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Abstract 

Microarray structure plays a key role in a variety of fields ranging from optical devices, 

electronics to drug delivery systems due to the special periodic micropatterns, which can 

not only perform the capability of light diffraction, show the potential as photonic sensors, 

but also provide the empty space for drug loading when the highly ordered structures are 

microwells. Especially, the microarray structure can be transferred onto other polymers, 

after the introduction of microcontact printing techniques. 

Inspired by the versatility of microarray structures, this work aims at exploring and 

expanding its potential multidisciplinary applications including multi-sensing platforms, drug 

delivery vehicles of microchamber array films and microcages, and structuring templates. 

These can be achieved by functionalizing the microarray structure with extra properties of 

differently structured materials including polyelectrolytes, polyester, precursor ceramics. 

To provide a better understanding of the research subjects of this work, an introduction 

is presented at the beginning of chapter 1, followed by chapter 2 of a literature review. 

The description of the experimental section including materials, methods and instruments 

is followed in chapter 3. The results start from chapter 4 which investigates the possibilities 

of microarray structure for media, pH, ions and thermal sensing using stimuli-responsive 

polymers. The potential of the microarray structure for preparing drug delivery vehicles is 

further determined in chapter 5. Biodegradable polymers were fabricated into 

microchamber array films with the capability to efficiently encapsulate and enzymatically 

controlled release small hydrophilic molecules. In chapter 6, a novel method for preparing 

shape and size defined biodegradable microcages for drug delivery based on microarray 

structure is presented. Moreover, chapter 7 proposed an efficient route to microfabricate 

proportionally minified microarray structure with the assistance of novel precursor ceramics. 

Finally, general conclusions of the overall results of this work along with outlooks are 

summarized in chapter 8.  
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1. Introduction 

1.1. Microarray Structure 

The implantation of the periodically micropatterned surface with highly ordered surface 

features and well-defined dimensions is of great importance in a variety of fields ranging 

from lab-on-chip, sensing, electronics, optics, to microbiology biochemistry and biomedical 

areas and so forth. The predesigned surface structure that is either periodical in one 

direction or two noncollinear directions of well-defined grooves,1 wells,2 pillars3 or even 

chambers4 in microscale is named microarray structure. Generally, the microarray 

structures are fabricated on proper substrates such as silicon or silicon dioxide with special 

techniques of photolithography, selective etching and deposition and so forth.5 However, 

the expensive equipment, complex processes, strict fabrication environment standard and 

even experienced technician put strict limitations on its scale-up productions.6 One of the 

feasible routes to overcome the above difficulties is using the microcontact printing method 

that imprints and transfers the lithographed microarray structures onto other materials, 

resulting in reversed predesigned surface morphology.7 Thus, when combining the 

properties of both the imprinted materials and the special periodic surface micropatterns, 

not only the low cost and massive production of microarray structures is achieved, but also 

the potential application in interdisciplinary fields can be further explored and expanded. 

1.2. Challenges of the Versatile Applications of Microarray Structure 

The microarray structure plays an important role in the sensing areas thanks to its 

special periodical structure. Basically, substrates with surface structures of microarrays are 

capable of generating diffraction patterns when illuminated with electromagnetic waves.8 

Laser light, a kind of precisely collimated, coherent and monochromatic electromagnetic 

wave, has been widely applied in various fields especially in the sensing area.9 Typically, 

diffraction of laser light has been extensively used to magnify minor differences, thus 

enhance the sensitivity and accuracy of sensors.10 However, though numerous diffraction-
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based sensors have been proposed to measure refractive-index changes,11,12 particle 

parameters,13 and identify chemical compounds,14,15 viruses,16 etc., there are limited 

diffraction-based sensors for detecting thermal, ionic or pH changes. Although traditional 

sensors such as pH meter or mercury thermometer have already enabled common people 

to detect and measure normal physiochemical changes, these traditional sensors can only 

be used in limited range and conditions.17,18 While the cutting edge sensors however 

measure the signals required specific equipment, which is either used by specialized 

companies and universities only, or the high cost and non-portability (due to large optical 

readout systems) limit the applications of those sensors.19,20 An inexpensive and portable 

sensing platform to expand the sensing ability as well as the application area of traditional 

sensors is therefore needed. 

In addition, film materials with microarray structures also own the potential as drug 

delivery vehicles. When the lithographed periodic microstructures on the substrates are 

micropillars, the surface morphology of imprinted materials will be reversed microwell 

arrays with empty space in each well, where chemical compounds can be loaded and 

further released through external stimulations. A similar micropackaging platform has been 

developed named microchamber array films,21,22 which is fabricated by layer-by-layer(LbL) 

self-assembly technique,23–25 enabling the encapsulation of microparticles, large molecules 

and hydrophobic cargos for site-specific controlled release via laser radiation.26 However, 

the micropackaging platform above produced by LbL techniques can only manage to 

encapsulate cargos with high molecular weight27 or small but hydrophobic molecules28 due 

to the semi-permeability of multilayer films29,30 while the molecular weight of most 

biologically active is under 500 Da.31 Moreover, the inappropriate application of external 

triggers such as pH32, temperature33, magnetic field34, sonication35 and laser light36 may 

cause inefficiency, with the potential to induce deleterious side effects in living systems - 

prohibiting their applications in biological and medical fields. Therefore, the successful 
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encapsulation and biologically stimulated release of small hydrophilic molecules remain a 

significant challenge to the scientific community.  

Moreover, the microarray structure can further be employed as the mould for the 

fabrication of identical microcages for drug delivery. It is reported that a hydrogen template 

with microwell array surface structure is fabricated by casting gelatin solution on 

photolithographed micropillar arrays, which allowed the preparation of homogeneous 

microparticles of predefined size and shape by filling the empty microwells with a polymer-

drug solution followed with solidification.37,38 However, the formed microparticles are merely 

the blends of polymers and drugs without polymeric shells to protect the fragile cargos, 

which may not only lead to the drug burst release and low drug efficiency, but also induce 

unexpected adverse effects while delivering the active substances.39 Therefore, to avoid 

the above defects of microparticles, microcapsules are the preferred choice as drug delivery 

vehicles with a variety of novel microencapsulation techniques have been developed, 

including the LbL self-assembly approach,40,41 bulk emulsification,42 and microfluidics.43 

Nevertheless, as mentioned before, LbL microcapsules have difficulties encapsulating 

small and hydrophilic cargo due to the semi-permeability of multilayer shells.30,44 Besides, 

the microcapsules prepared with emulsification may display poorly uniform size 

distributions when emulsified with standard batch high-shear mixing methodologies,45 

which will have impacts on the control of particle surface area, thus, among other factors, 

influencing the drug release behaviours.46 Moreover, although microfluidic techniques can 

offer a promising and versatile route to prepare highly monodispersed microcapsules, the 

drug-loaded liquid core of the synthesized microcapsules has to be immiscible with shell 

material phase which puts huge limitations on the selections of active compounds to be 

encapsulated.47 Therefore, an improved approach for fabricating biodegradable drug 

delivery vehicles that not only are capable of encapsulating small and hydrophilic molecules 

in a non-liquid fashion, but also have a uniformed size distribution is therefore of high 

demand. 
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Furthermore, the microarray structures also comprise the potential for microfabrication 

of similar geometries of proportionally minified specifications. Generally, the traditional 

method for obtaining proportionally minified microstructures involves the photolithography 

of new master templates. The most common applied top-down approach is based on 

photolithography with the advantages of cost-effective and fast fabrication, as the entire 

substrate surface is simultaneously patterned. However, the optical diffraction effect puts a 

limitation on the achieved lithography resolution.48 Though the lithographed resolution can 

be enhanced by applying approaches of electrons or ion-based lithography to less than 50 

nm, their line-by-line pattern generation process leads to a relatively small throughput.49,50 

While the bottom-up methods that are widely employed are patterned self-assembly 

process using topographically/chemically patterned templating substrates and bio 

templates. One of the representative systems of topographically patterned substrates is 

block copolymer (BCP) systems, providing a versatile way to produce ordered nanoscale 

structures in the range of 10-200nm.51 However, the requirement of specialized polymer 

components and the assistance of external fields are challenging issues for most BCP-

based templating schemes.52 Another common disadvantage of the above fabrication 

techniques is the requirement of expensive and unportable specialized equipment. 

Therefore, a cost-effective and easily accessible fabrication method that owns the 

possibility of large area and high-volume minified pattern fabrications is of great interest 

among both academia and industries. 

1.3. Motivation and Aims 

Inspired and motivated by both the versatility of microarray structures and the existing 

challenges in the sensing, drug delivery and microfabrication areas, this work aims at 

exploring and expanding the potential multidisciplinary applications of microarray structure 

by structuring different polymers with the special morphology of microarrays, thus 

functionalizing the microarray structure with extra properties of structured materials. The 

main aims of this work has been concluded into below 4 parts. 
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1) Microarrays for sensing environmental stimuli 

Aiming at expanding the sensing capacity of microarray structures, stimuli-responsive 

polymers are combined with microarray structures. Stimuli-responsive polymers reacting to 

the chemical and physical changes of the surrounding environment such as pH value, 

chemical ions, media, temperature etc. have attracted significant attention over the years 

as smart materials in the field of drug delivery,53 biochemical,54 and sensing areas.55,56 

These environmental changes in nature usually cannot be visualized and perceived, 

therefore sensors are employed to convert external chemical or physical stimuli into 

testable signals or changes of sensing material itself.57 Thus, stimuli-responsive polymers 

become one of the best candidates for sensing applications.58  

2) Microarrays for enzymatically release small and hydrophilic cargos 

The aim of solving the problem of encapsulation and release of hydrophilic cargos 

involves the use of both biodegradable and hydrophobic polymers, through the exploitation 

of the characteristic low water permeability that hydrophobic polymers possess.59 In 

addition, comparing with the traditional physical triggered release, external stimuli are not 

required for carriers made of enzyme-degradable polymers,60 empowering enzyme-

degradable platforms to become one of the most promising systems for controlled drug 

delivery.61 PCL, an aliphatic and hydrophobic polymer with excellent processabilities with a 

low melting point,62 possess excellent biodegradability towards the lipase from 

Pseudomonas Cepacia (lipase PS) – a specific lipase which significantly catalyzes the 

degradation process of PCL compared to samples incubated in buffer alone.63,64 Owing to 

the numerous advantages including variable biodegradability, biocompatibility,65,66 great 

miscibility,67 excellent mechanical properties,68 PCL has been broadly selected as scaffolds 

for drug delivery and sustained release,69–71 and has been further approved by the US Food 

and Drug Administration (FDA) for preparing commercial products in the field of medicine 

and drug delivery.72  
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3) Microarrays for preparing homogeneous biodegradable microcages 

The fabrication of homogeneous drug delivery vehicles that can encapsulate small and 

hydrophilic molecules in a non-liquid fashion is also one of the aims of this work. Here again, 

the entrapment of hydrophilic small molecules is achieved by applying low water 

permeability materials. PLA and PCL, both of which are aliphatic and hydrophobic polymers 

approved by the FDA for preparing commercial products,73 can be selected as candidates 

for preparing microcapsule shells. While the size distribution control can be achieved by 

taking the advantages of microarray structure that homogeneous microwells are 

lithographed on the surface of the special template,5 in which the polymers are filled, 

embedded and confined, resulting in identical particles of the same size and shape of the 

engraved microstructure.38  

4) Microarrays for templating proportionally minified microarray structures 

To fulfil the aim of the microfabrication of microarray structures in a large area and 

high-volume fashion, soft lithography technique of replica moulding method is employed, 

which is an inexpensive and facile technique to massively transfer different types of both 

microscale and nanoscale microstructures onto planar, curved or other flexible substrates 

for many repeating times (>50) potentially at atomic level resolutions, 74 essentially based 

on printing, moulding and embossing with an elastomeric stamp.75 While the proportionally 

minified structure can be achieved by the assistance of preceramic polymers, which can 

shrink to similar geometries but smaller specifications after being pyrolyzed into ceramics. 

With multiple times of replica moulding processes based on preceramic polymers and 

elastomeric stamps, the microfabrication of proportionally minified microarray structure can 

be successfully accomplished in a simple, cost-effective, and efficient way. 
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2. Literature Review 

2.1. Polyelectrolytes 

Polyelectrolytes (PEs) are a kind of polymer that is constituted with repeating units of 

charged electrolyte groups that can be dissociated in an ionizing solvent like water and 

consequently produce the corresponding charged small irons and polymeric molecules 

which are fully or partially charged, typically neutralized by smaller free counter ions like 

sodium or chloride to preserve the electroneutrality.76 When remaining undissociated, PEs 

behaves similar to normal macromolecules, while a small dissociation of the ionic group 

would lead to intense changes in their properties. This dual character of macromolecular 

chain and high charge enables PEs to become one of the most attractive subjects in the 

scientific area for decades, especially as the stimuli-responsive polymer for sensing 

applications. 

2.1.1. Classification of Polyelectrolytes 

Typically, the polyelectrolytes are commonly classified into polycations, polyanions and 

polyampholyte based on the charge type of the functional groups. Polycations ionize in 

solution will generate positive sites along the polymer molecule, while negative sites will 

locate on the polymer chains of ionized polyanion; polyampholyte ionizes in solution and 

forms positive and negative charges along the polymer segment.77 The most common 

examples of polyelectrolytes are polystyrene sulfonate (PSS), poly (allylamine 

hydrochloride) (PAH), polyacrylic acid (PAA), poly (diallyl dimethylammonium 

chloride) (PDDA) and so forth. Some biomedical molecules such as polypeptides 

glycosaminoglycans and deoxyribonucleic acid (DNA) are all fall into the category of 

polyelectrolytes. More detailed and diversified classifications are organized in Figure 2.1.  

The origin base, for example, is another aspect to classify the PEs.77 Polymers such 

as gelatin, chitosan, dextran, starch, nucleic acids, sodium alginate, hyaluronic acid, 

chondroitin sulfate are natural polyelectrolytes. While sodium dextran sulfate, xanthan gum, 
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pectin and cellulose-based, starch-based, dextran-based PEs are classified as chemically 

modified or semi-synthetic polyelectrolytes. Synthetic polyelectrolytes are dextran sulfate, 

poly (sodium styrene sulfonate), poly (vinyl sulfate), poly (acrylic acid-co-maleic acid), poly 

(p-styrene sulfonic acid), poly (methacrylic acid), poly (ethyleneimine), poly (allylamine 

hydrochloride) poly (acrylic acid) and so forth. 

 

Figure 2.1 Classification of polyelectrolytes based on the charge and position of ionic sites. 77 

Similar to acids and bases, polyelectrolytes can be divided into two types named 

“strong” and “weak” polyelectrolytes based on the charge density of the polymer chains.78 

Strong polyelectrolytes are the ones that ions can be completely dissociated in ionizing 

solution, whereas polyelectrolytes that are only fractionally dissociated, remaining a 

substantial fraction of ions bound to the polymer chains, therefore, can be sorted as weak 

polyelectrolytes. Moreover, the dissociation degree of weak ones can be affected by the 

changes of pH solutions, the concentration of counter-ions as well as the solution ionic 

strength, which would be introduced in the next subchapter. 
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Many other classification standards are considered as well. For instance, based on the 

shape, PEs are divided into the rigid rod and spherical shape; based on the position of ions 

sites, they are labelled as linear and branched or crosslinked polyelectrolytes; based on the 

composition, homopolymers are prepared by crosslinking of single type ions or monomer, 

while crosslinking two different types of monomers is therefore called copolymers. 

2.1.2. Theory and Properties of Polyelectrolytes 

A variety of properties of PEs, such as chain conformation, diffusion coefficients, 

solution viscosity, polarizability, miscibility, etc. will be significantly changed if ionic groups 

are introduced.79 Specifically, ionic strength and electrostatic interaction are major 

influences for PEs. 

The ionic strength of the PE solution can drastically influence the conformation of the 

polyelectrolyte. Generally, the dissolved PEs would adopt an extended and stretched 

conformation in a salt-free solution owning to the repulsive electrostatic force between 

charges along the chain. With the addition of oppositely charged counter ions, the polymer 

segment tends to adopt a coiled conformation due to the screening of the electrostatic 

interactions. If the counter ions are divalent, the ion-bridge between two ionic sites on the 

chain could emerge while the PE are still soluble.80 With the increasing amount of added 

salt, a high volume of charge screening would lead to the precipitation of PEs from the 

solution. However, further increase in the concentration of the counter ions can cause a 

high-charge screen and redissolve the PEs. 

In addition, the electrostatic interactions between polyelectrolytes, especially weak 

PEs, can be significantly influenced by the acid-base equilibrium, whose charge density 

along the polymer chain is depend on the surrounding pH environment.81 For instance, if a 

weak polyelectrolyte (HA) is dissolved in aqueous solutions like water, the corresponding 

dissociation equation of the polyelectrolyte ion pair is shown below: 
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𝐇𝐀  ⇌   𝐇+  +  𝐀− 

Where the HA denotes a weak polyelectrolyte, which reversely dissociated into cationic 

H+ and anionic A-. Since the weak polyelectrolyte is only fractionally dissociated, the 

dissociation degree can be indicated by a special equilibrium constant called dissociation 

constant (Ka). The corresponding Ka is defined below: 

𝑲𝒂 =
[𝐇+][ 𝐀−]

[𝐇𝐀]
 

Where the brackets represent the concentration of every substance. Strong 

polyelectrolytes own a larger dissociation constant while weak polyelectrolytes hold smaller 

ones whose dissociation constants (pKa or pKb) vary from ~2 to ~10. Generally, the higher 

the Ka value, the stronger the polyelectrolytes since they can be more dissociated. 

The Henderson–Hassel Balch equation82 can describe the derivation of pH as an 

indicator of acidity in both biology and chemistry which can be obtained by given logarithm 

to the equation below: 

𝒑𝑲𝒂 = 𝒑𝑯− 𝐥𝐨𝐠𝟏𝟎
[ 𝐀−]

[𝐇𝐀]
 

Where the parameter pKa is the acid dissociation constant. Considering the charge 

density of the polymer chains, the Henderson–Hassel Balch equation can be modified as 

given: 

𝒑𝑲𝒂 = 𝒑𝑯− 𝒏 𝐥𝐨𝐠𝟏𝟎
[ 𝛂]

[𝟏 − 𝛂]
 

Where again, pKa denote the acid dissociation constant, n represents the extension of 

the polymer chains which is relating to their charge, α is the degree of protonation or 

occupancy. 
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Dissociation constant, as the equilibrium constant, is to describe the balance between 

the reactants and compounds, or more specifically, between the protonation and 

deprotonation. For polycations, when pH < pKa, the nearby positively charged ions facilitate 

the protonation which generates an attractive potential for combining with the base group. 

Similarly, the neighbouring negatively charged ions could exert a repressive potential to 

inhibit the dissociation of polyelectrolytes when pH > pKa. On the contrary, for polyanions, 

the dissociation behaviour influenced by pH is totally reversed. 

2.1.3. Applications of Polyelectrolytes 

Polyelectrolytes, as versatile polymers served as stimuli-responsive, controllable, 

swellable polymers, coating materials and surfactants, are welcomed in various of fields 

ranging from polymer science, chemical engineering, drug delivery, medicine, cosmetics, 

food areas and so forth. Generally, PEs manufactured into matrices, gels, drug complexes, 

coatings and membranes are employed as the stimuli-responsive or self-regulated 

controlled delivery device which would respond to specific and target physicochemical 

stimuli and perform designed behaviours, such as pH-dependent swell, drug delivery, 

sustained release.77 Due to the bio-adhesive properties, PEs are widely applied as the 

matrices for oral, nasal, ocular, intra-articular and intra-tumoral administration of drugs.83 

Moreover, PEs can significantly influence the coagulation-flocculation processes of the 

mixture or dispersions, thus widely being applied as flocculants for processing and 

separating clay dispersions,84 or harvesting microalgal biomass for food and feed 

applications.85 In addition, PEs have proven their potentials to draw solutes in the forward 

osmosis process and have been proposed for the treatment of waste water.86 

Comprehensive introductions to PEs and their applications have been organized and 

reviewed by Rembaum.87 Among all the applications of PEs, polyelectrolyte complexes and 

polyelectrolyte multilayers are the most intensively studies applications fabricated by PEs, 

which will be further discussed in this chapter. 
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2.2. Polyelectrolyte Complexes 

Polyelectrolyte complexes (PEC) is obtained by the interaction between oppositely 

charged polyelectrolytes molecular chains. Early in the 1930s, it was already found that 

colloidal complexes or complex coacervates were formed when natural PEs interact with 

each other in solutions. Later in the 1890s, the electrostatic force was first time proposed 

as the driving force that led to the mutual precipitation of natural PE of oppositely charged 

proteins and carbohydrates.77 While the insoluble PEC was identified in the 1960s by 

Michaels et al. whose pioneered studies extensively and widely revealed the properties of 

such complexes, including the swelling and plasticizing properties.88,89 After Michaels’ work, 

the principle of PEC formation received increasing attentions due to its complicated 

mechanisms of both thermodynamic and kinetic factors.90 

2.2.1. Process for the Formation of PEC 

The basic and crucial principle for the PEC formation is the interactions between the 

oppositely charged polyelectrolyte chains so that the electrostatic force can automatically 

attract and combine them into complexes of polyelectrolytes. Practically, based on the way 

that charged PEs chains contact each other, PEC is classified as bulked PEC when the 

interactions take place in a bulk phase (e.g., solutions), or as multilayered PEC when the 

complexations emerge on an interface.91 In this work, the abbreviation of PEC represents 

the bulk PEC while the multilayered PEC is called polyelectrolyte multilayers (PEM) which 

would be further introduced in subchapter 2.3.  

The complexation of polyelectrolytes can occur in various charged species such as 

PE-PE, PE-drug, PE-nucleic acid, PE-surfactant. Though electrostatic interactions are 

commonly the dominant attraction force between polyanions and polycations, other factors 

such as hydrogen bonding,92 van der Waals interactions,93 hydrophobic interactions94 etc., 

can significantly influence the ultimate PEC structures as well. Above intermolecular chain 
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interactions can contribute to the formation of non-permanent networks without the 

assistance of chemical crosslinkers.  

 

Figure 2.2 Structure models of polyelectrolyte complexes. (a)sequential model, (b) ladder-like model, (c) scrambled egg model. 

Figure 2.2 schematically proposed three structural models of PEC that are commonly 

adopted based on the charge ratio, degree of polymerization as well as the structure of the 

start PEs.77 The first one is the sequential model (Figure 2.2 a)) which is formed when the 

blending ratio of cationic and anionic functional group is unequal, result in nonstoichiometric 

complexes. The above complexes can be dispersed in water to form quasi-stable 

dispersions owning to the repulsion forces between charged molecules.95 The second 

model is the ladder-like model with chain packed orderly as shown in Figure 2.2 b). This 

type of PEC can be fabricated by mixing PEs with an equal ratio at very low concentration, 

forming stoichiometric complexes which contain a limited number of polyelectrolyte chains. 

The last scrambled egged structures of stoichiometric complexes (Figure 2.2 c)) are 

prepared at high PE concentration equal blending ratio and are constituted with numerous 

highly disordered polymer chains.96 
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Figure 2.3 Schematic demonstration of the aggregation of PECs. 

The process and mechanism of the PEC formation are generally involved three steps 

as schematically demonstrated in Figure 2.3.97 The first step is the primary complex 

formation, where the electrostatic forces are established after the blending of oppositely 

charged polyelectrolyte solutions. It is noteworthy to address that this step is kinetically 

controlled with an extremely fast rate of within 5 μs.90 The second step involves the 

formation of the new bond within intra-complexes, or the correction of the polymer chain 

distortions to reach an optimal new conformation. Finally, the third step is forming inter-

complex aggregates where ordered secondary complexes aggregated mainly via 

hydrophobic interactions. The PEC precipitants can hardly be dissolved in ordinary solvents, 

and the molar ratio of PE components in the aggregates is almost unity.97 

2.2.2. Influencing Factors of PEC 

Generally, the formation and properties of the PEC can be influenced not only by the 

chemical characters of the polymers themselves, such as molecular weight, charge density 

and stereochemical fitting, but also by the experimental conditions including the 

concentration and the ionic strength of the prepared polyelectrolyte solutions, the mixing 



 

15 
 

ratio of oppositely charged polyelectrolytes, and even the mixing order of the polyelectrolyte 

solutions.98 

As the electrostatic interaction is the primary force for the formation of polyelectrolyte 

complexes, there is no doubt that the concentration of salts and polyelectrolytes would have 

huge impacts on the interactions between polyelectrolytes and the formation and stabilities 

of PEC.99,100 It has been illustrated that the kinetics of polyelectrolytes is so complicated 

that it could not be explained by simply traditional kinetic schemes of first-order and second-

order reactions,101 and it is also hard to anticipate the effect of salts during the formation of 

PEC since the process of complexes formed during the interaction between different 

characteristics of polyelectrolyte components is complicated as salts not only can reduce 

the interactions between oppositely charged PEs, but also can allow the PE chain 

rearrangement.102 In most solution systems, the concentration of salts would marginally 

affect the internal structure of the PEC. When the ionic strength is low, the main effect of 

salt is to reduce the level of polyelectrolyte aggregation. Moreover, the mass and the size 

of PEC particles can be controlled by salts as well.102 

The water-soluble complexes constituted by polyelectrolytes with different weak ionic 

groups and molecular weights at non-stoichiometric mixing ratios was successfully 

prepared and comprehensively studied by Tsuchida and Kabanov and coworkers103–105 

including preparation conditions, structures, the kinetics of PEC and so forth. Basically, in 

the water-soluble weak polyelectrolyte systems, the addition of a small number of salts (e.g., 

NaCl) could compensate the charge and facilitate the formation of polyelectrolyte complex 

because of the rearrangement of molecule chains as well as the state of thermal dynamic 

equilibrium. If further increase the concentration of salts, PEC would show a shrinking effect 

in the basis of the shielding of charge by salts. Then, at critical ionic strength points, 

insoluble PEC begins to emerge and flocculate. Finally, the PEC would fully disassociate if 
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more salts were added to the solution. The characteristic of polyelectrolyte groups and the 

salts would have an influence on the range of dissolution phase of polyelectrolytes.106  

While in the strong polyelectrolyte systems, the mechanisms of PEC formation are 

different. Polyelectrolytes with strong ionic groups are more likely to form macroscopic 

flocculation and aggregation. Dautzenberg102,106 found that secondary aggregation and 

macroscopic flocculation would occur at higher ionic strengths at a mixing ratio below 1:1 

because the major components around the PEC were screened by the electrostatically 

stabilizing shell. At the presence of a small amount of salts in strong polyelectrolyte 

complexes, not only the secondary aggregation and macroscopic flocculation were 

observed, but also the disintegration into subunits at low ionic strengths could be viewed.  

 

Figure 2.4 Schematic illustration of the interactions between polycations and polyanions at different pH. (a) At acidic condition; 

(b) At neutral pH condition. 

In addition, the properties of PEC are governed by the degree of interactions between 

polymers which significantly depend on the global charge density of PEs and can determine 

the relative proportion in the complexes. Basically, decreased charge density of 

polyelectrolyte chains can lead to increased proportion in the formed PEC since more 

polymeric chains are required to compensate with oppositely charged polymers.107 Since 

the proportion of different components in complexes can undoubtedly influence the 

properties of PEC, the physicochemical conditions of the reactions play an essential role in 

the PEC formation. For example, one of the most important factors that can control the 
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complexation process is the pH value of the solution. As Figure 2.4 shows, polyanions has 

low charge density at acidic solutions so that more folded chains of polyanions are required 

to interact with polycations compared with neutral pH conditions. Moreover, the folding 

chains can increase the size of micropores, allowing more dissolution media and counter 

ions to enter, while at neutral pH, the ionic interactions are still strong so that the larger 

counter ions are restricted from entering.108 Additionally, other secondary factors such as 

flexibility of polymer chains, molecular weight, substitution degree of other PEs, the nature 

of solvent etc., can influence the formed PEC components.79 

The pH conditions of the PEC environment can also influence the structures and 

properties of PEC after the preparation process. Generally, the ionizable side groups of 

weak polyelectrolytes can be divided into non-ionized state and ionized state in term of the 

pH value of the environment. For the non-ionized state, the elastic properties of the polymer 

main chain would be the primary factor of the swelling behaviour of polyelectrolyte, besides, 

just like the normal polymers, the thermal dynamics of the solvent-polymer mixture would 

be one of the factors as well. While if the pH value of the environment exceeds a certain 

threshold (e.g. dissociation constant), the side group would be ionized, and the new formed 

electrostatic force would contribute to the expansion of polyelectrolytes.109  

 

Figure 2.5 Schematic illustration of the pH influence on PAA/PAH PEC in different pH conditions. (a) In acidic condition; (b) In 

alkaline conditions. 

For instance, PEC prepared from notable pH-responsive weak polyelectrolytes 

polyacrylic acid (PAA) and poly (allylamine hydrochloride) (PAH) will display shrinking and 
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swelling behaviours under different pH condition. Basically, the polyacrylic acid remains 

non-ionized when pH is lower than 4.25110 (the pKa of acrylic acid), however, if the pH of 

the solution is above 4.25, more and more carboxylic acid groups on main chain carbon 

would be ionized to protons and carboxylate group, and only fractional carboxylic pairs are 

maintained as is shown in Figure 2.5 a). After the ionization, the negatively charged groups 

would repulse each other because of the electrostatic force, causing a swelling of the whole 

structure.110 Additionally, the attraction of counterion would increase the osmotic pressure 

and contribute to the swelling of the polymer as well. Similarly, weak polyelectrolyte PAH is 

also pH-responsive that when the pH value is below the pKa of PAH (10.8), there would be 

an increasing number of ammonium groups which would lead to the swallow of the whole 

polymer structure owning to the electrostatic repulsion between the positively charged 

groups(Figure 2.5 b)).111 Similarly, the enhancement of osmotic pressure would also result 

in the swelling of the polyelectrolytes. 

2.2.3. Biomedical Applications of PEC 

PEC is a versatile polymer with properties that can be manipulated in a broad range 

by selecting appropriate starting materials and preparation conditions and methods. The 

PEC formation has become an intense research focus for decades and keeps on 

generating increasing attentions owning to their potential applications in the fields including 

drug delivery, gene therapy, protein compaction, paper strength, cosmetics, and coatings.91 

Especially, PEC is inherently appropriate for applications in the domain of drug delivery 

and pharmacy because they are generally charged, nontoxic, water-soluble polymers.112 

The special structure and internal interactions of PEC matrices indeed offer the possibility 

to encapsulate and release drugs or other active compounds. Generally, there are four 

ways to incorporate active substances into PEC.76 The first and simplest way is to physically 

trap the active substances from the solution during the complexation processes. Second, 

the active substances can be absorbed from the solution and incorporated into the formed 



 

19 
 

PEC. The third route is chemically binding the active substances with one of the 

components of the PEC which precipitates during the complex formation. In the last case, 

active substances themselves are served as polyelectrolytes with either positive or negative 

charges and participate in the PEC formation. The release of the incorporated active 

compounds can be achieved with various mechanism including solution equilibration, ions 

exchanges, charge interaction, slow decomplexation, breakdown or degradation, or even 

dissolution of the complex.76 

 

Figure 2.6 Schematic demonstration of PEC of cationic antimicrobial polymyxin B and anionic PSS. 

Since charged compounds can be easily integrated into complex systems, PEC is 

employed as delivery vehicles and encapsulants such as proteins, enzymes etc.,113 and 

has been widely applied in the biomedical industries.114,115 For example, drug-loaded PEC 

matrices constituting blends of pectin, chitosan and hydrolyzed polyacrylamide can be 

prepared for controlling the premature solvation of the polymers and modulating the release 

activities of the highly hydrophilic antihistamine, diphenhydramine HCl model drug, 

enabling an effective site-specific and oral controlled drug delivery applications.116 

Additionally, PEC particles assembled by antimicrobial peptide polymyxin B and 

poly(styrene sulphonate), as shown in Figure 2.6, were prepared for peptide delivery with 

antimicrobial activities of the particles performed.117 Diclofenac sodium was selected as the 

model drug to be incorporated into PEC of Carbopol and polyvinyl pyrrolidone whose 

controlled release behaviours were well studied.118 Some of the other representative drug 
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delivery applications of PEC that is constituted by different polyelectrolytes are listed in 

Table 2-1. 

Table 2-1 Past research on polyelectrolyte complexes and their applications in drug delivery. 

Polyelectrolyte complexes Application 

Chitosan-chondroitin-sulfate Colon-targeted drug carrier 

Chitosan-pectin Colon-specific delivery of vancomycin 

Chitosan-carboxymethyl-cashew-gum Synthesis and thermal stability of PEC 

Chitosan-carboxymethyl-cellulose Gastric-specific delivery of clarithromycin 

Chitosan-phosphorylated-chitosan PEC hydrogel as an osteoblast carrier 

Chitosan-polycarbophil Bioadhesive controlled release delivery of insulin 

Chitosan-carboxymethyl-konjac-glucomannan Nanoparticles for sustained delivery of BSA 

Trimethyl-chitosan-insulin  Self-assembled polyelectrolyte nanocomplexes for insulin delivery 

Polyvinyl-pyrrolidone-carboxyvinyl Sustained release of chlorpheniramine maleate and indomethacin  

Soy-protein-poly(acrylic acid) Interpenetrating polymer network hydrogels for colon delivery of BSA 

Poly(vinyl pyrrolidone)-poly(acrylic acid) Mucoadhesive microspheres to increase gastric residence time of acetaminophen 

In addition to delivery vehicles, PEC is also appealing candidates as functional stimuli-

responsive hydrogels,119 underwater adhesives,120 human periodontal ligaments 

matrices,121 and have been used for the transplantation or tissue repairing scaffold.122,123 It 

is strongly believed that, in the future, the versatile formulation of PEC will have more 

applications in multiple fields owning to their unique properties of ionic interactions.  

2.3. Polyelectrolyte Multilayers 

Polyelectrolyte multilayers (PEM), also known as multilayered PEC, is constituted with 

electrostatically absorbed ordered polyanion-polycation thin layers rather than bulk 

complexes. The main difference between the techniques to prepare bulk PEC and PEM is 

that one of the complex components is fixed onto a surface or template in the interfacial 

complexation method, while in the solution mixing method, polyelectrolytes are blended in 

bulk solution. 

2.3.1. Fabrication of PEM via Layer-by-Layer Technique 

One of the most common techniques of interfacial complexation method for the 

formation of film material PEM is the simple and versatile layer-by-layer(LbL) deposition 

techniques which were introduced by Decher et al. in the early 1990s.23 In most of the cases, 
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the growing substrates were planar interfaces made of silicon or glass. Later, Mohwald and 

coworkers expand the applicable interfaces of the LbL technique into organic or inorganic 

cores, thus the polyelectrolyte multilayered microcapsules can be fabricated after the 

dissolution of the template cores.124,125  

Generally, in this technique, as shown in Figure 2.7, suitable growth substrates are 

utilized to dip into polyelectrolyte solutions of designed concentration alternatively and the 

free polyelectrolytes in solution will complex with the oppositely charged polyelectrolyte 

molecules fixed on the growing substrate after the washing and removing of excessive 

polymer.126 Consecutive adsorption of oppositely charged polymers results in the formation 

of stable polycation/polyanion bilayers during each deposition procedure. In each cycle, a 

small number of oppositely charged polyelectrolytes are absorbed on the former layer to 

reverse the surface charge of the multilayers. The thickness of polyelectrolyte multilayers 

ranges from several nanometers to a few microns depending on the number of layers 

constructed. And theoretically, the deposition procedure can be cycled as many times as 

designed. It has been reported that a 100.5 assembled bilayer of porous film was created 

by using polyelectrolytes of PAA and PAH.127 

 

Figure 2.7 Polyelectrolyte multilayer preparing procedures. 

The layer-by-layer self-assembly technique is of increasing interests as it provides a 

feasible route to control the thickness of the PEM on a nanometre scale when coating thin 

films on flat substates or substrates with more complex shapes and to control the properties 
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of the multilayer film by selecting the outermost polyelectrolyte layer as well as the nature 

of the oppositely charged polyelectrolyte components used in the PEM formation.128 

Therefore, the versatile LbL technique can design functional ultrathin multi-layered film 

systems to be applied in various structural materials.129 

2.3.2. Driving Forces and Influence Factors of PEM assembly  

Polyelectrolytes were absorbed onto the solid surface because of various complex 

intermolecular electrostatic and non-electrostatic interactions between the oppositely 

charged polyelectrolytes. Many intermolecular interactions dominate the LbL process 

whose balance would be the driven force for the multilayer formation and significantly affect 

the multilayer structures. Evidence showed that the charge reversion after each absorbing 

step is the precondition for layer-by-layer assembly and the electrostatic interactions are 

the main reason for forming multilayers since ζ potential changes its sign after each cycle, 

resulting in a kind of zigzag curve similar to the curve shown in Figure 2.8.130 

 

Figure 2.8 Zeta-potential as a function of layer number for coated polystyrene sulfate latex particles. 

Specifically, it is required for the polyelectrolytes to reach a minimum charge density 

threshold to form PEM, below which the charge reversal would not be sufficient for charge 

overcompensation and the significant layer growth cannot be observed.131,132 It was found 
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that the combination of two nearly fully charged chain would form thick layers and their 

thermodynamic contributions of enthalpic and/or entropic parts have been studied and 

explained.133,134 According to their theory, if the charge density became lower, the polymer 

main chain would be less stiff and could not be absorbed on the surface with a flat structure 

but have to form a loop and tails result in the thicker multilayers. While for high charge 

density polyelectrolytes, most of the segment was absorbed onto a flat surface leading to 

thinner multilayers(shown in Figure 2.9).135  

 

Figure 2.9 Illustration of polyelectrolyte configurations at the interface with different charge densities. (a) the low charge density 

of adsorbed polyelectrolytes and (b) high charge density adsorbed polyelectrolytes.135 

The charge density of strong PE can be manipulated by modifying the chemical 

structure,136 while for weak polyelectrolytes, an intermediate charge density is favourable 

to generate a PEM system.134 Additionally, the charge density of weak polyelectrolytes was 

pH-tuneable based on the theory of dissociation equilibrium, which would definitely 

influence the absorption of multilayers.111 Moreover, except for the average charge density 

of PEs, the distribution of PEs will also significantly influence the formation of PEM. For 

instance, a short strongly charged block of block-copolymers can be assembled into PEM 

even if the average charge density have not reached the minimum charge density 

threshold.137 
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Besides, the ionic strength of the PE solution was related to the concentration of the 

addition of salts, which would also influence the interactions between polyelectrolytes and 

other interfaces, thus controlling the thickness of the total multilayers due to the screening 

of the charges.138  Basically, the charged groups of polyelectrolyte chains would repulse 

each other in a salt-free environment, which showed a stretched structure. While the chains 

would change their structure to coil conformation since the counterion from additional salts 

screens the electrostatic interactions.139 The degree of thickness adjustment by ionic 

strength is dependent on the oppositely charged PE combinations. For example, at low 

ionic strength below 0.5 mol/L NaCl, the dependence of multilayer thickness tends to 

change from linear to square root of ionic strength.140 When the ionic strength rises above 

1 mol/L, the thickness increases less significant. However, besides the intrachain repulsion 

forces, the attraction between the PEs or between the charged interface and the PEs can 

also be screened thus the absorbed amounts of PEs may decrease at high ionic strength.138 

In addition, Frank Caruso and co-workers found that both ionic strength and charge 

density would influence the adsorbed amounts and surface topography.131 With the 

increasing of the salt concentration, in other words, the ionic strength, there is a significant 

difference in the growth behaviours of polyelectrolytes whose charge density was lower and 

higher than the critical charge density. If the salt concentration were higher than critical 

charge density, higher the salt concentration of the solution can induce more coiled polymer 

chain structure, result in thicker and rougher absorbing layers. On the contrary, the 

thickness and roughness of the multilayers would not be affected if the salt concentration 

was lower than the critical charge density.131 Additionally, an increase of the ionic strength 

can also decrease the free energy of polyelectrolyte interactions, and further affect the 

permeability of PEM.131  

Other forces of non-electrostatic interactions like hydrogen bonds, hydrophobic 

interactions as well as van der Waals' force may also contribute to the multilayer formation. 
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Additionally, various factors such as the type of solvents, counterions and polyelectrolytes 

and so forth, would affect the balance of the intermolecular interactions.  

 

Figure 2.10 The thickness of PEM deposited under 0.1 M sodium salt of different anions. 

Generally, the formation of PEM can be influenced by the type of counter ions while 

the effect of anions is greatly larger than the effect of cations.138 When PE solutions are 

added with different salts, having various counter ions, the thickness of PEM would increase 

in the order: Li+ < Na+ < K+ and F- < Cl- < Br-, as shown in Figure 2.10.141 The PEM thickness 

is also affected by the type of PEs, specifically, by the balance between hydrophobic and 

hydrophilic properties of PEs, that a certain degree of hydrophobicity can result in a stronger 

thickness increase. Moreover, the solvent of the PE solution can affect the interaction 

between the polyelectrolyte chain and counter ions. For example, a stronger interaction 

occurs when the solvent is methanol and ethanol with a poor solvating effect on ions than 

water.138 Further, hydrogen bonding can be served as an alternative driving force for PEM 

self-assembly. With the help of hydrogen bonding interactions, it is possible to form PEM 

on the surface with identically charged polyelectrolytes.142 

2.3.3. Biomedical Applications of PEM 

PEM fabricated with LbL self-assembly method has been extensively researched and 

applied in the biomedical field, especially in the drug delivery area, since the simple and 
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versatile technique of LbL owns various distinctive advantages for preparing therapeutic 

delivery vehicles.143 First, the PEM thin film can be absorbed in mild conditions on almost 

any substrates without considering the size and shape of substrates or the experimental 

conditions of extreme temperature, organic solvents, and surfactants and so forth. Second, 

the LbL technique can precisely prepare homogeneous coatings and materials with 

designable architecture. Third, the composition, permeability, stability, surface properties 

of the formed PEM can also be manipulated with the LbL method. Therefore, the bottom-

up strategy of LbL enables the formation of multilayered structure on different geometries 

including planar films, microcapsules, microtubes, which owns the potential to deliver a 

variety of hydrophilic and hydrophobic cargos, ranging from small molecules, proteins to 

nucleic acid. 

The PEM planar film as well as microcapsules prepared with LbL self-assembly 

technique can be applied for drug delivery based on biopolymers such with great 

biocompatibility, biodegradability and non-cytotoxicity nature, like polysaccharides, 

polypeptides, nucleic acids, and proteins etc., which are excellent drug loading vehicles for 

both reducing the doses and side effects of drugs, and prolonging the effective time of drugs 

under biological conditions, and further and targeted releasing drugs from the vehicles at 

designed site and time.144 Besides, the therapeutic cargos can be loaded into LbL 

multilayered structure mainly in three ways. In the first method, the drug can be employed 

as polycations or polyanions that involved in the formation of PEM. Secondly, therapeutic 

agents can be aggregated into the template for subsequent PE absorption. Finally, the drug 

can be post-loaded into preformed microparticles or microcapsules by adjusting the 

permeability of the PEM shell.145 It is noteworthy to mention that the delivery of multiple 

therapeutic cargos can be achieved as well thanks to the viability of LbL techniques of 

selecting the deposited materials and the number of absorbing layers. 
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Figure 2.11 The fabrication process of model drug-loaded fibroin protein/gelatin PEM and its release.146 

The LbL PEM in the formation of films made of biopolymers has received great 

attentions for the delivery of therapeutic cargos. For example, silk fibroin protein and gelatin 

are employed as shell polymer and fabricated into biocompatible and biodegradable PEM 

films for the controlled release of model drugs of trypan blue, FITC-inulin, and FITC-BSA, 

as shown in Figure 2.11. In addition, PEM films of BSA and chitosan were fabricated as 

drug delivery vehicles to load and release hydrophobic drug molecules due to the affinity of 

some of the water-insoluble drugs like curcumin towards BSA. Moreover, after 10 bilayers 

of pyrene conjugated PEM of BSA and chitosan, the PEM film structures can be equipped 

as dual-drug delivery carriers by post-loading DOX, showing pH-dependent release 

behaviours which are especially beneficial in treating cancers.147 Moreover, negatively 

charged branched DNA molecule and positively charged natural peptide poly(L-lysine) 

were fabricated as PEM film, and DOX was incorporated into the structure by intercalation 

with DNA, which was further controlled released from PEM due to the DNA origami 

structure.148 Table 2-2 further lists some other representative PEM film systems for drug 

delivery applications.  
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Table 2-2 Examples of biopolymer-based multilayered films for drug delivery. 144 

Biopolymer Other components Drug Disease targeted 

CH/ALG PMMA APP Inflammatory bowel disease 

CH/ALG / PFD Excisional wound healing 

CH/dextran GO DOX Breast cancer 

CH/HA Etafilcon A contact lens  Norfloxacin, timolol Ophthalmic infection, glaucoma 

Dextran/HA PAH Ibuprofen Wound healing 

PLL/HA PSSA and PAH PTX Colon adenocarcinoma 

ALG: alginate; APP: 4-amino-2-(2-hydroxy-1-decyl) pyrazole-[3,4-d] pyrimidine; CH: chitosan; DOX: doxorubicin; GO: graphene 

oxide; HA: hyaluronic acid; PAH: Poly (allylamine hydrochloride); PFD: pirfenidone; PLL: poly(L-lysine); PMMA: poly (methyl 

methacrylate); PTX: paclitaxel. 

When the LbL self-assembly occurs on the 3D spherical templates rather than 2D flat 

substrates, the PEM capsules are therefore fabricated. The most common templates for 

fabricating PEM capsules are nano- or micro-sized solid particles including colloids, silica 

particles, calcium carbonate, liposomes and so forth, which are further removed if 

necessary to form PEM capsules with hollow structures.149 For instance, By absorbing 

biopolymer of protamine sulfate and dextran sulfate or alginate on the sacrificial template 

of calcium carbonate nanoparticles with LbL technique, hollow PEM nanocapsules were 

successfully fabricated for delivering cisplatin, an anticancer drug but with a severe toxic 

side effect. The nanocapsules with a high drug loading efficiency can achieve sustained 

drug release during 48 h, with the release rate can be adjusted by the number of absorbed 

polyelectrolyte layers.150  

 

Figure 2.12 The process of producing drug-loaded hollow capsules and the enzymatic release. 151 



 

29 
 

In addition, hyaluronic acid and collagen were absorbed on BSA incorporated calcium 

carbonate template, resulting in the formation of PEM microcapsules as shown in Figure 

2.12. The release of the model drug BSA was released by the enzymatic degradation of 

the biopolymer shell with collagenase, whose release rate can be manipulated by 

increasing the shell thickness of the microcapsules or by collagen crosslinking during the 

formation of microcapsules. More representative examples relating to the drug delivery 

applications of LbL assembled PEM capsules are listed in Table 2-3.  

Table 2-3 Examples of biopolymer-based multilayered capsules for drug delivery.  144 

Biopolymer Other components Drug Disease targeted 

CH/ALG PMMA DTX Breast cancer 

CH/dextran Silica particles 
Ciprofloxacin 
Ceftriaxone 

Salmonella infections 

CH/dextran Silica particles Rifampicin Tuberculosis 

CH/heparin SLNs Dextran  DOX Breast cancer, Lung cancer 

Dextran/HA CaCO3 particles DOX Lung cancer 

PRM/dextran CaCO3 particles α1-Antitrypsin Chronic inflammation 

PRM/heparin / DOX Breast cancer 

ALG: alginate; CH: chitosan; DOX: doxorubicin; DTX: docetaxel; HA: hyaluronic acid; PFD: pirfenidone; PLL: poly(L-lysine); 

PMMA: poly (methyl methacrylate); PRM: protamine sulfate; SLN: PTX: paclitaxel; SLN: solid lipid nanoparticles. 

The formation of multilayered structures of planar films, nano/microcapsules and their 

biomedical application has been extensively studied for many years. The promising PEM 

structure combined with LbL technology is indeed a suitable candidate as a smart delivery 

system with controllable, targeted drug release behaviours and low side effects.144 It is 

strongly believed that the simple, affordable, and versatile PEM system will undoubtedly 

pave new directions in various domains in the future. 

2.4. Polycaprolactone 

Polycaprolactone (PCL) is a polymer composed of hexanoate repeat units (Figure 

2.13), included in the class of aliphatic polyesters, and is used as a common biodegradable 

polyester with a low melting point around 60℃ and a glass transition temperature of about 

-60℃, which has been widely accepted as biomedical materials because of its great 
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biocompatibility, miscibility, slow degradability and good mechanical and thermoplastic 

characteristics.65,66 

 

Figure 2.13 The chemical structure of polycaprolactone. 

2.4.1. The Production Methods of Polycaprolactone 

In 1934, the Carothers group reported the first preparation of polycaprolactone by ring-

opening polymerization of the cyclic monomer ε-caprolactone which is polymerized into 

high molecular weight polyesters.152 Generally, there are two main pathways for the 

synthesis of polycaprolactone. One is by polycondensation of 6-hydroxyhexanoic acid, and 

the other is the ring-opening polymerisation (ROP) of ε-caprolactone.153  

Braud et al.154 managed to synthesis polycaprolactone using 6-hydroxyhexanoic acid 

for condensation polymerization without adding extra catalyst. The equilibrium was moved 

towards the formation of PCL by vacuuming the system thus removing the generated water 

(Figure 2.14). Moreover, the molecular weight and distribution of polymerized 6-

hydroxyhexanoic acid can be controlled by the addition of enzyme. For example, using 

lipase from Candida Antarctica under vacuum led to an average molecular weight of around 

91 kDa of PCL and a polydispersity under 1.5 within 48h at 90℃ with a monomer conversion 

rate of 82%.155 While using lipase from Pseudomonas sp. at 45 ℃  to catalyse 

polycondensation resulted in polymers with an average molecular weight of 5.4 kDa and a 

polydispersity under 2.26 after 20 days.156 However, the method of polycondensation of 6-

hydroxyhexanoic acid can hardly reach a higher molecular weight. Therefore, in order to 

acquire a higher molecular weight and narrow distribution, the method of ROP is a preferred 

way to synthesis PCL. 
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Figure 2.14 Synthesis of polycaprolactone by the polycondensation of 6-hydroxyhexanoic acid. 157 

ROP is a form of chain-growth polymerization as a versatile method for synthesising 

biopolymers.158 In the PCL case, ε-caprolactone is the monomer for chain-growth 

polymerization. Generally, there are four main mechanisms for the ROP of lactone based 

on the catalyst: anionic, cationic, monomer-activated, coordination-insertion ROP whose 

mechanical scheme is shown in Figure 2.15 

 

Figure 2.15 Schematic illustration of ROP mechanisms for the ROP of lactone based on different catalysts.153 

Following the above four mechanisms, a multitude of compounds can catalyse ROP of 

ε-caprolactone, including metal-based, organic and enzymatic systems.153 However, 

different catalysts required different reaction conditions e.g. high temperature, vacuuming 

or mild conditions, thus the chosen catalysts need to consider the desired conditions and 

specific applications. 
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2.4.2. Physicochemical and Biodegradability of Polycaprolactone 

Generally, polycaprolactone can easily be dissolved in a variety of solvents such as 

chloroform, dichloromethane, carbon tetrachloride, benzene, toluene, cyclohexanone and 

2-nitropropane; slightly dissolved in acetone, ethyl acetate, dimethylformamide 2-butanone, 

and acetonitrile; but insoluble in alcohols, petroleum ether, diethyl ether and water at room 

temperature.159 

Besides, PCL housing great miscibility that it is often employed as blend constitute 

mixing with other polymers in order to enhance the stress crack resistance, adhesion and 

even control the drug release rate from microcapsules.160 Therefore, the blending of 

different polymers in varied ratios enabling the manipulation of the permeability of different 

delivery vehicles. Moreover, a variety of monomers can be copolymerized with PCL forming 

either block or random copolymers such as polyethylene glycol, polystyrene, 

polyvinylchloride and etc., which has been comprehensively sorted out by Okada.161 

Furthermore, physiochemical properties are the most important factors that need to be 

explored when considering the application, and some of the PCL properties are listed in 

Table 2-4.153 

Table 2-4 Properties of polycaprolactone. 

Properties Unit Range 

Number average molecular weight g·mol-1 530 - 630 000 

Density  g·cm-3 1.071 - 1.200 

Glass transition temperature  ℃ (-65) - (-60) 

Melting temperature  ℃ 56 - 65 

Decomposition temperature  ℃ 350 

Inherent viscosity  cm3·g-1 100 - 130 

Intrinsic viscosity  cm3·g-1 0.9 

Tensile strength  MPa 4 - 785 

Young modulus  GPa 0.21 - 0.44 

Elongation at break  % 20 - 1000 

Thus, PCL is recognized as common and versatile polymers in various areas due to 

its low melting point, wide solubility among many organic solvents as well as excellent 

miscibility with other polymers. 
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PCL is a biodegradable polyester that can be degraded by living organisms such as 

bacteria and fungi that are able to produce corresponding enzymes.162 Therefore, due to 

the absence of specific enzymes, PCL can hardly be biodegraded in animal as well as 

human bodies.163 The in vivo test showed that more than it took more than 2 years for the 

PCL implant to break into low molecular weight wreckages without the catalyse function of 

enzymes.164 Therefore, the degradation of suitable enzymes needs to and has been 

investigated. Liu et.al using Pseudomonas lipase, an esterase for cleaving ester bonds on 

hydrophobic substances, successfully catalysed the degradation behaviours of both 

amorphous and crystalline solution-cast PCL films performed at 37 °C in buffer solutions.165 

Besides, Gan and his co-workers166 studied enzymatic degradation of PCL films by 

incubation in a phosphate buffer solution containing pseudomonas lipase with the results 

showing that it only took less than 4 days for PCL film of 10*10*0.2mm size to be fully 

degraded in pseudomonas lipase buffer solutions of 0.5 mg/ml (Figure 2.16). Apart from 

that, Rhizopus delemer lipase167 and Rhizopus arrhizus lipase can significantly accelerate 

the degradation activity of PCL as well, while porcine pancreatic lipase and Candida 

cylindracea lipase having no performance of degradation on PCL63 as shown in Figure 2.16.  

 

Figure 2.16 The enzymatic degradation of PCL film in PBS containing different lipases.63 
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The fungal biodegradation of PCL in the presence of filamentous fungi have been 

researched by Huang and his co-workers, that enzymes of the fungi first attack the 

amorphous regions and ultimately the crystalline regions.168 Additionally, the dominant 

factor determining degradability was either polymer molecular weight or crystallinity degree 

based on utilized the organism.169 Same results and phenomenon were found when PCL 

was degraded with Rhizopus arrhizus lipase which preferred to attack amorphous instead 

of crystalline regions of PCL fibres.170 The degradation procedures can be simply 

demonstrated as Figure 2.17 shows. 

 

Figure 2.17 Accelerated degradation of PCL over 5 weeks in NaOH.171  

Apart from studying the enzymatic degradation behaviours of neat PCL polymer, 

blending and copolymerization of PCL and other polymers also have been investigated. 

When being blend with other polymers, PCL can show different enzymatic degradation 

behaviours not only depending on the blend ratio of all the polymers, but also rely on the 

miscibility, crystallinity, and degradation mechanisms of the mixing components.172 Tokiwa 

and his co-worker prepared a variety of PCL mixtures by mechanical blending with other 

polymers, such as polyethylene, polypropylene, nylon 6, polystyrene, polyethylene 

terephthalate, and poly-ε-hydroxybutyrate, and found that the degradability of the mixtures 

changed differently, with the results indicated that the higher miscibility of PCL with other 

polymers, the harder the enzymatic degradation of PCL blends by the selected lipase.173 

Besides, Xing and his co-workers tested the enzymatic degradation of PCL and 
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poly(styrene-co-acrylonitrile) (SAN) blends under the catalyst of Pseudomonas lipase. They 

argued that the nondegradable content of SAN exposed on the surface of PCL/SAN film 

could block and prevent the lipase contacting with biodegradable PCL molecular chains, 

even only 1% of SAN was blended.174 These experimental results showed that the 

composition, crystallinity and surface microstructure of the mixture can significantly 

influence the enzymatic degradation of PCL and their blends. Furthermore, in order to 

enhance the hydrophilicity, decrease crystallinity and shorten degradation time, Shen and 

his co-workers175 copolymerized PCL and other components whose controlled enzymatic 

degradation behaviours in the presence of porcine pancreatic lipase are reported as well. 

Besides, electrospinning techniques are used to modify the surface of PCL-based 

copolymers. Moreover, their results also show that porcine pancreatic lipase can effectively 

catalyse PCL-based copolymers but have no obvious effect on PCL homopolymers. By 

modulating the materials' bulk structures and/or surface morphologies, both the enzymatic 

degradation rate and hydrophilicity of PCL-based polymers can be designed. 

Since PCL polymer has such great biocompatibility, miscibility, slow degradability and 

good mechanical and thermoplastic characteristics and has been extensively studied on 

both PCL-based copolymers and blend polymers modifications, PCL and PCL-based 

device or systems has been further widely developed to a multitude of applications. 

2.4.3. Biomedical Applications of Polycaprolactone 

PCL is a biomaterial with excellent biocompatibility where one of the most important 

factors that distinguish biomaterials from other materials is that biomaterial can contact 

tissues without any harmful and unacceptable effect on that body. Therefore, great 

biocompatibility is essential for being applied in medical areas and has been of interests to 

many scientists. The definition of biocompatibility has been proposed176 as quoted that 

“Biocompatibility refers to the ability of a biomaterial to perform its desired function with 

respect to a medical therapy, without eliciting any undesirable local or systemic effects in 
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the recipient or beneficiary of that therapy, but generating the most appropriate beneficial 

cellular or tissue response in that specific situation, and optimising the clinically relevant 

performance of that therapy.” Besides, PCL also owns the certificate from FDA72 (Food and 

Drug Administration, USA) and EC registered mark (European Conformity) which are 

essential for the commercialization of smart devices for different clinical uses as well as for 

packaging and composites applications, even though surprisingly few have been 

commercialized or widely translated to clinical studies.177 For example, PCL has been 

widely used as a PVC solid plasticizer or for polyurethane applications. Different 

commercial grades are produced by Solvay (CAPA®), by Union Carbide (Tone®), and by 

Daicel (Celgreen®).178 PCL can also be easily be functionalized, for instance,  H. Jiang et 

al. use zwitterionic polymer brushes to functionalize PCL film surface to improve its blood 

compatibility.179 Due to the above-mentioned advantages, PCL has been considered by 

scientists from many areas to be applied in the field of drug delivery, tissue engineering as 

well as medical devices.  

2.4.3.1. PCL applications in drug delivery 

The degradation rate of PCL is relatively low in the absence of suitable lipase for more 

than 2 years, enabling PCL the potential as long-term drug delivery carriers with high 

permeability to many drugs. Besides, because of the excellent biocompatibility and 

miscibility of PCL, the drug delivery behaviours can be tailored to fulfil the desired release. 

One of the most common methods for drug delivery is using free-flowing particles 

microspheres with drugs either entrapped or encapsulated inside. The loaded drugs can 

be released by the diffusion or the degradation of microspheres or matrix.180 The selection 

of preparation methods, processing condition, polymer composition and organic solvents 

play important roles in altering the release kinetic and degradation behaviours. The 

methods for the preparation of PCL microspheres are demonstrated in Figure 2.18.181 For 

example, Benoit et. al prepared 5 to 10 μm size of PCL microparticles encapsulated with 

protein Bovine serum albumin (BSA) by the method of a double emulsion-solvent 
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evaporation technique, which is suitable for oral vaccine delivery.182 Besides, poly(D, L-

lactide-co-glycolide) (PLGA) and poly(ε-caprolactone) (PCL) biodegradable microsphere 

were fabricated by water-in-oil–water (W/O/W) double emulsion technique as well in order 

to controlled delivery doxycycline (DXY) to periodontal pockets.183   

 

Figure 2.18 Schematic illustration of the preparation of PCL microspheres. 181  

Additionally, when the size of prepared particles decreased to less than 1 μm, the drug 

delivery systems become nanospheres where the drugs can be dispersed, absorbed or 

encapsulated as well. Similar to microspheres, the nanosphere can be termed as 

nanoparticles or nano-capsules based on the way the drug is loaded. The size, designed 

surface, enhanced solubility, multi-functionality allows the nanosphere applications in 

targeted drug delivery, drug stabilization.184 The general concept for synthesising 

nanospheres are almost the same as described for microspheres, but the preparation 

parameters are changed to form nano-size droplets with a variety of techniques has been 

reported.185,186 Among various methods, the illustrations of preparing PCL nanospheres 

such as solvent evaporation, solvent displacement, interfacial polymer disposition, dialysis 
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and emulsion-solvent diffusion technique are shown here in Figure 2.19. Same for 

microspheres, preparing methods, processing conditions, polymer compositions and 

organic solvents used have strong influences on the physicochemical properties of PCL 

nanospheres.181,185 For instance, Zarghami and co-workers copolymerize PCL and 

poly(ethylene glycol) (PEG) producing nanoparticles to load Chrysin and deliver to breast 

cancer cells. The PCL-PEG nanoparticles with the antitumor effect can enhance cancer cell 

cytotoxicity.187 Besides, a  novel drug delivery system bovine serum albumin (BSA)-PCL 

conjugate nanoparticles have been proposed by Stenzel and co-workers, which can load 

curcumin for prostate carcinoma therapeutics. Their results show that the BSA–PCL 

conjugate nanoparticles can sufficiently release and deliver curcumin, thus limiting the 

growth of tumour spheroids.188 

 

Figure 2.19 Schematic illustration of preparation of PCL NPs. (a) o/w emulsion solvent evaporation; (b) dialysis; and (c) 

diffusion solvent evaporation.181  

Except for micro- and nanospheres, other PCL-based drug delivery systems can also 

deliver and release drugs.181 For example, PCL was also prepared as a thin-film matrix and 
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thin-film reservoir device for controlled drug delivery and release.189 In addition, PCL film 

has also been served as scaffolds for the controlled release of complexed DNA.190 

Moreover, an implant of T-shape prototype of the intrauterine system can be prepared with 

PCL incorporated with drugs using 3-dimensional printing technique which can be used to 

deliver the drug as well.191 Therefore, the PCL-based drug delivery system is one of the 

most promising candidates with great biocompatibility, biodegradability, miscibility that can 

be manipulated as drug carriers for targeted or non-targeted delivery of many drugs ranging 

from small molecules to macromolecules such as proteins or nucleic acids,192 which owns 

the increasing potential to be used for a clinical drug delivery applications in humans. 

2.4.3.2. PCL applications in tissue engineering 

Tissue engineering is broadly accepted as followed definition, “an interdisciplinary field 

that applies the principles of engineering and life sciences to the development of biological 

substitutes that restore, maintain, or improve tissue function or a whole organ”193. About 

tissue engineering, it is easy to think of the reparation or replacement of tissues such as 

bone, blood vessel, skin, nerve, cardiovascular, cartilage, tendon and ligament, as different 

portions require various mechanical and structural properties of materials. With the 

development of science and technology, engineered extracellular matrices also named 

scaffolds as artificial tissue replacement has attracted a large focus of researchers in the 

interdisciplinary field of cell culture, biomaterials, biomimetic environments. A typical 

scaffold is demonstrated in Figure 3.19 describing the main requirements of the scaffold. 

Basically, the scaffold should not only be able to attach, grow, migrate and differentiate in 

vitro, but also allow being implanted to in vivo injured part with attached differentiated cells 

and further guide the tissues to become or recover to a healthy state.186 
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Figure 2.20 3D Scaffold-based system of tissue engineering aiming to incorporate cells and biomolecules in vitro until being 

implanted to specific tissues.186 

Various techniques have been proposed to prepare scaffolds for tissue engineering, 

and the mechanical properties of scaffold constitution materials play an important role in 

both the potential application area and the manufacturing methods. Apart from the above-

mentioned requirements in vitro and vivo, the biocompatibility, biodegradability, 

processability of selected scaffold materials are of great importance and need to be taken 

into consideration as well.194 Therefore, PCL as a versatile biodegradable polymer with 

appropriate physicochemical and biological properties is an excellent choice for fabricating 

tissue engineering scaffolds. The most common PCL-based scaffold preparing techniques 

have been summarised by Hutmacher and co-workers as shown in Figure 2.21 with the 

elaboration of the advantages and disadvantages of different routes. 
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Figure 2.21 Fabrication methods for PCL scaffolds in the tissue engineering area.195 

Based on these techniques, PCL scaffolds have been investigated and employed in a 

multitude of areas. For example, Vacanti and co-workers196 using electrostatic fibre 

spinning techniques have achieved fabricating PCL scaffolds of nanofiber where 

mesenchymal stem cells derived from the bone marrow of neonatal rats were cultured, 

expanded and seeded. The results prove that the electrospun PCL scaffolds can provide 

an environment suitable for tissue mineralize, holding the potential for curing the bone 

defect. Besides, in the cartilage tissue engineering area, Cho and his co-workers197 have 

successfully prepared a novel cell-printed bio-hybrid scaffold made of PCL-alginate using 
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three-dimensional bioprinting method with the results showing the negligible effects on the 

viability of the encapsulated chondrocytes which is beneficial for cartilage regeneration. 

2.4.3.3. PCL applications in medical devices 

Medical devices are clinically effective and well-designed device intended to be applied 

in the medical area that can provide safe and high-quality treatment for patients.198 Except 

for the great permeability to many drugs, excellent biocompatibility to cells, PCL can find its 

application as medical devices owning to the special biodegradability where the 

degradation rate is slow compared with other biodegradable polymers and most importantly, 

the ability to be fully excreted when its biodegraded and absorbed in human body.199  

 

Figure 2.22 Praziquantel loaded implants made of PEG/PCL blends.200  

Implants made of PCL and its blend polymers are one of the most common medical 

devices with a variety of applications. For example, subdermal contraceptive implants 

including Norplants®, Jadelles® and Implanons® have been widely used among women.201 

However, nowadays the commercial subdermal contraceptive implants are made of non-

biodegradable polymers to release the contained drugs. After that, the implants need to be 

removed surgically which exert another damage to patients. Therefore, PCL is an optimal 

candidate for achieving long-term implant drug delivery purpose. H. Sun et al. proposed a 

PCL-based implant as a model medical device and placed it in rats for 3 years. They proved 

that the implanted PCL could remain intact for 2 years and once it is degraded, it would not 

cumulate in body tissue and be fully excreted. Besides, implants with praziquantel loaded 
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made of PEG/PCL blends are also proposed (Figure 2.22), whose in vitro and in vivo drug 

release rate can be manipulated by simply varying the composition of the PCL.200 

Sutures are also medical devices used for binding together tissues that have been 

separated because of the surgery or traumatic wound and PCL is one of the best 

candidates as biocompatible and biodegradable polymers. For instance, a controlled-

release composite bioactive suture made of PCL is proposed with anti-inflammation drug 

Diclofenac loaded which is intercalated in a synthetic hydrotalcite as shown in Figure 

2.23.202 In addition, a self-knotting suture comprised out of polyurethane and PCL blended 

polymer are introduced which can show thermal shape memory behaviours when placed 

to 60℃ water bath.203 

 

Figure 2.23 The concept of PCL suture loaded with anti-inflammation drug Diclofenac.202  

Apart from implants and sutures, PCL can be employed in many other fields as medical 

devices. For instance, PCL nanofibers prepared by electrospinning method are coated with 
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polysaccharide via layer-by-layer techniques are developed as applied for wound dressing 

applications for healing.204 Besides, chitosan nanoparticles and the electrospun PCL 

nanofiber can also be prepared as a composite to achieve the function of both wound 

dressing and drug delivery.205 Moreover, applying electrospun PCL membranes 

incorporated with biosynthesized silver nanoparticles of various ratios as a wound dressing 

can add extra antibacterial property and prevent bacterial colonization in wounds when 

covered with this electrospun PCL membranes.206  

 

Figure 2.24 SEM morphology of fabricated PCL membranes. (a) and PCL/Ag nanocomposite membranes containing 0.05 wt% 

(b), 0.5 wt% (c) and 1 wt% (d) silver nanoparticles.206  

The examples mentioned above are merely some of the applications, it is believed that 

PCL with all these excellent properties holds huge potentials to be applied in all kinds of 

fields and waiting for more researchers to find and benefit our lives.  
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2.5. Polylactic Acid 

Polylactic acid (PLA) or polylactide is one of the most well-known biocompatible and 

biodegradable aliphatic polyesters which has been intensively researched and applied in 

various areas.207 Lactic acid (2-hydroxypropionic acid, LA), as the raw materials and the 

constituent unit of PLA, is the most common carboxylic acid in nature whose molecular 

structure has chirality with two optical isomers(Figure 2.25): L-(+)-lactic acid as the natural 

and biologically major isomer, and L-(+)-lactic acid generated by microorganisms or by 

racemization. LA is derived from bacterial fermentation of renewable agriculture products 

such as cornstarch and corncobs.208 Currently, most of the commercial LA is produced by 

the bacterial fermentation of carbohydrates with a homolactic organism such as Lactobacilli 

and its modifications which exclusively produce LA,209  enabling PLA becomes a green eco-

friendly product. Due to the above merits, PLA has been classified as generally recognized 

as safe (GRAS) approved by the United State Food and Drug Administration (FDA) and is 

believed to be safe in food contact applications.72,210 As the leading candidate of biomedical 

materials, PLA is commercially manufactured with a capacity of over 150,000 tons each 

year in Blair, NE,211 appealing interests from an increasing number of researchers from 

both academic and industrial areas. 

  

Figure 2.25 Stereoisomers of lactic acid.212 

2.5.1. The Production Methods of Polylactic Acid 

The constituent unit of PLA, lactic acid, was first isolated from sour milk by Scheele 

from Swedish as early as 1780 and was first commercialized in 1881.209 While Carothers 

(at DuPont) was the first person who synthesis PLA in 1932 via the condensation 
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polymerization of lactic acid in vacuum conditions, resulting in a low molecular weight of 

PLA polymer.213 Actually, both polylactide and polylactic acid are abbreviated as PLA since 

they are identical chemical. The only difference is the method used for producing the PLA. 

Generally, PLA can be produced via different methods such as polycondensation, ring-

opening polymerization (ROP), azeotropic dehydration and enzymatic polymerization and 

so forth. Each method requires controlled react conditions such as pH, temperature, 

pressure, removal of the small molecules, the chemical used to catalyze the reaction, time 

duration of the polymerization.214 Nowadays, among the above-mentioned techniques, two 

synthetic methods are mainly applied to yield PLA, one is direct condensation 

polymerization of the free lactic acid.212 The other ways is the ring-opening polymerization 

of esters of the lactide monomer which is produced by polycondensation of lactic acid 

followed with depolymerization, as shown in Figure 2.26.207 

 

Figure 2.26 PLA synthesis methods from poly(lactic acid).207 

Direct condensation polymerization can be further classified into solution 

polycondensation and melt polycondensation. Masanobu et al. achieved obtain PLA 

product with relatively high molecular weight in an organic solvent condition without 
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isolating intermediate and di-lactide. A molecular weight of up to 300,000 PLA can be 

synthesized at optimal conditions with the product owns enough mechanical properties.215 

Besides, with the melt condensation polymerization method, Sung et al. tested a variety of 

catalysts and found that with the catalyst of tin oxide and chloride, the molecular weight of 

PLA can be enhanced to about 100,000 in a comparatively short period.216 

Direct condensation polymerization is a simple and cost-effective method making it 

easy to commercially produce PLA. However, the equilibrium between the monomer, the 

oligomer as well as the small molecules produced in the condensation reaction puts 

limitations on the growth of the final PLA molecular weight.217 Methods that avoid these 

limitations need to be developed to achieve higher molecular weight PLA polymer chains. 

The ring-opening polymerization (ROP) method provides a solution to get PLA of high 

molecular weight, where the key point is that high purity lactides are used in the 

polymerization process avoiding the limitation of the reaction equilibrium. While the 

production of high purity lactides related to two equilibrium: dehydration equilibrium of 

esterification and ring-chain equilibrium involving the depolymerization of low molecular 

weight prepolymer into lactide,216 thus the small water molecules equilibrium limitation is 

overcome. The ring-opening polymerization of lactides usually requires the addition of 

catalysts and PLA of high molecular weight is easily polymerized with the catalyze of tin, 

zinc, aluminium, and other heavy metal catalysts, with tin (II) and zinc producing polymers 

with high purity.218 Table 2-5 demonstrates the applied catalysts, the solvent and the 

molecular weight of PLA polymer with different stereoisomer forms. 

Table 2-5 Different catalysts used for the production of PLA.219 

Properties Catalysts Solvent Mw 

D, L-PLA/L-PLA Aluminium Isopropoxide Toluene Mn. 90,000 

D-L PLA Stannous octoate Alcohols Mw < 3,50,000 

L-PLA Stannous octoate 
Alcohols, 

carboxylate 
acid 

Mn. 250,000 
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L-PLA 
Stannous octoate and compounds of 

titanium and zirconium 
Toluene 

Mn = 40,000-
100,000 

D-PLA 
L-PLA 

D-L PLA 

Stannous trifluoromethan sulfonate, 

scandium (III), trifluoromethane 

sulfonate 

Ethanol - 

L-PLA Mg, Al, Zn, Titanium alkoxides 
Methylene 

chloride 
- 

L-PLA 
Yttrium tris (2,6-di-tert butyl 

phenolate) (in toluene) 

2-propanol, 
butanol, 
ethanol 

Mn < 25,000 

D-LPLA Zn lactate No solvent Mn = 212,000 

D-LPLA 
L-PLA 

Butylmagnesium, Grignard reagent Ethers Mn < 300,000 

L-PLA Potassium naphthalenide THF, toluene Mn < 16,000 

L-PLA 
Complexes of iron with acetic, butyric, 

isobutyric and dichloroacetic acid 
No solvent Mw = 150,000 

Though some of the heavy metal catalysts like tin octoate are approved by FDA,220 

other heavy metal catalysts may contaminate the PLA product which limits the applications 

in food and medical areas. Therefore, many researchers are trying to find other non-toxic 

catalysts or special equipment and even design other polymerization methods such as 

enzymatic polymerization.221 Anyway, the selection of the PLA synthesis route has to 

consider the reality such as the specific application, designed equipment, reaction 

conditions and so forth. 

2.5.2. Physicochemical Properties and Biodegradability of Polylactic Acid 

Properties of PLA play a significant role in industrial applications. In general, the 

component isomer, processing temperature, thermal history, average molecular weight, 

crystallinity percentage can directly influence the properties of PLA.214 Among all the above 

factors, crystallinity is one of the most important parameters when selecting polymers for 

further applications. Generally, the crystallinity describes the percentage of the crystalized 

region in the polymer structure compared with amorphous regions, which closely related to 

the physiochemical properties of the polymer, such as density, heat capacity, melting point, 

mechanical and rheological properties.210 The crystallinity of PLA varies with the 

component lactide isomers. Due to the chirality of the lactyl unit, lactide exists in three 
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stereoisomeric forms named L-lactide, D-lactide, and D, L-lactide whose structure were 

plotted in Figure 2.27.  

 

Figure 2.27 Three stereoisomeric forms of lactide.212 

Polylactides produces with different lactide forms shows completely different properties 

that poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are crystalline polymers with a 

melting point at around 180℃ while poly(DL-lactide) is an amorphous polymer with a glass 

transition point at 50-57 ℃ .222 Table 2-6 demonstrates the general properties of a 

commercial amorphous PLA (96: 4 L:D ratio content) as an example. The physical and 

mechanical properties of PLA vary to a large extent depending on the ratio and the 

distribution of the two isomers and the molecular weight of the polymer. The density of 

amorphous and crystalline PLLA has been reported as 1.248 g/ml and 1.290 g/ml, 

respectively. The density of solid PLA was reported as 1.36 g/cm3 for L-lactide, 1.33 g/cm3 

for meso-lactide, 1.36 g/cm3 for crystalline and 1.25 g/cm3 for amorphous PLA.223 When 

the PLLA occupy over 90% of the content, the PLA polymer tend to be crystallized, while 

the lower optically pure is amorphous. It is noteworthy to mention that crystalline still owns 

an amorphous region since polymers cannot be completely organized into a 100% 

crystallized material.72 Besides, with the decreasing amount of PLLA content, both the 

melting point (Tm) and glass transition temperature (Tg) of PLA would decrease as well.224 

It is also discovered that the blended polymer of PLLA and PDLA has a higher Tm of around 

50℃ than the pure enantiomeric polymers.225 
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Table 2-6 General properties of a commercial amorphous PLA (96: 4 L:D ratio content).207 

Properties Unit Amount 

Number average molecular weight g·mol-1 66,000 

Solid density  g·cm-3 1.252 

Melt density g·cm-3 1.073 

Glass transition temperature  ℃ 55 

Melting temperature  ℃ 165 

Heat deflection temperature ℃ 55 

Vicat penetration ℃ 59 

Rockwell hardness  HR 88 

Yield strength MPa 70 

Flexural strength MPa 106 

Tensile strength  MPa  59 

Young modulus  MPa 1280 

Ultimate tensile strength MPa 73 

Elongation at break  % 11.3 

Generally, PLA can be easily dissolved in chloroform, dioxane, acetonitrile, methylene 

chloride, dichloroacetic acid and 1,1,2-trichloroethane and partially dissolved (unless 

heated to boiling temperature) in acetone, toluene, ethylbenzene and tetrahydrofuran. It is 

hard for PLA based polymer to be dissolved in water, alcohols like ethanol, methanol, 

propylene glycol and unsubstituted hydrocarbons such as hexane and heptane. Especially, 

crystalline polymer PLLA is insoluble in the solvent of acetone, ethyl acetate and 

tetrahydrofuran. A more detailed Table 2-7 below has been plotted showing the influence 

of the component stereoisomer forms of PLA polymer on the solubility, thermal and physical 

properties. 

Table 2-7 Properties of lactide acid polymers.219 

PLA form Tg (℃) Tm (℃) Density(g·cm-3) Good solubility in solvents 

PLLA 55-80 173-178 1.290 Chloroform, furan, dioxane and dioxolane 

PDLLA 43-53 120-170 1.25 PLLA solvents and acetone 

PDLA 40-50 120-150 1.248 

Ethyl lactate, tetrahydrofuran, ethyl 

acetate, dimethyl sulfoxide, N, N xylene, 

and dimethylformamide. 

It is valuable to address the rheological properties of the PLA as melt rheology plays 

an important role in the manufacture and procession. Many intrinsic factors can affect the 

rheological properties of PLA such as the branching type, the molecular weight distribution, 
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stereoisomer composition, optical block length distribution and melt stability.212 For 

example, semi crystalized PLA shows higher shear viscosity (3530 Pa.s) than amorphous 

PLA (3340 Pa.s).226 Above the melting temperature, PLA can behave like a typical flexible-

chain polymer across all optical compositions, and the whole polymer chain mobility occurs 

with mechanical properties almost reduced to zero. Therefore, the processing temperature 

(ranging from 190℃-250℃) of PLA are usually significantly higher than the melting point  

since the viscosity of PLA at high temperature is drastically decreased, thus the polymer is 

easier to be processed into designed shape.207 For instance, PLA can be easily processed 

on standard plastic equipment to yield moulded parts, films for fibers.209 

The degradation of a polymer usually occurs via the scission of the main chain or side 

chain of the polymer. Many factors can induce the degradation behaviours of polymer, such 

as hydrolysis, biological activity, oxidation, temperature activation, photolysis and 

radiolysis.224 Since the degradation process can be influenced by both physiochemical and 

biological factors, the overall mechanism of degradation behaviour can be referred as 

environmental degradation. Basically, the environmental factors such as pH, temperature, 

ions, humidity, oxygen and even nutrients will not only affect the degradation process of 

polymer, but also severely influencing the activity of involved microorganisms, thus a 

comprehensive condition need to be considered when applying biodegradability 

experiments of a polymer. Besides, the intrinsic properties of the polymer have to be 

thought over as well, such as thermal tolerance, mechanical strength, porosity, morphology, 

purity, crosslinking, chemical reactivity, and radiation resistance and so forth.219 

As one of the most important polyesters among medical-related industries, the 

degradation behaviours of PLA is a crucial property. PLA not only owns the complete 

biodegradability, but also not produces polluted chemicals during the biodegradation 

process. Generally, the degradation behaviours of PLA polymer are affected by multiple 

factors including molecular weight, crystallinity, purity, temperature, pH, terminal groups, 
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water permeability, added catalysts of enzymes, bacteria and inorganic filler.227 PLA of high 

molecular weight, as a stable polyester, can be fully resorbed after as much as 2 to 8 years 

and the long degradation time can lead to the occurrence of inflammation and infection in 

vivo.228 Therefore, it is of great importance to study the degradation behaviours of PLA in 

order to acquire desired PLA based medical devices. Figure 2.28 A) demonstrates a 

general mechanism of the hydrolysis degradation process of PLA and its degradation time 

upon different environment temperature.207  Basically, the molecular weight of PLA is 

reduced when the ester bond reacts with one absorbed water molecule, resulting in the 

hydrolysis process which is highly affected by temperature and humidity. With higher 

degradation temperature and high humidity, the degradation and disintegrate time can be 

extremely shortened within weeks to months.229 In addition, Figure 2.28 B) has shown two 

main steps of the PLA degradation mechanism.230 In the first step, high molecular weight 

polymer chains of PLA are hydrolysed into oligomers of low molecular weight. The second 

step begins when the average molecular weight of polymer chains reach around ~10,000 

Da, the lactic acid and oligomers start to be metabolized by microorganisms into water and 

carbon dioxide.231 

 

Figure 2.28 Biodegradation behaviours of PLA. (A) Hydrolysis of PLA and length of time taken to degrade to PLA in water. (B) 

Biodegradation of polylactic acid in 60 °C compost.207  
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The biodegradation of PLA can be induced by bacteria, fungus, as well as enzymes. 

Common PLA-degrading bacteria include Bacillus, Pseudomonas, Stenotrophomonas, and 

so forth which are not widely distributed in nature.232 The first isolated microorganism that 

can effectively degrade PLA is an actinomycete Amycolatopsis strain HT-32, which can 

degrade 60mg out of 100mg PLA film after 14 days.233 Further experiments showed that a 

variety of strains of Amycolatopsis can be served as PLA-degraders,234 and most of the 

PLA-degrading microorganisms were classified in the genus of Amycolatopsis in later 

researches.235 While Bacillus brevis was the first reported bacteria to efficiently degrade 

PLA, isolated from 144 soil samples with an enrichment culture medium.236  

For PLA fungus degradation, only a few pieces of research were reported. Torres et al 

found that Fusarium moniliforme and Penicillium roqueforti were the only two filamentous 

fungal strains that can assimilate DL-lactic acid in a liquid medium.237 Besides, Trichoderma 

viride fungus was found owning the ability to biodegrade PLA and some of the plasticized 

PLA when cultured in a liquid medium and designed conditions.238 Fungi of Tritirachium 

album (ATCC 22563) was also found to be capable of degrading PLLA, which extra showed 

that the addition of gelatin can markedly increase the degradation rate of PLA in the base 

liquid medium.239 In addition, the degradation behaviours of PLA in soil and compost was 

researched found that the temperature was the dominated parameters of fungus 

degradation processes.240 

Enzymes originated from microorganism also plays an important role in the 

biodegradation of PLA, most of which are proteases (serine proteases), and a few of which 

are lipase (esterase) and cutinase.232 Serine proteases including proteinase K, a-

chymotrypsin, subtilisin, trypsin and elastase, are the leading enzymes to degrade PLA. 

Proteinase K from Tritirachium album with a preference for the cleavage of the peptide 

bond was the first reported enzyme to hydrolyse PLLA in 1981.241 Besides, the degradation 

behaviours of PLA catalysed by 56 commercial proteases was explored, indicating that only 
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alkaline proteases can lead to the formation of a large number of lactic acid from PLA while 

acid and neutral proteases show little effects. It is also reported that the type of the enzyme 

has relations toward the PLA constituted of different stereoisomers that protease with a 

preference toward PLLA (type I) while lipase/cutinase with preference to PDLA.242,243 

Lipase originated from porcine pancreas, Candida cylindracea and Rhizopus arrhizus could 

hydrolyse the amorphous polymer, poly (DL-lactide).244 PLA of low molecular weight is 

more susceptible than high molecular weight PLA while amorphous can be degraded easier 

than crystalline. Additionally, the catalyse efficiency of enzymes can be influenced by the 

pH, temperature and PLA properties including stereochemistry and crystallinity as well.232 

Moreover, the interaction between PLA and microorganisms during the PLA 

biodegradation processes were evaluated that the degradation behaviours showed 

significant differences when PLA films were degraded by Kibdelosporangium aridum in 

solid and liquid culturing environments. As shown in Figure 2.29, under the solid culture 

condition, a lot of small pits and holes were observed on the surface of the PLA film, while 

many grooves emerged on the PLA films surfaces when the PLA films were in the liquid 

culturing environment.245  

 

Figure 2.29 SEM images of PLA films after degradation by Kibdelosporangium aridum at 30°C. (A)in liquid culture, (B) in solid 

culture. Bar scale = 10 µm.244 

All in all, the biodegradation activity of PLA is quite complicated in the real natural 

environment with a variety of parameters and conditions that need to be further 

comprehensively researched. Numerous researches have been applied to maximize the 

advantages of PLA of excellent properties and explore its applications in people’s daily lives. 
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2.5.3. Biomedical Applications of Polylactic Acid 

During the past several decades, the biodegradable polymer has gained focus and 

been extensively researched in medical applications due to the advantages of long-term 

compatibility and avoiding secondary surgery. In order to be applied in medical areas, the 

materials have to be biocompatible which is non-toxic, non-cancerogenic, non-mutagenic, 

non-allergenic, and free from contaminants and has no adverse immunological responses 

and harmless degradation products.212 Therefore, PLA with extraordinary properties of 

biodegradability, biocompatibility, processability and so forth, offers huge potentials as a 

bioresorbable polymer which is of great importance in biomedical applications owning to 

the unique ability to be completely resorbed in vivo in a designed time ranging from months 

to years.246  Besides, it great processability of PLA enables its versatile applications. For 

example, PLA thin films can be simply prepared with the solutions-casting method using 

organic solvents such as chloroform and methylene chloride, where the molecular weight 

and stereoisomer constitute of PLA as well as the solvent evaporation rate shows a huge 

impact on the crystallinity of the casted PLA films.247 Due to its excellent biodegradability, 

PLA can be employed as bioplastics such as loose-fill packaging, compost bags, food 

packaging and disposable tableware. When processed into fibres and non-woven textiles, 

PLA also owns the potential as disposable garments, upholstery, awning, feminine hygiene 

product and nappies.248  

In the biomedical areas, due to the favourable characteristics of biocompatibility, 

biodegradability and processability, PLA has been widely applied as the materials of drug 

delivery system, surgical implant as well as porous scaffolds for the growth of tissues.249,250 

Apart from the excellent properties of PLA, the low price is also one of the crucial factors 

that facilitate and accelerate its applications.251  
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2.5.3.1. PLA applications in drug delivery 

Back in the 1970s, the controlled drug delivery system has aroused increasing focuses 

for the purpose of releasing the drug with controlled, systematic, site-specific manners over 

an extended and prolonged period. This new delivery system shows numerous merits 

comparing with conventional therapeutic systems including a prolonged duration time, 

reduced side effect, retaining drug bioactivity, and ultimately the efficiency of the applied 

drugs is improved.252 One of the commonly applied approaches for controlled drug delivery 

is to effectively incorporate the drug into biodegradable polymer nanoparticles or 

microparticles,253 which can display a controlled and sustained behaviour by the drug 

diffusion or the degradation (hydrolysis or enzymatic degradation) of the drug carrier.254 

The advantages of this form of controlled drug delivery methods is that the nano and 

microparticle can be injected avoiding complicated surgical insertion and even comprised 

the potential for passive targeting when the size of the particles is in designed range.255 

Besides, the large surface-to-volume ratios of nano- and microparticles also provide a 

significantly large number of reaction sites than macroparticles with fewer surface areas.256 

While the shortcoming of the system is that the high initial burst release can cause toxic 

side effect and also the waste of drugs.253 Table 2-8 demonstrates more detailed 

advantages and limitations of PLA particles. 

Table 2-8 Advantages and disadvantages of PLA micro- nanoparticles.253 

Particle size Advantages Limitations 

Microparticles 

Subcutaneous injections 
Intramuscular injections 
Controlled release 
Reproducible processes 

Unintended toxic side effect due 
to high initial burst 
Wasteful use of expensive drugs 
Reproducible processes 
due to initial burst release 

Nanoparticles 
Direct injection to the blood 
Potentially improved vaccine 

Non-specific uptake by 
reticuloendothelial system (RES) 
systems 
Potential immunotoxicity 
responses 

The preparation method of PLA particles has been intensively researched with a 

multitude of effective and valuable preparation techniques introduced. Figure 2.30 
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schematically illustrates the representative preparation method of PLA nano- and 

microcapsules in the way of classification, while the more detailed schematic descriptions 

of different methods for fabricating particles are introduced in Figure 2.31 and Figure 2.32.  

  

Figure 2.30 Schematic illustration of the preparation methods of PLA micro- and nanoparticle.257 

No matter which methods is applied, the drug is either trapped and encapsulated inside 

of polymer shell-like capsules or dispersed and incorporated with polymer matrices.258 The 

selection of the specific preparation methods has to meet the requirement of the concrete 

applications and drug properties. For example, traditional emulsion related methods 

including single emulsion, double emulsion and multiple emulsion require specific solubility 

(either water or oil soluble) of the drug to form particles. Besides, since the size of the 

particles synthesis from emulsion methods can vary from nanometers to micrometres which 

are controlled by changing the agitation rate and other experimental conditions,259 the drug 

should not lose effect during agitation. Moreover, the salt out method does not have a 

heating procedure which is helpful in incorporating heat-sensitive drugs such as proteins, 

genes, vaccines and other bioactive drugs.260 



 

58 
 

 

Figure 2.31 Schematic descriptions of different methods for fabricating polymer particles. a) emulsion-based methods. b) 

nanoprecipitation. c) salting-out method. d) supercritical fluids technique. e) spray drying. f) in-situ forming method. g) melting 

technique. h) dialysis technique. i) microfluidic technique.257 

It is noteworthy to address the template-/mould-based technique due to the ability to 

produce particles in homogeneous sizes as schematically demonstrated in Figure 2.32. 

This moulding method requires a master template with a predesigned structure, which is 

produced via UV lithographic technique. First, hydrogel (e.g. gelatin) or poly(vinyl alcohol) 

(PVA) solutions are poured on the top of the master template, which is then solidified in 

low-temperature conditions in order to get the hydrogel or PVA sacrificial mould with 

reversed pattern structure compared with the master template. After peeling off the 

sacrificial mould, the drug with polymers, dissolved in a favourable solvent, is again poured 

on the surface of the sacrificial mould followed by evenly spreading to fill the empty structure. 

When the solvent was fully evaporated, the sacrificial template with microparticles was 

dissolved in water to harvest the drug-loaded particles which are ready for further purposes 

after several wash steps, centrifugation, or filtration.37,261 Apart from the merit of producing 
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monodispersed particles, this template-based technique also owns the advantages of 

selectable dimensions, easy scale-up and repeatable procedures. However, the size of the 

synthesized particles is limited in micro size due to the restriction of the UV lithography 

technique in producing patterns on silicon wafer master template. Other lithography 

methods are required to achieve nano-size particles.257 

 

Figure 2.32 Schematic descriptions of template method process and fabricated PLA microparticles.257 

Practically, PLA particles have been applied for continuous and controlled drug release 

among a variety of medical agent including contraceptives, narcotic antagonists, local 

anaesthetics, vaccines, peptides and proteins.262 For instance, PLA microparticles has 

been widely applied in in vaccination area in order to prevent a large number of infectious 

diseases including AIDS, hepatitis B, anthrax, SARS, and MERS.263 Many research groups 

have proposed microparticle related single-shot vaccines with PLA-based polymer.264–266 

However, there are many challenges of the PLA particles that inhibit the further application 

of the particles especially in drug delivery areas including the low drug encapsulation 

efficiency and capacity, high initial burst release and incomplete release of the drug, low 

producibility between batches and difficulties to scale up, the difficulties in characterizing 

the influences of the residual organic solvent, interaction between particles and immune 

system, also the terminal sterilization as so forth.267 Besides, the size of the particles also 
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plays a crucial role that due to the special mechanisms of the intestine, particles with a size 

smaller than 100 nm demonstrating a significantly higher chance to be absorbed compared 

with large particles.268 

Manipulation and modification of both bulk polymer and the surface properties of the 

particles can be one of the feasible ways to improve the properties of PLA particles. The 

bulk polymers can be modified via the blending of different polymers, copolymerisation, 

plasticization and crosslinking, while the surface modification includes surface coating, 

entrapment and plasma treatment.269 For example, nanoparticles prepared from PLA-PEG 

copolymers can increase the blood circulation times and decrease clearance in vivo 

compared with nanoparticles made by PLA alone, since the hydrophilic PEG block owns 

the ability to repel proteins within an aqueous environment, inhibiting the absorption of 

proteins to the polymer surface and thus preventing the interaction between polymers and 

cells.248 PEG is also appropriate to be grafted on the surface of PLA particles enabling the 

particle to escape from the immune system when applying particles to the bloodstream thus 

prolong the blood circulation half-life of the particles.270 All in all, the purpose of the 

modification is to achieve high drug loading efficiency, controlled release rate and ultimately 

increase the effect of the drug and benefit the patients. 

2.5.3.2. PLA applications in tissue engineering 

When selecting the biomaterials for the applications in tissue engineering, biostability 

comes first which includes strength, elasticity, interface absorption as well as chemical 

degradation.271 In other words, the scaffold should own sufficient mechanical properties 

and degradation rate in order to facilitate rather than hinder the regeneration of target 

tissues. It is of great importance to maintain the mechanical properties of the scaffold after 

being implanted for the reconstruction of hard, load-bearing tissues like bones and 

cartilage.272 Generally, the scaffold should be designed to withstand the loads and stresses 

that target tissues can finally bear until it is no longer needed. Therefore, the mechanical 
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and rheological parameters such as elastic modulus, flexural modulus, tensile strength, 

maximum strain are required to be comprehensively considered.207 Besides, since the 

scaffold would finally be replaced by newly restored tissues from the adhere cells and 

different tissue requires various biodegradation activity, it is of great importance to consider 

and study the degradation behaviours of the scaffold in order to design and predetermine 

the degradation period of the scaffold. 

Basically, the mechanical properties of the scaffold made of selected materials can be 

manipulated by altering the pore size, volume, shape, orientation, and connectivity. All 

these properties can change in the function of implantation time.273 A good understanding 

of the influences of the above factors can significantly facilitate the design of a medical 

device and predict the responses under practical conditions. For instance, scaffolds 

produced from polymers of PLA blended with PCL shows that the blending method (melting 

or solution casting) has significant influences on the surface roughness, cell adhesion and 

proliferation, and the PLA/PCL scaffold produced with the solution casting method presents 

a reduced pore size and enhanced cell proliferation.274 

Because of the great mechanical properties of PLLA, it is possible to fabricate 3D 

structures such as trays, cages, meshes, fibres and scaffolds. In the area of guided bone 

regeneration, barrier membranes are required to prevent the growth of soft tissues and 

direct the recovery of new bone growth in the broken part, while still allow the permeation 

of the necessary nutrients.275 Kinoshita et al. employed a PLLA mesh tray and particulate 

cancellous bone and marrow for treating tumours, cysts, or alveolar atrophy of 62 patients 

as demonstrated in Figure 2.33. Besides, PLA-based porous scaffolds were also developed 

for the repair of articular cartilage defects.276 Moreover, since lactic polymers are able to 

stimulate isolated cells to grow into tissues and release drugs like painkillers, anti-

inflammatories and antibiotics, cell transplantation become another area that the PLA-

based scaffolds can play a part in.277 
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Figure 2.33 Diagram of mandibular reconstruction using a PLLA mesh and bone marrow.278 

Nowadays, producing 3D scaffold with polymers has become one of the fundamental 

parts of tissue engineering.279 PLA with excellent biodegradability, biocompatibility 

becomes one of the most common polymers to produce high quality and resolution scaffold 

via 3D printing techniques.280 Moreover, the produced scaffold can be designed by 

computer based on the patient-specific anatomical data and many industrial and 

architectural applications.281 In order to manipulate the physical and mechanical properties 

and improve the processing procedures of the scaffold, the combination between PLA and 

other materials including glass particles and PEG have been applied.282 Some of the most 

representative application of PLA-based scaffolds produced via 3D printing techniques has 

been listed in Table 2-9. 

Table 2-9 PLA-based scaffolds printed with a 3D system. 283 

Material Experiment Application 

PLA/Polydopamine In vitro - hADSCs Craniomaxillofacial bone lesion repair 

PLLA/PLGA 
In vitro - Human skin 

fibroblast 
Tissue engineering – skin fibroblast 

HA/Collagen/PLA In vivo - Rabbits Bone scaffolds 

PLA/PEG/G5 glass 
particles 

In vitro - rMSC adhesion Tissue engineering 

PLA/β-TCP In vivo - Rabbits Heterotopic bone formation 

PDLA/rhBMP-2 In vivo - Rats Mandibular bone repair 
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2.5.3.3. PLA applications in medical devices 

Skin damages caused by injuries are unavoidable, depending on the severity of the 

injuries, some of the wound can self-healed, while the severe ones might require extra 

medical assistance, Therefore, it is of great importance to research wound dressings which 

can protect the damaged part from contaminations and infections and even remove 

exudations.284 The most attractive approach for producing wound dressings is 

electrospinning that fibres with diameters ranging from nanometers to micrometres can be 

extruded out. The electrospun wound dressing owns the excellent properties of high 

specific surface areas and small pores which can benefit the absorption of liquids as well 

as prevent the penetration of bacteria, thus facilitate wound healing.285  

 

Figure 2.34 SEM images and the diameter distribution of electrospun fibres. A) PLA/Cur, B) PLA/HPG/Cur and C) PLA/Cur, D) 

PLA/HPG/Cur of SEM images with different magnification. E) and F) the diameter distribution of electrospun fibre PLA/Cur and 

PLA/HPG/ Cur respectively.286 
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As shown in Figure 2.34, PLA and hyperbranched polyglycerol (HPG) incorporated 

with curcumin (Cur) is prepared into nanofiber mats via electrospinning technique for wound 

heading applications. The properties of the wound dressing mats can be further improved 

via blending drugs during the formation of the mats. Basically, there are two well-developed 

methods for preparing nanofibrous electrospun mats that can be served in wound dressing 

applications. One method is to electrospinning polymer with intrinsic antibacterial and 

wound-healing properties,287 which is not appropriate for PLA. The other way is 

immobilizing drugs or antibacterial compounds in the electrospun polymers.288 For example, 

thymol as one of the components of a herb with anti-inflammatory and antibacterial effect 

is added into PLA/PCL nanofibrous mats via electrospinning technique, which 

demonstrates a remarkable performance in the wound-closure experiment.289  

Except for medical devices of electrospun fibrous mats, the drug-loaded suture also 

possess the possibility to facilitate the healing of wounds. As a biodegradable and 

biocompatible polyester, PLA has been applied as surgical resorbable sutures and its tissue 

reaction has been investigated as early as 1971.290 Recent advances have enabled PLA 

surgical sutures the capability to release drug, inhibit bacteria growth and assist the wound 

healing.291 For instance, microspheres incorporated with gentamycin sulfate (PM-Ds) was 

loaded on PLA suture, which can sustain release the drug while maintaining sufficient 

mechanical properties as shown in Figure 2.35. 

 

Figure 2.35 SEM images of PLA suture loaded with PM-Ds at different magnifications.292 
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Apart from wound dressing mats and surgical sutures, PLA has been applied as many 

other medical devices. For instance, Fangueiro et al. has introduced a method for 

manufacturing braided corrugated vascular prosthesis made of PLA and polyethylene 

terephthalate (PET), which can reconstruct the blood flow in the damaged blood vessel part 

(Figure 2.36 A)), enabling it huge potentials especially in vascular surgery. Apart from the 

medical device of the blood vessel, the group of Fangueiro also proposed the technology 

of preparing artificial ligaments made of PLA-based polymer that can mimic the function of 

natural ones as shown in Figure 2.36 B).  

 

Figure 2.36 Implantable devices made by braiding. A) Braided vascular prosthesis as a medical device for blood vessel and B) 

PLA-based mimicking ligament.293 

PLA has shown its potentials as versatile polymers and tools for drug delivery, tissue 

engineering as well as medical devices, and the further investigations of PLA can focus on 

combining with other polymers to leverage its strengths and mitigate its weaknesses thus 

further broaden its application area.294 

2.6. Microarray Structure 

Generally, a microarray structure is a periodical micropatterned surface with highly 

ordered surface features and well-defined dimensions fabricated on a proper substrate 

such as silicon or SiO2 which can be further transferred to other materials. Some of the 

common structures that either periodical in one direction or two noncollinear directions are 

grooves,295 wells,2 pillars3 or even chambers4 in microscale. These special structures of 
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microarray have attracted steadily growing interest due to their special morphology and 

properties and have been widely applied in a variety of fields ranging from lab-on-chip, 

sensing, electronics, optics, to microbiology biochemistry and biomedical areas and so forth, 

which will be further elaborated in 2.6.2. Therefore, a multitude of novel micro- 

nanolithography techniques has been proposed which are able to fabricate these special 

microarray structures. 

2.6.1. The Production Method of Microarray Structure 

Micro- and nanolithography can fabricate designed patterns with a feature size ranging 

from a few nanometers up to tens of millimetres. By combining lithography with other 

fabrication processes such as deposition and etching, sometimes repeating several times, 

a high-resolution topography with complex micro/nanoscale structures can be successfully 

produced.5 Generally, the lithography techniques can be divided into two categories as 

masked lithography and mask-less lithography based on whether a mask or templated are 

implemented or not. Masked lithography including photolithography, soft lithography, and 

nanoimprint lithography, can transfer all the pattern information of a large area from the 

mask to the substrate simultaneously, enabling a high-throughput fabrication up to several 

tens of wafers per hour. While the mask-less lithography, such as electron beam lithography, 

focused ion beam lithography and scanning probe lithography, can produce arbitrary 

patterns by serial writing without templates and can reach an ultrahigh-resolution with 

minimum feature size as small as a few nanometers.5 However, its serial point-by-point 

writing modality results in a long manufacturing time which severely limits the wide 

application of this technology in the large-area nanoscale image.296 The major lithography 

techniques along with their specifications of minimum feature size and throughput are 

summarized in Table 2-10. 
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Table 2-10 Specifications of the major lithography techniques.5 

Lithography Technique Minimum Feature Size Throughput 

Photolithography 

(contact & proximity printings) 
2-3 μm very high 

Photolithography  

(projection printing) 
a few tens of nano-meters 

high - very high (60-80 

wafers/hr) 

Electron beam lithography < 5 nm very low 

Focused ion beam lithography 
~ 20 nm with a minimal lateral 

dimension of 5 nm 
very low 

Soft lithography a few tens of nano- to micro-meters high 

Nanoimprint lithography 6-40 nm high (> 5 wafers/hr) 

Dip-pen lithography a few tens of nano-meters 
very low – low, 

possibly medium 

Optical lithography, also known as photolithography, is one of the most common and 

well-established fabricating methods for semiconductor integrated circuit related industries 

that the nanoscale with ~65 nm gate lengths in large-volume manufacturing production can 

be achieved.296 Generally, optical lithography has three forms contact printing, proximity 

printing and projection297 which are schematically demonstrated in Figure 2.37. However, 

unless using the sophisticated optical-lens system, the optical lithography can hardly 

produce high-resolution patterns as small as a few tens of nanometers.298 Thus, immersion 

lithography,299 resolution enhancement technology300 and extreme-UV lithography301 have 

been developed to overcome these lithography resolution limitations.  

Though other methods like electron beam lithography302 and focused ion beam 

lithography303 can produce smaller structures than optical lithography and with an almost 

complete structure flexibility thanks to the ultra-short wavelengths of electron/ion beams in 

the order of a few nanometers, its serial point-by-point writing modality results in a long 

manufacturing time which severely limits the wide application of this technology in the large-

area nanoscale image. While optical lithography is a parallel writing technique that can save 

much more time.296 
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Figure 2.37 Schematic demonstration of three forms of photolithography.  

 (a) contact printing; (b) proximity printing; and (c) projection printing.296 

A traditional optical lithography is a mask-based approach combined with an optical 

reduction technique that can ameliorate the demands on both the mask fabrication and the 

optical system. With the fabricated mask, the desired wafer can be simply microstructured 

by transferring all the designed information on the mask by the lithography step. However, 

in order to commercialize the optical lithography technique, special lithography tools and 

equipment are necessary, which are extremely expensive both in initial and in operating 

costs. Obviously only when the products are scaled up in a high number can the price be 

acceptable, which does not fit the reality in the research area.296 

 Fortunately, most of the applications do not require complicated structure but merely 

some periodic or quasi-periodic patterns, such as microarray structures, that can be 

achieved with other methods. Interference lithography, a simple laboratory-scale 

technology, is emerging as one of the most powerful yet relatively inexpensive techniques 

to fabricate patterns of large areas and volume with micro- or submicron-sized 

periodicities.304 With this unique technique, N-dimensional periodic structures (N is or less 

than 3) can be fabricated by interfering with (N+1) non-coplanar beams onto the photoresist. 

By varying the intensities, geometries, polarizations, and phases of the beams, both the 

symmetry and the shape of the periodic structure can be conveniently manipulated as 

shown in Figure 2.38. The specification of the lithographed structure can reach sub-50nm 

dimensions with shorter wavelength lasers and/or liquid immersion lithography technique. 
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Moreover, the two-dimensional structures with synonyms such as bi-gratings or crossed 

gratings can be fabricated with interference lithography technique as well.305 The technique 

of interference lithography also holds the potential to fabricate large-area, defect-free 3D 

micro- and nanostructure 3D structures in a rapid and cost-effective way.306 Basically, the 

available range of structures can be dramatically expanded by combining the multiple 

interferometric exposures with lower resolution, laboratory-scale optical lithography and 

further use of higher resolution electron beam lithography at special and limited areas. 

 

Figure 2.38 Interference lithography setups and representative microstructures. a) A Lloyd’s mirror configuration of two-beam 

interference lithography setups. The angle of rotation indicated is about an axis normal to the page; b) A two-beam 

configuration created by a beam splitter where one mirror is piezo-electrically controlled for phase stabilization. The dotted 

triangle represents the prism used in liquid immersion lithography. c) A SEM image of 1D interference pattern having a 1 μm 

periodicity recorded in the negative photoresist SU-8. d) A SEM image of a hexagonal structure created by double exposure IL 

where the substrate was rotated 60 degrees about its normal between exposures.305 

With micro- nanostructure being fabricated with various lithography methods, a 

replication toolbox is therefore needed to transfer the pattern onto a substrate made of other 

materials. Nanoimprint lithography is one of the optimal candidates as the replication 

toolbox where the surface structures of a template are transferred and replicated into 

substrates made of designed material by mechanical contact and three-dimensional 

material displacement. The transferring process can be achieved by shaping a liquid 
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followed by curing and hardening processes, by variation of the thermomechanical 

properties of a film by heating and cooling, or by any other kind of shaping process using 

the difference in hardness of a mould and a mouldable material.307 The nanoimprint 

lithography technique with the merits of low cost, high throughput and high resolution308 first 

introduced by S.Y. Chou as a “hot embossing technique” that can manage to achieve the 

definition of features with lateral sizes down to sub-10 nm.309 Basically, a standard 

nanoimprint lithography process can be categorized as origination, replication and pattern 

transfer 310 which is sometimes not complete if process cycles are iterated or combined with 

other processes as schematically demonstrated in Figure 2.39.  

 

Figure 2.39 Schematics with different processes. a) origination by dose- modulated EBL, b) multilevel structures after 

development. Post-processing by c) sloped structures after selective thermal reflow, d) hard stamp by proportional etching and 

e) casting of a soft stamp, f) peel demoulding, g) imprint with hard or soft stamp f) and h) demoulding.311 

Nanoimprint lithography (NIL) is not only a planar high-end technology that can 

structure the surface of wafer-like substrates like in photon- and electron-based traditional 

lithography, but also a 3D process as it can transfer various stamp topographies thanks to 

the 3D displacement of material and the soft and bendable of stamps while the mould empty 

structures are well filled as shown in Figure 2.40. It is believed that the nanoimprint 
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lithography technique is able to fabricate almost arbitrary sloped, convex and concave 

profiles in the same polymer film with dimensions in micro- and nanometer scale.311 

 

Figure 2.40 SEM micrographs of 3D shapes. a) pyramids (2 μm footprint) by moulding of a 100 silicon stamp after anisotropic 

etching. b) Convex lenses by moulding concave cavities in a silicon oxide wafer after isotropic etching. c) Convex spherical 

shapes by thermal reflow of PMMA granules at high temperatures (180 °C).311 

2.6.2. Rigorous Coupled Wave Analysis 

Thanks to the rapidly developed fabrication techniques such as electro-beam 

lithography or holographic exposure, the grating structures with deep grooves and small 

period of high quality and definition are available to be constructed, thus, intensive 

attentions have been attracted to study the grating diffraction activity of electromagnetic 

waves.312 Since the periodical structure can be applied in various important and precise 

fields like acoustic-optics, integrated optics, holography, and spectroscopy,313 the 

electromagnetic analysis of the grating structure should be rigorous without any 

approximations. 

In general, the rigorous methods of analyzing grating diffraction can be classified into 

two main categories named integral methods and differential methods.314 Integral methods 

are suitable for analyzing continuous gratings profiles, while differential methods are more 

appropriate for analyzing discrete grating profiles. Besides, numerical implementation of 

differential methods is less involved compared with the integral methods.315 Generally. 

Differential methods can be divided into two types based on the way to represent the 

transition in permittivity. One type is to treat the permittivity transitions in the grating region 

explicitly like the exact eigenvalue (or classic model) method of Botten et al.316 which is 

quite accurate but have limitation on the grating structure. The other type is to employ a 



 

72 
 

Fourier expansion of the permittivity and the most representative and widely applied model 

of this type is rigorous coupled-wave analysis (RCWA).317 

  

Figure 2.41 Geometry of different analysed grating structure. A) the planar-grating diffraction, B) the metallic rectangular-groove 

surface-relief grating diffraction, C) the two-dimensional grating diffraction. 

The rigorous coupled-wave analysis (RCWA), as a semi-analytical method to solve 

scattering from periodic dielectric structures first introduced by Moharam and Gaylord for 

planar grating,313,318 and further extended to surface-relief grating,312,319 and crossed-

grating structure,320 (Figure 2.41) has currently been widely applied in order to the analysis 

and the design of diffractive structures.321 When implementing the RWCA technique, the 

permittivity of the grating region need to be expanded into a series of Fourier harmonics, 

followed by the electromagnetic field expressed as Fourier expansion with a corresponding 

order of harmonics.322 In this way, it is possible to treat different gratings (planar or surface 

relief, lossy or lossless, single-groove or multi-groove) in a unified way. However, a 

common shortcoming of the RWCA technique is that, when a conducting grating is shot 

with a transverse magnetic (TM) polarized wave, it is difficult to get the convergence of the 

accurate solution since a large amount of spatial harmonics (orders) are required during 

the analysis and computation.315  

The same problem of the requirement of retaining a large number of orders also exists 

in the analysis of crossed-grating structure, which is a grating that periodical in two 

noncollinear directions with synonyms such as bi-gratings and the two-dimensional (2D) 
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grating.323 The crossed grating structure plays an important role in many applications such 

as laser beam fan-out elements, solar energy absorbers, antireflection surfaces, artificial 

graded-index materials, artificial anisotropic materials.323 Generally, complicated programs 

and comprehensive electromagnetic theory is required for analyzing the above elements. 

However, the crossed grating meshes of special harmonics leads to so many orders that 

even few orders are retained in each direction, the methods still tend to be memory hungry 

and time-consuming.315 Thus, it is of great importance to reduce memory consumption and 

to increase the speed of convergence. Li managed to achieve a faster convergence rate of 

RCWA under TM polarization by implementing the inverse rule in the case of 

complementary jump discontinuities.324 Based on this, Lalanne increased the convergence 

rate of the 2D gratings via introducing coefficient involving structural parameters.325 After 

all the improvements and contributions from researches, the rigorous coupled-wave 

analysis has become a well-establish method for electromagnetic wave analysis.326 
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2.6.3. Applications of Microarray Structure 

Here, microarray structures are generally classified as microchamber arrays and 

micropillar array structures based on whether there is empty space inside each micropillar. 

Microchamber arrays with hollow chamber structure can provide isolated space and 

prevent contaminations, thus tend to be intensively applied in biochemistry and biomedical 

related areas. For example, a silicon-based PCR microchamber array system with a small 

heat capacity was fabricated for the rapid polymerase chain reaction (PCR). The combined 

method of the constant temperature control avoiding large heating/cooling block can 

significantly increase the rate of thermal cycling, thus overcome the primary limitation of the 

rapid PCR technique.327 Besides, with the help of microchamber arrays structure, a picolitre 

scale PCR can be achieved.328 

Moreover, it is reported that microfluidic cell culture chips can be fabricated via a simple 

micropatterning process to create a closed microchamber array with an extracellular matrix 

in order to rapidly and reproducibly finish small-volume sample assays avoiding labour-

intensive procedures or expensive robotics.329 In addition, a flexible agarose-microchamber 

array was developed for on-chip cultivation of neural cells via the photothermal etching 

method, which showed the possibility for single-cell cultivation and measurement of nerve 

cells (Figure 2.43).330 Moreover, a cell culture chip with a structure of microchamber arrays, 

though in a relatively large scale produced by multilayer photolithography and replica 

moulding, enables pressure-driven perfusion cell culture and parallel cytotoxicity assay.331 

In addition, the combination of layer-by-layer (LBL) self-assembly techniques with the 

microwell array structures enables the fabrication of microchamber arrays films for the drug 

encapsulation and controlled release, especially for the site-specific release of chemical 

compounds in small and precisely defined quantities.22 For instance, Kiryukhin and co-

workers successfully fabricated microchamber array films made of polyelectrolyte 

multilayers of (PSS-PAH)40 with melamine formaldehyde colloidal particles encapsulated in 
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each microchambers, whose walls were incorporated with gold nanoparticles. By 

introducing focused laser radiations, a selected individual microchamber can be opened, 

result in the site-specific controlled release of encapsulated melamine formaldehyde 

colloidal particles, as shown in Figure 2.42. The release trigger of gold nanoparticles 

between the multilayered film can be further replaced with graphene oxide thin layers, which 

can cause microchamber opening with the radiation of near-infrared laser beam.332 

However, one of the limitations of microchamber array films made of polyelectrolyte 

multilayers is the difficulties of encapsulating small and hydrophilic molecules due to the 

semi-permeability of the chamber walls. This was overcome by Sukhorukov and co-workers 

who managed to encapsulate sodium chloride salt crystals, bioactive antibiotic doxycycline 

and fluorescent small molecular dye rhodamine B into microchamber array films by coating 

a thin layer of hydrophobic polylactic acid film on the top of polyelectrolyte multilayer 

microchamber array films. Moreover, the encapsulated cargos can be trigger released with 

low-frequency ultrasound exposure.333 

 

Figure 2.42 Optical microscope images showing the triggered release of MF particles into water. 26 

While the micropillar arrays, whose surface morphology and special structures are 

often focused, have been widely studied in the field ranging from lab-on-chip,334 sensing, 

electronics,335 optics,336 and microbiology. For instance, a silicon wafer with subwavelength 

sized micropillar arrays on the surface was fabricated by holographically recording a 

crossed-grating in a photoresist mask followed by reactive-ion etching to transfer the 
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primary mask onto the silicon substrate, which could display antireflection properties among 

visible light wavelength.337 

 

Figure 2.43 SEM images of the microchamber array for culturing nerve cells. (A)Phase-contrast micrograph images of cultured 

nerve cells in microchamber array at the beginning, (B) and after 48 hours.330 

Micropillar arrays also own the possibility to perform molecular immunodiagnosis as 

the microarray structure can mimic highly diluted gel and maintain electrolyte within the 

micropillar zone with capillary effect (Figure 2.44).338 Besides, a lidless micropillar array 

electrospray ionization chip was prepared with deep reactive ion etching which results in 

accurate dimensional control. By combining the micropillar array chip with mass 

spectrometry, a novel method for direct analysis of biomolecules was achieved.339 

 

Figure 2.44 Micropillar arrays for molecular immunodiagnosis. (A) Picture of micropillar array filled by a coloured solution. (B) 

Profilometer picture of micropillar array. (C) Isoelectric focusing of a mixture of b-lactoglobulin and myoglobin on PDMS 

micropillar array coated by PDMA-AGE (left) immunoblotting with 10 ml of serum of allergic patient sensitized to b-lactoglobulin 

(right).338 

Due to the inverse relationship between electrode impedance and surface area, 

electrodes with micropillar array structures are able to improve their electrochemical 
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performance as a high effective surface area can be achieved without modifying the 

geometrical parameters of electrodes.340 For instance, a polydimethylsiloxane (PDMS) 

elastomer substrate were first surface-patterned with micropillars fabricated by micro-

working robot-made mould inserts and a replica moulding technique, followed with metal 

thin film coatings. The electrical impedance test results indicated that the micropillar 

structure caused statistically significant reductions in electrode contact impedance modulus 

and phase for each coating candidate.341 

 

Figure 2.45 Sensing mechanisms of the sensors based on a flat electrode and microarray electrode. (a and b) Graphical 

explanation of capacitive pressure sensor based on a flat electrode and microarray electrode, and their corresponding 

geometrical change during the process of loading pressure, respectively. (c) Relative capacitance variations of pressure 

sensors based on a flat electrode and microarray electrode induced by identical levels of external pressure. 342 

Moreover, based on the micropillar structure and the silver nanowires coated 

elastomeric electrodes, a flexible pressure sensor can be achieved as illustrated in Figure 

2.45. Such sensor owns the advantages of high sensitivity, low detection limitation, fast 

response, excellent flexibility and long-term cycle stability, enabling it the promising 

potentials as electronic skins and wearable healthcare monitors and even detecting 

noncontact pressure like voice vibration and air flows.342 Besides, a micropillar array, 

fabricated with photolithography and electroplating techniques, was designed to facilitate 

the formation of stable and uniform liquid crystal (LCs) thin film, aiming at sensing the liquid 
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and vapour phase analytes based on the variations in the intensity of the transmitted light 

through the LCs.343 

 

Figure 2.46 The specification of a silicon substrate for bacteria retention study. (A) A single sample of a silicon chip consists of 

10 areas including one flat area and nine patterned areas; (B) every two areas are separated by a fence whose width is 4 mm 

and height is the same as that of the pillar (3 mm); (C) SEM images of silicon chip’s top views.344 

The special surface topography of micropillar arrays can also exhibit significant effects 

on bacterial responses. Ge et al. fabricated a silicon substrate with nine different feature 

size of micropillar arrays by photolithography and dry etching methods as shown in Figure 

2.46, which is used to study bacterial retention, growth, proliferation as well as viability. The 

results showed that when the micropillar dimension is decreased to sub-micrometre size, 

the bacterial retention, growth, and proliferation would significant reduced, while the 

micropillar arrays structure has no obvious effect on the bacteria viability within 24 h.344 

Similar research can also be found in microbial cell related work that the dimensions of 

microarray surface features may enhance or impede cell retention.295 
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In this literature review chapter, the background information of the main materials 

adopted in this work are introduced, including the properties and application of 

polyelectrolytes in complexed and multilayered forms, biodegradable polyesters 

polycaprolactone and polylactide acid. In addition, as the basic concept runs through all the 

works, the microarray structure of either micropillar or microwell geometries are introduced 

mainly about the production techniques, simulation methods as well as applications. The 

provided background information can undoubtedly facilitate the understanding of the aims, 

principles and importance of the whole work. 
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3. Materials and Methods 

3.1. Materials 

Poly (sodium 4-styrenesulfonate) (PSS, Sigma 243051, molecular weight ~70 kDa), 

Poly (allylamine hydrochloride) (PAH, Sigma 283223, molecular weight ~56 kDa) Poly 

(acrylic acid) (PAA, Sigma 181285, molecular weight ~450 kDa), poly-dimethyl 

diammonium chloride (PDDA, Sigma 409022, molecular weight 200 – 350 kDa), 

poly(ethylenimine) (PEI, Sigma MW ~ 750 kDa), polycaprolactone (PCL, Sigma 704105, 

molecular weight ~45 kDa). Polylactic acid biopolymer (PLA, GoodFellow 346310, 3mm 

nominal granule size, weight 100g), Lipase from Pseudomonas cepacia (Lipase PS, Sigma 

62309, powder, ≥30U/mg). Poly (allylamine hydrochloride) (PAH, Sigma 283223, average 

Mw 50,000), Poly (acrylic acid) (PAA, Sigma 523925, average Mw ~100,000, 35 wt. % in 

H2O), Polycaprolactone (PCL, Sigma 704105, average Mn 45,000), Calcium chloride (CaCl2, 

Sigma C5670), Potassium chloride (KCl, Sigma P5405), Magnesium chloride (MgCl2, 

Sigma M8266), Iron (II) chloride tetrahydrate (FeCl2· 4H2O, Sigma 220299), Sodium 

chloride (NaCl, Sigma S7653), Rhodamine B isothiocyanate (RITC, Sigma 283924), Nile 

red (Sigma 72485), 5(6)-carboxyfluorescein (5(6)-CF, Sigma 21877), Dexamethasone 

(DEX, Sigma PHR1526). All the chemicals above were used as received without further 

purification. 

Poly (dimethylsiloxane) (PDMS) kit (Sylgard 184) was purchased from Dow-Corning, 

Midland, USA. In addition, PDMS (Elastosil, RT 602) from Wacker AG, München, Germany 

was used. Moreover, the temperature of enzymatic degradation was maintained at 37℃ in 

a climate chamber (Memmert, HPP 110). Chloroform was purchased from VWR, Darmstadt, 

Germany. The ionic strength and pH of incubation solutions were maintained by phosphate-

buffered saline (PBS tablets Sigma P4417). And the pH of polyelectrolyte solutions was 

adjusted by NaOH and HCl solutions. Deionised (DI) water from a Milli-Q (Millipore) water 

purification system, with an 18.2 MΩ·cm resistance, was used to prepare all the solutions.  
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Figure 3.1 Structural formulas of materials used in the experiment.  A) Polyelectrolytes for preparing polyelectrolyte complexes, 

B) Biodegradable polyesters for preparing microchamber arrays, C) Dye molecules as model drugs and labels, D) 

Poly(dimethyl siloxane)(PDMS) used for preparing patterned stamp with the reversed structure of patterned silicon master. 

The template/mould with the microarray structure used to fabricate the PDMS stamp 

has various surface features and dimensions. The silicon masters with cylindrical 

micropillar arrays structures of different size (Figure 3.2 A) - C)) were produced via standard 
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photolithography at Shenzhen semiconductor (Shenzhen, China), while the PMMA (poly 

methyl methacrylate) master of cubic microwell array structure is generously provided by 

Dr Kiryukhin (ASTAR, Singapore). Besides, copper master with rectangular structures 

(produced by V.E. Zuev Institute of Atmospheric Optics in Russia) was fabricated by 

photolithography and electroplating of nickel combination technique. Another type of silicon 

master with pyramid array structures was produced by Thales. 

 

Figure 3.2 SEM images of silicon master of different specifications.  A) Cylinder micropillar arrays with a diameter of 5 μm, hight 

of 4 μm and period of 15 μm, B) Cylinder micropillar arrays with a diameter of 8 μm, the height of 4 μm and period of 20 μm, C) 

Cylinder micropillar arrays with a diameter of 10 μm, hight 4 of μm and period 30 of μm. 

3.2. Methods 

3.2.1. Fabrication of Patterned PDMS Stamp  

In order to get the reversed structure from the patterned template as well as transfer 

the microstructure into polyelectrolyte complexes or other polymer films with a high quality, 
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a patterned substrate made of low surface energy materials is of great importance to enable 

the smooth detachment of the resulted film or stamp after the printing procedures.345 

Therefore, PDMS polymer of surface energy as low as 180 μN346 is used to get the reverse 

structure of microarray template and print PEC and other polymer films.  

Generally, to produce the PDMS patterned stamp, the PDMS mixture was firstly 

produced by mixing PDMS prepolymer and curing agent with the ratio of 10:1 followed by 

vacuuming for 30 minutes to remove the air between micropillars. Then, the patterned 

PDMS stamps with reversed microstructure were fabricated by casting PDMS mixture onto 

template substrates (e.g. silicon, copper, PMMA) with microarrays. The mixture, as well as 

the patterned template, were incubated and cured at 70℃ in the incubator for 3 hours. 

Finally, the patterned PDMS stamps were finished by being lifted from the template and cut 

into the desired shape and size with a sharp surgery knife347 (i.e., the size of the PDMS 

stamps in the experiment is 1 cm2  and 4 cm2 of square shape). The flow chart of the process 

is shown in Figure 3.3 A) and B) which set silicon micropillar array master and PMMA 

microwell array master as the example, respectively. The process is the same when printing 

from the micropillar structured silicon master and from PMMA film with microwell arrays. 

However, the above method can only fabricate the PDMS stamp with the reversed 

structure of the applied template. When the preparation of a PDMS stamp with identical 

surface features of the template is necessary, another printing and transferring procedure 

are required. Specifically, the targeted PDMS stamp can be fabricated by getting the 

reverse structure of the PDMS stamp with the reversed structure of the template. To 

achieve that, the generally PDMS stamp fabrication process is the same but one extra step 

is required that before casting PDMS prepolymer and curing agent mixtures onto PDMS 

template, a layer of gold is coated onto the PDMS template to avoid the adhesion between 

PDMS interfaces as schematically demonstrated in Figure 3.3 C). 
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Figure 3.3 Schematic illustration of the preparation of patterned PDMS stamp from various templates. A) Preparing PDMS 

stamp from silicon master with micropillar arrays. B) Preparing PDMS stamp from PMMA film with microwell arrays. C) 

Preparing reversed PDMS stamp from PDMS stamp with micropillar arrays that obtained from B). 

3.2.2. Preparation of Fluorescently Labelled PAH 

PAH is labelled with the fluorescent dye rhodamine B isothiocyanate (RITC) for tracing 

purpose following the steps in reference.348 First, PAH of 100 mg was dissolved in 25 ml 

water forming 4 mg/ml solution followed with pH-adjusting to pH 8.5 with (1mol/L) NaOH 

solution, where the pH is confirmed with a pH meter. Then, 5 ml RITC methanol solution of 
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1 mg/ml concentration was added and mixed with the PAH solutions which were stirred in 

an ice bath for at least half an hour at the speed of 1000 rpm. In order to remove the 

unbonded dye molecules, the dialysis process is necessary that a dialysis bag (Carl Roth 

GmBH & Co. KG, Germany) with a cut-off weight of 8 - 14 kDa is selected. After removing 

the protection oil by incubating the dialysis bag at boiled deionized water for 15 minutes, 

the PAH and RITC solution mixtures were filled into the treated bag (less than 2/3 of the 

volume) and dialysed against deionized water (resistivity 18.2 MΩ∙cm) for 3 days. During 

the dialysis process, the setup was always kept in the dark environment and deionized 

water was replaced twice a day. Finally, the resulted PAH-RITC solutions were kept in a 

well-sealed tube and stored in a 4℃ fridge for further experiment. 

3.2.3. Polyelectrolyte Multilayers Preparation by Dip-coating Robot 

    

Figure 3.4 Images of homemade Layer-by-layer dip-coating machine. a) the general view of the dipping robot. b) the rotating 

plate and dipping pole while running. c) the polyelectrolyte solution and the DI water beaker positions on the dipping robot 

roatating plate. 

For the preparation of polyelectrolyte multilayer films, a homemade dip-coating robot 

as shown in Figure 3.4 a), is applied for automatic assembling of polyelectrolyte multilayers 

on different growing substrates, including glass slides and PDMS stamp with microwell 

arrays surface structure. The dip-coating robot includes a dipping pole as well as a rotating 

plate, where the dipping and rotating are programmed and controlled by the software. The 

program enables the plate rotate clockwise as well as the pole dip vertically to the top 

position of the plate for predesigned time (Figure 3.4 b)). 
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Before the application of dipping robot, the substrate was sonicated for 5 minutes to 

remove the contamination as well as the trapped air bubble inside PDMS stamp microwells. 

Then, the substrates were incubated in 2 mg/ml branched PEI solutions for 15 minutes so 

as to form a positively charged anchoring layer of high charge density, thus assisting and 

facilitating the absorption of the following polyelectrolytes on the hydrophobic surfaces. 

Beakers with the oppositely charged polyelectrolyte solutions as well as the DI water were 

put onto the rotating plate following the order showing in Figure 3.4 c).The applied 

polyelectrolyte solutions were all at the concentration of 2 mg/ml with ionic strength provide 

by NaCl solutions with the concentration varying from 0.5 to 2 M/L depending on the desired 

film thickness. It is noteworthy to address that the charge density of the polyelectrolyte 

chains can be varied by the ionic strength of the polymer solution. The polyelectrolytes 

should reach a minimum charge density threshold to form multilayers, otherwise, the 

absorbed polyelectrolyte monolayer cannot overcompensate and reverse the surface 

charges of the multilayer films. Finally, the growing substrates were attached to the dipping 

pole of the robot and ready for the robotic operations.   

In the robotic dipping steps, the dipping pole was programmed to dip substrates into 

PE solutions for 15 minutes, followed by washing steps by rotating the plate and dipping 

the substrate into DI water for 30 seconds in order to remove the non-electrostatically 

absorbed PE molecules as well as avoid the salt crystals formed between multilayers 

ultimately. After three-time washes in three DI water beakers, the growing substrate was 

then dipped into oppositely charged PE solutions for 15 minutes and followed with three 

times washing steps. The polyelectrolyte bilayer was formed after the cycle of two 

alternating dips in oppositely charged PE solutions and two three-time washes in DI water. 

The program of the robot can automatically control the dipping and washing steps for 

designed numbers of bilayer or cycle and after repeating layer-by-layer multilayer assembly, 

the PEM was successfully formed on the desired growing surface. 

3.2.4. Printing of Polyelectrolyte Multilayer Microchamber Arrays 
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All the polyelectrolytes multilayer films in the experiment are conducted by a 

homemade layer by layer dip-coating robot as shown in Figure 3.4. Besides, the 

polyelectrolyte solutions are all at a concentration of 2 mg/ml with an ionic strength of 1 M/L 

adjusted by NaCl. Generally, in order to produce polyelectrolyte multilayer microchamber 

arrays, a patterns PDMS stamp with surface structures of microwell arrays are used. Prior 

to dip-coating procedures, the PDMS need to be sonicated in water for 5 mins to remove 

the air bubbles trapped inside microwell arrays, and further incubated in PEI solutions 

generating first anchor layers with a high density of positive charges due to the hydrophobic 

surface of the PDMS stamp. After that, the PDMS is set up on the dip-coating machine for 

designed multilayer films absorption. The program of the dip-coating robot is set as arbitrary 

cycles with one cycle that stands for a bilayer absorption. Specifically, one cycle includes 

600 seconds in positively / negatively charged PE solutions followed with 3 times 30 

seconds washes in DI water, and then using the same time and procedures for oppositely 

charged PE solution. The DI water washes were aiming to remove the polyelectrolyte 

molecules that were not electrostatically absorbed as well as avoid the crystallization of salt 

inside the multilayer films upon final drying. 

The process of printing polyelectrolyte multilayer films is schematically shown in Figure 

3.5. When the dip-coating of designed PEM on the PDMS stamp was finished, the formed 

multilayer films would be transferred onto glass slides which were precoated with 19.5 

bilayers of polyelectrolyte multilayers since the charges of polyelectrolyte in the outer layer 

on the glass slide has to be opposite to the ending layer of polyelectrolyte films on PDMS 

stamp. It is noteworthy to point out that the glass slide also initially coated with PEI anchor 

layers like the step coating on the PDMS stamp which is not included in 19.5 bilayers. After 

putting a drop of water on the precoated glass slide, the Patterned PDMS stamp with 

multilayer films were pressed and printed onto the glass slide for 10 hours. Finally, the PEM 

microchamber arrays were achieved after separating the stamp from the glass slide.  
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Figure 3.5 The process of preparing PEM microchamber arrays. 

3.2.5. Preparation of Polyelectrolyte Complex Micropillar Array Films 

Polyelectrolyte complexes (PEC) were simply fabricated by blending two oppositely 

charged polyelectrolyte solution with together into the beaker and mixed by a magnetic 

stirrer (Ika, C-MAG-HS10, Staufen, Germany) at the speed of 800 rpm for 10 minutes. The 

polyelectrolyte solutions were prepared at a concentration of 2 mg/ml and added with 

various concentration of NaCl to adjust the charge density (PAA/PAH PEC has 1M NaCl 

charge density). The PEC was harvested either by collecting with tweezers when the PEC 

was aggregated together or by waiting for it to precipitate and remove the supernatant water, 

then knead kneading the complexes from the beaker and magnet stirrer together. Before 

micro-structuring, the PEC was incubated into aqueous solutions to inhibit dehydration. 

The preparation of PEC micropillar arrays, as schematically demonstrated in Figure 

3.6, was first conducted by preheating a flat glass slide for 3 seconds on a heating plate at 

a temperature of 75°C. After that, the prepared PEC was spread onto the preheated glass 

slide and then pressed by a patterned PDMS stamp on the heating plate at 75°C for 5 

minutes, while the time is variable depending on the amount of PEC employed. It is 

noteworthy to address that this sandwiched structure should be pressed vertically otherwise 

the micropillars might be tilted. After drying, the PEC micropillar arrays are successfully 
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fabricated on the glass slide by detaching it from the patterned PDMS stamp and cooling it 

down to room temperature. 

 

Figure 3.6 The process of preparing PEC micropillar arrays. 

3.2.6. One-dip Method for Preparing PCL/PLA Microchamber Array Films 

First, the PCL polymer solution was prepared by dissolving 0.5g PCL into 49.5 g 

chloroform, resulting in 1 % (weight percentage) solutions. While the PCL-PLA polymer 

solution was obtained by adding 0.3 g PCL and 0.6 g PLA into 74.1 g chloroform to get a 

1:2 weight ratio of PCL and PLA. A glass slide, as well as a patterned PDMS stamp, was 

dipped into the polymer solution for 5 seconds. Following this, thorough drying of the 

polymer solution was conducted by leaving the components in ambient conditions for 5 

minutes. If applicable, loading dyes or drugs into precoated individual microchambers 

occurred at this stage. Afterwards, the PDMS stamp was manually pressed onto a pre-

coated glass slide, which was preheated so as to obtain an elevated degree of adhesion to 

facilitate the printing procedure. Finally, after thorough cooling of the glass slide, the 

microchambers were obtained simply by detaching the stamp from the glass slide carefully 

to guarantee the completion of the film. 

Firstly, dip glass slide into the solution of hydrophobic polymers for five seconds which 

were dissolved in chloroform of designed concentration and wait for the polymer solution 

fully dried on to glass slide for about 3 to 5 minutes. Furthermore, a patterned PDMS stamp 
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was dipped in the solution and went on the same procedure. Finally, print microchambers 

simply by pressing patterned PDMS stamp onto a precoated glass slide for 30 seconds and 

detaching the stamp from the glass slide carefully to guarantee the completion of the film. 

The flow diagram Figure 3.7 shows the procedures. 

 

Figure 3.7 The process of preparing PCL or PLA microchambers. 

 

 

3.2.7. Treatments for Microarray Films 

3.2.7.1. Heat Treatment of Microchamber Arrays 

Microchamber array films made of PCL were fabricated and incubated in an oven to 

maintain the heating temperature for thermal sensing. After designated times, the samples 

were rapidly taken out for diffraction pattern imaging. In addition, in order to acquire the 

optical micrographs of the melting state of PCL microchamber arrays, a water bath was 

used to maintain a constant temperature. 

3.2.7.2. pH Treatment of PEC Micropillar Arrays 

The pH treatment was conducted by full immersion of the PAA/PAH PEC micropillar 

arrays. Before the pH sensing experiment, the PEC films samples have to be triggered into 

the swollen state by submerging the new prepared film into pH 13 solutions for 10 mins. 

After the PEC films enter the swelling state, the prepared film will be detached from the 

glass slide and floating in triggered solutions. The pH sensing is applied by replacing the 
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submerging solutions of different pH values.  The solution was, except stated otherwise 15 

ml in a petri dish, whose pH value was adjusted by HCl and NaOH. Each incubation time 

in each pH solutions was maintained for at least 10 minutes to guarantee the swelling and 

shrinking procedures were balanced and stable (tested by observation in the bright-field 

microscope). Besides, when conducting the next pH value point measurement, the PEC 

micropillar arrays were washed twice with new pH solutions in order to eliminate the effects 

of the former pH solutions. 

3.2.7.3. Ions Treatment of PEC Micropillar Arrays 

PEC micropillar array samples were first exposed to pH 13 solutions to achieve a 

swollen state and detaching these films from the glass slide floating in the solutions, 

followed by washing the sample with DI water three times. After this conditioning treatment, 

the PEC micropillars were immersed in 15 ml calcium chloride solutions for responsiveness 

observation. The optical micrographs were measured after at least 1-hour incubation until 

the microstructure remains stable. Diffraction pattern images are captured at designed time 

points. Moreover, the samples exposed to calcium ions were recovered by adding pH 13 

solutions to remove calcium ions, followed by rinsing with deionised water. After several 

washing steps, the PEC micropillar arrays are restored to the ions-untreated swelling state 

and were ready for another sensing step. 

3.2.8. Generating Fraunhofer Laser Diffraction Patterns 

The Fraunhofer diffraction patterns were acquired on homemade equipment which is 

shown in Figure 3.8. The samples were positioned at a constant height of 364mm above a 

plain surface in a parallel fashion, which was used to facilitate the comparison of patterns 

in each condition. Following this, a 532 nm wavelength green laser light was arranged 

vertically above the microchamber arrays, generating a Fraunhofer diffraction pattern 

beneath. The images were acquired from a constant height to maintain comparability. 
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Furthermore, the optical images were taken in a darkened room to optimise the clarity of 

the generated diffraction patterns. 

 

 

Figure 3.8 The Fraunhofer diffraction pattern imaging equipment. a) General cartoon illustration of the imaging equipment. b) 

The specification of imaging equipment. The distance between the sample and the flat surface is 364 mm. The wavelength of 

laser light is 532 nm. The phone camera is fixed at the same position during all the imaging process. c) Images of acquiring 

diffraction patterns at darkened conditions. 

 

3.3. Instruments 

3.3.1. Scanning Electron Microscopy (SEM) 

Due to the limitation of conventional optical microscopy whose magnification is about 

1000x, the microscope of higher resolution and magnification is highly demanded. 

Therefore, G.E. Palade, M.D. first published their research about electron microscopy in 

1952.349 Scanning electron microscope is one of the electron microscopes that could image 

and analyse the topography, elements, electrical properties and crystal structures of 

different samples by using a focused electron beam to scan the surface of the specimens 

which could achieve high resolution better than 1 nanometre. The images of FEI Inspect F 

SEM are shown in Figure 3.9. 
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Figure 3.9 Images of FEI Inspect F scanning electron microscope. a) microscope general view, b) vacuum chamber with 

specimens fitted, c) sample holder with specimen close-up. 

If the sample is an ultrathin section less than 100 nm thick or a suspension on a grid, 

the electrons can transmit through it without being fully absorbed and a transmission 

electron microscopy (TEM) would be captured. On the other hand, the electrons cannot get 

through the specimen if the sample is thick enough, therefore, SEM images can be taken 

based on the particles emitted from the sample surface, such as electrons, X-rays quanta, 

which are the information used in conventional SEM.350The principle of a conventional 

scanning electron microscopy is shown in the Figure 3.10.351  

          

Figure 3.10 Principle of the scanning electron microscope. (BSE = back scattered electrons, SE = secondary electrons, SC = 

specimen current, EBIC = electron-beam-induced current, X = X-rays, CRT = cathode-ray tube) 351 
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Figure 3.11 Origin and information depth of different electrons. (secondary electrons (SE), backscattered electrons (BSE), 

Auger electrons (AE) and x-ray quanta (X) in the diffusion cloud of electron range R for normal incidence of the primary 

electrons (PE)). 351 

Typically, in an SEM, the incident electrons (primary electron) are usually accelerated 

through a voltage difference between cathode and anode ranging from 0.1 keV to 50 keV. 

Then, the electron beam was focused and minified by electromagnetic condenser lenses 

and probe-forming lenses into a small and narrow probe that would scan across the select 

area of the specimen surface. The electrons interact with the sample surface in a teardrop-

shape volume from which all kinds of particles emerged (Figure 3.11).351 The energy of the 

electron beam, the atomic masses of elements of the sample and the angle that the electron 

beam hits the specimen would have an impact on the volume of the specimen-beam 

interaction area. Higher the incident angle and the energy of the electron beam and lighter 

of the atomic mass, deeper of the specimen-beam interaction area.350 

 

Figure 3.12 Schematic energy spectrum of electrons emitted consisting of secondary electrons (SE) with ESE < 50 eV, low-loss 

electrons (LLE) with energy losses of a few hundreds of eV, backscattered electrons (BSE) with EBSE > 50 eV and peaks of 

Auger electrons (AE)351 
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Secondary electrons (SE) are those being hit out of the atomic orbits of the specimen 

by primary electrons (PE) whose energy is lower than 50 eV (see Figure 3.12). SE give the 

highest resolution of the image and provide mainly topography information since they leave 

the specimen from only the shallow surface layer of several nanometers thick. Besides, 

back scattered electrons (BSE) are those PE that gets close enough to the nuclear and 

emerge back to the surface because of the large angle scattering whose energy is higher 

than 50 eV. The number of BSE is smaller than SE, while the energy is higher. Most 

importantly, they can provide elemental information. In addition, auger electrons (AE) are 

those PE that emitted from the orbits of surface atoms of specimens which could provide 

precious information about the surface chemistry.  Due to the small number of Auger 

electrons, advanced and professional equipment is required to measure the precise energy 

of AE.  

The electron may interact with atoms of the sample in different ways which are 

demonstrated in Figure 3.13350 The interaction between the electron beam and the 

specimen produces secondary electrons (SE), backscattered electrons (BSE), Auger 

electrons (AE), as well as X-rays probably lights, which are captured by a variety of 

detectors in the specimen chamber. The information from each detector would be sent to 

the video amplifier to amplify the signal. Afterwards, with the help of the scan generator, 

the picture is formed on the image tube which could be seen on the computer screen.  
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Figure 3.13 Some atom-high energy electron interactions. The inner electron shells of atoms are labelled according to standard 

notation (the innermost states are K, L etc). The incident particle is arrowed. (a) Low-angle scattering - electrons scattered in 

this way pass to the next layer of atoms with very little loss of energy (b) Back (or high-angle) scattering; (c) Emission of a 

secondary electron and characteristic x-rays; (d) Emission of a secondary electron and an Auger electron.351 

X-ray is produced by atoms when the high energy PE knocks out the electrons of the 

inner orbit of atoms and the electrons of the outer orbit move into the empty position. All 

the electron jumps from higher energy state to lower energy state until the entire system 

remains at lowest energy state, and atoms would emit X-ray to conserve energy because 

of the electron jumps.   

The chemical composition of the specimen can be investigated by analysing the energy 

or calculating the wavelength of the X-ray using either an energy dispersive or a wavelength 

dispersive spectrometer to detect the signals. Energy dispersive x-ray spectroscopy (EDS 

or EDX) is a very common attachment of SEM which could give a rapid qualitative analysis 

of the sample. While an “Electron Microprobe” is an SEM fitted with wavelength dispersive 

x-ray spectrometers as well as analysis software and is dedicated to quantitative chemical 

analysis.352 

If the sample is an ultrathin section less than 100 nm thick or a suspension on a grid, 

the electrons can transmit through it without being fully absorbed and a transmission 
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electron microscopy (TEM) would be captured. On the other hand, the electrons cannot get 

through the specimen if the sample is thick enough, therefore, SEM images can be taken 

based on the particles emitted from the sample surface, such as electrons, X-rays quanta, 

which are the information used in conventional SEM.350 

The requirement of high vacuum in SEM has the weak point that only dried or 

dehydrate specimens could be scanned. Then, S. Vol et al 353 found a new way to 

investigate wet specimens in nearly natural conditions by increasing the local pressure of 

water vapour a few millimetres above the sample named ESEM (environment scanning 

electron microscopy). 

In this work, the scanning electron microscope (SEM, FEI inspect-F, Hillsboro, USA) 

is employed for all the sample morphology observations, including the microchamber array 

films, microcages, inorganic microarray film, loading of cargos and so forth. All the samples 

are coated with a thin layer of gold using a sputter coating system (SC 7620, Quorum, 

Laughton, UK) for 45 seconds at 20 mA. The SEM evaluations were performed at 5 kV with 

a spot size of 3.0. 

3.3.2. Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) 

The focused ion beam technique is first developed by Levi-setti354 from the University 

of Chicago based on field emission technology and also by Orloff and Swanson355 using a 

gas field ionization source in 1975. Later in 1978, Seliger et al.356 from Hughes Research 

Laboratories proposed the first liquid metal ion sources (LMIS) -based FIB system. The first 

application of the FIB technique was in the semiconductor fields that a microstructure was 

milled from integrated circuits (IC) exerting a high current density focused ion beam from a 

liquid metal ions source of gallium.357 The FIB technique has been commercialized for 

decades mainly in the semiconductor industries including quality control, wafer repair, and 

microelectronic failure analysis.358 
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The focused ion beam system performs similarly to the scanning electron microscopy, 

but the electron beams are replaced by the ion beams. A FIB device is basically operated 

by using accelerated heavy ions to hit the target material where the atoms would be 

sputtered. Several requirements of the ion source need to be satisfied so that the efficiency 

of the sputtering process can be guaranteed. One is the momentum transfer at a given 

acceleration voltage should be maximized by using heavy ions. The other is the source of 

the material should have a low melting point and a low vapour pressure.358 Therefore, 

gallium (Ga) is selected as a perfect ion source that meets both requirements with the 

melting temperature at 29.8℃. In the FIB setups, a Ga liquid metal ion source is comprised 

out of a small Ga reservoir which is connected to a tungsten needle. The operation 

procedure starts with heating solid Ga above its melting point, thus liquid Ga would flow 

and wet to the tip of the needle due to the surface tension. After that, a strong electron field 

(108 V / cm) is applied to the tip of the needle leading to the formation of a point source of 

about 2 – 5 nm in diameter and extracts ions from the needle tips with energy up to 30 keV. 

With the continuous heating, liquid Ga would keep flowing to the needle tip and replace the 

extracted ions forming a constant ion current, indicating the formation of an automated 

sputtering process.358 

 

Figure 3.14 Primary ion beams generating secondary electrons and the collision cascade.359 

In practice, the functions of FIB systems can vary with the ion currents. For example, 

when applying low ion beam current, little material would be sputtered on the target surface 
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leaving the surface with secondary ions, neutral atoms or even secondary electrons (Figure 

3.14), collecting which can form images of the targeted area with the accuracy achieving 

5 nm resolution.360,361 At a higher ion beam current, the materials of the targeted area would 

be significantly removed by sputtering, enabling the milling of the specimen with high 

resolution about sub micrometre or even a nano scale. Nowadays, the latest FIB system 

with high resolution can in-situ observe the FIB sectioned specimen without using a 

separate SEM instrument. However, the incident ion beam would damage the surface of 

the specimen, although can be reduced to a certain extent by covering metallic barrier 

layers (e.g. platinum) on the surface followed by cleaning and polishing the surface.362 Thus, 

the SEM is still essential and necessary when imaging specimen with the highest resolution 

and preventing the damage of sensitive and fragile samples. The assembly of FIB and SEM 

columns into the same chamber is therefore needed to benefit the characterization. 

The combination of an ion column with an electron column into one system results in 

an instrument that owns the capability of both FIB and SEM, allowing the same feature to 

be evaluated by either of the beams.358 In combination, the electron beam is used for 

scanning imaging without considering the sputter of the targeted surface and further 

facilitate the ion milling procedure by offering precise material surface information.358 Such 

system named as focused ion beam scanning electron microscopy, also referred to as dual-

beam instrument, are versatile and multifunctional, widely employed not only in the single-

beam FIB system-related applications such as TEM foil preparation, micromachining, metal 

deposition, and orientation contrast imaging, but also in 3D electron backscatter diffraction 

(3D EBSD), 3D cross sectioning, 3D imaging, and 3D EDX analysis as combined systems 

(Figure 3.16), and nowadays is also expanded to the fields of material science, life science, 

geology and so forth. 
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Figure 3.15 The image visualizes applications of a FIB-SEM combined system.358 

In this work, the FIB-SEM (FEI Quanta 3D ESEM) is employed to cross-section the 

PCL and PCL-PLA microchamber arrays in order to confirm the empty structure as well as 

to measure the wall thickness of the microchambers. The working current was 5 

nanoamperes with a working distance of around 10 mm. The specimen was sputtered 

coating with a layer of gold for 60 seconds in dry condition. A platinum protecting layer is 

applied when cutting the microchambers. 

3.3.3. Fluorescence Spectrometer 

A fluorescence spectrometer (also known as fluorimeter) is a kind of device that can 

measure the intensity and wavelength distribution of emission and excitation spectrum after 

the fluorophore molecules have been excited by a certain reference spectrum whose 

quantum yield is already known.363 Besides, when the type of measured compound is 

already known, the concentration of the fluorescent solution can be analysed quantitatively 

in a fast and inexpensive way as well.364 Therefore, the fluorescence spectrometer has 
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generally been equipped as a basic and primary research tool used by scientists from many 

disciplines, such as biochemistry365, medical diagnostics366, genetic analysis367 and so forth. 

In order to know the principle of the fluorescence spectrometer, the theory of 

fluorescence needs to be explained. Generally, when the atoms or molecules of the 

analytes are excited to a higher state and absorb energy, very shortly the atoms will emit 

light which is the luminescence effect. Typically, luminescence is divided into two types, 

fluorescence and phosphorescence based on the nature of the excited state.368 The 

properties of the excited state and their relaxation process is demonstrated by a typical 

Jablonski diagram as presented in Figure 3.16. 

 

Figure 3.16 One form of Jablonski diagram for an organic molecule, illustrating excited state photophysical processes.363 

Fluorescence is generated by the emission light from the excited singlet states where 

the electron in the excited orbital has the opposite spin orientation with the second one in-

ground state orbital. As a result, it is allowed and frequently for the electrons of excited 

orbital to transit to ground state orbital by emitting a photon with the rate of about 108 s-1. 
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Therefore, the lifetime of a typical fluorescence is around 10 ns. Here, the lifetime 

represents the average time between its excitation and return to the ground state. It is 

noteworthy to mention that the emitted photons with the speed of light can travel about 30 

cm within the lifetime of fluorescence. The distance can be shorter with some other 

fluorophores. Besides, compared with absorbed radiation, the emitted light has a longer 

wavelength and lower energy in most situations. 

Phosphorescence is the “glow in the dark” phenomenon that is commonly seen in daily 

lives. It is the emission of light when the substances are excited into a triplet state, where 

the electron in the excited orbital has the same spin orientation as the ground state electron. 

Therefore, the transition from the excited state to the ground state is forbidden, leading to 

slow emission rates (103 to 100 s-1) and long lifetimes of about milliseconds to seconds. 

Here in the function of fluorescence spectrometer, only fluorescence rather than 

phosphorescence is considered. 

Only a fraction number of chemicals have fluorescence and most of which have one 

or more aromatic rings in the molecular structure. These fluorescent chemicals are usually 

employed for labelling the non-fluorescent compounds for further analysis so that the 

application area of fluorescent chemicals can be expanded. Some of the commonly used 

fluorescent compounds are shown in Figure 3.17. 
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Figure 3.17 Chemical structure of typical fluorescent compounds. 

The different fluorescent compound should be selected based on the practical 

experiment since the spectral properties of the selected fluorophores play the key roles in 

getting the available information of the experiment. As mentioned before, most of the 

fluorescence spectrometers are able to measure both excitation and emission spectra of a 

certain fluorescent substance. Figure 3.18 displays a schematic diagram of a fluorescence 

spectrometer. 
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Figure 3.18 Schematic illustration of fluorescence spectrometer.368 

In common fluorescence spectroscopy, a Xenon arc lamp is used as an exciting light 

source, which can generate light of all wavelengths ranging upward from 250 nm with high 

intensity. After that, the exciting light will pass through a dual grating excitation 

monochromator consisted of two gratings, which can decrease the light whose wavelength 

is different from the desired one. The monochromator is movable in order to automatically 

scan the wavelength of all available range. Then, the exciting light with the selected 

wavelength will pass through the sample solution in a cuvette and excites the electrons of 

sample molecules, which can shortly emit fluorescence light as explained before. The 

emitted fluorescence light, which occurs in all directions, is directed towards the detector 
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module and pass through the emission monochromator for decreasing the stray light. 

Finally, the emission light signals are detected by photomultiplier tubes (PMT), calculated 

by the computer and displayed in graphical forms.  

Many advantages facilitate the wide application of fluorescence spectrometer. For 

example, if a chemical compound has fluorescence or is labelled with fluorescent probes, 

it is possible to quantitively measure the amount of these compounds because the 

concentration of the fluorescent substances is directly proportional with the intensity of the 

emission light, which enables the versatile application of fluorescence.369 Besides, 

compared with steady-state measurement, more information can be acquired from the data 

captured with fluorescence spectrometer since the molecular changes in the quantum field 

can be analysed too.368 Moreover, a fluorescence spectrometer can work accurately when 

the concentrations of emitting fluorescence probes are quite low thanks to its spectral 

selectivity.370  

However, it is difficult for a fluorescence spectrometer to perfectly measure the spectral 

properties of the fluorescence substance since many interferences and instrumental 

limitations can inhibit accurate detection. For instance, the weak fluorescence of 

background solutions when being magnified may influence the detection of samples.371 The 

light leaked into sample chambers will also affect the intensity of the fluorophore spectrums. 

Besides, the fluorescent emission light intensities can be affected as well since the 

efficiency of gratings varies with the polarization of incident light.368 All these interferences 

need to be considered and avoided when performing a success of fluorescence 

experiments. Furthermore, since the lifetime of fluorescence is around 10 ns, complicated 

optical modules and electronics are required for the measurement of the time-resolved 

emission. And now, though it is easier to record the short time fluorescence emission due 

to the advances in science and technology, great efforts are still needed for more accurate 

measurements.368 
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In this work, quantitively measurement of fluorescent compounds (5,6-

carboxyfluorescein (CF)) which is enzymatic degraded released from PCL-PLA 

microchamber arrays was performed by a fluorescence spectrometer (Perkin Elmer LS 55, 

Waltham, M.A., USA). In this instrument, a high energy Xenon arc light is used as an 

exciting light source with the width of the grating slit of 10 nm. For measuring the amount 

of released CF dissolved in PBS, the excitation and emission wavelength is 494 nm and 

525 nm. 

3.3.4. Fluorescence Microscopy 

Fluorescence microscopy is an optical microscope that can visualize the fluorescence 

of the specimen under a specific wavelength and generate fluorescent images of designed 

specimen positions. It is one of the most common methods for tracking and studying the 

dynamic behaviours of living cells. The biggest advantage is that different molecules can 

be stained or labelled with fluorescent probes of different colours, which enables the 

observation of multiple types of molecules at the same time when applying selected excited 

lights. Given the above advantages, fluorescence microscopy has become one of the 

crucial and versatile techniques in the field of cell and biology.372 

The fluorescence phenomenon from a quinine solution under sunlight was first 

observed by Sir John Frederick William Herschel in 1845.373 Later in 1852, Sir George 

Gabriel Stokes published a report describing his observation that a blue colour near the 

surface was emitted when illuminated by sunlight which was filtered by a purple-stained-

glass window. Then the emitted light was easily observed through a yellow glass filled with 

wine that blocks purple light.374 This way of observing fluorescence is similar to modern 

fluorescence microscopy, and so does the principles.  

Nowadays, the most common and preferred fluorescent microscope is the 

epifluorescence microscope where the illuminating light and the excited fluorescent light 

pass through the same light path, in other words, the objective used by the illuminating light 
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is used by the excited fluorescent light as well.375 The schematic demonstration of the 

epifluorescence microscope is shown in Figure 3.19. Many reasons facilitate the wide 

application of epifluorescence microscope. First, most of the excitation light will penetrate 

the specimen which makes it easier to split excitation and emission light. In addition, the 

objective is also served as a condenser which avoids the procedure of focusing. Besides, 

the intensity of the fluorescent image increases with the numerical aperture of the objective 

lens. Furthermore, the loss of the fluorescent intensity is reduced since the excited 

fluorescent light does not have to pass through the specimen. Therefore, it is suitable for 

an epifluorescence microscope to observe and detect thick samples such as colonies or 

tissues. 

 

Figure 3.19 Demonstration of Epifluorescence microscope. 

Generally, a light source of Xenon arc or mercury lamp or laser lights is applied to 

provide a relatively continuous light output of broad spectra. The provided light then passes 

through an excitation filter to acquire a designed wavelength of excitation illuminating light. 

After being reflected by a dichroic mirror and passing through an objective, the selected 

illuminating light will excite the specimen and enable the emit of emission fluorescent light 

of a longer wavelength as explained in 3.3.3. Here, one of the most essential parts of an 
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epifluorescence microscope is the dichroic mirror which can reflect light shorter than a 

certain wavelength but transmit longer wavelength light.376 Therefore, the generated 

fluorescent light of a longer wavelength can pass through the dichroic mirror. After that, the 

emitted light will be filtered by an emission filter to guarantee that only the emitted 

fluorescent light of the selected wavelength can get through the ocular and be received by 

the detector. Finally, the detected fluorescent light can be used to plot fluorescent images 

with the help of computer software. It is noteworthy to mention that the emission filter can 

be designed to transmit the emitted light of multiple wavelengths when the specimen is 

labelled with multiple fluorophores. 

However, the shortcomings of fluorescence microscopy should be considered 

comprehensively as well for better application in various fields. First, as mentioned before, 

any structure that can be stained or labelled with fluorescence can be visualized by a 

fluorescence microscope. Thus, on the contrary, unlike some traditional transmitted or 

reflected light microscope, the fluorescence microscope cannot observe the structure 

without fluorescent probes. Besides, the phenomenon of photobleaching that fluorophores 

show a time-dependent decrease and finally lose the fluorescent signal permanently inhibit 

the detection of a fluorescent microscope. Though theoretically, the fluorophores can cycle 

between the ground state and excited state unlimited times, the working conditions of 

fluorophores such as chemical damage can put limitations on the cycle times.372 This can 

sometimes be minimized by decreasing the excitation light intensity. And gentle stirring of 

the sample can also minimize photobleaching since the bleached solution can be replaced 

by the fresh one. Moreover, the high energy light of short wavelength owns the potential to 

damage the living tissues and cells.368 And some fluorescent probes can also generate 

reactive chemical compounds when being illuminated which will contribute to the phototoxic 

effect as well. 
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In this work, an epifluorescence microscope (Leica DMI4000B camera: LEICA DFC300 

FX CCD, Germany) is used which has bright field (BF) mode, phase contrast (PH) mode 

and fluorescent mode with DAPI, FITC, TRITC, Texas Red and Y5 filters. Besides, the 

device is optimized for observing and imaging cell and tissue samples (<20 μm thickness). 

It was used for capturing ordinary optical images of microchamber, micropillar arrays and 

microcages under different conditions. Further, the fluorescent images of microchamber 

arrays were acquired by this microscope for confirming the encapsulation as well as the 

enzymatic release of fluorescent dyes 5,6-CF. 

3.3.5. Confocal Laser Scanning Microscopy (CLSM) 

A Confocal Laser Scanning Microscopy (CLSM) is one of the optical imaging methods 

that can improve micrograph contrast compared with a conventional microscope which 

would otherwise create blurred images of a specimen. This is achieved by excluding most 

of the out-of-focus light from the specimen in imaging formation.377 A laser beam would be 

used for scanning as the light source in the CLSM situation. 

The principle of confocal imaging methods was pioneered by Marvin Minsky in 1955378 

aiming to overcome the limitations of traditional wide-field fluorescence microscopy that the 

entire specimen is flooded evenly in light from a light source. Two crucial elements are 

supporting this idea. The first element is the point-to-point illumination of the specimen. The 

confocal images are captured by scanning a point of light sequentially across the specimen 

and receive the returning light. Since there is only one point of light illuminating, the 

specimen will not return the light at the same time, by this, avoiding the unwanted scattered 

light. The rejection of out-of-focus light is the second important element. The received light 

will pass through a second pinhole aperture (The first aperture is the one that generates 

the light point) which will block out the return light that is not from the focal point. After that, 

the passing light is collected, multiplied and finally reconstructed on a long-persistence 

screen.379 Since the focal plane and the pinhole plane are conjugated planes and the 
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focused point of the objected lens and the pinhole is conjugated points, the method is 

named “confocal”.  A schematic diagram of the confocal microscopy principle is shown in 

Figure 3.20. 

 

Figure 3.20 Schematic diagram of confocal microscopy principles.380  

As demonstrated in Figure 3.20, the blue light indicates the illuminated point-light to 

the specimen which pass through an excitation filter and reflected on a dichroic beam 

splitter, finally focused on the specimen surface by the objective lens. The orange light 

represents the returning light from a sample section in focus which will pass through the 

pinhole and be detected. The dichroic beam splitter can reflect light shorter than a certain 

wavelength but transmit longer wavelength light. After that, the orange light can be the 

exciting light if the sample is a fluorescent substance or scattered/reflected light based on 

the imaging mode. While the out-of-focus light (red and green) will be rejected since the 

photons of these rays are blocked out. As a result, the acquired image has fewer noises 

and higher contract. The passed light will be collected by a photomultiplier tube (PMT) and 

constructed into graphs with the help of the computer. Further sequentially scanning the 

whole specimen surface by moving the sample or the point-light can get a complete image 

of the focused plane.  

The captured image is in two-dimensional (2D) which represents a thin cross-section 

of the specimen. Therefore, apart from allowing better resolution of sample details, the 



 

111 
 

three-dimensional (3D) reconstructions of a volume of the specimen can be achieved by 

means of taking a series of 2D micrographs at different focal depth alone the vertical axis.381 

This 3D imaging nature of CLSM enables it to be widely applied biomedical research, e.g. 

cell biology382 and living tissues383 observation. Usually, fluorescent substances or probes 

are labelled to facilitate the specimen visualizations and labels of multicolours384 could help 

the researcher to distinguish different selected parts. 

However, CLSM, as with every instrument, also owns defects that limit its broad 

applications and compromises are required to optimize performance385. One of the most 

obvious shortcomings is that since the pinhole aperture plane can reject out-of-focus 

photons, the detected signal intensity of captured image will strongly depend on the size of 

the pinhole.386 If the pinhole size is reduced, the signal-to-noise ratio of the images would 

decrease as well due to the fewer photons received by PMT. Therefore, in order to improve 

the contrast and accuracy, the number of photons that reaches the PMT need to be 

increased. Practically, this is achieved by capturing and averaging many frames though the 

imaging frame rate is slowed down.387 Another way is to increase the incident light intensity, 

or the intensity of the fluorescent signal e.g. increase fluorescence. But this only effective 

to a certain degree, since the high-intensity light can damage the specimen and fluorescent 

substances388 and concentrated dye molecules can quench each other389. Therefore, the 

selection of intensity, fluorescent labels and other practical situations need to be 

comprehensively considered when using CLSM for imaging. 

In this work, the CLSM images were captured by Leica TS confocal scanning system 

(Leica, Heidelberg, Germany). Polyelectrolyte PAH is labelled with RITC for measuring the 

height of micropillar arrays with CLSM. In addition, microchamber array films that loaded 

with model drug CF were also observed with CLSM for confirming the encapsulation of the 

drug. Moreover, the PLA shell of fabricated microcages was labelled with Nile red for 

confirming the encapsulation of model drugs as well. 
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3.3.6. Differentiated Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermal analytical technique that can 

provide qualitative and quantitative information as a function of time and temperature 

regarding transitions in materials that involves endothermic or exothermic processes, or 

changes in heat capacity. Owning to the merits of simple preparation and efficient analysis 

process of both solids and liquids samples over a wide temperature range, DSC has been 

widely applied for the measurement of various materials ranging from polymers, 

pharmaceuticals, foods and inorganics.390 

Generally, the sample and reference crucibles are placed in two thermally insulated 

chambers in the same furnace, where the temperature is controlled by the designed 

program to maintain the temperature of both the sample and reference always presents the 

same and increases linearly as the function of time. The underlying principle of DSC is that 

when physical transformation merges, the sample would experience an endothermic or 

exothermic process so that for maintaining the same temperature between the sample and 

reference, more or less heat is required to flow to the sample. By recording the difference 

of heat flow to the sample and reference, the amount of heat absorbed or released from 

the sample during the transition as the function of time and temperature is recorded by the 

program, which would result in a curve of heat flux versus temperature or versus time. The 

positive and negative peaks on the curve represent the properties of the sample transitions. 

Some of the typical transitions that can be analyzed with DSC including crystallization, glass 

transition, chemical reaction, melting, phase transition and so forth. 

In this work, a differentiated scanning calorimeter (DSC 25, TS instrument, New Castle, 

UK) was used to measure the melting point of PLA, PCL and their polymer blends. 
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3.3.7. UV-vis Spectroscopy (UV-vis) 

Ultraviolet-visible spectroscopy (UV-vis) is one of the most common a non-invasive 

quantitative measurement frequently employed in analytical chemistry, which can examine 

the absorption and reflection of electromagnetic radiation ranging from ultraviolet to visible 

spectra region. Based on wavelengths, the ultraviolet (UV) region are divided into UVC (180 

- 280 nm), UVB (280 - 320 nm) and UVA (320 -400 nm) while the visible (vis) region covers 

the 400 – 800 nm spectral range.391 The spectroscopy in the above UV-vis region involves 

the observation of the excitation of outermost electrons of the atoms, in other words, the 

spectroscopy of the electron states.392 

 

Figure 3.21 Different transitions between various electronic states in UV-Vis spectroscopy. 

Basically, the excitation of an electron is induced when the frequency of the incident 

electromagnetic wave matches the energy difference between two electronic states of the 

atoms. Though the difference in two states energy varies with the electronic structure of the 

molecule type and the surrounding environment,392 the electronic states are generally 

classified as single bond (σ), multiple bonding (π) as well as lone pairs (n) as shown in 

Figure 3.21. After the photon absorption, electrons on binding orbitals (σ and π electrons) 

and nonbinding orbitals (n-electrons) of the molecules would be excited to higher anti-
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bonding orbitals as σ* and π* electrons, thus, four possible types of electron transitions 

may emerge: σ-σ*, π-π*, n-π*, n-σ*. However, the most intensive absorption range of 200 

– 700 nm is contributed by n and π electrons to π* transition.392 As a result, for experimental 

convenience, it is more recommended to measure samples with unsaturated groups, which 

can provide π electrons. 

 

Figure 3.22 Optical illustration a typical of double-beam UV-vis instrument.393 

The optical illustration of a typical double-beam UV-vis spectrometer is shown in Figure 

3.22. Generally, electromagnetic radiation is provided by two different light sources, one is 

a tungsten-halogen lamp for generating light in the visible range with the advantages of 

long life and more energy, while the other one is a deuterium lamp for producing continuing, 

convenient and high-energy light in UV region with long life expectancy.393 The light beams 

are reflected from a mirror and hit a monochromator which can eliminate all but one required 

wavelength (as close to one wavelength as possible) with the assistance of a dispersing 

device (diffraction grating here) so that a parallel and highly monochromatic light is 

successfully produced and passed through the exit slit. The monochromatic lights are then 

hit the split-beam optics where lights are separated into two beams: one for sample 

measurement, the other is applied as the reference beam. It is noteworthy to address that 

modern beam-splitter has significant improvements in energy level that only 8% of the 
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incident lights are reflected for referencing, enabling high energy and excellent resolving 

capabilities.393 After splitting, one test beam would pass through a transparent cuvette with 

test samples while the other reference beam passes through the reference cuvette. In the 

end, the above two light beams would hit the recombiner and fall on the detector. The 

generated signals are proportionally amplified by a photomultiplier tube for comparing the 

intensity differences between sample and reference channels.393 

Since the absorption intensity of the samples has a correlation with its concentration, 

the amount of sample chemical in solutions can be calculated based on the calibration data, 

which is captured by measuring a series of standard chemical solutions with known 

concentrations. In this work, a UV-Vis spectrophotometer (LAMBDA 950, Perkin Elmer, 

M.A., USA) was employed for measuring the amount of drug encapsulated in PLA 

microcages after dissolving the microcages in chloroform solvent.  
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4. Microarray Films for Real-time Sensing via Diffraction Patterns  

4.1. Introduction 

Stimuli-responsive polymers reacting to the chemical and physical changes of the 

surrounding environment such as pH value, chemical ions, media, temperature etc. have 

attracted significant attention over the years as smart materials in the field of drug delivery,53 

biochemical,54 and sensing55,56 areas. These environmental changes in nature usually 

cannot be visualized and perceived, therefore sensors are employed to convert external 

chemical or physical stimuli into testable signals or changes of sensing material itself.57 

Thus, stimuli-responsive polymers become one of the best candidates for sensing 

applications.58 Besides, laser light, as a kind of precisely collimated, coherent and 

monochromatic electromagnetic wave invented in 1958,394 has been widely applied in many 

fields especially in the sensing area.395 Typically, diffraction of laser light has been 

extensively used to magnify minor differences, thus enhance the sensitivity and accuracy 

of sensors.10 However, though numerous diffraction-based sensors have been proposed to 

measure refractive-index changes,11,12 particle parameters,13 and identify chemical 

compounds,14,15 viruses,16 etc., there are limited diffraction-based sensors for detecting 

thermal, ionic or pH changes. 

Traditional sensors such as pH meter or mercury thermometer have already enabled 

common people to detect and measure normal physiochemical changes, but these 

traditional sensors can only be used in limited range and conditions.17,18 Therefore, many 

other cutting-edge sensors were proposed, which have broadened the application area of 

sensors.396 For instance, a high sensitivity optical sensor is proposed for sensing organic 

vapour via polymeric swelling-induced variation of fluorescent intensity.397,398 A pH-

sensitive copolymer is used in conjunction with a magnetoelastic ribbon to remotely sense 

the surrounding pH.399 Many cutting edge sensors however measure the signals via specific 

equipment, which are either used by specialized companies and universities only, or the 
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high cost and non-portability (due to large optical readout systems) limit the applications of 

those sensors.19,20 For example, large equipment systems based on microscopic sensing 

units, like microscope-based temperature sensors able to determine the temperature of 

small areas require extensive data analysis, size and costs which severely limit the range 

of applications.400 An inexpensive and portable sensing platform to expand the sensing 

ability as well as the application area of traditional sensors is therefore needed. 

Aiming at improving the efficiency and the reduction of cost to observe and visualize 

chemical and physical environmental changes, this chapter focus on presenting an 

inexpensive, convenient and portable multi-sensing platform to detect these variations in 

macroscopic and microscopic environments. Here, stimuli-responsive polymers including 

polyelectrolytes or biodegradable polymers are fabricated into microarray thin films that 

cause upon illumination of monochromatic laser light regular scattering patterns, which can 

be detected in far-field by the naked eye. The introduction and combination of microarray 

structures and diffraction patterns provide a novel angle and dimension to well-known 

stimuli-responsive polymers that expand their ways to sense and visualize the surrounding 

for the naked eye invisible parameters. The stimuli-responsiveness can change the feature-

length of the microarray structures and therefore the scattering patterns or in extreme cases 

complete loss of diffraction properties. This allows for novel future applications in the field 

of sensing, including local changes around the sensor units which are real-time detected 

based on laser diffraction effects. The utilized polymeric films significantly change their 

microstructure upon changes in surrounding media, pH, temperature as well as the 

presence of metal ions. 

4.2. Sensing of Different Environmental Stimuli 

A microarray film that is able to change its microscopic structure must respond to an 

external stimulus, which is translated into either swelling or shrinking of its microstructure 

and even the loss of microstructures. The fundamental principles of swelling, shrinking, and 
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the loss of microstructures based on external stimuli are demonstrated by the sensing of 

several different external stimuli in this subchapter. 

4.2.1. Media Sensing 

One possible stimulus to cause the films to change their microstructures is hydration-

based swelling. This stimulus can be induced by changes in surrounding media which are 

important for determining the flood of buildings or raising water levels in dams. Also, liquid 

filling levels in tanks are potential applications for this kind of sensor which are also called 

environmental sensors or liquid level sensors.401 Such sensors can be read out in the far-

field via light scattering. Here, one of the most widely applied polyelectrolyte couples, poly 

(acrylic acid) (PAA) and poly (allylamine hydrochloride) (PAH) as oppositely charged weak 

polyelectrolytes interacting by electrostatic force, were selected to fabricate PEC. This PEC 

was then further engineered into periodical repeating microstructures named micropillar 

arrays.402 When the PAA/PAH PEC micropillar arrays are illuminated by laser light, a 

diffraction pattern emerges, due to the light diffraction effect. Any external stimuli that affect 

the randomly distributed competition between attractive and repulsive interactions of 

polymer chains give rise to the swelling and shrinking behaviours of PEC.403 In the 

presented system weak polyelectrolyte complexes, which are highly hydrophilic and swell 

in contact with water, increase the distance between micropillars, as well as the micropillar 

diameter. This diameter and micropillar distance changes are causing a convergence of 

scattering peaks, as demonstrated in the scattering pattern difference between ambient 

conditions (Figure 4.1 a) and pH 13 (Figure 4.1 b) as well as pH 7 (Figure 4.1 c). SEM 

micrographs of these PEC changes can be observed in Figure 4.2. 

4.2.2. pH Sensing 

Another example of inducing swelling-shrinking effects in ionic materials is to induce 

changes in the material’s internal charge density. This can be induced by changing the pH 

surrounding the sensor if it is submerged in aquatic media. These properties are useful for 
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real-time and far-field based sensing applications of pH values in environmental 

sciences,404 food industry,405 biology406 and related applications. For decades, the stimuli-

responsive behaviour of weak polyelectrolytes (PEs) has caused extensive interests in the 

area of microsensors407–409 for uses as e.g. pH sensors.410 Weak PEs, as one of the most 

essential stimuli-responsive polymers, can react to pH changes since the protonation and 

deprotonation (and thereby the charge density) of monomeric groups can be influenced by 

pH changes.411 For these reasons this kind of polyelectrolytes were fabricated into stimuli-

responsive polyelectrolyte multilayer (PEM) films23 as well as capsules412 via Layer-by-layer 

self-assembly techniques.40 A bulk polyelectrolyte complex (PEC) can be synthesized by 

pouring two solutions402,413 containing oppositely charged polyelectrolytes together. This 

causes aggregation of polycations and polyanions due to electrostatic interactions, 

hydrogen bonds, the entropic release of water molecules and hydrophobic effects.22,138 

4.2.2.1. pH Sensing via PEC Micropillar Arrays 

In the case of weak polyelectrolyte complex systems, the repulsive force between 

ionised charged groups of the same weak polyelectrolytes can be adjusted by pH values.414 

Any variation of pH values in both acidic and alkaline environment contributes therefore 

directly to the swelling or shrinking of the PEC microstructure, resulting directly in the 

changes of laser diffraction patterns. Generally, after preparing PAA/PAH PEC micropillar 

arrays, the sample was exposed to solutions with a pH value lower than pH 3 or higher than 

pH 11 in order to shield charges of one type of polyelectrolyte. This causes the PEC to 

enter a swollen state and enable carboxylic groups or amine groups to be ionised faster 

compared to a shrunken PEC state. In this experiment, PEC film enters a fully swollen state 

after 45 minutes of conditioning time in pH 12, or alternatively 10 minutes of conditioning 

time in pH 13 solution. The treatment pH values only affect the time it takes for the 

structured PEC film to enter the swollen state and is not influencing the sensing behaviour 

of PEC films as shown in Figure 4.3. The pre-conditioned PAA/PAH PEC micropillar arrays 
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were then exposed to solutions of different pH values resulting in swelling or shrinking 

behaviour, as Figure 4.1 and Figure 4.2 shows.  

 

Figure 4.1 Diffraction patterns (a-d), optical micrographs (e-h) of PAA/PAH PEC micropillar arrays as a function of immersion 

media and solution pH. (a, e) micropillar arrays in ambient condition, (b, f) micropillar arrays in pH 13 solution, (c, g) micropillar 

arrays in pH 7 solution swollen state, (d, h) micropillar arrays in pH 1 solution. a pH treatment cycle of PAA/PAH PEC 

micropillar arrays; i) real space values for distance between chambers; Red curve refers to the responsiveness of the sample 

from pH 13 to pH 1 while the black curve represents the swelling/shrinking behaviours from pH 1 to pH 13. The immersion time 

of each pH value is 10 minutes at room temperature. j) reversibility of PAA/PAH micropillars of pH sensing. The immersion time 

of each pH value is 10 minutes at room temperature. Dry film thickness is around 60 μm. 

Figure 4.1 a, e) displays the structure and diffraction patterns of PAA/PAH PEC 

micropillar arrays as prepared without any pH treatment in the air. Optical micrographs in 

Figure 4.1 allow confirming the integrity of the micropillar array morphology after exposure 

to different pH values. Photographs of laser diffraction patterns were acquired while the 

samples were still incubated in aqueous conditions. SEM micrographs of each condition 

can be found in Figure 4.2, however, SEM micrographs are in a shrunken state with acid 
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partly evaporated, due to vacuum conditions, thus causing the difference between the SEM 

and optical micrographs in Figure 4.1 and Figure 4.2.  

  

Figure 4.2 SEM images of PAA/PAH PEC micropillar arrays under different conditions. a) Ambient micropillar array structures 

before pH treatment. b) Micropillar array structures after treated with pH 13. c) Micropillar array structures of pH 7 after treated 

from b). d) Micropillar array structures after treated with pH 1. e) Ambient micropillar array structures before entering the 

swelling state. f) Micropillar array structures in swelling state at pH 7 before ions treatment. g) Micropillar array structures in 

swelling state after Ca ions treatment. h) Micropillar array structures in swelling state after removing Ca ions and back to pH 7.  

 

Figure 4.3 pH sensing behaviours of PAA/PAH PEC micropillar films triggered at different pH values. a) PEC films fully enter a 

swelling state after being treated at pH 13 for 10 minutes. b) PEC films fully enter a swelling state after being treated at pH 12 

for 45 minutes. 

As can be seen in optical micrographs, the PEC in ambient conditions owned a 

perfectly periodic structure, and the corresponding laser diffraction patterns were also clear 

and periodical with each diffraction order clearly distinguishable (Figure 4.1 a, e)). In order 

to apply PAA/PAH PEC micropillar array films to sensing pH, the sample has to be 
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submerged in pH 13 solution for 10 mins so that the micropillar arrays entered a swollen 

state, resulting in the whole polymer film being swollen, which then detached from the glass 

slide and floated in the pH solution. All the pH sensing treatments are based on the swollen 

and floating PEC micropillar array film by changing the pH value of the solutions. In the 

general diffraction equations, the distances between maxima of the laser diffraction 

patterns are inversely proportional to the period of physical structural size. Therefore, the 

laser diffraction pattern of PAA/PAH PEC micropillar arrays at pH 13 shows a decreased 

distance between the intensity maxima, as shown in Figure 4.1 b, f). Moreover, a similar 

phenomenon was detected by the micropillar arrays in pH 1 as well, as demonstrated in 

Figure 4.1 d, h), in which the distance between micropillars increased as well and the laser 

diffraction pattern shrank, but to a different extent. It is worthy of note that the mechanisms 

of swelling in pH 1 and pH 13 differ due to hydration, and dehydration of oppositely charged 

ionic groups. 

The functional groups of PAA and PAH are at pH 7 only weakly ionised. This effect 

along with a strong hydrophilic character of the chains causes high hydration and therefore 

from pH 13 to pH 7, significant swelling of the pillars is observed as presented in Figure 4.1 

c, g). In acidic conditions above pH 3, the pillars are compared to the state in pH 13 still 

swollen which is mainly attributed to the electrostatic repulsion forces of protonated 

ammonium groups of PAH.415 The shielding of negatively charged PAA groups below pH 3 

increases the hydrophobic effect which leads to shrinking of the micropillars (Figure 4.1 i)).  

A complete pH cycle curve of diffraction patterns is gained by immersing PAA/PAH 

PEC micropillar arrays for each pH value from pH 13 to pH 1 and back to pH 13 (Figure 4.1 

i)). It is worth noting that the swelling and shrinking behaviours of PAA/PAH micropillars are 

reversible, and the pH treatment cycle can be reproducibly repeated multiple times being 

detected from the same prepared PAA/PAH PEC micropillar arrays sheet (Figure 4.1 j)). 
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Detection of a stable scattering angle was possible within 10 minutes of exposure time in 

each respective pH solution. 

Changes in pH from alkaline (pH 13) to acidic conditions cause the PEC micropillar 

arrays to swell to a larger size (Figure 4.1 i)). This swelling results from a balance between 

electrostatic forces and hydrogen bonding.416 As the pH value decreases, the degree of 

charged monomer groups in PAH increases.417 Therefore, the electrostatic force is the 

dominating interaction in this pH range. Based on titration curves of PAA/PAH 

complexes,418 the protonation degree of PAA/PAH complexes stays nearly constant from 

pH 10 to pH 4. Consequently, the PAA/PAH PEC micropillar arrays remain in this pH range 

without significant size changes. Upon further decreasing the pH value from pH 4 to pH 1, 

the PEC micropillar arrays gradually perform a shrinking behaviour. This refers to the 

increase of the protonation degree of PAA and PAH that leads to the increase of hydrogen 

bonding, a decrease of PAA charge and an increase in hydrophobic effects. 

pH-responsive behaviours of PAA/PAH PEC micropillar arrays exposed to a pH 

change from acidic to alkaline environment display a significantly different behaviour 

proving a hysteretic effect (Figure 4.1 i)). With the increase of pH values from pH 1 to pH 2, 

PAA/PAH PEC micropillar arrays were swelling as expectedly the hydrogen bonding and 

hydrophobic effect was weakened.419 When pH 3 was reached, the micropillar arrays 

gradually shrunk within 5 minutes into a collapsed state with the size almost the same as 

the untreated samples in ambient condition. With further increase of the pH value, the 

collapsed PECs microstructure remained unchanged. Only when the pH value was raised 

above pH 11, the micropillar arrays re-entered the swollen state due to full deprotonation 

of the PAH groups. Finally, the PAA/PAH micropillar arrays shrank, as expected, from pH 

12 to pH 13, which was the same size as started from pH 13 to pH 1. This phenomenon 

can be repeated many times on identically prepared samples. 
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This hysteretic effect is intimately associated with the limitation of the number of 

hydrophobic interactions of PAH, which is influenced by the ionisation degree changes of 

PAH driven by pH.420,421 Additionally, the electrostatic interactions between PAA and PAH 

are not negligible as well. Therefore, the differences between polyelectrolyte complex 

structure in acidic and alkaline condition need to be compared.  

In an acidic environment like pH 1 and pH 2, the swelling is dominated by the repulsion 

of highly ionised PAH polymer chains422. Therefore, PAH cannot form hydrophobic regions 

at this state because of the repulsion between ammonium groups.422 When the ionization 

and charge density of dominant PAH chains decreases, driven by the increase of pH value, 

the PAH chains established a hydrophobic region avoiding pH solutions get inside due to 

the hydrophobic interactions as well as the weakening of repulsive force, leading to the 

shrinkage of the PAA/PAH PEC micropillar arrays. This domination of hydrophobic effects 

is not eliminated until pH is increased above 11 at which most of the carboxylic groups are 

ionized into carboxylate group whose repulsion interactions are strong enough to overcome 

the minima energy barriers of hydrophobic regions.423 

   However, in the basic environment of pH 12 to 13, the swollen state is mainly 

contributed by the repulsive interactions between hydrophilic carboxylate groups of PAA 

with extended conformations.422 Therefore, when the pH value is decreased, though the 

electrostatic force caused by the carboxylate group were slightly weakened, the 

hydrophobic region of PAH chains still cannot form because of the frustrate effects of 

dominant PAA segments.422 As a consequence, the complexes cannot establish a perfect 

microstructure with minimised interaction energy, so instead, they formed locally minimised 

structures with barriers between them423,424. Therefore, when the pH value decreased from 

pH 10 to pH 4, both PAH and PAA were ionised, resulting in the highly swollen state of 

micropillar arrays. 
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The utilised PEC is interesting when only a pH range between 1 and 7 is used showing 

no hysteresis, upon exposure again to lower pH than 7. The same is true for pH changes 

between 13 and 7 and back to 13. Only when pH changes were surpassing the neutral 

range, a hysteresis effect was observed. This property makes the utilised PEC ideal for 

investigating pH changes in a small but defined range, like for bio-analytical and 

biotechnological applications, where enzymes like pepsin operate in a small pH window (±1 

pH unit) in defined conditions are performing defined actions.425 This reversible swelling 

shrinking effect in defined ranges is demonstrated in Figure 4.1. 

4.2.2.2. pH Sensing via PEM Microchamber Arrays 

PAA and PAH are applied to form polyelectrolyte multilayer films via layer-by-layer 

techniques which are further transferred and printed into PEM microchamber array films 

following the fabrication methods in 3.2.3. Generally, the sealing layer of PEM coated on a 

flat glass slide is 20 bilayers with the first PEI anchor layer and the ending layer whose 

charges are opposite to the last layer on the PDMS stamp. While the number of bilayers 

coated on the PDMS stamp is adjustable which determines the wall thickness of the 

microchambers. In order to get an optimal layer thickness of PEM microchamber arrays, 

different numbers of bilayers were coated on PDMS stamp and further transferred and 

sealed with a precoated glass slide to form PEM microchamber arrays, whose morphology 

was evaluated with SEM with results shown in Figure 4.7. 
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Figure 4.4 The SEM images of PAA/PAH PEM microchambers of different bilayers.  a) 15 bilayers of PAA/PAH, b) 20 bilayers 

of PAA/PAH, c) 25 bilayers of PAA/PAH, d) 30 bilayers of PAA/PAH coated on PDMS stamp 

The PEM microchamber array films of different bilayers showed the extinct difference. 

The microchambers of 15 bilayers of PAA and PAH (Figure 4.7 a)) showed a flattened array 

structure since the walls were so thin and weak that cannot support the formation of the 

microchamber or even pillar structure. When the number of bilayers increased to 20 bilayers, 

as shown in Figure 4.7 b), a microchamber-like structure was almost built but caps were 

not well-sealed. Complete and well-sealed microchamber arrays were prepared when the 

number of bilayers of PAA and PAH reached 25 which can be found in Figure 4.7 c). Further 

increasing the bilayer numbers to 30 (Figure 4.7 d)) can result in thicker and more complete 

microchamber arrays. However, with the increase of the film thickness, the surface of the 

multilayer become rougher which would increase the energy of reflected and scattered light 

and decrease the transmission and diffracted light energy, resulting in less readable 

diffraction patterns. Besides, the fabrication time was significantly prolonged with more 
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assembled layers. Thus, the number of PAA/PAH bilayers for fabricating PEM 

microchamber array films was selected as 25 in the following experiment. 

 

Figure 4.5 The SEM images of the cross-section of PAA/PAH PEM microchambers. 

The film thickness of PAA/PAH polyelectrolyte multilayer film was measured using 

SEM, with the result shown in Figure 4.5. For (PAA/PAH)30 PEM microchamber array film 

transferred on (PAA/PAH)20 PEM flat film has the film thickness of 1.575 μm as well as 2.15 

μm microchamber height, therefore, the overall thickness of the microchamber array films 

around 3.725 μm. It is calculated that a bilayer of PAA/PAH was 31.5 nm, thus 15.75 nm 

for each polyelectrolyte layer in average. 

Both PAA and PAH are weak polyelectrolytes whose ionization would vary with the pH 

values of the surrounding environment and further influence the interactions between the 

oppositely charged polyelectrolyte pairs. Figure 4.6 demonstrated the morphology of 

prepared PAA/PAH PEM microchamber array films of 25 bilayers after treated with 

solutions of different pH values by putting a drop of pH solutions on the sample corner. 
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Figure 4.6 The SEM images of PAA/PAH 25 bilayers PEM microchamber array film treated at different pH values. 

Significant changes emerged when comparing the morphology of PEM microchamber 

array films before and after the pH treatment. For the sample treated with a solution of pH 

1 and pH 13, the PEM was thoroughly dissolved after the pH treatment due to the strong 

ionic strength, leaving a clear and distinct border. While pH 2, pH 3 and pH 12, the 

multilayers still exist, but the microchamber array structures were disappear resulting in the 

disappearance of the laser diffraction patterns. 

 

4.2.3. Ions Sensing 

Another potential stimulus to induce structural changes in micropillar arrays is the 

interaction of the material to ionic species. Polyacrylic acid (PAA), as a weak anionic 

polyelectrolyte with numerous carboxylic groups along the molecular chains, can interact 

with a variety of divalent metal ions.426 Here, calcium ions were selected as model ions to 

observe ion responsiveness behaviours since they play crucial roles in ecosystems427 and 

the human corpus.428 Previous studies demonstrated that calcium ions can efficiently 
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destroy polyelectrolyte networks by simultaneously chelating with the carboxylic group 

through an intra/inter-chain O-Ca-O linkage429,430 resulting in crosslinking of PAA chains.431  

 

Figure 4.7 Diffraction patterns and optical micrographs of PAA/PAH PEC micropillar arrays before, during and after the 

exposure to calcium ions. (a, e) Ambient conditions. (b, f) PEC exposed to aqueous conditions. (c, g) PEC exposed to calcium 

ions. (d, h) PEC after removal of calcium ions. i) The distance between micropillars under different calcium ion concentrations. 

j) Reversibility of PAA/PAH micropillar arrays of calcium ions sensing at the concentration of 0.01 mol/L.   

As a result, not only the polyelectrolyte complex structure does shrink, but also the 

distance between individual micropillars can decrease because of the shrinkage of the 

whole PEC film including the area between the micropillars (Figure 4.7). Since the 

diffraction equation is inversely proportional to distance, the changes in the structure can 

be detected by diffraction patterns (Figure 2) and be visualized by naked eyes. 
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Optical micrographs are applied to visualize the structure of micropillar arrays in a wet 

state, which shows a different periodicity compared to SEM images (Figure 4.2), due to the 

hydration induced swelling of PEC. Moreover, the periodical structure variations of PEC 

micropillar arrays are accurately and real-time reflected by diffraction patterns in each state. 

By comparing the pattern before and after calcium exposure, the presence of calcium ions 

can be easily determined.  

Before sensing Calcium ions, the ambient PAA/PAH PEC micropillar film (Figure 4.7 

a, e)) had to be triggered and enter the swollen state where PEC films detach from the 

glass slide and float in solutions. After adjusting the solution pH value to 7, the floating PEC 

film was ready for calcium solution treatment (Figure 4.7 b, f)). A noticeable decrease in 

microstructure diameter took place when the swollen PEC micropillar arrays were 

incubated in calcium solutions as shown in Figure 4.7 c, g). From the optical micrographs, 

it is evident, that the distance between individual micropillars was additionally shortened, 

indicating a significant shrinkage of the whole PEC micropillar structure, due to the chelation 

of calcium ions with carboxylate groups of PAA as explained before.  

Moreover, it is necessary to state that the PEC micropillar arrays were incubated in an 

excessive amount of calcium ions, while the number of carboxylate groups of PAA is 

constant. Therefore, the PEC micropillar arrays will shrink to the same degree where all the 

Ca-O binding positions are fully occupied. However, the rate that the occupation of the 

binding positions occurs, varies with the concentration of calcium ion solutions (Figure 4.7 

i). For this reason, the presented PAA/PAH PEC micropillar arrays are considered a 

demonstrator that can determine the concentration of calcium ion solution. As illustrated in 

Figure 4.7 i), with a higher concentration of calcium ions, the time to reach the final shrunken 

degree is shorter. For example, it takes as short as 5 minutes for PEC micropillar array 

films to shrink to the final degree with the chelation with 0.5 mol/L calcium chloride solutions, 

while it takes an hour for the PEC film to shrink to the smallest size under the chelation with 
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0.005 mol/L calcium ions. However, due to the fast chelation binding at a higher 

concentration of calcium ions, the PEC film will shrink rapidly leading to bending and folding 

of the film structure which could increase the difficulties to gather diffraction pattern. It is 

suggested to operate and apply PAA/PAH PEC micropillar array film for sensing the 

concentration of calcium ions lower than 0.05 mol/L. 

Figure 4.7 d) shows a regular periodic structure of PAA/PAH PEC micropillar arrays 

after one calcium ion exposure and washing out cycle whose laser diffraction patterns 

Figure 4.7 h) can be observed and distinguished, though the diffraction area is small. This 

can be interpreted in a way that the PEC micropillar arrays are highly swollen, and after 

washing out calcium ions at pH 13, the PEC film is restored to the same state as before 

exposed to calcium ions and ready for another exposure. Therefore, it is noted that the 

chelation between calcium ions and the carboxylate group of PAA is reversible. By 

removing the calcium ions at basic conditions, the PEC swells again and regains the ability 

to retrigger this effect, as demonstrated in Figure 4.7 j), PAA/PAH PEC micropillar arrays 

structure can be reproducibly restored and therefore sense calcium ions several times.  
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Figure 4.8 Line charts of PAA/PAH PEC micropillar arrays sensing different ion of various compositions and concentrations. a) 

The distance between PAA/PAH PEC micropillar arrays exposed to different ions. b) The distance between PAA/PAH PEC 

micropillar arrays exposed to different concentration of KCl ions.  c) The comparison of a) and b) showing the different shrinking 

behaviours upon different ions. 

Besides, except calcium ions, other divalent ions also have an impact on PEC 

micropillar arrays as shown in Figure 4.8 a). The PEC films were exposed to the same 

concentration of CaCl2, MgCl2 and FeCl2 of solutions. The results show that both samples 

treated with calcium ions and magnesium ions are shrunk to the same degree and their 

shrinking curves are similar. While the samples treated with iron (II) chloride shrink faster 

but not as small as the other two ions. In comparison image of Figure 4.8 c), where PEC 

micropillar array films are submerged in KCl solutions of different concentrations(Figure 4.8 

b)), the PEC films do shrink but only to a certain extend and become stable within 3 minutes 

which proves that potassium ions do not chelate with a carboxylate group. It is believed that 

the minor shrinking is due to the osmotic pressure which increases with the concentration 

of KCl solutions, resulting in the PEC films shrinking to a higher degree. It is worthy of note, 

that not only the period of arrays is influenced, but also the pillar height and diameter are 

affected by the swelling and shrinking processes. To measure the height and diameter of 

micropillars of the PEC film, fluorescent dye RITC was labelled onto PAH (as demonstrated 

in 3.2.2) which was then employed to form PEC and fabricate micropillar arrays. The RITC 

labelled PEC micropillar array films were characterized with confocal laser scanning 

microscopy after being treated at different environment, with the results shown in Figure 

4.9 and the pillar height and diameters were measured and sorted out in Table 4-1. 

Table 4-1 The height and diameter change of micropillar arrays under different stimuli. 

 Ambient pH1 pH7 swell pH7 shrink pH13 With Ca ions 

Diameter (μm) 4.75 13.69 28.03 6.55 14.70 5.72 

Height (μm) 3.03 5.22 7.19 4.10 9.91 1.78 
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Figure 4.9 Confocal images of PAA/PAH PEC micropillar array films under various conditions.  The PAH is labelled with RITC 

for tracing purpose. 

Therefore, PAA/PAH PEC micropillar arrays are able to perform as a reversible, real-

time and reproducible sensor platform to determine not only the existence but also the 

concentration of divalent metal ions based on the generated laser diffraction patterns. 

4.2.4. Temperature Sensing 

For inducing stimuli-responsive structural changes in microarray structures, thermal 

effects are also suitable. Sensing the temperature has always been a critical activity, 

especially in food processing and storage.432,433 Inappropriate storage temperature during 

transportation and handling will decrease food quality, nutrition, and may even lead to food 

poisoning and food losses.434 Therefore, it is of great importance to find an inexpensive and 

easy-to-operate device to monitor the temperature of food, especially for individual food 

packages. Nowadays, many advanced thermal sensors have been proposed with many 

advantages, such as wide temperature sensing range,435 high sensitivity436 and even dual-

sensing ability,437 the high cost and requirement of complicated and expensive equipment 
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prohibit the application of these devices for ordinary people. While for the traditional 

thermometer, although it is simple to operate and has been widely applied in people’s daily 

life, is too expensive for equipping every food package with a thermometer, able to 

irreversibly record a threshold temperature.  

In order to sense the temperature of individual food packages, a simple design, easy 

fabrication and extreme cost-effective thermal sensors is hereby proposed, which is made 

of polycaprolactone (PCL). PCL is an aliphatic and hydrophobic polymer composed of 

hexanoate repeat units with a low melting point (~60°C) and a glass transition temperature 

of about -60°C.62 PCL has been approved by the US Food and Drug Administration (FDA)72 

for preparing commercial products in the field of medicine and drug delivery because of its 

excellent biocompatibility, slow degradability and good mechanical and thermoplastic 

characteristics.65,66  

PCL microchamber arrays were prepared with a one-step-dip coating method followed 

by microcontact printing (see Figure 3.7 for details)438 causing regular microchamber array 

arrangements as optical and SEM micrographs in Figure 4.11 demonstrate. PCL moulded 

into microchamber array films exhibits the same structure and photonic properties as PECs 

films described afore. The only difference is that the micropillars are filled pillars but the 

microchambers are empty inside. Confocal laser scanning microscopy was applied to 

specifically presenting the difference as shown in Figure 4.10. The ability to perform light 

diffraction scattering is demonstrated in Figure 4.11 as well.     
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Figure 4.10 Confocal microscope images of PAA/PAH PEC micropillar arrays and PCL microchamber arrays. a,b) Confocal 

microscope fluorescent image and grey channel image of PAA/PAH PEC micropillar arrays with filled pillar structures. c,d) 

Confocal microscope fluorescent image and grey channel image PCL micropillar arrays with empty structures.  

When the microchamber arrays made of PCL were heated just above its melting point 

(Tm), both the individual microchambers and the periodical structures vanish, resulting in 

the disappearance of diffraction patterns. This structure loss can be in real-time observed 

under an optical microscope, with the result shown in Figure 4.11 b, f). It is inferred, that 

when the temperature surpasses the Tm, the PCL polymer enters a viscous flow state 

causing the surface to minimise its area to form a smooth surface and loss of scattering 

pattern.  
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Figure 4.11 Laser diffraction patterns (a-d), optical micrographs (e-h) and SEM images (i-l) of PCL microchamber arrays during 

the thermal sensing process. (a, e, j) PCL microchamber arrays as prepared without any heat treatment, (b, f) PCL 

microchamber arrays maintained at 61°C for 2 minutes. (c, g, k) PCL microchamber arrays after cooling down from heating at 

61°C for 2 minutes. (d, h, l) PCL microchamber arrays after cooling down from heating at 80°C for 2 minutes. (i) Precoated 

PDMS stamp with microwells. 

After a 2-minute heating procedure, PCL microchamber arrays were cooled down to 

room temperature. The diffraction pattern reappeared only to a small portion, probably due 

to some “shape memory effect”439 owing to the short heating time, though not a complete 

restoration was achieved. The restored pattern was displaying weak diffraction patterns 

around a centre of diffusely scattered light, which proved a decrease in long-range order 

(Figure 4.11 c)). In order to determine the causes of the restored diffraction, an optical 

microscope and SEM were applied to observe the periodical structure and the surface 

morphology of PCL microchamber arrays respectively. The optical micrograph in Figure 

4.11 g) shows that a large number of dark dots and grooves emerged surrounding the 

position where the original microchambers existed, forming an uneven repeating structure 

that led to the formation of laser diffraction patterns. Based on SEM micrographs of Figure 
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4.11 k), it is found that dark dots corresponded to the lower position which was located at 

the centre of 4 microchambers. Grooves were found between two microchambers’ positions. 

These groves stem most likely from two microchambers forming, upon melting on short 

timescales, small bumps on the ground causing the area between two chambers and four 

chambers respectively to be visualised as groves or dips.  

In order to break the artificial created “groves” effect, a higher flow temperature (T f) or 

more diffusion time needs to be applied. To confirm this hypothesis, the heating 

temperature of PCL microchamber arrays was increased to 80°C for 2 minutes. After 

cooling down from 80°C, the laser diffraction patterns disappear, leaving only transmitted 

direct laser beam and blurred light in the centre as shown in Figure 4.11 d). The previously 

mentioned periodical groove structure did not emerge upon cooling in the diffraction pattern. 

This finding was confirmed by optical microscope and SEM in Figure 4.11 h) and i) 

respectively proving our hypothesis.  

PCL microchamber arrays as thermal sensors own loads of advantages. For example, 

1 g of PCL polymer can be used to fabricate more than 4000 microchamber array samples, 

if each sample has an assumed area of 0.25 cm2, which is enough for forming diffraction 

patterns. Besides, an ordinary laser pointer, an easily obtained and operated device, is the 

only equipment required to measure the thermal changes, which is inexpensive and 

portable that can extensively facilitate practical applications. 

In this part, PCL microchamber array films are proposed to serve as a thermal sensor 

based on the existence of diffraction patterns. The low costs and simple measurement 

procedures, excellent degradability and biocompatibility enable the broad applications of 

PCL microchamber arrays in food storage, biomedical and biology areas. 

4.3. Numerical Simulations of Different Environmental Stimuli 
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To simulate and explain the experimentally observed laser diffraction pattern, Rigorous 

Coupled Wave Analysis (RCWA) is applied.440 This method is also known as the Fourier 

modal method in the scattering matrix form. In order to improve the convergence of this 

method, Li’s factorisation rules324 are implemented. In this formalism, the electromagnetic 

field is represented as a set of planar waves with wavevectors �⃗⃗� 𝑛,𝑚 = [𝑘𝑥,𝑛, 𝑘𝑦,𝑚] where 

𝑘𝑥,𝑛 = 𝑘𝑥,0 + 𝑛
2𝜋

𝑎
        (S1) 

𝑘𝑦,𝑚 = 𝑘𝑦,0 +𝑚
2𝜋

𝑎
       (S2) 

where a is the grating period in real space, n and m are integers, 𝑘𝑥,0 and 𝑘𝑦,0 are the 

x and y- projections of wave vector of incident light: 

𝑘𝑥,0 =
𝜔

𝑐
 sin𝜃 cos𝜑       (S3) 

𝑘𝑦,0 =
𝜔

𝑐
 sin𝜃 sin𝜑       (S4) 

where 𝜃 and 𝜑 are the polar and azimuthal angle of the incident light. If |�⃗⃗� 𝑛,𝑚| <
𝜔

𝑐
,  

then n and m correspond to an open diffraction channel in a vacuum. For open diffraction 

channels, we can construct a small scattering matrix S, which, by definition, connects the 

amplitude reflection and transmission coefficients at different open diffraction orders:  

𝑆 =
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      (S5) 

where symbols r or t denote reflection or transmission, s or p denote the polarisation 

state of incident, transmitted or reflected waves, t or b refer to top or bottom semi-infinite 

space, where the light is incident (first symbol in pair) or reflected/transmitted (second 

symbol in pair). Each of the sixteen elements of block matrix S is a matrix that consists of 

the corresponding coefficients at different diffraction orders. In our system, the period-to-
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wavelength ratio is about 27-70. Therefore, there are many open diffraction channels in the 

far-field zone.  

To describe the diffraction properties of gratings, we consider a diffraction form-factor, 

F, i.e. diffraction efficiencies at different diffraction orders. We calculate the form-factor as 

a polarization averaged transmission coefficient vs the number of diffraction channel (n, m). 

In the RCWA formalism, these transmission coefficients correspond to the square’s 

absolute values of the elements of the small scattering matrix: 

𝐹 (𝑚, 𝑛) =
1

4
(|𝑡𝑡𝑏

𝑝𝑝
|
2
+ |𝑡𝑡𝑏

𝑝𝑠
|
2
+ |𝑡𝑡𝑏

𝑠𝑝
|
2
+ |𝑡𝑡𝑏

𝑠𝑠|2)    (S6) 

In our calculations of the scattering matrix, we assume that the action of external stimuli 

such as drying, pH solution or ions comes down to the geometrical squeeze of the 

diffraction grating in the grating plane. In a simplified assumption, the thickness of the 

grating as well as the heights of cylinders are considered as not affected by the external 

stimuli. Besides that, we consider that after the action of pH solution, the dielectric constants 

of PEC remain the same.  

 

Figure 4.12 Sketch of the diffraction grating. In the calculation of diffraction patterns, the following parameters have been used. 

For ambient conditions structure a = 14.63 μm, r = 4.60 μm, h = 2.24 μm, d = 60.00 μm, t = 1500.00 μm, for pH 13 as well as 

calcium presence, only a = 37.72 μm, r = 14.63μm, d = 191.00 μm were considered changed. 

Further, we calculate the diffraction pattern in real space by equation (S3) and (S4) 

accounting for the geometry of the experimental setup. The simulated model is 
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demonstrated in Figure 4.12 with applied parameters of original PEC structures and pH 13 

exposed PEC structure. Besides, the comparison of experimental and simulated PAA/PAH 

PEC micropillar array diffraction patterns of ambient state and pH 13 presence in 3D view 

is shown in Figure 4.13  

 

Figure 4.13 Comparison of experimental and simulated PAA/PAH PEC micropillar array diffraction patterns of ambient state 

and pH 13 presence in 3D view. a) Experimental results of original PEC micropillar arrays. b) Experimental results of pH 13 

presence PEC micropillar arrays. c) Simulated results of PEC micropillar arrays in ambient conditions. d) Simulated results of 

pH 13 presence PEC micropillar arrays. 

It is noted, that this model is oversimplified, as at pH 13 also other parameters change 

like the height (h = 7.13 μm) (which changes also in aqueous and ionic conditions), the 

height of micropillars, however the change in a, r and d is significant enough so that the 
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simplification of the h parameter is not significant. It is noted, that due to similar size change 

degrees’ pH 13 and calcium simulation were performed with similar values. 

 

Figure 4.14 Comparison between experimental and simulated laser diffraction patterns of microstructured PEC and PCL at 

varying stimuli. (a) experimental diffraction pattern in ambient condition, (b) experimental diffraction pattern during exposure of 

aqueous solution; (c) simulated diffraction pattern of PEC in air, (d) in aqueous solution; (e) experimental diffraction pattern of 

PEC in pH 7 solution, (f) in pH 13 solution; (g) simulation of PEC in pH 7 in solution, (h) simulation of PEC in pH 13 solution; (i) 

experimental diffraction pattern of PEC during exposure to deionized water, (j) experimental diffraction pattern of PEC during 

exposure to calcium ion-containing solution; (k) simulated scattering pattern of PEC ion free water, (l) simulated diffraction 

pattern of PEC in calcium ion-containing PEC; (m) experimental PCL diffraction pattern at 20°C, (n) experimental diffraction 

pattern of PCL at 80°C; (o) simulated diffraction pattern of 20°C, (p) simulated diffraction pattern at 80°C. 

The calculated diffraction patterns in the far-field zone of the PEC structure in ambient 

conditions and aqueous conditions of neutral pH show a significant change in the diffraction 
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pattern width, which significantly correlates with experimental diffraction patterns (Figure 

4.14 a) – d)). Water uptake induced swelling of the PEC, which was assumed to cause 

swelling in PEC causes an increase in real space structures, which in return causes a 

significant decrease in scattering angles, explaining the experimental observation.  

Changes in pH from pH 7 and 13 cause in the simulated scattering pattern a significant 

change in scattering pattern width which agrees with experimental observations (Figure 

4.14 e) – h)). From pH 7 to pH 13 a significant microstructure shrinking was observed 

experimentally, which results in a significant increase in the simulated scattering angle. 

Furthermore, the cross-sections of diffraction patterns from Figure 4.14 g) and h) at y-

coordinates corresponding to m=0 were plotted in order to further compare the diffraction 

intensity of experimental and simulated data, with the results being demonstrated in Figure 

4.15. It is noteworthy to mention that the high energy central zone was oversaturated when 

capturing the images because of the limitation of the camera and the necessity to adjust 

the exposure time to a value that the diffraction peaks are still visible. Therefore, in Figure 

4.15 a) and b), when being transferred and plotted into charts, the greyscale (Y-axis) 

referring to intensity was capped at 256. Besides, the experimental diffraction images were 

asymmetric since the laser light was not perfectly vertical to the PEC micropillar arrays, and 

the prepared PEC film was not perfectly flat.  

By comparing the simulated diffraction efficiency with experimental greyscale, it is clear 

to notice that the simulated results (Figure 4.15 c, d) agree with experimental diffraction 

results (Figure 4.15 a, b) on diffraction intensity trend. Besides, one can see that at m=0 

the grating form factor is almost not affected by the pH 13 solution, while the peak position 

changed significantly. Generally, this effect can even destroy the diffraction pattern if the 

geometry perturbation due to the action of alkaline or acidic solution are strong enough. By 

inspecting Figure 4.14 and Figure 4.15, the good agreement between theoretical and 

experimental diffraction patterns is evident. This simulation-based agreement proves, that 
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stimuli induced geometrical changes are the cause of the changes in diffraction patterns 

and not changes in surrounding or PEC dielectric constants. 

 

Figure 4.15 Horizontal diffraction pattern intensity comparison between experimental and simulated data of PEC micropillar 

arrays in different conditions. Experimental results of PEC diffraction patterns in ambient conditions (a) and aqueous pH 13 (b) 

at m=0 (a, b). The simulated diffraction patterns of PEC in ambient conditions (c) and aqueous pH 13 (d) PEC structures at 

m=0 (c, d).   

The sensitivity of the PEC sensor towards ionic species (calcium ions) was also 

compared in regard to simulation and experiment, whereby a qualitative agreement 

between simulated and experimental values were determined (Figure 4.14 i) – l)). The 

calcium-induced pattern shrinking causes in the simulation an increase in scattering angle, 

which is in agreement with microscopic and diffraction evaluation. For this reason, the 

calcium-induced pattern shrinking is covered by the utilised theory. 

The loss of microscopic patterns upon heating the PCL pattern to 80°C leads in the 

simulation to a loss of diffraction patterns, whereby only the direct beam remains. This 

simulation is strongly supported by the experimental scattering pattern, which had after 

heating to 80°C only the direct beam and surrounding roughness induced light scattering 
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remaining (Figure 4.14 m – p). Therefore, the utilised simulation and theory is able to 

explain the loss of light scattering. 

  

Figure 4.16 Distance changes between pattern maximums of laser diffraction patterns. a) pH of different values diffraction 

pattern changes. b) Calcium ions of different concentration diffraction pattern change. 

In this sub-section, a numeric model to simulate the laser diffraction patterns of PEC 

micropillar/microchamber arrays with the RCWA method is proposed. This model 

implements Li’s factorisation rules whereby the RCWA simulations are in agreement with 

experimental results on media, pH, ion and thermal sensing. In the case of real experiments, 

the total swelling and shrinking processes are visible for the naked eye in all cases by 

notable convergence and divergence in the scattering patterns which is in our setup in the 

range of centimetres (Figure 4.16).  

The RCWA numeric model established in current work, though in early stage due to 

limited stimuli-responsive sensing data used and simulated, however, can still give general 

guidance to the practical experiments. One of the largest advantages of RCWA simulating 

model is that given current combination of polyelectrolyte complexes, when the microarray 

structures were changed to different specifications, the model can quickly simulate and 

provide reliable diffraction patterns without repeating the same work on the new structure. 

At the same time, the experimental diffraction patterns can be used to confirm and improve 

the simulation model. In addition, current microarray sensing system finds it difficult to 

directly distinguish multiple environmental factors due to the overlapping structural 

deformation. Ideally, with sufficient experimental results and special algorithms, the 
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simulation model can help to distinguish multiple influencing factors and expand the 

application areas of the proposed sensing system. 

4.4. Conclusions 

In summary, we have proposed an inexpensive and portable multi-sensing platform 

based on structured microarray films. The proposed films are comprised out of stimuli-

responsive polymers which are fabricated into repeating structures of microchamber and 

micropillar arrays. When illuminated by normal laser light, the microarrays give rise to the 

formation of diffraction patterns. Any external stimuli that can contribute to the structural 

deformation of the stimuli-responsive materials will be accurately and efficiently reflected in 

form of laser diffraction patterns. Thus, minor or for the human eye invisible external 

environmental changes are real-time magnified and transformed into diffraction patterns 

that can be perceived and visualised even with the naked eyes on the laser scattering 

patterns. In other words, by introducing and combining with microarray structures and 

diffraction patterns, well-known stimuli-responsive polymers are provided with a novel angle 

and dimension to convert external invisible physicochemical parameters into visible and 

testable light signals. 

Based on this diffraction property, stimuli-responsive polymers like PAA/PAH PEC can 

be fabricated into hydrophilic micropillar arrays which were successfully used for visualising 

media changes. The media caused a hydration driven swelling-shrinking behaviour of the 

microstructure, which in turn affects the diffraction pattern in experiment and simulation. 

However, this swelling behaviour is not sensitive and rapid responsive enough as the 

micropillar array film has to be submerged into the media and will not response to water 

drops, and the film also require more than 10 hours to be fully swelled. 

The second application example of the presented fundamental microarray structure-

based sensing principle utilised pH sensing. The utilised PEC polymers are weak 

polyelectrolytes PAA and PAH, whose ionisations are intimately associated with pH, are 
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able to shrink and swell depending on the utilised pH changes. It is shown that the pH 

solution variations induce variations in the PEC microstructure and by this, alter the 

resulting diffraction patterns. These processes are relatively stable and reproducible, 

showing similar structural deformation degree even after six times recycles. While the 

response time of the change usually takes 1 to 3 minutes, which is not fast but still 

acceptable on special occasions. The sensitivity and range of the microarray pH sensing 

ability varies with the selected polyelectrolytes. With proposed PAA and PAH PEC, the 

system can only show significant structural change below 4 and above 10. RCWA 

simulations prove that all the changes of the diffraction pattern are attributed to the induced 

changes of microarray geometry rather than optical constants of PEC, with simulations 

agreeing well with experimental results. The small range, in which the utilised PEC shows 

an intense swelling and shrinking range is ideal for investigating e.g. maximum effectivity 

ranges of enzymes like pepsin.425  

Besides, the same PEC is also utilised to confirm the presence of calcium ions since 

the chelation between PAA and divalent metal ions can lead to the shrinkage of PEC 

microarray structures due to reduction of charge repulsion, causing an increase in the 

diffraction pattern angles. This effect was found to be reversible, allowing multiple 

detections with the same sensor sheet and were confirmed by RCWA simulations. The 

response time of PEC toward divalent ions can be significant influenced by the 

concentration of the ions. Higher the concentration, shorter the response time. In addition, 

this ion sensing system is still in early stage and can only measure one ions at a time, which 

may also influenced by other environmental factors like pH and temperature. These 

challenges are expected to be solved later by introducing multiple PEC micropillar array 

films made of different polyelectrolyte combinations. 

Moreover, thermal-responsive polymer PCL is micro-structured into microchamber 

array films to serve as a thermal sensor due to the viscous flow-induced microstructure 
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elimination when the temperature surpasses the melting point of PCL. This microstructure 

elimination causes loss of light scattering properties which is consistent with RCWA 

simulations. The thermal sensing system is reproducible but irreversible, whose principle 

enables a high sensitivity with fast responding time. In addition, the sensing range of the 

system depends on the selected polymer, which brings flexibility to the design of the system. 

It is noteworthy to address that the above selected environmental changes are merely 

some examples of what the sensing platform of microarray structure can achieve, as the 

goal of this study is to present a fundamental principle and illustrate how microarray 

structure combining with diffraction patterns works. A multitude of other reversible and 

irreversible external stimuli sensing properties can be realized by changing the types and/or 

compositions of polymers being structured into microarrays. For example, the crosslinked 

polyelectrolytes PMMA can be fabricated into microarray structures for sensing pH value 

ranging from pH 4 to pH 8.441 Besides, biodegradable polymer-based microarray films can 

be enzymatically degraded by the catalysis of corresponding enzymes leading to the 

irreversible disappearance of both the repeating structure and the diffraction patterns, thus 

indicating the existence of the specific enzymes.63 In the future enzymes might be 

introduced into these polymers to enable sensing chemical species.442 Theoretically also 

sensing mechanical properties by the use of flexible polymers is possible.443 Also the local 

pH can be determined by microscopic observation of micropillar swelling and shrinking or 

alternatively by focused light scattering of low amounts of pillars or chambers.444 Moreover, 

the microarray structure reveals a unique chance to further incorporate different functional 

and responsive polymers into one entity. Since there are empty spaces in microchambers, 

the microchamber arrays also own the potential to encapsulate cargos333,445 which can be 

released by temperature and other stimuli.35,36 Most importantly, the generated diffraction 

patterns can be observed in real-time to monitor the release behaviours remotely.  
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Ultimately, an inexpensive, convenient and portable multi-sensing platform fabricated 

in structured film arrays can be presented by combining the stimuli-responsive properties 

of different materials which provides the opportunities to determine multiple external stimuli 

in real-time. Therefore, we believe the outstanding versatility of the microchamber/pillar 

arrays will undoubtedly attract the attention of researchers and engineers to explore many 

fascinating and promising applications in the fields of biosensors, drug delivery, catalysts 

and even electronics. Also, sensor arrays might be utilized in the future in combination with 

multivariant data analysis to increase sensitivity towards isolated species and for 

quantification of the number of single species. 

Though the multi-sensing platform of microarray structures are promising way for 

stimuli-responsive sensing, the idea is still in early stage with multiple challenges to be 

solved. In this chapter, the sensing parameters were all considered individually, while in 

practical sensing environment, multiple parameters would be presented simultaneously so 

that exert an overlapped shrinking or swelling behaviours on the microarray films, making 

it way more difficult to sense and distinguish the influencing factors. Other than multiple 

parameters sensing problems, single parameter sensing systems were not optimal as well. 

Current pH sensing ability can only show significant changes for pH value below 4 or above 

10, which put huge limitation on the practical applications. Other polyelectrolyte complexes 

combinations that response to pH range of 4 to 10 should be developed. Similar problem 

also exist in thermal sensing system, where only when temperature above selected points 

can the microarray structure changes be detected. More stimuli-responsive polymer with 

different melting points should be structured to maximize the capability of the system. 

Moreover, the simulation model presented in this work was still not complex and updated 

to solve practical problems, as it can just prove that the experimental results fit well with the 

simulation results. 
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Based on above discussion, in order to further develop the proposed sensing platform, 

the most straightforward route is to expand the sensing database of various stimuli-

response polymers, finding the principle and mathematical correlations between microarray 

films made of different materials and the single or multiple sensing parameters. Only after 

the collection of sufficient experimental data can we find the optimal stimuli-responsive 

materials for practical applications as well as the simulation model training and predictions. 
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5. Microchamber Array Films for Cargo Encapsulation and Release  

5.1. Introduction 

For decades, the development of micropackaging and delivery platform technologies 

such as housing the potential for chemical compound encapsulation and release through 

external stimulation has become a significantly prevalent concept, most notably in the fields 

of drug delivery446,447, therapeutics448, biosensor449, lab-on-chip450, and tissue 

engineering451. A common strategy employed to achieve the encapsulation is loading 

chemical cargos into microcapsules made of functional constituents in capsule wall what is 

often produced by layer-by-layer(LbL) self-assembly techniques23–25. Later, this strategy 

has broadened to microchamber arrays21,22, a newly developed micropackaging platform, 

which enables multilayer microchambers to encapsulate microparticles and hydrophobic 

cargos for site-specific controlled release via laser radiation26. However, the 

micropackaging platform above produced by LbL techniques could only manage to 

encapsulate cargos with high molecular weight27 or small but hydrophobic molecules28 due 

to the semi-permeability of multilayer films29,30. Since the molecular weight of most 

biologically active is under 500 Da31, the successful encapsulation and biologically 

stimulated release of small hydrophilic molecules remain a significant challenge to the 

scientific community.  

Apart from encapsulation, a large number of trigger release methods have been 

extensively studied for both microcapsules and microchamber arrays, such as pH452, 

temperature453,454, magnetic field455, sonication456 and laser light332,457, in order to facilitate 

the drug release by either enhance the permeability of the carrier shell or break and destroy 

the carrier. When compared to conventional methods of drug administration, carrier 

systems would minimise systemic toxicity458, protect sensitive drugs from undesired 

degradation459 and prolong the active duration of drugs460,461. Conversely, the inappropriate 

application of external triggers may cause inefficiency, with the potential to induce 
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deleterious side effects in living systems - prohibiting their applications in biological and 

medical fields. For example, physical stimuli such as laser offer a low penetration depth into 

tissue462 ultimately limiting the application to the superficial skin, while altering pH and 

temperature of in vivo biophysical environment might lead to undesirable damage to 

biological tissues463. Moreover, although sonication of low intensity has been widely applied 

as diagnostic and therapeutic methods for clinical trial464, the thermal injury still might occur 

because of the high intensity focuses ultrasound (HIFU) treatment465. In contrast, exploiting 

enzymes as a trigger has a multitude of merits since most of the enzyme degradations are 

under a mild condition with neutral pH, stable ionic strength and low temperature466, while 

the strong selectivity of enzyme enables the carriers to be degraded at the specific defined 

position to controlled release467,468. Particularly, comparing with the traditional physical 

triggered release, external stimuli are not required for carriers made of enzyme-degradable 

polymers60, empowering enzyme-degradable platforms to become one of the most 

promising systems for controlled drug delivery61. 

One approach to solving the problem of encapsulation and enzymatic release of 

hydrophilic cargos involves the use of both biodegradable and hydrophobic polymers, 

through the exploitation of the characteristic low water permeability that hydrophobic 

polymers possess59. Therefore, the fabrication and enzymatic degradation of 

polycaprolactone (PCL) microchamber films are presented in this work. Polycaprolactone 

(PCL), an aliphatic and hydrophobic polymer composed of hexanoate repeat units, has 

excellent processabilities with a low melting point (~60 ℃ ) and a glass transition 

temperature of about -60℃62. Furthermore, PCL has been approved by the US Food and 

Drug Administration (FDA) for preparing commercial products in the field of medicine and 

drug delivery72. Moreover, owing to the numerous advantages including variable 

biodegradability, biocompatibility65,66, great miscibility67, excellent mechanical properties68, 

PCL has been broadly selected as scaffolds for drug delivery and sustained release69–71. 

The hydrophobic nature of pure PCL, alongside its high crystallinity, yields a slow rate of 



 

152 
 

degradation in the absence of enzymes – up to 2 years72,469. Generally, lipases are lipolytic 

enzymes that hold the potential to catalyse the hydrolysis of polymers with ester bonds165. 

Here, the selected corresponding enzyme for PCL is the lipase from Pseudomonas Cepacia 

(lipase PS) – a specific lipase that significantly catalyses the degradation process of PCL 

compared to samples incubated in buffer alone63,64. 

In this subchapter, free-standing PCL microchamber array films were designed and 

fabricated by solution casting470 and microcontact printing methods471–473. The degradation 

behaviour of PCL microchamber films under different lipase concentration was studied. 

Further, in order to observe the encapsulation and enzymatic release behaviour of small 

hydrophilic molecules, 5(6)-carboxyfluorescein (CF, 376 g·mol−1) was selected as a model 

drug for encapsulation into PCL microchamber arrays. Further to this, monitoring of 

microchambers degradation was achieved utilising laser light to illuminate microchambers 

arrays forming an observed Fraunhofer diffraction pattern. Since PCL film has permeability 

for water-based compounds, and hence impaired the ability for cargo retention474, we 

explored blending composition with PLA to reduce permeability and thus facilitate the 

encapsulation of small hydrophilic molecules. Here, the model drug CF was encapsulated 

into PCL and PCL/PLA blended microchamber array films and subsequent release was 

achieved under the catalysis of lipase. The surface morphology of microchamber arrays 

was observed via scanning electron microscopy (SEM). Fluorimeter and confocal laser 

scanning microscopy (CLSM) were used to confirm the encapsulation and enzymatic 

release of labelled cargos.  

5.2. Preparation of PCL Microchamber Array Films 

The polycaprolactone (PCL) microchamber arrays were prepared following the 

schematic illustration shown in Figure 5.1 (dye encapsulation is optional). Patterned rubber 

stamps made of polydimethylsiloxane (PDMS) were prepared by casting and curing PDMS 

on the top of silicon masters with micropillars whose specifications can be found in Figure 
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5.2. After lifting off the silicon master, the PDMS stamp with microwells was obtained for 

fabricating PCL microchambers. The patterned PDMS stamp and a glass side were dipped 

into polymer solution for 5 seconds and dried in ambient conditions resulting in the 

formation of a thin polymer layer on both surfaces. Afterwards, if drug loading was needed, 

the ground submicron size drug particles were spread on the top of the precoated PDMS 

stamp. Further, in order to seal and transfer the polymer film from the patterned stamp, the 

drug-loaded precoated PDMS stamp was pressed with a pre-coated glass slide which is 

preheated at 75℃ for 2 seconds until the films were thoroughly cooled down. Finally, after 

gently and carefully lifting off the PDMS stamp, the drug-loaded PCL microchamber arrays 

were fabricated and become ready for further enzymatic degradation experiments, whose 

SEM images were shown in Figure 5.3.  

 

Figure 5.1 Schematic illustration of the fabrication of drug-loaded microchamber array films and enzymatic drug release. 
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Figure 5.2 Schematic illustration and SEM images of patterned silicon master. a,b) Schematic illustration of patterned silicon 

master (size: 1cm × 1cm) with micropillars (10 μm diameter, 4 μm height and a centre-to-centre distance of 30 μm) used in this 

work. c) SEM images of patterned silicon master. d) SEM images of patterned PDMS stamp made from the patterned silicon 

master. 

 

Figure 5.3 SEM images of PCL microchamber array films of different magnification. a) 500X, b) 1000X, c) 5000X 

5.3. Enzymatic Degradation Behaviours of PCL Microchamber Array Films 

In order to be applied in vivo work, the materials of drug delivery vehicles have to be 

biocompatible and non-toxic towards cells and tissues. If intended for the drug delivery 

applications, the materials of the vehicles have to be biodegradable with the degraded 

product can be metabolized by human body. Potential polyester can be polylactic acid and 

polycaprolactone, poly(lactic-co-glycolic acid). For polyelectrolytes for drug delivery can be 

polypeptides, polysaccharides, polyarginine and so forth. 
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The enzymatic degradation experiments were conducted simply via incubation of 

prepared PCL microchamber array films with lipase PS solutions of different concentration 

sequences at 37℃ in a climate chamber for designated times. The results were shown in 

Figure 5.4. Notably, the full degradation is defined by the absence of any microchamber-

shaped remnants on the SEM images and as confirmed by the full disappearance of the 

laser diffraction pattern. 

 

Figure 5.4 Full degradation time of PCL microchamber arrays in various lipase PS concentrations at 37°C. 

The clear correlation demonstrates that elevated concentrations of lipase PS resulted 

in reduced times required for complete degradation. There would be 10% measurement 

error due to the checking time as well as the confirmation of the full degradation. The 

degradation processes were reproducible. For lipase concentrations of 0.05 mg/ml, the 

PCL microchamber arrays were degraded after as much as 360 hours. While for the lower 

concentratin groups of 0.1 mg/ml as well as 0.25 mg/ml, the enzymatic degradation action 

took 96 hours and 30 hours respectively. Furthermore, complete degradation of PCL 

microchamber arrays at lipase concentration 0.5 mg/ml, occurred after just 5 hours of 

exposure. During the incubation procedure, the degradation process of PCL microchamber 

arrays could be real-time monitored via Fraunhofer laser diffraction patterns with the results 

found in Figure 5.5. 
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Figure 5.5 Diffraction patterns of PCL microchamber arrays in different lipase concentration during degradation procedures. 
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Here, the lipase PS concentration of 0.5 mg/ml was utilised as an example, with lipase 

concentrations mentioned later being 0.5 mg/ml as default. Within only 5 hours of lipase 

exposure, PCL microchamber array films were fully degraded without polymer remnants 

present as seen on the SEM image. In order to figure out the surface erosion mechanism 

of PCL, SEM was used to analyse and examine the changes in surface morphology of PCL 

microchamber array films after enzymatic degradation of different times. Some of the most 

representative stages of samples are selected and shown in Figure 5.6.  

 

Figure 5.6 SEM images and Fraunhofer laser diffraction patterns of PCL microchambers with different enzymatic degradation 

times at the lipase PS concentration of 0.5mg/ml. a-c) the SEM and laser diffraction Enzymatic degradation of PCL 

microchambers. PCL microchambers a,b) After PBS incubation for 5h. c,d) After 1h lipase degradation. e,f) 3h lipase 

degradation. g,h) 5h lipase degradation. 

The main aim of the surface morphology examinations was to observe and confirm the 

PCL degradation profiles through Lipase PS exposure over time until complete degradation 

occurred. Moreover, if PCL microchamber array films were illuminated by laser light when 

incubated with specific enzymes, the biodegradation behaviours of the film could be 
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monitored based on the variations of Fraunhofer diffraction patterns due to the changes of 

the periodical structure of microchamber arrays by enzymatic degradation. Since light is a 

highly sensitive parameter, the existence and variations of PCL microchamber arrays can 

be precisely detected by Fraunhofer diffraction patterns. Therefore, this system can be used 

as an “enzyme sensor” base on the existence of the laser scattering patterns.  

Here, a control sample is chosen for incubation in PBS solutions only for 5 hours whose 

structure is shown in Figure 5.6 a, e, i). The morphology of the film is complete and smooth 

without any contaminations, and all the microchambers are arranged periodically with a 

regular, circular appearance, which led to a periodic and complete laser dot array with a 

broad range and distinguishable diffraction orders – therefore setting an excellent reference 

to compare with other lipase-treated samples. After 1-hour of incubation in lipase solution, 

as shown in Figure 5.6 b, f, j), a multitude of small and shallow fissures emerge on the 

surface of PCL microchambers which proves that the lipase could interact and degrade the 

surface PCL microchambers. It is noteworthy to mention that hydrophilic enzymes such as 

lipase PS are not able to diffuse within imprinted structures made of hydrophobic polymer475. 

Therefore, only the surface of PCL can be subjected to degradation caused by lipase PS. 

The laser diffraction pattern slightly changed at this stage, and while vaguely visible, the 

different diffraction orders began to blend and become less distinguished. The laser light 

was slightly scattered into a blurred area in the centre due to the fissures that appeared on 

the surface of the film. Further, in Figure 5.6 c, g, k), the specimen exhibits the presence of 

some small pores on the surface of the microchambers due to broader, deeper fissures 

forming following 2 hours of lipase degradation. Though the microchambers were not 

perfectly round and complete, with a rough, broken superficial appearance, the chambers 

were still arranged into periodical arrays that could form diffraction patterns by laser light. 

However, the pattern was extremely scattered and blurred because of the roughness of the 

film surface, leaving only pattern dots without diffraction orders. Finally, after 5 hours of 

enzymatic degradation process, shown in Figure 5.6 d, h, l), all the PCL microchambers 
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were hydrolysed and degraded by lipase without leaving any debris. The diffraction patterns 

were gone, resulting in one laser point at the centre of the image, which is an efficient signal 

to judge and examine the enzymatic degradation procedures. 

5.4. Cargo Encapsulation in PCL and PLA Microchamber Array Films 

A variety of cargos can be selected to be loaded into the empty space of the microwells, 

followed by a sealing process as cargo encapsulated microchamber array films. Based on 

the properties of the desired cargos, different drug loading methods can be employed. In 

this work, two different methods are applied: the solution loading method and the dry 

loading method. Both methods can load cargos into microwell arrays but have their unique 

pros and cons. 

Typically, the solution loading method for microchamber arrays involves submerging a 

polymer-precoated PDMS stamp into drug water solutions followed by application of 

sonication bath for 30 seconds to remove the trapped air bubbles inside microwells,470 thus, 

the drug solution would be trapped inside microwells due to the capillary forces, avoiding 

the entrapment of air bubbles and facilitate the better encapsulation. Since the applied 

polymer surface is hydrophobic, the drug solution that was not trapped inside microwells 

would form water beads with can be easily wiped away with fuzz-free lab wipes after the 

dipping and sonication procedures. The drug particles or crystals would be successfully 

precipitated and loaded into microwells after the evaporation of drug solutions, as shown in 

Figure 5.7. Finally, the precoated film layers loaded with precipitates were sealed and 

transferred onto a precoated glass slide, forming microchamber arrays with cargo loaded. 

Before further characterization, the microchamber arrays film need to be incubated in water 

avoiding any non-trapped cargos. This method is applicable for cargos that are highly 

soluble in water solutions, otherwise, the loading efficiency would be extremely low as the 

trapped drug solution only contain minor drug content. In practice, however, some of the 
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drugs may have low water solubility or even insoluble in water solutions which place 

limitations on the application of such a method.  

 

Figure 5.7 SEM of 5(6)-carboxyfluorescein dye precipitates loaded in microwells with solution method. a) CF precipitates on 

PDMS precoated with a layer of PLA film. b) Higher magnification of a). 

Another facile method for loading drugs into microchamber array films was the dry 

loading method, demonstrated by spreading milled dry powders on the top of a precoated 

PDMS stamp which has been performed a single dip into polymer solutions. It is noteworthy 

to address that before the loading process, the drug powders had to be milled, crushed, 

and ground into particles of submicron size, as shown in Figure 5.8. After sweeping and 

removing the excess crystals from the surface with wet fuzz-free lab wipes, the drug 

particles would be physically trapped in microwells with a large amount. Since this special 

method that the overwhelming majority of non-trapped particles outside microwells are 

swept away and can be reused for next time, the drug loading efficiency is relatively high. 

After microcontact printing into microchamber films, the samples were incubated into 0.01M 

PBS solution at 37℃ for 2 hours in order to rinse off the residue and non-encapsulated 

dyes. After that, the specimens were washed and cleaned with DI water, dried for further 

treatment and characterization. The primary limitation of such a method would be that only 

polymer films with smooth surfaces could be utilized, otherwise, the particles would be 

trapped on the polymer surface fissures making it difficult to sweep away as demonstrated 

in Figure 5.11. Nonetheless, it can expand the types of packageable drugs when combined 

with the solution loading method mentioned above. 
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Figure 5.8 SEM of 5(6)-carboxyfluorescein dye particles loading into microwells in the dry method. a) Submicron size milled CF 

particles. b) Submicron size dye particles loaded into microwells of precoated PCL-PLA (1:2) patterned PDMS stamp. The 

diameter of each microwell is 10μm. 

5.4.1. Encapsulation of BSA-FITC  

BSA-FITC was selected as a model drug for enzymatic degradation release. Simply 

dipping PDMS stamp precoated with PCL film into BSA-FITC water solution and sonicating 

for 30 seconds. Then, wait for the water solution to dries in the air after cleaning the dye 

solution on the top of the film. The BSA-FITC solution would be trapped inside microwells 

due to the capillary effect leaving small precipitates there, as shown in Figure 5.9. 

 

Figure 5.9 SEM images of trapped BSA-FITC in PCL microwells.  a,d) SEM images of PCL precoated PDMS stamp before 

BSA-FITC loading. b,e) SEM images of PCL precoated PDMS stamp after loading BSA-FITC.  
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The success of encapsulation was checked with the confocal laser scanning 

microscope shown in Figure 5.10. Green colour emerged inside PCL microchambers and 

located in each microchamber position. Since the loading amount of BSA-FITC in each 

microchambers could not be controlled, the green colour distribution was inhomogeneous. 

 

Figure 5.10 CLSM images of BSA-FITC encapsulated in PCL microchamber array films. a,d) Overlapping channel. b,e) 

Fluorescent channel. c,f) Bright field channel. 

5.4.2. Encapsulation of CF  

Typically, the drug loading method for microchamber arrays involves submerging a 

precoated PDMS stamp into drug water solutions followed by the application of sonication 

to remove air bubbles.470 In practice, however, some of the drugs may have low water 

solubility or even insoluble in water solutions which place limitations on the application of 

such a method.  

Specifically, the solution loading method can be a preferable way to load highly water-

soluble cargos whose properties would not change before and after the dissolution 

procedures and not react with water. If cargo is semi-soluble, only a small amount of can 

be precipitated leading to a low encapsulation efficiency. Also, the microwells should be 

deep enough to allow the capillary force to trap cargo solution. While the dry loading method 
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can overcome some of the drawbacks of solution loading methods as the encapsulated in 

conducted in dry state without considering the solubility. However, the spreading 

procedures of the dry method require a smooth polymer film surface to facilitate the removal 

of non-trapped particles. Besides, the dry method can hardly load cargos that cannot be 

milled into the desired size like branches structured proteins. In practice, the selection of 

the method to load cargos into microchamber arrays need to be considered in terms of the 

physicochemical properties of the drug. 

Here, another facile method of dry powder loading method for loading drugs was 

introduced, demonstrating that by spreading milled dry powders on the top of a precoated 

PDMS stamp, after sweeping the surface, the microparticles would be trapped in microwells 

with a large amount. Because of this special method that the overwhelming majority of non-

trapped particles outside microwells are swept away and can be reused for next time, it is 

inaccurate to calculate the loading efficiency. But ultimately, all the drug crystals can be 

used and loaded into microwells, indicating a fully used of drugs. One of the largest 

advantages of this technique is the ignorance of the solubility of drugs. Besides, the loading 

processes are also time-saving as the drug crystals were physically trapped into microwells 

without solvent evaporations. While the primary limitation of such a method would be that 

only polymer films with smooth surfaces could be utilized, otherwise, the particles would be 

difficult to sweep away as demonstrated in Figure 5.11. Nonetheless, it can expand the 

types of packageable drugs when combined with the solution loading method above. 
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Figure 5.11 SEM images of a layer of PCL film of different surface roughness on PDMS stamp after loading CF particle with dry 

powder loading method. a) PCL polymer layer formed with acetone as solvent. The CF particles are distributed both inside 

microwells and film surface which are unlikely to be swept away due to the rough surface. b) PCL polymer layer formed with 

chloroform as solvent. The CF particles only trapped inside microwells since the surface is smoother. 

CF, a small and hydrophilic fluorescent dye, was selected as a model drug to be 

encapsulated in microchamber arrays enabling a direct and simple tracing purpose. 

Although it is feasible to load CF with a solution loading method333, the encapsulation is 

inefficient due to the low solubility of CF. Therefore, the encapsulation of CF was achieved 

in the dry method by spreading submicron powder particles on the top of the PDMS stamp 

precoated with PCL polymer films. 

 

Figure 5.12 Encapsulation of 5(6)-CF in PCL microchamber arrays. a,d) SEM images of precoated PDMS stamp before 

loading. b,e) SEM images of precoated PDMS stamp after loading 5(6)-CF dye particles. c,f) SEM images of PCL 

microchamber arrays loaded with 5(6)-CF dye particles after sealing and printing. 

SEM was used to observe the encapsulation procedures and the results were shown 

in Figure 5.12. By comparing microwells on the precoated PDMS stamp before and after 

spreading, it can be easily identified that the dye particles were loaded into microwells of 

high efficiency leaving a clean and smooth surface. Then, after sealing and printing was 

performed, the morphology of dye-loaded PCL microchamber arrays were observed 
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demonstrating perfectly round-shape microchambers arranged on the smooth and clean 

film surface. The cross-section of the PCL microchamber was characterized with FIB-SEM, 

whose results proved the empty structure inside the chamber with the wall thickness was 

around 2.3 μm as demonstrated in Figure 5.20. However, SEM was not able to view and 

prove the particles were encapsulated inside microchambers. In order to confirm the 

encapsulation of dye particles after fabricating PCL microchamber arrays, CLSM was used 

to view the dyes, with the results presented in Figure 5.13. 

 

Figure 5.13 PCL microchamber arrays encapsulating 5,6-carboxyfluorescein inside microchambers. a-f) CLSM images of dye 

particles in PCL microchamber arrays. g) 3D view of dye distribution. h) optical microscope image of PCL microchamber arrays 

before dye loading. i) optical microscope image of PCL microchamber arrays after dye loading. 

CLSM images in Figure 5.13 illustrates that dye particles were accommodated inside 

each microchambers. Here, the dark colour inside microchambers of the bright field 
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represents dye crystals as shown in Figure 5.13 c) and f). Moreover, as demonstrated in 

Figure 5.13 h) and i), the housed dye particles can also be observed as dark spots at the 

position of microchambers by comparing through optical microscopy analysis before and 

after encapsulation. Therefore, it has been confirmed that dye microparticles were 

successfully encapsulated inside microchamber arrays.  

After confirming the encapsulation of dyes, the sample film was incubated in PBS 

solution to confirm whether microchamber arrays were leaky. As reported almost 75% of 

the encapsulated dyes were diffused out with a fast rate in the first 30 minutes (the diffusion 

curve is given in Figure 5.14). The overall amount of encapsulated dye amount may vary 

from 0.8μg to 1.2μg, but the general release kinetic was similar. There would be about 5% 

measurement error for determine the concentration. Therefore, the leakage of PCL 

microchamber arrays makes it problematic to retain CF inside the chambers at explored 

condition. This problem is crucial, and the leakage has to be reduced.   

  

Figure 5.14 Dye diffusion curve of PCL microchamber arrays encapsulated with 5(6)-carboxyfluorescein. Almost 75% of loaded 

dyes were leaked in the first 30 mins, indicating that PCL film could not prevent the leakage of small molecule dyes. 

5.4.3. Encapsulation of DEX 
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Dexamethasone (DEX) is one type of the glucocorticoids that can be used for anti-

inflammatory and analgesic treatments in musculoskeletal diseases,476 and has been also 

widely delivered for the treatment of arthritis.477 DEX has a very low solubility in water, thus 

can hardly be loaded in drug delivery vehicles using common solution loaded methods. The 

dry loading techniques proposed can be one of the feasible ways to load DEX, with the 

results can be found in Figure 5.15. 

 

 

Figure 5.15 The SEM images of dexamathesone crystals loaded on PDMS stamp coated with PLA thin layers from different  

concentration of PLA chloroform solutions.  a) 2%; b) 1.75%; c) 1.5% 

As Figure 5.15 a) shows, DEX crystals can be successfully loaded onto PLA precoated 

PDMS stamp, though the loaded capacity was relatively low. Moreover, with the decrease 

of the concentration of PLA solutions (Figure 5.15 b) and c)), the thickness of PLA films 

layers coated on PDMS stamp tend to be thinner, leaving more space to be occupied by 

drug crystals. However, even in the lowest concentration of 1.5% PLA group, there were 

still many space left in the microwells. It is inferred that the crystals were to large to be 

loaded in microwells and would be removed in the last surface cleaning steps. Therefore, 

the DEX crystals were broken into smaller pieces with homogenizer (Bertin) for multiple 

times, with the results shown in Figure 5.16. 
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Figure 5.16 The optical images of dexamathasone crystals after homogenizing for different times. At each time, the drug 

crystals were homogenized at 5000 cycle/min for 30 seconds. 

As expected, with the increased time of homogenizing, the smaller size drug crystals 

take more proportion as large blocks were smashed into smaller. Significant differences 

can be found when comparing the DEX crystals homogenized for 10 times with untreated 

DEX crystals (Figure 5.19). The homogenized DEX crystals were again loaded onto 1.5% 

PLA precoated PDMS stamp, with the SEM results shown in Figure 5.20. 

 

Figure 5.17 SEM images of dexamethasone loaded into microwells and after sealing and transferring as microchamber array 

films.  a) DEX without homogenize loaded onto 1.5% PLA precoated PDMS stamp. b) DEX after 10 times homogenize loaded 

onto 1.5% PLA precoated PDMS stamp. c) homogenized DEX loaded and printed into microchamber array films. 

Compared with loading with non-homogenized DEX crystals (Figure 5.17 a)), the PLA 

microwell arrays can load significant higher amount of homogenized DEX particles with less 

non-occupied space in microwells as demonstrated in Figure 5.17 b), though the DEX 
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amount in each microwell still varies. Besides, Figure 5.17 c) showed the morphology of 

Figure 5.17 b) after sealing and transferring into PLA microchamber array films can still 

remain complete and intact even loading higher amount of drugs. It is noteworthy to address 

that although the drug crystal amount varies a lot among individual microwells and it is of 

great importance to have a uniformed drug loading amount, these drug differences would 

be alleviated once considering the large number of microwell arrays. 

5.5. Encapsulation of Small and Hydrophilic Cargos in PCL-PLA Microwell Arrays 

Poly(lactic acid)(PLA)478, an FDA approved aliphatic polymer72,  possesses a lower 

water vapour permeability than poly(caprolactone) (PCL), and thus was selected here to 

blend with PCL for encapsulation of small molecule weight hydrophilic cargos into 

microchamber films. In order to determine the optimal blend ratio for encapsulation, PCL-

PLA samples with different blend ratios were prepared and incubated in PBS whose 

diffusion behaviours were demonstrated in Figure 5.18. The encapsulated amount of dye 

crystals may have 10% - 15% variation. And there would be about 5% measurement error 

for determine the concentration. However, the general trend that higher the PCL ratio, faster 

the release rate would still hold. 

 

Figure 5.18 The diffusion curve of PCL blend with PLA in different ratios in PBS. 
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For PCL content ratio of 100% and 67%, most of the encapsulated dye molecules were 

diffused out in the initial 30 minutes of incubation in PBS. While the diffusion rate declined 

for 50% PCL that only around half of the loaded cargos were released in the first half an 

hour following by a steady release (Figure 6). Interestingly, increasing the PLA content to 

67% with 33% PCL content, the diffusion rate drops significantly, demonstrating an 

excellent retention ability. Based on the diffusion curve, PLA was an excellent choice to 

prepare microchamber arrays for encapsulating small hydrophobic molecules. Therefore, it 

is evident that the diffusion rate of PCL decreased with the addition of PLA content, 

indicating that PLA is feasible to reduce the permeability of PCL film and PCL-PLA (1:2) is 

an excellent blend ratio for encapsulation and controlled release. With the same 

encapsulating method, the small molecular hydrophilic dye CF particles were successfully 

loaded into PCL-PLA (1:2) microchamber arrays in the form of crystals in a large proportion 

which has been confirmed by SEM, as demonstrated in Figure 5.19.  

 

Figure 5.19 Encapsulation of 5(6)-CF in PCL-PLA (1:2) microchamber arrays. a,d) SEM images of precoated PDMS stamp 

before loading. b,e) SEM images of precoated PDMS stamp after loading 5(6)-CF dye particles. c,f) SEM images of PCL-PLA 

(1:2) microchamber arrays loaded with 5(6)-CF dye particles after sealing and printing. 

Though both PCL and PCL-PLA blending polymer can form thin layer on the PDMS 

stamp, compared with PCL thin film coated on PDSM stamp in Figure 5.12, some 
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morphology differences can be observed for PCL-PLA(1:2) film. As PCL a semicrystalline 

polyester, the spherulite structure can be observed on the film surface. In addition, the 

microwells formed on the PDMS stamp demonstrate a shallow structure with less space for 

drug loading, thus having less loading capacity (Figure 5.12). After blending with PLA, not 

only the water permeability of the thin film was decreased, but also the crystalline region 

was decreased. Based on the SEM results of PCL-PLA(1:2), as shown in Figure 5.19, the 

spherulite crystalline structure of PCL can not be observed. Besides, more space was 

formed for each microwell of PCL-PLA thin layer, where more drug crystals can be loaded, 

leading to a high loading capacity. 

 

Figure 5.20 The wall thickness of microchambers and film thickness of microchamber array films of different polymers.  a) FIB-

SEM image of the wall thickness of PCL microchamber is about 2.3 μm. b) FIB-SEM image of the wall thickness of PCL-PLA 

(1:2) microchamber is about 1 μm. c) The thickness of the PCL microchamber array film is about 1.8 μm. d) The thickness of 

the PCL-PLA (1:2) microchamber array film is about 1.6 μm. 
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Besides, the wall thickness as well as the film thickness of microchamber array films 

made of both PCL and PCL-PLA (1:2) blended polymer was characterized by using FIB-

SEM to conduct the cross-section measurement, and by using SEM to observe the cross-

section part achieved by freezing cut the film in liquid nitrogen, respectively. Figure 5.20 a) 

and b) showed that the wall thickness was about 2.3 μm for PCL microchambers, 1 μm for 

PCL-PLA blended microchambers. While the film thickness of microchamber array films 

made of PCL and PCL-PLA blended polymer was 1.8 μm and 1.6 μm, respectively. 

 

Figure 5.21 PCL-PLA (1:2) microchamber arrays encapsulating CF particles inside microchambers. a-f) CLSM images of dye 

particles in microchamber arrays. g) 3D view of dye distribution. h) optical microscope image of PCL-PLA (1:2) microchamber 

arrays before dye loading. i) optical microscope image of PCL-PLA (1:2) microchamber arrays after dye loading. 

Figure 5.21 shows the CLSM images of printed PCL-PLA (1:2) microchambers with 

encapsulated fluorescent dyes, which had been submerged in PBS solutions for more than 
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2 hours what indicates that the CF dyes are not in contact with solutions. Otherwise, the 

CF crystals would dissolve immediately. Therefore, the PCL-PLA microchamber arrays can 

be used to retain small hydrophilic molecules. 

5.6. Enzymatic Release Behaviours of PCL-PLA (1:2) Microchamber Arrays 

The encapsulated PCL-PLA (1:2) microchamber arrays were used to conduct 

enzymatic degradation release experiments. In order to provide fixed and optimal pH, 

temperature and ionic strength conditions, all the enzymatic degradation procedures were 

processed in 0.01 M PBS solutions at 37℃. Both the PCL and PCL-PLA microchamber 

films with a size of 1 cm2 were submerged into 3 ml PBS solutions containing lipase PS 

solutions of 0.05 mg/ml, 0.1 mg/ml, 0.25 mg/ml as well as 0.5 mg/ml, while a controlled 

group using PBS only was set for comparison. All the Petri dishes were maintained at 37℃ 

in the climate chamber and took out for pattern imaging periodically without separating and 

drying microchamber films. The results of the enzymatic degradation release experiments 

were shown in Figure 5.22. 

 

Figure 5.22 Enzymatic degradation of PCL-PLA (1:2) microchambers loaded with dyes. a-d) PCL-PLA (1:2) microchambers 

after encapsulating 5,6-CF. e-h) PCL-PLA (1:2) microchambers after 26h 0.5 mg/ml lipase solution incubation. i-l) PCL-PLA 

(1:2) microchambers after 26h incubation with PBS. 



 

174 
 

Here, SEM was used for observation and comparison of PCL-PLA (1:2) morphologies 

before and after enzymatic degradation. Also, fluorescent microscopy was applied to 

confirm the existence of CF dyes. As demonstrated in Figure 5.22 a-d), the surface of the 

as-prepared PCL-PLA (1:2) film was smooth and flat with periodic and perfectly circular 

microchambers which were fully loaded with dye particles. Figure 5.22 e) and f) shows 26 

hours of incubation in lipase solution, where clear surface morphological changes are 

present with a significant appearance of holes both on the top of PCL-PLA (1:2) film and 

the microchambers. It is concluded that the microchambers were opened resulting in the 

release of the encapsulated CF dyes. The reason for the existence of holes might due to 

the different affinity of PCL and PLA to the solvent chloroform. As a result, the blended 

mixture produces a two-phase structure forming a macroscopically inhomogeneous system 

in which the PCL phase dispersed into PLA phase479 and had been fully degraded by lipase, 

leaving the hole-like structure distributed in previously filled regions of PCL (see Figure 7e,f). 

Moreover, the corresponding fluorescent microscopy images (Figure 5.22 g) and h)) 

demonstrated that the CF dyes were all released leaving no green colour in the position of 

each microchamber. Nevertheless, for the control group shown in Figure 5.22 i-l), after 26 

hours of incubation in PBS solution without lipase, the morphology of PCL-PLA (1:2) 

microchamber films was still as intact and complete as before incubation with most of the 

dye particles encapsulated inside microchambers. 

Compared to the degradation of pure PCL microchambers (5 hours to fully degrade), 

the PCL content of PCL-PLA (1:2) microchamber arrays required more prolonged exposure 

to lipase for complete degradation and thus release of the encapsulated cargos (Figure 

5.23 shown until 26 hours). Since the PCL was not homogeneously degraded and lipase 

can only interact with the surface of PCL polymer, not all of the microchambers were 

degraded and opened at the same time to allow for sustained cargo release. Here, the 

maximum rate of dye release was achieved during the second hour of lipase exposure. By 
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diluting the polymer solution, it is possible to obtain thinner microchamber wall thickness 

and accelerate the release rate, but the number of cargos encapsulated inside is unlikely 

to remain constant which would influence the further comparison. Therefore, the polymer 

solution concentration and microchamber wall thickness were fixed here to provide a 

representative enzymatic cargo release curve. 

 

Figure 5.23 The enzymatic dye release curve of PCL-PLA (1:2) microchambers. The degradation is conducted at a lipase 

concentration of 0.5 mg/ml in PBS solutions at 37℃. 

Based on the dye release curve presented in Figure 5.23, it is easily observed that 

overall approximately 1.2 μg CF dyes were encapsulated into microchambers of 1 cm2 

surface area. It is noteworthy to address that in the first 5 hours, almost 80% of 

encapsulated dyes were enzymatically released. However, the overall quantity of dye 

release can be attributed to both diffusion and degradation processes. Since the amount of 

dye released in the controlled group is about 0.07 μg, it is calculated that 5.8% of dyes were 

diffused out without degradation of lipase after 26 hours incubation, proving that the 

microchambers are well-sealed and protected. After several repetitions, it is calculated that 

the loading cargo variations in 1.2% PCL-PLA (1:2) microchamber array films are about 

1.15 ± 0.3 μg per sample. Considering the period of microchamber arrays are 30 μm, and 

the size of the microchamber film sample is 1 cm2, it can also be calculated that each 
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microchamber is able to incorporate 10.35 ± 0.27 pg dye particles or 1.15 ± 0.3 μg / cm2 

indicating that a great amount of cargos are encapsulated in microchamber array films. The 

release experiment may have 5% - 10% measurement error. However the phenomenon of 

slow release of PLA microchamber array films and enzymatically release of PLA 

microchamber films are stable and reproducible. 

5.7. Conclusions 

Microchamber array films made of blended biodegradable polymers (PCL and PLA in 

various ratios) can be designed and fabricated efficiently by dipping a patterned PDMS 

stamp into a polymer solution and sealing with polymer monolayer on glass via 

microcontact printing methods. Microchamber arrays made of pure PCL are enzymatically 

degradable by lipase PS at a concentration of 0.5 mg/ml within 5 hours of exposure. With 

the decrease in lipase concentration, the degradation time becomes prolonged. 

Furthermore, the alterations in the degradation procedure of PCL microchamber arrays can 

also be conveniently and real-time checked with directed laser light forming the Fraunhofer 

diffraction patterns. Thus, based on the time of full degradation time and the disappearance 

of laser diffraction patterns, the biodegradation of PCL microchamber film can be served 

as an “enzyme sensor” and not only can recognise the specific enzyme, but also react to 

the enzyme of various concentrations differently. While blending PLA with PCL helps to 

decrease the permeability of PCL film, microchamber arrays consisted of PCL-PLA (1:2 

ratio correspondingly) blended polymers can retain encapsulated small hydrophilic 

molecules such as CF with a controlling release triggered through lipase catalysis. In 

addition, in terms of the results of the enzymatic degradation dye release curve, it is 

calculated that about 11 pg of CF dye crystals were loaded into individual microchambers 

of 1 cm2 surface area, indicating that the microchamber array films can accommodate 

model bioactive compound in a highly efficient way. In conclusion, microchamber array films 

made of biodegradable polymers provide a novel approach to encapsulate and 

enzymatically driven the release of small hydrophilic drugs, enabling applications in 
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biochemically induced reaction and controlled drug delivery, such as implant coating and 

catalyst-controlled release.  

It is noteworthy to mention that the size and period of microchamber arrays can vary 

in terms of the specification of PDMS whose resolution limit is in the range of 100 - 200 

nm473. Therefore, the technology of microchamber arrays made of biodegradable polymers 

and their blends pave a way to broaden the perspectives in entrapping and sustain the 

release of biologically active molecules at specific locations, thus prolonging the release 

time and enhancing pharmacological efficiency. Through the alteration of the specific 

biodegradable polymer composition, the release of encapsulated cargos can be triggered 

under the catalysis of different enzymes. Moreover, should drug loading be unnecessary, 

the microchamber arrays can serve the purpose of enzyme sensing based on laser 

Fraunhofer diffraction patterns as a promising application that enables the possibility to 

sensitively detect the presence of different digestible enzymes. 

Though the practical applications are still unclear, the biodegradable microchamber 

array films are still one of the promising two dimension drug delivery vehicles due to its 

excellent capabilities of loading drugs either in solution or directly in solid crystals and can 

be controlled release with enzymes. However, these promising properties are limited by its 

inherent two dimensional structure to be expanded in wider medical areas. Fortunately, this 

can be overcome by separating the microchamber arrays into individual microcapsules, 

which was further introduced in chapter 6. Another challenging problem is the encapsulation 

amount in each microwells. Although the empty space in microwells were almost the same, 

the amount of drug crystals loaded in can not be constant, as some empty space of the 

microwells were not fully occupied by the drug. This occasion can not be avoided, but can 

be alleviated by loading drug crystals multiple times to guarantee the microwells are 

occupied as much as possible. The quantitative analysis of this method needs to be further 

tested and analyzed.  
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6. Biodegradable Microcages for Dye/Drug Encapsulation and 

Release 

6.1. Introduction 

Microcapsules, as microscale particles possessing inner hollow structures, have 

received numerous interests in the field of drug delivery,480 sensing,481 bioimaging,482 

microreactors,483 cosmetics484 and so forth. One of the most important applications of 

microcapsules is drug delivery vehicles which can provide a range of advantages including 

protecting the encapsulated cargos from unfavourable environmental conditions, controlling 

their release profiles on demand, improving drug stability and bioavailability and reducing 

the biological side-effects.57,485,486 Practically, the therapeutic efficacy is not only 

determined by the function of the drug itself, but also influenced by the involved methods 

and materials for delivering the drug.487 Therefore, compared with non-biodegradable 

polymers, biopolymers are more attractive candidates for preparing drug delivery vehicles 

since the side-effect as well as undesired toxicity in the living system can be significantly 

minimized thanks to their excellent biocompatibility and biodegradability.488 

In order to achieve preparing biodegradable drug delivery vehicles for biomedical 

applications, a variety of novel micro-encapsulation techniques have been developed. For 

example, the layer-by-layer (LbL) self-assembly approach has been confirmed as one of 

the most powerful methods to synthesis drug delivery vehicles,40,41 where microcapsule 

shells were formed on various micro/nanoparticles through alternate deposition of 

oppositely charged materials driven by electrostatic interactions followed with the removal 

of sacrificial core template. Thus, it is feasible to design biodegradable microcapsules 

based on the versatile LbL technique.489 However, the assembled microcapsules can only 

manage to encapsulate cargos of high molecular weight27 or small but hydrophobic 

molecules,28 due to the semi-permeability of multilayer shell.30,44 Since the molecular weight 
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of most biologically active molecules is under 500 Da,31 it is of great importance to 

overcome the challenge of small and hydrophilic cargo encapsulation and release.  

Another common method for preparing microcapsules is bulk emulsification techniques. 

Generally, an emulsion is a dispersion of droplets of one liquid, which exceeds the usual 

size limits of colloid, in another completely immiscible liquid.42 The droplets, stabilized by 

additional surfactant, can be further emulsified in other liquid phases, forming double and 

even multiple emulsions when combined with solvent evaporation techniques.257 By 

selecting the polymer dissolved in the external phase, biodegradable microcapsules can 

be achieved via the double emulsification method.490 Nevertheless, since the size of the 

emulsion droplets is significantly dependent on the emulsification device, introduced 

surfactant as well as the energy applied to the system, both the emulsion droplets and the 

later formed microcapsules would have poorly uniform size distributions when emulsified 

with standard batch high-shear mixing methodologies.45 As the variation of size distribution 

and the mean diameter have impacts on the control of particle surface area, which, among 

other factors, can modulate the drug release behaviours,46 a uniformed size distribution of 

prepared microcapsules is required to facilitate the applications in drug delivery area.  

Microfluidic techniques, with the ability to manipulate a small amount of fluids (10-9 to 

10-18 litres) using lithographed channels with dimensions of tens to hundreds of 

micrometres, have enabled the synthesis and fabrication of monodispersed 

microcapsules,491,492 including biodegradable ones.43 Basically, immiscible liquids are 

driven through independent microchannels and mixed at the junction where droplets are 

harvested due to the high sheer forces generated between two immiscible liquid.47 The size 

of the formed droplets are determined by a variety of parameters such as the relative flow 

rates of two immiscible fluids, the viscosities and interface tension of the fluids, and the 

dimensions of independent microchannels, which can be carefully adjusted in microfluidic 

devices.493,494 Although the microfluidic method can offer a promising and versatile route to 
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prepare highly monodispersed microcapsules, the drug-loaded liquid core of the 

synthesized microcapsules has to be immiscible to shell material phase which puts huge 

limitations on the selections of active compounds to be encapsulated. 

An improved approach for fabricating biodegradable drug delivery vehicles that not 

only are capable of encapsulating small and hydrophilic molecules in a non-liquid fashion, 

but also have a uniformed size distribution is therefore of high demand. Basically, the 

solution for the encapsulation of small and hydrophilic cargos involves the use of both 

hydrophobic and biodegradable polymers as microcapsule shell, through the exploitation 

of the characteristic low water permeability that hydrophobic polymers possess.59 While the 

size distribution control can be achieved with template-based methods that homogeneous 

microstructures are able to be lithographed on the template surfaces by various 

nanofabrication techniques,5 in which the polymers are filled, embedded and confined, 

resulting in identical particles of the same size and shape of the engraved microstructure.38 

Therefore, combining the above two solutions, a novel method of the preparation of a 

homogeneous biodegradable drug delivery vehicle from a microarray-structured template 

is presented in this work. Biodegradable polymer here is selected as polylactic acid (PLA) 

and polycaprolactone (PCL), both of which are aliphatic and hydrophobic polymers with 

numerous advantages including excellent biocompatibility,65,495 exceptional miscibility496,497 

and great mechanical properties,207,498 have been approved by the US Food and Drug 

Administration (FDA) for preparing commercial products,73 enabling the wide applications 

in the area of drug delivery,499,500 tissue engineering501,502 and so forth. In addition, the 

employed template is a polymethyl methacrylate (PMMA) film with surface structures of 

microwell arrays. Although homogeneous biodegradable microparticles have recently been 

successfully prepared on similar template structures,261 the harvested microparticles was 

merely the blends of polymer and drugs rather than core-shell structure as microcapsules, 

which could result in a systematic waste and unprotection of loaded drugs near the 

interfaces. 
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Aiming at overcoming the limitations associated with conventional methods for 

synthesizing biodegradable microcapsules, in the present work, a novel, facile, scalable 

microprinting technique for the preparation of identical biodegradable microcages was first-

time proposed. Besides, an original dry state drug loading method was introduced and 

applied,445 enabling a simple and quick encapsulation of any solid compounds without 

considering the solubility, the molecular weight and the interactions with the solvent. 

Moreover, the release behaviours of the printed microcages are manipulated by adjusting 

the composition of the shell polymer. Here, identical PLA microcages are fabricated by 

microprinting technique based on a microwell-patterned template with predesigned 

homogeneous size and shape. The controlled release behaviours of the printed microcages 

are further achieved by adjusting the blending ratios of PCL with PLA, thus manipulating 

the permeability of the microcage polymer shells. Furthermore, 5(6)-carboxyfluorescein (CF, 

376 g/mol), as small and hydrophilic molecules, was selected as a model drug to be 

encapsulated into biodegradable microcages with dry loading method, thereby facilitate the 

observation and characterization of the encapsulation and release behaviours of the printed 

microcages. In general, the proposed microarray structure-based microprinting technique 

paves a novel way to synthesis identical biodegradable drug delivery vehicles with wide 

drug encapsulation availability, hence broaden the potential applicability of microcapsules, 

especially in biomedical related areas. 

6.2. Preparing Drug-loaded Microcages from Microarray Structure 

General schematic illustrations of the preparing of drug-loaded microcages from 

microarray structures via hot pressing method were demonstrated in Figure 6.1, Figure 6.2 

for 3D view and cross-section view, respectively, to facilitate the principles of the fabrication 

method. First, a PDMS stamp with microwells array structure and a flat PDMS was 

precoated with a layer of polymer thin film via the one-step dip method (see 3.2.6). When 

the think film on the PDMS stamp was fully dried, drug particles that were milled into 

submicron size were spread and loaded into microwells. After that, the drug-loaded 
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precoated PDMS stamp was pressed with precoated flat PDMS forming a sandwich 

structure and heated at 160℃ on the heating stage for 1 minute. Then the sandwich 

structure was removed from the heating stage and cooling down without release the 

pressure. After both the PDMS and the films were cooled down to room temperature, the 

flat PDMS was lifted over leaving microcages embedded inside microwells. To harvest the 

microcages, the PDMS stamp with microcages are pressed onto a glass slide pre-spread 

with gelatin and forming again another sandwich structure which was frozen in -20℃ freezer 

for 10 minutes. When the gelatin was solidified, the PDMS stamp was lifted over, resulting 

in microcages on a glass slide with a layer of gelatin. Afterwards, the microcages are 

dispersed into water solutions by dipping the glass slide into the warm water of 37℃ that 

melt the gelatin. After several washes with warm water, the microcage water suspension 

solutions were finally prepared and ready for further experiment. 

 

Figure 6.1 Schematically illustration in the 3D view of preparing drug-loaded microcages. 
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Figure 6.2 Schematic illustration in the cross-section view of preparing drug-loaded microcages. 

6.3. Characterization of Printing Process and Resulted Drug-loaded Microcages 

 

Figure 6.3 SEM images of key stages during the preparation of microcages. a, b) PDMS stamp with microwell array structure. 

c, d) a layer of precoated PLA film on the surface of the PDMS stamp. e, f) CF particles loaded into microwell arrays of PLA 

films on PDMS stamp. g, h) Microcages embedded inside microwell arrays after detaching the flat PDMS. i, j) Transferred PLA 

microcages on gelatin. k, l) printed PLA microcages after dispersing and wash steps. 
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In order to facilitate a better understanding of the printing procedures as well as figure 

out the mechanism of the microcage formation and drug encapsulation, scanning electron 

microscopy (SEM) was applied to check and observe the detailed surface morphology 

variations at key stages during the printing process of both the PDMS stamp as well as the 

final printed microcages. In this section, PLA was selected as an example of biodegradable 

polymers to be printed into PLA microcages, with the SEM results of the preparing process 

demonstrated in Figure 6.3. 

 

Figure 6.4 The specification of the PMMA template as well as the PDMS template for preparing patterned PDMS stamp. a-f) 

The SEM images of the PMMA template at various magnifications and angles. g-i) The SEM images of PDMS template of 

different magnifications. The period of microwell arrays is 16.35μm. The microwell is in the shape of a rounded quadrangular 

frustum pyramid, with the short side, long side, depth as 10μm, 14μm, 8μm respectively. The distance between microwells (wall 

thickness) is 2.35μm. Moreover, the thickness of PMMA template films is about 54μm including the 8μm depth of microwells. 
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Generally, a rubber stamp made of polydimethylsiloxane (PDMS) with microwell array 

surface structure was necessary for printing biodegradable microcages, which was 

prepared by a double casting and transferring procedures of PDMS based on a 

predesigned PMMA template with microwell array structures on the surface whose 

specifications can be found in Figure 6.4. The schematical demonstration of the preparation 

process of the PDMS stamp is shown in Figure 6.5 with a detailed introduction to the 

fabrication procedures can be found in section 3.2.1. In addition, Figure 6.3 a, b) showed 

the morphology of as-prepared patterned PDMS stamp at different magnifications that the 

identical size and shape defined microwells with smooth morphology were periodically 

arranged in the form of arrays on the surface of the PDMS stamp.  

 

Figure 6.5 Schematically illustration of the procedures for preparing microwell-patterned PDMS stamp. 

Typically, the microcage printing process started with dipping microwell-patterned 

PDMS stamp as well as a flat PDMS into PLA polymer solution for 5 seconds, followed with 

gently and slowly withdraw of both the PDMS stamp and the flat PDMS which were then 

dried in ambient conditions, leaving a thin layer of PLA film on the surface after the 
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evaporation of organic solvents. After dip-coating a thin layer of PLA polymer film, the 

surface structure of the precoated PDMS stamp was shown in Figure 6.3 c, d). The PLA 

thin film was completely and uniformly coated on the PDMS surface including the walls and 

microwells, forming a large number of periodical and shallow microwells where drugs can 

be loaded and stored. 

Here, 5,6-carboxyfluorescein (CF), a small and hydrophilic fluorescent dye, was 

selected as the model drug to be encapsulated into these sunken areas. Although the CF 

model drug can be loaded with solution loading method, the loading efficiency was 

insufficient because of the low water solubility of CF, thus, a more simple and efficient 

powder loading method designed for this special microwell array structure was applied that 

the CF particles were directly spread on the surface of PLA film precoated PDMS stamp. 

However, due to space limitations, the large CF particles were required to be milled and 

ground into submicron-sized crystals. Considering the small molecular weight and 

hydrophilic properties of CF, the release rate would not be significantly affected by the 

grinding process as CF particles would dissolve instantly once they contact the water. 

Additionally, in practice, the drug particle size was usually given. After the spreading of the 

crushed CF particles, the surface of the precoated PDMS stamp was gently swiped with 

fuzz-free tissue to remove the excess amount of CF particles. Only those submicron-sized 

CF particles trapped in the sunken microwells can be left on the surface of the precoated 

PDMS stamp. Figure 6.3 e, f) proved that the submicron-sized CF particles had been 

successfully loaded into the periodical microwell array structure, with the particles only 

located in the sunken area without staying on the surface of walls in between. 

Subsequently, this drug-loaded pre-coated PDMS stamp was covered and sealed by 

the afore dip-coated flat PDMS forming a sandwiched structure, while all the components 

were heated and pressed at 140℃ for 90 seconds, aiming at stamping and separating the 

melted polymer films between the PDMS stamp and the flat PDMS into individual 
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microcages. The selected heating temperature of 140℃ was just above the melting point 

of PLA, as the DSC result shown in Figure 6.6, aiming at facilitating the separation of PLA 

polymer films by the wall of microwells on the PDMS stamp. Next, when the whole system 

cooled down to room temperature at ambient conditions, the flat PDMS was lifted over, 

leaving PLA microcages embedded in microwell array structures on the surface of the 

PDMS stamp, whose surface morphology were displayed in Figure 6.3 g, h). Apparently, 

all the identical and uniform drug loaded PLA microcages were perfectly embedded and 

well-sealed with a smooth surface, located at the positions that used to be microwells. It is 

noteworthy to point out that the top of the PLA microcages was lower than the PDMS stamp 

surface plane owning to the elasticity of PDMS polymer, as the walls of the microwells 

would bend while pressing and heating the sandwiched structure.  

 

Figure 6.6 DSC results of polylactic acid (PLA). The curve is constituted by 5 minutes isothermal at 200℃, temperature 

decrease from 200℃ to 0℃ at the rate of 10℃/min, 5 minutes isothermal at 0℃ and temperature increase from 0℃ to 200℃. 

Basically, at this point, the drug-loaded PLA microcages had been successfully 

prepared, however, printed microcages were stuck inside microwells which can hardly be 

directly dispersed in DI water by normal flushing or rinsing, as both PLA and PDMS were 
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hydrophobic polymer and they were tightly attached. Therefore, gelatin was used to stick 

and detach the microcages from the PDMS stamp. Generally, a layer of 10% gelatin DI 

water solution was spread on the top of a glass slide, on which the PLA microcages 

embedded PDMS stamp was placed. Afterwards, the gelatin-coated glass slide together 

with microcages embedded PDMS stamp were frozen at -20℃ for 10 minutes so that the 

gelatin would be fully solidified. By lifting over the PDMS stamp while the gelatin was frozen, 

the PLA microcages would be stuck on the surface of gelatin, thus transferred onto a glass 

slide. Here, one of the fascinating advantages of this microcage printing method was that 

the detached PDMS stamp can be reused for another cycle of microcage printing numerous 

times after simple cleaning steps. 

Figure 6.3 i, j) illustrated the surface morphology of PLA microcages after transferred 

by gelatin on a glass slide. It is worth noting that all the PLA microcages were periodically 

arranged on the surface of solidified gelatin right after detaching the PDMS stamp, while 

the prepared SEM sample were microcages fixed in melted and further dried solidified 

gelatin. Although Figure 6.3 i, j) can hardly represent the exact position and array order of 

microcages on frozen gelatin, the SEM micrograph did indicate that after the heating and 

pressing procedure, the evenly coated PLA film on the PDMS stamp had been separated 

by the walls of microwells, resulting in a large number of individual drug-loaded PLA 

microcages as expected. Finally, the printed PLA microcage water suspension was 

achieved by placing the microcage fixed gelatin-coated glass slide into a petri dish, rinsing 

the glass slide with 37℃ DI water so that the gelatin would be dissolved and the PLA 

microcages would be dispersed into DI water, following with DI water washing for three 

times to remove the dissolved gelatin.  

The final PLA microcage morphology after washing and drying steps was presented in 

Figure 6.3 k, l), that all the microcages were identical and uniform both in shape and size 

determined by the applied template without any aggregation behaviours. Additionally, it is 
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evident that a small “tail” was attached at the edge of the individual PLA microcage at a 

higher magnification view. The “tail” came from the crossing part of the walls on the PDMS 

stamp after heating and pressing, caused by the distortion of the PDMS while pressing.  

Additionally, it is evident that a small “tail” was attached at the edge of the individual 

PLA microcage at a higher magnification view. It is assumed that the “tail” came from the 

crossing part of the walls on the PDMS stamp after heating and pressing. However, after 

several PLA microcage preparation repetitions, there was no regulation on the appearance 

of the “tail”. Thus, though the “tail” has little impact on the applications, its specific formation 

mechanism may need to be further investigated. 

 

Figure 6.7 CLSM images of PLA microcages for confirming the encapsulation of CF model drugs. a-d) CF loaded PLA 

microcages printed and embedded inside the microwell arrays of patterned PDMS stamp. e-h) CF loaded printed PLA 

microcages dispersed in DI water. i-l) higher magnification of e-h) focusing on one single PLA microcage. PLA is labelled with 

red fluorescent dye Nile Red and the green colour represents the encapsulated fluorescent dye particles CF. 
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Confocal laser scanning microscopy (CLSM) was employed to observe and confirm 

the encapsulation of CF model drug particles in PLA microcages, with the results shown in 

Figure 6.7. In order to distinguish the different components, the shell polymer PLA was 

labelled with red fluorescent dye Nile red, while the encapsulated model drug CF particles 

displayed a green signal as its own fluorescent colour. At the same time, the bright field 

channel of CLSM of each specimen was recorded as well, providing another angle to verify 

the accommodation of model drug particles. 

CLSM was first applied at the preparation stage when CF loaded PLA microcages were 

printed and embedded inside the microwell arrays of patterned PDMS stamp after 

detaching the flat PDMS, whose results were demonstrated in Figure 6.7 a-d). The red 

channel (Figure 6.7 a)) showed the empty space inside PLA polymers where located the 

CF particles exhibited in Figure 6.7 b), which was confirmed in the overlayed channel. 

Besides, it is clearly displayed in the bright field channel (Figure 6.7 c)) that dye particles 

were fixed inside the area of microwells without setting on walls in between. In addition, the 

CF loaded printed PLA microcages dispersions were also characterized via CLSM (Figure 

6.7 e-h)), aiming at confirming the sealing and leakage of the printed microcages. It is worth 

mentioning that these CF loaded PLA microcages had been incubated in DI water for 1 

hour followed by three times washing steps to guarantee the non-encapsulated hydrophilic 

CF particles had completely been dissolved and removed, and moreover, all the 

microcages were imaged while floating and suspending in aquatic condition. In general, 

Figure 6.7 e) showed that every PLA microcage had hollow space occupied by green CF 

particles (Figure 6.7 f)) as confirmed in the red-green overlayed channel of Figure 6.7 g). 

Especially, Figure 6.7 h) evidently demonstrated that the CF model drug crystals, displayed 

as dark dots, were remained and located at the position of each microcage, indicating the 

well-sealing and non-leakage of printed PLA microcages. Moreover, one of the side-

position-up microcages in Figure 6.7 e-h) was magnified and focused as Figure 6.7 i-l) 

presented. The red channel (Figure 6.7 i)) detailed showed that the empty area was located 
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in the middle of the microcage structure where also the green particles (Figure 6.7 j)) stayed. 

In addition, the overlayed channel (Figure 6.7 k)) proved that the encapsulated CF particles 

emerged only inside the core of PLA microcages instead of appearing on the surface of the 

polymer shell or randomly distributed in the bulk polymer, indicating the formation of a core-

shell like structure. However, the fluorescent channels were only a thin cross-section of the 

microcage, while the bright field channel further provided the additional information that a 

large amount of model drug particles could be encapsulated in the individual microcage as 

the dark and dense area exhibited in the Figure 6.7 l). 

In order to achieve a passive release behaviour, biodegradable and biocompatible 

polymer polycaprolactone (PCL) was selected to blend with PLA to increase the release 

rate of the encapsulated microcages due to the lower water permeability of PCL than 

PLA.478 Since both PLA and PCL can be easily dissolved in organic solvent of chloroform, 

the PLA-PCL blended polymer solutions can be simply obtained by mixing PLA and PCL 

chloroform solutions By changing the blending ratios, the final selected polymer solutions 

for printing microcages were PLA:PCL=9:1, 8:2, 7:3. Although more PCL contents could be 

mixed with PLA, the dip-coated polymer films can hardly be smooth and homogenous when 

the PCL component reached 40%.  

Besides, one of the most crucial requirements for the successful printing of microcages 

was controlling the heating and pressing temperature when PDMS stamp, polymer film and 

flat PDMS were in the sandwiched structure. Figure 6.8 demonstrated the morphology of 

the polymer films of the sandwiched structure after being heated, pressed at various 

temperature, and further transferred onto the gelatin-coated glass slide. When the pressing 

temperature was lower than the polymer melting point of 140℃ (Figure 6.8 a)), the thin 

films cannot be separated into microcage. Instead, a PLA microchamber array film would 

be transferred onto the gelatin-coated glass slide. While when the heated temperature was 

a bit higher than the melting point at 160℃  (Figure 6.8 c)), the microcages printing 



 

192 
 

procedures can still be succeeded, with the morphology of transferred microcages similar 

to the one printed at the melting point (Figure 6.8 b)). However, when the sandwiched 

structure was heated and pressed at a higher temperature of 180℃ as shown in Figure 6.8 

d), some of the melted PLA were attached to flat PDMS which would not in the capsule 

shape after cooling down, and only partial microcages were embedded in microwells of 

PDMS stamp and being transferred onto the glass slide by gelatin. 

 

Figure 6.8 After the sandwiched structure of PDMS template - polymer films - flat PDMS being heated and pressed at the 

different structure and lifting over the flat PDMS, the resulted structure transferred onto a glass slide by gelatin. a) Heated and 

pressed at 120℃. The PLA polymer films were not separated by the wall of microwells due to the low temperature. b) Heated 

and pressed at 140℃. The temperature reached the melting temperature of PLA, thus the PLA films were separated and the 

individual microcages were forms. c) Heated and pressed at 160℃. The results were similar to b) in that the individual 

microcages were successfully printed. d) Heated and pressed at 180℃. The temperature was so high that some of the melted 

PLA were attached to flat PDMS and only partial microcages were embedded in microwells of PDMS stamp and being 

transferred onto a glass slide by gelatin. 
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Therefore, the melting point of afore prepared PLA and PCL blended polymer, as the 

key parameters to print microcages, needed to be characterized, whose thermal properties 

were evaluated and compared with pure PLA and PCL via DSC. After removing the thermal 

history in the first heating cycle, the thermal behaviours of all the above polymers were 

demonstrated in Figure 6.9. 

 

Figure 6.9 DSC results of PLA, PCL and PLA/PCL blends at different blending ratios. 

For pure PCL, only one endothermic peak was observed, demonstrating the melting 

point at around 55℃. While for pure PLA, a exothermic crystallization peak of  can be found 

at about 92 ℃. Besides, at around 135℃, the endothermic melting peak of PLA can be 

clearly observed. For the blending polymer of PLA and PCL, two individual endothermic 

peaks can be found, indicating the coexistence of heterogeneous polymer phases. With the 

increase of PCL ratios in the blending polymer, the left endothermic peak moves towards 

the melting point of pure PCL, while the right endothermic peak moves rightward, departing 

from the melting point of PLA. 



 

194 
 

Since the melting point of PLA-PCL blended polymers had a similar melting point as 

PLA, it is feasible to apply the same printing procedures and conditions as preparing PLA 

microcages for synthesizing PLA-PCL microcages after simply replacing the polymer 

solution from pure PLA to PLA-PCL blended polymer solutions. Figure 6.10 showed the 

SEM images of printed microcages made of PLA and PLA-PCL blended polymers at 

different ratios. 

 

Figure 6.10 The SEM images of printed microcages made of PLA and PLA-PCL blended polymers at different ratios. a, b) 

microcages made of pure PLA. c, d) microcages made of PLA:PCL=9:1. e, f) microcages made of PLA:PCL=8:2. g, h) 

microcages made of PLA:PCL=7:3. 

As shown in Figure 6.10, the printed microcages made of any polymers were almost 

identical both in size and shape. When observing the detailed morphology, the printed 

microcages made of pure PLA had a complete and smooth surface as Figure 6.10 a, b) 

showed, while for the microcages comprising 10% of PCL (Figure 6.10 c, d)), there were 

some small bumps emerged due to the phase separation between PLA and PCL, but the 

surface was flat and complete. When the PCL content reached 20% (Figure 6.10 e, f)), the 

surface morphology of the microcage was similar to PLA:PCL=9:1 ones, with complete 

surface and small pores. However, the microcages made of 70% PLA and 30% PCL 

showed an unsmooth surface, though still complete, indicating the PCL content was melted 

and flowed on the surface before due to the phase separation. Generally, the SEM results 

revealed that the identical microcages made of various polymers were successfully 
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prepared, and although the detailed surface morphologies were different, the drug particles 

had been completely encapsulated and sealed inside microcages.  

6.4. Release Experiment of Drug-loaded Microcages 

After confirming the successful preparation of printed biodegradable microcages as 

well as the encapsulation of CF model drug particles, the release kinetics of the microcages 

were further studied. 

5,6-carboxyfluorescein (CF) has been widely accepted as the model drug for delivery 

system thanks to its physicochemical properties including the small molecular weight, the 

good water solubility as well as the stable fluorescent signals, which offer the possibilities 

to trace the location of labelled sample and analyse the release behaviours of drug delivery 

vehicles. Here, CF was encapsulated into printed microcages made of biodegradable 

polymers in order to study and examine the permeability of the microcage polymer shell. 

Figure 6.11 demonstrated the release behaviours of CF encapsulated microcages made of 

biodegradable polymers for up to 28 days. 

 

Figure 6.11 Release curve of biodegradable microcages at different PLA and PCL blending ratios. 
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Generally, the printed microcages made of polymers with higher PCL component 

tended to release the encapsulated CF particles faster as expected. Based on the dye 

release curve in Figure 6.11, it can be easily observed that the CF particle encapsulation 

amount was approximately 30 μg per million microcages, which was calculated that 

averagely 30 pg CF particles were loaded into individual microcages, indicating a relatively 

high encapsulating capacity. 

During the first 24 hours of incubation, a burst release of encapsulated CF was 

observed in all groups, which could be caused by multiple factors. On the one hand, the 

unwell-sealed CF may not be fully washed out, even after all the samples of the four groups 

had been incubated at 37℃ for 1 hour in water and three washing steps to remove the 

loaded drug in flawed microcages. On the other hand, the intensive incubation solution 

replacement would accelerate the release rate as well. While for the microcage incubation 

group of 70% PLA, the burst release was, to a large extent, contributed by the permeability 

of the designed polymer shell itself. Moreover, the release rate of this group was 

significantly higher than the other three groups with almost 80% encapsulated dye particles 

were diffused out.  

After one-day release activity, the release curves of all four groups gradually went up 

steadily since the dye release rate tend to be dominated by the permeability of microcage 

shell constitution. While at the same time, manual operation inaccuracy would also affect 

the release curve that the incomplete replacement of the microcage incubation supernatant 

of the last time point was not fully replaced in order to avoid contacting the microcage 

precipitation. However, the PLA:PCL=7:3 group was an exception that the release rate 

decrease was originated from the inadequate amount of encapsulated CF particles, in other 

words, the drug diffusion rate was unsaturated. Basically, from day 1 till day 7, samples of 

all four group was maintained releasing cargos though in different speed, that the group of 

PLA:PCL=8:2 released around 22% of the overall encapsulated amount while the group of 
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PLA:PCL=7:3, PLA:PCL=9:1 and pure PLA had 11.15%, 9.64% and 3.55% loaded dye 

released within 6 days, respectively. 

From day 7 to day 28, the release curve of all samples became almost linear as the 

dye release rate became nearly constant, indicating a main influence of the diffusion activity 

and less effect from flawed microcage as well as the manual operation inaccuracy. The 

release curve of the group PLA:PCL=7:3 among this period was getting almost levelled with 

98% of CF released until day 28, since most of the loaded cargos had been released in the 

first week due to the highest polymer permeability. Therefore, PLA:PCL=8:2 group, with the 

second most PCL content, released CF particles at the highest rate as 35.8% of 

encapsulated drugs released within 3 weeks. However, as incubation time increased, the 

release rate slightly declined due to the drug encapsulation amount differences between 

individual microcages so that some microcages would finish the release activity earlier. In 

addition, when the blending ratio of PLA to PCL came to 9:1, the CF release rate became 

moderate that 17.8% was released from day 7 to day 28 and totally about 43% was released 

after 4-week incubation. While the slowest release increment of pure PLA group denoted 

the lowest diffusion rate of CF model drug, with only 9% of particles released during the 3 

weeks and overall 30.46% in the whole followed 4-week period. 
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Figure 6.12 Optical images of CF loaded microcage of different PLA and PCL components after 4 weeks release experiment in 

PBS solutions at 37℃. a) pure PLA. b) PLA:PCL = 9:1. c) PLA:PCL = 8:2. d) PLA:PCL = 7:3. 

Optical microscopy was applied to facilitate a better and straightforward observation of 

the release results of printed microcages made of PLA and PCL blends after 4 weeks of 

incubation in PBS solutions since the encapsulated dye particle can be easily and 

qualitatively examined through the transparent biodegradable polymer films, whose results 

were demonstrated in Figure 6.12. Generally, after the 28 days incubation, PLA microcages 

still retained a large amount of CF particles inside each microcages, as shown in Figure 

6.12 a). For the microcages made of blended polymers of PLA:PCL=9:1, Figure 6.12 b) 

showed that a portion of loaded CF had been released from the microcages, but there were 

still many particles that remained inside microcages. When the PCL content enhanced to 

20%, Figure 6.12 c) illustrated that some of the microcages still had CF particles loaded, 

although there were many microcages that had released most of the encapsulated CF. 

Moreover, significant differences emerged in the optical images of Figure 6.12 d) that when 

the polymer shell of printed microcages came to PLA-PCL=:7:3, many empty microcages 

can be easily observed, indicating most of CF particles had been diffused out of the 

microcages. 
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6.5. Conclusions 

Identical microcages made of biodegradable polymers (PLA and PCL in various 

blended ratios) are successfully printed and prepared based on microarray structured. 

Besides, the printed PLA microcages can retain the dry method loaded CF model drug 

particle, which demonstrates the capability for the encapsulation of small and hydrophilic 

cargos. Moreover, the encapsulated CF was controlled released by varying the water 

permeability of the microcage polymer shells that high water permeability polymer PCL was 

blended with low permeability PLA in different ratios. The release curve of prepared 

biodegradable CF encapsulated microcages further reveals that with the increase of PCL 

contents in the microcage shell, the model drug release rate becomes faster. In addition, 

the overall amount of CF particles encapsulated in every million microcages is about 30 μg, 

which is calculated as 30 pg in each microcage, indicating that the printed biodegradable 

microcages can accommodate chemical compounds in a highly efficient way. 

It is noteworthy to address that the appearance of the microcages prepared in this work 

is just an example, as the size and the shape of printed microcages are determined not 

only by the lithographed template, which can be predesigned in various structures,37 but 

also by the casted microarray structure on the surface of PDMS stamp, whose resolution 

limit is in the range of 100-200 nm.473 Moreover, the lithographed structure of microarrays 

has also been extensively studied in the fields ranging from lab-on-chip,334 sensing, 503 

electronics,335 optics,336 and so on. Since the PDMS stamp cast from microarray structured 

template is reusable, it is strongly believed that the monodisperse microcages printing 

technique possesses industrially relevant advantages in reproducibility, scalability, and 

consistency of physicochemical properties of microencapsulated products.504 

However, there were still many challenges for the printing of biodegradable microcages 

to overcome. The most significant problem was to guarantee the approximately constant 

drug loading amount in each microwell. Theoretically, each microwell has the same empty 
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volume to trap the drug crystals. While in practice, the amount of drug loaded is influenced 

by various factors including the particle size, the spreading time and pressure, the thickness 

of the polymer layer coated on the PDMS stamp and so forth. Fortunately, these problems 

can be solved to some extend. Current the thickness of the polymer layer is manually dip-

coated, causing the variation of thickness of the polymer films. The employment of machine 

can greatly solve this problem as every time the lifting speed and condition can be the same 

to minimize the variation, so does the drug spreading time and pressure. Additionally, the 

loaded drug crystals were manually milled into smaller size with wide size distribution. By 

using grinding machine and filtering procedures, the drug crystal size distribution can be 

narrowed, enabling more constant loading amount in each microwells.  

Moreover, the microcages presented in this chapter had solid structure due to the 

special microarray structure and hot pressing techniques, which blocked the ultrasonic 

triggered release route. One feasible way to overcome this limitation would be employing 

microarray structures of different specification, such as more deep microwells or larger 

period. Current hot-press techniques can only prepare microcages with size around 5 μm, 

for smaller dimension, more advance and precise equipment should be employed.  

Unlike microfluidic techniques that can precisely loading different drugs and polymers 

in one microcapsule, the proposed microcage printing technique can only prepare simple 

polymer-drug one layer structure. Though this structure would be sufficient for the 

requirement of majority of applications, it is of great importance to develop the method for 

loading drugs in different layers for special occasions. One  straightforward way is to load 

drug into microcages of smaller dimension, while using these smaller microcages as the 

model drug to be encapsulated in a larger microcage, thus forming double layer of 

microcages. Furthermore, by using smaller microcage with different drug and repeating 

using larger microcages to encapsulate smaller microcages multiple times, more complex 

but versatile microcage structures can be achieved. 
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7. Precursor Ceramics Assisted Templating of Minified Microarray 

Structure 

7.1. Introduction 

Microstructures are increasingly important as components in a variety of fields ranging 

from microfluidics,505 drug delivery,445 genetic analyze506 to tissue engineering507 and 

sensing areas.508 The fabrication of microstructures with controlled and defined geometries 

has been considered as one of the most challenging parts of micro- and nanotechnology. 

The achievement of the special geometries is usually determined by the technology applied 

for the preparation, which would influence the overall performance of the materials.509 A 

multitude of top-down and bottom-up techniques have been proposed to achieve the size 

and shape-controlled and defined geometries.510 

The most common applied top-down approach is based on photolithography with the 

advantages of cost-effective and fast fabrication, as the entire substrate surface is 

simultaneously patterned. However, the optical diffraction effect puts a limitation on the 

achieved lithography resolution.48 Though the lithographed resolution can be enhanced by 

applying approaches of electrons or ion-based lithography to less than 50 nm, their line-by-

line pattern generation process leads to a relatively small throughput.49,50 Scanning probe 

lithographic technique such as dip-pen nanolithography (DPN) and scanning tunnel 

microscopy (STM) are also widely implemented as a top-down method for generating 

controlled and defined geometries.511,512 Although the definition of DPN can reach sub 15 

nm,513 and STM can position individual atoms in the sub-nanometer range,514 they are not 

appropriate for high-volume fabrication due to their serial lithograph mode.  

While the bottom-up methods that widely employed are patterned self-assembly 

process using topographically/chemically patterned templating substrates and bio 

templates. One of the representative systems of topographically patterned substrates is 
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block copolymer (BCP) systems, providing a versatile way to produce ordered nanoscale 

structure in the range of 10-200nm.51 However, the requirement of specialized polymer 

component and the assistance of external fields are challenging issues for most BCP-based 

templating schemes.52 Bio-templating is another newly developed bottom-up technique that 

has the advantages of natural, ecofriendly, and cost-effective with a great resolution of less 

than 100nm.509 Nevertheless, several limitations of the bio-templating approach of lack of 

long-range order in the final product because of its intrinsic morphological defects, and in 

some cases neither predictable nor repeatable still need to be overcome.510 Moreover, 

another common disadvantage of the above fabrication techniques is the requirement of 

expensive and unportable specialized equipment. Therefore, a cost-effective and easily 

accessible fabrication method that owns the possibility of large area and high-volume 

pattern fabrications is in high demand. 

One of the feasible ways to overcome the massive manufacture challenge is by using 

soft lithography, which is another inexpensive and facile technique to transfer different types 

of both microscale and nanoscale structures onto planar, curved or other flexible substrates, 

essentially based on printing, moulding and embossing with an elastomeric stamp.75 

Common soft lithography methods include microcontact printing,515 replica moulding,516 

microtransfer moulding,517 micromoulding in capillary,518 nanotransferring printing519 and so 

forth. Especially, replica moulding (REM) is an efficient and cost-effective approach for the 

fabrication of size and shape-controlled and defined microstructures on the surface of 

various of soft materials parallelly on large areas with relatively low cost.  

Generally, REM employs a hard silicon substrate or other solid patterned surfaces as 

the master template prepared with traditional lithography technique, which is moulded and 

cast by an elastomer poly (dimethyl siloxane) (PDMS) to form a solid but elastomeric 

crosslinked PDMS polymer stamp, containing -Si-(CH3)2-O- structural unit. PDMS provides 

a variety of merits including the achievement of an atomic-level contact due to the 
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elastomeric properties, commercialized product with acceptable price, optical transparence, 

and protect the fragile structures during separation.520 After peeling off the master substate, 

a reversed surface structure of the master template is successfully transferred on the top 

of the PDMS surface with elevated regions of the stamp correspond to indented regions of 

the template master. Therefore, the polymers re-replicated from the patterned surface of 

the PDMS stamp would present an extremely similar (several nanometers deviation) to the 

geometries of the original master template.516 Compared with conventional microstructure 

fabrication techniques, REM comprises numerous advantages. For example, REM is 

capable of embossing over relatively large areas quickly and simultaneously rather than 

line-by-line serial processes. Besides, the stamp using REM techniques can fabricate 

moulds, replicas, and patterned surface for many repeating times (>50) potentially at atomic 

level resolutions.74 Moreover, the elastomeric stamp of REM allows the pattern to be 

transferred onto non-planar surfaces, and the structured materials are not limited to e-beam 

sensitive materials.521 

Until now, a variety of work has been presented for structuring organic polymers with 

micropatterns by REM techniques for application in microfluidic and photovoltaic 

industries.522,523 However, the devices made of most of the organic polymers can hardly 

survive in harsh environments as they lack properties such as high-temperature tolerance, 

corrosion resistance and other extreme conditions.524 Therefore, the development of 

various fabrication methods of inorganic ceramic microstructures would continuously be of 

great importance. Potentially, transferring the preceramic polymers to ceramics by pyrolysis 

is one of the feasible routes for fabricating inorganic ceramic microstructures with REM 

techniques.525 

In this work, a novel UV and thermal dual curable precursor ceramics, provided by our 

collaborator – Jie Kong’s group in Northwest Polytechnical University, Xi’an, China, is 

employed for the fabrication of inorganic ceramic films. The precursor material is structured 
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with microarray structures by an original patterned PDMS template using a special soft 

lithography technique of replica moulding method, followed by step heating and pyrolysis 

processes, resulting in the proportional shrunk sized ceramic film with similar microarray 

patterns. The fabricated ceramic film is further applied as the new master template to cast 

the PDMS stamp, thus achieving microarray structures of the same geometries as the 

original template but in a minified specification. Moreover, this replica cycle can be repeated 

multiple times to produce proportionally minimized microarray geometries. Therefore, this 

simple and effective method shows significant potentials to pave a novel route for the 

fabrication and manipulation of size and shape-controlled microarray structures in a cost-

effective way. 

7.2. Replica Moulding Method for Preparing Minified Microarray Structures 

The general concept of fabricating microarray structures of shrunk size using the soft 

lithography technique of the replica moulding method is schematically demonstrated in 

Figure 7.1. Generally, the preparation process is initiated with a patterned PDMS stamp 

with microarray structures that are fabricated following the preparing method demonstrated 

in 3.2.1. The PDMS stamp, either with microwell or micropillar array structures, is applied 

to structure the novel precursor ceramic polymer, which is further pyrolyzed into ceramic 

film with reversed microarray structure and smaller dimension compared with the initial 

PDMS template. The detailed description of the templating and pyrolysis will be presented 

in section 7.2.2. After that, the patterned ceramic film becomes the master template for 

casting PDMS stamp, resulting in a new PDMS stamp template of identical surface 

structure with original PDMS stamp but in a smaller specification. Following the same 

procedures above, the new PDMS stamp of shrunk size can be employed for another cycle 

of the fabrication of PSO film, enabling the templating of proportionally minified microarray 

structures, as shown in Figure 7.1. 
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Figure 7.1 Schematic illustration of the process of preparing proportionally shrunk microarray structure. 

Therefore, with this soft lithography technique of replica moulding method, 

proportionally smaller sized inorganic films, as well as PDMS stamp templates, can be 

quickly and simply achieved in a cost-effective way by further repeating this spiral cycle 

more times, without the requirement of costly and complicated lithography equipment and 

procedures. 

  



 

206 
 

7.2.1. Design and Synthesis of Precursor Ceramics 

 

Figure 7.2 The synthesis route of inorganic ceramics. (a) Dichloro (chloromethy) methylsilane, (b) Dichloromethylvinylsilane, (c) 

Polysiloxane, (d) Hydroxyethyl acrylate, (e) UV-PSO, (f) Ethylene glycol dimethacrylate (g) UV cured precursor, (h)UV and 

thermal dual-cured precursor, (i) prepared ceramics, (j) the formation of TPO free radicals under UV light. 

As shown in Figure 7.2, the synthesis route of inorganic ceramics is initiated with the 

hydrolysis and condensation reactions between dichloro (chloromethy) methylsilane and 

dichloromethylvinylsilane (Figure 7.2 (a) and (b)), forming the polysiloxane (PSO) which 

serves as the main chain of the precursor ceramics. This PSO polymer provides an 

unsaturated hydrocarbon radical vinyl (-CH=CH2) as well as a chloro group (-Cl) as red 

colour labelled in Figure 7.2 (c). The chloro group of PSO is then etherified with 

hydroxyethyl acrylate (HEMA, Figure 7.2 (d)) in the organic solvent tetrahydrofuran (THF) 

at alkaline conditions provided by the triethylamine (Et3N), result in the UV-PSO with two 

vinyl (-CH=CH2) groups as shown in red colour in Figure 7.2 (e). After that, dieaster 

ethylene glycol dimethacrylate (EGDMA), commonly employed in free radical copolymer 

crosslinking reactions, is added into UV-PSO to provide two symmetric vinyl (-CH=CH2) 

groups. In addition, the photo initiator diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide 
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(TPO) is also introduced into UV-PSO which can provide free radicals under the radiation 

of UV light as shown in Figure 7.2 (j). It is noteworthy to address that the mixture of UV-

PSO, EGDMA and TPO should be carefully stored in a dark environment avoiding 

illumination by the sun or other light sources. The crosslinking of the prepolymer mixture is 

first initiated by the radiation of UV light, which triggers the generation of TPO free radicals 

and the double bound addition reactions. At this stage, the vinyl groups of both UV-PSO 

and EGDMA (labelled in purple in Figure 7.2 (e) and (f)) are crosslinked, leading to an 

interconnected 3D polymeric network (Figure 7.2 (g)). Here, the addition of EGDMA can 

not only be served as a crosslinker but also provide more crosslinking active positions and 

accelerate the rate of the reaction. After the UV curing, the liquid mixtures are solidified 

which is further heated in the tube furnace for thermal crosslinking. The thermal curing 

reaction takes place at around 300℃ under the N2 atmosphere, where the vinyl group on 

the main chains (Si- vinyl) are opened and connected so that the crosslinking rate is 

significantly enhanced, as shown in Figure 7.2 (h). Finally, the inorganic ceramics (Figure 

7.2 (i)) of proportionally shrunk size are successfully fabricated after the pyrolysis process 

that the UV and thermal dual crosslinked polymers are step-heated up to 900℃  to 

decompose the organic composition. During the pyrolysis process, small gas molecules 

such as CO, CO2, H2O and CH4 were generated and removed, leaving only ceramics with 

the randomly compounded composition of C, Si, and O. 

7.2.2. Preparation of Minified Inorganic Microarray Structures 

The achievement of the ceramic microarray structure with shrunk size involves the 

application of the precursor material, whose synthesis routes, as well as general properties, 

have been introduced in 7.2.1. By taking the advantage of both the crosslinking solidification 

and the size-shrink properties of the material, the shrink-sized ceramic microarray structure 

can be fabricated with a special soft lithography technique of replica moulding method, 

which has been schematically demonstrated in Figure 7.3. 
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This work first time propose the idea of combining the dual curable and pyrolysis-shrink 

properties of precursor ceramics with microarray structures for getting proportionally 

minified specification for multiple times through PDMS soft lithography. With this proposed 

approach, people can get shortcut to achieve proportionally minified structure beyond 

microarray structures. One of the largest advantages of the replica moulding technique is 

that it is a cost-effective method without the requirement of expensive and special 

equipment, which enables the widely applications among researchers. Besides, this replica 

moulding technique is a high-volume pattern fabrication method as a large area can be 

replicated and transferred at each time. In addition, this technique can transfer the structure 

efficiently with high accuracy. By repeating the technique multiple times, proportionally 

minified structure can be easily achieved. Moreover, unlike common organic template, the 

inorganic template produced in this replica moulding technique can survive in environment, 

like high temperature, corrosion resistance and other extreme conditions, thus can be 

applied in broader areas with harsh environment.  

 

Figure 7.3 Schematical demonstration of the process for fabricating ceramic microarray films. 

A patterned PDMS stamp with microarray surface structures is employed for the 

fabrication of inorganic films as shown in Figure 7.3. The PDMS stamp is placed in a 

container or other substrates with the patterned side face the bottom. After that, the liquid 

solution of UV-PSO mixtures is dropped and poured on the side of PDMS so that the liquid 

can be automatically spread onto the overall surface of the patterned PDMS by the capillary 

forces. The UV curing is activated by vertically illuminating the PDMS stamp and the UV-
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PSO mixture with UV light at the wavelength of 395 nm generated by a 10-watt UV torch. 

There are two times UV crosslinking processes. The first one is aiming at solidifying the 

prepolymer with about 30% of the crosslinking rate after about 15-second radiation. After 

the solidification, the PDMS stamp is peeled off, leaving a freestanding film with reversed 

microarray structures. While in the second UV curing procedure, the freestanding patterned 

film is further and deep cured under the illumination of the same UV light for 6 hours to 

maximize the crosslinking rate. After that, the UV cured freestanding film is then thermally 

crosslinked in a tube furnace at 300℃ for 2 hours, followed with pyrolysis process by step 

heating the prepolymer up to 900℃ to decompose the organic components in the polymeric 

structures, result in a proportional size shrunk inorganic ceramic film with microarray 

structures. The specified tube furnace setup protocol for thermal crosslinking and step 

heating pyrolysis of UV crosslinked microarray films is listed in Table 7-1 below. 

Table 7-1 The setup details of the tube furnace for the heat treatment of UV-crosslinked film. 

 
Ramp speed (°C/min) Target temperature (°C) Incubation time (h) 

Step 1 1 150 1 

Step 2 1 350 1 

Step 3 1.5 25 0.5 

Step 4 1 500 2 

Step 5 1 700 1 

Step 6 1 900 2 

Step 7 1.5 700 0.5 

Step 8 1.5 500 30 

Step 9 Naturally Room temperature / 

 It is worth noting that in Figure 7.3, the PDMS stamp is selected as microwell array 

surface morphology as an example for demonstration, stamps of other geometries like 

micropillar arrays are also fit for the fabricating process with the same procedures. 
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7.3. Characterization of Shrink-Sized Microarray Structures 

 

Figure 7.4 The surface morphology of a,b) original patterned PDMS stamp with microwell array surface structure. c,d) 

micropillar array film made of UV cured precursor polymer moulded from a,b) before the tube furnace pyrolysis. e,f) the 

inorganic film pyrolyzed from c,d) with shrink-sized micropillar array surface structure. g,h) new PDMS stamp with shrink-sized 

microwell array surface structure cast from e,f). 

SEM is applied to evaluate the surface morphology of the original employed patterned 

PDMS stamp, the fabricated micropillar array films before and after the tube furnace 

pyrolysis processes as well as the new patterned PDMS stamp, with the results shown in 

Figure 7.4. The applied original PDMS stamp has perfect and complete periodic microwell 

array structures without any contaminations (Figure 7.4 a) and b)), thus serves as an 

excellent template for replica moulding of UV-PSO polymers. The morphology of UV-cured 

and solidified precursor micropillar array films are presented in Figure 7.4 c) and d), whose 

surface is complete and smooth with every individual truncated pyramid-shaped 

micropillars perfectly transferred and arranged into arrays without losing any structural 

details. After the thermal crosslinking as well as the pyrolysis processes, the ceramic 

micropillar array films are successfully obtained with the surface geometries shown in 

Figure 7.4 e) and f), where micropillars are clearly observed, arranging perfectly and 

periodically as arrays similar to the UV-PSO film before heat treatment but in a 

proportionally smaller size. The surface of the ceramic pillar is almost as smooth as the 

original UV-PSO film without losing any pillar details, while the surface between pillars 
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presents some defects that random streamline that may cause by the inhomogeneous gas 

flow in the tube furnace, which can be avoided by optimizing the gas flow velocity. These 

defects are also reflected in the PDMS stamp replica of the micropillar array ceramic film, 

as demonstrated in Figure 7.4 g) and h) that some randomly distributed grooves emerge 

on the surface of the new PDMS stamp, indicating a high sensitivity of this replica moulding 

technique. Whereas in general, it is found that the new PDMS template has an excellent 

reversed periodical microwell array structure of its inorganic template. Furthermore, it is 

calculated that the period of the micropillar array films is shrunk from 16 μm to 11.7 μm 

before and after the pyrolysis, respectively. In other words, the period of ceramic micropillar 

array films becomes 73% of the original UV-PSO micropillar array films. 

 

Figure 7.5 The surface morphology of a,b) original patterned PDMS stamp with micropillar array structure. c,d) microwell array 

film made of UV cured precursor polymer moulded from a,b) before the tube furnace pyrolysis. e,f) the inorganic film pyrolyzed 

from c,d) with shrink-sized microwell array structure. g,h) new PDMS stamp with shunk micropillar array surface structure cast 

from e,f). 

Similar results can be found in the microwell array films made of inorganic ceramics 

when the applied PDMS stamp is changed to patterned micropillar array structures, as 

shown in Figure 7.5. The employed patterned PDMS stamp has the exact same 

specifications but reversed structure of the PDMS stamp used for preparing micropillar 

arrays, as shown in Figure 7.5 a) and b). The PDMS stamp with micropillar arrays also has 

a smooth surface and highly periodic structures. The morphology of UV crosslinked 
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precursor polymer replica of the PDMS stamp is shown in Figure 7.5 c) and d) that perfectly 

ordered microwell arrays are formed on the clean and complete surfaces. Figure 7.5 e) and 

f) demonstrate the morphology of inorganic ceramic microwell array films after thermal 

crosslinking and pyrolysis in the tube furnace. The ceramic films at this stage still retain the 

periodic microwell array structures in relatively large surface areas, and also, present a 

shrunk specification. This ceramic film with microwell arrays surface structures can also be 

served as the template for moulding new PDMS stamps whose surface geometry is shown 

in Figure 7.5 g) and h). Here, the new PDMS replica presents a perfect micropillar array 

morphology with clean and smooth surfaces displayed both on and between the micropillars, 

indicating the potential as the template for further replica moulding. In addition, it is 

noteworthy to mention that the specification of the inorganic ceramic microwell array films 

has the same shrunk rate as the micropillar array ones, with the period of the UV cured 

precursor microwell array films shrink 27% from 16 μm to 11.7 μm after pyrolysis process. 

 

Figure 7.6 The surface morphology of a,b) the new patterned PDMS stamp with micropillar array structure. c,d) the new 

patterned PDMS stamp with microwell array structure. e,f) microwell array film made of UV cured precursor polymer moulded 

from a,b) before the tube furnace pyrolysis. g,h) microwell array film made of UV cured precursor polymer moulded from c,d) 

before the tube furnace pyrolysis. 

Employing the shrink-sized PDMS stamp cast from the microarray structured ceramic 

film as the template, UV-PSO film with reversed microarray structures can be further 

fabricated, as demonstrated in Figure 7.6. Comparing with the PDMS stamp (Figure 7.6 a) 
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and b)), the UV crosslinked and solidified PSO film has a completely reversed microwell 

array surface structure without losing many details despite some contamination presented 

on the surface as shown in Figure 7.6 e) and f). Similarly, the UV-PSO micropillar array 

replica (Figure 7.6 g) and h)) from shrink-sized microwell array PDMS stamp (Figure 7.6 c) 

and d)) also ideally restore the reversed structure that even the randomly distributed 

grooves on the PDMS template are reflected to some extent. In general, the UV-PSO 

microarray film can be applied for another pyrolysis and PDMS casting procedures to 

further obtain two-time-shrunk microarray structures. Although a certain degree of structural 

detail loss is always inevitable during each replica moulding process, it is revealed that an 

extremely low structure loss can be achieved with this “PDMS stamp-UV PSO-ceramic film-

PDMS stamp” spiral soft lithography cycle method. 

 

7.4. Conclusions 

This work introduces a simple, efficient, and cost-effective soft lithography method of 

replica moulding technique to fabricate minified microarray structures with the assistance 

of novel UV and thermal dual curable precursor ceramics. The special micropillar and 

microwell array microstructures of the selected PDMS template are successfully replicated 

and transferred onto the surface of UV crosslinked and solidified UV-PSO in high 

resolutions. In addition, the inorganic ceramic films with minified microarray structures are 

successfully fabricated after thermal crosslinking and pyrolysis processes. The 

specification of the microarray structures of the inorganic ceramic films are significant 

shrinks compared with the patterned UV crosslinked precursor ceramics and the original 

PDMS stamp, as the period of the microarray structure varies from 16 μm to 11.7 μm for 

heat untreated and heat-treated films, respectively. Moreover, a new PDMS stamp with 

minified microarray structures is obtained by using the resulted ceramic film as the master 

template. The new minified PDMS has the same function as the original PDMS template 

that can structure precursor ceramic material with minified microarray structures. 
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It is noteworthy to mention that this work just proves the feasibility of the soft lithography 

technique for the fabrication of minified microarray structure by demonstrating a cycle of 

the replica moulding processes. While the overall goal of this work is to generate a series 

of inorganic ceramic films thus producing microarray structures of proportionally minified 

size in different degrees. Therefore, with one lithographed master template with 

predetermined size and shape, many replicas of the designed master template of 

proportionally different size and the same geometries can be easily duplicated, indicating 

an efficient and cost-effective approach for fabricating size and shape-controlled 

geometries. 

Although the proposed soft lithography techniques of replica moulding methods owns  

a variety of advantages, the limitations of the techniques also need to be considered. One 

of the largest disadvantages was that the replicated and transferred structures can only be 

proportionally shrunk, in other words, the original structure must be produced by other 

lithography techniques and the fabricated cannot be changed during the replica processes. 

This is an inherent limitation of the technique that can not be overcome. While another 

significant drawback was that the shrunk size after each fabrication cycle can not be 

adjusted as the shrunk proportion is the inherent properties of the precursor ceramics 

themselves. However, this drawback is expected to be solved when applying and 

combining different precursor ceramics that owns different shrinking properties.   
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8. General Conclusions and Outlooks 

8.1. Conclusions 

In this thesis, microarray structures were applied to provide periodic micropatterns to 

a variety of materials, including stimuli-responsive polyelectrolytes, biodegradable and 

hydrophobic polymer PLA and PCL and their combination as well as polysiloxane, in order 

to overcome the challenges in sensing, drug delivery areas and microfabrication. As a result 

of this work, several multidisciplinary applications are achieved. 

The preparation of an inexpensive and portable multi-sensing platform based on 

structured microarray films is achieved. Given the property of microarray structure that 

diffraction patterns can be generated when illuminated by laser light, any external stimuli 

that contribute to the deformation of stimuli-responsive microarray films will be accurately 

and efficiently reflected on diffraction patterns. To sense the external stimuli, Microarray 

structures were combined with stimuli-responsive polymers, producing PAA/PAH PEC 

micropillar array films as well as PCL microchamber array films. 

1) The ability of PAA/PAH PEC micropillar array films for sensing pH was investigated. 

Both PAA and PAH weak polyelectrolytes whose ionizations are intimately 

associated with pH. The results showed that the pH solution variations induce 

shrink and swell behaviours in the PEC microstructure, which, therefore, alter the 

resulting diffraction patterns. RCWA simulation results proved that all the changes 

of the diffraction pattern were attributed to the induced changes of microarray 

geometry rather than optical constants of PEC, with simulations agreeing well with 

experimental results.  

2) Since the presence of divalent ions can induce chelation with PAA leading to the 

reduction of charge repulsion, the ions sensing potential of PAA/PAH PEC 

micropillar array films were also explored. The results showed that divalent metal 
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ions can lead to reversible shrinkage of PEC micropillar arrays films, allowing 

multiple times detections and were confirmed by RCWA simulations.  

3) PCL is micro-structured into microchamber arrays for sensing temperature, with 

the results showing when the temperature surpasses the melting point of PCL, the 

viscous flow-induced microstructure elimination would emerge, causing the loss of 

light scattering properties which is consistent with RCWA simulations. 

In addition, the successful encapsulation and biologically stimulated release of small 

hydrophilic molecules are implemented by fabricating microchamber array films made of 

hydrophobic and biodegradable polymer blends of PCL and PLA. In the results, PCL 

microchamber array films can be efficiently degraded by lipase PS at a concentration of 0.5 

mg/ml within 5 hours. The degradation behaviours of PCL microchamber arrays can be 

conveniently and real-time checked based on the time of full degradation time and the 

disappearance of laser diffraction patterns, enabling the ability for sensing enzymes. With 

the decrease in lipase concentration, the degradation time becomes prolonged. The 

addition of PLA significantly decreases the permeability of PCL films, enabling the 

encapsulation of small and hydrophilic molecule CF, as an envisaged model drug, in a high 

amount of about 11 pg per microchamber, which can be enzymatically controlled released 

under the presence of lipase PS within 26 hours. 

Moreover, a novel biodegradable drug delivery vehicle of microcages was first time 

fabricated, which not only can encapsulate small and hydrophilic molecules in a non-liquid 

fashion, but also have a uniform size distribution with homogeneous predesigned shape. 

The microcages were made of biodegradable polymers PLA and PCL of various blending 

ratios, enabling the encapsulation of small and hydrophilic cargo CF. The release rate of 

microcages can be controlled by adjusting the blending ratio of PLA and PCL that with the 

increase of PCL contents in the microcage shell, the release rate of CF become faster. It is 

noteworthy to address that the model drug CF was loaded in dry loading method, with the 
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overall loaded amount in every million microcages reaching about 30 μg, or calculated as 

30 pg in each microcages, indicating that the printed biodegradable microcages can 

accommodate chemical compounds in a highly efficient way.  

Furthermore, a simple, efficient, and cost-effective soft lithography method of replica 

moulding technique is introduced for the microfabrication of minified microarray structures 

with the assistance of novel UV and thermal dual curable precursor ceramics. Generally, 

periodical micropillar and microwell array microstructures of the selected PDMS template 

are successfully replicated and transferred onto the surface of UV crosslinked and solidified 

UV-PSO in high resolutions. In addition, the inorganic ceramic films with minified microarray 

structures are successfully fabricated after thermal crosslinking and pyrolysis processes, 

with the period of the microarray structure of the ceramic shrinks 27% from 16 μm to 11.7 

μm compared with untreated UV-crosslinked precursor material. Moreover, a new PDMS 

stamp with minified microarray structures is obtained by using the resulted ceramic film as 

the master template. The new minified PDMS has the same function as the original PDMS 

template that can be applied for precursor ceramic material microfabrication. 

8.2. Outlooks 

This thesis investigates the potential multidisciplinary application of microarrays 

structures when transferred and imprinted with different polymers, such as sensing 

platforms, 2D drug delivery films, 3D microcages, as well as structuring templates, showing 

great versatility. However, more applications can be achieved by adjusting the combined 

materials with different properties. Besides, some improvements and explorations of the 

fabricated micropillar or microchamber array films, biodegradable microcages and 

templating minified microarray structures demonstrated in this thesis are required in the 

future. 

The sensing of environmental changes of pH, ions and temperature are merely some 

examples of what the sensing platform of microarray structure can achieve. A multitude of 
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other reversible and irreversible external stimuli sensing properties can be realized by 

changing the types and/or compositions of polymers being structured into microarrays. For 

example, the crosslinked polyelectrolytes PMMA can be fabricated into microarray 

structures for sensing pH value ranging from pH 4 to pH 8.441 Besides, enzymes might be 

introduced into these polymers to enable sensing chemical species.442 In addition, different 

polyelectrolyte complex combinations for various sensing ranges can be further explored. 

The minimum concentration of ions that can be measured by PEC micropillar films are also 

worth exploring. Moreover, the possibility of sensing multiple factors at the same time can 

also be performed by the employment of different PEC micropillar films at the same time. 

In other word, the microarray structure reveals a unique chance to further incorporate 

different functional and responsive polymers into one entity. Ultimately, an inexpensive, 

convenient and portable multi-sensing platform can be fabricated by combining the stimuli-

responsive properties of different materials which provides the opportunities to determine 

multiple external stimuli in real-time. Also, sensor arrays might be utilized in the future in 

combination with multivariant data analysis to increase sensitivity towards isolated species 

and for quantification of the amounts of single species. After gathering sufficient 

experimental data, special simulation models and algorithms can be establish for better 

guidance and prediction of the practical applications. 

The truncated quadrangular pyramid shape of microcages can be further printed into 

different size and shape which are determined not only by the predesigned lithographed 

template,37 but also by the casted microarray structure on the surface of the PDMS stamp, 

whose resolution limit is in the range of 100-200 nm.473 While the size of PLA microcages 

printed from PDMS stamp in this work is around 15 μm, indicating huge potentials to be 

fabricated into a smaller size. By the introduction of microarray stamp made of other low 

surface tension but with high hardness materials, the potential microcage specifications can 

be further decreased.  
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In addition, the architectural difference between microcages and microcages is that 

although cargos are wrapped by shell polymers, there is no empty space inside microcages 

to form a distinctive core-shell structure as microcages did. The special microcage structure 

is formed since high printing temperature was employed to melt the shell polymers so that 

the individual microcages can be separated and sealed. However, it is believed in the future, 

when the printing of microcages was performed by programmed machines instead of 

manually pressing, individual core-shell structured microcages can be separated and 

sealed owing to the high pressing pressure. The proposed microcage printing technique 

can be easily industrialized. The simple fabrication processes of microcages also enables 

the scale-up massive production of microcages with the assistance of auto-streamlines. 

Moreover, the release of encapsulated cargos from PLA microcages was achieved 

simply by the diffusions in this work. While the release rate was controlled by adjusting the 

composition of wrapping polymers and result in different permeabilities. Other triggered 

release methods of microcages are required to be investigated. For instance, using near-

infrared laser as release triggers by incorporating gold nanoparticle into polymer shell.26 Or 

release the encapsulated cargos via the biodegradation of wrapping polymer.526 In addition, 

by incorporating magnetic nanoparticles or chemically modify the polymer surface, the 

targeted delivery of drugs can be achieved. Though further experiment is also needed to 

evaluate the safety and activity of microcages against cells in vitro and in vivo before 

applying in drug delivery fields, especially to determine optimal drug concentration for the 

release. the appropriate drug concentration for the treatment varies from diseases, and is 

commonly decided in the phase I clinic trial. While in order to control the amount of drug 

release at specific time range, changing the polymer composition would be a feasible way 

to control the release rate. Also, the release concentration can also adjusted by using 

different number of microcages and different area of microchamber array films. 
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Furthermore, the loaded cargo selected in this work is merely an envisaged model drug 

5,6-carboxyfluorescein with the benefits of tracing and quantifying. Now that the 

fundamental properties of the biodegradable microchamber array films as well as 

microcages have been initially acknowledged and confirmed, a real pharmaceutical drug 

can be encapsulated in microchamber array films and microcages, whose release kinetics, 

pharmaceutical abilities for the disease treatment in vitro and in vivo should also be further 

investigated and explored. Current size of present microcages are too large to be injected 

in blood circulation for drug delivery. However, it is an appropriate size for localized drug 

delivery. For example, dexamethasone, as one of the glucocorticoids, can be encapsulated 

into microcages. These drug loaded microcages can be injected into joint cavity, which 

cannot be internalized by cells or excluded from the joint, enabling a sustained local 

dexamethasone release, indicating great potentials for the treatment of arthritis. When the 

microcages can be printed into smaller size, the intravenous injection is possible and the 

potential deliverable drug area can be significantly expanded. Other practical drug 

formulations such as external paste, gels and so forth can be feasible options. 

Although biodegradable microchamber array films cannot be applied as flexible as 

microcages, its special 2D structure indeed have advantages in special drug delivery areas. 

For example, the drug loaded microchamber array films can be wrapped surrounding 

implant or stents, and sustained release anti-inflammatory or anti-bacterial drugs around 

the wounds. In addition, the thin microchamber array films can also be rolled into 

biodegradable threads for surgery suture with extra function of releasing drugs that helps 

recovery. The function of trigger release can be added into the microarray films as well, 

expanding its potentially for designed and remote controlled drug release. 

For the microfabrication of microarray structures, this work just proves the feasibility of 

the soft lithography technique by demonstrating a cycle of the replica moulding processes. 

Though the resolutions of the replica are relatively high with almost all the details reflected 
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in this initial cycle, the structural deviation cannot be thoroughly avoided. This problem 

would be accumulated and magnified with the increasing number of replica cycles and up 

to a threshold where the loss of resolution becomes unacceptable. Therefore, in the future, 

it is of great importance to explore that replica threshold thus determining the limitation of 

this microfabrication technique. In addition, as the shrinking degree of precursor ceramic 

varied with the specific compositions, the properties of different precursor ceramics should 

be tested, enabling more desired and optional minified structures.  
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