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Abstract

Responsive and functional microcapsules have many envisioned applications,

spanning uses as diverse as drug delivery, cell protection, pollution mitigation, and

cosmetics. The vast majority of capsules are made from rigid cross-linked polymers

or metals that are strong but inflexible, restricting their applications in some sectors.

There is then a strong need to develop flexible but robust structures using sus-

tainable materials as a basis for new multifunctional capsules. Bacterial cellulose

microcapsules have been developed with a highly flexible but strong fiber mesh

structure that will enable engineering of new multifunctional capsule forms. The

strong but sparse capsule structures possess key length scales from nanometers to

millimeters and can be used as substrate for various surface modifications while

still acting as flexible enclosures for chemical cargo. This work demonstrates three

new uses of the particles: First, the low-density cellulose capsules are functionalized

with metal organic framework (MOF)-enzyme groups that convert them into active

particle motors, propelled by reaction with dissolved hydrogen peroxide. Unlike

solid micromotors, the capsules can compress in response to confinement, using

their surface reaction to navigate through narrow passages without damage.

A second modification of the capsules by grafted poly-NIPAM makes the cap-

sules temperature-responsive as well as tuning their permeability and elasticity.

The highly elastic capsules can absorb and expel liquid during temperature-induced

contraction and swelling, providing active uptake, release, and mixing of the liq-

uid cargo. Finally, drying of the native bacterial cellulose microcapsules is studied

to assess their ability to undergo extreme compression, store elastic energy, and

mimic pollen’s self-sealing capabilities. In the course of the drying process, cap-

illary forces induce stress leading to cellulose fiber alignment and pore closure and

permanent deformation of the cellulose microcapsule. However, adding a negligi-

ble amount of biodegradable polymer like carboxymethyl cellulose prevents per-

manent bundling of the cellulose fibers. As a result, the millimeter-scale capsule

converts to a nano-scale thin disk during drying but then recovers to its initial di-

mension by re-hydration, experiencing 1000 times change in volume. The modi-

fied bacterial cellulose microcapsule is proposed as a new class of soft and flexible
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multifunctional material capable of active motion, response, and deformation to

supplement conventional microcapsules.
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Chapter 1

Introduction

Microcapsules are microscale particles with the ability to contain and protect a

payload, for instance, a pH sensitive oral drug. However, for a capsule to be effective

it must not only protect its payload, but must also deploy it at the right time and

location. Responsive microcapsules that can be triggered by specific stimuli to re-

lease their payload have the potential to enhance the efficacy of active ingredients in

areas such as drug delivery, agriculture, cosmetics, detergent, and food additives1–3.

The synthesis of microcapsules was introduced by Green, and Schleicher4, who

encapsulated dyes by coacervation of gelatin and gum Arabic. Since then, diverse

methods of synthesizing microcapsules have been developed for containment, pro-

tection, and controlled release of a diverse range of active materials1,5.

The development of microcapsules has often been inspired by natural systems,

such as biological cells or pollen. Biological cells can deform and recover when

they encounter confinement and have a high level of control over their motion

and response to their external environment. This requires some level of softness

(low elastic modulus) as well as a shape-memory. In addition, biological cells and

organisms can use their deformation to move or secrete bioactive compounds6,

providing complex and responsive motion, encapsulation, and delivery functions.

Pollen grains are naturally responsive microcapsules that can encapsulate over 700

particles7, including proteins, lipids, starch, and cellulose components ranging in

size from several nanometers to 3µm. Pollen grains can fold and shrink during

1



Chapter 1. Introduction

dehydration to protect plant DNA. Upon exposure to humidity and contact with

targeted plant organs, they can swell and regain their hydrated state8–12, Figure 1.1

(f and g).

Red blood cells (RBCs) are another example of responsive biological cells that

demonstrate an extraordinary ability to undergo reversible large deformation and

exhibit fluidity. Figures 1.1 (a-e) show images of RBCs being squeezed through a

microfluidics channel, deforming and recovering in a reversible manner. The ability

of RBCs to undergo reversible deformation is a vital factor for human health, as

their geometry and deformability are tested when passing through interendothelial

slits in the human spleen13,14.The highly efficient encapsulation and response of

biological cells (e.g., red blood cells) inspire researchers to design functional and

responsive microcapsules that mimic the performance of their biological analouges

(Figure 1.1).

Ideal capsules should have a well-defined membrane boundary to separate in-

ternal and external compartment volumes and tunable permeability, enabling an

exchange of material and molecules with surrounding media15. Despite significant

progress in synthesizing responsive microcapsules, developing a complex micro-

capsule similar to pollen or a cell is yet to be achieved. In this chapter, we review

common microcapsule preparation methods as well as the performance of the re-

sulting microcapsules to identify current shortfalls in microcapsule synthesis and

performance.

1.1 Material selection

Microcapsule properties are primarily determined by two factors: the material and

the preparation method. Microcapsules can be synthesized from various mate-

rials including metals, polymers, or composites. Capsules can also be produced

2



1.1. Material selection

a b

c d

f gHydrated Folded

e

Figure 1.1: Natural capsules: red blood cell can squeeze and move through capillary with
diameter of 10% of its diameter(a-e) 13,14 (copyright (2007) National Academy of
Sciences and copyright (2016) National Academy of Sciences), pollen grain can
fold in response to changing in humidity (f and g) 10 (copyright (2010) National
Academy of Sciences.)
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Chapter 1. Introduction

with different structures such as crystalline, amorphous, and fibrous. The mate-

rial choice determines microcapsules’ physical, chemical, and mechanical proper-

ties. For instance, microcapsules with metal shell structures can be used for mak-

ing rigid capsules with high thermal and mechanical stability suitable for making

self-lubricating polymers16, and self-healing composites17, anticorrosion coatings,

smart concretes, and thermal energy storage systems18, Figure 1.2.

In Figure 1.2, we plot the elastic modulus and density of a number of micro-

capsules that have been reported in the literature. The resulting plot classifies the

capsules based on their applications, indicating that the elasticity and density of

the microcapsule determine its potential use. For instance, the bacterial cellulose

microcapsule, which has an extremely low density and relatively low elasticity, has

potential for drug delivery and cell encapsulation where high payload is needed and

the encapsulated contents are sensitive19

Polymers are the most common materials used for microcapsule shell structures

due to their diversity and functionality, which allow for the addition of responsive-

ness to the microcapsule and the tuning of its density and mechanical properties,

ranging from a glassy and rigid shell to a soft and flexible one. The diversity in

mechanical properties of polymer-based microcapsules offers a wide range of ap-

plications, from cell encapsulation, textile coating, and drug delivery to biosensors

that require low elasticity and rapid deformation, to anti-corrosion coating in self-

healing cement or heat storage, which need a more rigid capsule with a higher

elastic modulus17,20–40.

Polymer-based microcapsules have semipermeable and permeable shells de-

pending on the preparation method used41. Hydrophobic, hydrophilic, or a mix-

ture of both materials can be used to make a microcapsule; however, they should

meet the desired shell properties, including flexibility, permeability, stability, and

4



1.1. Material selection
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Figure 1.2: Microcapsules’ density, elastic modulus, and their applications 17,19–40

strength1. Shell strength is critical in determining shell reusability, as brittle and

rigid shell materials might create cracks during long-term usage.

Recently Li et al.16 developed a double-wall silica microcapsule with a diameter

and shell thickness of 90 and 6µm, respectively. They reported high thermal sta-

bility of the microcapsules with a thermal degradation onset temperature of 300 ◦C.

Metal-based microcapsules have impermeable or porous shell structures and can

only rupture or deform under extreme stress, depending on their elastic modulus.

They can also be used in high-temperature environments, whereas polymer-based

microcapsules are brittle, easily broken, and can decompose under temperature

ranges from 200 ◦C16.

Microcapsules with porous shells have drawn attention recently due to their

high encapsulation capacity, surface area, and release rate. The microcapsules’

porosity is essential in determining the release kinetics and capacity efficiency. The

structure, diameter, and number of pores are critical factors in determining the

5



Chapter 1. Introduction

Metal microcapsule Polymer microcapsule Cellulose microcapsule Bacterial Cellulose 
microcapsule

Impermeable Semipermeable
to 10 nm

Permeable
30-100 nm

Permeable
500-1000 nm

Elastic modulus:
~100 GPa

Pure cellulose fiber

Elastic modulus:
~ 0.5-750 MPa

Elastic modulus:
-

Elastic modulus:
100 Pa 

Cellulose compositePolymerMetal and ceramic

Applications:
Self healing, smart concretes, 
anticorrosion coating 

Applications:
Controlled release
Cell encapsulation
Self healing

Applications:
Nanoparticles encapsulation, 
Controlled release, sensor

Applications:
Cell encapsulation

Figure 1.3: Microcapsules’ shell structure

capsule porosity42. Microcapsule’s shell structure is classified in four categories,

in Figure 1.3 based on the material and shell permeability. Most polymers and

metals used to make a rigid capsule can produce a capsule with a porous structure,

including polylactic acid, chitosan, silica, and calcium carbonate42,43. They can be

produced using different methods, such as solvent evaporation, polymerization,

phase separation, and spray drying. Compared to the semipermeable or imper-

meable microcapsules produced from the same material, porous microcapsules

have a lower density, higher surface area, and higher absorption capacity42. Some

challenges limit their application in different sectors, such as preparation method

and fixed pore size42. However, Ye et al.44 developed the cellulose cage-like capsule

with a porous shell, low density, and high surface area. They incorporated the cel-

lulose nanocrystal with a polymer to achieve responsive porous microcapsules, in

which the pore size changes in response to pH. Paulraj et al. also expanded the

responsiveness of cellulose cage-like capsules to include permeability responses

triggered by more specific molecules such as salt and glucose45,46.
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1.1. Material selection

(a.1)

(a.2) (b.2) (c.2) (d.2)

(b.1) (c.1) (d.1)

200 µm

10 µm

Figure 1.4: (a.1 and a.2) SEM image of polyurethane(PU) microcapsules with a rigid
and nonporous shell structure 47, Reproduced with permission Copyright 2019,
Elsevier, (b.1 and b.2) PMMA microcapsules with macroporous shell, Adapted
with permission from 48. Copyright 2021 American Chemical Society, (c.1
and c.2) The porous shell is made from a network of interconnected polymer
particles, Adapted with permission from49. Copyright 2017 American Chemical
Society, and (d.1 and d.2) bacteria synthesized microcapsules with a fibrous shell
structure 19.

Figure 1.4 shows more example capsules with nonporous and porous shells. Ma

et al.47 synthesized the nonporous and smooth polyurethane microcapsules with a

smooth shell structure, developing a microcapsule to generate self-lubricating poly-

mer composites. Wu et al.48 developed poly(methyl methacrylate) microcapsules

featuring an asymmetric graded macroporous shell (pore size< 70 nm ) to achieve

highly selective permeation and fast uptake and release essential for dispersed mi-

croreactors, carriers, and sensors. A microcapsule with a more porous shell struc-

ture (pore size 100 nm ) was synthesized by Loiseau et al.49 for on-demand release of

small molecules triggered by pH change. Figure 1.4 (d) shows the bacterial cellulose

microcapsule with fibrous shell structure and the pore size of 500 nm19.
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Chapter 1. Introduction

1.2 Microcapsule preparation methods

Microcapsule preparation methods determine the capsule’s size, shell thickness,

permeability, and flexibility1,50, which usually involves a chemical, physical, me-

chanical, or biological process. Here we review some of the most common methods

of microcapsule preparation.

1.2.1 Chemical method of microcapsule production

Microcapsules are typically produced by layer-by-layer assembly, polymer self as-

sembly, in situ polymerization, and interfacial polymerization. Recently using mi-

crofluidics devices enabled the production of multi-emulsion droplets, which is

now used as a template to design microcapsules. Also, the loading of microcapsules

during droplet formation enhances encapsulation efficiency. Combing microflu-

idics techniques and conventional chemical methods of synthesizing microcap-

sules enhances microcapsule production efficiency.

Among different methods of synthesizing microcapsules, layer by layer (LBL)

assembly is one of the simplest methods of shell and thin-film production. A poly-

meric component or polyelectrolyte is deposited onto the surface of colloidal par-

ticles and, when the internal droplet dissolves, a microcapsule is formed (Figure

1.5 (a)). This method builds a layer of polyelectrolytes onto colloidal droplets using

electrostatic interactions. The charged particles or droplets are placed into an elec-

trolyte with the opposite charge; therefore, the electrostatic force drives the polymer

to coat the particles. In order to make a hollow microcapsule, the internal charged

particle (core) needs to be dissolved. Although dissolving the internal core can be a

complex procedure for some applications the LBL method is useful for controlling

shell permeability, elasticity, and mechanical stability1,51.
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1.2. Microcapsule preparation methods

(c) In situ polymerization

(a) Layer-by-layer assembly

(d) Interfacial polymerization methods

(b) Self assembly

Figure 1.5: Different chemical methods of microcapsule production; (a) Layer-by-layer
deposition method 1,51 Reproduced with permission. 1 Copyright 2020, The Royal
Society of Chemistry, (b) Self-assembly method 52 Reproduced with permis-
sion. 52 Copyright 2013, The Royal Society of Chemistry, (c) Deposition and
precipitation of the polymer at the interface 53 Reproduced with permission 53

Copyright 2018, Taylor and Francis , and (d) In situ polymerization 54,55.
Reproduced with permission. 54 Copyright 2019, Elsevier.
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Self-assembly is the other common way of microcapsule production, especially

for pharmaceutical and agricultural industries. Self-assembly is a force balance

method when a different structure can generate spontaneously without the need

of an external driving force, Figure 1.5 (b). The structure can be made of molecules

or microparticles, which can rearrange to make a capsule structure using different

interactions such as electrostatic interactions, hydrogen bonds, π-π interaction,

and van der Waals forces1,52.

In situ polymerization or interfacial polymerization is a chemical method of

microcapsule production. In this method, a monomer is provided inside or out-

side the shell, and the shell is formed via polymerization. Microcapsules with an

ammonium polyphosphate core and glycidyl methacrylate shell are one examples

of in situ polymerization, Figure 1.5 (c and d). Generally, polymer deposition and

precipitation occur at the core (droplet) interface due to changing pH or tempera-

ture. A wide range of polymers like formaldehyde constitution, melamine, or urea

can be utilised however, cracks in the shell may develop overtime1,53.

1.2.2 Spray drying

Spray drying is a large-scale, rapid, low-cost, and reproducible method of produc-

tion of spherical particles and microcapsules in food, pharmaceuticals, and de-

tergents industries using a rapid drying of aerosols56–58. Spray drying is a phase

transition process in which the fluid stream is sprayed and dried when exposed to

high-pressure gas. The particles’ shape, structure, size, and porosity can be tuned

by changing the operational conditions56.

By tuning the solvent evaporation rate, surface charge, and chemical properties

of the droplet, particles with different morphology can be achieved57. Synthesizing

the particles with a spherical shape is the most common approach, however, by
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1.2. Microcapsule preparation methods

(a)

(b)

Figure 1.6: Schematic of the spray drying system. (a) The particle formation process. (b)
The drying and solvent evaporation process 59
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Chapter 1. Introduction

adjusting heat and mass transfer from the surface to the deepest point inside a

hollow droplet capsule can be synthesized56. Figure 1.6 shows the spray drying

process, where the solution and high-pressure gas interact, which leads to the solu-

tion crashing into lots of small fog drops in the drying chamber. The tiny fog drops

are dried into micro-scale particles. This technique can make particles with high

homogeneity on a large scale59. Despite several advantages, such as large-scale

production of microcapsules and particles, spray drying operation temperature,

synthesizing microcapsules with uniform porous shell structure, and nozzle clog-

ging during formation of large particles all limit the usage of this method60.

1.2.3 Microfluidics

As microcapsules are emerging as a functional material for a wide range of applica-

tions, developing efficient microcapsule production with tuneable size and struc-

ture on a large scale is needed61. All reported conventional methods of microcap-

sule production make the capsule with large polydispersity, poor reproducibility,

and limited tunable morphology. In order to overcome these limitations, different

methods have been developed, such as droplet microfluidics, photolithography,

and micro-molding; however, droplet microfluidics is known as the most effective

way of synthesizing microcapsules61. It allows precise tuning of the composite

and well-defined shell structure of a capsule with diverse size, which is suitable for

specific functions, especially in biomedical applications61. This method is based

on the emulsion of a mixture of two immiscible liquids, where one of them is dis-

persed in another. Typically they require applied stress generated by agitation61–63.

microfluidics device offers various ways of making the emulsions by fabrication one

drop at a time. Precise microcapsules can be produced by force balancing flow dur-

ing the droplet breakup, which can be applied to diverse channel geometries such
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(a) (b)

(c) (d)

(e)

(f)

(g)

(h)

Figure 1.7: Four types of drop making microfluidic systems: (a) T-shaped, (b) cross-
shaped, (c) coaxial, and (d) step geometries 64.Reproduced with permission. 64

Copyright 2022, The Royal Society of Chemistry. (e-h) Generation of emulsions at
different fluid flow rates 65. Reprinted with permission from 65. Copyright 2018
American Chemical Society.

as T-shaped, cross-shaped (flow-focusing), coaxial, and step junctions, as shown

in Figure 1.7. When two or more interfaces are simultaneously broken, multiple-

emulsion drops can be produced in one step. In a T-shaped junction, the emulsion

drops are synthesized using the viscous shear force exerted on the dispersed phase

by the continuous phase61,64.

1.2.4 Biologically prepared microcapsule

Most research on developing microcapsules use chemical and physical methods,

which restricts achieving the complex structure of natural capsules. Hence, reusing

and modifying existing microcapsules has gained more attention and, by employing

biological microcapsules, advanced drug delivery and controlled release systems

can be created66–71. For instance, Prabhakar et al.72 used pollen for encapsulating

protein and, by using organic dyes and the vacuum and passive loading method,

their research indicated the pollen’s unique structure for cargo delivery applica-
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Figure 1.8: Schematic of bacterial cellulose microcapsule production; where encapsu-
lated bacteria in gelled oil synthesis the cellulose microcapsule 19. Reprinted with
permission from 19. Copyright 2019 American Chemical Society.

tions. However, reusing the biological sample requires multiple steps of cleaning

and processing the microcapsule structure before modifying and loading the de-

sired cargo70.

Recent advances in using biological cells, e.g., bacteria or microorganisms, for

making complex 3D structures has motivated73 recent work done by Song et al.19

to engineer bacterial motion and make a microcapsule. The biointerfacial process

is a new method of producing cellulose microcapsules using templated growth of

Acetobacter xylinum onto emulsion droplets in gelled oil (the mixture of HCO and

vegetable oil)19. Figure 1.8 shows the schematic of bacterial cellulose production.

Bacteria polymerize glucose molecules to produce micron-length cellulose fibers,

which entangle and form a core-shell structure at the water-oil interface within two

weeks. This method can be used to synthesize microcapsules with a size range from

50µm to several millimeters. The capsule’s microfiber structure creates a mesh-

like shell with an average pore size of 500 nm, making a millimeter or micron size

capsule with extremely low weight (200 ng) and high water-holding capacity in the

hollow core and mesh structured shell due to cellulose hydroxyl groups. The bac-

terial cellulose’s unique structure can be used to mimic pollen self-sealing during
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dehydration, however, dehydration can permanently deform the cellulose micro-

capsule due to cellulose fiber interactions.

Microcapsules can be synthesized by various methods to create a complex and

specific shell structure which aids in addressing various challenges encountered

during the encapsulation process and controlled release systems. Therefore, se-

lecting the right preparation process is as important as material selection, as it can

lead to developing a capsule with a suitable structure. Creating a biocompatible

microcapsule for biomedical and food applications is required, which further draws

attention to using a biological method of polymerization such as using bacteria to

polymerize glucose molecules and produce cellulose fibers19,74.

1.3 Microcapsule characterization

As microcapsule applications increase in different sectors, understanding and eval-

uating their structure is needed. Here we investigate the general properties of mi-

crocapsules, the permeability and flexibility of microcapsules determines the mi-

crocapsule’s performance in terms of encapsulation and controlled release. Addi-

tionally, different applications require unique properties; for example, self-healing

cement applications, a rigid capsule with high stability and less permeability is de-

sirable and, in the cell protection field, a permeable and flexible capsule is prefer-

able.

1.3.1 Capsule permeability

The permeability is one of the most critical factors used to determine efficiency for

different applications. For instance, sectors like drug delivery require the capsule

to release its content in order to adjust the permeability in response to change in

pH or temperature and for cosmetics and fragrance applications, a fast release is
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Impermeable Semipermeable Permeable

Figure 1.9: Different types of microcapsule permeability.

preferable, while for cell protection specific permeability is required to protect the

cell and provide all nutrients required for cell survival. Therefore, understanding

the factors affecting permeability is essential. Generally, shell thickness, porosity,

surface chemistry, and pore structure affect the microcapsule permeability75.

Figure 1.9 illustrates that the microcapsules are classified into three categories:

permeable (depending on the pore size, let solvent, solute, ions, and particles pen-

etrate across the shell), semipermeable (only solvent can pass through the capsule),

and impermeable (no substance can pass) capsule. Depending on the application

different types of permeability are desirable.

Depending on the shell structure, transport of encapsulated ingredients across

the microcapsule shell follows the same mechanism as a conventional membrane.

Therefore, similar to the membrane, transport across the shell can be classified

into two categories based on the shell structure. If the capsule has a porous shell

with a fixed pore size the passage of certain species (smaller than the pore size)

is permitted, and mass transfer occurs due to a pressure gradient. In the case of a

nonporous polymer-based shell structures, the capsule permeability and selectivity

are determined by the diffusivity and solubility of encapsulated ingredients within

the shell, as seen in Figure 1.10.

Transport through the porous shell is described using the pore-flow model (PF),

in which the pressure gradient drives the fluid through pores across the shell, visible
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(a) (b)

Figure 1.10: (a) Schematic illustration of particles and molecular transportation
through porous shell or membrane (pore-flow membrane) and (b)
Molecular diffusion across non-porous structure (solution-diffusion
membrane) 76.(Copyright (2022) National Academy of Sciences.)

in Figure 1.10. Solving the Navier-Stokes equations can relate the solvent flux to

the pressure gradient however, if the pore size and structure are known, then a

Darcy-flow can be used to relate the velocity of the solvent based on the pressure

gradient76:

Js = φs∆P

ξL
≡ κPF

∆P

L
(1.1)

Where Js(m3/s ),∆P (Pa ), φs(mol ), ξ, κPF (m2 ), and L(m ) are solvent flux, a local

pressure gradient, a volume fraction within the membrane, a local solvent friction

coefficient permeability, and a membrane or shell thickness76.
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Microcapsule permeability is the passive diffusion rate of permeated solvent,

molecules, or particles across the nonporous shell or membrane. The solution-

diffusion model (SD) describes the transport through the membrane or shell due

to a concentration gradient. The solution-diffusion is generally used for nonporous

membranes whose shell or membrane pore structure is not clear or they have con-

tinuous pores and therefore the flux across the membrane or shell is calculated as

follow:

Js = Dφs

1−φsL
(1.2)

Here, D is the diffusivity between the solvent and polymer membrane or shell76.

However, the permeability of specific particles or molecules depends on their

size and polarity or the viscosity of the surrounding fluid. Changing the microcap-

sule permeability in response to stimuli is one of the most common ways to control

the release system.

The most direct way of on-demand release is to release content over time by

diffusion through a permeable capsule. In this class of responsive release, micro-

capsule permeability changes after it is triggered by temperature, pH, or another

signaling method. There are several methods of evaluating capsule permeation of

a polymer or tracer with known size. One method relies on the capsule allowing

diffusion in different conditions that correspond with a trigger, dependant on dif-

fering situations the molecules will be included or excluded. In another method, to

track changing diffusion with time or varying conditions, a polymer is labeled with

a fluorescent dye and tracked using fluorescent or confocal microscopy.

Fluorescein isothiocyanate (FITC)-dextran with different molecular weights is

usually used to measure diffusion rates in different conditions in order to estimate
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the microcapsule pore size and capsule permeability changes in response to stimuli.

Different sizes of FITC-dextran can be used to evaluate the size excluded before

and after a change in triggered conditions to estimate the capsule cutoff range.

For a more detailed studies of the diffusion rate and permeability of low molec-

ular weight fluorescent probe, fluorescent recovery after photobleaching (FRAP)

can be used. FRAP is based on the fluorescence of molecules in which a small

region of the sample is bleached by exposure to strong laser intensity. The dynamics

of fluorescence recovery as a function of time due to the diffusion of unbleached

fresh fluorescent-labeled probes (FITC-dextran) in the bleached region can then be

used to infer the mobility of the fluorescent molecules77. Figure 1.11 shows the

fluorescent recovery after photobleaching (FRAP) was conducted using confocal

microscopy. Low laser intensity is used at the beginning to capture equal emissions

of the dye inside and outside the capsule, which appear with the same intensity. By

increasing laser intensity in a specific region (inside the capsule), the fluorescent

dye is bleached and appears in a dark color however, once unbleached fluorescent

molecules diffuse through the capsule, the fluorescence intensifies within78.

Fluorescence intensity in the interior, I(t), increases as the molecule diffuses

through the porous membrane and reaches the maximum, I. The permeability of

each molecule is estimated with a diffusion equation:

I (t ) = I0 + (Is − I0)(1−e−s/v pt ) = I0 + (Is − I0)(1−e−3P t/r ) (1.3)

I = Ii ni (1−e−At ) (1.4)

I (t ) and Ii ni represent the intensity of fluorescence probe within microcapsule at

time t=∞ and t=0, respectively, assuming that complete photobleaching is achieved
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Figure 1.11: Typical confocal laser scanning microscopy (CLSM) measurement where
the capsule permeability is quantified using fluorescence recovery after photo-
bleaching (FRAP). The permeant molecule is the fluorescent dye fluorescein 78.
Reprinted with permission from 78. Copyright 2002 American Chemical Society.

at t=0. The coefficient A is related to the diffusion coefficient according to

A = 3P/r = 3D/r h (1.5)

For diffusion through a spherical wall with radiusr , P is permeability, t is diffu-

sion time, and thickness h.

The structure of equation (1.4) follows as a solution to Fick’s law

dc/d t =−A(C −C0) (1.6)

with Co and C being the concentrations outside and inside the capsules, respec-

tively78–80.

Ibarz et al.78 employed FRAP to study the influence of thermal treatment on

the permeability of polyelectrolyte multilayer capsules and the results showed that

for capsules made of poly(styrene sulfonic acid) and poly(allylamine hydrochloride)

the penetration of fluorescein reduces by three orders of magnitude when heated at
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80◦C. An et al.80produced lipid and protein microcapsules fabricated by alternating

adsorption of human serum albumin (HSA) and l-α-dimyristoylphosphatidic acid

(DMPA) on a template and, subsequent removal of the core produced supplemen-

tary layers whose permeability as a function of pH were studied. The capsules were

permeable for macromolecules (FITC-labeled dextran, Mw 40 kDa) at pH < 4.8 and

impermeable at pH > 7.4.

Chen et al.81 synthesized hollow protein microcapsules simply by heating the

microphase-separated soy glycinin microdomains. They used confocal laser scan-

ning microscopy (CLSM) to study the permeability of soy glycinin microcapsules

as influenced by ionic strength and pH using fluorescein isothiocyanate-dextran

(FITC-dextran). They found the glycinin microcapsules kept their integrity between

pH 1 and 11.5, swelled when pH was below 3 or above 11, dissociated at a pH above

11.5, and swelled slightly at pH 1. When the pH increased above 11, the permeability

of the microcapsule significantly increased. Moreover, the permeability of micro-

capsules was also increased by adding salt but less significantly than by adjusting

pH.

1.3.2 Microcapsule flexibility and deformation

Mechanical properties of capsules play an essential role in determining capsule de-

formability, stability, and durability when subjected to internal or external osmotic

pressure or applied external forces. Thus, it is necessary to consider the mechanical

characteristics of a microcapsule in designing them based on their future applica-

tion. Progress in the development of advanced material science has allowed the

production of microcapsules with a controlled nanoscale structure to achieve simi-

lar properties to biological capsules such as some degree of biomimetic control and

response to the environment. This could allow the development of capsules, not
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only in terms of stimuli-responsiveness, but also more targeted localized release.

Designing microcapsules for specific tasks requires an understanding and control

over physicochemical properties such as adhesion and mechanical properties of

capsule membranes.

The material used in artificial capsule production is a key factor in determining

capsule flexibility and elasticity. Biological capsules provide clear examples of a

robust and flexible system to avoid membrane rupture in their complex deforma-

tion, however, based on their specific task, they could have different elasticity. An

example of stable capsules that can undergo deformation without rupturing are red

blood cells which are made from membranes with the lowest bending resistance

seen in material science but are still highly resistant to stretching82. This allows

them to squeeze through capillaries just 10% of their diameter without sustaining

damage83, this deformation is visible in Figure 1.1. At the same time, pollen is an ex-

ample of on-demand rupturing for the fast release of plant DNA in stigma. However,

pollen has a high Young’s modulus, around 9-15 GPa. Some biological capsule-like

virus capsids are highly rigid, similar to glassy polymers, and can withstand pres-

sures up to 10 MPa84. Besides their mechanical properties, capsule adhesion plays

an important role as it is the proerty that allows microcapsules to adhere to surfaces,

especially when they travel through channels or close to adhesive surfaces85–87.

Wang et al.88 developed a pollen-inspired capsule for drug delivery with strong

adhesion properties. They were inspired by natural pollen polymer microparti-

cles with surface textures and homogeneous size, which were fabricated through

evaporation-induced interfacial instability of microfluidic droplet templates. The

resultant particles exhibited controllable surface roughness and thus strong adhe-

sion ability to the intestinal mucosa. Such particles were employed as novel drug
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carriers, contributing to enhanced loading efficacy and controllable release kinet-

ics.

Shell thickness plays an important role in capsule rigidity and mechanical sta-

bility83,89. Vian et al.89 synthesized the mechanical responsive microcapsules with

different shell diameters using water-oil-water double emulsions with sub-micron

thick shells as a template. They used osmotic pressure to deform the synthesized

capsule. They have found that, despite their thin shells, the capsules are mechani-

cally robust such that they withstand at least 1.08 MPa without being deformed and

pressures up to 2.75 MPa without losing their integrity.

Chen et al.90 made microcapsules using double emulsion templates. They used

polymers with selected glass transition temperatures as the shell material. They

show through single capsule compression testing that hollow capsules can be pre-

pared with tunable mechanical properties ranging from elastomeric to brittle. A

quantitative statistical analysis of the load at rupture of brittle capsules is also pro-

vided to evaluate the variability of the microfluidic route and assist in the design of

capsules in applications involving mechanically triggered release.

The remarkably distinct mechanical response of the capsules achieved by se-

lecting polymers with tailored glass transition temperatures has important practical

implications. Capsules that undergo brittle fracture are stiffer but can be ruptured

at very low strains, making them suitable for situations where the release of encap-

sulants is desired under low external strain.

The human red blood cell circulates a million times in the body, squeezing through

confined capillaries. The erythrocytes display outstanding mechanical properties

and fluidity that allow them to undergo reversible recovery after deformation. Such

shape recovery and flexibility come from the spectrin tetramer network tethered to
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a phospholipid bilayer. The solid network’s plastic deformation also manifests as

high creep and yield regimes dependant on the strain rate13.

Stability and deformation are two critical factors of all-natural and artificial cap-

sules, which can be incorporated to allow complex deformation. Holmes et al.91

in their review paper explained how elastic instability can provide a multitude of

ways to control shape based on bucking, folding, creasing, snapping, and wrinkling.

Capsule deformation is either in-plane stretching and shear or out-of-plane bend-

ing. In most of the biological membranes, such as Venus flytrap92, pollen grains10,

and red blood cells93, they have a low resistance to bending and shearing, and they

deform via pure bending or shearing. However, the shape can be predicted based

on the mean and Gaussian curvature of the local geometry of the membrane using

the Helfrich-type Hamiltonian model. Shell elastic instability happens when the

difference between the outer and inner pressure of the shell is enhanced above a

critical value, which can cause shell deformation. Therefore, it is essential to define

the critical buckling condition of the shell based on capsule or shell permeability,

geometry, material properties, and elasticity94.

The theoretical prediction for the critical buckling pressure of a perfect spherical

shell of radius R and thickness h, loaded under uniform pressure, p 94:

Pc = (2E/
√

3(1−ν)2))(R/h)−2 (1.7)

where E and ν are Young’s modulus and Poisson’s ratio of the material, respectively.

The theoretical predictions for capsule buckling pressure help the neat design of the

artificial capsule. Zoelley.95 defines a knockdown factor,κd , as the ratio between the

maximum experimental load sustained by the shell before buckling and the classic
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Figure 1.12: Schematic representation of single-capsule measurement techniques, each
with typically available force range. Arrows indicate the directions in which
forces are acting96, Reproduced with permission. 96 Copyright 2014, Elsevier.

theoretical prediction for thin shells. This number can be as low as 0.2. However,

most of the theoretical model is based on polymer-based capsules95.

κd = Pmax/Pc (1.8)

The microcapsule mechanical properties are accessible through a wide range

of methods that can evaluate individual or multiple capsules. External osmotic

pressure is a common method of multiple capsule deformation. Increasing the

media osmotic pressure can deform and buckle the flexible microcapsules, depend-

ing on capsule shell thickness and elastic modulus. In order to obtain detailed

information due to higher sensitivity regarding the capsule deformation, single-

capsule measurement is used.

Several techniques have been reported to evaluate a single microcapsule’s me-

chanical properties based on applied pressure, capsule response, and recovery after

lifting applied force, such as parallel plate compression, atomic force microscopy

(AFM)97, micropipette aspiration98, and shear flow99–102.
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(a)

(c)

(b.1) (b.2) (b.3)

(b.4) (b.5) (b.6)

Figure 1.13: (a) Microcapsule deformation using the parallel plate 103,Reproduced with
permission 103 Copyright 2013, Springer Journal of Biorheology , (b) Pressure
driven microcapsule deformation through a tapered capillary 27. Reproduced
with permission 27 Copyright 2015, The Royal Society of Chemistry, and (C)
Microcapsule compression using the microfluidic channel 104.

Atomic force microscopy (AFM) is an accurate method of microcapsule stress-

strain measurement. In this method, a large spherical probe is glued to the AFM

cantilever and pressed on individual objects or microcapsules. This allows simul-

taneous measurement of exerted stress and the capsule deformation105. In this

method, a force in the range of pN and µN is applied to the microcapsule to mea-

sure the capsule mechanical properties during the small range deformation which

is based on the capsule shell thickness. Instead of a large probe, the colloidal probe

can be used to measure the sphere-sphere deformation geometry96. Often AFM can

be combined with optics, reflection interference contrast, or confocal microscopy

to observe the capsule’s contact area during the deformation, seen in Figure 1.12.

Figure 1.12 shows the capsule deformation using various methods, including the

shear stress which is typically used for forces ranging from mPa to kPa. However,

for the capsule with average 5µm radius, the stress drops to 0.1 pN and 0.1µN. In

this method, the capsule is exposed to shear flow produced via concentric cylinder
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rotation in opposite directions, and the capsule strain is captured using an optical

or fluorescent microscope. The other method of evaluating microcapsule mechan-

ical properties using a micropipette was initially developed to measure the elastic

properties of living cells. In this technique, a glass micropipette with a movable

reservoir uses suction pressure to deform the capsule which transfers partially into

the pipette, and the amount of strain can be imaged using optical microscopy(e.g.,

Figure 1.13b and c).

Parallel plate compression is based on the capsule deformation between two ap-

proaching parallel plates equipped with a force transducer. This method is suitable

for forces ranging from µN to N scale (Figure 1.12). The capsule is immobilized and

deformed by the flat end of a cylindrical probe connected to the force transducer.

The deformation is captured and measured using the optical microscopy96, mea-

suring the burst forces of melamine formaldehyde microcapsule is an example of

the use of parallel plates to deform microcapsules106(e.g., Figure 1.13 a).

Optical and magnetic tweezers are the other way of single microcapsule defor-

mation. The magnitude of the applied stress is from several tens of N to several

hundreds of pN , and this method is usually used for measuring the elastic modulus

of the biological samples, and flexible microcapsule96.

1.4 Functional and stimuli responsive microcapsule

A biological cell has a complex chemical and mechanical structure to sense and

respond to mechanical and chemical signals and perform a specific function at the

same time107. For instance, cells undergo directed motion in response to mechan-

ical variation in their environment, fibroblasts preferentially migrate from soft to

hard surfaces108, and endothelial cells migrate towards applied fluidic shear stress13.
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This inspires researchers to develop microcapsules with single or multiple func-

tions.

The microcapsules’ functionality is usually determined by the chemical and me-

chanical properties of the shell, which should be considered for targeted applica-

tions. Microcapsules are developed to safely store active ingredients and protect

them from the surrounding environment. Therefore, in addition to efficient encap-

sulation, they are designed to release their contents or uptake from the surrounding

environment. Hence, the shell should be made of a stimuli-responsive membrane,

which means the pore size changes in response to external signals, or the shell

degrades or ruptures under external driving forces (Figure 1.14).

Controlled release was defined in the early 1950s, based on the method reported

by Pothakamury et al.109 active and encapsulated ingredients are made available at

the right time and rate. Since then, controlled release has been used to release active

components including drugs, fragrance, flavor, and pesticides, to improve delivery

efficiency and safety. The release rate varies based on many factors, including dif-

fusion rate, the size and molecular weight of active ingredients, shell thickness, and

pore size. Different release mechanisms occur based on the shell’s structure and

material proprieties. Therefore the controlled release mechanism is categorized

as diffusion through porous shell, shell dissolution, and rupturing110, which can

indicate different release profiles over time.

Microcapsule rupturing

Usually, the most dramatic release is by a shell bursting in response to an internal

or external applied shear force or pressure. Also, this type of release requires the

impermeable or semipermeable shell with a brittle structure50. The magnitude

of pressure varies depending on the shell elasticity. For instance, a metal-based
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(c) Switchable Permeability

(a) Rupturing (b) Shell Erosion

Figure 1.14: Different types of controlled release: (a) Microcapsule rupturing, (b) Shell
erosion, and (c) Switchable permeability

microcapsule is in the order of several GPa, and a polymer-based microcapsule is in

the order of several MPa111,112. For instance, 0.48 MPa and approximately 350 MPa

stress are required to rupture melamine formaldehyde microcapsules with a radius

ranging from 2.5 to 6µm113. For polymer composite nanospheres with a diameter

ranging from 300 to 400 nm114, a stress greater than 0.8 GPa is needed. Additionally,

for hydrogel-based microcapsules with a 400µm diameter, 42 kPa is required115.

The amount of release in the burst moment varies from 30 to 60%, and the rest

of encapsulated content releases gradually with a constant rate due to diffusion116.

The rupturing release profile has been shown in Figure 1.18110.

Microcapsule deformation and rupturing can be triggered by many factors such

osmotic pressure30, mechanical stress24, temperature117, specific solvent23, and

pH21. Mechanical stress can also burst the shell structure above a certain thresh-

old, which is determined by the material’s elastic modulus. The failure of the shell
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structure leads to cargo release. For instance, the polymeric shell can rupture under

shear flow.

Microcapsule shell dissolution can also cause a dramatic release of the encapsu-

lated content triggered by different stimuli like pH. When the polymer chains of the

shell material become more highly charged and repel each other, the microcapsule

shell dissolves at a constant rate. In this method, after several minutes, the shell

becomes fully dissolved and the encapsulated content is released118.

It is worth mentioning that some capsules with porous shells, like bacterial cel-

lulose microcapsules, will not rupture under internal or external pressure due to

high porosity but can be buckled and deformed19. Figure 1.15 illustrates the effect

of permeability on capsule rupturing, reported by Peyret et al.119, indicating that

increasing the internal pressure in the impermeable capsule leads to the capsule

rupturing. If the capsule is highly permeable, internal pressure reaches an equilib-

rium and the capsule will not rupturing.

Hence, microcapsule bursting and shell dissolution are suitable for rapid release

of over 30% of encapsulated contents with the rate as high as 25µL/min24, which

is not preferred in some applications such as drug delivery as sudden release may

swing the drug concentration in the blood. In such applications, a more gradual

sustained release is preferable, where the encapsulated ingredient diffuses through

the shell over time.

Switchable permeability

Capsules and membranes with switchable layer/wall permeability are particularly

interesting for on-demand loading and release and microreactor applications. The

permeability of capsules can be controlled by several factors, including the number

of polymer layers, surface modification, and choice of polymer, which can deter-
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(a)

(b)

Figure 1.15: The effect of permeability of the release mechanism: a) The osmotic
pressure enhances inside the capsule due to the impermeable membrane and
prevents the internal solution leak out, leading the shell from bursting. b)
The microcapsule internal pressure transiently increased when water diffused
through the capsule and shell with high permeability; hence the capsule
swelled without rupturing 119. Reproduced with permission. 119. Copyright
2017, Wiley-VCH.

(a) (b)

Figure 1.16: (a) Pollen grain rupturing under internal osmotic stress caused by pollen
cytoplasm 120, (b) Poly(ethylene glycol) divinyl ether microcapsules were
swelled and ruptured internal osmotic pressure due to the mixture of sucrose
and PVA 30. Reproduced with permission. 30Copyright 2019, Wiley-VCH.
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mine the triggering stimuli factors such as pH81,121,122,light123 temperature, salt,

and redox reactions between capsules and external molecules.

The sensitivity of microcapsules to structural changes can be attributed to the

transition (swelling or degradation) of shell copolymers caused by variations in the

charge, redox potential, and mobility of functional groups in response to stimulus

changes124,125. Other factors including chain architecture, solvent concentration,

and ionic strength can affect the self-assembly of block copolymers and contribute

to the stability and sensitivity of responsive microcapsules126. Kempe et al.127 de-

veloped gated permeability using the reversible nature of the disulfide cross-linking.

This feature can be achieved by introducing a photosensitive segment, whose ac-

tivation leads to either rupture or modification of the diffusive properties of the

capsule shell, allowing the delivery of the encapsulated material.

Figure 1.17 shows stimuli-responsive microcapsule with a polymer shell that has

ON/OFF permeability which is triggered by adding salt to the media. In water, the

microcapsule is permeable to 70 and 2000 kDa FITC-dextran with a hydrodynamic

radius of 2 and 54 nm, respectively. However, 250 mM NaCl switched the perme-

ability, and both FITC-dextran were trapped inside the capsule. Washing away the

NaCl can change the permeability, resulting in the release of encapsulated FITC-

dextran45.

1.4.1 Release profile

As mentioned in the above sections, controlled release can be achieved through

various methods like switchable permeability or shell rupturing, which determines

the concentrations of released content in the media. For example, pH-responsive

capsules with a fibril scaffold shells have a capsule size 25µm and can encapsulate
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Figure 1.17: Switchable permeability triggered by salt. Micrpcaspule were soaked in 70
(a) and 2000 (d) kDa FITC-dextran aqueous solution. After adding the salt (250
mM NaCl), the FITC-dextran molecules are trapped in the microcapsule (b and
e), and washing the capsule with water leads to the release of encapsulated
FITC-dextran molecules (c and f). 45Reprinted from 45, Copyright (2018), with
permission from Elsevier

Figure 1.18: Various types of release profiles such as Burst or sudden release, controlled
release, delayed release, and sustained release. 110 Reprinted from 110, Copyright
(2021), with permission from Elsevier
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antibodies labeled with fluorescence which were used to report the diffusion rate of

0.0001 cm2/sec128.

Long et al.24 have reported the release rate of 2.5µL/min due to microcapsule

rupturing, and Sun et al.129 made microcapsules constructed through mussel-inspired

chemistry for controlled release of insulin. They have reported time-dependent

insulin release with a ratio of 73.1% at 3 h.

Hence, different releases can be seen and defined from different types of release

mechanisms110, shown in Figure 1.18. As can be seen from Figure 1.18, burst release

or uncontrolled leakage of the encapsulated cargo, more than 60% of the ingredient

in the first stage, resulted in the rapid growth of cargo in the media followed by

a plateau state due to diffusion of the rest of the cargo over time. The sustained

and delayed release is defined as a long-acting release profile when at least twofold

cargo release at the beginning and the rest occurs over time. The delayed release

is commonly designed to release some food contents at later times and allows for

more control over the release site. Controlled release refers to the condition when a

change in various surrounding stimuli triggers the release110.

1.4.2 Responsive deformation

To date, there has been a significant research on developing responsive microcap-

sules with switchable permeability or release due to shell rupturing. Surprisingly,

few studies developed the compression relaxation microcapsule, which is taken

up and released through a shape transition mechanism. Figure 1.19 shows sev-

eral attempts of synthesising controlled release microcapsules through compres-

sion and relaxation mechanism triggered by various stimuli such as hydration130,

pH131, temperature132, CO2 gas134, and magnetic field24. They all highlighted the

usage of the shape memory polymer as a key method of synthesizing a microcapsule
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(a.2)

(a.3)

(b)(a.1)

(c) (d)

(e) (f)

Figure 1.19: (a) Fast and high-ratio swelling spherical hydrogel with over 100 times
shape transition within 600 s 130 used for gastric retention device ,(b) pH-
responsive polymeric vesicles with switchable fluorescence 131,Reproduced with
permission. 131 Copyright 2012, Wiley-VCH. (c) Polyurethane microcapsules
with active shape transition and deformation in response to temperature
change 132 Reprinted (adapted) with permission from 132. Copyright 2020
American Chemical Society, (d) Carbon dioxide (CO2) responsive polymeric
vesicle used for drug delivery applications 133 Reproduced with permission. 133

Copyright 2011, Wiley-VCH, (e) Thermal responsive poly(NIPAAm)–AuNP
microcapsule 134 Reproduced with permission. 134 Copyright 2013, The Royal
Society of Chemistry, and (f) Magnetic responsive microcapsule 24.
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with active shape deformation and also pointed out the reusability of their capsule

as the main advantage compared to conventional responsive microcapsules. For

instance, Long et al.24 synthesized a microcapsule with magnetic triggered con-

trolled release. They have embedded the Fe3O4 particles within the polymer shell

and, by aligning the particles in the magnetic field to contract or stretch the shell,

they have mentioned that this microcapsule has the potential for controllable and

rapid release.

Among different signaling methods to trigger shape transition, hydration en-

ables applications as diverse as oral uptake for food industries and drug delivery

without the difficulties of having an external driving force like a magnetic field.

However, making porous microcapsules with a flexible, robust structure for mul-

tiple cycles of active deformation is challenging and yet to be achieved. Also, it is

worth noting the main goal of microcapsule preparation is optimizing the encap-

sulation of active ingredients to protect and release them at the appropriate time

and rate with minimal dependency on external driving forces like an electrical or

magnetic field.

1.5 Project aims and overview

The previous studies show various synthetic microcapsules used for applications,

including controlled release, cell protection, heat storage, self-healing cement, and

environmental remediation. Synthesizing polymeric or metal microcapsule pro-

vides the opportunity to create responsive, controlled release systems via switch-

able permeability or triggered rupturing. However, most synthetic microcapsules

suffer from low flexibility, permeability, and biodegradability, resulting in perma-

nent deformation under internal or external stress, limiting their application in di-

verse sectors. Bacterially synthesized cellulose microcapsules were recently devel-
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oped19 with high permeability, low elasticity, and high purity, which is ideal for

making functional, controlled release microcapsules. Bacterial cellulose microcap-

sules made from micron-size cellulose fibers are produced and woven together by

Acetobacter xylinum, creating a textile-like shell structure with a high surface area.

The main aim of this project is to engineer these bacterial cellulose microcapsules

to develop applications with active shape deformation and motion. This enables

creating advanced microcapsule functions with novel properties and higher per-

formance for diverse applications. Three types of bacterial cellulose microcapsule

modifications have been investigated, and the content of each chapter is briefly

summarized below.

In Chapter 2, millimotor particles are designed and created from permeable

bacterial cellulose capsules that have been partially coated with a metal-organic

framework (MOF) and catalase enzymes. Two different propulsion mechanisms are

dominant depending on the motor surface chemistry: oxygen bubbles are expelled

from hydrophilic millimotors, driving motion via reaction force and buoyancy. Hy-

drophobic microcapsules remain attached to growing bubbles and move by buoy-

ancy alone. Despite their large size, the low-density capsules compress to pass

through contractions that would impede and be blocked by solid motor particles.

The capsules’ sparse structure and relatively large size enables them to transport

significant volumes of liquid or other cargo using minimal solid particle mass as a

motor support structure.

The development of a thermally responsive microcapsule with a permeable shell

is studied in Chapter 3. Permeable microcapsules made from bacterial cellulose

are functionalized with thermoresponsive poly(N-isopropyl acrylamide) to control

permeability, shape response, and mechanical properties. These properties can be

modulated by varying the amount of grafted polymer through changing reaction
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conditions. Time-lapse microscopy demonstrates that the capsule exhibits a re-

versible mechanical response to temperature changes, driving exchange of solvent

and capsule contents and the thorough mixing of the surrounding fluid. These re-

sults demonstrate the capability of the synthesized capsules for coupled release and

convective mixing, building on Chapter 2 work for capsule mobility and response.

Soft and responsive microcapsules have been widely applied for diverse appli-

cations requiring stimulus-response, uptake, and release; Chapter 4 focuses on the

cellulose microcapsule’s ability to undergo extreme shape transition. A natural pollen

grain capsule exhibits these properties as they can swell, encapsulate, and perform

osmotically-triggered release of their contents. However, mimicking pollen grains’

reversible folding and self-sealing during dehydration is complex due to material

limitations. A recently synthesized bacterial cellulose microcapsule with a pore

size larger than 500 nm has been physically coated with carboxymethyl cellulose to

offset van der Waals interaction during drying. Dehydration conditions determine

cellulose particles’ final shape and size, so the millimeter-scale cellulose micro-

capsule can be dried to convert into an ultra-thin two-dimensional disk or other

shape templated by the substrate used. The low density of the capsule means drying

converts a millimeter-scale sphere into a nano- or micro-scale form. Single-particle

drying experiments show that reversible drying and self-sealing allow for converting

nanometer-thin structures into millimeter-scale spheres. This method can offer a

simple and biodegradable procedure for developing responsive capsule creation.

In the last part of the thesis, Chapter 5, the conclusions of the thesis are inte-

grated, and future research work is proposed. Some directions for multifunctional

applications are proposed to enable applications in the area of functional particles

and separation processes.
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Chapter 2

Propulsion, deformation, and confinement response of hol-

low nanocellulose millimotors

2.1 Introduction

Microorganisms can propel themselves through liquid by different swimming mech-

anisms, and synthetic particle motors, termed “active matter”, have been created

that mimic microbial motion by chemical, rather than mechanical, means1–3. Par-

ticulate nanomotors and micromotors move by converting chemical fuel from their

environment into kinetic energy, and can achieve remarkable speeds relative to

their body length4,5. Propulsion can be driven by self-generated solute gradients

or electric fields1 or by formation of gas bubbles that cause buoyancy or ejection-

induced recoil effects6. Applications for the small motors are imagined in drug

delivery2,7–9, environmental remediation10–14, and self-assembly15,16 while the par-

ticles’ unique motion is widely studied as well17. Larger, millimeter-scale motors

have recently been developed from clay/DNA membranes to act as synthetic proto-

cells that move and carry out internal biochemical reactions18. These larger-scale

motors can broaden the possible applications of active matter, motivating us to

develop a millimotor capsule that is easily functionalized but can also overcome

difficulties most motors face with confined space navigation and sedimentation

potential19.
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Our approach to develop these new millimotors takes inspiration from the bi-

ological cells that active matter seeks to mimic. Cells are partially permeable to

water, minimizing density differences, while their softness enables them to deform

and pass through narrow spaces and navigate confined environments. By contrast,

most synthetic active particles are made using dense solid materials, like platinum

or silica, whose large density differences with water promote sedimentation. Such

particles are also too rigid to deform and escape environmental confinement19. A

recent review20 identified low density and robust deformability as important goals

for future motor particles, and this work focuses on a new approach to meeting

these challenges using unconventionally large motor capsules made from a mesh

of bacterial cellulose fibers.

Hollow capsules are a promising way to minimise mass use and density issues

in motor particles21–25 and their low density makes them behave like much smaller

particles in fluid26. A recently developed bacterial cellulose capsule27 provides a

unique minimalist scaffolding for millimotor particle development, and we explore

their motion and response after coating them with two different metal-organic frame-

work (MOF) nanoparticles28. The MOFs attach onto the capsule’s cellulose nanofibers29–31

and trap catalase enzyme in their structure2,31, enabling conversion of aqueous

hydrogen peroxide fuel into oxygen bubbles to drive motion18,32. The MOF surface

polarity determines the mode of millimotor propulsion by altering oxygen bubble

affinity for the capsule surface. The velocity and motion of the driven capsules

are measured by optical microscopy and shown to be quite efficient compared to

solid micro- and nanomotors, despite being much larger and full of liquid. The

low-density shells are efficient motor bases because of their structural integrity and

minimal mass, but also provide unique benefits for bubble-driven flow. The flexible

nanocellulose fiber struts allow significant deformation when passing through con-
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strictions and the permeable capsules form a low-friction gas layer on the capsules

that further enhances escape from confined spaces.

2.2 Methods and Materials

Cellulose capsule preparation: Cellulose capsules were synthesized by a biointer-

facial polymerization process we previously developed27. Bacterial cellulose cap-

sules were grown using a water-in-oil emulsion of bacterial culture droplets as tem-

plates. No surfactants are used as they would harm the cellulose-producing bacte-

ria. Instead, the aqueous drops of bacterial culture are suspended in oil with a yield

stress of ∼ 10 Pa as a result of crystallized hydrogenated castor oil wax. The yield

stress keeps the droplets suspended and stable against coalescence27. The bacteria

partition at droplet interfaces to access nutrients and oxygen, producing cellulose

there that gradually becomes strongly entangled and can’t move away from the in-

terface once growth is complete.

The bacterial culture contains purified Acetobacter xylinum concentrated from

Kombucha culture (Nourishme Organics, Australia) by gradient centrifugation, co-

conut water (Cocobella, Indonesia), and 10% w/v table sugar. Within 10 days, the

encapsulated bacteria polymerize glucose molecules into cellulose nanofibers, with

a diameter of 60−70 nm, that entangle to form a fiber mesh shell with a total thick-

ness of 20−50µm and a pore size of 0.5µm27 at the oil-water interface. Subse-

quently, catalase-zinc 2-methylimidazole (ZIFL) and catalase-zinc imidazolate-2-

carboxyaldehyde (ZIF90) MOF crystals were grown in situ on the nanofibers, pro-

ducing hydrophobic and hydrophilic millimotors, respectively. Capsules ranged

between 0.2-0.8 mm in diameter for both hydrophilic and hydrophobic particles.

Hydrophobic ZIFL coating: 5 g of catalase from bovine liver, Sigma Aldrich),

200µL of 14.8 mM zinc nitrate (Z nNO3, Sigma Aldrich) aqueous solution and 2 mL
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of 714 mM 2-methylimidazole (Sigma Aldrich) aqueous solution were added to 1 mL

of cellulose capsule dispersion. The mixture was mixed for 1 hr and then rinsed

several times with deionized water.

Hydrophilic ZIF90 coating: 5 g of catalase, 2 mL of 40 mM zinc nitrate (Z nNO3,

Sigma Aldrich) aqueous solution and 2 mL of 160 mM imidazolate-2-carboxyaldehyde

(Sigma Aldrich) aqueous solution were added to 1 mL of cellulose capsule disper-

sion. The mixture was mixed for 1 h and rinsed with deionized water several times,

Figure 2.1.

Enzyme labelling: 8.5 mg of Rhodamine B isothiocyanate (RhB, Sigma Aldrich

Australia) was dissolved in 0.5 mL dimethyl sulphoxide (DMSO, Sigma Aldrich). In

a glass vial, 40 mg of catalase was placed in 2 mL of sodium carbonate bicarbonate

buffer (0.5 M, pH 9.5). Then, the RhB solution was added slowly into catalase so-

lution. The CAT-RhB was then mixed for 2 h at room temperature in darkness. The

unreacted enzymes were separated from the labelled enzymes in an Illustra NAP-25

column (GE Healthcare). The first band eluted with Milli-Q water, which contains

labeled enzymes, was collected for sample preparation.

MOF and cellulose labelling: Congo Red and fluorescein isothiocyanate (FITC)

were used to stain cellulose fibers and MOF crystals, respectively for visualization

by addition of 34 mg of 0.5 wt% aqueous Congo Red solution to 1 mL of a cellulose

capsule dispersion. The MOF is labeled with FITC using an existing procedure to

covalently conjugate FITC to the organic ligands of the MOF33,34. Here 8 mg of

FITC is dissolved in 2.5 mL of DMSO then added to the MOF solution. Sequentially

the cellulose is first labeled with Congo Red, then MOFs with FITC. All samples

incubated with FITC were kept dark and covered with aluminum foil to avoid pho-

tobleaching prior to confocal imaging.

52



2.2. Methods and Materials

2.2.1 Sample imaging and analysis

Microscopy: Confocal and light sheet microscopy imaging experiments were car-

ried out on a Zeiss LSM 880 with Airy scan35, and Zeiss Lightsheet Z.1 (Germany)

microscope. A 63× oil immersion objective, with numerical aperture NA = 1.4, 5×
objective with NA = 0.16, and 20× water immersion objective with NA = 1 were

used depending on the scale of observation desired. Low-magnification optical

microscopy images were acquired via stereoscope (WILD M3C, Leica, Germany)

with 6.4× objective to enable individual particle tracking in capsule dispersions

at room temperature. ImageJ software was utilized to quantify the fluorescence

intensity inside and outside of the capsule36. Scanning electron microscope (SEM)

images of the samples were taken on an FEI Nova Nano SEM 230 FE-SEM at an

accelerating voltage of 5.0 kV.

Fourier transform infrared spectroscopy (FTIR): FTIR patterns were collected

on Bruker IFS66/S High End FT-NIR/IR Spectrometer from 400 cm−1 to 4000 cm−1.

Capsule deformation: Micropipette manipulation was used to apply controlled

deformation to individual capsules. A microcapillary with a right-angle bend held

the capsule in place while a second blunt microcapillary with an outer diameter

of 1 mm was moved toward the capsule at a constant speed using a syringe pump

stepper motor (Aladdin, WPI). The process was imaged at 200 frames per second

using an Opticam CMOS camera (Qimaging).

Dissolved oxygen: Dissolved oxygen measurements were performed using a

dissolved oxygen meter (Oakton DO 6+) to quantify propulsion reaction kinetics for

both hydrophobic (ZIFL) and hydrophilic (ZIF90) motors in the presence of 1% v/v

H2O2.
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2.3 Results and discussion

2.3.1 Capsule characterization

Cellulose capsules are created using aqueous emulsion droplets of Acetobacter bac-

teria culture as templates. The bacteria produce an entangled shell of cellulose

fibers with micron-scale length and nanometer-scale thickness, Figure 2.1. The

overall capsule diameter is millimeter-sized like the emulsion droplet templates

used to grow them27. While large capsules are easy to make, the lower size limit is

set by the size of a small droplet of bacterial culture. Since bacteria are on the order

of 3µm long, the smallest capsules we can make tend to be several times larger ∼
20µm27.

The use of the cellulose scaffolding provides a balance of structural integrity and

flexibility with a signficant cargo volume. For example, a 0.5 mm diameter capsule

with a 20µm shell thickness has a mass of only 200 ng because of its high porosity,

but its internal volume holds 400,000 times more water mass. The capsules are

modified to enable fuel-driven motion by attaching to the fibers a large number

of active MOF nanoparticles that contain catalase enzyme in their pores28. The

MOF particles created here are a crystalline matrix of zinc ions connected by two

different organic ligands that allow us to produce motors coated with hydrophilic

ZIF90 MOFs, using imidazolate-2-carboxyaldehyde ligand, and a version coated

with hydrophobic ZIFL MOFs, using 2-methylimidazole ligands, Figure 2.1. The 60

kDa catalase we used has a hydrodynamic diameter of ∼ 7.4 nm and is encapsulated

within the porous structure of the larger polycrystalline MOF nanoparticles that

precipitate on the cellulose. The process of coating cellulose nanofibers with MOF

particles is shown schematically in Figure 2.1. First, positively charged zinc ions

are adsorbed on the cellulose hydroxyl surface group. After adding organic ligands,
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micron-scale MOF particles crystallize on the 60 nm cellulose fibers, altering the

capsule porosity and mechanical properties. The two MOF structures used have

the same zinc metal ion basis but are connected by two different hydrophilic and

hydrophobic ligands to vary the particles’ surface chemistry and swimming behav-

ior.

FTIR was used to assess the success of MOF and enzyme coating on the capsules

by measuring the presence of the ligand and enzyme chemical groups, Figure 2.2.

For ZIFL, the characteristic peaks at 1585, 1147, ∼750 (double bonds) and 423 cm−1

correspond to the stretching vibration of C=N, bending vibration of CH, bending

vibration of the imidazole ring and vibration peak of Zn-N, respectively. The pres-

ence of these peaks indicates the significant presence of the 2-methylimidazole

ligands in the ZIFL. The absorbance spectrum of ZIF90, shown in Figure 2.2a), has

a prominent mode centred at 1671 cm−1, extending from 1751 to 1551 cm−1, that

is attributed to a C=O stretch37 in the imidazolate-2-carboxyaldehyde ligand struc-

ture. The position and intensity of this carbonyl band obscures the amide I and, par-

tially, the amide II spectral features of the catalase. Figure 2.2(a) shows the amide II

spectral region with two peaks centered at about 1540 and 1515 cm−1. The position

of these bands is consistent with the amide II components of free catalase, showing

its successful encapsulation in the MOF particles on the cellulose fibers24. Despite

the lower sensitivity of amide II to protein secondary structure versus amide I, we

conclude that the secondary structure of catalase-ZIF90 is comparable to catalase-

ZIFL24. Structural studies of the crystalline MOFs formed on the capsules using

XRD measurement showed identical diffraction patterns for both ZIFL and ZIF90

after enzyme encapsulation and attachment to the cellulose capsule, Figure A1.

Figure 2.2(b) shows an SEM image of native cellulose nanofibers in a capsule.

The original cellulose fibers in the pristine capsules are quite strong and thin, but
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Catalase

Cellulose fiber

MOF

Enzyme 

encapsulation and 

coating with MOF

Metal ions

Organic ligands

Cellulose microcapsule

Figure 2.1: Schematic illustration of the components of the millimotors and the process
for coating the bacterial cellulose capsule with MOFs that contain catalase. The
MOFs exist in the form of crystalline nanoparticles with a cage-like structure
made of metal ions connected via organic ligands. Each crystal can encapsulate
one or multiple biomolecules by physical adsorption 38–40. The in situ growth of
MOF crystals on cellulose fibers occurs by adsorption of the positively charged
metal ions onto the cellulose hydroxyl group through electrostatic interaction.
Subsequent addition of organic ligands enables co-precipitation with the metal
ions to form MOF crystals on the fibers 31

.
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the deposition of metallic MOF nanoparticle networks onto these fibers will modify

them in a number of ways, including their mechanical properties and the over-

all capsule permeability to the fluid environment. The patterns of deposition will

also affect the mode of propulsion by catalysis, so we characterize their state by

imaging. Figures 2.2(c-f) show crystals of ZIFL and ZIF90 deposits on the capsule

fibers. The capsules were freeze-dried at −65 ◦C to avoid any collapse that might

occur by capillary pressure during air drying. As shown in Figure 2.2, the fiber

diameter is between 20-70 nm with a length of several microns for the unmodified

cellulose capsule27. After crystallization of MOF on the capsules, particles with an

average size of 100−150 nm for ZIFL and 150 nm for ZIF90 attached to the surface

of the cellulose fibers, Figure 2.2(c-d). The addition of the MOF particles to the

capsule is expected to alter the mass and inertia of the system during subsequent

propulsion studies. If we assume the MOF coating is a 99% dense single layer of

100 nm particles with a density of 2 g/cm3, the particles add 150 ng mass to a 0.5 mm

diameter cellulose capsule, at most doubling its weight while still being dominated

by the mass of the liquid cargo in its capsule.

Differences can be seen in the coating morphology at higher magnifications,

Figure 2.2(e-f), based on the polarity of the MOF particles produced. For example,

the hydrophobic ZIFL particles form structures that partially span the gaps between

fibers Figure 2.2(e), likely because the particles have less affinity for the hydrophilic

cellulose. The hydrophilic ZIF90 coatings seem to follow the fiber structures more

closely due to more intimate contact, Figure 2.2(f). Although different morpholgies

form on the capsules, MOF film growth on individual fibers increases the effective

fiber size and reduce the pore size of the overall capsule. Previous measurements27

indicated the pristine capsules have pore sizes on the order of 500 nm so the MOF

crystals will rapidly reduce the overall capsule permeability as they grow.
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Figure 2.2: (a) FTIR spectra of pure catalase (CAT), both MOF types, pristine cellulose
capsules, and cellulose capsules after MOF coating. IR peaks show successful
combination of enzyme, MOF, and cellulose fibers. (b) SEM of pristine cellulose
capsule surfaces, (c) hydrophilic ZIF90 MOF particles, (d) hydrophobic ZIFL
MOF particles. (e and f) Higher magnification views of cellulose fibers coated
with MOF particles, highlighting the reinforcement of the cellulose capsule
fibers by the dense deposits as well as some reduction in pore size. The MOF
particle coatings on cellulose fibers tend to form pore-spanning bridges for (e)
hydrophobic ZIFL MOF while deposits tend to follow the fiber structure more for
(f) hydrophilic ZIF90 MOF. All scale bars 5µm.
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Different microscopy techniques were used to visualize the pristine and mod-

ified cellulose capsule at larger length scales for a more holistic characterization.

Light sheet fluorescence microscopy (LSFM) allows us to visualize the full 3D struc-

ture of the millimotors. Cellulose, MOFs, and catalase were stained with Congo Red,

FITC, and Rhodamine B, respectively, before fluorescent imaging. Figures 2.3(a-c)

show 3D reconstructions of pristine and modified cellulose capsules coated by both

MOF types, with the cellulose fibers shown in red. At this magnification, the pristine

capsule in Figure 2.3(a) looks spherical and almost solid as the capsule pores are

micron-scale27. A capsule with the hydrophilic ZIF90 MOF coating is shown in

Figure 2.3(b) and the impact of the MOF coating is clearest in the dark regions of

the spherical capsule where larger MOF regions obscure the cellulose fibers. The

coating is heterogeneous due to random variations in the solution during precipi-

tation. More detail can be resolved at higher magnifications.

Higher resolution imaging is performed using confocal microscopy to visualize

the hollow and fibrous structure of the capsules, with and without a MOF coating,

Figures 2.3(d-i). Figures 2.3(d-f) show a single mid-plane slice through the capsule,

demonstrating that the capsules are largely hollow, and have a shell on the order

of 20µm in agreement with past work27. The capsules with hydrophilic ZIF90 and

hydrophobic ZIFL MOF coatings in Figures 2.3(e-f) have similar shell thicknesses

to the pristine capsule in Figure 2.3(d), as the nanoscale MOF coatings coat in-

dividual fibers and don’t significantly change the overall wall thickness. An even

higher magnification view of the capsule shells highlights the degree of penetration

of the fiber structures by the MOF particles being deposited, Figures 2.3(g-i). Here

the MOF nanoparticles are shown as yellow and the cellulose fibers as red. The

optical resolution of the confocal system used here is on the order of 200 nm so these

images will not resolve the smallest deposits formed and only indicate the degree of
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individual fiber coating by the MOFs. As the MOF particles are the framework we

use to encapsulate the catalase enzyme for propulsion, the distribution of both is of

interest to particle design and motor performance.

Enzyme distribution is a key parameter determining millimotor motion and ori-

entation41. The distribution of enzyme on the MOF-coated capsules is demon-

strated in Figures 2.3(j-k) using a 3D reconstruction of the millimotor capsules with

a color map indicating the intensity of the Rhodamine B dye labeling the catalase.

We observe a heterogeneous but thorough distribution of the enzyme on the surface

of the hydrophobic motor, Figure 2.3(j), but an asymmetric distribution along the

top half of the surface of the hydrophilic millimotor, possibly because of a higher

affinity of the enzyme for the hydrophobic MOFs, causing some segregation on the

hydrophilic system42. A bulk-scale measurement of enzyme availability, a Brad-

ford assay43, was also used to calculate the encapsulation efficiency of catalase as

98.2% for hydrophobic ZIFL and 85.9% in hydrophilic ZIF90 motors. The difference

in spatial distribution of the enzyme on the capsules could potentially affect self-

propulsion of the motors by inhomogeneous oxygen bubble production41,44 but

for buoyancy-dominated motion such an effect should be negligible. The MOF

coatings on the capsules can also affect porosity of the capsules, so we now assess

modified capsule exchange with the fluid environment.

2.3.2 Porosity of motors

Song et al.27 studied the permeability of pristine cellulose capsules and found a pore

size on the order of 500 nm. After surface modification of the capsules by MOF de-

position, Figure 2.3, we expect the pore size to change significantly so we study this

by molecular tracer diffusion experiments. FITC-labeled dextran chains ranging

from 4-40 kDa were used as tracers to determine the permeability of MOF-coated
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Figure 2.3: Lightsheet fluorescence microscopy shows 3D reconstructions of the (a)
pristine cellulose capsule, (b) a capsule coated with hydrophilic ZIF90, and (c)
hydrophobic ZIFL MOFs. A single mid-plane slice through the capsule (d) before
and after coating with (e) hydrophilic and (f) hydrophobic MOF. (g-i) Higher
magnification confocal images of native cellulose fiber (g) and after coating with
hydrophilic (h) and hydrophobic (i) MOF, show MOF particles in yellow and
cellulose fibers in red. 3D images of enzyme distribution on the (j) hydrophobic
and (k) hydrophilic millimotor surface. Color bar represents the fluorescent
intensity of labeled enzyme.
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Figure 2.4: Measurement of permeability of (a-c) hydrophilic and (e-g) hydrophobic
millimotors based on transport of three different FITC-dextran tracers with
molecular weight ranging from 4-40 kDa. Figures (d) and (h) show capsules
that contained 40 kDa dextran before being coated with MOFs to demonstrate
their encapsulation ability. The FITC-dextran concentration varies from green
regions of high concentrations to black where no FITC-dextran is resolved. Scale
bars are 50µm. The fluorescence intensity in (a-g) is summarized by plotting
integrated normalized intensity of the images for the (i) hydrophilic ZIF90 and
(j) hydrophobic millimotors.
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cellulose capsules based on size exclusion. After mixing capsules with 1 mg/mL of

FITC-dextran and 24 hr incubation, confocal microscopy images of capsules were

obtained to determine the ability of different sizes to penetrate the coated cap-

sules. Figures 2.4(a-c) show capsules that have been exposed to different size FITC-

dextrans and the intensity of green tracer that was able to diffuse inside of the cap-

sules coated with hydrophilic ZIF90 provides a measure of the new capsule pore

size. The 4 and 19 kDa tracers penetrate the hydrophilic ZIF90 capsules in Figures

2.4(a-b), indicating a pore size larger than 1.9 nm, while the 40 kDa remains outside

of the capsule, Figure 2.4(c), blocked by the new pore size and indicating the hy-

drophilic capsule is impermeable to 4.3 nm species45. Ten different sets of capsules

were tested for reproducibility and the same results were obtained as above.

For hydrophobic ZIFL coated capsules, 4 kDa FITC-dextran shows a small amount

of diffusion inside the capsule after 24 h. However, 19 and 40 kDa molecular weight

FITC-dextran chains are totally excluded. These capsule pores must then have an

average diameter less than 1.9 nm45. A second experiment was performed to con-

firm the upper limit of pore size of both capsule types: we immersed capsules in 40

kDa FITC-dextran and then coated them with hydrophilic and hydrophobic MOFs.

After washing the capsules with deionized water multiple times, and holding for

24 h, we saw no release of FITC-dextran from either hydrophilic or hydrophobic

capsules, Figures 2.4(d) and (h), respectively. Different reaction times and condi-

tions could alter these effects, but the results in Figure 2.4 indicate a more than 100X

variation in pore size (from 500 nm to 4 nm), is possible for MOF-coated cellulose

capsules. For comparison, plant cells have a cellulose structure that is permeable

to molecules with a diameter ranging from 3.5−5.2 nm46. MOF coating of capsule

fibers enables us to create motors with chemical propulsion as well as tunable per-

meability and solute exchange.
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Because the dextran is shown to be uniformly blocked by the coating, it indicates

a fairly uniform coating, on average, by the crystals given the deposition occurs

throughout the thickness of the capsule walls. So the capsules remain permeable

after coating, though much less so than their more permeable pristine form, mean-

ing they can fill with fluid and carry that cargo during movement. It also means

the coated capsule millimotors can still exchange contents with the environment

via molecular diffusion, for example to perform delivery of a chemical cargo18. The

length scale of the pores can then be used to control the subsequent selectivity of

the capsule in these applications.

2.3.3 Millimotor capsule propulsion

Oxygen gas production and bubble formation play an essential role in propulsion of

both hydrophobic and hydrophilic millimotors. When exposed to an aqueous hy-

drogen peroxide solution, catalase enzyme immobilized in the MOFs catalyzes hy-

drogen peroxide decomposition into oxygen and water molecules, with the excess

oxygen gas forming bubbles and driving motion. We first assess the rate of reactive

oxygen generation28,42,47 in a bulk solution of 1% v/v H2O2 containing hydrophobic

ZIFL and hydrophilic ZIF90 motors, Figure 2.5(a). Both systems rapidly produce

oxygen, but the rate of O2 production by hydrophilic ZIF90 motors was more than

six times that by hydrophobic ZIFL motors, Figure 2.5(a), as a result of differences

in enzyme activity. The catalase enzyme has a higher affinity for a hydrophobic

surface, which can cause conformation changes that denature the protein, reduc-

ing its activity42. Oxygen production rate is important to motor performance, as

sufficiently high rates can lead to bubble ejection and propulsion by recoil forces,

whereas slower growth tends to favor bubbles remaining attached to a motor so

that motion is dominated by buoyancy. The mode of bubble-motor interaction,
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Figure 2.5: (a) Oxygen gas increment measurements in an aqueous 1% hydrogen
peroxide solution containing dispersed hydrophilic or hydrophobic millimotors.
(b) Time-lapse images of hydrophobic ZIFL (first row) and hydrophilic ZIF90
(second row) motor trajectories in aqueous 0.25 wt% H2O2. For hydrophobic
motors, higher MOF deposition makes the motors denser so they sediment
to the bottom. Bubble formation and growth then lifts motors vertically via
buoyancy. For hydrophilic motors, both bubble propulsion and buoyancy
contribute to motion, initially driving motors in erratic directions then mostly
vertically. (c) Multiple hydrophilic and hydrophobic motors have similar traits,
moving vertically when buoyancy dominates and in multiple directions when
both buoyancy and propulsive recoil contribute. (d) Schematic of the proposed
mechanism for millimotor bubble formation and movement: hydrophobic
motors remain attached to O2 bubbles and their motion is dominated by
buoyancy, while hydrophilic motors have elements of horizontal motion due to
propulsion by bubble ejection as well as buoyancy.
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however, is also affected by the motor surface chemistry and the resultant affinity of

hydrophobic bubbles for a motor.

We studied the performance of these motors by observation of an aqueous dis-

persion of individual or multiple enzyme-powered millimotors. The motors were

placed in a transparent cuvette and allowed to sediment, then different concentra-

tions of aqueous hydrogen peroxide solution ranging from 0.065 - 1% were added

and allowed to diffuse to the motors at the bottom to initiate propulsion. Once per-

oxide decomposition began, cellulose millimotors became buoyant and migrated

from a resting position at the bottom of the cuvette to the rest of the fluid volume.

A high-speed camera was utilized to observe growth of single and multiple oxygen

bubbles inside or outside of the motors in less than a minute after addition of hy-

drogen peroxide.

In all motion studies, we see a clear difference between the hydrophilic ZIF90

motors, that initially move in various directions as a result of rapid bubble pro-

duction and ejection, and the hydrophobic ZIFL motors that only move vertically,

Figure 2.5(b). For example, the hydrophobic ZIFL motor in the top row of Figure

2.5(b) follows a completely vertical trajectory over several seconds until it reaches

the top of the water volume and drifts slightly to the side. This is consistent with ex-

tensive work on mineral flotation, where hydrophobic particles are separated from

suspensions using air bubbles that flow through the system48,49. The hydrophilic

ZIF90 motor in the bottom row of Figure 2.5(b), however, initially moves down as

a result of ejecting a bubble upward, then makes a hard turn to our left and moves

across the bottom of the cuvette. After these two major direction changes, the motor

then moves up as buoyancy becomes dominant. Multiple millimotors in dispersion

behave similarly, as shown in Figure 2.5(c) for a 0.05 wt% solution of hydrogen

peroxide. The hydrophobic ZIFL motors all follow remarkably consistent vertical
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trajectories as their motion is dominated by buoyancy due to growth of strongly

attached bubbles, Figure A2. The hydrophilic ZIF90 motors, however, show more

complex motion that can lead to correlated trajectories, like the two motors in the

bottom left corner of the image, but opposing directions are also possible as seen

in the upper right region of the image. The enzymatic activity is maintained until

the exhaustion of the chemical fuel, so adjusting the concentration increases the

initial rates of movement and extends the length of time that movement can be

observed. The two motor surface chemistries thus enable different directions of

movement. Bubbles can be generated wherever enzymes are located on the surface

of the motors, so if the bubble is initially ejected the motor will move in the opposite

direction by recoil. If bubbles remain attached, however, the motor will move up by

buoyancy and its initial orientation is less significant to the subsequent motion. We

summarize the mechanisms of motion by schematic in Figure 2.5(d).

The cellulose capsules used here vary in size from 200−600µm, all much larger

than commonly studied micro- and nanomotors, but consistent with recently de-

veloped protocell millimotors18. We are curious about the performance of these

motors versus their smaller counterparts, however, as their large size but low solid

mass could provide additional benefits. As noted earlier, the capsules are low-density

and permeable, with the majority of their inertia due to water that permeates the

interior. A useful benchmark is the motor velocity relative to its diameter, where

impressive values of 4-200 diameters/second are known4. Here we see hydropho-

bic ZIFL millimotors regularly moving at average velocities of up to 4 mm/s, with

a standard error of 0.6 mm/s. This represents a relative velocity of more than 8

diameters/second. Hydrophilic ZIF90 millimotors can reach average velocities of

40 mm/s, with a standard error of 14 mm/s, Figure A3. This represents a relative

velocity of more than 80 diameters/second. The difference is the result of the recoil
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force exhibited by only the hydrophilic ZIF90 motors, as buoyancy is the only other

mechanism possible for both systems. Given that these motors are orders of mag-

nitude larger than micro- or nanomotors, it is encouraging to note their propulsion,

even while containing a massive liquid cargo, is competitive with the much smaller

solid motors.

2.3.4 Motor deformation and confinement response

The cellulose motors have a unique porosity and response to mechanical stress

because of their combined strength and flexibility27. As a result, we are interested

in how these particles affect capsule response to extensional stress. First, we need

to evaluate the extent to which the modification of the motors by the formation of

MOF crystals affects their mechanical properties. Song et al.27 found unmodified

capsules deformed elastically under compression, recovering after deformations as

large as 20% but remaining indented or buckled at higher strains. Adding crystalline

MOF particles, however, is expected to stiffen the fibers and change the capsule

response to deformation. Stress-strain curves for up to five individual millimotors,

Figure A4, were measured using an extensional flow in a microfluidic channel27. We

found that the elastic modulus, E =100 Pa, of pristine cellulose capsules increased

∼ 30X after coating with hydrophilic ZIF90 MOFs and ∼ 140X after coating with

hydrophobic ZIFL MOFs. The difference is likely a result of variations in coating

uniformity and distribution, Figure 2.2. Because of the small sample size we have

available for testing, the mechanical measurements can not be taken to be fully

representative of all our particles and are indicative only of the likely magnitude

of the capsule moduli.

Along with an increased elastic modulus, the capsules preserve significant abil-

ity to recover from deformation, as we demonstrate in Figure 2.6. Figure 2.6(a)
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Figure 2.6: Deformation and recovery of hydrophobic (a1-a3) motors using microcap-
illary manipulation. The capsule was deformed by a capillary tip, and each
column indicates the stage of initial, deformation, and recovery. The spherical
shape of the hydrophobic motor is recovered after 75% strain. (b1-b3) Successive
images show the growth of an oxygen bubble on the surface of a hydrophobic
ZIFL capsule over 5 millisecond intervals. The capsule deforms under the stress
exerted by the bubble, indicating an ability to change shape during movement
as the drawn lines document.
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shows the microscopic response of a hydrophobic ZIFL millimotor to deformation

by a blunt microcapillary end. Both hydrophobic ZIFL and hydrophilic ZIF90 mo-

tors largely recover their original profile after being indented by external stress to a

strain of ε=74% and higher, while pristine capsules do not fully recover from strains

higher than ε =20%27. The addition of MOFs clearly increases the elasticity of the

capsules while adding propulsive capability. This is consistent with above estimates

of a significantly increased capsule modulus after MOF coating.

Figure 2.6(b) suggests an even more interesting dimension to the flexibility of

these motors. A series of successive close-up images of a bubble evolving on a

hydrophobic ZIFL motor surface in Figure 2.6(b) indicates that the motor structure

actually flexes in response to the pressure of the bubble expansion itself. Here the

bubble is likely generated inside of the capsule and then squeezes out of a pore to

exert the pressure seen here. Such an effect could also occur if the bubble formed

on a capsule that was confined in some way. The result indicates the motors could

actually be changing shape during motion, increasing their flexibility and respon-

siveness, and offering a mechanism for more complex movements in future work.

As pointed out earlier, there is a need for motors to navigate confined environments

while adapting and recovering to the different conditions they encounter. We now

evaluate whether such deformation and response can occur when the millimotors

encounter confinement during their propelled movement. We do this by studying

the performance of the motors during propulsion in a constricted channel and note

whether the combination of propulsion and flexibility enhance their mobility. The

force exerted by the bubble on the microcapsule as it emerges will be a function of

its curvature and the surface tension in the liquid. Because there is not a significant

amount of surface-active material present, we expect the surface tension to be on

the order of 70 mN/m, with the capillary pressure scaling inversely with bubble
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Figure 2.7: (a) Composite images of the hydrophilic motor passing through a constric-
tion in an aqueous solution of 3% H2O2. False color is used to highlight the
motor in red, oxygen bubble in blue, and glass capillary in grey.(b) The slope
of the vertical position and time plot shows the velocity of the hydrophilic
motor, around 300µm/s, during its motion through the confined channel.
(c) Changing hydrophilic motor strain at different vertical positions in the
constriction.

radius. Presumably at lower surface tensions the bubble will still merge but may

deform the capsule less when doing so.

Figure 2.7(a) shows a series of images of a hydrophilic ZIF90 motor as it moves

vertically through a gradually constricting capillary. Here, to enhance visibility of

the position of the motor in the image frames, we have false colored the motor red,

water blue, and the glass capillary gray. The spherical millimotor initially has a

diameter of 2.9 mm so can enter the capillary but must compress in order to exit,

as the capillary internal diameter reduces from 3.5 mm to 2.2 mm at its outlet. The

motor is initially driven by buoyancy but slows in the second frame in response to
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the narrowed passage. The narrowing of the channel causes compression of the

motor, increasing its strain to more than 25%, Figure 2.7(c). However, the motor

continues to produce bubbles behind itself that grow as the reaction proceeds. A

solid particle at this point would be unable to proceed and simply block the chan-

nel, but the flexible motor is able to deform much more in response to stress, Figure

2.6(a), and continues to move, albeit in a more cyclical way as seen in the plot of

vertical position in Figure 2.7(b). Despite the small variations in velocity, the overall

progress of the motor is relatively constant as a result of its flexibility and reactive

propulsion. The growth of surface bubbles likely aids movement by reducing drag

on the capsule. Figure 2.7(a) also shows the formation of a large bubble behind

the motor that aids in pushing it through the constriction. Interestingly, the bubble

driving the capsules through the capillary is pinned to the capillary wall, allowing it

to push against the capsule. Such behavior is beneficial for this additional propul-

sion mechanism to act, as a non-wetting capillary surface would reduce the ability

of the bubble to push the motor. The results in Figure 2.7 show that the production

of deformable responsive motors with the low-density cellulose capsules developed

here enable use in confined environments that solid particle counterparts can not

handle. A high level of deformation might be expected to cause erosion of the

MOFs from the capsules surface; however, no detectable fragments or associated

turbidity were observed following the deformation experiments in Figure 2.6(a). In

addition, the results in Figure 2.7 indicate propulsion is maintained even during

quite robust deformation in confinement, further confirming the motors largely

remain attached.
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2.4 Conclusions

In this study, enzyme-powered millimotors have been made by crystallization of

MOF particles encapsulating catalase enzymes onto soft cellulose capsules. The

large size, but low mass of the motors makes them a unique addition to the range of

existing particle motors as they are able to carry significant volumes of liquid cargo

because of their permeability. The large capsules are able to move using chemical

fuel thanks to the numerous nanomotors attached to their surfaces, analogous to a

large tanker ship driven by multiple tugboats.

Two mechanisms of propulsion result from enzyme-mediated production of oxy-

gen gas bubbles in the presence of hydrogen peroxide. Bubbles grow on and re-

main attached to hydrophobic motors, driving vertical motion as buoyancy rapidly

grows. For hydrophilic motors, bubbles are initially expelled from the structures,

driving randomly-directed motion by recoil force, but as more bubbles grow motion

becomes dominated by buoyancy and the motors rise similarly to the hydropho-

bic motors. Despite their large size, the millimotors move with surprising speeds,

reaching levels of 80 motor diameters per second for the hydrophilic motors, when

recoil force dominates movement, and 8 motor diameters per second when buoy-

ancy dominates. The low density of the millimotors makes them highly efficient at

movement, exhibiting similar or faster relative velocities than much smaller solid

particle motors. The flexible response to mechanical stress of the millimotors en-

ables them to squeeze through significant constrictions, making their mobility vi-

able even in confined spaces and environments where solid motor particles would

clog and jam. The millimotors can compress their diameter by as much as 30%

in a constriction and their continuous generation of gas bubbles creates a low-slip

surface layer and a back-pressure that enhances movement through tight spots.
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Such flexibility also offers a possible way to rapidly release the liquid cargo of the

capsules and we plan to study this, and the movement of capsules through more

complex porous media, in future work.

References

[1] J. L. Moran, J. D. Posner, Annual Review of Fluid Mechanics 2017, 49, 511–540.

[2] E. Ma, K. Wang, Z. Hu, H. Wang, Journal of Colloid and Interface Science 2021,

603, 685–694.

[3] Y. Tao, X. Li, Z. Wu, C. Chen, K. Tan, M. Wan, M. Zhou, C. Mao, Journal of Colloid

and Interface Science 2022, 611, 61–70.

[4] W. Gao, S. Sattayasamitsathit, J. Wang, The Chemical Record 2012, 12, 224–231.

[5] M. Yan, L. Xie, J. Tang, K. Liang, Y. Mei, B. Kong, Chemistry of Materials 2021,

33, 3022–3046.

[6] H. Wang, J. G. S. Moo, M. Pumera, ACS Nano 2016, 10, 5041–5050.

[7] S. Tang, F. Zhang, H. Gong, F. Wei, J. Zhuang, E. Karshalev, B. E.-F. de Ávila,

C. Huang, Z. Zhou, Z. Li et al., Science Robotics 2020, 5, year.

[8] B. Esteban-Fernández de Ávila, M. A. Lopez-Ramirez, R. Mundaca-Uribe,

X. Wei, D. E. Ramírez-Herrera, E. Karshalev, B. Nguyen, R. H. Fang, L. Zhang,

J. Wang, Advanced Materials 2020, 32, 2000091.

[9] S. Gao, J. Hou, J. Zeng, J. J. Richardson, Z. Gu, X. Gao, D. Li, M. Gao, D.-W. Wang,

P. Chen et al., Advanced Functional Materials 2019, 29, 1808900.

[10] M. Zarei, M. Zarei, Small 2018, 14, 1800912.

[11] B. Qiu, L. Xie, J. Zeng, T. Liu, M. Yan, S. Zhou, Q. Liang, J. Tang, K. Liang, B. Kong,

Advanced Functional Materials 2021, 31, 2010694.

[12] C. Li, Y. Yu, L. Wang, S. Zhang, J. Liu, J. Zhang, A.-B. Xu, Z. Wu, J. Tong, S. Wang

et al., Chemistry of Materials 2019, 31, 9513–9521.

74



References

[13] J. Liu, J. Li, G. Wang, W. Yang, J. Yang, Y. Liu, Journal of Colloid and Interface

Science 2019, 555, 234–244.

[14] H. Ye, Y. Wang, X. Liu, D. Xu, H. Yuan, H. Sun, S. Wang, X. Ma, Journal of Colloid

and Interface Science 2021, 588, 510–521.

[15] H. R. Vutukuri, M. Lisicki, E. Lauga, J. Vermant, Nature Communications 2020,

11, 1–9.

[16] S. Yuan, X. Lin, Q. He, Journal of Colloid and Interface Science 2022, 612, 43–56.

[17] M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost, M. Rao,

R. A. Simha, Reviews of Modern Physics 2013, 85, 1143–1189.

[18] B. P. Kumar, A. J. Patil, S. Mann, Nature Chemistry 2018, 10, 1154–1163.

[19] F. Peng, Y. Men, Y. Tu, Y. Chen, D. A. Wilson, Advanced Functional Materials

2018, 28, 1706117.

[20] Z. Xiao, M. Wei, W. Wang, ACS Applied Materials & Interfaces 2018, 11, 6667–

6684.

[21] Y. Yang, X. Arqué, T. Patiño, V. Guillerm, P.-R. Blersch, J. Pérez-Carvajal, I. Imaz,

D. Maspoch, S. Sánchez, Journal of the American Chemical Society 2020.

[22] A. Terzopoulou, J. D. Nicholas, X.-Z. Chen, B. J. Nelson, S. Pané, J. Puigmartí-

Luis, Chemical Reviews 2020, 120, 11175–11193.

[23] S. Sanchez, A. A. Solovev, Y. Mei, O. G. Schmidt, Journal of the American

Chemical Society 2010, 132, 13144–13145.

[24] L. Zhu, L. Zong, X. Wu, M. Li, H. Wang, J. You, C. Li, ACS Nano 2018, 12, 4462–

4468.

[25] H. Ning, Y. Zhang, H. Zhu, A. Ingham, G. Huang, Y. Mei, A. A. Solovev,

Micromachines 2018, 9, 75.

[26] D. A. Edwards, J. Hanes, G. Caponetti, J. Hrkach, A. Ben-Jebria, M. L. Eskew,

J. Mintzes, D. Deaver, N. Lotan, R. Langer, Science 1997, 276, 1868–1872.

75



References

[27] J. Song, F. Babayekhorasani, P. T. Spicer, Biomacromolecules 2019, 20, 4437–

4446.

[28] Z. Guo, T. Wang, A. Rawal, J. Hou, Z. Cao, H. Zhang, J. Xu, Z. Gu, V. Chen,

K. Liang, Materials Today 2019, 28, 10–16.

[29] D. Saidane, E. Perrin, F. Cherhal, F. Guellec, I. Capron, Philosophical Transac-

tions of the Royal Society A: Mathematical Physical and Engineering Sciences

2016, 374, 20150139.

[30] D. Lahiri, M. Nag, B. Dutta, A. Dey, T. Sarkar, S. Pati, H. A. Edinur, Z. Abdul Kari,

N. H. Mohd Noor, R. R. Ray, International Journal of Molecular Sciences 2021,

22, 12984.

[31] X. Ma, Y. Lou, X.-B. Chen, Z. Shi, Y. Xu, Chemical Engineering Journal 2019, 356,

227–235.

[32] J. Sun, M. Mathesh, W. Li, D. A. Wilson, ACS Nano 2019, 13, 10191–10200.

[33] C. He, K. Lu, W. Lin, Journal of the American Chemical Society 2014, 136, 12253–

12256.

[34] M. Mohammad, A. Razmjou, K. Liang, M. Asadnia, V. Chen, ACS Applied

Materials & Interfaces 2018, 11, 1807–1820.

[35] R. M. Macnab, D. E. Koshland, Proceedings of the National Academy of Sciences

1972, 69, 2509–2512.

[36] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch,

S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White,

V. Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, Nature Methods 2012, 9,

676–682.

[37] K.-Y. Lee, J. J. Blaker, A. Bismarck, Composites Science and Technology 2009, 69,

2724–2733.

76



References

[38] K. Liang, R. Ricco, C. M. Doherty, M. J. Styles, S. Bell, N. Kirby, S. Mudie,

D. Haylock, A. J. Hill, C. J. Doonan et al., Nature Communications 2015, 6, 1–8.

[39] Y. Chen, V. Lykourinou, C. Vetromile, T. Hoang, L.-J. Ming, R. W. Larsen, S. Ma,

Journal of the American Chemical Society 2012, 134, 13188–13191.

[40] J. Liang, K. Liang, Advanced Functional Materials 2020, 30, 2001648.

[41] T. Patiño, X. Arqué, R. Mestre, L. Palacios, S. Sánchez, Accounts of Chemical

Research 2018, 51, 2662–2671.

[42] W. Liang, H. Xu, F. Carraro, N. K. Maddigan, Q. Li, S. G. Bell, D. M. Huang,

A. Tarzia, M. B. Solomon, H. Amenitsch et al., Journal of the American Chemical

Society 2019, 141, 2348–2355.

[43] M. M. Bradford, Analytical Biochemistry 1976, 72, 248–254.

[44] T. Patiño, N. Feiner-Gracia, X. Arqué, A. Miguel-López, A. Jannasch, T. Stumpp,

E. Schäffer, L. Albertazzi, S. Sánchez, Journal of the American Chemical Society

2018, 140, 7896–7903.

[45] J. K. Armstrong, R. B. Wenby, H. J. Meiselman, T. C. Fisher, Biophysical Journal

2004, 87, 4259–4270.

[46] N. Carpita, D. Sabularse, D. Montezinos, D. P. Delmer, Science 1979, 205, 1144–

1147.

[47] M. Rabe, D. Verdes, S. Seeger, Advances in Colloid and Interface Science 2011,

162, 87–106.

[48] M. Van der Zon, P. Hamersma, E. Poels, A. Bliek, Catalysis Today 1999, 48, 131–

138.

[49] H. Vinke, P. Hamersma, J. Fortuin, AIChE Journal 1991, 37, 1801–1809.

77





Chapter 3

Multi-functional responsive nanocellulose-PNIPAM cap-

sules

3.1 Introduction

Encapsulation and controlled release from hollow microcapsule particles are widely

studied for applications in pharmaceuticals1, food2, and cosmetics, often drawing

inspiration from natural microcapsules like pollen3–6 and other biological materi-

als. Significant progress has been achieved in developing controlled release based

on two main strategies. One, diffusive release, occurs as solute diffuses through the

capsule wall and is controlled by capsule permeability and solute diffusivity. The

second release mechanism, rupture, is faster and occurs when capsule rupture is

triggered by osmotic pressure, shear stresses, or other external stimuli.

Diffusive release has an upper limit of release rate, and adding responsiveness to

capsules can only tune the capsule permeability and thus diffusion rate in response

to the stimuli7,8. Werner et al.8 developed a responsive microcapsule with rapid and

reversible permeability, releasing 4 kDa molecules in 200 s and 10 kDa 10x slower

with a rapid response time.

Capsule rupture provides a higher release rate than by passive diffusion but

limits capsule reusability2,9–17. The release time scale can vary from seconds to min-

utes depending on microcapsule stiffness and shell thickness18,19. Recently, heart-

inspired microcapsules have been developed to control the capsule release rate
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using compression and relaxation cycles triggered by external field manipulation

of embedded magnetic particles to release at a rate of 2.5µL/min5. Manual con-

trol over compression and relaxation cycles allows release from capsules without

permanent deformation20–22. Once released, solutes diffuse through surrounding

liquid7 at rates dependent on solute diffusivity and fluid viscosity2 for instance free

diffusion rate of 4 kDa dextran in water is 135µm2/s and 40 kDa is 44µm2/s23. The

addition of convection speeds up release and mixing by orders of magnitude to up

to 10 mL/min24.

We develop here a capsule that can adjust its permeability to enclose or rapidly

release its contents while also swelling and contracting to pump and mix the con-

tents once released. A highly porous bacterial cellulose microcapsule25 is used as a

low-mass scaffold, ∼ 100 ng, that is coated with poly(N-isopropylacrylamide), PNI-

PAM, a polymer coating that can be reversibly swelled using temperature changes26,27,

due to change in PNIPAM solubility in aqueous solution. This is due to the compe-

tition between enthalpic and entropic contributions to the overall free energy. The

manifestation of this, for a PNIPAM brush, is movement of waters of solvation out

of the brush as temperature is increased, which results in brush collapse.

The thermal response enables us to control the hybrid capsule pore size and

overall volume as rapidly swelling or shrinking the overlapping nano-fibers alters

fiber spacing as well as fiber volume. The increased elasticity of the polymer-coated

fibers enables the hybrid capsules to easily recover from mechanical deformation.

Repeated cycling of the volume transition is found to produce bulk flow around

the capsule, driving significant cycles of inward and outward flow of the capsule

contents. The response can be tuned by variation of the amount of grafted PNIPAM.

We synthesize and characterize five versions of these hybrid capsules by varying

reaction time and extent to control polymer molecular weight and volume.
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Figure 3.1: Schematic of the functionalization of a cellulose microcapsule with surface-
grafted PNIPAM. As shown in the zoomed-in schematics at the top, the
microcapsule was functionalized with PNIPAM in a two-step process: covalent
attachment of BIBB as a polymerization initiator, followed by grafting of
PNIPAM from attached BIBB via ARGET ATRP as per the method of Humphreys
et al. 27. The fiber coatings can then be swelled and shrunk using changes in
temperature to induce thermoreversible swelling of the PNIPAM.

81



Chapter 3. Multi-functional responsive nanocellulose-PNIPAM capsules

3.2 Materials and methods

Cellulose microcapsule preparation: Cellulose microcapsules with diameters in

the range of 50 to1000µm were synthesized by a bio-interfacial process previously

developed by our group25. In brief, bacterial cellulose microcapsules were grown

using a monodisperse emulsion of bacterial culture droplets as templates. The bac-

terial culture contains purified xylinum; Acetobacter xylinum was purified and con-

centrated from Kombucha culture (Nourishme Organics, Australia) by gradient cen-

trifugation. Coconut water (Cocoa, Indonesia), and 10% w/v table sugar was added

as nutrients to create water in oil emulsion drops. Within 10 days, the encapsulated

bacteria polymerize the glucose molecules into cellulose nanofibers with a diame-

ter of 60 to 70 nm, that than entangled to form an interconnected random fiber shell

with a total thickness of 20 to 50µm and a pore size of 0.5µm25.

Dehydration of cellulose microcapsules: The washed cellulose microcapsules

were placed into a 15 mL Falcon centrifuge tube and allowed to settle before the

supernatant was drawn off with a syringe, leaving ∼ 0.5 mL remaining. The Falcon

tube was then filled with THF (Tetrahydrofuran, 99% , Sigma Aldrich) and gently

mixed. After the microcapsules settled the supernatant fluid was drawn off and

more THF added. The solution was exchanged in this manner five times; leaving

∼ 0.000123 %vol water remaining in the solution. After this, the microcapsules were

transferred to a 5 mL glass vial which was filled with anhydrous THF (dried over

4 Å molecular sieves) and the top stoppered with cotton wool. The stoppered 5 mL

vial was then placed into a 50 mL vial containing 4 Å molecular sieves that was then

filled with more anhydrous THF. The 50 mL vial was stoppered with a suba-seal

and left overnight, allowing residual water from the solution to be adsorbed by the

molecular sieves.

82



3.2. Materials and methods

Attachment of polymerization initiator: The microcapsules were transferred to

a 5 mL vial that had been dried at 50 ◦C, which was subsequently filled with 3 mL of

anhydrous THF and sealed with a suba-seal. Then 0.5 mL of TEA (triethylamine, ≥
99% , Sigma Aldrich) was added to the vial, followed by 0.4 mL of BIBB (α-bromoisobutyryl

bromide, ≥ 98% , Sigma Aldrich). Upon addition of the BIBB, a white precipitate

formed and remained for the entire reaction time. The reaction was allowed to pro-

ceed for one hour, during which the BIBB reacted with the hydroxyl groups on the

cellulose fibers, leaving them decorated with organobromine ATRP initiators. The

reaction was halted by pouring the solution into a 50 mL vial containing 30 mL of

ethanol then, microcapsules remaining in the 5 mL vial were removed by rinsing the

vial with ethanol. The white precipitate dissolved in the ethanol solution, and the

microcapsules were allowed to settle. The solution was then exchanged to methanol

via the same method used for water-THF solution exchange in the previous step.

Polymerization: In this work the activators regenerated by electron transfer

atom transfer radical polymerization (ARGET ATRP) method was used to graft PNI-

PAM from the cellulose framework of the microcapsules; our method is based off

that of Humphreys et al.27. The molecular weight of the grafted polymers is a func-

tion of both the polymerization time and the polymerization rate (KATRP); KATRP

is accelerated as the solvent polarity is increased28, which is dictated in our sys-

tem by the ratio of water to methanol in the solvent. In this work we used two

solvent compositions (water/methanol of 1:2 and 2:1, reactions A and B, respec-

tively) and a number of reaction times to prepare polymer coatings with a range

of polymer thickness. The polymerization solution was prepared such that there

was 0.05 mg/mL of NIPAM in solution, and the molar ratio of NIPAM to HMTETA

(1,1,4,7,10, 10-hexamethyltri-ethylenetetramine, ≥ 97%, Sigma Aldrich) to CuBr2

83



Chapter 3. Multi-functional responsive nanocellulose-PNIPAM capsules

(copper (II) bromide, ≥ 99%, Sigma Aldrich) to ascorbic acid (≥ 99%, Sigma Aldrich)

was 900:10:1:6.6.

Before the polymerization the brominated cellulose microcapsules were placed

in a methanol solution. These microcapsules were then placed into a 5 mL vial with

a measured amount of methanol (here we assume that the microcapsule weight is

negligible). The methanol solution was deoxygenated by purging with nitrogen for

at least 15 minutes. Concurrently, a polymerization solution was prepared by dis-

solving NIPAM in MilliQ water in a round-bottomed flask. To this solution, HMTETA

and CuBr2 were added according to the above molar ratios. A stirrer bar was then

added and the flask sealed with a suba-seal. The polymerization solution was de-

oxygenated by purging with nitrogen for 15 min, after which ascorbic acid was added

to the solution, causing the color of the solution to change from pale blue to color-

less. After a further fifteen minutes of deoxygenation, a calculated amount of the

polymerization solution was syringed from the round-bottomed flask into the 5 mL

vial containing the microcapsules in methanol. Water, methanol, and polymer-

ization solution quantities were calculated such that this final solution possessed

the solvent ratio, NIPAM concentration, and reagent ratios outlined in the above

paragraph. Functionalized microcapsules can be prepared in many vials simulta-

neously using this method, allowing the polymerization time to be varied for study

of PNIPAM molecular weight effects.

After the allotted polymerization time, the microcapsules were transferred from

the 5 mL vial to a 50 mL Falcon tube containing 30 mL of ethanol. The reduction of

solvent polarity, exposure to oxygen, and rapid dilution effectively halted the poly-

merization. The capsules were allowed to settle before the supernatant liquid was

removed. The capsules were washed in this manner twice more in ethanol before

being transferred to MilliQ water via the solvent exchange method used above. The
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polymerization conditions corresponding to the microcapsules discussed in this

work are summarized in Table 3.1.

3.2.1 Sample imaging and analysis

Optical microscopy Confocal light-sheet microscopy (CLSM) was used to image

fiber networks and conduct flurescence measurements. A Zeiss LSM 880 micro-

scope with Airyscan module was used for all CLSM measurements. A 63×oil immer-

sion objective (numerical aperture of 1.4) was used for confocal imaging of coalted

fiber with PNIPAM at room temperature and a 20× dry objective (numerical aper-

ture of 0.16) was used for FITC-dextran permeability experiment.

Rhodamine B (RhB) staining was used to visualize the tethered PNIPAM, and

was carried out using the following established labeling protocol of Silverberg et

al.29. First 2 mg of Rhodamine B isothiocyanate (RhB) were dissolved in 2.5 mL of

sodium carbonate-bicarbonate buffer (0.5 M, pH 9.5). Then, the RhB solution was

added into 1 mL solution (water) containing the PNIPAM functionalized capsules (∼
85 capsules). The mixture was agitated overnight at room temperature in darkness.

The capsule was rinsed with Milli-Q-water several times to remove any unattached

dye.

FITC labeled dextran, with molar masses of 4 kDa, with hydrodynamic diameter

of approximately 1.8 nm, was used as fluorescent probe to quantify capsule perme-

ability30,31.

Optical microscopy was used to observe the microcapsule response to tempera-

ture and mechanical deformation. Images were acquired using a stereoscope (WILD

M3C, Leica, Germany) with a 6.4× objective, and an inverted optical microscope

with a 10 and 40× objective along with a digital camera (Moticam 10 MP, Taiwan).

The inverted optical microscope was equipped with a temperature-controlled stage
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(T96-P, Linkam) with a maximum heating and cooling rate of 20 ◦C/min. Polymer-

ized capsules were immersed into 2 mL of 1 mg/mL FITC-dextran solution and in-

cubated for 24 h at 25 ◦C. These microcapsules were then imaged with confocal

fluorescence microscopy at room temperature, with fluorescence intensity quan-

tified using ImageJ32 to determine the degree of permeation of the capsules by the

dextran tracer molecule.

Particle tracking: Polystyrene tracer particles with a 3µm diameter were used

to track and map the flow around functionalized capsules during their volume tran-

sition. Capules were soaked in the tracer water dispersion for 1 hour. The suspen-

sion of tracers and polymerized capsules was placed (RT 75 min) into a closed-end

square capillary (VitroCom) with a side-length of 1 mm

A mixture of tracer and polymerized capsule (sample 5) was placed into a closed

end square capillary (VitroCom) with a side-length of 1 mm and tracked particle

displacement tracked over time, using image analysis both at room temperature

and while cycling between 23;40 ◦C. The velocity of tracers was measured at 2 fps

acquisition rate. ImageJ software was used for particle tracking. The TrackPy mod-

ule33 was used to calculate mean-squared displacement (MSD), ∆r 2(∆t ) = (r (t +
∆t )− r (t ))2, as a function of the lag time, ∆t at 23;40 ◦C34.

Fourier-transform infrared spectroscopy: FTIR absorption spectra were col-

lected using a Bruker IFS66/S High End FT-NIR/IR Spectrometer, with a wavenum-

ber range from 400−4000 cm−1.

Measurements were performed on air-dried microcapsules, which were care-

fully placed on the crystal and secured with the pressure arm. The crystal was

washed with isopropyl alcohol before use.

Scanning electron microscopy: Scanning electron microscopy (SEM) was used

to confirm the grafting of polymer to the microcapsules and examine the nanos-
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tructures formed. A FEI Nova Nano SEM 450 FE-SEM with an accelerating voltage

of 5.0 kV was used for all SEM imaging. Before SEM imaging, samples were snap-

frozen in liquid nitrogen, dehydrated overnight in a freeze drier, and coated with a

30 nm thick platinum layer using a Leica ACE600 sputter coater.

3.3 Results and discussion

Bacterial cellulose microcapsules are synthesized by encapsulating drops of aque-

ous Acetobacter bacteria culture in gelled oil25. The bacteria produce hollow, porous

capsules from entangled micron-scale cellulose fibers, Figure 3.1. The bacterial cel-

lulose microcapsule is robust enough to enable encapsulation and its flexible mesh

shell can be functionalized to increase its applications. Adding PNIPAM to the sur-

face of the capsule’s cellulose fibers enables a temperature-controlled change in the

effective size of the fiber26,27 that can be used to change capsule permeability and

shape and drive secondary effects like fluid flow. The process of coating cellulose

fibers with PNIPAM is shown schematically in Figure 3.1. The individual cellulose

fiber of the capsule was coated with PNIPAM using a two-step process; covalent

attachment of polymerization initiator (BIBB) and grafting of PNIPAM from the

attached BIBB, Figure 3.1.

3.3.1 Capsule characterization

We establish the presence of tethered PNIPAM layers through Fourier-transform in-

frared, FTIR, spectroscopy with results shown in Figure 3.2. The peaks at 1450 cm−1,

1525 cm−1 and 1650 cm−1, which can be attributed to the stretching of C-N, amide

(II) band and amide (I) band, respectively, are characteristic absorption bands of

PNIPAM. The peaks in the 2800−2980 cm−1 region correspond to the asymmetric

and symmetric stretching of methylene (CH2H2) groups in long alkyl chains. A
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Figure 3.2: FTIR spectra of cellulose microcapsules corresponding to the samples pre-
sented in Figure 3.3. Absorbance peaks at 1450 cm−1, 1525 cm−1 and 1650 cm−1

indicate the presence of PNIPAM and generally intensify with increasing sample
number, agreeing with the trend presented in Table 3.1

sharper peak was observed at 1054 cm−1 that can be ascribed to the oxygen-containing

groups of CO stretch. The absorption peak in the range of 1605 to 1657 cm−1 repre-

sents the CO stretch. The appearance of these characteristic peaks in the spectra of

the modified cellulose microcapsules verifies successful grafting of PNIPAM35.

Polymer thickness can be tuned by varying the reaction time and reaction rate.

Scanning electron microscopy (SEM) was used to examine the change in fiber di-

ameter upon grafting PNIPAM to the capsules, with representative images shown in

Figure 3.3a-l. After polymerization, the average fiber diameter increased between

130;1300 %, from 60 nm to over 800 nm based on SEM data of freeze-dried sam-

ples. The polymer layer thickness was calculated based on pristine cellulose fibers

possessing a diameter of approximately 60 nm25. At low polymer layer thicknesses,

‘webbing’ is observed at intersection points between the fibers and there appears

to be a greater tendency for small fibers to stick together. As the polymer thickness

increases further, individual fibers are no longer observed. A transition between
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Figure 3.3: SEM images of pristine and polymer-modified cellulose microcapsules. The
target polymer thickness increases with increasing sample number; further
details can be found in Table 3.1. (a-l) SEM images of freeze-dried microcapsules,
illustrating that polymerisation significantly increases the fiber thickness and
modified the capsule nanostructure.(m-r) Confocal microscopy of Cellulose
microcapsules (m) stained with Congo red and (n-r) functionalized cellulose
capsule, with PNIPAM stained with Rhodamine B.

coated fibers and a continuous polymer-fiber mat occurs between samples 2 and 4

for polymer thicknesses of 160-450 nm.

We note that it is extremely difficult to calculate the precise amount of grafted

PNIPAM in our system, as our chemistry does not allow for the polymer chains to be

degrafted and measured, and thermal decomposition methods are not viable due to

the organic nature of the cellulose substrate. As the bromination step was consis-

tent across all capsules studied, we anticipate that the grafting density is relatively

uniform across all samples and the differences in measured polymer thickness are

proportional to differences in polymer molecular weight. However, as we cannot

be certain of this, and are similarly uncertain regarding the polydispersity of the

chains, we subsequently refer to the difference in PNIPAM coatings as a difference
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in polymer amount (mass per unit area). One factor that must be considered when

calculating the amount of grafted polymer from the SEM images is the density of

freeze-dried PNIPAM, which is unknown. Variations in density are a likely cause

of the significant, yet consistent, discrepancy between the target polymer thickness

based on syntheses from silica wafers27 and the thickness measured via SEM (Ta-

ble 3.1). It is also possible that the polymerization process binds small cellulose

fibers together, resulting in the larger fiber thicknesses observed in the polymerized

samples, for example Figure 3.3 b,c versus Figure 3.3a. One additional factor to con-

sider is the tendency for confined environments to accelerate ATRP36. The SEM im-

ages in Figure 3.3 show that the amount of grafted PNIPAM consistently increases,

but cannot reveal the absolute amount of grafted PNIPAM. It is worth stressing

that the capsules are washed rigorously after functionalization, and stored in room-

temperature water, a good solvent for ungrafted PNIPAM, for many days before the

images in Figure 3.3 were captured. The PNIPAM-fucntionalized cellulose surfaces

observed by SEM are similar to those seen by Wu et al.37, who grafted PNIPAM onto

the larger fiber cellulose structure of filter paper, producing fiber surfaces covered

with a layer of polymer. Wu et al. also found a smoother surface structure after

increasing the percentage of polymer grafted, likely due to similar increases in con-

nectivity of the PNIPAM regions as we see37–39. Taking the FTIR measurements

together with SEM images and past observations, we are confident of successful

covalent functionalization of the cellulose microcapsule substrate with PNIPAM.

Confocal laser scanning microscopy, CLSM, images demonstrate the effect of

the polymer coating level on the thickness of the microcapsule shell in water, Fig-

ure 3.3(m-r). In these measurements, a Rhodamine B stain, colored purple in the

images, labels the fibers within the microcapsule. The confocal images are of a

single plane in the middle of the capsule, indicating a hollow capsule with a wall
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Table 3.1: Polymerization conditions that produced the variety of functionalized micro-
capsules used in this work.

Reaction A B
Sample number 1 2 3 4 5
Water/Methanol ratio 1:2 1:2 2:1 2:1 2:1

Reaction time (min) 15 30 15 30 75

Target dry thickness
(nm )∗

10 20 35 60 95

Fiber thickness (SEM)
(nm )†

140±30 160±30 300±100 450±150 850±150

Polymer thickness
(SEM) (nm )‡

40 50 120 195 395

Swollen polymer to
cellulose ratio (SEM) ‡

0.67 0.83 2 3.25 6.58

Shell thickness (CLSM)
(µm )‡

30 45−50 80 112 140

∗ Based on equivalent synthesis on planar silicon substrates via the method of
Humphreys et al.27.
† Fiber thickness from SEM images taken post polymerisation. Samples are
freeze-dried before imaging to depict porous structure of capsule and the
thickness of PNIPAM layer.
‡ Assuming an average unmodified fiber thickness of 60 nm and shell thickness
25µm.
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thickness of 20-25µm before polymerization, Figure 3.3m, which is in agreement

with the shell thickness of bacterial cellulose microcapsule previously reported by

Song et al.25.

The dark region within the capsule wall in Figure 3.3m-r is a hollow core that

can be used to carry a payload of particles or proteins, for example. The images in

Figure 3.3m-r focus on the capsule shell and show the effect of polymerization time

and reaction rate at this length scale of the capsules.

Increasing either reaction time or reaction rate increases the polymer coating

thickness, in turn reducing the capsule pore size. For the same reaction time of 15

min, Sample 1 and Sample 3, the higher reaction rate of Sample 3 shows a larger

PNIPAM coating, resulting in 2.1 times thicker fibers and 2.6 times thicker capsule

walls along with smaller pore sizes Figure 3.3. As the polymerization time increases

in both high and low polymerization rates, we observe that both the thickness of

fibers, Figure 3.3a-f, and the wall of the microcapsule increase, Figure 3.3m-r, by a

factor of 10 for maximum reaction time and the polymerization rate for Sample 5

(Table 3.1). The thickness of the PNIPAM layer on the cellulose fiber of microcap-

sules in this study spans a range, allowing control of properties such as the amount

of water absorbed and released during temperature cycles, enabling the design of

capsule changes at bulk and micron length scales.

3.3.2 Permeability

The permeability of PNIPAM-functionalized microcapsules in water was studied

by examining the concentration of FITC-labeled 4 kDa dextran that diffused into

the capsules after a 24 h incubation period, Figure 3.46,17,40. FITC-labeled dextran

fluoresces green, so higher intensities correspond to a higher concentration, while

black regions of the image indicate the absence of the tracer molecule. As shown
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Figure 3.4: Effect of PNIPAM functionalization on cellulose capsule permeability at room
temperature. (a-e) CLSM images of polymer-modified cellulose microcapsules
incubated in 4 kDa FITC-labeled dextran at 25 ◦C show increasing polymer
thickness decreases capsule permeability. Fluorescent intensity is normalized
by dividing the average intensity inside the capsule to the average background
intensity of the external fluid (f).
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in Figure 3.4a-e, the fluorescence intensity of 4 kDa FITC-dextran with a hydrody-

namic radius of ∼ 1.8 nm41 is lower inside than outside for all of the microcapsules

studied. As the PNIPAM amount attached was increased, the internal intensity of

FITC-dextran decreased as the capsule pore size became similar to, then smaller

than, the 4 kDa dextran’s hydrodynamic diameter of ∼ 1.8 nm. For Samples 4 and

5 no permeation of the capsule by dextran is detectable, indicating a reduction

of pore size from a starting point of 500 nm25 to below the functional tracer size

(Figure 3.4)a-f. As might be expected, as fiber size increases and pore size decreases,

the mechanical properties of the capsules are also altered by increasing attachment

of PNIPAM.

3.3.3 Deformation and shape memory

Because of the low solid density and small characteristic length scales of the cellu-

lose microcapsules, capillary forces encountered during drying will have a strong

influence on the size and shape of the particles. Here we study the deformation

and recovery of the PNIPAM-functionalized microcapsules during drying and re-

hydration. Drying collapsed the pristine cellulose capsules completely, forming a

flat disk with a thickness, ∼100 nm, less than 1% of the initial hydrated capsule

radius, Figure 3.5a. Similar behavior was observed for Samples 1 and 2 that had

smaller amounts of PNIPAM attached, with the capsules collapsing to a thin disk

upon drying (Figure 3.5a). For higher thickness coatings of PNIPAM in Samples 3-5,

however, a remarkable difference is evident in their drying behavior. The increased

PNIPAM coating allows the capsules to maintain much of their structure upon com-

plete dehydration as a result of a presumed significant increase in elastic modulus.

Capillarity is the dominant force that drives the observed folding of the cellulose

capsule structure during drying25,42. This force results in the capsule crumpling,
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as the cellulose fibers dynamically reconfigure to minimize the area of the ener-

getically unfavorable solid/air interface. As the liquid continues to evaporate, the

capsule is deformed further, with the maximum capillary tension occurring when

the meniscus radius is small enough to just fill the pores43.

Capillary force pulls the fibers sufficiently close together44 that strong hydro-

gen bonds and van der Waals interactions cause the fibers to permanently stick

together. Coating cellulose fibers with PNIPAM covers fibers even at lower PNI-

PAM levels, blocking the close, irreversible adhesion interactions. As a result, dry-

ing of PNIPAM-cellulose microcapsules is a reversible process and they can reswell

upon rehydration. Previous work by Song et al.25 showed that pristine cellulose

microcapsules can not reswell upon rehydration, instead remaining as a thin col-

lapsed disk. In contrast, all dehydrated PNIPAM-functionalized capsules studied

here reswelled to their initial shape and size upon immersion in water. We observed

that this collapse/reswelling behavior was consistent across at least five drying/re-

hydration cycles, indicating an additional benefit of the robust PNIPAM coating.

An additional demonstration of the flexibility of the PNIPAM cellulose capsules

under stress is shown by their shape recovery after compressive deformation by a

blunt capillary25. Song et al.25 found that pristine cellulose capsules could only re-

cover from less than 20% strain, with greater deformation permanently altering the

shape of the capsule. Here attachment of PNIPAM to the cellulose network greatly

improved the post-deformation shape-recovery of the capsules. In Figure 3.5, the

PNIPAM-functionalized microcapsule from the Sample 2 batch fully recovers its

initial shape after even 100% deformation. This recovery occurred quickly, gen-

erally within five seconds after removal of the applied stress, and was indepen-

dent of the initial deformation rate and reproducible over at least five cycles of

deformation. We hypothesize that PNIPAM alters the mechanical response of the
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Figure 3.5: (a) Air drying of cellulose microcapsules before and after coating with
PNIPAM. Cellulose capsules can collapse to a flat sheet during drying; however,
the thickness of the final air-dried sheet increased with additional attached
PNIPAM amounts. Samples 3-5 do not fully compress upon drying as their
PNIPAM coating reinforces them to a greater extent. (b) All PNIPAM-cellulose
capsules reswell after immersion in water, but the pristine cellulose capsule
does not. (c) Functionalized capsules (Sample 2) recover after compressive
deformation with a blunt-end pulled glass microcapillary.

96



3.3. Results and discussion

0.85

0.9

0.95

1

250 450 650

N
o
rm

a
liz

e
d
 a

re
a

Time (s)

600

(a) Sample 1: 15 min

400 µm

(f)

(e)

0.85

0.9

0.95

1

0 10 20 30

N
o
rm

a
liz

e
d
 a

re
a

Time (s)

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

(g)

(d)
40°C 40°C 40°C23°C 23°C 23°C

(b) Sample 2: 30 min

(c) Sample 5: 85 min

Water desorption and out flow Water absorption and in flow

23°C40°C

0 200 400

Lag time (s)

Figure 3.6: (a-c) Collapsed image stacks of PNIPAM-cellulose microcapsules undergoing
thermoreversible swelling. The orange regions highlight the areas of greatest
standard deviation of change between fran initial image at room temperature
and a final capsule image at 40 ◦C. (d) Multiple cycles of temperature-induced
area changes 23;40 ◦C, PNIPAM modified capsule shows the same rate for each
polymerization time in each cycle. (e) Increasing the amount of PNIPAM
increases the volume transition magnitude and rate. (f) Schematic of the
PNIPAM polymerized capsule volume transition and releasing and absorbing
water. (g) Mean squared displacements of 3µm particles measured at 23 ◦C
and while the temperature is changing from 23;40 ◦C, alongside the theoretical
diffusion coefficient at 40 ◦C calculated using the Stokes-Einstein equation 46.

capsule through two mechanisms: preventing the irreversible adsorption of cel-

lulose fibers and mechanically reinforcing the cellulose fibers. It is worth noting

that the functionalized capsules are mechanically distinct from conventional cross-

linked PNIPAM. PNIPAM hydrogels have high elastic moduli (Young’s Modulus of

45 kPa before the phase transition45) compared to cellulose microcapsules (Young’s

modulus 100 Pa25).
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3.3.4 Changes in capsule volume with temperature

Capsules undergoing reversible volume transitions have proposed uses as payload

delivery vehicles and capsules that ‘swim’ via jellyfish-like contractions47. Here we

imaged a series of capsules while cycling the temperature between 23;40 ◦C at a

constant rate of 20 ◦C/min to quantify the dynamics of microcapsule response. Fig-

ure 3.6a-c show the standard deviation of the Z projection of a stack of images taken

during the temperature-induced volume transition of a PNIPAM-functionalized mi-

crocapsule, creating a composite image highlighting the change in capsule dimen-

sions. The orange color in Figure 3.6a-c highlights the areas of the image that most

change over time as the capsule boundary moves during swelling and contraction.

From the images, we can see capsules with thicker polymer layers exhibit a larger

volume transition. To better quantify the volume transition, the area of the poly-

merized capsule was measured over time and is plotted in Figure 3.6d-e with time.

We find that the change in area of low MW samples (sample 1) is ∼ 4%, while sam-

ple 4 changes by approximately ∼ 13% (Figure 3.6(e-g)), corresponding to volume

changes of ∼ 6-19% , respectively. We also find that this volume transition is re-

versible over four hot-cold cycles with no apparent loss of response, Figure 3.6d.

The capsules exhibit a much smaller change in volume than comparably sized

pure-PNIPAM capsules, which undergo a change in diameter of around 50%48–52.

This difference can be attributed to the cellulose framework that forms the capsules

maintaining the capsule structure throughout the polymer collapse. It is worth

emphasizing here that the PNIPAM thermotransition should not be characterized

as a hydrophilic to hydrophobic transition53, and as such the polymer coating is

not drastically changing the surface energy of the cellulose. Here, by changing the

temperature at a rate of 20 ◦C/min, we compare the volume transition magnitude
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and rate for polymerized capsules with varying thickness of PNIPAM coating. Fig-

ure 3.6 (h and i) shows that increasing the PNIPAM coating thickness significantly

increases the area transition rate and magnitude.

One side-effect of the volume transition is the exchange of fluid in the interior of

the microcapsule with the external fluid. This expulsion is due both to the macro-

scopic contraction of the capsule as well as the desolvation of the PNIPAM chains

undergoing their thermally driven collapse. In Figure 3.6f it can be seen that the

capsule expels water as the temperature is increased past its LCST, and reabsorbs

the water as the temperature is once again reduced below the LCST.

The maximum volume transition of PNIPAM-microcapsule is 15% of its area

within the 20 s; the rate of capsule volume transition is tracked using ImageJ soft-

ware. We measured the radial displacement of the capsule during swelling and

shrinkage—this helped to predict the flow around the microcapsule. By increasing

temperature to over 32 ◦C, PNIPAM-microcapsules contract with a radial velocity of

3µm/s, therefore when we used a tracer to track flow around the capsule, we ex-

pected to record tracer motion toward the capsule with similar capsule radial veloc-

ity. However, we have observed the tracer moved away from the microcapsule with

the average velocity of 4µm/s. This is due to a release of water during the NIPAM

layer shrinkage. The exchange also leads to an increase in the capsule permeability

due to reducing the size of the polymer layer, which leads to water flow out from

inside the capsule. Hence, the overall size of the capsule is changing, the constant

amount of water released and absorbed during the shrinkage and swelling (around

48µL measured based on capsule volume change), and capsule pore size changes,

leads to release of water from the capsule core during shrinkage. ultimately, the

capsule fills with water during capsule swelling. Compared with other hydrogels,

PNIPAM-microcapsule volume transition is 10 times faster; however, the maximum
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strain that can be achieved here is 15%, which is 3 times less than other reported

responsive microgels5,54–56.

3.3.5 Particle tracking during multiple cycles of temperature change

We observed that the temperature-modulated volume transition documented above

(Figure 3.6) induces flow around the capsule as its fluid contents are manipulated.

We characterize this phenomenon by using 3µm tracers to map the flow around

the capsules during their shape transition. To confirm that this motion was due to

the contraction of the capsules, and not a temperature-driven increase in Brownian

motion, we calculate the theoretical MSD of a 3µm tracer at 40 ◦C via the Stokes-

Einstein equation46,56. Figure 3.6g shows that while the 23 ◦C data matches the

expected diffusive behavior, particle motion upon temperature cycling results in a

significant increase in tracer particle motion above the predicted diffusive result.

Further studies of the fluid flow around sets of one, two, and three microcaspules

undergoing thermal cycling are shown using tracer particle trjectories in Figure 3.7(a-

c). Using the Z project tool in ImageJ we superimpose multiple frames into a sin-

gle image to indicate the tracer particle trajectories as temperature changes. Fig-

ure 3.7(a) shows that for a single microcapsule tracers move toward and away from

the PNIPAM-coated microcapsules. Tracers between two microcapsules are influ-

enced by two sources of fluid flow, resulting in linear forward and backward motion

between the two microcaspules. When we used three microcapsules, we can see the

tracer particles have rotational motion between them. This can provide the chaotic

flow required for fluid mixing. To quantify the tracer particle motion, we track the

individual tracers and measure their average velocity. When three polymerized mi-

crocaspules were used, the tracers moved with higher average velocity, 42µm/sec,
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Figure 3.7: Tracer particles are used to quantify fluid flow fields around PNIPAM-coated
capsules in multiple cycles of temperature changes between 25;40 ◦C. Tracer
trajectories around (a and d) single, (b and e) two, and (c and f) three capsules.
Average velocity over time in (g-i)

while the lowest velocities are seen for a single microcapsule as a result of different

levels of volumetric flow rates.

The coupling between thermally triggered release of a capsule contents and con-

vective mixing of the materials with the external fluid is an interesting aspect of the

capsules potential applications.

3.4 Conclusions

We have functionalized cellulose microcapsules with the thermoresponsive poly-

mer PNIPAM to develop capsules with switchable permeability, thermo-actuated

motion and improved mechanical properties. We have used two different poly-

merization rates and several reaction times to study the effect of PNIPAM layer
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thickness on capsule behavior. The synthesized capsule is mechanically robust and

can elastically recover to its initial shape after dehydration and 100% deformation.

Particle tracking was employed to quantify fluid motion around the capsules during

multiple cycles of temperature change, even when capsule volume change was rel-

atively small. We suggest the use of this effect to promote both release and mixing

of capsule fluid contents at enhanced rates. Despite their extremely low mass, the

capsules are strong enough to provide mutliple functions using simple temperature

variations as a trigger.
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Chapter 4

Drying cellulose microcapsules for the fabrication of par-

ticles with tunable structures

4.1 Introduction

Solid hollow capsules have been developed to contain, protect and release active

ingredients in response to environmental stimuli for a wide range of applications

in foods1, pharmaceuticals2, cosmetics3, and advanced materials4. For example,

capsules can deform or switch permeability in response to stress, temperature, or

osmotic pressure, allowing absorption or release of active materials5,6. Microcap-

sules have been synthesized with various mechanical properties, but the majority of

microcapsules are made from rigid cross-linked polymers, or metals7–9. However,

very rigid solid capsules’ mechanical properties and porosity often restrict their

flexibility in use. As a result, rigid capsules can often provide only single-use delivery

due to permanent deformation and rupture when significantly stressed10. Solid

metal and polymer capsules have large elastic moduli, ranging in magnitude from

MPa to GPa for metal and several hundred Pa to kPa for polymers7–9.

Softer microcapsules have been developed that can be deformed and respond

to external stimuli, but their low elastic modulus can limit their ability to remain

stable against damage in applications until the need to trigger release of their con-

tents11–13. A clear need is a type of capsule that is sufficiently strong against inciden-

tal damage or wear while remaining responsive to practical triggers of response and
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release. An analogous example of a flexible and strong capsule with long-term sta-

bility and the ability to provide responsive release of active ingredients is the plant

pollen grain. Pollen grains made largely of natural cellulose can swell, encapsulate,

and perform osmotically-triggered release of their contents. We examine here the

possibility of mimicking pollen grains’ reversible folding and self-sealing during

dehydration as a way to expand the development of controlled release capsules for

various applications.

Recently, Song et al.14 developed a soft and flexible microcapsule with an elastic

modulus ∼ 100 kPa that is resistant to fluid shear stresses and large osmotic pressure

differences due to its highly porous shell structure. Unlike past capsules made of

solid cross-linkled or crystalline shells, the microfibrous cellulose capsule shells

are made from inter-woven fibers, creating a mesh-like shell with an average pore

size of 500 nm. The sparse shell structure means even millimeter- or micron-scale

capsules can have extremely low solid mass, on the order of 200 ng, and possess

high water-holding capacity in its core and mesh shell due to cellulose hydroxyl

groups15.

The low-density structure offers a unique means to explore extreme changes in

capsule volume and size by dehydration or solvent exchange. We find the bacterial

cellulose structure can be used to mimic pollen self sealing during dehydration

and we use surface modification of the fibers to avoid permanent deformation and

sealing of the capsules by strong fiber-fiber interactions16. We study the drying and

reswelling of bacterial cellulose microcapsules on different substrates to control

capsules’ dried shape, size, and porosity. The kinetics of drying and rehydration,

as well as the forces involved in shape change during these processes, is quantified

using imaging measurements of the capsules.
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4.2 Methods and Materials

Preparation of bacterial cellulose microcapsule: The bacterial cellulose micro-

capsule preparation method follows the work of Song et al.14. First, Acetobactor

xylinum (Nourishme Organics, Australia) was purified by gradient centrifugation

and dispersed in a fermentation culture containing coconut water (Cocobella, In-

donesia), 10 wt% of sugar, and 1 wt% of ammonium phosphate (AJAX chemicals,

Australia). Then, a gelled oil suspension medium was prepared by mixing 2.5 g of hy-

drogenated castor oil (Acme Hardesty) into 100 mL of canola oil (Coles, Australia) at

90 ◦C for 10 min. Upon cooling, the system develops a yield stress that can suspend

water droplets of bacterial culture. Cellulose microcapsules were synthesized when

Acetobactor xylinum produced nanocellulose fibers at the liquid-liquid interface of

their enclosing emulsion droplets, a bio-interfacial templating process, in the gelled

oil. Within two weeks, bacterial made an entangled mesh cellulose shell with a total

thickness of 20−50µm and pore size of 0.5µm in each droplet. Cellulose microcap-

sules are separated by heating the gelled oil emulsion to 90 ◦C for 2 h and soaking

in 2 wt% NaOH (Chem-Supply Pty Ltd, Australia) at room temperature overnight

to kill the bacteria. The killed bacteria and other impurities were washed away by

washing the cellulose microcapsules with MQ water at least three times. When the

washed bacterial cellulose microcapsules needed to be surface treated for reversible

drying and rehydration, they were dispersed in different concentrations of aqueous

carboxymethyl cellulose (with average Mw ∼ 250,000 g/mol and degree of substitu-

tion 0.7, Sigma Aldrich, Australia) solution to obtain final polymer concentrations

of 0.25, 0.5, or 1 wt%.
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4.2.1 Sample imaging and analysis

Scanning electron microscopy: Scanning electron microscopy, SEM, was used to

study the shape, size, and porosity of cellulose microcapsules after drying. An FEI

Nova Nano SEM 450 FE-SEM with an accelerating voltage of 5.0 kV was used for all

SEM imaging. Before SEM imaging, samples were snap-frozen in liquid nitrogen,

dehydrated overnight in a freeze drier, and coated with a 30 nm thick platinum layer

using a Leica ACE600 sputter coater.

Microscopy: Low-magnification optical microscopy images were acquired via

stereoscope (WILD M3C, Leica, Germany) with 25× and 40× objective to enable

individual capsule analysis. Motic Images Plus v2.0 software was used to capture

digital images with a 1 s time interval during drying and swelling. ImageJ software

was utilized to measure the microcapsule size with time17. All measurement was

repeated for at least five capsules. The time-dependent drying and swelling data

are fitted to a power-law function using the curve fitting tool in MATLAB18.

4.3 Results and discussion

The low solid density of the bacterial cellulose capsules (0.01 g/cm3), flexibility, and

porous mesh structure14 motivated us to explore production of two- and three-

dimensional cellulose particles using a drying process. Figure 4.2(a) shows an opti-

cal image of multiple cellulose microcapsules stained with Congo red in an aqueous

solution with sizes ranging from 100 to 800µm. Here, we use a different method

of drying cellulose microcapsules to investigate the drying impact on the cellulose

mesh and bulk structure.

Figure 4.1 (a and b) show a time-lapse, side-view image of the unmodified cel-

lulose capsules during air drying at room temperature on a flat glass slide (a) and
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0 s 2 min 4 min 8 min6 min
(a)

(b)
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Figure 4.1: Time sequence of a cellulose microcapsule air drying on (a) a flat glass surface
and (b) a glass capillary tip with a minimum diameter of 100µm. The air-
drying process leads to a dramatic change in the capsule size, depending on the
capsule contact status with a substrate, with the shape of substrate determining
the final shape and size of the cellulose particles. (c) A plot of change in capsule
dimensions over time for ten capsules (d) a capillary tip.
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pulled capillary tip with a maximum diameter of 100µm (b)). The right-hand im-

age in each row shows the final size of the cellulose microcapsule after 8 min of

air-drying. The drying process drives remarkable shrinkage in the microcapsule

height compared with its width when dried on the flat glass substrate due to water

meniscus pinning of the microcapsule to the substrate. The pinning of a droplet to a

substrate has been seen and reported before in the interfacial assembly of particles

in studies of the coffee-ring effect19–21. The millimeter diameter capsule shrinks to a

flat disk with thickness of 200 nm, ∼ 100 % strain, and a width similar to the original

capsule dimension. Here the capillary forces during drying act to pull the capsule

down and compress it flat onto the flat substrate as a result of the circular contact

line. However, drying the capsule on a glass capillary tip leads to collapsing the cap-

sule all around the surface of the capillary. Figures 4.2 (b and c) show optical images

of dried cellulose microcapsules on a flat solid substrate and a microcapillary tip,

respectively, indicating extreme volume transition after air drying. Similar to drying

on a flat substrate, the water meniscus pins the cellulose microcapsule to the glass

capillary, causing the capsule to shrink and buckle around the capillary. This results

in a 2D deformation that can be observed, and the capillary tip becomes wrapped

in the cellulose microcapsule once the capsule is completely dried.

Figure 4.1 (c) quantifies the dynamic changes of capsule height and width, nor-

malized with their initial value. A linear decrease with a rate of 0.1 s−1 in the capsule

size is observed in the early stage of water evaporation and a nonlinear drop in

the capsule height over time with a rate of 1.3 s−1. In contrast, a minor, less than

20% with a rate of 1 s−1, change in width was also observed, in agreement with the

previous research on cellulose fiber drying dynamics22.

The constant and linear deformation of cellulose microcapsules is due to bulk

water evaporation, reducing the cellulose microcapsule size and porosity due to
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(b) (c)(a) Air-drying

Figure 4.2: (a) Cellulose microcapsule dispersion in water. (b) Ultrathin cellulose disk
production after drying a cellulose microcapsule on a nonadhesive flat surface.
(c) Air-drying a cellulose microcapsule on a tapered cylindrical capillary leads
to collapse of the capsule onto the capillary during the drying process, scale bar
is 500µm.

capillary forces. When the cellulose fibers are close to each other or partially ex-

posed, the second drying stage starts. In the second stage, hydrogen-bonded wa-

ter evaporation takes place over the cellulose surface. Here the capillary tension

reaches its maximum value, and vapor diffusion is the main driving force for con-

tinued water evaporation22.

A high level of capsule deformation and strain occurs due to a high stress based

on the capsule density and geometry. For instance, pollen with an average diameter

of 40µm, wall thickness of 1.4µm, and elastic modulus of 1.3 GPa only deforms with

a strain of ∼ 40 % during the dehydration process23,24. Polymer-based microcap-

sules with diameter and shell thickness of 60µm and 400 nm, respectively can with-

stand ∼3 MPa stress and deform less than 50% under stress, indicating the capsule

geometry and mechanical properties inhibit capsule deformation and shape tran-

sition25. Here, the microcapsule shell has a low solid density mesh structure made

from cellulose nanofibers, allowing the capsule to shrink and deform from ∼ 25µm

to less than 100 nm during the drying process. Hence, this provides an extremely

high strain (over 99.9%) compared with previously reported microcapsules6,26–28.
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The capsules here have been estimated to have a low compressive elastic modulus

on thew order of 100 Pa14.

During drying, the capillary pressure of the water meniscus is the dominant

driving force for microcapsule deformation, pulling cellulose fibers tightly together

and compressing the microcapsule structure. Liquid evaporation occurs in two

stages. The evaporation starts with bulk water removal, and the rate depends on

the microcapsule size (or liquid volume as the capsule is filled with water). As

evaporation occurs, the capillary force induces water flow through the porous struc-

ture and compresses it. The pore size is reduced till fibers are extremely close to

one other, allowing van der Waals forces to strongly bind the fibers together29,30.

The maximum capillary force (PC ) on the capsule during drying occurs when the

meniscus radius is small enough to fit into the pores. Assuming liquid in cylindrical

pores, we can estimate:31

PC = γl v cosθSρb

1− ρb
ρl

(4.1)

where ρb , ρl , γl v , θ, and S are the bulk density of the porous film, the density of

the solid fibers, liquid-vapor surface tension, liquid-fiber contact angle, and the

specific surface area of the fiber network. From literature that ρb and ρl are 0.01 and

1.5 g/cm3, respectively for the cellulose mesh and an individual cellulose nanofiber

(with diameter of 40 nm)14,32,33, and γ is 72 mN/m for water at 25 ◦C34. Bacterial

cellulose specific surface area (surface area of capsule/ mass of capsule) is calcu-

lated for 500µm capsule with porosity of 0.6 and the weight of 0.2µg35 as16.7 m2/g.

Therefore, the maximum capillary pressure during drying is estimated to be 7.7 kPa,

enabling extreme deformation of the cellulose microcapsule

Capsule deformation and bending occurs at multiple length scales. The above

treatment deals with deformation on the length scale of the capsule. At the nanoscale,
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individual fibers bend and deform as water moves through the cellulose mesh struc-

ture, sealing capsule pores in the early stage of drying, depending on the fiber bend-

ing stiffness. The bending stiffness of an individual cellulose fiber can be calculated

by the following equation36,37:

κ= Eh3

12(1−ν2)
(4.2)

Where κ, E, and ν are a bending stiffness, the Young’s modulus and Poisson’s

ratio of the material, respectively. For the bacterial cellulose fiber with diameter of (

40 nm), a Poisson ratio of 0.5438 and a cellulose fiber elastic modulus of ∼ 17 GPa39,

the bending stiffness is 60 Pa, ∼ 128 times less than capillary pressure during drying.

Water removal and heat dissipation during cellulose fiber drying cause pore clo-

sure and a decrease in surface area, leading to fiber network shrinkage and increased

inter-cellulose hydrogen bonding40. This buckles the microcapsule from several

hundreds of microns in diameter to less than 50 (volume change by a factor of 1000).

Similarly, reswelling of the dried cellulose nanostructures releases the stored elastic

energy as the fiber bundles reform a sparse cellulose fibrous network41–43.

Sealed soft microcaspule can withstand moderate amounts of strain without

permanent deformation or material yielding14. Further increase in the stress can

bend, buckle, and permanently deform the microcapsule. Here, in order to deter-

mine the capsule deformation in the second stage of drying, we used the theoretical

prediction of the critical buckling pressure for cellulose capsule with radius and

shell thickness of 250 and 25µm during air drying process:

Pc = 2E√
3(1−ν)2

(
R

h

)−2

(4.3)
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where E and ν are the Young’s modulus of cellulose microcapsule and Poisson s

ratio of the material, respectively. The critical buckling pressure is calculated as Pc =
1.4 Pa, so capsule buckling begins when a higher pressure is applied to the capsule.

In the case of thin shell capsule, bending deformation is energetically favourable

as stretching requires higher amount of energy. Capsule bending can be in plane or

out-of-plane deformation or both, the Foppl von Karman number γFoppl (the ratio

of bending to stretching energy) can be used to characterize the order of magnitude

of the ratio between in plane and out-of–of-plane deformation energies,as the key

parameter to understand the elastic shell deformation44. High value of the Foppl

von Karman number indicates large bending of shell and its low value represents

high stretching deformation, however, stretching is more energetically costly45.

γFoppl = 12(1−ν2)

(
R

h

)−2

(4.4)

The γFoppl of our cellulose capsule with the above mentioned radius, shell thick-

ness, and Poisson ratio is calculated as 850, indicating more in-plane deformation

versus out-of-plane deformation46,47.

Water evaporation causes the fibers to bend, and the pore size reduces till the

capsule is sealed and deformed. Self-sealing of this type also occurs when the pollen

grains compress and fold during drying to protect and carry plant DNA. Distinct

from the above results for substrate-influenced drying of the cellulose capsules,

pollen grains typically dry via isotropic shrinkage during dehydration23. We want

to evaluate the effect of similar drying-induced isotropic shrinkage on the capsules

synthesized here, so pinning to the substrate by a water meniscus must be avoided.

Spray-drying is a common method of synthesizing dry particles via isotropic drying

of droplets48,49, as droplets are sprayed and exposed to hot air, but study of individ-
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0 s 4 s 8 s 12 s 16 s 

Decreasing porosity

Capsule without hole

Capsule with hole

(a) 

(b) (c) 
Height

Width

500 µm 

Figure 4.3: Isotropic compression of cellulose microcapsule using Leidenfrost phenom-
ena. (a) The microcapsules were shrunk 1000 times of their volume at 180 C.
The drying and shrinkage kinetics of five microcapsules are shown in (b), where
the capsule dwindle in all dimensions to make 1000 times smaller cellulose
particles. (c) Schematic of the possible fate of the cellulose microcapsule after
drying by Leidenfrost phenomenon, where cellulose capsule has a hole in the
structure the capsule shrink to several micron-scale in size, otherwise sealing the
pores lead capsule explosion.
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ual droplet drying is difficult under these conditions. Previous work showed that the

Leidenfrost phenomenon50,51 is a viable means of studying the dynamics of single

droplet drying48,52–54 so we use that method here.

Here microcapsules are dried on a layer of water vapor using a heated surface

to avoid pinning. A droplet of aqueous cellulose microcapsule dispersion is placed

on a preheated hot plate with a temperature of 180 ◦C. Time-lapse imaging was

performed using two frames per second interval during the drying process.

Figure 4.3 (a) shows a time-lapse of the isotropic shrinkage of a single cellulose

microcapsule at 180 ◦C. From direct side-view imaging, we can see millimeter size

capsule shrinks by orders of magnitude, finishing as a 100µm diameter particle

in the final frame. The dynamics of capsule contraction were measured for five

capsules and plotted in Figure 4.3 (b). The error bar shows the variations in capsule

size during the different experiments. Two different behaviors are seen, isotropic

shrinkage to a stable capsule and shrinkage followed by overpressure/explosion, in

agreement with reported research48,52–54. As we can see from Figure 4.3 (a), the

microcapsule shrinks till all water evaporates, producing a wrinkled and crumpled

particle. In some cases, the cellulose microcapsule explodes, often when the size

of microcapsule was more than 1 mm. Such behavior has been seen and reported

before50–52, producing an audible cracking sound.

Similar to a capsule drying on a solid substrate, we can also see a linear and con-

stant rate of volume transition at the beginning of drying. In this regime a shrinkage

rate of 0.02/s is seen due to bulk water evaporation. As this occurs, water migrates

from the capsule’s core to the surface and the shrinkage is relatively isotropic22,55

leading to the capsule self-sealing.

In the second drying period, a nonlinear shrinkage is observed with a rate of

0.5/s, when the capsule reaches a critical moisture level and evaporation is limited
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500 µm 50 µm 50 µm

5 µm 5 µm 5 µm

Freeze-dried Air-dried Leidenfrost-dried

500 µm

10 µm

(a.1) (b.1) (c.1) (d.1)

(a.2) (b.2) (c.2) (d.2)

Figure 4.4: Scanning electron microscopy (SEM) of cellulose microcapsules after (a)
freeze-drying, (b) air-drying, and (c) two types of drying phenomena observed
using Leidenfrost processing.

by water movement to the surface via diffusion. These processes lead to the the

capsule permanently buckling and bending22,55,56. This result is in agreement with

previous research on cellulose drying and spray drying22,55,56. As shown in Figure

4.3c, if a capsule initially has a hole that can be used to relieve pressure during

shrinkage the stable production of a small capsule is possible with this method. If

pressure can not be relieved via leakage, the capsule will overpressurize and explode

to relieve the pressure.

Figure 4.4 shows SEM images of cellulose microcapsules after dehydration using

freeze-drying, air-drying on the solid substrate, and the Leidenfrost effect. Freeze-

drying is used to dehydrate the capsule while maintaining its structure. The capsule

dispersion is instantly frozen in liquid nitrogen and freeze-dried. A millimeter-scale

cellulose microcapsule after freeze-drying is shown in Figure 4.4 (a.1 and a.2), with

a close-up view indicating the cellulose mesh structure of the capsule. Contrasting

this view with that of an air-dried capsule we see the extremely low mass and elas-

tic modulus of millimeter-scale capsules results in severe permanent deformation

during air-drying on a solid substrate. The drying forces convert the millimeter size
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capsule to a 200 nm thin disk, over a million times smaller than its original size,

Figure 4.4 (b.1 and b.2). The SEM view shows the conversion of the open mesh in

Figure 4.4a.2 to a flat mat with strongly consolidated fibers, Figure 4.4b.2 This level

of shrinkage during drying has also been seen for bulk bacterial cellulose pellicle

mesh48.

After Leidenfrost drying, the capsule exhibits two different structures. When a

capsule is able to continuously shrink, it reduces in size by several orders of magni-

tude and the form is set by the adaptation of the shell to the stresses it experiences.

Figure 4.4 (c.1 and c.2) shows an example of a wrinkled and folded structure of a

cellulose microcapsule after drying and crumpled and buckled structures are visible

at large and small scales. Buckled structures are also produced by spray drying

processes52,53.

When the capsule seals during drying, overpressure events can occur and SEM

imaging of those capsules shows a large hole in the capsule wall and more rigid

alignment of the cellulose fibers, possibly producing greater rigidity that led to the

explosion, Figure 4.4 (d.1 and d.2). Boiling water trapped inside the capsule and

changing from liquid to vapor caused a pressure increase inside the capsule. For wa-

ter at 180 ◦C the steam pressure is 0.8 MPa, 8000 times more than the cellulose mi-

crocapsule modulus. This can cause a capsule explosion when the steam is trapped

inside the capsule. The explosion usually originates at the bottom of the droplet

contaning the capsule, where some part of the droplet can sometimes briefly con-

tact the hot plate51,53.

In all the above instances, drying of the capsules is an irreversible process be-

cause of strong fiber-fiber interactions at small distanced. We can, however, dry

thes capsules in a way that allows them to rehydrate and regain their initial form

by mitigating the strong fiber interactions. Several chemical and physical cellulose
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Figure 4.5: (a) Cellulose microcapsule-CMC drying process on the glass slide. (b)
Swelling on the dried cellulose microcapsule-CMC in water. (c) Kinetics of
Cellulose microcapsule-CMC air dehydration at room temperature, and (d)
Swelling kinetics of Cellulose microcapsule-CMC in water at room temperature,
the microcapsule height is normalized by the microcapsule initial height.
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fiber modifications method have been reported to prevent cellulose fiber aggrega-

tion, but here we apply the anionic polymer carboxymethyl cellulose (CMC). Three

concentrations of CMC are used. Figure 4.5 (a and b) show the time sequence

of a cellulose microcapsule, previously contacted with 1 wt% aqueous CMC solu-

tion, drying and reversibly re-swelling. The dynamics of the cellulose-CMC capsule

drying, Figure 4.5 (c), indicates a linear process with a rate of 0.15 s−1 and a latter

nonlinear process with a rate of 1.7 s−1. The capsule shrinkage rate decreased with

increasing CMC concentration, probably as a result of the enhancement of CMC

viscosity at higher CMC concentrations. Soft and deformable microcapsules were

developed recently using thermally responsive polymers, and they reported up to

90% shape recovery after stretching in high temperature (80 ◦C)57 and this work is

certainly competitive on the same order of response and mass utilization.

4.4 Conclusions

In this study, 2D and 3D cellulose particles have been produced using different

drying process. The drying permanently deforms the cellulose microcasule, and

here we controlled the drying condition to make desired particles from the mi-

crocapsule with millimeter-scale initial size. The capsules’ relatively low elastic

modulus and mesh structure enables large changes in volume transition during

air-drying. The Leidenfrost method of drying particles is used to miniaturize the

millimeter scale capsule without a substrate effect by drying the capsule on a vapor

layer. Using polymer additives can prevent fibers from irreversibly drying, providing

the cellulose microcapsules with strong mechanical response.
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Chapter 5

Conclusions and future work

Microcapsules perform a critical function in a number of sectors including drug

delivery, environmental remediation, cosmetics, and advanced materials. Recent

efforts focus on development of responsive microcapsules to provide enhanced up-

take and releasse. This thesis focused on three distinct approaches to developing

multifunctional microcapsules with active deformation and response.

Functional microcapsules are often made from rigid materials with plastic de-

formation behavior, reducing their ability to exhibit active deformation and response.

Here, we used emulsion-templated bacterial cellulose microcapsules as the basis of

functional capsules with new properties including significant flexibility, extremely

low mass and bulk density (millimeter size capsule has nano-scale mass), biodegrad-

ability, high surface area, and porosity. Here we modified the fibrous structure of

bacterial cellulose microcapsules using three methods to develop functional and

active forms.

The first modification was inspired by microorganisms that can move and de-

form themselves and squeeze through confined spaces. Bacterial cellulose capsules

were coated with metal-organic framework, MOF, particles that contain catalase en-

zyme to utilize chemical fuel for motion. Coating the individual cellulose fibers with

MOF particles also influenced the capsule porosity, changing the pore size from

500 nm to less than 4 nm. We have used two different MOFs, hydrophilic ZIF90 and

hydrophobic ZIFL, to achieve two mechanisms of propulsion via enzyme-mediated
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production of oxygen gas in aqueous hydrogen peroxide. Oxygen bubbles are ex-

pelled from hydrophilic swimmers and cause movement in multiple directions, while

hydrophobic swimmers remain attached to growing bubbles and experience verti-

cal, buoyancy-driven motion. As a result, hydrophilic and hydrophobic swimmers

move with average velocities of 40 and 4 mm/s, respectively. The aerogel structure

of the synthesized motors enables highly efficient motion with less inertia com-

pared to similar active particles made from high-density rigid solids. The flexible,

low-density mesh structure of the synthesized motors makes them mechanically

responsive, enabling the swimmers to move through significant constrictions, keep-

ing them viable even in confined spaces and environments where solid swimmer

particles could not progress.

The second development was multifunctional microcapsules functionalized with

the thermal responsive polymer PNIPAM to achieve switchable permeability and

thermal-actuated motion. The modification enables responsive size and cargo re-

lease as well as subsequent mixing of the local environment. Varying the polymer-

ization rates and reaction time controls the thickness of PNIPAM coating, also vary-

ing the microcapsule permeability and elasticity. The PNIPAM-modified capsule

is more mechanically robust than the cellulose-only form and can recover its initial

shape after dehydration and deformation. Temperature changes trigger mechanical

response of the PNIPAM-modified capsule, shrinking it when the temperature is

raised to over 32 ◦C and swelling it to its initial shape and size by cooling down

to below 32 ◦C. As a result, internal liquid can be expelled and absbsorbed by the

synthesized capsule due to PNIPAM volume transitions. Particle tracking was used

to visualize and quantify water absorbing and releasing from the modified capsule,

indicating fluid flow around the capsule and mixing the released liquid cargo during

multiple cycles of temperature change. By visualizing the flow between two and
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three modified capsules, we found eddy-like flow around the capsule at multiple

cycles of temperature change, indicating the capsules’ post-processing benefits af-

ter releasing any encapsulated content.

In addition to the chemical modifications of cellulose microcapsules, shape-

changing during extreme drying has been investigated after the physical modifi-

cations of cellulose fibers. Here, milli- or micro size cellulose microcapsules de-

formed to nano-scale thin two-dimensional disks during drying, resulting in per-

manent deformation of the pristine cellulose capsule by capillary pressure and van

der Waals interactions. The final shape of dry cellulose particles can be changed to

three-dimensional particles using a Leidenfrost drying method. During the drying

process, cellulose microcapsules experience orders of magnitude change in vol-

ume. We found that the dried cellulose microcapsules can re-swell and recover to

their initial millimeter-scale size after soaking the pristine cellulose microcapsules

in carboxymethyl cellulose solution, allowing complete reversibility of the drying-

swelling transition within less than 10 seconds.

Regarding the unique mesh structure and functionality of cellulose microcap-

sules, there are considerable recommendations for future research in this area. In

this study, we employed three methods of modifying cellulose fibers to create a mul-

tifunctional microcapsule, indicating the potential for further and selective modifi-

cations of bacterial cellulose microcapsules for more specific applications. For ex-

ample, developing light-responsive or magnetic-responsive microcapsules or cre-

ating patchy capsules with asymmetric deformation and response. While we have

developed multifunctional microcapsules in this research, the application of these

capsules in different research fields needs to be investigated, especially as a mi-

croplastic collector from the ocean.
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Appendix

A.1 Supplementary information for chapter 2

X-ray diffraction:

Powder X-ray diffraction (PXRD) patterns of MOF-coated and enzyme-loaded

cellulose microcapsules were collected using an Empyrean Thin-Film XRD Xpert

Materials Research diffractometer (MRD). Structural studies of the crystalline MOFs

formed on the capsules showed identical diffraction patterns for both ZIFL and

ZIF90. Figure A1 shows characteristic diffraction peaks of ZIF90 at 2θ = 10 to 30◦,

which confirms successful preparation1. In addition, no significant difference was

observed between the crystal structure and crystallinity of enzyme-loaded and na-

tive MOFs crystals, suggesting that the ZIFL crystal structure was well maintained

in enzyme-loaded particles, Figure A1b. For the ZIFL/CAT in situ composite, the

distinct peaks identified are at positions 2θ of 7.3◦, 10.3◦, 12.7◦, and 18.02◦ corre-

sponding to 110, 200, 211, and 222 orientations, respectively2,3. These are in good

agreement with simulated ZIFL patterns4.

Figure A2 shows measured motor trajectories in different concentrations of aque-

ous hydrogen peroxide. Each trajectory is colored with its velocity and orientation.

(a) (b)

d e hf g

Figure A1: XRD pattern of the (a) hydrophilic (ZIF90) and (b) hydrophobic (ZIFL) MOF
coated cellulose motors containing catalase (CAT).
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(b) Hydrophilic swimmer(ZIF90)

(a) Hydrophobic swimmer(ZIFL)

Figure A2: The figure shows the tracking of more than 10 hydrophobic (a) and hy-
drophilic (b) motors in different concentrations of hydrogen peroxide indicates.
The average velocity of both hydrophilic and hydrophobic motors is calculated
and has been plotted.
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Figure A3: The figure shows the average velocity of more than 10 hydrophobic (a) and
hydrophilic (b) motors in different concentrations of hydrogen peroxide. (c) The
average velocity of the motors as a function of their size.

The trajectories of hydrophobic motors exhibit a more vertical 90◦ motion with an

average velocity of 4 mm/s, Figure A2a. However, the hydrophilic motor trajectories

exhibit more complex motion with an orientation ranging from 0◦to 90◦ and an

average velocity of 40 mm/s, Figure A2b. Increasing the concentration of hydrogen

peroxide increases the velocity of motors due to higher oxygen bubble production.

Figure A3 shows the average velocity of hydrophilic and hydrophobic motors

in different concentrations of hydrogen peroxide. Increasing the hydrogen perox-

ide enhances the oxygen bubble production, consequently increasing the average

velocity of both hydrophilic and hydrophobic motors. Figure A3c shows the aver-

age velocity of the motors versus their size, indicating that increasing the motor

size enhances the average velocity of motors in both hydrophilic and hydrophobic

swimmers due to a higher amount of attached enzyme causing moe oxygen bubble

production. The color bar indicates the variation of average velocity for each motor

size.

Figure A4 shows the elastic modulus measurements of the hydrophilic and hy-

drophobic motors while passing through the pulled capillary. In this method, stress

is applied in multiple steps, and the hydrostatic and radial pressure from the glass

wall deforms the motors5. Motor deformation during linear and nonlinear defor-

mation was captured and quantified using image analysis. This experiment has

been repeated for at least 5 motors. The hydrophilic motors exhibit more defor-

mation under stress than the hydrophobic ones. Estimates of the elastic modulus

values of hydrophilic and hydrophobic motors were obtained from the slope of a
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Figure A4: Hydrophilic and hydrophobic motors were deformed while passing through a
tapered capillary. (a and b) A montage of images shows the motor deformation
when passing the constriction. ( c and d ) The stress and strain of motors using
the pressure-induced deformation when forced through a tapered glass capillary.
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stress versus strain plot. There is a large variation of elastic modulus due to the

variety of cellulose microcapsules5 for both hydrophilic and hydrophobic motors,

so these values are only a weak estimate of the magnitude of the moduli.
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