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Abstract

Wounds are skin tissue damage due to trauma. Many factors inhibit the wound healing phase (hemostasis,
inflammation, proliferation, and alteration), such as oxygenation, contamination/infection, age, effects of injury,
sex hormones, stress, diabetes, obesity, drugs, alcoholism, smoking, nutrition, hemostasis, debridement, and
closing time. Cellulose is the most abundant biopolymer in nature which is promising as the main matrix of
wound dressings because of its good structure and mechanical stability, moisturizes the area around the wound,
absorbs excess exudate, can form elastic gels with the characteristics of bio-responsiveness, biocompatibility,
low toxicity, biodegradability, and structural similarity with the extracellular matrix (ECM). The addition of
active ingredients as a model drug helps accelerate wound healing through antimicrobial and antioxidant
mechanisms. Three-dimensional (3D) bioprinting technology can print cellulose as a bioink to produce wound
dressings with complex structures mimicking ECM. The 3D printed cellulose-based wound dressings are a
promising application in modern wound care. This article reviews the use of 3D printed cellulose as an ideal
wound dressing and their properties, including mechanical properties, permeability aspect, absorption ability,
ability to retain and provide moisture, biodegradation, antimicrobial property, and biocompatibility. The ap-
plications of 3D printed cellulose in the management of chronic wounds, burns, and painful wounds are also
discussed.
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Introduction Prevention and treatment measures include disease-specific
approaches, moisture-resistant dressings, and additional

SKIN TISSUE DAMAGE, better known as wounds, is a health  topical therapies to promote healing.”

problem requiring special treatment. Wound infection can
occur due to improper cleaning, debridement, dressing
techniques, and exposure to contamination.' In addition,
many factors hinder the wound healing phase (hemostasis,
inflammation, proliferation, and remodeling), such as oxy-
genation, infections, age and sex hormones, stress, diabetes,
obesity, drugs, alcoholism, smoking, and nutrition. A better
understanding of this effect on repair can lead to therapies
that improve wound healing and treat damaged scar tissue.’

Three-dimensional (3D) printing technology is widely used
in various applications due to its advantages in sophisticated
geometric fabrication and low-cost production. Besides offer-
ing speed, accuracy, and flexibility, these modern fabrication
techniques also pose critical challenges in developing materials
suitable for the biomedical industry.* Addictive manufacturing
technology based on 3D bioprinting offers potential as a
promising technology in wound care. The technology uses
bioink, which is biocompatible with living cells by mimicking
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a natural extracellular matrix (ECM). This approach makes it
possible to print both natural and synthetic polymer-based
wound dressings, which have complementary advantages and
disadvantages in composite form. Biopolymers as bioinks tend
to be more profitable in nontoxicity, nonantigenicity, inertness,
bio-adhesiveness, biocompatibility, biodegradability, and ad-
equate hemostasis than synthetic polymers.

Collagen and alginate-based natural polymers have been
widely used as wound dressings by taking advantage of their
properties. Alginate has a high absorption capacity. Chitosan
has essential characteristics for treating wounds, including its
binding, antifungal, bactericidal properties and permeability
to oxygen.® Collagen is biocompatible to help regenerate
epithelium better than silicone-based materials. However,
these dressings have a higher cost, adherence to wounds,
limited absorption of exudate, and residue deposition at the
wound site.” In addition, gauze dressings or bandages that are
cheap and easy to find are limited in providing moisture, do
not have antimicrobial properties, repeat use, are difficult to
remove, and cause a traumatic effect on the wound. This dry
dressing only excels in the aspect of exudate absorption.

Cellulose is a biopolymer with abundant natural avail-
ability, both from plants and microbes. Various aspects of
cellulose hydrogel 3D printing with extrusion techniques,
including hydrogel rheology, fiber entanglement, fiber
alignment, gelation, printability, shape accuracy, cell via-
bility, and Erocessing parameters, have been discussed by
Wang et al.” In addition, viscoelastic ink from nanocellulose
suspension makes it possible to formulate and design 3D
object printing.’

Cellulose as a 3D printed bioink in tissue engineering
(particularly wound dressing products) has tremendous po-
tential. Cellulose tends to be easier to modify to obtain the
desired physicochemical properties. In addition, the printing
capability of the nanocellulose hydrogels due to their shear-

PROLIFERATION

* Angiogenesis: formation of new blood vessels that camy oxygenated blood to the wound bed.
+ Granulation fibroblast cells grow to form a network of collagen fibers that surround the

resulting in connective tissue reconstruction
+ Wound contractions occur by pulling the wound inward.
+ Cell accumulation and new tissue formation

INFLAMMATION
- Phagocytes clear debris and destroy ingested material.

+ Inflammation is caused by breaking out of the fibrin clot and by message degradation pr
+ The immune system (neutrophils and reactive oxygen) inhibits pathogenic microbial infection

+ Epithelial cells replace dead cells.
« The wound exudate becomes warm, swollen, and reddish.

HEMOSTASIS

- Wound bieed

« Forming a clot that stops blood
- Plalelet aggregation

FIG. 1.
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thinning behavior and supporting living cells enables 3D
bioprinting using nanocellulose. Recent developments have
tremendous potential for 3D printing wound dressings.'®
Using cellulose as a wound dressing material can save costs
compared to other polymers.

Selection of the appropriate wound dressing is critical in
promoting optimal wound healing, symptom/risk manage-
ment, and patient comfort factors during dressing. Wound-
related factors, such as the amount of wound exudate, pain
management, risk of infection, and type/condition of the
wound, should be considered in selecting the type and dressing
material for the ideal dressing. In modern wound care, dress-
ings must create a moist environment for the wound, absorb
excess exudate, be biocompatible, antibacterial, and have good
physical properties. Because of that, 3D bioprinting technol-
ogy expects to engineer biomaterials into adequate 3D wound
dressings for the growth of new scar tissue.

This article reviews using cellulosic materials as bioinks to
produce ideal 3D wound dressings, covering mechanical as-
pects, permeability, absorption of excess exudate, ability to
retain and contribute moisture, biodegradation properties, an-
timicrobial properties, and biocompatibility. This review also
briefly reviews the application of cellulose-based 3D wound
dressings for chronic wounds, painful wounds, and burns. Fi-
nally, this review expects to develop new knowledge about
bioprinting technology in producing the ideal wound dressing.

Ideal Wound Dressing

The wound healing mechanism is dynamic and complex
by creating environmental conditions appropriate to the
wound. Wounds are disturbances in the skin’s continuity or
mucosa’s epithelial layer due to physical or thermal dam-
age."! Injuries can cause significant morbidity and mortality,
as well as medical costs.

REMODELING

=Wound repair occurs

« The scar that has formed is repaired.
+Collagen fibers are renovated and realigned.
+Unneeded cells are

3-365 Day

1-3 Day

Phases of
Wound
Healing
Process

Phases of the wound healing process.
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Proper wound care management is essential to accelerate
wound healing and cost-efficiency. Wound healing approaches
are currently based on cultured autografts, allografts, and ep-
ithelial autografts.'> According to the World Health Organi-
zation (WHO),"? factors that affect the duration of healing and
the potential for wound infection include (1) Patients (age,
disease, the effect of injury on healing), (2) Wounds (injured
organ or tissue, degree, and nature of the injury, contamination
or injury infection, the time between injury and treatment), and
(3) Local factors (hemostasis and debridement, time to clo-
sure). The wound healing process generally consists of the
phases of homeostasis, inflammation, proliferation, and re-
modeling,>'*! as shown in Figure 1.

Wound dressings that can retain moisture and topical ther-
apy grevent, treat, and accelerate wound healing.’ Sharma
etal® classified wounds into seven types, as shown in Figure 2.
The ideal wound dressing accelerates wound healing, reduces
the loss of protein, electrolytes, and fluid from wounds, and
helps minimize pain and infection.'® Therefore, it is imperative
to assess or pay attention to the mechanism of injury, risk of
contamination, injury to deeper structures, damage to the un-
derlying nerve or tissue, any deficit in perfusion, tetanus status,
disability, and the amount of tissue lost."”

Significant advances in wound dressing technology have
resulted in many alternative dressings for wound care. This
condition depends on the condition and type of wound.
Bandages do not have standard requirements. However,
wound dressings should support wound care management by
maximizing closed wounds’ healing benefits and minimizing
tissue disturbance (physical and chemical).'® The require-
ments for ideal wound dressings are''*'?~%%:

» Acute: Possess no
complications, heal rapidly, and
do not have any foreign matter

« Chronic: Possess some
complications & long healing
time

®

* Internal: Results from a weak
immune system or due to loss of
nutrients or oxygen supply in that
area

« Extemnal: formed by penetrating
or non-penetrating trauma

Type Il (Visibility)

« Superficial: the epidermis is
affected

« Partial-thickness: epidermis
and dermis are affected

+ Full-thickness: epidermis,
dermis & subcutaneous fat
layer is involved

Type VI (Tissue
Loss)

Type V (Texture)

Type | (Healing) &
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(1) Sterile, nontoxic, clean, nonallergenic: free from
toxic chemicals or irritants that come out of the
dressing.

Microorganism barrier: prevents the transmission of
microorganisms into or outside the wound to protect
the wound from infection.

No foreign matter: does not release nonbiodegrad-
able materials and other objects to the wound bed.
Maintain wound moisture: keep the wound and skin
margins in an optimal state of hydration (balanced
water).

Minimal wound disturbance: placement in situ offers
an uninterrupted environment (minimal tissue
movement or dressing change).

Protect tissue: protect the wound bed and skin
around the wound.

Prevents drying and minimal tissue trauma: mini-
mizes wound pain during application or removal.
Maintaining tissue temperature and pH: treating
wounds at optimal temperature and pH to increase
blood flow to the wound bed and epidermal migra-
tion.

Permeability to gases between the injured tissue and
the environment.

Reasonable cost.

Thermal insulation.

Can conform to wound shape and easy to use or
elastic.

(13) Absorbs excess exudate.

(14) Biocompatible.

(15) Biodegradable.

2)

3)
“

(6))

(6)
)
®)

C))

(10)
an
12)

+ Open: Tissues are
exposed to the
environment.

+ Closed: Tissues & organs
are not exposed

Type Il (Exposure to

the Environment)

Necrotic: covered with the devitalized
epidermis, frequently black.

= Sloughy: contains a layer of the
viscous adherent slough, generally
yellow.

+ Granulating: contain significant
amounts of highly vascularized

®  granulation tissue, generally red or

deep pink

- Epithelializing: show evidence of a
pink margin to the wound or isolated

Type IV (Hygiene) pink islands on the surface

» Clean: have no foreign
matter inside them

* Infected or contaminated:
by dirt, bacteria & foreign
material

+ Non-penetrating wounds: The wound that does not break through
the skin viz, abrasions, contusions, lacerations, concussions

« Itis penetrating: Breakthrough the skin & damage the tissue/organs
below the skin like skin cuts, surgical wounds, gunshots, others.

«  Miscellaneous: like thermal wounds, bites, electrical wounds, stings

FIG. 2. Classification of wound dressings.



1018

Bioink for 3D Bioprinting

3D bioprinting technology makes printed complex struc-
tures at high speed and resolution. This technology can pro-
duce scaffold that fits the desired design and is practical—lots
of polymers are used as 3D printing bioinks. However, the
lack of physical-biochemical properties of biomaterials that
match the product’s characteristics to print is a significant
obstacle that limits 3D bioprinting in producing biocom-
patible products. Biopolymers from natural materials are
eco-friendly, promising in printing medical products with
attention to sustainability aspects.

A wound dressing is a medical textile to protect and heal
chronic or acute wounds. 3D bioprinting technology can
produce wound dressings similar to the physiological con-
ditions of natural skin tissue in vitro. The term “‘bioink™ is a
mixture of cells, biomaterials, and bioactive molecules that
make printed materials (Fig. 3).* Meanwhile, “‘bioprinting”
uses bioink as ink, in which cells and other biological ma-
terials are stored in a spatially controllable pattern to create
living tissues and organs.”> In this context, 3D bioprinting
produces a scaffold with a 3D structure for living cells’
growth.

Bioprinting is an additive manufacturing technology, one
of its applications to produce medical devices in wound
healing applications. Various natural biomaterials have been
widely developed and researched as wound healing bioink
through 3D printing of wound dressings, for example, cel-
lulose, collagen, alginate, chitosan, chitin, and others. How-
ever, biomaterial-based wound dressings need to pay
attention to better measure to reconstruct the original skin’s

o e -
--“.. o . 3 - -
o, -
Cells

Bioink

T
3D Bioprinting

l

Biomedical Applications

FIG. 3. Bioink definition scheme and bioprinting (Mod-
ified from Donderwinkel et al**).
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function and structure because each biomaterial has different
characteristics when used for tissue engineering.”®

Cellulose 3D Printed as Wound Dressing

The 3D printing is rapidly emerging as a new technology
with a wide variety of biomedical applications, generally
based on the suitability of biopolymers to be extruded
through a nozzle to create layer-by-layer 3D structures.”’
Electrospinning and 3D printing are widely used to produce
tissue engineering scaffolds. Both methods have advantages
and disadvantages. In the electrospinning method, it is dif-
ficult for cells to grow into the nanostructures of the elec-
trospun scaffold. In addition, 3D printed scaffolds have a low
print resolution.”® In this case, it is essential to pay attention
to the design of the pores to facilitate the development of skin
cells. The combination of 3D printing and electrospinning
allows the creation of multiscale structures (Fig. 4). As aresult,
cell proliferation will increase in the scaffolds and aligned
cells with elongated morphology in the pores of the imprinted
microfibers. In addition, increasing the number of mesh layers
increased cell proliferation, migration, and adhesion.

Incorporating low-density, aligned fibers in 3D-printed
scaffolds is a promising development in multiscale hierar-
chical scaffolds where cell alignment can be desired.?
In vivo trials of bioprinted skin constructions have revealed
promising results in wound healing tested on animal or hu-
man models. Wound dressings are often a problem in wound
healing management. Physiological conditions and the extent
of the wound pose a challenge in using the desired dressing.
3D bioprinting technology expects to develop renewable and
sustainable biomaterial-based wound dressings according to
the patient’s wound demands and conditions.

The advantage of using biopolymers for wound dressings
is their nontoxicity, nonantigenicity, inertness, bio-
adhesiveness, biocompatibility, biodegradability, hemostatic
effects, and antimicrobial properties.” Cellulose is a naturally
abundant biopolymer to be developed into 3D biomedical
devices. Alginate, gelatin, agarose, hyaluronic acid, fibrin,
and chitosan wound dressings provide an excellent ECM
mimetic environment and biocompatibility. However, these
biopolymers do not have the other uniqueness of cellulosic
polymers, such as shear thinning, mechanical strength, and
structural shrinkage.* The combination of various biopoly-
mers expects to produce 3D printed hydrogel composites
with ideal bioink properties for wound dressings. There are
some reasons for using bacterial cellulose (Fig. 5) and wood
cellulose as a wound dressing®'

(1) Good mechanical structure and stability.

(2) Allows the production of transparent films.

(3) Provides a moist wound healing environment.

(4) Can form elastic gels with bioresponsive character-
istics.

(5) Low toxicity.

(6) Biocompatibility.

(7) Biodegradability.

(8) Structural similarity to the ECM.

(9) Low-cost and easy availability.

Material selection is one of the most critical factors in 3D
bioprinting, which depends on the product application. In this
case, the material must be bio-inert or bio-active, nontoxic,
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FIG. 4. Schematic of a double-scale scaffold 3D printing and electrospinning fabrication process.?® 3D, three-dimensional.
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FIG. 5. The properties of bacterial cellulose as a wound dressing.
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and the mechanical properties must meet the application re-
quirements.*® The crystallinity and nanostructure can pro-
duce high ink viscosity and hydrogel strength even at low
concentrations. In addition, the ability of hydrogel formation
is influenced by the number of OH groups contained in cel-
lulose. Therefore, each type of cellulose will produce dif-
ferent 3D scaffold properties.

Bacterial cellulose is a biopolymer produced from bacteria
with a nanometer structure, showing promising wound
dressing applications. Compared to plant cellulose, bacterial
cellulose has high purity, high porosity, permeability to lig-
uids and gases, high liquid absorption, good mechanical
properties, and biocompatibility properties.’” Bacterial
cellulose-based hydrogels are the most efficient material for
healing complex wounds because they provide moisture.
Bacterial cellulose composite with alginate is known to have
better water retention properties and provides a smooth
dressing exchange.38 Rees et al’! used TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-mediated oxidation
nanocellulose and a combination of carboxymethylation and
periodate oxidation. Both types of cellulose do not support
bacterial growth. The fiber’s small dimensions can produce
materials with good rheological properties as 3D printed
bioinks. 3D nanocellulose with open porosity can carry and
release antimicrobial components.

Cellulose nanofibrils have many hydroxyl groups on the
surface of the fibrils leading to strong hydrogen interactions.
These interactions occur between the fibrils leading to ag-
glomeration of the fibrils and interactions with water mole-
cules. These interactions provide viscoelastic and shear
thinning properties for 3D printing.”” The viscoelastic
properties help maintain the structural integrity of the cellu-
lose nanofibril hydrogel after losing water completely on
freeze-drying.*® The use of TEMPO-mediated oxidized cel-
lulose nanofibrils (TOCNF) has several benefits, including
improved compatibility and adhesion to other matrices (such
as hydrophobic thermoplastics). The reaction can be carried
out in the water and under mild conditions and has a high
anionic charge densitg on the fibril surface. Incorporating
divalent Ca*" and Mg”* in deprotonated TOCNF is suitable
for 3D printing ink printability and viscoelastic properties.*'
In addition, the easy collapse of cellulose nanofibril-based 3D
scaffolds after drying can be overcome by the addition of
carbon nanotubes to produce conductive cellulose.*

Nanocrystalline cellulose-based hydrogel ink has easier
orientation under shearing than nanofibril cellulose-based
ink. Nanostructure orientation and nanoscale pore wall
roughness in 3D printed hydrogel scaffolds are suitable for
cell interaction and growth.** Nanocrystalline cellulose is
stiffer than nanofibril cellulose and bacterial cellulose, con-
taining interconnected fibers. Nanocrystalline cellulose with
a carboxyl functional group (charge density 0.5 mmol/g)
helps to cross-link. Nanocrystalline cellulose provides
favorable rheological properties for 3D printing. The 3D-
printed scaffolds were sequentially cross-linked using cova-
lent and ionic reactions resulting in a dimensionally stable
hydrogel scaffold with a pore size of 80-2125 ym and a na-
noscale pore wall roughness favorable for cell interactions.*

Different types of cellulose will also affect the surface
chemical properties, including functional groups and charge.*?
When the surface is modified with sulfate esters, nanocrys-
talline cellulose will have a low viscosity.** However, adding a

FAHMA ET AL.

water-soluble nanofiller (e.g., alginate) can be a rheological
modifier. As a result, a viscoelastic system with a storage
modulus (G’) will be higher than a loss modulus (G”), thereby
guaranteeing printability.*> Meanwhile, bacterial nanocellu-
lose behaves like ““floc” in suspension and is oriented to shear
conditions. This condition is associated with interactions be-
tween adjacent particles at high concentrations.*® The disper-
sion of bacterial nanocellulose fibrils exhibited shear-thinning
behavior and higher viscosity than nanocrystalline cellulose
suspensions at the same concentration. Carboxymethyl oxi-
dized cellulose nanofibrils and TEMPO also exhibit stable
hydrogels with strong viscoelastic modulus even at low con-
centrations of about 1% wt. This effect is due to electro-
static repulsion between negatively charged carboxylate
groups (-COO-) on the cellulose nanofibrils.*?

Titan Ag 200 is a wound dressing made of nanosilver as
antibacterial with sodium carboxymethyl cellulose fiber and
cellulose reinforcement fiber as a matrix that has been ap-
proved by the FDA.*” Tonic silver released into the wound
dressing on contact with wound exudate or blood has an
antibacterial effect on wound bacteria retained in the dress-
ing, preventing their colonization. In addition, the dressing
structure remains intact through the formation of a gel.
Therefore, debris and bacteria absorbed in the wound exudate
and remaining in the dressing can be removed when the
dressing is changed.

In addition, Titan Ag 200 assists in maintaining a moist
wound environment, supports autolytic debridement, and
protects wound edges and surrounding skin from maceration.
In this case, Titan Ag 200 is used for the management of (1)
Wounds with moderate to severe exudate, (2) Burns of partial
thickness, (3) Foot ulcers, pressure ulcers, and diabetic ul-
cers, (4) Surgical wounds (e.g., postoperative, which is al-
lowed to heal by secondary intent and donor site/graft), (5)
Traumatic wounds (e.g., abrasions and lacerations), and (6)
Wounds that bleed easily such as wounds that have been
mechanically or surgically debrided or donor sites. Through
medical tests, Titan Ag 200 (containing 40% cellulose) has
also been compared with a similar product, namely Aquacel
Ag Extra, which contains 18% cellulose,*” with the perfor-
mance comparisons summarized in Table 1.

Mechanical properties

In nanocomposite applications, cellulose is widely used as
a composite reinforcement agent. The dressing must be du-
rable, stress-resistant, flexible, supple, and elastic. This
property is needed to reduce the trauma effect on skin tissue
when changing dressings. In addition, the dressing must have
good tensile properties, which can withstand the body’s
pressure exerted by different contoured parts. Good adher-
ence can reduce pain, facilitate decontamination, prevent
peripheral passage into the wound by bacteria, and increase
tissue binding.*®

Using cellulose in concentrations ranging from 2% to 10%
gives bioink shear degletion, mechanical strength, and water
retention properties.>” Cross-linking is a standard method to
improve mechanical properties, but it can reduce biocom-
patibility.** 3D printing makes it unique to create hydrogel
composites suitable for pore size, shape, and structure tissue
regeneration applications. Sultan and Mathew*? studied 3D
printed hydrogels’ physical characteristics from cellulose



3D PRINTED CELLULOSE

1021

TABLE 1. COMPARISON OF THE PERFORMANCE OF TITAN AG 200 WITH AQUACEL AG EXTRA

Performance
criteria Aquacel Ag Extra Titan Ag 200 Comparison
Mode of action Releases silver ions on Releases silver ions on contact with  Equivalent

contact with wound
exudate.

Absorbs wound exudate and
forms a gel that traps debris
and bacteria in the
dressing.

Silver Release® 0.021-0.031 mg/10 cm?/24 h

wound exudate. Silver ions are
released into the wound dressing
but not into the wound bed.
Absorbs wound exudate and forms a
gel that traps debris and bacteria
in the dressing.
0.025-0.030 mg/10 cm?/24h

Statistical analysis showed
that the difference in silver
release yield for 7 days was
not significant. The device
is therefore considered to
have an equivalent silver

release.
Absorbency” 24 g/100 cm® 30 /100 cm? Equivalent
Antibacterial Assumed to meet the criteria ~ Log reduction for various bacteria Eligible: Antibacterial
activity® of a >4 log reduction. at corresponding timepoints >4. activity remained above log
4 reduction.
Wet tensile 15.9N/cm 3-5.9N/cm Equivalent
strength?
Biocompatibility®  Assumed to pass the Comprehensive biocompatibility Meets Titan Ag 200
requirements of applicable testing confirmed that the device biocompatibility
ISO 10993 tests. raises no safety concerns. requirements according to
ISO 10993-1.

“Profile was similar to that of the predicate device in simulated wound fluid over 7 days.
According to British Pharmacopoeia, Test Method for absorbency of Alginate dressings/Surgical dressings, European Standard

EN13726-1 March 2002, and product consistently meet specifications.

Accordlng to AATCC, 100 was found to consistently meet the requirement of a log 4 reduction compared to a control.

dAccording to British Pharmacopoeia meets the specifications set for this product and displays a strength better than the predicate device.

“According to ISO 10993-1-2009 and the following concluded. Testing included: (1) Toxicological Risk Assessment according to ISO
10993-17, (2) Acute systemic toxicity according to ISO 10993-11, (3) Subacute Systemic Toxicity according to ISO 10993, (4) Irritation
studies according to ISO 10993-10, (5) Cytotoxicity according to ISO 10993-5, (6) Sensitization according to ISO 10993-10, (7) Material
mediated pyrogenicity ISO 10993-11, and (8) Genotox1c1ty according to ISO 10993-3.

Source: Food Drug Administration (FDA)

nanocrystals as reinforcing agents. This porous scaffold is a
double cross-penetrating polymer network of sodium algi-
nate and gelatin hydrogel inks. Mechanical properties of 3D
printed hydrogel scaffolding are required for soft scaffolding
(~6KkPa), which facilitates chondrogenesis or a more rigid
scaffold for bone regeneration (~ 16kPa) with high cyto-
skeleton stress. Huang and Dean also studied a porous cel-
lulose tissue scaffold for tissue engineering.”® In practice,
microscale 3D tissue scaffolding using cellulose acetate
produces various pore sizes ranging from 99 to 608 um.
Furthermore, the composite modulus elasticity decrease is
inverse to the increase in porosity.

Cellulose nanocrystals contain more than 2000 photo-
active groups as highly efficient initiators for radical poly-
merization, cross-linkers, and nanofillers in 3D hydrogel
printing. 3D structured objects printed with mono-functional
methacrylate showed superior swelling c ggacity and en-
hanced mechanical properties.”’ Jiang et al’* examined the
mechanical properties of high-strength 3D printed hydrogels
to produce 3D scaffolding with high structural complexity
and design flexibility in the network engineering field. 3D
printed hydrogels were produced from dialdehyde cellulose
nanocrystals and gelatin as a bioink. The optimal breaking
strength of 4:8 (dialdehyde cellulose nanocrystals: gelatin) is
almost 41.3 times greater than gelatin hydrogels. Cross-

linked scaffolding with adjustable porosity was successfully
obtained as a 3D bioink for tissue repair applications. Hy-
drogel from nanocellulose and alginate through hydrogel ion
cross-linking using calcium ions improves the material’s
mechanical ;performance.S 3

Xu et al’* studied 3D printed nanocellulose hydrogels’
mechanical characteristics for wound healing applications.
3D printed hydrogel scaffolding uses in situ Ca®* cross-
linking approach and chemical cross-linking (using
1,4-butanediol diglycidyl ether). 3D printed scaffolding
containing 1% nanocellulose has mechanical strength, ad-
justed from 3 to 8 kPa. Bacterial nanocellulose was also ap-
plied to improve structural resolution and enhance the
mechanical properties of silk fibroin and gelatin composite
hydrogel scaffolding. 3D printed hydrogel of TEMPO na-
nofibril cellulose (1% w/v) with the addition of ultraviolet
cross-linking of methacrylate gelatin (<1% w/v) (Fig. 6)
showed a strong interaction between the two biopolymers
and good structural stability. The scaffolding’s mechanical
strength is set in the range of 2.5-5 kPa, and formulations at
low concentrations of both materials show great potential in
3D printing for wound healing applications.*” 3D printed
composite scaffolding with outstanding mechanical prop-
erties and hierarchical pore structure holds promise for
further tissue engineering applications.”
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Extrusion-based
3D printing
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FIG. 6. Schematic of a 3D printing hydrogel production based on nanocellulose and gelatin methacrylate.*>

Permeability aspects

Moisture permeability and gas permeability of wound
dressing films are essential to maintain wound comfort and
aid in the healing process.*® 3D printed wound dressings are
designed to absorb fluids and transfer fluid from the wound/
skin surface toward the dressing’s permeable layer. Some
wound fluid is lost to the atmosphere by evaporation as a
water vapor transmission process to increase the dressing’s
fluid handling capacity. This process’s success depends on
the proportion of fluid released by the absorbed or lost.>®

Permeability characteristics affect the survival of the liv-
ing cell by absorbing oxygen and nutrients in sufficient
quantities. These properties are very beneficial for en-
gineered tissue’s optimal development and survival. How-
ever, in some cases, the transportation of nutrients and
oxygen is often insufficient to support all the cells incorpo-
rated into the tissue. In addition, vascular constructs are not
readily constructed after implementing engineered tissues in
the body. In overcoming this problem, biomaterials used as
wound dressings through 3D bioprinting technology must
also be selective in the transportation of oxygen and nutri-
ents.”’ Perhaps, the design of the scaffold pores also influ-
ences this aspect.

Several studies have examined the permeability aspects of
cellulose-based wound dressings by 3D printing technology.
The wound dressings made of cellulose and mesoporous
silica particles exhibit water vapor permeability and swelling
properties of the composite membrane, which meet the main
requirements of wound dressings.”® Osorio et al®® investi-
gated a 3D composite wound dressing consisting of bacterial
cellulose fibrils and polyvinyl alcohol through physical cross-
linking. The use of bacterial cellulose for 3D printing is

known to have high permeability to liquids and gases.®’

Polyvinyl alcohol inserted in bacterial cellulose tubes can
increase permeability to water.”® Combining aloe vera gel
(30% v/v) with bacterial cellulose also increases water vapor
permeability,®" thus showing a promising application of 3D
printed wound dressings. Hydrogels from bacterial cellulose
and acrylic acid have water vapor permeability in the range of
2035-2666 g/m™>-day~".*

Absorption ability

One of the main reasons for using cellulose as a 3D printed
wound dressing material is its ability to absorb high fluids.
Exudates must be managed effectively to create an optimally
moist environment to promote wound healing and protect the
surrounding skin from maceration risk.’® The clinical re-
quirements for wound dressings’ performance are becoming
more complicated, but there remains a need for continued
exudate management efficiency. Measuring the dressing’s
fluid handling capacity is essential, considering the absorp-
tion capacity and the ability to withstand the absorbed fluid
under external pressure. This performance has substantial
implications for efficacy and related patient outcomes.®* Poor
exudate management increases patient morbidity and costs to
health facilities.>®

The ability to absorb fluids is due to cellulose’s hydrophilic
nature because the high concentration of OH in the cellulose
structure is such that the percentage of cellulose affects the
liquid’s absorption ability (Fig. 7). At the nanometer struc-
ture, nanocellulose tends to have higher liquid absorption
properties than on a larger scale. The small cellulose structure
causes a large specific surface area to increase the liquid’s
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FIG. 7. Effect of percent cellulose on the ability of absorption and fluid donation.’

binding capacity. For example, a layer of cotton gauze added
with microbial cellulose (nanometer structure) increases
water absorption and filterability by more than 30%.%* Bac-
terial cellulose composites and polyvinyl alcohol also have a
high water-holding capacity.>® The hydrogel can swell and
absorb fluid in its 3D tissue.®> Carboxymethyl groups’ pres-
ence in carboxymethyl cellulose can absorb wound fluid in
the fiber structure.®® Therefore, nanocellulose and carbox-
ymethyl cellulose hold great promise in producing 3D printed
wound dressings to absorb excess wound fluid.

The method of preparation of bacterial cellulose also in-
fluences its absorption properties. Rehydration of bacterial
cellulose will be significantly reduced after drying due to
entanglement and disruption of the cellulose polymer chains
so that the potential for repeated water absorbance is im-
paired. Meftahi et al®” solved this problem by immersing the
bacterial cellulose pellicle in a citric acid solution (as a
connecting agent). According to the Brunauer-Emmett-
Teller analysis, bacterial cellulose’s surface area associated
with citric acid (20% w/v with catalyst) was 87.5 times
greater than pure bacterial cellulose. The swelling water rate
was also significantly increased for the bacterial cellulose
associated with citric acid than pure cellulose. This method
can increase the absorption ability of cellulose-based 3D
printed wound dressings. Nanocellulose and alginate-based
3D printed hydrogels can also absorb water in humid con-
ditions, showing potential applications such as wound
dressings.” In 3D printing cellulose, it is also necessary to
consider the pores’ size to hold the wound fluid.

Espinosa et al®® examined the addition of alginate to 3D
printed cellulose hydrogel’s absorption capacity based on
TEMPO cellulose nanofibrils for wound dressing applica-
tions. Alginate is incorporated into the formulation to facil-
itate  ionic  cross-linking with calcium chloride.
Nanocellulose-based aerogel exhibits excellent water ab-
sorption capabilities, although the incorporation of alginate
and cross-linking with CaCl, causes shrinkage of the 3D

mold construction. The hydrophilicity of cellulose and the
high specific surface area (14.5mm“/mm?) of the sponge
have a high absorption of simulated wound fluid (about
210%) in the case of freeze-dried cellulose sponges.®

Maintenance and donation of humidity

In modern wound care, the wound condition is maintained
in a moist condition, as wet wound dressings can accelerate the
wound healing process compared to dry dressings.?> A moist
environment can prevent dehydration, increase angiogenesis
and collagen synthesis, and increase damage to dead tissue and
fibrin. Wound healing in moist conditions under controlled
hydration conditions is associated with various mechanisms,
namely facilitating the migration of epidermal cells, acceler-
ating epithelialization, and supporting the presence of pro-
teinases and growth factors. In addition, humid conditions can
stimulate keratinocyte proliferation and fibroblast growth and
support the esthetics and quality of wounds in clinical aspects.
In contrast, wound care in dry conditions only affects dead
tissue and fibrin and the inflammatory and proliferative phase
duration. In addition, dry dressings can cause pain in the
wound because they are difficult to remove.”®

Cellulose shows promising applications for producing 3D
wound dressings that retain moisture. Cellulose will absorb
excess exudate to wet the dressing when wearing a bandage.
In this condition, the dressing creates a moist environment
around the wound. However, in the case of dry wounds, dry
wound dressings cannot create a moist atmosphere. In this
case, cellulose hydrogel-based dressings play an essential
role by donating a certain amount of fluid to the dry wound
area to moisten the wound. Besides, cellulose hydrogel-based
wound dressings must also have the ability to absorb excess
exudate by measuring the degree of hydrogel swelling. The
gel moisture-holding capacity of wood nanocellulose fibers
was relatively higher (~7500%) than commercially avail-
able wound dressings (2500%). This result suggests that
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nanofiber cellulosic materials promise a 3D printed dressing
material to manage wounds with moderate to high exudate
amounts.”' The effect of the percentage of cellulose on fluid
donation is shown in Figure 7.

Biodegradation of cellulose

The biodegradable aspect is an essential criterion in se-
lecting 3D printed bioink materials for wound dressing ap-
plications. The ideal bioink should degrade in vivo with
controlled time and speed and create a similar biological
environment for engineered tissue growth. In addition, the
degraded product must be nontoxic to the cells incorporated
in the tissue.”” In the case of 3D printed wound dressing
applications, it is necessary to consider incorporating rigid
polymers in bioink, as micro-carriers degrade more slowly
than hydrogels and release harmful substances to cells.’’

The biodegradability of cellulose in vitro and in vivo was
studied by Czaja et al.”* Oxidation of y-irradiated bacteria
cellulose sheets is rapidly rehydrated in aqueous liquids.
In vitro studies show that the resorbable membrane’s deg-
radation occurs in two main phases: an initial rapid degra-
dation of about 70-80% followed by a slower degradation of
an additional 5-10%, ultimately decreasing, leaving a small
amount of nonabsorbable material. The prototypes showed
marked degradation at all times, with the fastest occurring in
the first 2-4 weeks through in vivo studies.

Biodegradation processes vary widely due to hydrolytic or
enzymatic labile components in bioink.’” Cellulose biodeg-
radation occurs through the enzymatic hydrolysis mechanism
carried out by cellulolytic microorganisms. In this case, these
microbes produce endoglycanase, cellobiohydrolase, and f3-
glucosidase enzymes in catalyzing cellulose depolymeriza-
tion.”® Cellulose biodegradation is not inhibited in the nano-
size range, especially in the crystalline form, although the
microbes and pathways involved may differ.”*

Antimicrobial study

The dressing functions to form a biocompatible protective
layer with the wound to prevent pathogenic bacteria from
entering. There are two mechanisms to protect wounds from
pathogenic microbes: utilizing the nanometer structure and
adding antimicrobial agents. Cellulose does not contain an-
timicrobial properties, so it needs to be composited with
natural active ingredients or biocompatible metals with
wound tissue. However, the addition of curcumin in micro-
sphere gelatin scaffolding, porous collagen, and cellulose
nanocrystals showed microbial properties and helped heal
infected burns.”> Nanocrystalline cellulose films containing
curcumin also significantly inhibited growth in three gram-
positive bacteria, two gram-negative bacteria, and one yeast
in the Hohenstein test in a diabetic wound healing applica-
tion.”® Hydrogel hydroxypropyl-f$-cyclodextrin-loaded-
bacterial cellulose-containing curcumin exhibits hemo-
compatibility and cytocompatibility anti-staphylococci and
antioxidants in wound healing.”” Mohanty and Sahoo’® have
also discussed the wound healing characteristics of curcumin.

Liyaskina et al’” made cellulose-alginate-based wound
dressings and the addition of the antimicrobial agent tetracy-
cline hydrochloride and have high antibiotic activity against
S. aureus. Bergonzi et al®* tested a 3D printed alginate scaffold
and nanocrystalline cellulose by adding silver nanoparticles to
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promote cytotoxic and antimicrobial effects to S. aureus and
P. aeruginosa with a minimum inhibitory concentration of
10 mg/mL. Gutierrez et al®' also added copper nano to a 3D
printed alginate and bacterial cellulose hydrogel by cross-
linking with calcium ions, then an ionic exchange with copper
ions and ionic cross-linking with copper ions. After being re-
duced with sodium borohydride (NaBH,), the 3D structure
showed antimicrobial behavior against E. coli and S. aureus
strains. The addition of antimicrobial metals (copper and sil-
ver) to 3D-printed wound dressings also showed solid bacte-
ricidal properties.®*

Wu and Hong®® studied the interaction of silver-ethylene
nanoparticles to develop a 3D printed hydrogel. In this case,
the active ingredient’s wound dressing is used to produce the
super porous antibacterial polyacrylamide/hydroxypropyl
methylcellulose hydrogel. The organometallic complex can
control the release of silver nanoparticles to balance the na-
nosilver cross-linked hydrogel’s cytocompatibility and anti-
bacterial activities. In vivo experiments demonstrated that a
silver nanoparticle cross-linked super porous hydrogel
dressing promotes the healing of infected wounds and in-
hibits scar tissue formation. Cellulose membranes and me-
soporous silica particles were also developed as pathogenic
antimicrobial wound dressings with a continuous release
function.”® The silica coating strategy with CaCOj3 helps
obtain a cellulose-silica composite membrane with a sus-
tained release profile (chloramphenicol as a drug model) and
intense antibacterial activity against S. aureus and E. coli.
ZnO nanoparticles in 3D printed alginate hydrogels are also
antibacterial against S. epidermidis as an antibacterial dress-
ing for chronic wounds.**

Weishaupt et al®> combine antimicrobial peptides (AMP)
and cellulose-binding peptides (CBP) to produce wound
dressings based on bacterial cellulose and electro-plant cel-
lulose. The results showed that the material had antibacterial
activity against S. aureus (log4 reduction) and P. aeruginosa
(log1 reduction). AMP affect bacteria through various modes
of action, thereby reducing the evolutionary pressure for
antibiotic resistance. Lacin et al®® also use ampicillin as an
additional drug for 2,3 dialdehyde bacterial cellulose in in-
hibiting the growth of E. coli and S. aureus. The e-poly-L-
Lysine (¢-PLL) peptide can also be combined with wound
dressing materials.

In practice, Fursatz et al®’ developed a functionalization
method of carboxymethyl cellulose and peptides using car-
bodiimides. This functionalization does not affect cyto-
compatibility to human fibroblasts and antibacterial
properties against S. epidermidis. Furthermore, Tavakolian
et al®® studied carboxyl-modified cellulose hydrogels and
&-PLL as a base material for wound dressings. The results
showed that the antibacterial hydrogel could kill about 99%
of the bacteria (S. aureus and P. aeruginosa) exposed after
3 h. Another study showing potential antimicrobial agents for
wound dressings is shown in Table 2.

Biocompatibility study

Cells in the human body are available in the ECM 3D
structure. The materials used in 3D bioprinting must be
biocompatible with cells to accelerate tissue formation, or-
gans, adhesion, and cell proliferation. In addition, stem cells
will differentiate into some types of cells to build different



TABLE 2. RESEARCHED ANTIMICROBIAL AGENTS FOR POTENTIAL WOUND HEALING COMBINED
WITH THREE-DIMENSIONAL PRINTED CELLULOSE IN A WOUND DRESSING APPLICATION

Antimicrobial agent Microbial target Effect Refs.

Grapefruit seed extract S. aureus, E. coli It shows excellent against E. coli compared to 89
nanoparticles S. aureus and has potential for wound healing

applications.

AMP (AMP Tet213) E. coli, MRSA, S. aureus Has antimicrobial activity in reducing the growth of %
these microbes.

Curcumin — Shows higher antimicrobial activity and the most o1
massive reduction in bacterial colonies than
composites without the addition of curcumin.

CCPs S. aureus, E. coli The combination of CCPs further enhances wound 92
healing and antimicrobial activity.

Nanosilver S. aureus, E. coli It is bactericidal against S. aureus and E. coli and has 93
a good blood clotting ability for wound healing
applications.

Polyhexamethylene — A controlled diffusion membrane provides a long- o

biguanide term antimicrobial effect for wound healing.

Nanosilver — Superior properties and synergistic antibacterial effect ~ °°
by combining chitosan with silver nanoparticle.

Silver P. aeruginosa, S. aureus The silver-containing composites showed more %6
significant bactericidal activity, consistently
achieving complete killings for P. aeruginosa and
>99.99% kill for S. aureus.

Silver sulfadiazine P. aeruginosa, S. aureus Polyelectrolyte complex wound dressings containing o7
silver sulfadiazine can protect the wound surface
from bacterial invasion and effectively suppress
bacterial proliferation.

Silver sulfadiazine P. aeruginosa, E. coli, The silver sulfadiazine showed bacterial activity o8

S. aureus against P. aeruginosa, E. coli, and S. aureus
through disc diffusion testing.
Silver nanoparticle P. aeruginosa, S. aureus, The silver nanoparticle was most potent against %
E. coli, MRSA P. aeruginosa, followed by S. aureus, E. coli, and
MRSA.

Polyethylenimine S. aureus, P. aeruginosa The material has vigorous activity with S. aureus and ~ '%
P. aeruginosa.

Ciprofloxacin HCl E. coli K12-MG1655, Shows good bactericidal against gram-positive and tot

S. typhimurium, gram-negative bacteria.
V. vulnificus CMCP6,

S. aureus ATCC 25923,

B. subtilis

Amoxicillin S. aureus, E. coli Shows effective antibacterial performance. 102

Honey S. aureus, E. coli Disc diffusion and dynamic contact tests proved the 103
nanofibers’ antibacterial activity loaded with honey
against these two bacteria.

Elicriso italic, chamomile E. coli, C. albicans The essential oil-enriched alginate film resists 104
blue, cinnamon, microbial growth for applying wound dressings,
lavender, tea tree, protection, and disinfection of medical devices.
peppermint, eucalyptus,
lemongrass, lemon oils

Copper nanoparticles A. baumannii It has antimicrobial properties through processes that ~ '*°
may be associated with contact killing.

Copper-containing E. coli Nanocellulose and copper composites showed an 106
mesoporous inhibitory effect on E. coli.
bioactive glass

Au nanoclusters E. coli, S. mutans Au and nanocellulose films showed high antibacterial 107
in E. coli and S. mutans in vitro and in vivo to
promote healing of chronically infected wounds.

Tannic acid, MgCl, S. aureus, E. coli, Tannic acid, MgCl,, and bacterial cellulose 108

P. aeruginosa composites showed potent against S. aureus,
E. coli, and P. aeruginosa, reducing the formation
of S. aureus and P. aeruginosa biofilms after 24 h of
incubation by 80% and ~ 87%, respectively.
(continued)
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TABLE 2. (CONTINUED)

Antimicrobial agent Microbial target Effect Refs.
Deacetylated acemannan  S. aureus, E. coli The cotton cellulose dressing and aloe vera extract 109

extracted from showed significant inhibitory effects against

Aloe vera leaves. S. aureus and E. coli at 70.2% and 72.4%,

respectively.

Coffee MRSA Powder robusta coffee has a strong inhibition zone. 1o
Zinc oxide E. coli, P. aeruginosa, Cellulose-zinc oxide bacterial nanocomposites each i

S. aureus, C. freundii

showed inhibitory activity against E. coli (90%),
P. aeruginosa (87.4%), S. aureus (94.3%), and
C. freundii (90.9%).

AMP, antimicrobial peptides; CCPs, cyclodextrin/propolis extract inclusion complexes; MRSA, methicillin-resistant S. aureus.

tissues. Therefore, selecting the type of biomaterial for which
cells will grow must be cytocompatible by supporting cell
growth, attachment, proliferation, and migration without
causing side effects such as severe inflammation, immuno-
logical rejection, or genotoxicity.”” The level of toxicity of
nanocellulose has been studied by Roman.''?

Cellulose, either plant cellulose or bacterial cellulose, and
their derivatives have been known to exhibit good biocompati-
bility for tissue engineering applications, as summarized in
Table 3. Cellulose can maintain high flexibility in shape and
structure, provides the ability to adapt to surface biochemistry,
displays a high degree of biocompatibility, exhibits vascularity,
and is widely available and easy to manufacture.''> Modulevsky
et al'' used apple native hypanthium tissue to examine the
biocompatibility of subcutaneous grown cellulose in wild-type
immunocompetent mice. Histological analysis showed no im-
mune response around the dermis tissue and active fibroblast
migration in the cellulose scaffold after 8 weeks and the new
collagen ECM deposition. Other results also indicated active
vascular formation in the scaffold as pro-angiogenic properties
of the original scaffold. Overall, the original cellulose scaffold-
ing is biocompatible based on the direct approach to producing
3D printed wound dressings. Other cellulose biocompatibility
studies are summarized in Table 3.

Nanocellulose is a suitable material for cell culture by
exploiting its shear thinning behavior. Ajdary et al'?® printed
a low-substitution rate of nanocellulose acetate aqueous
suspension for direct ink writing. Significantly lower acetate
nanofibrils are required to provide a more porous structure.
Nanocellulose acetate produces a dimensionally stable
monolithic scaffold that supports drying and wetting. A
cardiac myoblast cell model demonstrated attachment, pro-
liferation, and survival for 21 days.

Cellulose-based 3D printing technology for wound dress-
ing applications has recently attracted much interest. The
scaffold’s biological activity relies on making high-
resolution patterns with the orientation and scale of the fibers.
Altun et al'?* printed a 3D scaffold from bacterial cellulose
and polycaprolactone using electrohydrodynamic bioprinting
techniques. This scaffold exhibits biocompatibility using cell
adhesion and proliferation in vitro. The applications of na-
nocellulose in skin tissue engineering and wound healing,
including the potential for cell growth, drug delivery system,
transparency, sensory, cytotoxicity, and immunogenicity,
have been discussed by Bacakova et al.'*> The 3D-printed
nanocellulose-based hydrogels also impact the development
of chondrocytes, neuroblastoma cells, dermal fibroblast cells,

pancreatic tumor cells, hepatoma cells, and mesenchymal/
pluripotent stem cells,”* as shown in Figure 8.

Xu et al*? formulated a 3D printed hydrogel from oxidized
cellulose nanofibrils (1% w/v) with methacrylate gelatin
(<1% w/v). Tests conducted on 3T3 fibroblast cell cultures
revealed that the hydrogel has noncytotoxic features and is
biocompatible as 3D printing inks. Methacrylate gelatin, in-
corporated in the cellulose nanofiber (CNF) hydrogel, pro-
motes fibroblast proliferation. 3D printed nanocellulose
hydrogels that cross-link with Ca®" and 1,4-butanediol di-
glycidyl ether also support fibroblast cell proliferation as
hydrogel stiffness increases. Cellulose-based membranes
with the addition of AMP and CBP show cytocompatibility
properties in human fibroblast cultures.®> Furthermore, hy-
drogels based on carboxy-modified cellulose and ¢-PLL also
showed high biocompatibility to NIH/3T3 fibroblasts.*®

3D printed thin films produced from alginate and carbox-
ymethyl cellulose have been tested to evaluate the effect of
growth factors in wound healing applications. The addition of
growth factors in the film did not affect the film formation and
morphology. Cell viability increased significantly with the
addition of growth factors.'"”® Furthermore, Chinga-
Carrasco®’ conducted 3D printed fiber nanocellulose testing
from bagasse a%ainst L929 fibroblast cells. The addition of
alginate and Ca“" causes significant dimensional changes in
the 3D print construction. Cell tests showed that bagasse
cellulose did not exhibit cytotoxic potential, thus offering the
potential for a personalized wound dressing device. The cy-
totoxicity effect of silver nanoparticles on alginate and
nanocellulose-based 3D-printed hydrogels was also studied
in hepatocellular carcinoma (HepG2) cell cultures.

The approach that needs to be considered in producing 3D
printed wound dressings is that the cells’ survival is greatly
influenced by extrusion pressure and shear forces in the
molding process. Li et al'?’ studied the ability of superab-
sorbent 3D printed scaffolding based on nanocellulose and
alginate with porous structures to connect the pores attached
to the surface of the scaffold. The scaffold shows excellent
ability to absorb cell suspension and deposit cells onto 3D
printed scaffolding, more uniform cell distribution, and
provide a better microenvironment for cells.

3D-Printed Cellulose in Wound Healing Applications

Chronic wound healing

Wound infections, biofilm formation, amputations, and
high medical expenses are often problems in chronic wound



TABLE 3. STUDY OF CELLULOSE BIOCOMPATIBILITY FOR MEDICAL APPLICATIONS

Type of cellulose

Material lain

Cell model

Result

Refs.

Hydroxyethylcellulose

Bacterial nanocellulose

2,3 Dialdehyde
bacterial cellulose

Bacterial cellulose

‘Wood nanocellulose

Cotton fiber

Nanofibrillated
cellulose

Bacterial cellulose

Bacterial cellulose

Bacterial cellulose

TEMPO bacterial
cellulose

Ethylene glycol
diglycidyl ether,
soy protein isolate

Acrylic acid

Copper

Copper-containing
mesoporous
bioactive glass

Polyethylene glycol

Acrylic acid

Poly(3-
hydroxybutyrate-
co-4-
hydroxybutyrate),
trifluoroacetic
acid

Silver nanoparticle

Red blood cells,
1.929 cells

Human auricular
cartilage

Keratinocytes and
fibroblasts

Fibroblasts

Keratinocytes and
fibroblasts

Embryonic fibroblast
stem cells

Fibroblast 3T3

Fibroblast 3T3

Fibroblast skin cells

CHL fibroblast cells
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L.929 cells can stick to almost any
surface and enter the interior. In
addition, there were no
significant side effects of whole
blood anticoagulation, in vitro
breakdown, and in vitro
bioactivity.

The compacted nano bacterial
cellulose hydrogels are
noncytotoxic and cause minimal
foreign body response.

Cellulosic membranes can stimulate
keratinocytes and fibroblast cell
proliferation due to increased
surface area than nondegradable
ones. However, bandages do not
have an immunostimulating
effect.

Hydrogel-based materials can
increase human epidermal
keratinocytes and human skin
fibroblasts through in vivo studies
using athymic mice.

Nanocellulosic hydrogels can
support the proliferation of
fibroblasts and keratinocytes and
stimulate wound healing without
causing adverse local tissue
effects.

Potential as metal-based wound
care and against pathogenic
bacterial infections.

A dose-dependent on Cu**
cytotoxicity in 3T3 fibroblasts
and a biologically critical Cu®*
level below 10 mg/L are
suggested for survival and growth
of 3T3 fibroblasts. In addition,
the incorporation of copper into
the cellulose matrix increases the
pro-angiogenic potential of the
biocomposite.

Cells incubated for 48 h were able
to form cell adhesions and
proliferation.

The hydrogel is nonirritant,
nonallergic, nontoxic to primary
human dermal fibroblast skin
cells with a viability >88% and is
biocompatible with blood with a
low hemolytic index.

Cells incubated with a composite
scaffold for 48 h were able to
form cell adhesion and
proliferation, which showed
better biocompatibility than a
scaffold without bacterial
cellulose.

The combination of TEMPO and
nanosilver bacterial cellulose
showed high biocompatibility
according to the results of the
in vitro cytotoxicity test (cell
viability >95% after 48 h of
incubation).

115

116

86

117

118

105

106

119

62

120

46

(continued)
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TABLE 3. (CONTINUED)

Type of cellulose Material lain Cell model Result Refs.
Carboxymethyl Nano ZnO, — In vitro healing and cell viability 121
cellulose poly(vinyl results indicate sample
alcohol) biocompatibility and nontoxicity
and an excellent ability to heal
and protect wounds.
Cellulose fiber Deacetylated HepG?2 cells Composites have high 109
acemannan biocompatibility and increase cell

extracted from
Aloe vera leaves
Wood nanocellulose —
fibers

Normal human
dermal fibroblasts

viability.

Nanocellulose aerogels decreased n

metabolic activity by fibroblasts

and human and keratinocytes but showed no
epidermal significant cell death. Cytokine
keratinocyte profiles showed no induction of

Bacterial cellulose Dextran

the 27 cytokines tested after
exposure to nanofiber cellulose.

Dextran-modified bacterial cellulose
hydrogels increased cell
proliferation without cytotoxicity
compared to unmodified bacterial
cellulose (BC), accelerated wound
healing, and facilitated skin
maturation.

122

CHL, Chinese Hamster Lung; TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl radical.

healing. Chronic wounds will reach epidemic proportions
worldwide due to an aging population and an increasing in-
cidence of diabetes.!?® Chronic wounds, including venous
ulcers, diabetic ulcers, pressure ulcers, and arterial insuffi-
ciency ulcers, are among those that are difficult to treat.
Conventional wound care can sometimes lead to suboptimal
wound healing and significant morbidity and mortality."'?’
3D-printed hydrogel-based wound dressings with infectious
antimicrobials provide a promising solution.

Hepatoma
cells

Mesenchymal
[Pluripotent
Stem Cells

Neuroblastoma
Cells

3D Bioprinted
Nanocellulose-

based Hydrogel

Dermal
Fibroblast
Cells

Pancreatic
Tumor Cells

Chondrocytes

FIG. 8. Cell survival and proliferation in a bioprinted 3D
nanocellulose-based hydrogel (Adopted from Athukor-
alalage et al”?).

A personalized approach to treating chronic wounds in
diabetes is unavoidable. Cell-based therapy involves de-
signing a 3D cell scaffold bioconstruction obtained by pre-
senting a drug-loaded scaffold with undifferentiated cells to
achieve de novo functional tissue in situ.'>° Treatment of skin
wounds is not only about treating skin tissue but also includes
an assessment of individual health, nutrition, comorbidity,
and activity level. In this context, chronic wound healing by
3D printed wound dressings requires the design and control
of certain drugs added to the composite. This mechanism
aims to monitor in real-time without causing interference
during chronic wound healing.*’

There is a simple method for blending 3D printed cellulose
or its composites with natural active ingredients to promote
chronic wound healing. First, 3D printed cellulose can be
immersed in a solution of the active ingredient to trap the
active ingredient with a solvent’s help. Next, the solvent will
evaporate to leave the active ingredient in the 3D-printed
cellulose. Chemical reduction using silver salts, silver nitrate
(AgNO3), and a reducing agent, sodium borohydride
(NaBH,), can also be used to insert nanosilver in 3D printed
cellulose membranes as chronic wound dressings.'>!

Diabetic patients with foot ulcers show a 150-fold increased
risk of amputation due to microbial infection. The natural ac-
tive ingredients combined with 3D printed cellulose show
promising chronic wound prevention potential. Tong et al’®
used cotton cellulose nanocrystals (159 nm in size) as a me-
dium for delivering antimicrobials for diabetic wound dress-
ings. In in vivo testing using a diabetic mouse model, curcumin-
containing films significantly reduced wound size on day 7 with
topical application of curcumin-containing films. The wound is
healed by closure by the epithelial tissue and hair that begins to
grow. This film significantly enhances hair follicles and seba-
ceous glands in the skin and can improve diabetic wound
healing applications.
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Topical coffee powder also showed healing activity in
wounds of type 2 diabetes mellitus (90 cases), postamputa-
tion wounds in Buerger’s disease (15 cases), autoimmune (1
case of juvenile rheumatoid arthritis), burn (6 cases), cellu-
litis (6 cases), venous malformation (10 cases), and deep
femoral soft tissue wound (2 cases) in the human study
model."'® Using lignin and its derivatives as an antimicrobial
agent combined with bacterial cellulose and coniferyl alcohol
shows a promising alternative for chronic wound healing.'*

Solway et al'** compared wound healing speed in diabetic
foot ulcers using bacterial cellulose wound dressings or
Xeroform™ Petrolatum gauze. Wound dressings made of
bacterial cellulose can increase wound healing speed and
shorten the epithelialization time of diabetic ulcers. Bacterial
cellulose also showed decreased depth in chronic varicose
ulcers over 120 days without toxicity.'**

Kanjou et al'* used modified bacterial cellulose by re-
placing the fermentation medium with hyaluronic acid,
chondroitin sulfate, and cross-linking with sodium alginate
and calcium chloride. In vivo testing used an evaluation
model—a 60-year-old geriatric patient with diabetic wound
healing. 3D printed bacterial cellulose membranes can be
applied to cure diabetic ulcers. The development of bacterial
cellulose bio-nano composites and magnetic nanoparticles
(magnetite) for efficient chronic wound healing in human
adipose-derived stem cells in cellular morphology, viability,
proliferation, and the cytotoxic ?otential of scaffolding was
studied by Galateanu et al.'** Cellulose acetate/gelatin
electro spin also potency for diabetic foot ulcers.'*

Painful wounds

Pain can cause a delay in wound healing. Cellulosic wound
dressings have been known to reduce pain in wounds com-
pared to textile dressings during removal.'*’ Foster and Moore
(2016) that compared the capabilities of modern cellulose-
based fiber dressings with traditional ribbon gauze and pro-
flavin dressings used intra- and postoperatively to evaluate the
effects of pain reduction, improved treatment quality, and
patient satisfaction.'*® The results showed that the pain level
upon removal in the cellulose-based fiber bandage group’s
replacement was significantly reduced (p =0.002). In addition,
many patients preferred using cellulose dressings when the
first dressing change was performed at home without analgesia
compared to the band gauze group. Polyhexanide dressings
containing bio-cellulose dressings also reduce wound pain.'**

Maver et al'*’ combined the nonsteroidal anti-inflammatory
drugs, diclofenac sodium (DCS), and local lidocaine (LID)
anesthetics with carboxymethyl cellulose 3D and carbox-
ymethyl cellulose electrospun wound dressings. This material
is used as a suitable therapeutic solution for painless wound
healing. Both carboxymethyl cellulose materials are biocom-
patible with human skin cells. Drug release is also influenced by
the method of preparing wound dressings. Maver et al'*! also
developed a two-layer pain-relieving wound dressing made of
carboxymethylcellulose and polyethylene oxide. These dress-
ings are made by adding pain relievers, namely the nonsteroidal
anti-inflammatory diclofenac and local anesthetic lidocaine.

Burns wound healing

Burns of varying thickness require long healing times,
extensive size, pain, and repeated injuries due to dressing
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changes. Therefore, burn injuries are a high risk of morbidity
and mortality. In addition, the wound healing process is
complex and requires different cells.'*?

Huang et al'*’ developed a hydrogel for healing irregular
burns to overcome this problem. Hydrogels are produced
from natural polymers, namely water-soluble carboxymethyl
chitosan and dialdehyde-modified cellulose nanocrystals
(DACNC), cross-linked by dynamic Schiff-base between
amines from carboxymethyl chitosan and aldehydes from
DACNC. Hydrogels showed excellent biocompatibility
when tested against normal adult human primary skin fibro-
blasts and supported cell growth. This study shows that hy-
drogel can accelerate the healing of partial-thickness burns,
relieve pain during dressing changes, and prevent scar for-
mation. Furthermore, Piatkowski et al'*® also evaluated the
clinical efficacy of polyhexanide containing bio-cellulose
dressings compared with silver-sulfadiazine cream in sixty
partial-thickness burn patients. As a result, polyhexanides
containing bio-cellulose dressings significantly reduced pain
(p<0.01) and faster treated partial-thickness burns than
silver-sulfadiazine cream.

The use of bacterial cellulose also shows practical appli-
cations for healing burns. Muangman et al'** reported that
the microbial cellulose dressing, Nanocell (Thai Nano Cel-
lulose Co. Ltd., Bangkok, Thailand), showed the progress of
burn healing to full epithelialization of the face observed for 2
weeks. The dressing is applied once to the face without
changing the other dressing. The patient did not show any
irritation or allergic reactions during the treatment period,
and the wound swab culture did not show any bacterial
contamination. This innovative material provides an alter-
native dressing for superficial partial-thickness burns. In
addition, Mohamad et al''” used bacterial cellulose and ac-
rylic acid to improve burn wound healing.

Loh et al'*’ studied the ability to deliver human epidermal
keratinocytes and dermal fibroblasts from bacterial cellulose
hydrogels/acrylic acid as wound dressings to partial-
thickness burns. In vitro studies have shown that bacterial
cellulose/acrylic acid hydrogels have excellent cell adhesion,
maintain cell viability with limited migration, and allow cell
transfer. In vivo evaluation of wound closure, histological,
immunohistochemical, and transmission electron micros-
copy revealed that hydrogel alone and hydrogel with cells
accelerated wound healing compared with untreated controls.
This study suggests a potential application of bacterial cel-
Iulose/acrylic acid with two functions: a cell carrier and a
dressing. In addition, Brassolatti et al'*? used pure bacterial
cellulose and the addition of lidocaine to full-thickness burns.
Using bacterial cellulose demonstrated histological compat-
ibility patterns, mild inflammatory infiltration, better colla-
gen fibers, and mild immunostaining against COX-2 and
MMP-9. Thus, bacterial cellulose-based biomaterials can
optimize burn to heal.

The addition of active ingredients also supports the healing
of infected burns. Guo et al”> made wound dressing scaf-
folding from curcumin, microspherical gelatin, porous col-
lagen, and cellulose nanocrystals. The scaffold has a high
porosity, porous, and extended curcumin release profile, has
antibacterial properties, prevents inflammation, and promotes
healing of burn infections with full-thickness in mouse mod-
els. The addition of curcumin also supports its wound heal-
ing properties because it has antioxidant, anti-inflammatory,
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antimicrobial, and anticarcinogenic activities. Bacterial cellu-
lose nanocomposites and bacterial zinc oxide also demon-
strated potential burn dressing materials.''® Based on the
explanation above, cellulose can be made through 3D printing
technology to treat burns.

Future Directions
Cellulose wound dressing

Cellulose is a biopolymer that shows tremendous potential
in the biomedical sector because of its properties: low price,
abundant availability, good physicochemical properties,
biodegradability, and biocompatibility. Cellulose has dem-
onstrated its biocompatibility properties for tissue engineer-
ing applications through low cytotoxicity, can mimic
extracellular matrices, and supports cell and tissue develop-
ment. Various studies using cellulosic materials have suc-
ceeded in printing wound dressing designs in accelerating
wound healing through biocompatibility studies. However,
not many studies have shown that cellulose-based wound
dressings meet the requirements for ideal wound dressings.

From the physical aspect, the ideal wound dressing must
create a moist atmosphere around the wound, have good
mechanical properties (elastic, easy to remove, flexible),
permeability to water and gas, and absorb excess exudate. In
addition, the ideal wound dressing does not cause trauma to
the skin tissue that hinders the wound healing mechanism
during dressing changes. Chemically, wound dressings must
be clean, sterile, and not toxic to skin cells and tissues. These
physicochemical characteristics, coupled with antimicrobial
agents, are beneficial in supporting the processes of homeo-
stasis, inflammation, proliferation, and remodeling.

Each type of cellulose contains different functional groups
and charges, thus affecting the characteristics of the resulting
3D printed wound dressing. For example, nanocrystalline
cellulose contains crystalline parts, which help improve
scaffolds’ physical and mechanical properties, in contrast to
cellulose nanofibrils composed of woven cellulose. However,
it will be brittle after the drying process, so binding agents or
ions will be added to create a sturdy scaffold. This mecha-
nism is essential for modifying the properties of cellulose
both to improve its physicochemical properties and bio-
compatibility, as well as its ability to bind and regulate drug
release.

In addition, the two types of nanocellulose are produced by
different methods. Nanocrystalline cellulose is produced by
chemical methods, while nanofibril cellulose is produced
using mechanical equipment such as ultrafine grinding and
ultrasonication. There are considerations for selecting the
nanocellulose isolation method related to the cost efficiency
and toxicity of the scaffold. In this case, it is necessary to
ensure that no chemical residues are toxic to cell growth.

Besides that, microbial resistance is often a significant
problem in chronic wound management. Therefore,
cellulose-based wound dressings must contain antimicrobial
agents without causing microbial resistance properties. In
selecting a wound dressing antimicrobial agent, it is also
necessary to consider the availability, cost, methods of ob-
taining active constituents (extraction, isolation, use of sol-
vents), toxicity, age, and storage method in vivo and in vitro
testing. Antimicrobial agents based on natural ingredients are
expected to be a study in the future because of their abundant
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availability, generally containing antioxidants and antibac-
terials. In the future, this aspect is essential to pay attention to
in 3D printing cellulose with antimicrobial agents without
risking antibiotic resistance.

Wound dressing based cellulose 3D printed

3D printing technology is additive manufacturing using the
concept of artificial intelligence through 3D design software.
3D printing technology can increase the effectiveness and
efficiency of human performance in designing 3D products.
One does not need to spend time, effort, and thought pro-
ducing products with consistent results. With computer-aided
design (CAD), one can change the product design’s size
proportionally according to the consumer’s wishes. Thus, 3D
printing technology facilitates social work in various fields.

In designing 3D printed cellulose scaffolding as wound
dressings, it is necessary to pay attention to the scaffold’s size
and pore structure. The scaffold’s porous structure dramati-
cally affects the scaffold’s physical, chemical, and biocom-
patibility properties. For example, in conditions of large
pores, it may influence stability, elasticity, mechanical
structure, excess exudate holding capacity, easy removal
without causing pain and wound trauma, and water and gas
permeability. It may also be influential in vivo and vitro
studies, such as the ability to grow cells and tissues, release
antimicrobial agents/agents, and wound healing time.
Therefore, 3D printed wound dressings are expected to have a
design that meets ideal dressing requirements for treating
certain wounds.

The presence of temperature-sensitive active ingredients
contributes to the antimicrobial and antioxidant properties.
When using 3D printer devices, researchers must ensure that
the actives are not damaged during the extrusion process at
high temperatures. Clever high temperatures may reduce the
performance of (highly-priced) peptides as model drugs, thus
impacting their cost efficiency and effectiveness. Therefore,
it is crucial to choose the type of 3D printer that matches the
characteristics of the drug and cellulose models.

Conclusions

Cellulose is an inexpensive, abundant, biocompatible
biopolymer with skin cells and tissues. Due to its unique
properties, cellulose has been extensively researched and has
shown potential as an ideal wound dressing. To produce a
biocompatible wound dressing, it is essential to pay attention
to the chemical characteristics of the cellulose and the scaf-
fold design. Cellulose-based 3D printing technology as ideal
wound dressings is a renewable and promising innovation for
biomedical applications.
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