5
(microsphere)

Functional textiles
(active agent: eugenol) [114]

EC

Aqueous phase: Distilled
water/TWEEN® 80
Oil phase: EC in ethyl acetate or
ethyl acetate/acetone
Emulsion type: o/w

382.4 ± 0.6 to 998.1 ± 0.8
(microsphere)

Drug delivery
(NSAID: diclofenac) [134]

EC

Aqueous phase: sodium
bicarbonate aqueous solution
Oil phase: o1: EC in
acetonitrile/TWEEN® 80
o2: Soybean oil/Span® 80
Emulsion type: s/o/o

280–340
(microsphere)

Drug delivery
(model drug: sodium

bicarbonate)
[152]

EC

Aqueous phase: w1:
hydroxytyrosol in double
distilled water, w2: PVA in water
Oil phase: EC in DCM
Emulsion type: w/o/w

156.6 ± 6.9 to 304.0 ± 16.0
(microcapsule)

Drug release
(model drug:

hydroxytyrosol)
[153]
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Table 1. Cont.

Cellulosic Substrate General Features Diameter (µm) Application Ref.

MCC

Aqueous phase:
MCC/Fe3O4/chitosan,
κ-carrageenan, lignin or starch in
[C2mim][Ac]
Oil phase: Pump oil/Span® 80
Emulsion type: w/o

39–62
(microsphere)

Protein immobilization
(pepsin, BSA,

lysozyme)
Water remediation

(organic dyes: crystal
violet, methyl orange)

[115]

MCC

Aqueous phase: MCC in
NaOH/urea/H2O
Oil phase: o1: cellulose
solution/paraffin oil, o2:
nonsolvent+Span® 80/paraffin
oil
Emulsion type: w/o/o

5.4 ± 1.8 to 20.9 ± 8.9
(microsphere) – [93]

MCC

Dispersed phase: MCC in
[C2mim][Ac]/ DMSO
Continuous phase: sunflower
oil/Span® 80
Emulsion type: w/o

17–135
(microsphere) – [138]

MCC

Dispersed phase:
MCC/[Bmim]Cl/DMF
Continuous phase:
cyclohexane/Hypermer 1599™ +
TWEEN® 80
Emulsion type: o/o

23 ± 19 to 54 ± 36
(microsphere)

Drug delivery
(analgesic drug:
acetaminophen)

[143]

Abbreviations: AZT: zidovudine; [Bmim]Cl: 1-butyl-3-methylimidazolium chloride; BMSCs: bone marrow-derived mesenchymal stem
cells; BNC: bacterial nanocellulose; BSA: bovine serum albumin; [C1mim][Cl]: 1-allyl-3-methylimidazolium chloride; [C2mim][Ac]:
1-ethyl-3-methylimidazolium acetate; CA: cellulose acetate; CAB: cellulose acetate butyrate; CAP: cellulose acetate phthalate; CNFs:
cellulose nanofibrils; CP: cellulose phosphate; CS: cellulose sulphate; DCM: dichloromethane; DHYL-DBC: DL-allo-hydroxylysine grafted
C2, 3-dialdehyde bacterial cellulose; DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide; EB: emamectin benzoate; EC: ethyl
cellulose; HILIC: hydrophilic interaction liquid chromatography; Hypermer 1599™: oil soluble polymeric ester surfactant; M5BT: multi-
epitope recombinant protein derived from virus from foot-and-mouth disease; MCC: microcrystalline cellulose; MC3T3-E1: osteoblast
precursor cell line derived from Mus musculus (mouse) calvaria; NIH 3T3: Swiss mouse fibroblast embryo cell line; NPs: nanoparticles;
NSAID: nonsteroidal anti-inflammatory drug; o1: primary oil-phase; o2: secondary oil-phase; o/o: oil-in-oil; o/w: oil-in-water; PEG:
poly(ethylene glycol); PEI: poly(ethylenimine); Pheo-a: pheophytin-a; Pluronic® F-127: triblock copolymer of poly(ethylene oxide) and
poly(propylene oxide) (non-ionic surfactant); poly(DOPAm-co-PFOEA): N-(3,4-dihydroxyphenethyl) acrylamide-2-perfluorooctyl)ethyl
acrylate copolymer; PVA: poly(vinyl alcohol); PVP: poly(vinylpyrrolidone); s/o/o: solid-in-oil-in-oil; SDS: Sodium dodecyl sulphate; Span®

80: sorbitan monooleate (non-ionic surfactant); TWEEN® 80: polyethylene glycol sorbitan monooleate (non-ionic surfactant); w1: primary
aqueous-phase; w2: secondary aqueous-phase; w/o/o: water-in-oil-in-oil; w/o/w: water-in-oil-in-water; w/o: water-in-oil.

Certain characteristics of the microparticles obtained by emulsification may be con-
trolled with the manipulation of the experimental conditions. For example, the stirring
speed seems to play a key role in the size of the particles, as reported by Zhang et al. [142],
who observed that an increase from 500 rpm to 1000 rpm caused a 5-fold decrease in the
size of a CNFs-based microsphere from ca. 500 µm to the sub-micrometre range. Similarly,
in a study conducted by Abbaspoor et al. [141], spherical oil-filled EC capsules with average
sizes ranging from the nanoscale (33 nm) to the microscale (400 µm) were produced by
varying the stirring speed from 30,000 to 1000 rpm, respectively.

In an interesting work, OBrien et al. [138] produced cellulose microparticles by mem-
brane emulsification, which is an efficient, low energy, and scalable emulsion approach,
where an emulsion is generated via the permeation of a liquid (i.e., the disperse phase)
through the pores of a membrane into another liquid (i.e., the continuous phase) that
is flowing perpendicularly to the membrane. A microcrystalline cellulose solution in
[C2mim][Ac]:DMSO was driven through a tubular Shirasu porous glass membrane (10 µm
pore), forming a stable emulsion in the continuous phase that was later coagulated in
ethanol, as depicted in Figure 3A. Here, an increase of the continuous phase flow rate
from 1.4 to 2.4 L min−1 caused a significant reduction in microparticle size from 65 to
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17 µm (Figure 3B–D). The resulting microspheres were then crosslinked with glyoxal, to
reduce shrinkage of the particles upon drying and to increase their mechanical strength.
Interestingly, this crosslinking also changed their surface from a smooth to a pitted aspect
(Figure 3E) [138].

Figure 3. (A) Schematic illustration of the membrane emulsification apparatus alongside the contact angles of the disperse
phase before and after hydrophobization of the tubular Shirasu porous glass membranes; optical micrographs of the
(B) emulsion droplets of microcrystalline cellulose, and (C,D) cellulose microparticles formed via phase inversion with
ethanol; and (E) SEM micrograph of a cellulose microparticle. Reproduced with permission from [138]. Copyright American
Chemical Society, 2017.

In a different study by Božič et al. [154], the variation of surfactant type affected the
surface morphology of EC particles. Here, surfactants such as poly(vinyl alcohol) (PVA)
and CMC yielded particles with smooth surfaces, while the use of high- or low-molecular
weight methyl cellulose promoted the formation of a wrinkled surface [154]. Furthermore,
the morphology of the surface may be also controlled by the solvent choice. For example,
EC microparticles obtained from w/o/w emulsions showed a rough surface when EC
was dissolved in dichloromethane, while micropores were observed with chloroform
dissolution [150]. Additionally, Murakami et al. [140] have found a correlation between the
rate of solvent removal and the porosity of EC microspheres. A slow introduction of water
for solvent extraction was linked with a decrease in surface area, while the fast addition of
water resulted in porous microspheres with an increased surface area of 40.7 ± 2.1 m2 g−1.

Other features like encapsulation efficiency and the release profile of the particles
might be manipulated from the get-go by choosing different starting materials. In a study
conducted by Simões et al. [114], particles from different cellulose derivatives, namely EC,
CA, CAB and CAP, were obtained by emulsion and tested for eugenol encapsulation, with
CA-based microparticles showing a higher encapsulation efficiency and a slower release of
this bioactive compound. According to the authors, the differences in the encapsulation
efficiencies are credited to the interaction/affinity of eugenol with the cellulose derivatives.

4.2. Microfluidics

The microfluidic technology is another methodology that is being used to fabricate
sphere-shaped cellulose-based microparticles. Table 2 summarizes some of the most recent
examples of micro-sized particles based on pure cellulose [116–118,125], and cellulose
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derivatives, such as CA [119], CMC [120], EC [123,124] and TEMPO-oxidized CNFs [155],
produced by microfluidics.

Table 2. Examples of spherical cellulose-based microparticles produced by microfluidics.

Cellulosic
Substrate General Features Diameter (µm) Application Ref.

BNC

Dispersed phase: alginate
microcapsules/agarose/G. xylinus/culture
medium
Continuous phase: HFE-7500 fluorocarbon
oil/ Krytox™ modified with PEG
QD = 0.1–0.5 µL min−1; QC = 5 µL min−1

Cross-junction droplet generator

~50
(microcapsule)

Cell culture
(PC-9 cells)

Wound healing
(rat skin model)

[116]

BNC

Dispersed phase: gelatin + bacteria
Continuous phase: corn oil with Span® 80
QD = NR; QC = 50–1000 µL min−1

Co-flow microfluidic device

~250–1000
(microsphere) – [117]

BNC

Dispersed phase: A. xylinum/ culture
medium
Continuous phase: hydrogenated castor oil
QD = 1.2 µL min−1; QC = 12 µL min−1

Co-flow microfluidic device

>100
(microcapsule) – [118]

BNC

Dispersed phase: pure medium (inner phase)
and bacterial suspension (middle phase)
Continuous phase: decane with surfactant
(Span® 85 or phosphatidylcholine)
QD = 200 µL h−1 (inner phase) and 800 µL
h−1 (middle phase); QC = ~333 µL min−1

Flow-focusing device for transient double
emulsions

80−500
(microcapsule) – [125]

CA

Dispersed phase: CA in DMA, DMF or DMSO
Continuous phase: n-hexane/ Span® 80
QD = 10 µL min−1; QC = 100–400 µL min−1

T-junction microfluidic device

270–750
(microsphere)

Water remediation
(organic dye: Congo red) [119]

CMC

Dispersed phase: Ph-CMC/DEX/HRP
Continuous phase: PEG/PEG and H2O2
QD = NR; QC = NR
Co-flow microfluidic device

65–111
(microcapsule)

Cell culture
(HepG2 cells) [120]

CNCs

Dispersed phase: sCNCs or aCNCs/hCNCs
Continuous phase: soybean oil/PGPR
QD = 1.6–4 µL min−1; QC = 2–5 µL min−1

T-junction droplet microfluidic device

30–110
(microcapsule) – [121]

CNFs

Dispersed phase: CNFs water suspension
Continuous phase: MADQUAT-co-BTA in
toluene
QD = NR; QC = NR
Glass capillary microfluidic device

303 ± 3.4
(microcapsule) – [122]

CNFs
(TEMPO oxidized)

Dispersed phase: aqueous CNFs suspension
Continuous phase: oleylamine/toluene
solution
QD = 10−40 µL min−1; QC = 200−400 µL
min−1

T-junction microfluidic device

25–200
(microcapsule) – [155]
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Table 2. Cont.

Cellulosic
Substrate General Features Diameter (µm) Application Ref.

Dissolving cellulose
pulp

Dispersed phase: octane (inner phase) and
cellulose solution of LiCl/DMA (middle
phase)
Continuous phase: silicone oil
QD = 10 µL h−1 (inner phase) and 60 µL
h−1 (middle phase); QC = 2,000 µL h−1

Microfluidic flow focusing device

88 µm
(microcapsule)

Drug delivery
(model drug:

FITC-dextran)
[156]

EC

Dispersed phase: EC/ROY or
EC/carbamazepine in dichloromethane
Continuous phase: aqueous PVA solution
QD = NR; QC = NR
Glass capillary microfluidic device
(counter-flow configuration)

150−300
(microsphere)

Drug delivery
(model drug: ROY;

anticonvulsant drug:
carbamazepine)

[124]

EC

Dispersed phase: EC/naproxen in ethyl
acetate
Continuous phase: aqueous PVA solution
QD = 200−500 µL min−1; QC = 50−120 µL
min−1

Microfluidic T-junction device

55–220
(microsphere)

Drug delivery
(NSAID: naproxen) [123]

Abbreviations: aCNCs: aldehyde-modified cellulose nanocrystals; BNC: bacterial nanocellulose; CA: cellulose acetate; CMC: car-
boxymethylcellulose; CNCs: cellulose nanocrystals; CNFs: cellulose nanofibrils; DEX: dextran; DMA: dimethylacetamide; DMF: N,N-
dimethylformamide; DMSO: dimethyl sulfoxide; EC: ethyl cellulose; FITC: fluorescein isothiocyanate; hCNCs: hydrazide-modified
CNCs; HepG2: human liver carcinoma cell line; HRP: horseradish peroxidase; MADQUAT-co-BTA: [2-(methacryloyloxy)ethyl]-
trimethylammonium chloride-co-butyl acrylate copolymer; NR: not reported; NSAID: nonsteroidal anti-inflammatory drug; PC-9: human
lung adenocarcinoma cell line; PEG: (polyethylene)glycol; PGPR: polyglycerol polyricinoleate; Ph-CMC: phenolic modified CMC; PVA:
poly(vinyl alcohol); QC: flow rate of the continuous phase; QD: flow rate of the dispersed phase; ROY: 5-methyl-2-[(2-nitrophenyl)amino]-
3-thiophenecarbonitrile; sCNCs: sulphated CNCs; Span® 80: sorbitan monooleate (non-ionic surfactant); Span® 85: sorbitan trioleate
(non-ionic surfactant).

A creative example of the use of microfluidics to produce cellulose microparticles is
based on the encapsulation of cellulose producing bacteria inside a core-shell structured
microparticle for long-term static culture [116–118], which averts the need of using a
chemical process to dissolve cellulose. For instance, Yu et al. [116] utilized microfluidics
to generate a sacrificial template based on a core-shell structured microparticle formed by
an alginate core and agarose shell, for the encapsulation of the Gluconacetobacter xylinus
bacterium. After incubation of the bacteria-loaded spheres and production of BNC, the
hydrogel template was dissolved (with 1% NaOH at 100 ◦C), resulting in hollow BNC
microcapsules with a diameter of ca. 50 µm [116]. In a similar study, Higashi et al. [117]
used microfluidics to obtain nanofibrous microspheres composed of BNC biosynthesized
by the Komagataeibacter xylinus bacterium, which was encapsulated inside microspheres of
gelatin. After the removal of the gelatin sacrificial template, BNC microspheres with ca.
250–1000 µm were obtained. Understandably, the variation of the needle gauge from 58 to
32 µm lead to a two-fold reduction of size, and the same decrease was observed by varying
the flow rate of the continuous phase from 50 to 1000 µL min−1. The authors also compared
the BNC microspheres generated by microfluidics with those produced via emulsification
method, and the results clearly show the inferiority of the latter method, which originated a
larger distribution in particle size [117]. Very recently, Pepicelli et al. [125] took advantage of
the same production process to prepare self-grown BNC microcapsules (by G. xylinus) with
customizable size and monodispersity, which were influenced by the bacteria concentration
(1−5 v/v %), droplet size (150–400 µm), and surfactant type (Span® 85, phosphatidylcholine
or β-lactoglobulin).

Cellulose microparticles may also be produced via microfluidics from cellulose deriva-
tives that are promptly dissolved in adequate solvents. As an illustrative example, cellulose
acetate microspheres with adjustable porosity and size were prepared by Zhang et al. [119]



Nanomaterials 2021, 11, 2744 14 of 35

(Figure 4A) using the microfluidics apparatus illustrated in Figure 4B. Their size was found
to be dependent on the continuous phase flow rate, as already described above, since an
increase from 100 µL min−1 to 400 µL min−1 resulted in a 3-fold reduction of particle size
(Figure 4C). Solvent and polymer concentrations affected the surface area and porosity of
the microparticle, with a decrease in porosity linked to higher CA concentration [119].

Figure 4. (A) Schematic representation of the several steps for the preparation of the porous cellulose acetate (CA)
microspheres, (B) scheme of the T-junction microfluidic apparatus to fabricate the microspheres, and (C) linear fitting of the
diameter of the microspheres with different continuous phase flow rate (QC) at the fixed dispersed phase flow rate (Qd) of
10.0 µL min−1. Reproduced with permission from [119]. Copyright Elsevier, 2020.

Interestingly, the microfluidics technology, apart from being used to manufacture
micro-sized particles [119] and capsules [156], can also be employed to produce cellulose
microfibers (length: 30–100 µm, diameter: 7–45 µm) based on the regeneration of cellulose
from ionic liquids [157].

4.3. Other Methodologies

Sphere-shaped cellulose-based microparticles can also be prepared by other methodolo-
gies, such as the layer-by-layer assembly [131,132] and spray-assisted techniques [126–130].
Examples of cellulose-based microparticles prepared via other methodologies are evidenced
in Table 3.
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Table 3. Examples of spherical cellulose-based microparticles produced by other methodologies.

Cellulosic Substrate General Features Diameter (µm) Application Ref.

LAYER-BY-LAYER ASSEMBLY

CMC Methodology: (CMC/CH)16 bilayers on
a MF template

~2.15
(microcapsule)

Drug delivery
(antibiotic: tetracycline) [131]

QA-CNFs
Methodology:
(CNFs/XyG/CNFs/AP)2CNFs /XyG
bilayers on a CaCO3 template

16 ± 4
(microcapsule)

Drug delivery
Cell culture

(HEK 293T cells)
[132]

SPRAY-ASSISTED TECHNIQUES

CA
Solvent solution: acetone/bi-distilled
water
Flow rate: 0.5–1.5 mL h−1

287 ± 76
to 1248 ± 120

(microcapsule)

Drug delivery
(NSAID: ketoprofen

lysinate)
[126]

CNFs

Solvent solution: water
Modification: CNFs crosslinked with
PA/EP resin; microspheres
crosslinked with NIPAm
Flow rate: NR

50–150
(microsphere)

Drug delivery
(anticancer drug:

5-fluorouracil)
[127]

HPC

Solvent solution: THF
Modification: HPC-g-QCP
(THF-co-ECH)
Flow rate: NR

3–3.3
(microsphere)

Drug delivery
(NSAID: ibuprofen) [128]

t-CNFs

Solvent solution: water
Modification: crosslinking with PA/EP
resin
Flow rate: NR

2–7
(microsphere)

Water remediation
(metal ion: Cu2+) [129]

t-CNFs
Solvent solution:
water/cysteamine/FITC-dextran
Flow rate: NR

12.1–13.8
(microsphere)

Drug delivery
(model drug:

FITC-dextran)
[130]

Abbreviations: AP: apple pectin; CA: cellulose acetate; CH: chitosan; CMC: carboxymethylcellulose; CNCs: cellulose nanocrystals; CNFs:
cellulose nanofibrils; EP: epichlorohydrin; FITC: fluorescein isothiocyanate; HEK 293T: human embryonic kidney cells; HPC: hydroxypropyl
cellulose; HPC-g-QCP(THF-co-ECH): quaternized hydroxypropyl cellulose-g-poly(tetrahydrofuran-co-epichlorohydrin) graft copolymers;
MF: melamine formaldehyde; NSAID: nonsteroidal anti-inflammatory drug; NIPAm: N-isopropylacrylamide; NR: not reported; PA:
polyamide; QA-CNFs: quaternary ammonium modified CNFs; t-CNFs: TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) oxidized CNFs;
THF: tetrahydrofuran; XyG: xyloglucan.

Wang et al. [131] developed microcapsules of CMC and chitosan with a size of ca.
2.15 µm and a shell thickness of 25 nm per bilayer, that retained the spherical shape even
after the template removal. The authors stated that the electrostatic interaction between the
carboxylic groups of CMC and the ammonium groups of chitosan were the driving force in
the LbL assembly. This process was evaluated by UV-Vis spectroscopy using fluorescein
isothiocyanate (FITC) labelled chitosan, with an increase in absorbance with the increasing
number of bilayers.

In an approach inspired by the plant primary cell-wall composition, Paulraj et al. [132]
developed biomimetic microcapsules using layers of modified CNFs, pectin, and xyloglu-
can via LbL assembly. The use of pectin was crucial for the integrity of the capsule and
the retention of a spherical shape after the template removal, and the resulting capsules,
with a size of 16 ± 4 µm and a shell thickness of ca. 20 nm, revealed a stimuli-responsive
permeability governed by the salt concentration of the medium [132].

In the field of spray-assisted approaches, both electrospray and spray-drying tech-
niques have been used to prepare cellulose microparticles, either with the use of cellulose
derivatives or nanocelluloses. The size of the particles obtained in spray-assisted techniques
may be manipulated through the adjustment of the experimental parameters of this process
(e.g., variation of the flow rate), as well as the evaporation process, namely inlet temperature
(temperature of the heated drying gas) [158]. As an example, Guarino et al. [126] studied
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the electrohydrodynamic atomization of a CA solution containing ketoprofen lysinate by
varying the voltage (12–18 kV) and the flow rate of the CA solution (0.5–1.5 mL h−1). As
expected, the size of the microcapsule drug carriers was influenced by these parameters,
with an upsurge in capsule diameter from 287 ± 76 µm to 1248 ± 120 µm as the flow rate
increased. On the other hand, the increase of the applied voltage led to a decrease in micro-
capsules dimensions, but only to a certain extent since voltages higher than 18 kV resulted
in size heterogeneities, attributed to some instability of the atomization process [126].

5. Production of Spherical Cellulose-Based Nanoparticles

In the domain of sphere-shaped cellulose-based nanoparticles, nanoprecipitation [94,159–166],
and emulsification processes [167–173] are the most used production methodologies, although
other less common approaches, namely mechanical treatments [174–177], chemical and/or en-
zymatic treatments [178–182], and layer-by-layer assembly [183], can also be used to assemble
nanospheres [179,181,182] and nanocapsules [159,168,169,183]. Regarding the cellulosic substrate,
most of the studies, as in the case of cellulose-based microparticles, report the use of cellulose
derivatives, such as CA [184], CMC [159,168,183] and EC [141,161,169–173,185], although some
examples of native cellulose [94,174,175,178], regenerated cellulose [181,182] and MCC [163–165]
are also available, as discussed in detail in the following paragraphs.

5.1. Nanoprecipitation

Nanoprecipitation (or solvent displacement technique) is one the most used techniques
to fabricate sphere-shaped cellulose-based nanoparticles, as outlined in Table 4. The direct
dissolution of cellulose (from cotton or paper waste) is often made possible with aqueous
solutions of NaOH/urea/thiourea, followed by the regeneration into spherical shapes
achieved through the drop-wise addition of this solution in an antisolvent (e.g., water or
ethanol) [94,162]. For example, Chin et al. [94] tested the impact of cellulose solution concen-
tration and volume ratio of solvent (aqueous solution of NaOH/urea/thiourea)/antisolvent
(ethanol) in particle formation via nanoprecipitation. By varying the cellulose concentration
from 0.001% to 0.005–0.1% (w/v), the particle size increased from 218 nm to 263–683 nm.
However, the variation in solvent/antisolvent volume ratio from 1:20 to 1:60 decreased the
sizes from ca. 365 nm to 70 nm. Hence, such parameters (viz. cellulose concentration or
solvent/antisolvent ratio) may be used to tune the size of the resulting particles [94].

The nanoprecipitation method has also been applied using pure cellulose dissolved
in alternative solvents, such as ILs [165]. Regarding the parameters that influence this
process, the H-bond acidity of the antisolvent has been shown to affect the regeneration of
pure cellulose from ILs. When comparing different antisolvents, namely water, methanol,
ethanol, and n-propanol, Fan et al. [186] reported the favoured regeneration of this polysac-
charide (dissolved in [Bmim]Cl) in water, since water possessed the highest H-bond acidity.
The choice of the antisolvent also influenced the properties of the regenerated cellulose
nanoparticles, namely the crystallinity, enthalpy in cellulose degradation, and thermal
stability [186].

In the case of cellulose derivatives, they are usually dissolved in organic solvents
like DMSO or ethanol, which are then removed via evaporation, obtaining stable aqueous
dispersions of the corresponding nanoparticles [159,161]. For example, Dai et al. [159]
reported the preparation of CMC nanoparticles through the synthesis of a CMC derivative
(betulinic acid and PEGylated-folate grafted into the CMC polymer chain), followed by self-
assembly into a nanoparticle with free hydroxycamptothecin, which is an anticancer drug
(Figure 5A,B). The core-shell CMC nanoparticles were self-assembled via the slow addition
of a DMSO solution of the CMC derivative into aqueous media (Figure 5C). The variation
of the concentration of the CMC derivative in the organic media (20 to 100 mg mL−1)
originated nanoparticles with distinct sizes, namely the particles formed from 50 mg mL−1

solutions were approximately 150 nm in size, while the particles formed from 20 mg mL−1

solutions were smaller (90–110 nm) [159].
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Table 4. Examples of spherical cellulose-based nanoparticles produced by nanoprecipitation.

Cellulosic Substrate General Features Diameter (nm) Application Ref.

CA Solution: CA in acetone
Antisolvent: water

~300
(nanosphere)

Biocide coatings
(4-hexylresorcinol,

triclosan)
[184]

CA

Solution: CA and UCNPs dispersed
in a mixture of dichloromethane and
acetone
Antisolvent: water with SDS

320 ± 5
(nanocapsule)

Drug delivery
(anticancer drug: DOX) [187]

CMC
Solution: FA-PEG-CMC-BA/HCPT
in DMSO
Antisolvent: PBS solution (pH 7.4)

186 ± 11
(nanocapsule)

Drug delivery
(anticancer drugs: BA,

hydroxycamp-
tothecine)

[159]

CMCAB Solution: CMCAB/curcumin in THF
Antisolvent: water

166.5 ± 4.2
(nanosphere)

Drug delivery
(anti-inflammatory

drug: curcumin)
[160]

Cotton fibres

Solution: cotton dissolved in
NaOH/urea/thiourea (8/8/6.5
wt.%)/MB
Antisolvent: ethanol

70–365
(nanosphere)

Drug delivery
(model drug:

methylene blue)
[94]

EC

Solution: EC/α-tocopherol or
oxybenzone or avobenzone or
octinoxate in ethanol
Antisolvent: water

~50
(nanocapsule)

Cosmetics
(UV-filters in
sunscreens)

[161]

Kraft paper/
wastepaper cellulose

Solution: paper waste dissolved in
NaOH/urea/thiourea
(8/8/6.5 wt.%)
Antisolvent: water

~50
(nanosphere)

Transistors and
batteries [162]

MCC Solution: CE-g-PMMA/BA in DMSO
Antisolvent: PBS

~120
(nanocapsule)

Drug delivery
(anticancer drug: BA) [163]

MCC

Solution: DAC (obtained by cellulose
oxidation with sodium
periodate)/oleylamine/AERhB in
DMF
Antisolvent: water

152.1 ± 0.9
156.3 ± 1.0

(nanocapsule)

Drug delivery
(model drug: AERhB) [164]

MCC
Solution: MCC dissolved in
[C2mim][Ac]
Antisolvent: acetonitrile

100–400
(nanosphere) – [165]

Cellulose fibres (from
paper waste)

Solution: carboxylic CA (obtained
via TEMPO oxidation and
acetylation) in ultrapure water
Antisolvent: ethanol

70–100
(nanosphere)

Drug delivery
(antibiotic: penicillin G) [166]

Abbreviations: [Bmim]Cl: 1-butyl-3-methylimidazolium chloride; [C2mim][Ac]: 1-ethyl-3-methylimidazolium acetate; AERhB: aminoethyl
rhodamine; BA: betulinic acid; CA: cellulose acetate; CE-g-PMMA: cellulose-poly(methyl methacrylate) copolymer; CMC: carboxymethyl-
cellulose; CMCAB: carboxymethylcellulose acetate butyrate; DAC: 2,3-dialdehyde cellulose; DMF: N,N-dimethylformamide; DMSO:
dimethyl sulfoxide; EC: ethyl cellulose; FA-PEG-CMC-BA: folic acid-poly(ethylene glycol)-carboxymethylcellulose-betulinic acid copolymer;
HCPT: hydroxycamptothecin; MB: Methylene blue; MCC: microcrystalline cellulose; PBS: phosphate buffered saline; SDS: Sodium dodecyl
sulphate; TEMPO: 2,2,6,6-tetramethylpiperidinyl-1-oxyl; THF: tetrahydrofuran; UCNPs: luminescent up-conversion nanoparticles.
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Figure 5. Schematic illustration of (A) the synthesis of the folic acid-poly(ethylene glycol)-carboxymethylcellulose-betulinic
acid copolymer, followed by self-assembly into a nanoparticle with free hydroxycamptothecin, (B) chemical structure of
the CMC copolymer, and (C) TEM micrographs of the core-shell CMC-based nanoparticles. Reproduced with permission
from [159]. Copyright Royal Society of Chemistry, 2015.

5.2. Emulsification Processes

Emulsification processes can also be used to manufacture sphere-shaped cellulose-
based nanoparticles. As in the case of cellulose-based microparticles (Section 4.1), cellulose
derivatives, such as CAP [167], CMC [168], and EC [141,169–173,185], are widely studied
as the cellulosic substrate to engineer sphere-shaped cellulose-based nanoparticles, as
enumerated in Table 5, either in the form of nanospheres [167] or nanocapsules [141,167].
Although out of the scope of the present review, it is worth mentioning that some of the
nanoscale forms of cellulose, namely CNCs and CNFs, are also being used as emulsion
stabilizers in the synthesis of polymeric nanoparticles [188–192].

A representative example of nanoparticles assembled via emulsification processes
includes the work of Vidal-Romero et al. [167], who developed pH-dependent systems
based on nanospheres and nanocapsules of CAP loaded with chlorhexidine as a novel
formulation for periodontal treatment. The nanospheres and nanocapsules were pre-
pared by emulsion-diffusion technique, where the presence of eugenol oil originated CAP
nanocapsules (diameter: 290–324 nm) and its absence yielded CAP nanospheres (diameter:
~248 nm), due to the effect of the oil on the interfacial behaviour during the formation pro-
cess, viz. diffusion-stranding mechanism [167]. The superior size of the CAP nanocapsules,
when compared with the CAP nanospheres, is also credited to the presence of eugenol oil.

The investigation of Abbaspoor et al. [141] reported on the effect of the stirring
rate during the emulsification-solvent evaporation method on the production of self-
healing coatings [185] based on nanocapsules of EC as the shell and linseed oil as the
core material. The size of the oil-filled EC nanocapsules can be successfully modulated by
controlling the emulsion stirring rate (10,000, 20,000 and 30,000 rpm) during the production
process, decreasing from 472.8 nm to 32.9 nm by increasing the stirring rate from 10,000 to
30,000 rpm [141].

In a different study, Tirado et al. [173] used the supercritical emulsion extraction (SEE)
technology, which associates emulsification processes with the singular properties of super-
critical fluids, to prepare EC nanocapsules for the encapsulation of bioactive compounds.
The authors studied distinct emulsion formulations by varying the EC concentration (1.0,
1.5, 2.0 and 2.5 wt.%), and surfactant amount (0.1, 0.2, 0.3 and 0.6 wt.%), both of which
influenced the morphology and size of the ensuing nanoparticles.



Nanomaterials 2021, 11, 2744 19 of 35

Table 5. Examples of spherical cellulose-based nanoparticles produced by emulsification processes.

Cellulosic Substrate General Features Diameter (nm) Application Ref.

CAP

Aqueous phase: PVA in water
Oil phase: CAP in methyl ethyl
ketone /eugenol oil/CHX (for
nanocapsules) and CAP in methyl
ethyl ketone/CHX (for the control
nanospheres)
Emulsion type: o/w

~248
(nanosphere)

290–324
(nanocapsule)

Drug delivery
(antiseptic drug: CHX) [167]

CMC

Aqueous phase: w1: PEG in water and
w2: AZT/CMC in water
Oil phase: compritol in DCM
Emulsion type: w/o/w

162 ± 44
(nanocapsule)

Drug delivery
(antiretroviral drug:

AZT)
[168]

EC

Aqueous phase: PVA in water
Oil phase: spirooxazine dye/EC in
DCM
Emulsion type: o/w

193–404
(nanocapsule) – [169]

EC

Aqueous phase: PEG/SDS in nitric
acid aqueous solution
Oil phase: EC in
ethanol+benzene/linseed
oil/n-decane
Emulsion type: o/w

33–473
(nanocapsule)

Anticorrosion
coatings [141,185]

EC

Aqueous phase: water
Oil phase: EC/MC in
ethanol/α-mangostin
Emulsion type: w/o

436 ± 11
(nanosphere)

Drug delivery
(antiacne drug:
α-mangostin)

[170]

EC

Aqueous phase: water/PVA or P188
or CA25
Oil phase: EC in ethyl acetate
Emulsion type: o/w

165 ± 44 to 474 ± 66
(nanosphere)

Drug delivery
(NSAID: piroxicam) [171]

EC
Aqueous phase: PVA in water
Oil phase: EC in ethyl acetate
Emulsion type: o/w

147 ± 2
(nanosphere)

Drug delivery
(corticosteroid drug:

dexamethason)
[172]

EC

Aqueous phase: ethyl
acetate-saturated water/TWEEN®

80
Oil phase: EC in ethyl
acetate/astaxanthin
Emulsion type: o/w

161 ± 8 to 733 ± 7
(nanocapsule)

Delivery of bioactive
compounds

(carotenoid pigment:
astaxanthin)

[173]

Abbreviations: AZT: zidovudine; CA25: cremophor A25; CAP: cellulose acetate phthalate; CHX: chlorhexidine; CMC: carboxymethylcellu-
lose; DCM: dichloromethane; EC: ethyl cellulose; MC: methyl cellulose; NSAID: nonsteroidal anti-inflammatory drug; o/w: oil-in-water;
P188: poloxamer 188; PEG: poly(ethylene glycol); PVA: poly(vinyl alcohol); SDS: Sodium dodecyl sulphate; TWEEN® 80: polyethylene
glycol sorbitan monooleate (non-ionic surfactant); w1: primary aqueous-phase; w2: secondary aqueous-phase; w/o: water-in-oil; w/o/w:
water-in-oil-in-water.

5.3. Other Methodologies

In addition to nanoprecipitation and emulsification, there are other less used methodolo-
gies, such as mechanical treatments [174–177], chemical and/or enzymatic treatments [178–182],
self-assembly processes [193–200], and layer-by-layer assembly [183], which can be applied (indi-
vidually or in combination) to manufacture cellulose-based nanoparticles (Table 6).

The mechanical methods reduce the size of cellulose fibres via several passages of the
pulp suspension through the system [201]. Even though these processes are commonly
applied to obtain nanofibrils, some works also describe the obtention of spherical cellulose
particles (Table 6). In a set of experiments performed by Yan et al. [174,175], high-pressure
homogenization of bamboo pulp was combined with periodate oxidation. Mechanical
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treatment allowed the size reduction of bamboo, after which the cellulosic pulp was sub-
jected to a periodate oxidation to yield dialdehyde cellulose (DAC). After the optimization
of the experimental conditions, the authors were able to generate cellulose nanoparticles
with sizes from 15 to 35 nm by aging the DAC solution for 10 days at 60 ◦C [175].

The application of an ultrasonic treatment, resulting in the cavitation of cellulosic
solutions, has also been reported for the preparation of cellulose-based nanoparticles. For
instance, TEMPO-modified cellulose was subjected to sonication, converting cellulose
into nanoparticles with sizes below 30 nm. These were further oxidized in the presence
of sodium periodate to obtain cellulose nanoparticles decorated with functional groups,
allowing linkage with other molecules (e.g., for the controlled delivery of drugs) [176].

In the domain of chemical and/or enzymatic treatments (Table 6), Chen et al. [179]
reported the preparation of ca. 30 nm-sized cellulose nanoparticles through enzymatic hy-
drolysis of eucalyptus pulp. Based on preliminary studies, a mixture of xylanase/cellulase
was chosen for the enzymatic breakdown of cellulose. Using specific well-defined condi-
tions, particularly the concentration of enzymes (ratio of cellulase to xylanase, 9:1), reaction
temperature (50 ◦C) and time (5 h), spherical cellulose nanocrystals were successfully
obtained. The decrease of reaction time (from some days to a mere couple of hours) was
the main highpoint of this work, and the same set of conditions was later replicated in
another study with similar results [180].

The studies regarding the use of acid hydrolysis usually employ a combination of two
acids, either hydrochloric and sulfuric acids [178] or hydrochloric and formic acids [181,182].
The procedures usually start with a pre-treatment stage, using a NaOH aqueous solution
to remove impurities and to swell the amorphous regions of the cellulose fibres. The
resultant suspensions are subjected to acid hydrolysis, after which they are also exposed
to ultrasonication to induce acoustic cavitation effect (growth and collapse of bubbles
under ultrasonic irradiation) to generate particles [202]. The impact of the proportion of
the acids mixtures in this hydrolysis procedure was observed, for instance, in the size of
the particles obtained by Yan et al. [181]. In this study, smaller sizes and a narrower size
distribution were attributed to the higher ratio (9:1) of hydrochloric and formic acids and
highest hydrolysis period (8 h). The authors also reported a reduction in nanoparticle size
with the decrease of fibre/acid mixture ratio (smallest particles with ca. 19 nm) [181].

In another work, spherical cellulose nanocrystals obtained from cotton linter powder [178]
were bigger (45–75 nm) than those obtained from lyocell fibres (under 30 nm) [181,182], sug-
gesting that the choice of the starting material also plays a role on particle size. Interestingly, the
alteration of the starting material from lyocell fibres to microcrystalline cellulose (and simultane-
ous reduction in hydrolysis time from 8 h to 4 h) resulted in rod-shaped cellulose nanocrystals,
highlighting the need for a delicate balance in reaction conditions to obtain the sought-after
spheres [182].

Cellulose-based nanoparticles can also be prepared by self-assembly methodologies
through the synthesis of cellulose derived copolymers, mostly from cellulose derivatives
as the starting cellulosic substrate (Table 6). For instance, the grafting polymerization of
CMC with dimethyldiallylammonium chloride resulted in CMC-g-PDMDAAC copolymer
particles of 100–150 nm and asymmetrical shape [193]. Upon loading of the avermectin
pesticide, the particles revealed a size of 120–180 nm and a spherical form, as the negatively-
charged avermectin balanced the internal charge and resulted in a capsule-like structure
that encased the drug [193]. The choice of the comonomer has proven to impact the
properties of the ensuing particles. As pointed out by Chen et al. [194], the grafting of
CMC with either styrene (S), methyl methacrylate (MMA) or butyl acrylate (BA), origi-
nated nanoparticles with distinct size, with CMC-g-PBA yielding the smallest particles (ca.
180 nm). Interestingly, this also affected the drug loading (higher for MMA and BA) and
drug-release speed (CMC-g-PBA > CMC-g-PS > CMC-g-PMMA) [194].

Interestingly, some copolymers are amphiphilic in nature and self-assemble into
spherical micellar structures in aqueous media. An example of this are the di-block
copolymer micelles with 175–216 nm, synthesized by Lu et al. [200] from hydroxypropyl
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methyl cellulose (HPMC) and poly(lactic acid) (PLA) for drug delivery. Equally interesting
is the host–guest driven self-assembly strategy, where cellulose-based nanoparticles can be
assembled via host–guest molecular recognition. For example, Yang et al. [199] generated
nanoparticles with diameters of ca. 36 nm through the interaction of adamantane-grafted
carboxyethyl hydroxyethyl cellulose (CEHEC-g-Ad) with β-cyclodextrin-grafted glycerol
ethoxylate (GE-CD), as guest and host polymers, respectively.

Table 6. Examples of spherical cellulose-based nanoparticles produced by other methodologies.

Cellulosic Substrate General Features Diameter (nm) Application Ref.

MECHANICAL TREATMENTS

Bamboo pulp
Methodology: high-pressure
homogenization followed by
oxidation and aging

~15–35
(nanocapsule)

Drug delivery
(hypolipidemic drug:

lovastatin)
[175]

Cellulose from pine
needles

Methodology: cellulose oxidation
with TEMPO radical and sodium
periodate followed by sonication

<30
(nanosphere)

Drug delivery
(anticancer drug: DOX) [176]

Cellulose dissolving
pulp (softwood) and

MCC

Methodology: mechanical
disintegration of the fibres after
dissolution and regeneration of
cellulose from a DES

5.6 ± 1.4
5.8 ± 1.4

(nanosphere)
Reinforcement agents [177]

CHEMICAL AND/OR ENZIMATIC TREATMENTS

Cotton linter
Methodology: acid hydrolysis
followed by lipase catalysed
esterification with 3-MPA

45–75
(nanosphere)

Water remediation
(metal ion: Hg2+) [178]

Bleached Kraft
eucalyptus pulp Methodology: enzymatic hydrolysis 15–40

(nanosphere) – [179,180]

Lyocell fibres
Methodology: acid hydrolysis
followed by the one-pot Fischer
esterification with formic acid

19–29
(nanosphere) – [181]

Lyocell fibres
Methodology: mixed acid hydrolysis
(HCOOH and HCl) of the fibres
followed by ultrasonic irradiation

27.0 ± 1.2
(nanosphere)

Nucleation/reinforcing
agent in films for food

packaging
[182]

SELF-ASSEMBLY PROCESSES

CMC

Methodology: graft polymerization of
CMC with DMDAAC
(CMC-g-PDMDAAC) and
encapsulation of avermectin via
electrostatic interactions

~100–150
(nanocapsule)

Pesticide delivery
(avermectin) [193]

CMC

Methodology: graft polymerization of
CMC with methyl methacrylate
(CMC-g-PMMA), butyl acrylate
(CMC-g-PBA) or styrene
(CMC-g-PS), followed by emulsion
to prepare avermectin/grafted
polymer nanoparticles

~230
~180

230–260
(nanocapsule)

Pesticide delivery
(avermectin) [194]

CMC

Methodology: graft polymerization of
CMC and DMDAAC
(CMC-g-PDMDAAC) followed by
electrostatic assembly with P-Zein
and encapsulation of avermectin

360
(nanocapsule)

Pesticide delivery
(avermectin) [195]

CMC
Methodology: shell of CMC modified
with hexamethylenediamine coated
on a core of Fe3O4 nanoparticle

70–120
(nanocapsule)

Drug delivery
(anticancer drug: DOX) [196]
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Table 6. Cont.

Cellulosic Substrate General Features Diameter (nm) Application Ref.

CMC

Methodology: graft polymerization of
CMC with ImIL (CMC-g-PIL)
followed by coating on a core of
Fe3O4 nanoparticle

39.2 ± 8.4
(nanocapsule)

Drug delivery
(anticancer drug: DOX) [197]

CMC
Methodology: graft polymerization of
CMC with DMAEMA
(CMC-g-PDMAEMA)

118–133
(nanocapsule)

Drug delivery
(anticancer drug:

paclitaxel)
[198]

HEC

Methodology: graft polymerization of
CEHEC with adamantane
(CEHEC-g-Ad) followed by
self-assembly with GE-CD and
CD-DOX

36.4 ± 2.2
(nanocapsule)

Drug delivery
(anticancer drug: DOX) [199]

HPMC Methodology: graft polymerization of
HPMC with PLA (HPMC-g-PLA)

175–216
(nanocapsule)

Drug delivery
(anticancer drug:

paclitaxel)
[200]

Lyocell
(TENCEL™ Lyocell)

Methodology: carboxymethylation of
TENCEL™ gel followed by
homogenization in a high-pressure
homogenizer

73–129
(nanosphere) – [203]

Lyocell
(LENZING™ Lyocell)

Methodology: carboxymethylation of
lyocell fibres followed by
homogenization in a microfluidizer

16 ± 5 (TEM)
22 ± 7 (AFM)
51 ± 4 (DLS)

(nanocapsule)

– [204]

Lyocell
(LENZING™ Lyocell)

Methodology: heterogenous
modification of lyocell gel with
glycidyltrimethylammonium
chloride followed by mechanical
shearing in a microfluidizer

30 ± 8 (AFM)
55 ± 8 (DLS)

(nanocapsule)

Immunoassays
(proteins: hIgG, BSA) [205]

LAYER-BY-LAYER ASSEMBLY

CMC

Methodology: assembly of 3
CMC/protamine bilayers on a silica
sacrificial template, followed by
surface decoration with ferrite
nanoparticles

150 ± 20
(nanocapsule)

Drug delivery
(anticancer drug: DOX) [183]

CMC and QHECE
Methodology: LbL deposition of
CMC and QHECE on a cationic
vesicular template of DDAB

306 (1st layer) up to
1,600 (6th layer)
(nanocapsules)

Potential for drug
delivery [206]

Abbreviations: Ad: adamantane; AFM: atomic force microscopy; BSA: bovine serum albumin; CD-DOX: β-cyclodextrin grafted with
doxorubicin; CEHEC: carboxyethyl hydroxyethyl cellulose; CMC: carboxymethylcellulose; DDAB: dimethyldioctadecylammonium
bromide; DES: deep eutectic solvent; DLS: dynamic light scattering; DMAEMA: N,N-dimethylaminoethyl methacrylate; DMDAAC:
dimethyldiallylammonium chloride; DOX: doxorubicin; GE-CD: glycerol ethoxylate grafted with β-cyclodextrin; HEC: hydroxyethyl
cellulose; hIgG: human immunoglobulin G; HPMC: hydroxypropyl methyl cellulose; ImIL: 1-methyl-3-(oxi-rane-2-ylmethyl)-1H-imidazol-3-
ium chloride; LENZING™ Lyocell: Lenzing regenerated cellulose fibres for industrial applications; 3-MPA: 3-mercaptopropionic acid; PBA:
poly(butyl acrylate); PDMAEMA: poly(N,N-dimethylaminoethyl methacrylate); PDMDAAC: poly(dimethyldiallylammonium chloride);
PIL: poly(ionic liquid;) PLA: poly(lactic acid); PMMA: poly(methyl methacrylate); PS: polystyrene; P-Zein: phosphorylated zein; QHECE:
quaternized hydroxyethylcellulose ethoxylate; TEM: transmission electron microscopy; TEMPO: 2,2,6,6-tetramethylpiperidinyl-1-oxyl
radical; TENCEL™ Lyocell: Lenzing’s flagship brand of regenerated cellulose fibres for textiles.

Beaumont et al. [204] assembled soft cellulose nanoparticles via organic solvent-free
heterogeneous modification followed by disintegration (Figure 6A). The simple synthesis of
anionic carboxylated cellulose from a commercial regenerated cellulose precursor (LENZ-
ING™ Lyocell fibres) originated nanoparticles bearing a semi-crystalline core (16 ± 5 nm
determined by TEM) and a distinctive amorphous outer shell structure (51 ± 4 nm deter-
mined by DLS), as depicted in Figure 6B. Furthermore, the authors studied the sol-gel
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behaviour of these core/shell nanoparticles and observed that (i) the particle size distribu-
tion varied with ionic strength and pH (Figure 6C), and (ii) the supercritical drying of the
hydrogels originated an isotropic and highly porous aerogel of aggregated nanoparticles,
whereas ambient drying yielded an anisotropic and fully transparent film (Figure 6A).

Figure 6. Schematic representation of (A) the synthesis of the core-shell cellulose nanoparticles from a cellulose II precursor
via heterogeneous modification by carboxymethylation followed by disintegration, (B) morphology and size of the anionic
cellulose II nanoparticles studied by cryo-transmission electron microscopy (TEM), atomic force microscopy (AFM) and
dynamic light scattering (DLS), and (C) particle size distribution at pH 3 and 11 from AFM analysis. Reproduced with
permission from [204]. Copyright Royal Society of Chemistry, 2019.

Other noteworthy results were reported by Elumalai et al. [183], who prepared hollow
nanocapsules with bilayers of CMC and protamine with ca. 150 nm through layer-by-layer
assembly (Table 6) around a sacrificial silica template. The deposition of three bilayers was
achieved, with protamine as the outer layer, and the resulting capsules were later modified
with magnetic Fe3O4 nanoparticles, aiming to enhance drug delivery of anticancer drugs
in the presence of a magnetic field [183].

6. Applications of Spherical Cellulose-Based Micro and Nanoparticles

The versatility of cellulose grants researchers with unending possibilities of novel sphere-
shaped micro and nanoparticles with diverse applications, as evidenced in Tables 1–6, spanning
from drug delivery [126,130,149,152,166,168] to cell culture and tissue engineering [113,116–118,144],
as well as water remediation [115,119,136,148,178,207,208]. The following paragraphs explore some
recent examples of applications of the micro and nanoparticles engineered from cellulose and
derivatives thereof.

A considerable amount of the work carried out with cellulose-based sphere-shaped
particles envisions the development of new systems for drug delivery, mostly based on
nano-sized particles produced by nanoprecipitation (Table 4) and emulsification (Table 5)
processes. As an example, oxidized cellulose [176] and other derivatives like hydrox-
ypropyl methyl cellulose [200] and hydroxyethyl cellulose [199] have been applied for the
encapsulation of anticancer drugs, such as doxorubicin [176,183], 5-fluorouracil [127], and
paclitaxel [200]. However, the encapsulation of drugs is not restricted to anticancer drugs.
In fact, antiretroviral medication (e.g., zidovudine [168]), antibiotics (e.g., penicillin G [166]
and tetracycline [131]), anti-inflammatory drugs (e.g., diclofenac [134], ibuprofen [209],
ketoprofen lysinate [126], and naproxen [123]), vaccines (e.g., foot-and-mouth disease
virus (FMDV) subunit vaccine [147]), antiseptics (e.g., chlorhexidine [167]), pesticides (e.g.,



Nanomaterials 2021, 11, 2744 24 of 35

emamectin benzoate [146] and avermectin [193]), and other bioactive molecules or model
drugs (e.g., dexamethasone [172], curcumin [160], astaxanthin [173], α-mangostin [170],
hydroxytyrosol [153], and aminoethyl rhodamine [164]), have also been successfully encap-
sulated in cellulose-based particles to treat other ailments. As a representative example,
EC nanoparticles were prepared by El-Habashy et al. [171] to modulate the release profile
of piroxicam to reduce the ulcerogenicity of this anti-inflammatory drug after oral admin-
istration. The encapsulation of this molecule significantly reduced the gastric ulceration
potential of piroxicam in rats, with a reduction of 66% in mean ulcer index.

Additionally, sphere-shaped micro and nanoparticles based on cellulose, or its deriva-
tives, are also largely used in cell culture and tissue engineering due to the innocuous
nature (causing no cell-death upon exposure) of this polysaccharide while possessing
notable mechanical properties. In fact, there are even commercially available cellulose-
based microparticles for cell culture [66], like the Cytopore™ macroporous microcarriers
composed of 100% cotton cellulose particles with diameters of 200 to 280 µm (Cytiva™
technologies) [35]. Herein, most of the particles are micro-sized and fabricated by emulsifi-
cation (Table 1) and microfluidics (Table 2). In terms of cells, the cellulose-based particles
have been explored for the cell culture of several animal and human cell lines, such as
mouse NIH 3T3 cells [142], murine osteoblast (OB-6) cells [210], bone marrow-derived mes-
enchymal stem cells (BMSCs) [144], mouse MC3T3-E1 cells [113], human adenocarcinoma
from lung tissue PC-9 cells [116], and human liver carcinoma HepG2 cells [120].

As an illustrative example, Wang et al. [144] developed microparticles (~450 µm) based
on BNC, DL-allo-hydroxylysine and chitosan via emulsification (Figure 7A), to mimic the
natural extracellular matrix. The resulting particles promoted the in vitro cell growth and
proliferation of BMSCs cells (Figure 7B). A cartilage microtissue, obtained from BMSCs
cultured in these microparticles, was used for the in vivo regeneration of a knee articular
cartilage defect in mice, showing no immunological complications and contributing to
the cartilage regeneration. The authors stated that the mechanical features of the repaired
tissues are analogous to those of normal cartilage [144].

In the field of water remediation, many recent works focus on the use of cellulose-
based particles for the adsorption and removal of metal ions (e.g., Hg2+ [178], Eu3+ [208],
Cu2+ [129,207,211], Cd2+ [211], and Pb2+ [211,212]), metal nanoparticles (e.g., silver and
gold nanoparticles [151]), and organic dyes (e.g., methylene blue [136,148], rhodamine
6G [148], Congo red [119], crystal violet, and methyl orange [115]). Here, the majority of
the particles are micro-sized, and manufactured by emulsification processes (Table 1) from
cellulose derivatives.

Ibrahim et al. [207] fabricated multi-functional hybrid cellulose acetate microparticles
(diameter of 684 µm) decorated with cadmium sulphide and methylene blue (CA/CdS/MB,
Figure 8A), and investigated their application as a photosensor-adsorbent for the rapid,
selective and sensitive detection, and adsorption of Cu(II) ions (Figure 8B). The CA derived
microparticle photosensor-adsorbent showed an adsorption capacity of 0.57 mg g−1 in the
photoelectrochemical detection of Cu(II) ions.
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Figure 7. Schematic illustration of (A) the fabrication procedure and SEM micrograph of the micropar-
ticles composed of dialdehyde bacterial nanocellulose, DL-allo-hydroxylysine and chitosan, and
(B) the overall in vitro and in vivo experiments design with the bone marrow-derived mesenchymal
stem cells (BMSCs) and regeneration of the knee articular cartilage defect in mice. Reproduced with
permission from [144]. Copyright Elsevier, 2018.

Figure 8. Schematic representation of the (A) adsorption of Cu(II) ions on the surface of the hybrid
cellulose acetate microparticles decorated with cadmium sulphide (CdS) and methylene blue (MB),
and (B) stepwise electron transfer for photoelectrochemical detection of Cu(II) ions under visible
light radiation. Reproduced with permission from [207]. Copyright Springer, 2019.
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On a different approach, Park et al. [115] developed cellulose/biopolymer/Fe3O4
particles (ca. 60 nm) to remove crystal violet and methyl orange from contaminated wa-
ters. The results differed whether the cellulose particles were blended with chitosan or
κ-carrageenan. Cellulose/carrageenan/Fe3O4 microparticles showed a 1.3-fold higher
adsorption of crystal violet, while the cellulose/chitosan/Fe3O4 revealed a better per-
formance (2.0 times higher) for methyl orange (in both cases, when compared with the
cellulose counterparts). This is justified by the particles surface charge since the electro-
static attraction between the positively charged crystal violet and the sulphate groups of
κ-carrageenan favoured the adsorption of the dye. Similarly, the amino groups of chitosan
may have caused an analogous effect on the negatively charged methyl orange dye [115].

Other application fields for sphere-shaped cellulose-based particles encompass coat-
ings [184,185], functional textiles [114] and transistors and batteries [162], but also the
commercial examples of cellulose microparticles, namely the Cellufine™, viz. cellulose
spherical beads with particle size of ca. 40–130 µm, used as chromatography media [33],
and the Macroporous Bead Cellulose MT, i.e., highly porous regenerated cellulose with par-
ticle size of ca. 30–250 µm, utilized as gel filtration media for biomolecule separations [34].

7. Conclusions and Future Directions

Given the increasing concerns with sustainability [21], the dawn of a renewable and
easily available natural raw-material, such as cellulose, is welcomed in many fields of
modern science and technology. Cellulose is undeniably a natural polymer of notorious
versatility, which can be easily functionalized and combined with other molecules and
macromolecules to allow countless possibilities for particle engineering. However, its insol-
ubility in water and in most conventional solvents remains as the most challenging aspect
of cellulose processing. Nonetheless, new solvent alternatives (e.g., ionic liquids and deep
eutectic solvents [71], switchable solvents [87] or organic electrolyte solutions [88,89]) for
cellulose green and safe dissolution and chemical conversion, have emerged to circumvent
this constraint. Still, cellulose derivatives (e.g., carboxymethylcellulose, cellulose acetate,
and ethyl cellulose) continue to be at the forefront of cellulose-based spherical particle
research, due to their straightforward processability.

Regarding the available manufacturing strategies, conventional approaches, like
emulsification processes (Tables 1 and 5) and nanoprecipitation (Table 4), continue to be
the most explored for the preparation of cellulose-based particles, given their simplicity
and cost-effectiveness. The emulsification processes are suitable to produce both spheres
and capsules at the micro and nanoscale ranges (Tables 1 and 5, respectively), while the
nanoprecipitation is a methodology commonly used to fabricate nanoparticles (Table 4), as
an alternative to the emulsion process. Other methods are also gaining increasing attention,
such as the microfluidic technology (Table 2), due to the facile tunability of particle features.
Additional strategies include layer-by-layer assembly and spray-assisted techniques for
microparticles production (Table 3), and mechanical, chemical and enzymatic treatments,
self-assembly processes, and layer-by-layer assembly for nanoparticles fabrication (Table 6).
The precise control of process parameters dictates the shape and size, as well as surface
chemistry of the resulting particles. For example, the stirring rate and surfactant type
are two of the most important parameters in emulsification processes, responsible for
generating particles either at the micro or nanoscale ranges. In the case of the microfluidics
technology, the type of device and the flow rate of the continuous and dispersed phases are
crucial parameters to adjust the size and shape of the ensuing cellulose-based microparticles.
Regarding nanoprecipitation, the concentration of cellulose or its derivatives and the
solvent/antisolvent ratio deeply influence the size of the cellulose-based nanoparticles.

In terms of scalability, it is already a reality for niche markets in the case of cellulose mi-
croparticles, such as the Cellufine™ chromatography media for the purification of proteins,
enzymes, and other biomolecules (JNC Corporation) [33], the Macroporous Bead Cellulose
MT for application as gel filtration media for biomolecule separations (IONTOSORB®

Company) [34], and the Cytopore™ macroporous microcarriers for use in stirred suspen-
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sion culture systems for the growth of cells and the production of recombinant proteins
for therapeutic use, as well as for the immobilization of insect cells, yeast, and bacteria
(Cytiva™ technologies) [35]. On the contrary, there are several key obstacles related with
the downscale of the cellulose (or derivatives thereof) shaping into nanoparticles via disso-
lution and coagulation, together with the lack of regulatory guidance for their safe use and
disposal, that are delaying the commercial translation of the majority of the examples of
the sphere-shaped cellulose-based nanoparticles portrayed in the present appraisal.

Overall, there is a fast-growing tendency for researchers to develop particles for
biomedical applications, given the enduring need for novel and efficient healthcare solu-
tions in the field of drug delivery, cell culture, and tissue engineering. In fact, the remarkable
characteristics of cellulose are potentiating interesting developments on the controlled
delivery of drugs and bioactive molecules. Nevertheless, the variety of particles described
here results in an increasing impact in many fields, for instance, the growing concern with
water-remediation has also driven a lot of research into cellulose-based solutions.

The relevance of this topic is proven by the number of recent works focused on ex-
ploiting conventional and new approaches for the use of cellulose and cellulose-derivatives
as an unmatched family of versatile and sustainable materials for particle fabrication. We
foresee that the sphere-shaped cellulose-based micro and nanoparticles will be produced
more efficiently and at a lower cost with the development of new production technologies
or the improvement of the existing ones, as well as the utilization of greener and more effi-
cient solvent systems for cellulose dissolution and regeneration. Furthermore, the spherical
cellulose-based micro and nanoparticles will continue to run the gamut of applications
from medicine, biology and environment to electronics and energy.
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38. Zielińska, A.; Carreiró, F.; Oliveira, A.M.; Neves, A.; Pires, B.; Venkatesh, D.N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.M.; et al.
Polymeric nanoparticles: Production, characterization, toxicology and ecotoxicology. Molecules 2020, 25, 3731. [CrossRef]

http://doi.org/10.1016/j.crci.2005.01.001
http://doi.org/10.3390/su13020713
http://doi.org/10.1016/j.mseb.2021.115363
http://doi.org/10.1016/j.pecs.2017.10.005
http://doi.org/10.1016/j.mattod.2018.06.004
http://doi.org/10.1007/s12633-019-00229-y
http://doi.org/10.1186/s12951-018-0334-5
http://www.ncbi.nlm.nih.gov/pubmed/29452593
http://doi.org/10.1016/j.talanta.2018.02.088
http://doi.org/10.1517/17425247.2.1.75
http://doi.org/10.1155/2014/180549
http://www.ncbi.nlm.nih.gov/pubmed/24772414
http://doi.org/10.1080/17425247.2020.1789585
http://doi.org/10.1039/D0RA03491F
https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
http://doi.org/10.1016/j.cej.2020.125409
http://doi.org/10.1089/ind.2014.0030
http://doi.org/10.1080/10408398.2014.965773
http://doi.org/10.1016/S0378-5173(02)00487-8
http://doi.org/10.3390/pharmaceutics9040053
http://doi.org/10.1080/17425247.2016.1193149
http://doi.org/10.1515/ntrev-2016-0009
http://doi.org/10.1080/10717544.2020.1736208
http://doi.org/10.1002/advs.202001669
http://www.ncbi.nlm.nih.gov/pubmed/33304747
http://doi.org/10.1016/j.addr.2013.11.006
https://www.indexmundi.com/commodities/?commodity=wood-pulp&currency=eur
https://www.indexmundi.com/commodities/?commodity=wood-pulp&currency=eur
https://www.jnc-corp.co.jp/fine/en/cellufine/
https://www.iontosorb.cz/pages/bead.htm
https://www.cytivalifesciences.com/en/dk/shop/cell-culture-and-fermentation/microcarriers/cytopore-1-microcarriers-dry-powder-p-05928#tech-spec-table
https://www.cytivalifesciences.com/en/dk/shop/cell-culture-and-fermentation/microcarriers/cytopore-1-microcarriers-dry-powder-p-05928#tech-spec-table
http://doi.org/10.1016/j.mattod.2018.02.001
https://www.celluforce.com/en/products/cellulose-nanocrystals/
http://doi.org/10.3390/molecules25163731


Nanomaterials 2021, 11, 2744 29 of 35

39. Gericke, M.; Trygg, J.; Fardim, P. Functional cellulose beads: Preparation, characterization, and applications. Chem. Rev. 2013, 113,
4812–4836. [CrossRef] [PubMed]

40. Trache, D.; Hussin, M.H.; Haafiz, M.K.M.; Thakur, V.K. Recent progress in cellulose nanocrystals: Sources and production.
Nanoscale 2017, 9, 1763–1786. [CrossRef]

41. George, J.; Sabapathi, S.N. Cellulose nanocrystals: Synthesis, functional properties, and applications. Nanotechnol. Sci. Appl. 2015,
8, 45–54. [CrossRef]

42. Vanderfleet, O.M.; Cranston, E.D. Production routes to tailor the performance of cellulose nanocrystals. Nat. Rev. Mater. 2020, 6,
124–144. [CrossRef]

43. Pinto, R.J.B.; Lameirinhas, N.S.; Guedes, G.; Silva, G.H.R. da; Oskoei, P.; Spirk, S.; Oliveira, H.; Duarte, I.F.; Vilela, C.; Freire,
C.S.R. Cellulose nanocrystals/chitosan-based nanosystems: Synthesis, characterization, and cellular uptake on breast cancer cells.
Nanomaterials 2021, 11, 2057. [CrossRef] [PubMed]

44. Thakur, V.K.; Frollini, E.; Scott, J. Cellulose Nanoparticles: Volume 1: Chemistry and Fundamentals; Thakur, V.K., Frollini, E., Scott, J.,
Eds.; Royal Society of Chemistry: London, UK, 2021; ISBN 978-1-78801-793-0.

45. Heinze, T.; El Seoud, O.A.; Koschella, A. Production and characteristics of cellulose from different sources. In Cellulose Derivatives;
Heinze, T., El Seoud, O.A., Koschella, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 1–38.

46. Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose nanocrystals: Chemistry, self-assembly, and applications. Chem. Rev. 2010, 110,
3479–3500. [CrossRef]

47. Heinze, T. Cellulose: Structure and properties. In Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany, 2015;
Volume 271, pp. 1–52.

48. Dufresne, A. Cellulose nanomaterials as green nanoreinforcements for polymer nanocomposites. Philos. Trans. R. Soc. A 2018,
376, 20170040. [CrossRef] [PubMed]

49. Nascimento, D.M.; Nunes, Y.L.; Figueirêdo, M.C.B.; de Azeredo, H.M.C.; Aouada, F.A.; Feitosa, J.P.A.; Rosa, M.F.; Dufresne, A.
Nanocellulose nanocomposite hydrogels: Technological and environmental issues. Green Chem. 2018, 20, 2428–2448. [CrossRef]

50. Silva, A.C.Q.; Silvestre, A.J.D.; Freire, C.S.R.; Vilela, C. Modification of textiles for functional applications. In Fundamentals of
Natural Fibres and Textiles (The Textile Institute Book Series); Mondal, M.I.H., Ed.; Woodhead Publishing, Elsevier Ltd.: Cambridge,
UK, 2021; pp. 303–365. ISBN 9780128214831.

51. Vilela, C.; Silvestre, A.J.D.; Figueiredo, F.M.L.; Freire, C.S.R. Nanocellulose-based materials as components of polymer electrolyte
fuel cells. J. Mater. Chem. A 2019, 7, 20045–20074. [CrossRef]

52. Selyanchyn, O.; Selyanchyn, R.; Lyth, S.M. A Review of Proton Conductivity in Cellulosic Materials. Front. Energy Res. 2020, 8,
596164. [CrossRef]

53. Vilela, C.; Morais, J.D.; Silva, A.C.Q.; Muñoz-Gil, D.; Figueiredo, F.M.L.; Silvestre, A.J.D.; Freire, C.S.R. Flexible nanocellu-
lose/lignosulfonates ion conducting separators for polymer electrolyte fuel cells. Nanomaterials 2020, 10, 1713. [CrossRef]

54. Hoeng, F.; Denneulin, A.; Bras, J. Use of nanocellulose in printed electronics: A review. Nanoscale 2016, 8, 13131–13154. [CrossRef]
[PubMed]

55. Pinto, R.J.B.; Martins, M.A.; Lucas, J.M.F.; Vilela, C.; Sales, A.J.M.; Costa, L.C.; Marques, P.A.A.P.; Freire, C.S.R. High-
electroconductive nanopapers based on nanocellulose and copper nanowires: A new generation of flexible and sustainable
electrical materials. ACS Appl. Mater. Interfaces 2020, 12, 34208–34216. [CrossRef] [PubMed]

56. Mohammed, N.; Grishkewich, N.; Tam, K.C. Cellulose nanomaterials: Promising sustainable nanomaterials for application in
water/wastewater treatment processes. Environ. Sci. Nano 2018, 5, 623–658. [CrossRef]

57. Wang, D. A critical review of cellulose-based nanomaterials for water purification in industrial processes. Cellulose 2019, 26,
687–701. [CrossRef]

58. Silva, N.H.C.S.; Figueira, P.; Fabre, E.; Pinto, R.J.B.; Pereira, M.E.; Silvestre, A.J.D.; Marrucho, I.M.; Vilela, C.; Freire, C.S.R. Dual
nanofibrillar-based bio-sorbent films composed of nanocellulose and lysozyme nanofibrils for mercury removal from spring
waters. Carbohydr. Polym. 2020, 238, 116210. [CrossRef]

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

60. Silva, F.A.G.S.; Dourado, F.; Gama, M.; Poças, F. Nanocellulose bio-based composites for food packaging. Nanomaterials 2020, 10,
1–29. [CrossRef] [PubMed]

61. Bastante, C.C.; Silva, N.H.C.S.; Cardoso, L.C.; Serrano, C.M.; Martínez de la Ossa, E.J.; Freire, C.S.R.; Vilela, C. Biobased films of
nanocellulose and mango leaf extract for active food packaging: Supercritical impregnation versus solvent casting. Food Hydrocoll.
2021, 117, 106709. [CrossRef]

62. Chantereau, G.; Sharma, M.; Abednejad, A.; Vilela, C.; Costa, E.M.; Veiga, M.; Antunes, F.; Pintado, M.M.; Sèbe, G.; Coma, V.; et al.
Bacterial nanocellulose membranes loaded with vitamin B-based ionic liquids for dermal care applications. J. Mol. Liq. 2020, 302,
112547. [CrossRef]

63. Almeida, T.; Silvestre, A.J.D.; Vilela, C.; Freire, C.S.R. Bacterial nanocellulose toward green cosmetics: Recent progresses and
challenges. Int. J. Mol. Sci. 2021, 22, 2836. [CrossRef]

64. Silvestre, A.J.D.; Freire, C.S.R.; Neto, C.P. Do bacterial cellulose membranes have potential in drug-delivery systems? Expert Opin.
Drug Deliv. 2014, 11, 1113–1124. [CrossRef] [PubMed]

http://doi.org/10.1021/cr300242j
http://www.ncbi.nlm.nih.gov/pubmed/23540980
http://doi.org/10.1039/C6NR09494E
http://doi.org/10.2147/NSA.S64386
http://doi.org/10.1038/s41578-020-00239-y
http://doi.org/10.3390/nano11082057
http://www.ncbi.nlm.nih.gov/pubmed/34443888
http://doi.org/10.1021/cr900339w
http://doi.org/10.1098/rsta.2017.0040
http://www.ncbi.nlm.nih.gov/pubmed/29277738
http://doi.org/10.1039/C8GC00205C
http://doi.org/10.1039/C9TA07466J
http://doi.org/10.3389/fenrg.2020.596164
http://doi.org/10.3390/nano10091713
http://doi.org/10.1039/C6NR03054H
http://www.ncbi.nlm.nih.gov/pubmed/27346635
http://doi.org/10.1021/acsami.0c09257
http://www.ncbi.nlm.nih.gov/pubmed/32588615
http://doi.org/10.1039/C7EN01029J
http://doi.org/10.1007/s10570-018-2143-2
http://doi.org/10.1016/j.carbpol.2020.116210
http://doi.org/10.1016/j.indcrop.2016.03.013
http://doi.org/10.3390/nano10102041
http://www.ncbi.nlm.nih.gov/pubmed/33081126
http://doi.org/10.1016/j.foodhyd.2021.106709
http://doi.org/10.1016/j.molliq.2020.112547
http://doi.org/10.3390/ijms22062836
http://doi.org/10.1517/17425247.2014.920819
http://www.ncbi.nlm.nih.gov/pubmed/24847913


Nanomaterials 2021, 11, 2744 30 of 35

65. Carvalho, J.P.F.; Silva, A.C.Q.; Bastos, V.; Oliveira, H.; Pinto, R.J.B.; Silvestre, A.J.D.; Vilela, C.; Freire, C.S.R. Nanocellulose-based
patches loaded with hyaluronic acid and diclofenac towards aphthous stomatitis treatment. Nanomaterials 2020, 10, 628. [CrossRef]

66. Chen, X.Y.; Chen, J.Y.; Tong, X.M.; Mei, J.G.; Chen, Y.F.; Mou, X.Z. Recent advances in the use of microcarriers for cell cultures and
their ex vivo and in vivo applications. Biotechnol. Lett. 2020, 42, 1–10. [CrossRef] [PubMed]

67. Courtenay, J.C.; Sharma, R.I.; Scott, J.L. Recent advances in modified cellulose for tissue culture applications. Molecules 2018,
23, 654. [CrossRef] [PubMed]

68. Van Osch, D.J.G.P.; Kollau, L.J.B.M.; Van Den Bruinhorst, A.; Asikainen, S.; Rocha, M.A.A.; Kroon, M.C. Ionic liquids and deep
eutectic solvents for lignocellulosic biomass fractionation. Phys. Chem. Chem. Phys. 2017, 19, 2636–2665. [CrossRef] [PubMed]

69. Baruah, J.; Nath, B.K.; Sharma, R.; Kumar, S.; Deka, R.C.; Baruah, D.C.; Kalita, E. Recent trends in the pretreatment of lignocellu-
losic biomass for value-added products. Front. Energy Res. 2018, 6, 141. [CrossRef]

70. Haldar, D.; Purkait, M.K. A review on the environment-friendly emerging techniques for pretreatment of lignocellulosic biomass:
Mechanistic insight and advancements. Chemosphere 2021, 264, 128523. [CrossRef] [PubMed]

71. Morais, E.S.; Lopes, A.M.C.; Freire, M.G.; Freire, C.S.R.; Coutinho, J.A.P.; Silvestre, A.J.D. Use of ionic liquids and deep eutectic
solvents in polysaccharides dissolution and extraction processes towards sustainable biomass valorization. Molecules 2020, 25,
3652. [CrossRef] [PubMed]

72. Trovatti, E.; Serafim, L.S.; Freire, C.S.R.; Silvestre, A.J.D.; Neto, C.P. Gluconacetobacter sacchari: An efficient bacterial cellulose
cell-factory. Carbohydr. Polym. 2011, 86, 1417–1420. [CrossRef]

73. Figueiredo, A.R.P.; Vilela, C.; Neto, C.P.; Silvestre, A.J.D.; Freire, C.S.R. Bacterial cellulose-based nanocomposites: Roadmap for
innovative materials. In Nanocellulose Polymer Composites; Thakur, V.K., Ed.; Scrivener Publishing LLC: Salem, MA, USA, 2015; pp.
17–64.

74. Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material. Angew. Chem. Int.
Ed. 2005, 44, 3358–3393. [CrossRef]

75. Vilela, C.; Pinto, R.J.B.; Figueiredo, A.R.P.; Neto, C.P.; Silvestre, A.J.D.; Freire, C.S.R. Development and applications of cellulose
nanofibers based polymer composites. In Advanced Composite Materials: Properties and Applications; Bafekrpour, E., Ed.; De Gruyter
Open: Berlin, Germany, 2017; pp. 1–65.

76. Li, T.; Chen, C.; Brozena, A.H.; Zhu, J.Y.; Xu, L.; Driemeier, C.; Dai, J.; Rojas, O.J.; Isogai, A.; Wågberg, L.; et al. Developing
fibrillated cellulose as a sustainable technological material. Nature 2021, 590, 47–56. [CrossRef]

77. Silvestre, A.J.D.; Freire, C.S.R.; Vilela, C. Special Issue: Advanced Biopolymer-Based Nanocomposites and Hybrid Materials.
Materials 2021, 14, 493. [CrossRef] [PubMed]

78. Valente, B.F.A.; Silvestre, A.J.D.; Neto, C.P.; Vilela, C.; Freire, C.S.R. Effect of the micronization of pulp fibers on the properties of
green composites. Molecules 2021, 26, 5594. [CrossRef]

79. Liebert, T. Cellulose solvents-remarkable history, bright future. In ACS Symposium Series; Liebert, T.F., Heinze, T.J., Edgar, K.J.,
Eds.; American Chemical Society: Washington, DC, USA, 2010; Volume 1033, pp. 3–54.

80. Sayyed, A.J.; Deshmukh, N.A.; Pinjari, D.V. A critical review of manufacturing processes used in regenerated cellulosic fibres:
Viscose, cellulose acetate, cuprammonium, LiCl/DMAc, ionic liquids, and NMMO based lyocell. Cellulose 2019, 26, 2913–2940.
[CrossRef]

81. Budtova, T.; Navard, P. Cellulose in NaOH–water based solvents: A review. Cellulose 2016, 23, 5–55. [CrossRef]
82. Miyamoto, I.; Inamoto, M.; Matsui, T.; Saito, M.; Okajima, K. Studies on structure of cuprammonium cellulose I. A circular

dichroism study on the dissolved state of cellulose in cuprammonium solution. Polym. J. 1995, 27, 1113–1122. [CrossRef]
83. Alexandridis, P.; Ghasemi, M.; Furlani, E.P.; Tsianou, M. Solvent processing of cellulose for effective bioresource utilization. Curr.

Opin. Green Sustain. Chem. 2018, 14, 40–52. [CrossRef]
84. Wan, Y.; An, F.; Zhou, P.; Li, Y.; Liu, Y.; Lu, C.; Chen, H. Regenerated cellulose I from LiCl·DMAc solution. Chem. Commun. 2017,

53, 3595–3597. [CrossRef] [PubMed]
85. Medronho, B.; Lindman, B. Brief overview on cellulose dissolution/regeneration interactions and mechanisms. Adv. Colloid

Interface Sci. 2015, 222, 502–508. [CrossRef] [PubMed]
86. Jedvert, K.; Heinze, T. Cellulose modification and shaping—A review. J. Polym. Eng. 2017, 37, 845–860. [CrossRef]
87. Onwukamike, K.N.; Tassaing, T.; Grelier, S.; Grau, E.; Cramail, H.; Meier, M.A.R. Detailed understanding of the DBU/CO2

switchable solvent system for cellulose solubilization and derivatization. ACS Sustain. Chem. Eng. 2018, 6, 1496–1503. [CrossRef]
88. Clough, M.T. Organic electrolyte solutions as versatile media for the dissolution and regeneration of cellulose. Green Chem. 2017,

19, 4754–4768. [CrossRef]
89. Kostag, M.; Jedvert, K.; Achtel, C.; Heinze, T.; El Seoud, O. Recent Advances in Solvents for the Dissolution, Shaping and

Derivatization of Cellulose: Quaternary Ammonium Electrolytes and their Solutions in Water and Molecular Solvents. Molecules
2018, 23, 511. [CrossRef] [PubMed]

90. Seddiqi, H.; Oliaei, E.; Honarkar, H.; Jin, J.; Geonzon, L.C.; Bacabac, R.G.; Klein-Nulend, J. Cellulose and its derivatives: Towards
biomedical applications. Cellulose 2021, 28, 1893–1931. [CrossRef]

91. Shi, W.; Ching, Y.C.; Chuah, C.H. Preparation of aerogel beads and microspheres based on chitosan and cellulose for drug
delivery: A review. Int. J. Biol. Macromol. 2021, 170, 751–767. [CrossRef]

92. Kim, M.H.; An, S.; Won, K.; Kim, H.J.; Lee, S.H. Entrapment of enzymes into cellulose-biopolymer composite hydrogel beads
using biocompatible ionic liquid. J. Mol. Catal. B Enzym. 2012, 75, 68–72. [CrossRef]

http://doi.org/10.3390/nano10040628
http://doi.org/10.1007/s10529-019-02738-7
http://www.ncbi.nlm.nih.gov/pubmed/31602549
http://doi.org/10.3390/molecules23030654
http://www.ncbi.nlm.nih.gov/pubmed/29538287
http://doi.org/10.1039/C6CP07499E
http://www.ncbi.nlm.nih.gov/pubmed/28071778
http://doi.org/10.3389/fenrg.2018.00141
http://doi.org/10.1016/j.chemosphere.2020.128523
http://www.ncbi.nlm.nih.gov/pubmed/33039689
http://doi.org/10.3390/molecules25163652
http://www.ncbi.nlm.nih.gov/pubmed/32796649
http://doi.org/10.1016/j.carbpol.2011.06.046
http://doi.org/10.1002/anie.200460587
http://doi.org/10.1038/s41586-020-03167-7
http://doi.org/10.3390/ma14030493
http://www.ncbi.nlm.nih.gov/pubmed/33494151
http://doi.org/10.3390/molecules26185594
http://doi.org/10.1007/s10570-019-02318-y
http://doi.org/10.1007/s10570-015-0779-8
http://doi.org/10.1295/polymj.27.1113
http://doi.org/10.1016/j.cogsc.2018.05.008
http://doi.org/10.1039/C7CC00450H
http://www.ncbi.nlm.nih.gov/pubmed/28294250
http://doi.org/10.1016/j.cis.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24931119
http://doi.org/10.1515/polyeng-2016-0272
http://doi.org/10.1021/acssuschemeng.7b04053
http://doi.org/10.1039/C7GC01776F
http://doi.org/10.3390/molecules23030511
http://www.ncbi.nlm.nih.gov/pubmed/29495344
http://doi.org/10.1007/s10570-020-03674-w
http://doi.org/10.1016/j.ijbiomac.2020.12.214
http://doi.org/10.1016/j.molcatb.2011.11.011


Nanomaterials 2021, 11, 2744 31 of 35

93. Druel, L.; Kenkel, A.; Baudron, V.; Buwalda, S.; Budtova, T. Cellulose Aerogel Microparticles via Emulsion-Coagulation Technique.
Biomacromolecules 2020, 21, 1824–1831. [CrossRef] [PubMed]

94. Chin, S.F.; Jimmy, F.B.; Pang, S.C. Size controlled fabrication of cellulose nanoparticles for drug delivery applications. J. Drug
Deliv. Sci. Technol. 2018, 43, 262–266. [CrossRef]

95. Shen, J.; Shafiq, M.; Ma, M.; Chen, H. Synthesis and surface engineering of inorganic nanomaterials based on microfluidic
technology. Nanomaterials 2020, 10, 1177. [CrossRef]

96. Vauthier, C.; Bouchemal, K. Methods for the Preparation and Manufacture of Polymeric Nanoparticles. Pharm. Res. 2009, 26,
1025–1058. [CrossRef]

97. Braz, A.L.; Ahmed, I. Manufacturing processes for polymeric micro and nanoparticles and their biomedical applications. AIMS
Bioeng. 2017, 4, 46–72. [CrossRef]

98. Crucho, C.I.C.; Barros, M.T. Polymeric nanoparticles: A study on the preparation variables and characterization methods. Mater.
Sci. Eng. C 2017, 80, 771–784. [CrossRef] [PubMed]

99. Sheth, T.; Seshadri, S.; Prileszky, T.; Helgeson, M.E. Multiple nanoemulsions. Nat. Rev. Mater. 2020, 5, 214–228. [CrossRef]
100. Lepeltier, E.; Bourgaux, C.; Couvreur, P. Nanoprecipitation and the “Ouzo effect”: Application to drug delivery devices. Adv.

Drug Deliv. Rev. 2014, 71, 86–97. [CrossRef] [PubMed]
101. Yan, X.; Bernard, J.; Ganachaud, F. Nanoprecipitation as a simple and straightforward process to create complex polymeric

colloidal morphologies. Adv. Colloid Interface Sci. 2021, 294, 102474. [CrossRef] [PubMed]
102. Tao, J.; Fung, S.; Zheng, Y. Application of flash nanoprecipitation to fabricate poorly water-soluble drug nanoparticles. Acta

Pharm. Sin. B 2019, 9, 4–18. [CrossRef] [PubMed]
103. Jo, Y.K.; Lee, D. Biopolymer microparticles prepared by microfluidics for biomedical applications. Small 2020, 16, 1903736.

[CrossRef]
104. Kung, C.T.; Gao, H.; Lee, C.Y.; Wang, Y.N.; Dong, W.; Ko, C.H.; Wang, G.; Fu, L.M. Microfluidic synthesis control technology and

its application in drug delivery, bioimaging, biosensing, environmental analysis and cell analysis. Chem. Eng. J. 2020, 399, 125748.
[CrossRef]

105. Li, W.; Zhang, L.; Ge, X.; Xu, B.; Zhang, W.; Qu, L.; Choi, C.H.; Xu, J.; Zhang, A.; Lee, H.; et al. Microfluidic fabrication of
microparticles for biomedical applications. Chem. Soc. Rev. 2018, 47, 5646–5683. [CrossRef] [PubMed]

106. Fontana, F.; Ferreira, M.P.A.; Correia, A.; Hirvonen, J.; Santos, H.A. Microfluidics as a cutting-edge technique for drug delivery
applications. J. Drug Deliv. Sci. Technol. 2016, 34, 76–87. [CrossRef]

107. Boskovic, D.; Loebbecke, S. Synthesis of polymer particles and capsules employing microfluidic techniques. Nanotechnol. Rev.
2014, 3, 27–38. [CrossRef]

108. Kashani, S.Y.; Afzalian, A.; Shirinichi, F.; Moraveji, M.K. Microfluidics for core-shell drug carrier particles—A review. RSC Adv.
2020, 11, 229–249. [CrossRef]

109. Liu, Y.; Li, Y.; Hensel, A.; Brandner, J.J.; Zhang, K.; Du, X.; Yang, Y. A review on emulsification via microfluidic processes. Front.
Chem. Sci. Eng. 2020, 14, 350–364. [CrossRef]

110. Vilela, C.; Figueiredo, A.R.P.; Silvestre, A.J.D.; Freire, C.S.R. Multilayered materials based on biopolymers as drug delivery
systems. Expert Opin. Drug Deliv. 2017, 14, 189–200. [CrossRef] [PubMed]

111. Xie, J.; Jiang, J.; Davoodi, P.; Srinivasan, M.P.; Wang, C.H. Electrohydrodynamic atomization: A two-decade effort to produce and
process micro-/nanoparticulate materials. Chem. Eng. Sci. 2015, 125, 32–57. [CrossRef]

112. Lin, X.; Ma, W.; Wu, H.; Huang, L.; Chen, L.; Takahara, A. Fabrication of cellulose based superhydrophobic microspheres for the
production of magnetically actuatable smart liquid marbles. J. Bioresour. Bioprod. 2017, 2, 110–115. [CrossRef]

113. Zhang, W.; Wang, X.; Wang, J.; Zhang, L. Drugs adsorption and release behavior of collagen/bacterial cellulose porous
microspheres. Int. J. Biol. Macromol. 2019, 140, 196–205. [CrossRef]

114. Simões, M.G.; Coimbra, P.; Carreira, A.S.; Figueiredo, M.M.; Gil, M.H.; Simões, P.N. Eugenol-loaded microspheres incorporated
into textile substrates. Cellulose 2020, 27, 4109–4121. [CrossRef]

115. Park, S.; Oh, Y.; Yun, J.; Yoo, E.; Jung, D.; Oh, K.K.; Lee, S.H. Cellulose/biopolymer/Fe3O4 hydrogel microbeads for dye and
protein adsorption. Cellulose 2020, 27, 2757–2773. [CrossRef]

116. Yu, J.; Huang, T.-R.; Lim, Z.H.; Luo, R.; Pasula, R.R.; Liao, L.-D.; Lim, S.; Chen, C.-H. Production of Hollow Bacterial Cellulose
Microspheres Using Microfluidics to Form an Injectable Porous Scaffold for Wound Healing. Adv. Healthc. Mater. 2016, 5,
2983–2992. [CrossRef] [PubMed]

117. Higashi, K.; Miki, N. Hydrogel fiber cultivation method for forming bacterial cellulose microspheres. Micromachines 2018, 9, 36.
[CrossRef] [PubMed]

118. Song, J.; Babayekhorasani, F.; Spicer, P.T. Soft bacterial cellulose microcapsules with adaptable shapes. Biomacromolecules 2019, 20,
4437–4446. [CrossRef] [PubMed]

119. Zhang, M.; Guo, W.; Ren, M.; Ren, X. Fabrication of porous cellulose microspheres with controllable structures by microfluidic
and flash freezing method. Mater. Lett. 2020, 262, 127193. [CrossRef]

120. Liu, Y.; Nambu, N.O.; Taya, M. Cell-laden microgel prepared using a biocompatible aqueous two-phase strategy. Biomed.
Microdevices 2017, 19, 55. [CrossRef]

121. Levin, D.; Saem, S.; Osorio, D.A.; Cerf, A.; Cranston, E.D.; Moran-Mirabal, J.M. Green templating of ultraporous cross-linked
cellulose nanocrystal microparticles. Chem. Mater. 2018, 30, 8040–8051. [CrossRef]

http://doi.org/10.1021/acs.biomac.9b01725
http://www.ncbi.nlm.nih.gov/pubmed/32011867
http://doi.org/10.1016/j.jddst.2017.10.021
http://doi.org/10.3390/nano10061177
http://doi.org/10.1007/s11095-008-9800-3
http://doi.org/10.3934/bioeng.2017.1.46
http://doi.org/10.1016/j.msec.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28866227
http://doi.org/10.1038/s41578-019-0161-9
http://doi.org/10.1016/j.addr.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24384372
http://doi.org/10.1016/j.cis.2021.102474
http://www.ncbi.nlm.nih.gov/pubmed/34311157
http://doi.org/10.1016/j.apsb.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30766774
http://doi.org/10.1002/smll.201903736
http://doi.org/10.1016/j.cej.2020.125748
http://doi.org/10.1039/C7CS00263G
http://www.ncbi.nlm.nih.gov/pubmed/29999050
http://doi.org/10.1016/j.jddst.2016.01.010
http://doi.org/10.1515/ntrev-2013-0014
http://doi.org/10.1039/D0RA08607J
http://doi.org/10.1007/s11705-019-1894-0
http://doi.org/10.1080/17425247.2016.1214568
http://www.ncbi.nlm.nih.gov/pubmed/27488175
http://doi.org/10.1016/j.ces.2014.08.061
http://doi.org/10.21967/jbb.v2i3.132
http://doi.org/10.1016/j.ijbiomac.2019.08.139
http://doi.org/10.1007/s10570-020-03010-2
http://doi.org/10.1007/s10570-020-02974-5
http://doi.org/10.1002/adhm.201600898
http://www.ncbi.nlm.nih.gov/pubmed/27805793
http://doi.org/10.3390/mi9010036
http://www.ncbi.nlm.nih.gov/pubmed/30393309
http://doi.org/10.1021/acs.biomac.9b01143
http://www.ncbi.nlm.nih.gov/pubmed/31661248
http://doi.org/10.1016/j.matlet.2019.127193
http://doi.org/10.1007/s10544-017-0198-8
http://doi.org/10.1021/acs.chemmater.8b03858


Nanomaterials 2021, 11, 2744 32 of 35

122. Kaufman, G.; Mukhopadhyay, S.; Rokhlenko, Y.; Nejati, S.; Boltyanskiy, R.; Choo, Y.; Loewenberg, M.; Osuji, C.O. Highly stiff yet
elastic microcapsules incorporating cellulose nanofibrils. Soft Matter 2017, 13, 2733–2737. [CrossRef]

123. Yeap, E.W.Q.; Acevedo, A.J.; Khan, S.A. Microfluidic extractive crystallization for spherical drug/drug-excipient microparticle
production. Org. Process Res. Dev. 2019, 23, 375–381. [CrossRef]

124. Yeap, E.W.Q.; Ng, D.Z.L.; Prhashanna, A.; Somasundar, A.; Acevedo, A.J.; Xu, Q.; Salahioglu, F.; Garland, M.V.; Khan, S.A.
Bottom-up structural design of crystalline drug-excipient composite microparticles via microfluidic droplet-based processing.
Cryst. Growth Des. 2017, 17, 3030–3039. [CrossRef]

125. Pepicelli, M.; Binelli, M.R.; Studart, A.R.; Rühs, P.A.; Fischer, P. Self-grown bacterial cellulose capsules made through emulsion
templating. ACS Biomater. Sci. Eng. 2021, 7, 3221–3228. [CrossRef]

126. Guarino, V.; Altobelli, R.; Caputo, T.; Ambrosio, L.; Caserta, S.; Calcagnile, P.; Demitri, C. Mono- and bi-phasic cellulose acetate
micro-vectors for anti-inflammatory drug delivery. Pharmaceutics 2019, 11, 87. [CrossRef] [PubMed]

127. Zhang, F.; Wu, W.; Zhang, X.; Meng, X.; Tong, G.; Deng, Y. Temperature-sensitive poly-NIPAm modified cellulose nanofibril
cryogel microspheres for controlled drug release. Cellulose 2016, 23, 415–425. [CrossRef]

128. Deng, J.-R.; Zhao, C.-L.; Wu, Y.-X. Antibacterial and pH-responsive quaternized hydroxypropyl cellulose-g-poly(THF-co-
epichlorohydrin) graft copolymer: Synthesis, characterization and properties. Chin. J. Polym. Sci. 2020, 38, 704–714. [CrossRef]

129. Zhang, F.; Ren, H.; Dou, J.; Tong, G.; Deng, Y. Cellulose nanofibril based-aerogel microreactors: A high efficiency and easy
recoverable W/O/W membrane separation system. Sci. Rep. 2017, 7, 40096. [CrossRef]

130. Kim, T.H.; Lee, S.H.; Kim, J.C. Spray-dried microparticles composed of carboxylated cellulose nanofiber and cysteamine and their
oxidation-responsive release property. Colloid Polym. Sci. 2020, 298, 157–167. [CrossRef]

131. Wang, F.J.; Lu, F.S.; Cui, M.; Shao, Z.Q. Biocompatible microcapsule of carboxymethyl cellulose/chitosan as drug carrier. Adv.
Mater. Res. 2015, 1118, 227–236. [CrossRef]

132. Paulraj, T.; Riazanova, A.V.; Svagan, A.J. Bioinspired capsules based on nanocellulose, xyloglucan and pectin—The influence of
capsule wall composition on permeability properties. Acta Biomater. 2018, 69, 196–205. [CrossRef] [PubMed]

133. Mohammed, H.A.; Al-Omar, M.S.; El-Readi, M.Z.; Alhowail, A.H.; Aldubayan, M.A.; Abdellatif, A.A.H. Formulation of ethyl
cellulose microparticles incorporated pheophytin a isolated from suaeda vermiculata for antioxidant and cytotoxic activities.
Molecules 2019, 24, 1501. [CrossRef]

134. Nethaji, R.; Shanub, S.; Manikandan, P.; Surendiran, N.S.; Babu, G. Preparation and characterization of ethyl cellulose microspheres
containing diclofenac sodium. Int. J. Res. Pharm. Nano Sci. 2016, 5, 224–234.

135. Wang, S.; Yang, Y.; Lu, A.; Zhang, L. Construction of cellulose/ZnO composite microspheres in NaOH/zinc nitrate aqueous
solution via one-step method. Cellulose 2019, 26, 557–568. [CrossRef]

136. Pei, Y.; Wu, X.; Xu, G.; Sun, Z.; Zheng, X.; Liu, J.; Tang, K. Tannin-immobilized cellulose microspheres as effective adsorbents for
removing cationic dye (Methylene Blue) from aqueous solution. J. Chem. Technol. Biotechnol. 2017, 92, 1276–1284. [CrossRef]

137. Sha, Q.; Wu, Y.; Wang, C.; Sun, B.; Zhang, Z.; Zhang, L.; Lin, Y.; Liu, X. Cellulose microspheres-filled pipet tips for purification
and enrichment of glycans and glycopeptides. J. Chromatogr. A 2018, 1569, 8–16. [CrossRef] [PubMed]

138. OBrien, J.C.; Torrente-Murciano, L.; Mattia, D.; Scott, J.L. Continuous production of cellulose microbeads via membrane
emulsification. ACS Sustain. Chem. Eng. 2017, 5, 5931–5939. [CrossRef]

139. Omura, T.; Suzuki, T.; Minami, H. Preparation of cellulose particles with a hollow structure. Langmuir 2020, 36, 14076–14082.
[CrossRef]

140. Murakami, M.; Matsumoto, A.; Watanabe, C.; Kurumado, Y.; Takama, M. Fabrication of porous ethyl cellulose microspheres
based on the acetone-glycerin-water ternary system: Controlling porosity via the solvent-removal mode. Drug Discov. Ther. 2015,
9, 303–309. [CrossRef]

141. Abbaspoor, S.; Ashrafi, A.; Salehi, M. Synthesis and characterization of ethyl cellulose micro/nanocapsules using solvent
evaporation method. Colloid Polym. Sci. 2018, 296, 1509–1514. [CrossRef]

142. Zhang, C.; Zhai, T.; Turng, L.S. Aerogel microspheres based on cellulose nanofibrils as potential cell culture scaffolds. Cellulose
2017, 24, 2791–2799. [CrossRef]

143. Lin, W.H.; Jana, S.C. Analysis of porous structures of cellulose aerogel monoliths and microparticles. Microporous Mesoporous
Mater. 2021, 310, 110625. [CrossRef]

144. Wang, Y.; Yuan, X.; Yu, K.; Meng, H.; Zheng, Y.; Peng, J.; Lu, S.; Liu, X.; Xie, Y.; Qiao, K. Fabrication of nanofibrous microcarriers
mimicking extracellular matrix for functional microtissue formation and cartilage regeneration. Biomaterials 2018, 171, 118–132.
[CrossRef] [PubMed]

145. Peng, S.; Gao, F.; Zeng, D.; Peng, C.; Chen, Y.; Li, M. Synthesis of Ag–Fe3O4 nanoparticles supported on polydopamine-
functionalized porous cellulose acetate microspheres: Catalytic and antibacterial applications. Cellulose 2018, 25, 4771–4782.
[CrossRef]

146. Huang, A.; Li, X.; Liang, X.; Zhang, Y.; Hu, H.; Yin, Y.; Huang, Z. Solid-phase synthesis of cellulose acetate butyrate as microsphere
wall materials for sustained release of emamectin benzoate. Polymers 2018, 10, 1381. [CrossRef]

147. Lee, H. Bin; Yoon, S.Y.; Singh, B.; Oh, S.H.; Cui, L.; Yan, C.; Kang, S.K.; Choi, Y.J.; Cho, C.S. Oral immunization of FMDV vaccine
using pH-sensitive and mucoadhesive thiolated cellulose acetate phthalate microparticles. Tissue Eng. Regen. Med. 2018, 15, 1–11.
[CrossRef]

http://doi.org/10.1039/C7SM00092H
http://doi.org/10.1021/acs.oprd.8b00432
http://doi.org/10.1021/acs.cgd.6b01701
http://doi.org/10.1021/acsbiomaterials.1c00399
http://doi.org/10.3390/pharmaceutics11020087
http://www.ncbi.nlm.nih.gov/pubmed/30781728
http://doi.org/10.1007/s10570-015-0799-4
http://doi.org/10.1007/s10118-020-2372-3
http://doi.org/10.1038/srep40096
http://doi.org/10.1007/s00396-019-04591-6
http://doi.org/10.4028/www.scientific.net/AMR.1118.227
http://doi.org/10.1016/j.actbio.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29341931
http://doi.org/10.3390/molecules24081501
http://doi.org/10.1007/s10570-018-2201-9
http://doi.org/10.1002/jctb.5121
http://doi.org/10.1016/j.chroma.2018.07.053
http://www.ncbi.nlm.nih.gov/pubmed/30041872
http://doi.org/10.1021/acssuschemeng.7b00662
http://doi.org/10.1021/acs.langmuir.0c02646
http://doi.org/10.5582/ddt.2015.01053
http://doi.org/10.1007/s00396-018-4371-2
http://doi.org/10.1007/s10570-017-1295-9
http://doi.org/10.1016/j.micromeso.2020.110625
http://doi.org/10.1016/j.biomaterials.2018.04.033
http://www.ncbi.nlm.nih.gov/pubmed/29684676
http://doi.org/10.1007/s10570-018-1886-0
http://doi.org/10.3390/polym10121381
http://doi.org/10.1007/s13770-017-0082-x


Nanomaterials 2021, 11, 2744 33 of 35

148. Suflet, D.M.; Popescu, I.; Pelin, I.M. Preparation and adsorption studies of phosphorylated cellulose microspheres. Cellul. Chem.
Technol. 2017, 51, 23–34.

149. Wu, Q.X.; Lin, D.Q.; Yao, S.J. Fabrication and formation studies on single-walled CA/NaCS-WSC microcapsules. Mater. Sci. Eng.
C 2016, 59, 909–915. [CrossRef] [PubMed]

150. Muhaimin; Bodmeier, R. Effect of solvent type on preparation of ethyl cellulose microparticles by solvent evaporation method
with double emulsion system using focused beam reflectance measurement. Polym. Int. 2017, 66, 1448–1455. [CrossRef]

151. Setyono, D.; Valiyaveettil, S. Use of porous cellulose microcapsules for water treatment. RSC Adv. 2015, 5, 83286–83294. [CrossRef]
152. Wu, J.H.; Wang, X.J.; Li, S.J.; Ying, X.Y.; Hu, J.B.; Xu, X.L.; Kang, X.Q.; You, J.; Du, Y.Z. Preparation of ethyl cellulose microspheres

for sustained release of sodium bicarbonate. Iran. J. Pharm. Res. 2019, 18, 556–568. [CrossRef]
153. Paulo, F.; Santos, L. Inclusion of hydroxytyrosol in ethyl cellulose microparticles: In vitro release studies under digestion

conditions. Food Hydrocoll. 2018, 84, 104–116. [CrossRef]
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