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Cellulose, a linear polysaccharide, is the most common and renewable biopolymer in nature.

microfluidics  CNC  cellulose  paper-based microfluidics

1. Introduction

The most prevalent and renewable biopolymer in nature is cellulose, which is a linear polysaccharide. Cellulose is

an organic molecule with a formula comprising a polysaccharide composed of a linear polymer of hundreds or even

thousands of connected D-glucose units. Cellulose is a structural component of the major cell wall of plants, many

types of algae, and oomycetes . This natural polymer cannot be melted (heated) or dissolved (in common

organic solvents). By derivatized chemical modification or direct dissolving, cellulose can be converted into a

processible liquid state . As adsorbents, cellulose and cellulose derivatives have been utilized in the form of

hydrogels , films , beads , microfibers , and microcrystals . In all these applications, cellulose

as a solid phase provides a large surface area that may separate chemicals from flowing liquids due to cellulose

active functional groups. In chromatography , protein purification , and drug delivery , cellulose

beads can be utilized as the stationary phase. Papermaking and the synthesis of micro fibrillated cellulose have

both employed partially or considerably fibrillated cellulose. Micro fibrillated cellulose was created from wood using

a high-pressure homogenization process  and has since been utilized as a filter aid as well as an excellent

thickener . In general, considerable energy consumption is unavoidable for the nanoscale fibrillation of wood or

other cellulosed source items that need cleaves of interfibrillar hydrogen bonds .

Cellulose nanocrystals (CNCs) receive more research attention than their CNC counterparts (in this case micro

fibrillated cellulose) . The reason for this is because nanoparticles with their nanosized (higher surface area)

have superior characteristics. The popularity of nanocellulose materials is continuously increasing. CNCs and nano

fibrillated cellulose (CNF) (or alternatively cellulose nanofibrils) can be used in applications ranging from small-

scale medical-grade items to larger-scale sorbent products. For instance, CNF shows promise for applications that

need flexibility, such as possibly wearable electrochemical applications . CNF-based aerogels are reasonably

simple to make using freeze drying or critical point drying and have received a lot of attention . To research

material/cell interactions using CNFs, CNF-based nanocomposite hydrogels can be employed as sophisticated

origami actuators. Artificial tissue, medical devices, diagnostics, and biosensors have all used these actuators .

Because of their ionic connections, CNF and poly ethylene glycol (PEG) can undergo a reversible sol gel transition

when subjected to strain or temperature ramping .
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The key attribute that cellulose-based goods provide to a matrix due to their elongated structure is their capacity to

enhance mechanical capabilities . For instance, enhancing mechanical properties of polymers ,

ceramics , etc. Aerogels made of chemically cross-linked nanostructured materials based on cellulose can be

employed as flexible substrates for a variety of functional nanoparticles, including hydrophobic nutritional

supplements and nanoparticles . CNC aerogel nanostructures’ porous structure enables rapid water

absorption and swelling via macropores and the macropillary action of mesopores; that makes this substrate ideal

for separation and extraction . CNCs have been linked with biopolymers using cross-linking chemistries to

generate a reinforced hydrogel structure, a process that involves, for instance, borax . Basic fibroblast growth

factor was loaded into disposable gelatin microspheres, which were then integrated into porous collagen/CNC

scaffolds, according to Li et al. . Cotton nanofibrils on their own are more amenable to hydrogel production than

CNCs. Dried CNC films with a helix inner structure are usually formed, for example, by depositing a suspension 

onto a substrate and then drying it. The drying may be separated into many parts that are governed by geometry,

the atmospheric partial pressure of water, and temperature. CNC division into liquid crystalline domains depends

on aspect ratio and concentration of CNC based on Onsager theory . Having stated that, specific applications

based on CNC and CNF literature have been identified; there have previously been reviews on the individual

subjects of CNF , micro fibrillated cellulose , cellulose nanocrystals , and cellulose

nanocrystals in polymers  and prospective readers are recommended to study the reviews of these

references (refs.).

Cellulose has a wide range of characteristics, including, but not limited to, gas barrier ability , as liquid crystal

assembled structures , hydrogel-based templates , aerogels , and inks , and the

ability to provide Pickering emulsion capability . Moreover, additional modification

such as the hydrophilization of cellulose-based aerogels has piqued the interest of researchers due to its potential

in oil/water separations and organic pollutant entrapment . It should be noted that several of the studies given

can be classified as belonging to the same category, for example, inks can be classified as belonging to the

hydrogel-based templates category.

Microfluidics is the science and technology of systems that are microscale integrated channels through which small

quantities of liquid may flow and during which the flow and the material within can be controlled or altered in

tandem . The history of microfluidics may be traced back to an attempt to perform miniature biochemical

analyses . At the microfluidics scale, because the dimensions are small, the specific effects are augmented,

resulting in behaviour that differs from that of macroscopic fluids. This causes viscous to inertial forces to become

dominant , surface effects to become significant, and mass and heat transfer to become efficient . For

instance, the size of the particles being focused, a topic that will be covered later, is impacted heavily by inertial

forces . This size dependency can be advantageous for biological sample cleanup since smaller particles are

sucked out, enhancing final sample purity, or minimizing bacterial contamination .

The use of microfluidics simplifies the existence and varied interaction of several phase fluids in a single “lab on

chip” . As a result of the characteristics listed, this intriguing subject has led the way for multidisciplined study in

the physical, biological, chemical, and medical disciplines. In the production of nanoparticles, super control over

[29][30] [31][32][33][34][35]

[36][37]

[38][39]

[40]

[41]

[42]

[43]

[44][45]

[46] [47][48][49][50] [46][51][52]

[47][53][54]

[55]

[56][57][58][59] [60] [61][62][63] [64][65][66]

[67][68][69][70][71][72][73][74][75][76][77][78]

[79]

[80][81]

[82]

[83] [84]

[85]

[86]

[87]



Cellulose and Microfluidics | Encyclopedia.pub

https://encyclopedia.pub/entry/19304 3/30

reaction kinetics , as well as tuning and modifying thermodynamic parameters, can provide nanoparticles with

customizable size and crystal structure.

Microfluidic devices can be used for causing the flow-induced orientation of cellulose, as a mixing zone , for

emulsification (can come under the category of mixing), as a reactor such as acting as a glucose assay , and as

an analytical tool, or cellulose itself can be used to make a microfluidic device . The microcapsule emulsification

approach includes mechanically shearing the system to generate a polydisperse mixture of droplets from the

mixing of oil and water. This droplet creation has received much attention in recent decades since it allows for the

generation of microparticles. Water-in-oil droplet microfluidics is used to create consistent spherical CNC droplets

in a nontoxic and environmentally friendly manner. Following the evaporation of the water within the droplets, the

molecular cross-linking of surface modified CNCs is accelerated. On the other hand, on a microfluidic chip,

emulsification can occur through three broad designs of co-flow, fluid-focused flow, or the T- or Y-junction meeting

of multiple flows .

2. Design of Cellulose with Microfluidics

In the literature, microfluidic technology has been employed to enhance the fabrication of cellulose-based parts.

Figure 1 shows how microfluidics may be used to generate distinct shapes in cellulose products.

Figure 1. Cellulose shape formation using flow modulation of microfluidics . (a) CNC–CNF joint

orientation along channels of a microfluidic chip for particle production with optimized qualities. Adapted with

permission from Ref. . Copyright 2018 Wiley-VCH. (b) The assembly process of regenerated silk fibroin (RSF)

fibrils suspended in RSF/CNF passing via a microfluidic channel is depicted. RSF and CNF are distributed; the

majority of RSF molecules are in random-coil form. Adapted with permission from Ref. . Copyright 2019

American Chemical Society. (c) The nanofibrils are focused in the channels, and a gelation agent (NaCl) is injected

along the route to help the cellulose rods stay in place as they exit the channel. Adapted from Ref. . (d)
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Microfluidics-based microparticle manufacturing with customizable final sizes. The setup for the experiment is

shown at the bottom. Adapted from Ref. .

To create strong fibres from CNF and CNC, a continuous wet spinning technique based on microfluidic flow

focusing has been devised. For the first time, fibres with an average breaking tenacity of 29.5 centi Newton per tex

have been recorded. CNCs are an appealing building element for producing lightweight yet robust and flexible

textiles due to their high strength and modulus. When CNCs are added to CNFs alone, the concentration of dope

can be increased by 4 to 5 times  (See Figure 1a).

In Lu et al. , cellulose hydrogel was utilized to create a microfluidic device using a 3D printer. Indeed, silk fibroin

and CNF hybrid fibres were dry-spun via a microfluidic chip that resembled the structure of a spider’s main

ampullate gland in this work . Many researchers have used nano-scale innovations, such as the use of titanium

dioxide , graphene oxide , carbon nanotubes , and CNC, to improve the mechanical qualities of artificial

silk. The authors’ research in Lu et al.  revealed that CNF may easily be used to enhance the mechanical

properties of silk fibres. Stress at break of RSF/CNF with 0.1 wt% CNF was determined to be about 485 ± 106

MPa, representing a 58 percent increase over RSF fibres spun from silkworm (maximum recorder was 686 MPa).

The method of integration of the two ingredients is depicted in Figure 1b. Spider silks have amazing mechanical

qualities; hence, one of the areas of research in the field of biomimetic fibres has been the construction of high-

performance artificial silk fibres as waveguides . Strong fibres such as the one introduced here might be useful

in biological media, bio-photonics, and central nervous system interfaces . Similarly, in other refs., the direction

and alignment of silk-spinning through microfluidic chips have been optimized through flow analysis .

This finding sets the path for further research into the demystification of the enigma of the natural spinning process.

It offers a complete and methodical look at the process of creating highly oriented artificial fibres for biological

applications . In the development, regeneration and characterization of a blended system combining Bombyx

Mori silk fibroin protein and cellulose acetate, a cellulose derivative, silk may be mixed with cellulose derivatives

. Many studies on the combination of silk and cellulose acetate for filament/fibre manufacturing may be found in

the literature .

CNF, which has a lot of potential as a building component for biobased products, might need to have hydrodynamic

alignment (alignment due to fluid-induced orientation) and a dispersion–gel transition involved in its process.

Gelation can occur due to the introduction of NaCl, a coagulant that acts as a charge screener . Knowing these

two concepts, alignment and gradual gelation, led the author to design the microfluidic channel in Figure 1c. Based

on mechanical examination, the filaments generated were shown to be more durable and stiffer than the precursor

material, CNF, and equivalent CNF-based polymer nanocomposites in the literature . The generated fibres are

equally as tough and strong as cellulose pulp fibres when equal fibril orientation is used. Figure 1c depicts the

assembly process for the design of this durable fiber. The cross section of the fibres is also represented as a

diffractogram. The orientation of fibres as a function of residence time and shearing in the microfluidic channel was

employed in all three studies listed above. It would have been ideal to assess the level of orientation using the plot

introduced by Pignon et al. ; small-angle light scattering and small-angle X-ray scattering were used in this

experiment. Cluster breakup may also be studied using a confocal setup because gelation is involved.
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Furthermore, utilizing rheology and theoretical models, the Folgar–Tucker orientation of fibres along the boundaries

of the microfluidic setup and at the centre may be determined .

By merging microfluidic and flash-freezing methods , porous cellulose acetate microspheres with variable

particle sizes and pore characteristics were effectively manufactured. These particles exhibited a large specific

surface area and good adsorption properties. The diameter of the microspheres may be precisely adjusted by

modifying the microfluidic settings. For oil, the developed porous structures were able to adsorb up to 30 times

their weight, while for Congo red, they were able to adsorb up to 23.9 mg·g . A pictograph of the procedure is

shown in Figure 1d. The setup for the experiment is also shown at the bottom. Staying on the subject of using the

microsphere as a way of extraction/separation, paclitaxel, one of the natural anticancer drugs that can be isolated

from the bark of pacific yew tree, was recognized, and separated in Wu et al.  using a sophisticated design of

microspheres . These examples demonstrate how microfluidics may be used to design structures that are

entirely adjustable and suited for specific applications such as separation.

The highlights of recent research utilizing microfluidics in the development of cellulose-based goods are shown in

Table 1.

Table 1. Presentation of research involving microfluidics in the creation of cellulose-based goods, as well as their

highlights.
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Study Application Highlight

Baek and
Park 

Creation of uniformly sized
porous cellulose beads

The creation of the cell/N-methyl morpholine N-oxide
droplet in the ethylene glycol solution in the T-junction
microfluidic chip could not be observed in situ using an

optical microscope. As a model study, the form of a
cellulose bead after coagulation was explored.

Pepicelli et
al. 

Creation of cellulose-based
biodegradable microcapsules.

Gluconacetobacter xylinus may live and flourish in a
variety of environments. Cellulose is a major constituent of

these self-secreted protective coatings (made with
Gluconacetobacter xylinus). The results achieved mark
the first step toward the fabrication of self-assembled

degradable cellulose capsule.

Duong et al.

Cellulose fiber membrane was
sandwiched between two

silicone elastomer
poly(dimethylsiloxane) (PDMS)

layers to mimic BBB

In vitro, a microfluidic system was created to replicate the
human blood–brain barrier (BBB). BBB formation was
assessed using cell survival, actin filament (F-actin)

formation, and transepithelial electrical resistance (TEER).
Overall, the model showed a simple to duplicate and low-

cost framework for in vitro drug test.

Jayapiriya
and Goel

Creation of paper-based energy
harvesting device

Using E. coli as the biocatalyst, a paper fuel cell can
generate 11.8 W·cm  of electricity. Fuel cell construction

that is both cost-effective and thrifty can be utilized to
power a wide range of low-power point-of-care devices.
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Study Application Highlight

Sharratt et
al. 

Creation of hydrogel
microparticles

Hydrogel microparticles (HMPs) have a wide range of
practical uses, from medication delivery to tissue

development. The kinetics of gelation fronts are initially
determined using 1D microfluidic studies. The effective

diffusive coefficients rise with Fe  content and drop with
NaCMC concentration.

Chen et al. Creation of core–shell
microparticles

Polysaccharides have been shown to be useful in
medication encapsulation and delivery. Authors offered a

multicompartment polysaccharide core–shell microparticle
that may be used to build a long-lasting dual-release

system of active molecules for wound healing.
Microparticles reduced inflammation while also promoting
granulation tissue development, collagen deposition, and

angiogenesis.

Liu et al. 
Creation of monodisperse ethyl

cellulose (EC) hollow
microcapsules

A simple and new approach is used to effectively create
monodisperse ethyl cellulose hollow microcapsules.

Microfluidic double emulsification and solvent diffusion are
used in this method. Microcapsules manufactured in an
iso-osmotic environment have a flawless spherical form

and no collapse.

Li et al. 
Using bacterial cellulose for

wound healing

Bacterial cellulose is a type of nano-biomaterial that may
be used in tissue engineering. It is unknown how bacterial

cellulose’s nanoscale structure impacts skin wound
healing. The lower portion of bacterial cellulose film can

encourage cell migration to aid in wound healing.

Zhao et al. Creation of cellulose-based
flexible electronics

Cellulose is a natural biopolymer with several benefits
such as low cost, ease of processing, and degradability. It
is extensively used in flexible electronics as a substrate,
dielectric material, gel electrolyte, and derived carbon-

made material.

Mahapatra et
al. 

Creation of cellulose-based
sensing devices

For its unique features, including biocompatibility, cellulose
has the potential to be used in the creation of cytosensors,

and organisms in a variety of materials.

Del Giudice
et al. 

Assessing morphological
structure of hydroxyethyl

cellulose with microfluidics

Non-modified hydroxyethyl cellulose acts as a linear
uncharged polymer when dissolved in water, with an

entangled mass concentration of 0.3 wt%. For the first
time, authors presented the concentrations scaling for

hydroxy ethyl cellulose solutions with the longest
relaxation period.

Zeng et al. CNFs produced by microfluidic
homogenization

The purpose of this research was to investigate and
compare the shape and rheology of cellulose nanofibrils
derived from bleached softwood kraft pulp. CNFs had the
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Study Application Highlight
greatest viscous, bulk modulus, and loss modulus, as well

as the largest aspect ratio.

Wang et al. Creation of uniform size CNCs
via microfluidic technology

CNC is a novel form of molecular substance derived from
biomass. CNCs with a good dividend and consistency
were achieved by hydrolysis process in a microfluidic

system using a 60% sulfuric acid solution at 35 °C for 40
min.

Lari et al. 
Creation of poly(ε-caprolactone)

and cellulose acetate
nanoparticles

The purpose of this study was to compare two types of
microfluidic-assisted nanoparticles (NPs) based on poly(-
caprolactone) (PCL) and cellulose acetate (CA). It was

discovered that CA NPs had a smaller average diameter
(37 nm) and a lower polydispersity index (PDI) (0.035)

than PCL NPs.

Carrick et al.
Creation of cellulose capsules

For medication delivery or controlled release capsules,
cellulose capsules with a limited size distribution might be

advantageous. Capsules were carboxymethylated to
make them pH responsive and to expand roughly 10%

when the pH was changed from 3 to 10.

Pei et al. Cross-linked cellulose hydrogel
was used for making a chip

To create cellulose–collagen hybrid hydrogels, collagen, a
critical extracellular component for cell culture, was cross-
linked in the cellulose hydrogel. Researchers revealed that
they have excellent structural reproduction ability, physical

qualities, and cell culture cytocompatibility.

Zhang et al.
Creation of a technology for
adsorption and isolation of
nucleic acids on cellulose

magnetic beads

The use of a 3D-printed microfluidic chip enables the
extraction of nucleic acids without the need of vortexes or
centrifuges. Magnetic, interfacial, and viscous drag forces
are described inside the chip’s microgeometries. Across a

variety of HPV plasmid levels, an overall extraction
efficiency of 61% is reported.

Wenzlik et al.
In a microfluidic setting,

cholesteric particles were made
from cellulose derivatives

Co-flowing injection of drops of liquid crystalline mixes of
cellulose derivatives into microspheres on the micrometre

scale is used in the process.

Miyashita et
al. 

The diamagnetic director for
microfluidic systems is made up

of microcrystal-like cellulose
fibrils

Cellulose is a potential material for the development of
biogenic optical systems that imitate the unique optical

capabilities of living creatures. In a microfluidic laboratory,
magnetic orientation tests on microcrystalline cellulose

were performed. During the dispersed light intensity
process, light intensity altered depending on the direction

of the magnetic field.

Chen et al. A multilayer microfluidic device
with a PDMS–cellulose

composite film was developed

This paper describes an integrated multilayer microfluidic
system that can pre-treat raw samples and detect them
using immunoassays. Using the crossflow concept, a
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Table 1 displays a presentation of research involving microfluidics in the creation of cellulose-based goods, as well

as their highlights. As a recap of Table 1, a study of silk-spinning through microfluidic chips has uncovered the

secrets of the natural spinning process , a study easily extendable to cellulose. Paper as a substrate aids in

reducing existing stiff wastes and inevitable pollution . Polysaccharides have been shown to be useful in

Study Application Highlight
polydimethylsiloxane (PDMS)-cellulose composite film

was employed to extract plasma from raw samples.

Włodarczyk
and Zarzycki

On silica and cellulose micro-
TLC plates, the chromatographic
behaviour of chosen colours was

studied

The chromatographic behaviour of 18 colourants,
including amaranth, black PN, bromophenol blue, and

bromocresol green, was investigated. Data were gathered
using silica and cellulose-coated microplates under

thermostatic settings (303 K). Dyes are frequently utilized
as colourants in food and industry, as well as sensing

compounds in analytical and medicinal purposes.

Ghorbani et
al. 

Creation of CNF- stabilized
perfluoro droplets

In a variety of applications, hydrodynamic cavitation on
microchips has been emphasised. Cavitating flow patterns

may be used to promote a wide range of industrial and
technical applications. Inside microfluidic devices, a novel
technique involving cellulose nanocomposites perfluoro

droplets was tested.

Park et al.
Wet-spun microcomposite
filaments were made with

cellulose

To make microfilaments, cellulose nanocrystals were wet
spun in a coagulation bath. The influence of sodium

alginate on the characteristics of the micro composite
filament was studied. The higher spinning rate of sodium
alginate generated a rise in the alignment index of CNCs,

leading to an improvement in the material’s tensile
characteristics.

Grate et al. Creation of Alexa Fluor-labeled
fluorescent CNCs

A group of researchers discovered a mechanism to attach
Alexa Fluor dyes to cellulose nanocrystals while

preserving the nanocrystal’s overall structure. Bioimaging
tests revealed that the spatial positioning of solid cellulose
deposits could be detected and their elimination over time

under the action of Celluclast  enzymes or
microorganisms could be monitored.

Ke et al. 
Microgels made from

carboxymethyl cellulose for cell
encapsulation

Carboxy methyl cellulose was modified with 4-
hydroxybenzylamine (CMC-Ph) to create carboxy methyl

cellulose-based microgels for use in scaffolds. The ATDC5
chondrocytic cell line was grown for up to 40 days after
being encased in carboxy methyl cellulose microgels.

Rao et al. Creation of microfluidic paper
fuel cell

MMPFCs (Membraneless Microfluidic Paper Fuel Cells)
are promising technologies for harvesting energy for a

variety of portable applications. Because of the built-in co-
laminar flow and integrated capillary, the devices remove

the need for membranes and additional pumps.

Shen et al. Creation of paper-based
microfluidic fuel cells

Microfluidic fuel cells made of paper are emerging as
possible renewable energy sources for small-scale

electronic systems. The textural qualities of the paper
channels have a considerable impact on the performance
of paper fuel cells. The use of paper with a bigger mean
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medication encapsulation and delivery. Using E. coli as a biocatalyst, a paper fuel cell can generate 11.8 W·cm  of

electricity using paper cells . Membrane-less Microfluidic Paper Fuel Cells are promising technologies for

harvesting energy. H O  is used as both fuel and oxidant in a paper-based microfluidic fuel cell for portable

electronics. The fuel cell does not require precious-metal catalysts, and the fuel utilized is carbon free and

environmentally friendly , with a peak energy capacity of 0.88 mW·cm .

A 3D-printed microfluidic chip allows for nucleic acid extraction without the need of vortexes or centrifuges .

Inside the chip’s microgeometries, magnetic, interfacial, and viscous drag forces are defined. Cavitating flow

patterns have the potential to be utilized to promote a wide range of industrial and technological applications. In a

coagulation bath, cellulose nanocrystals were wet spun . The effect of sodium alginate on the properties of the

micro composite filament was investigated. Bioimaging experiments demonstrated that solid cellulose deposits

may be recognized in their spatial location .

3. Cellulose as a Microfluidic Building Block

We offered a generalization on the issue of microfluidics and cellulose in the preceding section. The use of

cellulose as a microfluidics building component will be discussed here. Paper, elastomer, thermosets, silicon/glass,

thermoplastics, and hydrogels are some of the materials that may be used to make microfluidics chips . Here,

we focus on paper-based microfluidics.

Paper-based microfluidics, often known as “lab on paper,” is a revolutionary fluid management and analysis

technology. The system is said to be low-cost, simple to use, disposable, and requires no equipment. Indeed,

paper is an appealing substrate for these devices since it is omnipresent, ubiquitous, and incredibly inexpensive.

As a result, the material is also compatible with a wide range of additional chemical, biomedical, biomedical,

biochemical, and medicinal applications. It transfers liquid through capillary forces without the help of any external

forces. Microfluidic paper-based analytical devices, for example, may be utilized to measure the concentration of

various analytes in a solution while also serving as an excellent platform for point-of-care diagnostics (dubbed as

POC). Furthermore, it has found use in water quality analysis, as water pollution is harmful to human health. In

Chen et al. , a layered multilayer electrostatic printing approach for manufacturing nanofiber-based microfluidic

chips for water quality analysis was created. Devices provide easy fabrication techniques, flexible prototyping,

mass production possibilities, and multi-material integration.

As stated earlier, cellulose is a plentiful natural solid carbohydrate biopolymer that is vital to the biosphere and

plays an important role in the global carbon budget . The use of cellulose-derived nanoparticles for cell

imaging, material science, sensors, and other medical applications is gaining popularity . One application for

cellulose is as a component in the manufacture of microfluidic chips. Overall, few procedures for developing

microfluidic devices, photolithography , plotting using a plotter , etching , plasma ,

cutting  and wax printing , flexography printing , screen printing , and laser treatment 

have been documented. These approaches can be utilized to make microfluidic devices; to classify them,

photolithography, etching, spraying, screen printing, and dipping wax are examples of indirect patterning

Study Application Highlight
pore width may result in a greater peak power density and

open circuit voltage.

Shefa et al.
A method of incorporation of

curcumin (Cur) into a hydrogel
system based on cellulose was

developed

A freeze–thaw technique was used to create a Cur
including physically crosslinked TEMPO-oxidized CNC–

polyvinyl–alcohol curcumin– hydrogel, that produced
curcumin to speed wound healing. L929 fibroblast cells

incorporated curcumin within 4 h of incubation, according
to in vitro experiments.

Chen et al.
Separation of glycoproteins was

achieved using bacterial
cellulose microfluidic column

A simple technique was used to produce a regenerated
bacterial cellulose column containing concanavalin A (Con
A) lectin immobilised in a microfluidic device to evaluate
and separate glycoproteins. Schiff-base formation was
used to covalently link lectin Con A to the RBC matrix

surface.
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processes, whereas wax priming, plotting, flexography, writing, stamping, and inkjet printing are examples of direct

patterning methods.

Figure 2 shows the technology involved in patterning a PAD, including 3D printing, wax printing, flexography

printing, cutting, photolithography, and plotting.

Figure 2. Methods of patterning a PAD : (a) 3D printing; Adapted from Ref. . (b) wax

printing; Adapted from Ref. . (c) flexography printing; Adapted with permission from Ref. . Copyright 2019

Elsevier. (d) cutting; Adapted with permission from Ref. . Copyright 2015 Wiley-VCH. (e) photo-lithography;

Adapted with permission from Ref. . Copyright 2015 Wiley-VCH. (f) plotting; Adapted with permission from Ref.

. Copyright 2016 Springer-Verlag. These strategies are described in detail in the main text.

To explain some of the methods briefly: Wax printing uses a basic printer to design wax on paper, after which the

wax is melted to produce channels. This process is quick but offers limited resolution due to the isotropy of melted

wax . A wax layer creates the hydrophobic boundaries that are needed to guide the flow of a hydrophilic liquid.

Inkjet printing involves coating paper with a hydrophobic polymer and then applying an ink that selectively etches

the polymer to allow the paper to emerge . Photolithography is comparable to inkjet printing in that etching is

accomplished using a photomask and a photoresist polymer . Using a hydrophilizing agents such as

fluorocarbon plasma polymerization, the paper first becomes hydrophobic, and then oxygen plasma etching is used

to form hydrophilic patterns onto the paper . In flexographic printing, the process involves the usage of

conventional graphic printing, functional inks, and a substrate such as paper. Flexography, inkjet printing, wax

printing, and 3D printing all have striking parallels in this regard. Filling the vacuum with a hydrophobic substance,

such as a solid melted at a certain temperature or a hydrophobic polymer immersed in an organic solvent, is

another approach for creating hydrophilic structures on paper. These materials may easily penetrate the porous

network in their liquid state and form a barrier once solidified. For applications that demand portable yet small fluid

handling, microfluidics parts made by 3D printing with paper as part of the operation is of great use. A 3D printer

can also be used to produce hybrid channels. This technology is inexpensive and suited for household usage

[169][170][171][172][173] [169]

[170] [172]

[171]

[171]

[173]

[164]

[171]

[155]

[174]
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because it offers accurate fluid handling abilities, functionality (versatile), and user-friendliness . A depiction of

3D-printed microfluidics is shown in Figure 2a. Some examples of other methods mentioned earlier are also

depicted in Figure 2b–f.

Aside from selecting a good technique for microfluidic paper-based manufacturing, it is also critical to pick a

material that can go through the process. Cellulose and cellulose derivatives are suitable materials for 3D printing;

nevertheless, finding strong cellulose solvents is crucial for their efficient use because cellulose cannot be melted

(processed). However, due to strong hydrogen bonding, cellulose is also insoluble in water and other organic

solvents. Only a few effective solvent systems capable of dissolving cellulose have been discovered thus far. As a

result, researchers discovered functionalization processes such as xanthation , esterification , and

etherification  on the cellulose hydroxyl group as a method of disrupting hydrogen bonds and breaking

cellulose’s tenacity to dissolve. However, non-derivatizing solvents such as ionic liquid  can also dissolve

cellulose without requiring chemical changes, which is advantageous in many instances .

The most significant cellulose derivatives are cellulose ethers and esters . These are found in a variety of

goods, including thickeners, binders , emulsifiers, coatings, and membranes. The esterification of cellulose

allows for the transformation of cellulose into different forms . Cellulose ethers are plentiful, low-cost,

environmentally friendly compounds with exceptional characteristics. They have several uses in food, medicines,

cosmetics, and other commercial items. They are also commonly employed in 3D printing, where they serve

several purposes . The properties of ink are vital in 3D printing; specifically, 3D printing ink requires a well-

regulated viscoelastic response (such as high viscosity and shear thinning behaviour) . The shear thinning

properties of polymer solutions are frequently used to achieve this objective . These expected rheological

behaviours can be obtained using cellulose ethers. Cellulose ether has been used to change the viscosity of a

variety of industrial products . However, when an external force is applied, the mixing energy will break the

hydrogen bonds between the cellulose chains, causing the chain to align in the low direction, as seen by the shear

thinning of the pseudoplastic behaviour . The qualities of cellulose ether solution are thus sought since they are

low at greater shear rates and high when the flow is halted. Furthermore, these materials are thixotropic , which

is advantageous for becoming an ink since it necessitates the rehabilitation of the structure following fracture via

the nozzle. Table 2 contains a substantial amount of the literature devoted to the development of cellulose-based

microfluidic devices that can showcase the objective behind developing such systems.

Table 2. Presentation of research in which cellulose was employed as a chip-building material.

[169]

[175] [176]

[177]

[178]

[179]

[177]

[180]

[181]

[182][183]

[184]

[185][186]

[187]

[188]

[182]

Study Highlights

Lin et al. 

Three-dimensional microfluidic paper-based analytical devices (3D-µPADs) are a potential
platform technology that enables for complicated fluid manipulation, parallel sample

distribution, high throughput, and multiplex analysis assays. This technology can regulate the
penetration depth of melted wax printed on both sides of a paper substrate, resulting in

multilayer patterned channels in the substrate.

Martinez et
al. 

A novel family of point-of-care diagnostic devices is PADs. They are affordable, simple to
operate, and particularly developed for usage in poor nations. When completely developed,

[189]

[190]
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Study Highlights
they may deliver faster and less expensive bioanalyses.

Yamada et
al. 

On microfluidic PADs, “distance-based” detection patterns provide quantitative analysis without
the need of signal output tools. Quantitative analysis is enabled by the distance-based

quantified signal and the strong batch-to-batch production repeatability based on printing
processes.

Li and Liu
A wax-printing process is used to create 3D microfluidic channels inside a single sheet of
cellulose paper. It enabled the production of up to four layers of paper channels in a 315-

micrometer-thick substrate surface without the need for process optimization.

Ardalan et
al. 

The smart wearable sweat patch (SWSP) is a non-invasive and in situ multi-sensing sweat
biomarkers sensor that measures glucose, lactate, pH, chloride, and volume. A smartphone
app was also created to use a detection algorithm to estimate the quantity of biomarkers.

Arun et al.
The capillary-driven fluid flow of a combination of fuel and electrolyte drives the capillary-driven
fluid flow of a microfluidic fuel cell. Various pencils are used to produce the graphite electrodes
to study their influence on fuel cell performance. To improve performance, the paper fuel cell

was also manufactured in different diameters and coupled as cell stacks.

Yan et al.
H O  is used as both fuel and oxidant in a paper-based microfluidic fuel cell for portable
electronics. It does have a peak energy capacity of 0.88 mW·cm . The fuel cell does not
require precious-metal catalysts, and the fuel utilized is carbon free and environmentally

friendly.

del Torno-de
Román et al.

The power and output current of a paper-based enzyme glucose/O  fuel cell can be enhanced
by adopting a quasi-steady flow. The fuel cell’s anode and cathode are composed of display

carbon electrodes that have been correctly functionalized with protease inks.

Jia et al. 

Because of its hydrophilic properties, cellulose paper has been widely employed in microfluidic
devices. Cellulose is placed in paper at random, with no specific direction or pathways. White
wood possesses natural microchannels as well as a quick and anisotropic liquid and big solid

particle movement.

Cai et al. 
By silanizing filter cellulose using a paper mask, authors created a new, low-cost, and
straightforward approach for fabricating PADs. This procedure requires no expensive

equipment and may be carried out by inexperienced persons.

Murase et al.
Cellulose nanofiber can be utilized as a component in PADs. The thixotropic characteristic of

TEMPO-oxidized CNCs aqueous dispersion allowed for inkjet printability, which aided
manufacturing.

Kumar et al.
Cancer diagnostics are not currently prioritised in resource-limited settings. However, budget-

friendly and targeted screening test and diagnostic tools are in great need. Multi-layer cellulose
nanofibril-based coverings on expendable microfluidics were tuned for targeted capture and

efficient release of target cells.

Choi et al.
The microfluidic cellulose microfibre chip was prototyped by injecting 10 percent CM solutions

onto CNC-milled substrates. It can identify exudative age-related macular degeneration in
human aqueous sense organs.
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As a recap of Table 2, PADs have been developed for sub-microliter surface area/volume analysis. The wax-

printing technology that was previously used to design paper substrates has been improved to make high-

resolution designs patterned in filter paper. In recent years, paper-based microfluidics used for analytical purposes,

also known as PADs, have attracted a lot of interest for carrying out a variety of traditional analytical activities.

PADs’ appealing characteristics are mostly due to them being made of paper (cellulose), which is inexpensive,

readily disposable, and environmentally benign. Three-dimensional paper-based microfluidics with three layer

channels made from a paper-made substrate demonstrates the enzymatic detection of biomarkers such as

glucose, lactate and uric acid . According to the ISI Web of Knowledge data collection, the market for these

types of devices has been steadily growing, as seen by 942 publications published under the title microfluidic

paper-based between the years 2018 and 2022. Clearly, the trend indicates the future growth of PADs.

Figure 3 depicts a brief overview of the use of cellulose in the creation of microfluidic chips of varying scale, size,

shape, and design. The technique of transport depends on hydrophilic cellulose or nitrocellulose fibres to transfer

liquid from an input guided through a porous medium via capillary action. The benefit of paper-based microfluidics

is their passively controlled activity, which distinguishes them from more sophisticated microfluidic designs. The

following regions are found in paper-based devices: an inlet in a substrate that is commonly constructed of

cellulose where liquid is manually dispersed, a channel in which a hydrophilic network controls liquid transport, and

a flow amplifier in which flow velocity is impacted to impart a controlled velocity to flowing liquid. A flow resistor is a

capillary element that imparts a lowered flow velocity to control residence time, a barrier is a wall that prevents

liquid from penetrating out of the channels, and an outlet is a location where a chemical or biological reaction

occurs. For instance, in Figure 3a,c, the μPAD is divided into three parts: sensing, substrate, and water addition.

The distance between the regions of addition of water and substrate was designed to be 12 mm, while the area of

sensing was estimated to be 11 mm.

Study Highlights

Fu and Liu
PADs are typically mounted on a cellulose paper substrate. Covalent bonds with the target

biomolecule can be achieved by modifying chemicals. The optimum performance for
biosensing applications comes from potassium periodate (KIO )-modified cellulose paper.

Lu et al. 

Spider silks have amazing mechanical qualities; hence, one of the areas of research in
biomimetic fibres was the construction of structures with high silk fibres as optical waveguides.

The fibres might be useful in biological media, bio photonics, and central nervous system
interfaces.

Bao et al.
Transistors built of van der Waals materials are allowed by an all-cellulose paper with CNF on
the upper surface, which results in outstanding surface roughness and electrolyte absorption.

These planar transistors can be employed as sensors in PADs, together with other
components.

Yadav et al.
Microfluidics has the potential to revolutionise point-of-care detection in smart healthcare.
Paper as a substrate aids in reducing existing stiff wastes and inevitable pollution. Flexible

microfluidic technology hardcopy provides a low-cost technical foundation for next-generation
intelligent sensors.

Solin et al.
Point-of-care diagnosis can benefit from microfluidic technologies. Authors looked at the fluidic
structure due to stencil painting on flexible surfaces. Combining minerals with cellulose fibrils

resulted in optimal printability and flow profiles. The findings demonstrate the use of these
pathways for drug and chemical analysis.
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Figure 3. (a) Photolithographic devices for measuring glucose and protein. Adapted with permission from Ref. .

Copyright 2010 American Chemical Society. (b) As a supporting material embedding for the microchannels,

cellulose nanofibrils hydrogel, a 3D structuring ultrathin film, was employed. Adapted with permission from Ref.

. Copyright 2017 American Chemical Society. (c) The μPAD is divided into three parts: sensing (6.5 mm

diameter), substrate (6.5 mm diameter), and water addition (11 mm diameter). The distance between the regions of

addition of water and substrate was calculated to be 12 mm, while the area of sensing was estimated to be 11 mm.

Adapted with permission from Ref. . Copyright 2018 American Chemical Society. (d) Scanning electron

microscopy (SEM) photos of white wood microchannels are shown, as well as high magnification SEM

photographs of individual microchannels, to demonstrate the presence of pits with an average diameter of 2.5 μm

in addition to obstructed mass transmission that these designs can offer. Adapted with permissions from Ref. .

Copyright 2018 American Chemical Society.
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