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Abstract
Nanocellulose, which can exist as either cellulose nanocrystals or cellulose nanofibrils, has been used as a biomaterial 
for drug delivery owing to its non-immunogenicity, biocompatibility, high specific area, good mechanical properties, 
and variability for chemical modification. Various water-soluble drugs can be bound to and released from nanocelluloses 
through electrostatic interactions. The high specific surface area of nanocellulose allows for high specific drug loading. 
Additionally, a broad spectrum of drugs can bind to nanocellulose after facile chemical modifications of its surface. 
Controlled release can be achieved for various pharmaceuticals when the nanocellulose surface is chemically modified 
or physically formulated in an adequate manner. This review summarizes the potential applications of nanocelluloses 
in drug delivery according to published studies on drug delivery systems.
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Introduction

Nanocellulose, a nanoscale cellulosic material, is a natu-
rally occurring and abundant biomass. Nanocelluloses can 
be classified into three types depending on whether they are 
prepared through chemical or mechanical processes or ob-
tained from bacteria: cellulose nanocrystals (CNCs), cellu-
lose nanofibrils (CNFs), and bacterial cellulose (BC) 
(Abitbol et al. 2016). CNCs are mainly prepared from 
amorphous celluloses through acid hydrolysis, where those 
obtained from plant sources have a crystallinity of approx-
imately 90% and dimensions of 4-20 nm in diameter 
×100-500 nm in length. CNFs have a length in the order 
of 1 m and contain both a crystalline and an amorphous 

cellulose domain. Mechanical or chemical methods or com-
binations of both have been used to prepare CNFs from 
lignocellulosic fibers. BC, a type of extracellular nano-
cellulose that is synthesized by microorganisms such as 
Gluconacetobacter xylinus, has a diameter of approximately 
20-100 nm and a length of several micrometers. Unlike cel-
lulosic materials obtained from plants, BC is free of lignin 
and hemicellulose.

Each type of nanocellulose has its own crystallinity, as-
pect ratio, surface chemistry, and exhibits properties differ-
ent to the other types (Xu et al. 2013; Sacui et al. 2014). For 
example, CNC has a high Young’s modulus and tensile 
strength owing to its high crystallinity. CNFs are entangled 
with one another, forming viscous aqueous suspensions 
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even at concentrations below 1% (w/w). The BC nanofibers 
can also be entangled to form network structures. CNCs 
that are prepared through sulfuric acid hydrolysis have a 
surface that facilitates the attachment of sulfate half-ester 
groups, the electrostatic repulsion among which results in 
colloidally stable aqueous suspensions. Moreover, rod-like 
CNCs exhibit a concentration-dependent, liquid crystal-
line, self-assembly behavior. 

Nanocelluloses have applications in various fields, in-
cluding as cosmetic additives, rheology modifiers for foods, 
packaging materials, materials with antimicrobial activity, 
sensors, shape memory materials, biomaterials for tissue 
culture scaffolds, implants, wound dressing, and drug de-
livery carriers (Shanmuganathan et al. 2010; Qiu and Hu 
2013; Lin and Dufresne 2014; Plackett et al. 2014; Jorfi 
and Foster 2015). Recently, nanocellulose has been used as 
a material for drug delivery systems because it is known to 
be non-immunogenic and biocompatible, has a high specif-
ic surface area and good mechanical properties, and can be 
easily chemically modified (Kolakovic et al. 2011). Various 
water-soluble drugs can bind to and release from nano-
cellulose through electrostatic interactions. The high spe-
cific surface area of nanocellulose allows for high specific 
drug loading, and chemical modification of the nano-
cellulose surface can broaden the spectrum of drugs capa-
ble of binding to it. For various pharmaceuticals, nano-
cellulose materials can facilitate different forms of con-
trolled release (e.g., sustained release, zero order-like re-
lease, stimuli-responsive release, and targeted release) if 
chemically modified or physically formulated in an ad-
equate manner. In this review, the potential applications of 
nanocellulose materials to drug delivery are summarized 
based on a literature review. Additionally, drug delivery car-
rier-related studies are briefly reviewed, and various ideas 
for the use of nanocellulose as a drug delivery material are 
suggested.

Literature Review of Nanocellulose in 
Drug Delivery Systems

Based on a literature review, the potential applications of 
nanocelluloses in drug delivery systems according to their 
different types are summarized below.

Cellulose nanocrystals

CNCs incorporated into calcium cross-linked alginate 
microspheres have been shown to increase the loading effi-
ciency of theophylline (a drug used in the treatment of res-
piratory diseases) and to facilitate sustained drug release 
(Plackett et al. 2014). The CNC was speculated to suppress 
burst release in the early stage, while being able to sustain 
the drug release over a long time. A hydrogel composed of 
beta-cyclodextrin (-CD), CNCs, and Pluronic polymer 
was developed using the nanocellulose component as a 
cross-linking junction (Lin and Dufresne 2013). The 
-CDs were grafted onto the CNC surface and then con-
nected to each other as host-guest inclusions. The hydrogel 
exhibited a prolonged release of the anticancer drug 
doxorubicin. The CNC was speculated to suppress the re-
lease of the anticancer agent when incorporated into the hy-
drogel mesh. In another study, the CNC surface was modi-
fied with an aromatic linker to allow efficient binding of 
amine-containing drugs and to facilitate their controlled re-
lease (Dash and Ragauskas 2012). CNCs have also been 
surface modified with cetyltrimethylammonium bromide 
through electrostatic attraction, whereupon a hydrophobic 
domain was formed on the nanocellulose surface that al-
lowed the loading of hydrophobic anticancer drugs (pacli-
taxel, docetaxel, and etoposide). The drug release was de-
layed in the release medium (phosphate-buffered saline 
(PBS)) and the surface-modified CNC was absorbed by 
cells in vitro (Jackson et al. 2011; Plackett et al. 2014). One 
research team conjugated folic acid to CNCs to aim the an-
ticancer agents toward cancer cells. Fluorescence imaging 
revealed that CNCs bound to the cells readily and in-
ternalized through endocytosis (Dong et al. 2014). 
Positively charged drugs, such as doxorubicin and tetracy-
cline hydrochloride, were found to bind readily (through 
ionic bonding) to sulfated CNCs that had been produced 
by sulfuric acid hydrolysis. Most of these drugs were re-
leased from the CNCs within 4 h under physiological con-
ditions (10 mM PBS, 37°C), possibly owing to ion ex-
changes (Jackson et al. 2011). As excipients, pure and cati-
onic Conks have been investigated in terms of their capacity 
to bind water-soluble antibiotics (e.g., tetracycline and dox-
orubicin) and non-ionized hydrophobic anticancer agents 
(e.g., docetaxel, paclitaxel, and etoposide) (Jackson et al. 
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2011). Carboxylated CNCs, prepared through (2, 2, 6, 
6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO) mod-
ification, were coupled with a chitosan oligosaccharide 
through an amidation reaction. Procaine hydrochloride (a 
local anesthetic) was loaded onto the chitosan-conjugated 
CNCs to investigate the drug release profile. Because the 
conjugate exhibited an initial burst re¬lease of the drug in 
PBS, its application as a wound dressing was proposed 
(Akhlaghi et al. 2013). CNFs and CNCs coated with a bi-
functional fusion protein film could adsorb hydrophobic 
solid-drug nanoparticles and enhance the drug’s stability 
under physiological conditions (Varjonen et al. 2011). In 
another study, complexes composed of chitosan and CNCs 
were prepared by exploiting the electrostatic attraction be-
tween the amino group of chitosan and the sulfate group of 
CNC. The polyelectrolyte-macro ion complex could be ap-
plied as a carrier for intestinal drug delivery (Wang and 
Roman 2011). To date, CNC-related toxicity has not been 
reported. However, extensive studies are required to con-
firm the safety of CNCs for application in the human body.

Cellulose nanofibrils

Several model drugs, such as indomethacin, metoprolol 
tartrate, verapamil hydrochloride, nadolol, ibuprofen, and 
atenolol, have been loaded onto CNF microspheres 
through spray drying. In the release medium (distilled wa-
ter and PBS), the microspheres rapidly released their pay-
loads for the first 10-14 days after which the release slowed 
down substantially for up to 60 days. The microparticles re-
leased their payload in a sustained manner over 2 months. 
The solubility and binding affinity of the drugs to the 
CNFs were thought to be determinants for the release ki-
netics (Kolakovic et al. 2012a). Spray-dried CNFs have 
been investigated as a tablet excipient and exhibited faster 
disintegration compared with a tablet prepared using a 
commercial excipient (viz., Avicel) with a pH of 1-2. This 
suggested that spray-dried CNFs could be used as an ex-
cipient in the tablet formulation of aqueous nanocellulose 
suspensions (Gavillon and Budtova 2008; Liebner et al. 
2010). In one study, drug-loaded nanoparticles were em-
bedded in four different CNF aerogels for controlled drug 
release, where the CNF type was reported to affect the drug 
release profile (Valo et al. 2013). In another study, CNF 
film prepared through filtration processing released the 

model drugs in a sustained manner for more than 3 months. 
Diffusion-limited release was observed with indomethacin 
(a non-steroidal anti-inflammatory agent), whereas zero-or-
der release was obtained with itraconazole (a triazole anti-
fungal agent) and beclomethasone (a steroidal anti-in-
flammatory agent). The solubility of the drug in the dis-
solution medium and its binding affinity to the CNF chains 
had an effect on the release kinetics (Kolakovic et al. 
2012b). Silver nanoclusters (AgNC) attached to CNF 
films have been prepared by immersing the CNF film 
(prepared using the casting method) into an AgNC 
solution. The CNF-AgNC films exhibited in vitro anti-
bacterial activity and could be applied to wound dressings 
(Diez et al. 2011). A genetically engineered hydrophobin 
fusion protein was coupled with cellulose-binding domains 
(CBD) and then coated with itraconazole nanoparticles. 
These coated drug nanoparticles could bind to CNFs by 
exploiting the cellulose-binding capability of the CBD. In 
this manner, the formulation and shelf stability of the drug 
nanoparticles were enhanced (Valo et al. 2011). Multilayers 
composed of CNFs and N-isopropylacrylamide have been 
prepared to release their payloads in response to temper-
ature changes (Utsel et al. 2010). The use of CNFs in drug 
formulations, with a focus on poorly soluble drugs, has also 
been reported (Löbmann and Svagan 2017). The poor 
aqueous solubility of drugs is one of the most challenging 
characteristics to overcome in drug delivery systems. CNFs 
are also attractive as excipients and stabilizers for crystalline 
drug nanoparticles, as matrix formers to obtain a long-last-
ing sustained drug release over several weeks, and as film 
formers with immediate-release properties for poorly solu-
ble drugs (Löbmann and Svagan 2017; Gopi et al. 2018). 
CNF aerogels with favorable floatability and mucoadhesive 
properties have been reported as possible carriers for con-
trolled oral drug delivery systems (Bhandari et al. 2017).

Bacterial cellulose 

BC can absorb liquids and imbibe moisture efficiently. 
Moreover, because it can eliminate exudate from wounded 
skin and provide moisture adequately, it is used mainly in 
preparing wound-healing products (Alvarez et al. 2004; 
Czaja et al. 2007). Exudate removal and skin moisturiza-
tion are important for normal wound healing (Sulaeva et al. 
2015). A BC film with antibacterial activity was prepared 
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by immersing a lyophilized BC film in a benzalkonium 
chloride (BZK) solution and then lyophilizing the wet film. 
The BZK-loaded dry film exhibited a high water-absorbing 
capacity and sustained antibacterial activity (for 24 h), and 
could therefore be used as a wound dressing film (Wei et al. 
2011). A BC membrane that was capable of releasing anti-
biotics (e.g., ampicillin and gentamicin) in a sustained man-
ner without an initial burst release was prepared to inves-
tigate its potential application to wound dressing, and was 
found to exhibit a high water uptake capacity (∼66% swel-
ling ratio) and maintain its antibacterial activity for 3 days 
(Kaplan et al. 2014). In another study, silver nanoparticles 
(AgNP) were deposited onto BC fibers by first modifying 
the BC fibers with TEMPO and then exposing the car-
boxylated BC fibers to a silver nitrate solution. The AgNPs 
prepared with this method exhibited a narrow size 
distribution. The AgNPs deposited onto the BC fibers 
could be used as an antimicrobial material for wound dress-
ing (Ifuku et al. 2009). Antimicrobial porous hybrids com-
posed of AgNPs and BC have been prepared through a 
three-step BC modification process: the activation of BC 
through treatment with N,Nʹ-carbonyldiimidazole, the im-
mersion of the activated BC into a 1,4-diaminobutane sol-
ution, and the exposure of the BC to an aqueous solution of 
sodium acetate and silver nitrate. The AgNPs could bind 
chemically to the activated BC fibers owing to the amine 
groups introduced into the fibers. The AgNPs-BC porous 
hybrids could be applied to antimicrobial wound dressings 
(Berndt et al. 2013). BCs impregnated with silver sulfadia-
zine particles were shown to exhibit high in vitro anti-
microbial activity and promote in vivo burn wound healing 
(Wen et al. 2015). A BC membrane was used as a carrier 
for the transdermal delivery of a drug because of its capa-
bility of releasing payloads, which in turn diffused into the 
skin or systemic circulation without deteriorating the skin 
barrier function and causing erythema (Almeida et al. 
2014). Another BC membrane containing tetracycline was 
prepared for use in transdermal delivery (Stoica-Guzun et 
al. 2007). When the BC membrane surface was treated with 
electron beam irradiation, permeation of the drug through 
the membrane was suppressed. A BC membrane contain-
ing an isoquinoline group alkaloid (viz., berberine) has 
been investigated as a vehicle for transdermal delivery of 
the active ingredient, particularly with respect to its in vitro 

skin permeation. Additionally, in vitro release experiments 
have revealed that the release rate was higher in the order of 
neutral conditions > alkaline conditions > acidic con-
ditions (Huang et al. 2013). This phenomenon was attrib-
uted to the pH dependence of the swelling of the fibers and 
the lower solubility of the drug under acidic conditions. 
Hybrid membranes have been prepared by growing BC in 
the presence of a hydroxyethylcellulose (HEC) matrix. The 
BC-HE biocomposite membrane exhibited higher tensile 
strength compared to pure BC membrane and can be used 
for controlled drug delivery (Zhou et al. 2009). Paracetamol 
tablets that had been coated with BC powder through spray 
drying have been observed to exhibit prolonged drug re-
lease (Amin et al. 2012). In another study, a hydrogel was 
prepared using BC and gelatin that exhibited a higher swel-
ling ratio under acidic conditions than that under alkaline 
conditions, owing to the amphoteric property of gelatin. Its 
use has been proposed as a gastroretentive drug carrier be-
cause the stomach has characteristically an acidic environ-
ment (Păvăloiu et al. 2015). Another BC hydrogel was 
prepared as a carrier for the delivery of luciferase, which 
was released from the hydrogel without being denatured 
(Müller et al. 2013). A pH-responsive hydrogel has been 
prepared by grafting poly (acrylic acid-co-acrylamide) to 
BC. The swelling ratio under neutral conditions was higher 
than that observed under acidic conditions. Additionally, 
release of the drug was promoted at a neutral pH, but was 
suppressed at a lower pH. Hence, the hydrogel could be 
used to develop drug carriers capable of releasing a payload 
in the lower part of the gastrointestinal tract (Amin et al. 
2014). Acid-labile drugs, peptides, and proteins should 
preferably be loaded onto pH-responsive hydrogels. The 
release profiles of a drug loaded onto aerogels made of 
nanocelluloses from different raw materials have been in-
vestigated (Valo et al. 2013). The aerogel prepared using 
BC, quince seed, and TEMPO-oxidized birch cellulose 
could release drugs in a sustained manner and whereas the 
aerogel prepared using, microcrystalline cellulose could 
not. The in vivo skin compatibility of BC membranes was 
investigated to assess whether the membrane causes irrita-
tion when applied to human skin. Not only was skin irrita-
tion not observed, but also good skin tolerance was ob-
served 24 h after application of the BC membrane 
(Almeida et al. 2014). 
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Stimuli-responsive Delivery Carriers 
Investigated by the Author Group

Studies on stimuli-responsive drug carriers have been 
conducted by the Author group and are briefly presented in 
three categories: cubic phase, liposomal, and polymeric 
drug vehicles.

Cubic phase vehicles

The cubic phase is known to form spontaneously when 
amphiphilic molecules with a packing parameter value 
slightly greater than 1 become equilibrated with a sufficient 
amount of water (Nakano et al. 1999). Monoolein 
(1-oleoyl-rac-glycerol; MO) is a frequently used building 
block in the cubic phase. The crystallographic unit of the 
MO cubic phase is a nanocube with a size of 8.7-13 nm. 
The nanocube structure is characterized by inter-crossing 
water channels of approximately 5 nm in diameter, sur-
rounded by MO bilayers approximately 3.5 nm in thick-
ness (Shah et al. 2001). 

The MO cubic phase, which is optically isotopic and 
characterized as a semi-solid gel, can be of two types: the 
gyroid and diamond phases, with water contents approx-
imately 28%-32% and 32%-40%, respectively (Seddon et 
al. 2014). The MO cubic phase has various advantages as a 
drug carrier (Bender et al. 2008). First, MO is bio-
degradable, and acute toxicity in the cubic phase has not 
been reported. Moreover, because polar and nonpolar 
spaces coexist within the MO cubic phase, it can accom-
modate both water-soluble and oil-soluble drugs. 

Moreover, the MO cubic phase can release its payload in 
response to stimuli, such as temperature changes (Kim 
2015b; Zhang and Kim 2016a), pH changes (Kwon and 
Kim 2011a; Kwon and Kim 2011b; Zhang and Kim 2015b; 
Kim et al. 2018), photo irradiation (Dai and Kim 2013; Lee 
and Kim 2014; Kim 2015b; Zhang and Kim 2015a; Park et 
al. 2018; Park and Kim 2019), redox (Zhang and Kim 
2016b; Kwon and Kim 2018), and glucose concentration 
changes (Kwon and Kim 2016a; Yoon and Kim 2016) as 
well as the presence of an electric field, when the corre-
sponding stimuli-responsive materials (e.g., polymers) are 
included into the water channel. For example, the MO cu-
bic phase exhibited a temperature-responsive release prop-
erty when a polymer with a critical solution temperature 

(CST) was immobilized in the water channel. The thermo-
sensitive polymer could dramatically alter its conformation 
when the temperature of the medium changed throughout 
the CST. Thus, it may play a thermally actuated valve role 
in the water channel.

Liposomes

The bilayer vesicle is an aqueous core enclosed by a bi-
layer membrane formed spontaneously by an en-
tropy-driven process when an amphiphile (with a packing 
parameter value of ∼1) is in equilibrium with water 
(Akbarzadeh et al. 2013). A bilayer vesicle prepared using a 
phospholipid as the basic building block is called a 
liposome. Similar to the MO cubic phase, a liposome is 
known to be a versatile drug carrier and has the advantages 
of being easy to prepare, non-toxic to the human body, bio-
degradable, and capable of loading both polar and nonpolar 
drugs (Budai and Szógyi 2001). 

Additionally, the release of the liposome’s payload can be 
controlled by manipulating the membrane composition or 
modifying the liposome surface. Stimuli-responsive materi-
als, such as polymers, have been immobilized onto a lip-
osomal surface to endow the liposome with responsiveness 
to stimuli, including temperature changes (Wang and Kim 
2014; Guo and Kim 2015b; Kim and Kim 2018), pH 
changes (Cho et al. 2008; Jo et al. 2008; Hong et al. 2009; 
Hong and Kim 2010; Hong et al. 2010; Hong et al. 2011; 
Seo and Kim 2013; Guo and Kim 2017), light (Seo and 
Kim 2011; Seo and Kim 2012; Seo and Kim 2013; Seo et 
al. 2013; Guo and Kim 2015a; Kim 2015a), glucose (Hong 
et al 2009; Jo and Kim 2009; Jo et al. 2009), redox (Kwon 
and Kim 2017), electric fields (Kim and Kim 2018), and 
ions (Hong and Kim 2010). 

For example, gold nanoparticles were added to a suspen-
sion of liposomes bearing a thermosensitive polymer to ren-
der the liposomes responsive to near infrared (NIR) 
irradiation. When the suspension was irradiated with NIR 
light, heat was generated from the gold nanoparticles owing 
to the surface plasmon resonance. The heat triggered the 
liposome’s release by immobilizing the polymer chains on 
the liposomal membrane, which then underwent conforma-
tional changes and applied a mechanical force to the lip-
osomal membrane (Guo and Kim 2015b). 
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Polymer-based vehicle

A thermo-triggered nanogel composed of cinnamoyl 
Pluronic F127 (CinPlu) and cinnamoyl polymeric beta-cy-
clodextrin (CinPCD) was prepared by exploiting the 
self-assembling property of these components in an aque-
ous solution. CinPlu and CinPCD are amphiphilic be-
cause the cinnamoyl group is hydrophobic. The degree of 
doxorubicin release from the nanogel was proportional to 
the temperature of the release medium. When the temper-
ature was increased, the Pluronic chains dehydrated and 
became hydrophobic and were thus likely to interact more 
extensively with the CD cavities. Hence, the doxorubicin 
included in the CD cavities was expelled from the cavities, 
leading to a thermally triggered release (Wang et al. 2016). 

A triple-responsive microgel was developed using the 
self-assembling property of a polyethyleneimine (PEI)-cinnamic 
acid (CA) conjugate formed through ionic bonding. 
Additionally, the conjugate was amphiphilic because the 
cinnamoyl group was hydrophobic and the polymer chain 
was hydrophilic. In aqueous solutions, the conjugate could 
self-assemble into a microgel, which disintegrated and re-
leased most of its payload in a burst manner, when the pH 
value of the medium was changed, or when the temperature 
was increased above the upper critical solution temperature 
of the PEI-CA conjugate, or under ultraviolet (UV) 
irradiation. The pH change of the medium may have led to 
the breakdown of the ionic bond between PEI and CA, 
whereas the temperature increase may have increased the 
solubility of CA and decreased the amphiphilicity of the 
PEI-CA conjugate. Additionally, UV irradiation could 
have caused the cis-to-trans isomerization of CA and could 
have decreased the amphiphilicity of the PEI-CA con-
jugate (Park and Kim 2017; Kim and Kim 2018; Park and 
Kim 2019). A reduction-responsive alginate microsphere 
with cystamine (a disulfide compound) incorporated was 
prepared by first emulsifying the alginate and cystamine 
solution mixture, and then cross-linking the alginate chains 
using calcium ions. Cystamine could also cross-link algi-
nate through ionic bonding because the disulfide com-
pound has an amino group at each terminal. The release of 
the payload was promoted under reducing conditions, pos-
sibly because of breakage of the disulfide bond and a de-
crease in the cross-linking density (Kwon and Kim 2016b).

Concluding Remarks

Nanocellulose is very promising as a biomaterial for 
drug delivery, owing to its good biocompatibility, high spe-
cific surface area, favorable mechanical properties, and fac-
ile chemical modification. Thus, it has been fabricated in 
the form of microparticles, films, and gels, and proposed as 
a potential drug carrier mainly for topical, transdermal, and 
oral administration. With various chemical modifications 
and physical formulations, pharmaceuticals can be released 
from nanocellulose-based carriers in sustained- and tar-
geted-release manners. In this paper, various studies on 
stimuli-responsive cubic phase, liposomal, and polymeric 
drug vehicles have also been reviewed. In future works, 
these drug vehicles should be combined with nanocellulose 
for the development of novel drug carriers. 

Acknowledgements

This study was supported by the Basic Science Research 
Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Education (No. 
2018R1A6A1A03025582).

References

Abitbol T, Rivkin A, Cao Y, Nevo Y, Abraham E, Ben-Shalom T, 
Lapidot S, Shoseyov O. 2016. Nanocellulose, a tiny fiber with 
huge applications. Curr Opin Biotechnol 39: 76-88.

Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Joo SW, Zarghami 
N, Hanifehpour Y, Samiei M, Kouhi M, Nejati-Koshki K. 
2013. Liposome: classification, preparation, and applications. 
Nanoscale Res Lett 8: 102.

Akhlaghi SP, Berry RC, Tam KC. 2013. Surface modification of 
cellulose nanocrystal with chitosan oligosaccharide for drug de-
livery applications. Cellulose 20: 1747-1764.

Almeida IF, Pereira T, Silva NHCS, Gomes FP, Silvestre AJD, 
Freire CSR, Sousa Lobo JM, Costa PC. 2014. Bacterial cellu-
lose membranes as drug delivery systems: An in vivo skin com-
patibility study. Eur J Pharm Biopharm 86: 332-336.

Alvarez OM, Patel M, Booker J, Markowitz L. 2004. 
Effectiveness of a biocellulose wound dressing for the treatment 
of chronic venous leg ulcers: Results of a single center random-
ized study involving 24 patients. Wounds 16: 224-233.

Amin MCIM, Abadi AG, Ahmad N, Katas H, Jamal JA. 2012. 
Bacterial cellulose film coating as drug delivery system: phys-
icochemical, thermal and drug release properties. Sains Malaysiana 



Lee et al.

J For Environ Sci 35(3), 141-149     147

41: 561-568.
Amin MCIM, Ahmad N, Pandey M, Xin CJ. 2014. Stimuli-re-

sponsive bacterial cellulose-g-poly(acrylic acid-co-acrylamide) 
hydrogels for oral controlled release drug delivery. Drug Dev 
Ind Pharm 40: 1340-1349.

Bender J, Simonsson C, Smedh M, Engström S, Ericson MB. 
2008. Lipid cubic phases in topical drug delivery: visualization 
of skin distribution using two-photon microscopy. J Control 
Release 129: 163-169.

Berndt S, Wesarg F, Wiegand C, Kralisch D, Müller F. 2013. 
Antimicrobial porous hybrids consisting of bacterial nano-
cellulose and silver nanoparticles. Cellulose 20: 771-783.

Bhandari J, Mishra H, Mishra PK, Wimmer R, Ahmad FJ, 
Talegaonkar S. 2017. Cellulose nanofiber aerogel as a promising 
biomaterial for customized oral drug delivery. Int J Nanomedicine 
12: 2021-2031.

Budai M, Szógyi M. 2001. Liposomes as drug carrier systems. 
Preparation, classification and therapeutic advantages of 
liposomes. Acta Pharm Hung 71: 114-118.

Cho SM, Lee HY, Kim JC. 2008. pH-dependent release property 
of dioleoylphosphatidyl ethanolamine liposomes. Koeran J 
Chem Eng 25: 390-393.

Czaja WK, Young DJ, Kawecki M, Brown RM Jr. 2007. The fu-
ture prospects of microbial cellulose in biomedical applications. 
Biomacromolecules 8: 1-12.

Dai J, Kim JC. 2013. Photo responsive monoolein cubic phase con-
taining coumarin-Tween 20 conjugates. Drug Dev Ind Pharm 
39: 1457-1463.

Dash R, Ragauskas AJ. 2012. Synthesis of a novel cellulose nano-
whisker-based drug delivery system. RSC Adv 2: 3403-3409.

Díez I, Eronen P, Österberg M, Linder MB, Ikkala O, Ras RH. 
2011. Functionalization of nanofibrillated cellulose with silver 
nanoclusters: fluorescence and antibacterial activity. Macromol 
Biosci 11: 1185-1191.

Dong S, Cho HJ, Lee YW, Roman M. 2014. Synthesis and cel-
lular uptake of folic acid-conjugated cellulose nanocrystals for 
cancer targeting. Biomacromolecules 15: 1560-1567.

Gavillon R, Budtova T. 2008. Aerocellulose: new highly porous cel-
lulose prepared from cellulose-NaOH aqueous solutions. 
Biomacromolecules 9: 269-277.

Gopi S, Balakrishnan P, Geethamma VG, Pius A, Thomas S. 2018. 
Applications of cellulose nanofibrils in drug delivery. Woodhead 
Publishing, Cambridge, pp 75-95.

Guo H, Kim JC. 2015a. Photothermally induced release from lip-
osome suspended in mixture solution of gold nanoparticle and 
thermo-sensitive polymer. Colloids Surf A Physicochem Eng 
Asp 469: 73-82.

Guo H, Kim JC. 2015b. Upper critical solution temperature behav-
ior of cinnamic acid and polyethyleneimine mixture and its effect 
on temperature-dependent release of liposome. Int J Pharm 494: 
172-179.

Guo H, Kim JC. 2017. pH- and cinnamic acid-triggerable dio-

leoylphophatidylethanolamine liposome bearing poly-
ethyleneimine/palmitic acid mixture. J Dispers Sci Technol 38: 
558-565.

Hong YJ, Kim JC. 2010. PH- and calcium ion-dependent release 
from egg phosphatidylcholine liposomes incorporating hydro-
phobically modified alginate. J Nanosci Nanotechnol 10: 
8380-8386.

Hong YJ, Lee HY, Kim JC. 2009. Alginate beads containing 
pH-sensitive liposomes and glucose oxidase glucose-sensitive 
release. Colloid Polym Sci 287: 1207-1214.

Hong YJ, Pyo CG, Kim JC. 2010. Liposomes incorporating hy-
drophobically modified silk fibroin: pH-dependent release. Int J 
Biol Macromol 47: 635-639.

Hong YJ, Seo HJ, Kim JD, Shin WC, Kim JC. 2011. Eur J Lipid 
Sci Technol 113: 146-151.

Huang L, Chen X, Nguyen TX, Tang H, Zhang L, Yang G. 2013. 
Nano-cellulose 3D-networks as controlled-release drug carriers 
J Mater Chem B 1: 2976-2984.

Ifuku S, Tsuji M, Morimoto M, Saimoto H, Yano H. 2009. 
Synthesis of silver nanoparticles templated by TEMPO-medi-
ated oxidized bacterial cellulose nanofibers. Biomacromolecules 
10: 2714-2717.

Jackson JK, Letchford K, Wasserman BZ, Ye L, Hamad WY, Burt 
HM. 2011. The use of nanocrystalline cellulose for the binding 
and controlled release of drugs. Int J Nanomedicine 6:321-330.

Jo SM, Kim JC. 2009. Glucose-triggered release from liposomes 
incorporating poly(N-isopropylacrylamide-co-methacrylic 
acid-co-octadecylacrylate) and glucose oxidase. Colloid Polym 
Sci 287: 379-384. 

Jo SM, Lee HY, Kim JC. 2009. Glucose-sensitivity of liposomes 
incorporating conjugates of glucose oxidase and poly (N-iso-
propylacrylamide-co-methacrylic acid-co-octadecylacrylate). 
Int J Biol Macromol 45: 421-426.

Jo SM, Xia Y, Lee HY, Kim YC, Kim JC. 2008. Liposomes in-
corporating hydrophobically modified glucose oxidase. Korean J 
Chem Eng 25: 1221-1225.

Jorfi M, Foster EJ. 2015. Recent Advances in Nanocellulose for 
Biomedical Applications. J Appl Polym Sci 132: 41719.

Kaplan E, Ince T, Yorulmaz E, Yener F, Harputlu E, Laçin NT. 
2014. Controlled delivery of ampicillin and gentamycin from 
cellulose hydrogels and their antibacterial efficiency. J Biomater 
Tissue Eng 4: 543-549.

Kim JA, Kim JC. 2018. Temperature and electric field-triggerable 
liposomes incorporating poly(hydroxyethyl acrylate-co-hex-
adecyl acrylate-co-carboxyethyl acrylate). J Ind Eng Chem 62: 
383-391.

Kim JA, Park D, Kim JC. 2018. pH-sensitive self-assembling 
property of poly(ethyleneimine)/cinnamic acid mixture and its 
effect on pH-dependent release of monoolein cubic phase. Int J 
Polym Mater Polym Biomater 67: 438-444.

Kim JC. 2015a. Hydroxyethyl acrylate‐based copolymer‐immobi-
lized liposomes as UV and thermo dual‐triggerable carriers. Eur 



Nanocellulose Applications for Drug Delivery: A Review

148     Journal of Forest and Environmental Science  http://jofs.or.kr

J Lipid Sci Technol 117: 45-54.
Kim JC. 2015b. Thermo- and UV Photo-Triggerable Monoolein 

Cubic Phase Bearing Poly(Hydroxyethyl Acrylate-co-Coumaryl 
Acrylate-co-Octadecyl Acrylate). J Dispers Sci Technol 36: 
803-810.

Kolakovic R, Laaksonen T, Peltonen L, Laukkanen A, Hirvonen J. 
2012a. Spray-dried nanofibrillar cellulose microparticles for sus-
tained drug release. Int J Pharm 430: 47-55.

Kolakovic R, Peltonen L, Laaksonen T, Putkisto K, Laukkanen A, 
Hirvonen J. 2011. Spray-dried cellulose nanofibers as novel tab-
let excipient. AAPS PharmSciTech 12: 1366-1373.

Kolakovic R, Peltonen L, Laukkanen A, Hirvonen J, Laaksonen T. 
2012b. Nanofibrillar cellulose films for controlled drug delivery. 
Eur J Pharm Biopharm 82: 308-315.

Kwon KN, Kim JC. 2016a. Glucose-Responsive Monoolein Cubic 
Phase Containing Glucose Oxidase. J Dispers Sci Technol 37: 
1518-1525.

Kwon KN, Kim JC. 2016b. Redox-responsive alginate microsphere 
containing cystamine. J Biomater Sci Polym Ed 27: 1520-1533.

Kwon KN, Kim JC. 2017. Preparation of liposome bearing disul-
fide proteinoid and its reduction-responsive release property. J 
Biomater Sci Polym Ed 28: 1365-1381.

Kwon KN, Kim JC. 2018. Monoolein cubic phase containing di-
sulfide proteinoid and its reduction-responsive release property. 
J Dispers Sci Technol 39: 614-622.

Kwon TK, Kim JC. 2011a. Monoolein cubic phase containing 
acidic proteinoid: pH-dependent release. Drug Dev Ind Pharm 
37: 56-61.

Kwon TK, Kim JC. 2011b. pH-Dependent Release from Monoolein 
Cubic Phase Containing Hydrophobically Modified Chitosan. 
J Dispers Sci Technol 32: 480-484.

Lee MS, Kim JC. 2014. Photo‐responsive monoolein cubic phase 
incorporating hydrophobically modified poly(vinyl alco-
hol)-coumarin conjugate. Polym Eng Sci 54: 227-233.

Liebner F, Haimer E, Wendland M, Neouze MA, Schufter K, 
Miethe P, Heinze T, Potthast A. Rosenau T. 2010. Aerogels 
from Unaltered Bacterial Cellulose: Application of scCO2 
Drying for the Preparation of Shaped, Ultra‐Lightweight 
Cellulosic Aerogels. Macromol Biosci 10: 349-352.

Lin N, Dufresne A. 2013. Supramolecular Hydrogels from In Situ 
Host-Guest Inclusion between Chemically Modified Cellulose 
Nanocrystals and Cyclodextrin. Biomacromolecules 14: 871-880.

Lin N, Dufresne A. 2014. Nanocellulose in biomedicine: Current 
status and future prospect. Eur Polym J 59: 302-325.

Löbmann K, Svagan AJ. 2017. Cellulose nanofibers as excipient for 
the delivery of poorly soluble drugs. Int J Pharm 533: 285-297.

Müller A, Ni Z, Hessler N, Wesarg F, Müller FA, Kralisch D, 
Fischer D. 2013. The biopolymer bacterial nanocellulose as 
drug delivery system: investigation of drug loading and release 
using the model protein albumin. J Pharm Sci 102: 579-592.

Nakano YA, Li SJ, Yamazaki M. 1999. Effects of electrostatic in-
teraction on the phase stability and structures of cubic phases of 

monoolein/oleic acid mixture membranes. Biochim Biophys 
Acta (BBA)-Biomembr 1461: 96-102.

Park D, Kim JC. 2017. UV light and thermo-sensitive disassem-
bling and release property of the assembly of cinnamic acid and 
poly(ethyleneimine). Soft Mater 15: 282-291.

Park D, Kim JC. 2019. Monoolein cubic phases containing cin-
namic acid, poly(ethyleneimine) and gold nanoparticle and their 
UV- and NIR-responsive release property. Int J Pharm 554: 
420-428.

Park SH, Zhang H, Kim JC. 2018. Monoolein cubic phase con-
taining azobenzene and its UV/visible light irradiation-depend-
ent release property. J Dispers Sci Technol 39: 460-467.

Păvăloiu RD, Stoica-Guzun A, Dobre T. 2015. Swelling studies of 
composite hydrogels based on bacterial cellulose and gelatin. U 
P B Sci Bull, Series B 77: 53-62.

Plackett D, Letchford K, Jackson JK, Burt HM. 2014. A review of 
nanocellulose as a novel vehicle for drug delivery. Nord Pulp 
Paper Res J 29: 105-118.

Qiu X, Hu S. 2013. “Smart” Materials Based on Cellulose: A 
Review of the Preparations, Properties, and Applications. Materials 
(Basel) 6: 738-781.

Sacui IA, Nieuwendaal RC, Burnett DJ, Stranick SJ, Jorfi M, 
Weder C, Foster EJ, Olsson RT, Gilman JW. 2014. Comparison 
of the properties of cellulose nanocrystals and cellulose nano-
fibrils isolated from bacteria, tunicate, and wood processed using 
acid, enzymatic, mechanical, and oxidative methods. ACS Appl 
Mater Interfaces 6: 6127-6138.

Seddon AM, Hallett J, Beddoes C, Plivelic TS, Squires AM. 
2014. Experimental confirmation of transformation pathways 
between inverse double diamond and gyroid cubic phases. 
Langmuir 30: 5705-5710.

Seo HJ, Cha HJ, Kim TS, Kim JC. 2013. Photo-responsive lip-
osomes decorated with hydrophobically modified poly(vinyl al-
cohol)-coumarin conjugate. J Ind Eng Chem 19: 310-315.

Seo HJ, Kim JC. 2011. Characteristics and photo-responsive re-
lease property of liposome containing 7-acetoxy coumarin. J 
Nanosci Nanotechnol 11: 10262-10270.

Seo HJ, Kim JC. 2012. Light-Sensitive Liposomes Containing 
Coumarin-Proteinoid Conjugate. J Nanosci Nanotechnol 12: 
4044-4050.

Seo HJ, Kim JC. 2013. Liposomes Composed of Dioleoylphospha-
tidylethanolamine and 2-(Hexadecyloxy)Cinnamic Acid: Effects 
of UV Irradiation and pH Value on Release. J Nanosci 
Nanotechnol 13: 1727-1732.

Shah JC, Sadhale Y, Chilukuri DM. 2001. Cubic phase gels as 
drug delivery systems. Adv Drug Deliv Rev 47: 229-250.

Shanmuganathan K, Capadona J, Rowan SJ, Weder C. 2010. 
Biomimetic mechanically adaptive nanocomposites. Prog Polym 
Sci 35: 212-222.

Stoica-Guzun A, Stroescu M, Tache F, Zaharescu T, Grosu E. 
2007. Effect of electron beam irradiation on bacterial cellulose 
membranes used as transdermal drug delivery systems. Nucl 



Lee et al.

J For Environ Sci 35(3), 141-149     149

Instrum Methods Phys Res B: Beam Interac Mater Atoms 265: 
434-438.

Sulaeva I, Henniges U, Rosenau T, Potthast A. 2015. Bacterial cel-
lulose as a material for wound treatment: Properties and 
modifications. A review. Biotechnol Adv 33: 1547-1571.

Utsel S, Malmström E, Carlmark A, Wågberg L. 2010. Thermoresponsive 
nanocomposites from multilayers of nanofibrillated cellulose and 
specially designed N-isopropylacrylamide based polymers. Soft 
Matter 6: 342-352.

Valo H, Arola S, Laaksonen P, Torkkeli M, Peltonen L, Linder 
MB, Serimaa R, Kuga S, Hirvonen J, Laaksonen T. 2013. 
Drug release from nanoparticles embedded in four different 
nanofibrillar cellulose aerogels. Eur J Pharm Sci 50: 69-77.

Valo H, Kovalainen M, Laaksonen P, Häkkinen M, Auriola S, 
Peltonen L, Linder M, Järvinen K, Hirvonen J, Laaksonen T. 
2011. Immobilization of protein-coated drug nanoparticles in 
nanofibrillar cellulose matrices--enhanced stability and release. J 
Control Release 156: 390-397.

Varjonen S, Laaksonen P, Paananen A, Valo H, Haehl H, Laaksonen 
T, Linder MB. 2011. Self-assembly of cellulose nanofibrils by 
genetically engineered fusion proteins. Soft Matter 7: 2402-2411.

Wang H, Roman M. 2011. Formation and Properties of Chitosan
−Cellulose Nanocrystal Polyelectrolyte−Macroion Complexes 
for Drug Delivery Applications. Biomacromolecules 12: 
1585-1593.

Wang MH, Jeong JH, Kim JC. 2016. Thermo-triggerable self-as-
sembly comprising cinnamoyl polymeric β cyclodextrin and cin-
namoyl Pluronic F127. Colloids Surf B Biointerfaces 142: 
148-158.

Wang MH, Kim JC. 2014. Light- and temperature-responsive lip-
osomes incorporating cinnamoyl Pluronic F127. Int J Pharm 
468: 243-249.

Wei B, Yang G, Hong F. 2011. Preparation and evaluation of a kind 

of bacterial cellulose dry films with antibacterial properties. 
Carbohydr Polym 84: 533-538.

Wen X, Zheng Y, Wu J, Yue L, Wang C, Luan J, Wu Z, Wang K. 
2015. In vitro and in vivo investigation of bacterial cellulose 
dressing containing uniform silver sulfadiazine nanoparticles for 
burn wound healing. Prog Nat Sci Mater Int 25: 197-203.

Xu X, Liu F, Jiang L, Zhu JY, Haagenson D, Wiesenborn DP. 
2013. Cellulose Nanocrystals vs. Cellulose Nanofibrils: A 
Comparative Study on Their Microstructures and Effects as 
Polymer Reinforcing Agents. ACS Appl Mater Interfaces 5: 
2999-3009.

Yoon DY, Kim JC. 2016. Hydrophobically modified poly(vinyl al-
cohol) and boric acid-containing monoolein cubic phase as a 
glucose-responsive vehicle. Colloids Surf A Physicochem Eng 
Asp 506: 678-685.

Zhang H, Kim JC. 2015a. Effect of cinnamic acid on phase tran-
sition and pH-dependent release property of monoolein cubic 
phase. J Ind Eng Chem 32: 319-326.

Zhang H, Kim JC. 2015b. Preparation and photothermal induced 
release from cubic phase containing gold nanoparticle. Colloids 
Surf A Physicochem Eng Asp 465: 59-66.

Zhang H, Kim JC. 2016a. Concentration and temperature-sensitive 
assembling behavior of polyethyleneimine-cinnamic acid con-
jugate and its release-controlling property in monoolein cubic 
phase. J Ind Eng Chem 36: 215-223.

Zhang H, Kim JC. 2016b. Reduction-responsive monoolein cubic 
phase containing hydrophobically modified poly(ethylene imine) 
and dithiodipropionic acid. Colloids Surf A Physicochem Eng 
Asp 506: 526-534.

Zhou Q, Malm E, Nilsson H, Larsson PT, Iversen T, Berglund 
LA, Bulone V. 2009. Nanostructured biocomposites based on 
bacterial cellulosic nanofibers compartmentalized by a soft hy-
droxyethylcellulose matrix coating. Soft Matter 5: 4124-4130.


