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Abstract

This dissertation presents a comprehensive study on the development of porous
pectin particles for drug delivery applications, encompassing the synthesis method,
characterization, and functional evaluation across three research papers. Pectin, a natu-
ral polymer, was utilized to fabricatemeso-/macroporous particles through a template-
assisted spray-drying method, followed by chemical etching. These particles show-
cased significantly higher surface areas and improved drug release rates compared to
nonporous counterparts, demonstrating their potential as efficient drug delivery sys-
tems. This dissertation is divided into five chapters, the content of which is briefly
described below.

Chapter 1 introduced the recent advancements and themotivation of developments
in nanostructured particles, particularly those with porous structures. These particles,
with their large surface area and high porosity, offer enhanced performance in var-
ious applications including catalysis, adsorption, and drug delivery. The synthesis
of porous pectin particles using a template-assisted spray drying method represents
a novel approach in this field, addressing the need for efficient and environmentally
friendly drug delivery systems.

Chapter 2 focused on the preparation of porous pectin. Porous pectin particles were
developed using poly(methyl methacrylate) (PMMA) or calcium carbonate (CaCO3) as
templates. It highlighted the control over pore size and surface area through the varia-
tion of template concentration, showcasing a significant increase in specific surface area
compared to nonporous counterparts. This study highlights the potential of porous
pectin particles in applications requiring high adsorption efficiency.

Building on the foundation laid by the previous chapter, Chapter 3 focused on the
protein adsorption capabilities of porous pectin particles. The particles exhibited rapid
and high-capacity adsorption of lysozyme, a model protein, due to their macroporous
structure and interconnected pore networks. The research underscores the importance
of pore size and surface area in optimizing protein adsorption, positioning porous
pectin particles as promising materials for biomedical applications.

Chapter 4 explored the use of porous pectin particles as a drug delivery system,
with indomethacin as the model drug. The porous structure facilitated a faster drug
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release rate compared to nonporous particles, demonstrating the potential of porous
pectin particles in targeted drug delivery, especially to the colon. The study provided
insights into the mechanisms of drug release from porous particles and highlighted the
versatility of pectin as a biomaterial for pharmaceutical applications.

Chapter 5 summarized the synthesis of porous pectin particles represents a signifi-
cant advancement in the use of nanostructured particles for adsorption and drug deliv-
ery applications. Through innovative synthesis methods and the utilization of natural
polymers, these studies contribute to the development of efficient, sustainable, and bio-
compatible materials. Future research could explore the application of porous pectin
particles across a broader range of substances and conditions, further enhancing their
applicability in various fields.
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1
Overview of Porous Particles Prepared by Spray
Drying

1.1 PROGRESS ON NANOSTRUCTURED PARTICLES SYNTHESIS BY SPRAY
DRYING

1.1.1 Introduction of spray drying

Spray drying is a pivotal technology for producing powdered materials by instanta-
neously drying a liquid spray in a hot air flow. Its origins trace back to 1872, when
Samuel Percy first patented a method related to this technology, underlining its long-
standing significance in material processing. Over the years, spray drying has evolved
significantly, initially aimed at enhancing the handling and preservation qualities of
food products, such as powdered milk, soap, and coffee, by reducing their moisture
content. This method quickly gained traction in Japan with the production of pow-
dered milk in 1924 by the Hokkaido Condensed Milk Company, marking a dramatic
improvement in production efficiency and quality of powdered milk in the country
(Figure 1.1a).
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Figure 1.1: (a) History of spray drying. (b) An open-cycle spray dryer illustrates the main phases of
atomization, drying, and collection. (c) Particle designs via spray drying

The process involves several key steps: atomization of the feed liquid into a spray,
contact of the spray with hot air leading to rapid solvent evaporation, and collection of
the dry particles. In detail, the methodology of spray drying is depicted schematically
in Figure 1.1b, initiating with the atomization of a liquid feedstock, either a solution or
suspension, into a fine spray within a drying chamber. This spray is then exposed to
a substantial volume of hot drying gas, consisting of either nitrogen or dry air contin-
gent on the solvent. The result is the rapid evaporation of the liquid phase, culminat-
ing in the formation of solid particulates. These particulates are subsequently extracted
from the gas stream, predominantly through cyclonic separation techniques.1 During
the process, evaporative cooling ensures that the atomized droplets remain at a com-
paratively low temperature throughout the majority of their drying trajectory, thereby
rendering this technique exceptionally suitable for the fabrication of powders sensitive
to heat.2

The core advantage of spray drying lies in its ability to produce powderswith awide
range of properties by manipulating processing conditions and formulations. These
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powders can have tailored particle sizes, morphologies, and compositions, catering to
specific application requirements. For instance as shown in Figure 1.1c, the particle size
distribution is primarily determined during the atomization step and can be controlled
by adjusting the atomizer design and operating conditions. The morphology of the
particles, such as their shape and surface characteristics, can be influenced by the feed
composition and drying conditions. The composition of the final product can also be
varied by using different feed formulations, allowing for the production of composite
materials, encapsulated products, or functionalized particles.

1.1.2 Types of nanostructured particles and their application

The synthesis of nanostructured particles via spray drying has evolved significantly,
with advancements enabling the tailored fabrication of aggregates, porous, hollow, and
core-shell structures. This diversity in achievable morphologies underpins the tech-
nology’s broad applicability across various scientific domains, from pharmaceuticals
to materials science and energy storage. The following sections detail these structures,
highlighting recent developments and exemplifying their utility in high-impact appli-
cations.

Nano-aggregates consist of primary particles that are physically bound together, of-
fering increased particle stability and altered physicochemical properties compared to
individual nanoparticles. The formation of aggregates via spray drying is influenced
by parameters such as solvent choice, feed concentration, and drying conditions. A no-
table study by Nani and Krishnaswamy focused on the synthesis of acid whey/millet
flour aggregates for food industry applications.3 These aggregates demonstrate en-
hanced functionality, such as improved solubility and nutrient delivery, showcasing
the potential of spray-dried aggregates in creating value-added products from indus-
try waste, which is shown in Figure 1.2. Porous nanostructures synthesized through
spray drying exhibit high surface areas and tunable pore sizes, making them particu-
larly suited for applications requiring adsorption, catalysis, drug delivery, and filtra-
tion. The creation of such structures often involves the use of sacrificial templates that

3



CHAPTER 1. OVERVIEW OF POROUS PARTICLES PREPARED BY SPRAY DRYING

Figure 1.2: SEM images of spray-dried acid whey (AW) and different AW millet (AWM) powders at
1000×, 4000×, and 10000× magnification; and their antioxidant activity. Adapted from 3.

are removed post-drying, leaving behind voids. An exemplary application is in the
development of carboxylated cellulose nanocrystal (cCNC) microbeads for wastewater
treatment, where the porous structure facilitates the adsorption and removal of organic
dyes in Figure 1.3.4 This approach underscores the utility of spray drying in environ-
mental remediation, leveraging the inherent properties of nanostructured porous par-
ticles for efficient pollutant capture.

Also, Hu et al. developed where Si/carboxymethyl chitosan (CMCS) composite
spherical particles in Figure 1.4 as high-performance anodes for lithium-ion batteries.5

These particles, synthesized through spray drying, demonstrated enhanced electro-
chemical performance attributed to their engineered porous structure, highlighting the
role of porosity in facilitating ion transport and electrode stability. Hollow nanostruc-
tures offer unique advantages, including low density and high surface area, desirable
for catalysis, drug delivery, and as fillers in composite materials. Spray drying enables
the synthesis of hollow particles by careful control of the solvent evaporation rate and
the use of corematerials that can be leached out or decomposed after particle formation.
The synthesis of hollowmicrospheres byZhang et al., utilizing anatase/rutile/hematite
heterojunctions, serves as a prime example.6 These spray-dried particles in Figure 1.5

4
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Figure 1.3: SEM and FIB cross-sectional images of cCNC; illustration of external and internal diffusion
formethylene blue (MB) transport at the surface andwithin a cCNCmicrobead; MBdye uptake by cCNC
microbeads at different pH fitted to film–pore diffusion model based on a Langmuir isotherm. Adapted
from 4.
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Figure 1.4: SEM, FIB cross-sectional, and high-resolution TEM images of SD-Si, SD-Si/CMCS, and M-
Si/CMCS; cross-sectional elemental mapping of SD-Si/CMCS microspheres: N (blue), Si (purple), O
(yellow), and C (red) elements. Adapted from 5.
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Figure 1.5: SEM images, and particle size distributions of Meso-TiO2-400 and Meso-ARH-0.2–400.
Adapted from 6.

exhibited superior photocatalytic performance for organic dye removal, leveraging the
hollow structure to increase surface reactivity and light absorption efficiency. Core-
shell structures feature a distinct core material encapsulated within a shell of another
material, providing a means to combine different material properties into a single par-
ticle. This structure is advantageous for applications requiring controlled interaction
between the core and its environment, such as in catalysis or targeted drug delivery.
Spray drying facilitates the synthesis of core-shell particles by co-drying solutions con-
taining both core and shell material precursors. The research by An et al. on Si/C@C
porous spherical core-shell microspheres in Figure 1.6 illustrates the profound poten-
tial of these structures in energy storage applications.7 Created through spray drying
followed by carbon coating, these particles address silicon’s volume expansion issue
in lithium-ion batteries, offering improved lifecycle and performance. The core-shell
design enhances electrical conductivity and provides mechanical support, underlining
the method’s capability to tailor electrochemical properties through nanostructural en-

7
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gineering. Table 1.1 summarize some nanostructured particles and their applications
in recent years.

Figure 1.6: SEM image and magnified SEM image of P-Si/C@C; transverse section SEM image of P-
Si/C@C; and the corresponding elemental mapping images; cycle stability with capacity retentions of
84.9 and 81.4% after 1000 and 1200 cycles at 1C. Adapted from 7.
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Table 1.1: Nanostructured particles synthesized by spray drying and their application.

Material Structure Application Reference
Lactoferrin and glycomacropeptide
nanohydrogels

Spherical with agglomeration Food (storage) 8

Gelatin, alginate, limonene, succinic acid Microencapsulation Food (preventing volatile loss
and degradation)

9

Sodium alginate, CaCO3, phytase (com-
mon enzyme in animal feed industry),
succinic acid, and ammonia

Spherical relatively rough surfaces Food (animal food stock) 10

Acid whey/millet flour Aggregates Food (Industry waste) 11

Konjac glucomannan, isoniazid, and ri-
fabutin

Spherical Antitubercular drug carriers in
lung tuberculosis therapy

12

Chitosan - graphene oxide Wrinkle, spherical Treatment of solid cancer, in par-
ticular prostate cancer

13

Silica nanoparticles-sodium alginate
loaded with doxorubicin

Doughnut shape Drug carriers in cancer treat-
ment

14

Indomethacin-loaded polymeric mi-
celles

Microencapsulation Intestinal drug 15

Si/C@C Porous spherical core-shell Anode for lithium-ion battery 7

Si/carboxymethyl chitosan composite Spherical Anode for lithium-ion battery 5

SiOx@C@CoO composite Sponge-like Anode for lithium-ion battery 15

Si/SiC/C composite Spherical Anode for lithium-ion battery 16

Si/C Raspberry-like yolk-shell Anode for lithium-ion battery 17

V2(PO4)O/C@CNT Hollow spherical core-shell Anode for lithium-ion battery 18

V2O5/LiV3O8 coated
LiNi0.88Co0.07Al0.05O2

Spherical Cathode for lithium-ion battery 19

LiNi0.5Mn1.5O4 Octahedral Cathode for lithium-ion battery 20

LiNi0.8Co0.1Mn0.1O2 Spherical Cathode for lithium-ion battery 21

LiFe0.25Mn0.75PO4/C@reduced
graphene oxide (rGO)

Spherical Cathode for lithium-ion battery 22

Ti-doped LiFePO4/C Spherical Cathode for lithium-ion battery 23

LiNi0.8Co0.1Mn0.1O2 Spherical Cathode for lithium-ion battery 24

Sulfur-doped hollow mesoporous car-
bon

Mesoporous-shell hollow Anode for potassium-ion bat-
tery

25

Carbon-matrixed KVP2O7 Hollow wrinkled Cathode for potassium-ion bat-
tery

26

Br-doped Na3V2(PO4)2F3/C Porous spherical Cathode for sodium-ion battery 27

Polyetherimide/LaNi5 composite Wrinkled (some spherical) Hydrogen storage 28

Cyanamide@graphene oxide (GO) com-
posite

Porous spherical Electrode for electrical double-
layer capacitors

29

Polyaniline nanofibers/reduced
graphene oxide (rGO)/cerium ox-
ide nanorods composite

Porous Electrodes for supercapacitor 30

Reduced graphene oxide
(rGO)/activated carbon

Wrinkled core-shell Electrodes for supercapacitor 31

CuO@γ-Al2O3 Rough and wrinkled Organic pollutants removal
from wastewater

32

Carboxylated cellulose nanocrystals Dense agglomerate Organic dyes removal from
wastewater

4

Anatase/rutile (TiO2)/hematite (Fe2O3)
heterojunctions

Wrinkled Organic dyes removal from
wastewater

6

Ni/SiO2 and Ni/γ-Al2O3 Spherical CO2 methanation 33

9
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The development of nanostructured particles through spray drying is marked by
significant scientific ingenuity, allowing for precise control over particle morphology,
structure, and functional properties. From aggregates that enhance the physical stabil-
ity of particulate systems to porous structures that maximize surface area for catalysis
and adsorption, the versatility of spray drying caters to a wide range of high-impact
applications. Hollow and core-shell structures further exemplify the method’s adapt-
ability, enabling the design of advanced materials with tailored properties for energy
storage, environmental remediation, and biomedicine. These advancements under-
score the pivotal role of spray drying in the current landscape of materials science and
nanotechnology, highlighting its potential to drive future innovations across diverse
scientific domains.

1.2 INTRODUCTION OF POROUS PARTICLES

1.2.1 Definition of porous particles

Porous particles are one type of nanostructured particles, which are low-density mate-
rials characterized by their open or closed pore structures affording them an extensive
surface area for interaction.34 Emerging in the twentieth century, these materials have
found wide-ranging applications across various sectors. The International Union of
Pure and Applied Chemistry (IUPAC) categorizes pores based on their size into three
primary groups in Figure 1.7a: micropores, which are less than 2 nm in diameter; meso-
pores, ranging from 2 to 50 nm; and macropores, exceeding 50 nm. The concept of
nanoporosity, while not precisely defined, generally refers to pores within the nanome-
ter scale, approximately 0.1 to 100 nm, encompassing all three IUPAC-defined pore size
categories.35 Pores can be further differentiated based on their geometry and connectiv-
ity. Open pores are those that are accessible from the material’s exterior (Figure 1.7b-e),
including blind pores that are open at only one end (Figure 1.7c, e, h, (f)) and through
pores that are accessible from two or more ends (Figure 1.7b and d). In contrast, closed
pores are isolated from the external environment, preventing mass exchange. This iso-
lation may be due to the pore being entirely encapsulated within the material (Fig-
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ure 1.7g) or the pore opening being too small formolecules to pass through (Figure 1.7f).
The size of these pores can be precisely controlled through the conditions under which
the porous particles are prepared, a factor that significantly influences their charac-
teristics. In comparison to standard particles, porous particles exhibit several unique
attributes, including a large surface area, high porosity, a uniform and adjustable pore
structure, and well-defined surface properties both internally and externally.36,37

b

c

d e

f

h

g

a
Micropore:
smaller than 2 nm

Mesopore:
2 -50 nm

Macropore:
larger than 50 nm

Figure 1.7: (a) Pore nomenclature according to IUPAC. Schematic drawing of different types of pores
in two dimensions. (b) open pore with a ratio between a pore’s body and its throat smaller than 1, (c)
blind open cylindrical pore, (d) open-through cylindrical pore, (e) blind open pore with a ratio between
a pore’s body and its throat larger than 1, (f) closed pore with an opening that is smaller than the drug
molecule, making it practically impenetrable, (g) closed isolated pore, (h) blind open cylindrical pore.

1.2.2 Approaches to prepare porous particles

Porous particles are engineered from basematerials through the incorporation and sub-
sequent removal of specific substances or the application of particular techniques to
create voids within the material structure. The methodologies employed for the fabri-
cation of porous particles are varied and multifaceted, encompassing several distinct
approaches as elucidated below.

The primary and most widely recognized strategy involves the incorporation of
porogens or templating agents into the basematerial. This is followed by their removal,
which results in the formation of pores (Figure 1.8a). Specifically, porogens typically
induce pore formation through gas generation or volatilization during the fabrication
process. For instance, Bae et al. utilized hydrogen peroxide as a porogen to produce
porous poly(lactic-co-glycolic acid) microspheres, where an enzymatic reaction with
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catalase yielded oxygen bubbles, thereby creating internal pores.38 The physicochem-
ical characteristics of the porogen significantly influence the final microsphere’s pore
size and distribution. Alternatively, templating agents are removed post-fabrication
through solvent washing or heat treatment, offering a different mechanism for pore
creation. Various materials, ranging from food-grade acids to polymers and inorganic
salts, serve as templates, each facilitating distinct pore sizes and structures. Despite
their effectiveness, the necessity for post-fabrication removal of porogens or templates
introduces complexity and potential scalability and safety challenges. A second ap-
proach eschews the use of porogens or templates altogether. Amphiphilic polymers
were used to fabricate porous microspheres with a narrow size distribution utilizing
a double emulsion-premix membrane emulsification technique.39,40 This method in-
herently forms pores without additional agents, governed by the evaporation of wa-
ter absorbed by hydrophilic segments and the rapid solvent evaporation (Figure 1.8b).
The synthesis of porous particles, particularly silicon-based varieties, represents a third
methodology. Techniques such as electrochemical dissolution of silicon in HF-based
solutions or the reaction of silica sources with surfactants to form mesoporous silica
nanoparticles illustrate the synthesis-based approach.41 These methods allow for pre-
cise control over porosity and pore structure through the reaction conditions and the
removal of structure-directing agents. Beyond these primary strategies, specialized
methods exist for fabricating specific types of porous particles, such as porous CaCO3

through re-precipitation or porous starch via enzymatic reactions at sub-gelatinization
temperatures. Moreover, certain preparation conditions like spray freeze drying or
vacuum freeze drying can also yield porous particles without the need for porogens or
templating agents.

In summation, the selection of a fabrication method for porous particles is contin-
gent upon the desired characteristics of the final product, each method presenting its
own set of advantages and limitations. Researchers are thus advised to meticulously
select the most suitable technique based on their specific objectives and the inherent
properties of the material being processed.

12



1.2. INTRODUCTION OF POROUS PARTICLES

(a)

(b)

Figure 1.8: (a) The synthesis of porous particles involves employing porogens or templating agents to
create pores within the structure. (b) The fabrication of porous particles is achieved through the utiliza-
tion of amphiphilic polymers to form the particle’s framework. Adapted from 40.
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1.2.3 Template-assisted spray drying to prepare porous particles

Spray drying stands as the predominant and preferred technique for the creation of par-
ticles, offering superior capabilities for the production of particles whose sizes can be
precisely adjusted from micrometers to sub-micrometer and even to the nanoscale by
altering process parameters. Numerous strategies have been formulated for generat-
ing porous particles through the spray-drying approach.42,43,44,45,46 Template-assisted
spray drying is widely employed in this context, involving two primary steps in Fig-
ure 1.9: (i) the generation of composite particles that include both host materials and
templates, and (ii) the synthesis of nanostructured particles through the removal of
templates from these composite entities.43 The resulting particle morphology is highly
structured and adjustable, influenced by the composition of the precursor, properties of
the droplets, and the processing conditions. A significant advantage of this technique
is the simplicity of the template removal, which can be achieved through either heat
treatment or etching. The choice of templates, based on their sizes and shapes, facili-
tates the control over the pore size, density, and arrangement in the final spray-dried
product.

Figure 1.9: Schematic illustration for the porous particle formation. Adapted from 46.

1.3 ADVANTAGES OF MACROPORES OVERMICRO ANDMESOPORES

Pore structure plays a crucial role in a variety of applications, including catalysis, gas
adsorption, protein adsorption, and water filtration. Among the different pore types of
micropores, mesopores, and macropores; macropores offer several distinct advantages
in specific contexts. These benefits are particularly evident in terms of mass transfer

14
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and accessibility, which are critical factors in enhancing the efficiency and effectiveness
of these processes. The primary advantage of macropores lies in their superior mass
transfer capabilities. Larger pore sizes facilitate the movement of molecules within the
pores, reducing diffusion limitations that are often encountered with micropores and
mesopores, as shown in Figure 1.10. This increased accessibility ensures that active
sites within the material are more readily available for interaction, thereby improving
overall performance.

Macropores
ü Reduced resistance to diffusion

→ Enhanced mass transfer

ü Improved accessibility
ü Be;er handling of par=culates

Micropores and mesopores
✗ Limited diffusion

→ Limited mass transfer

✗ Clogging and limited accessibility

Diffusion Diffusion

Figure 1.10: The advantages of macropores in mass transfer and accessibility.

In catalysis, the efficiency of the process is often dictated by the accessibility of ac-
tive sites and the ease of diffusion of reactants and products. Macropores, defined as
pores larger than 50 nanometers, provide superior accessibility compared to microp-
ores (pores less than 2 nanometers) and mesopores (pores between 2 and 50 nanome-
ters). The larger size of macropores reduces diffusion limitations, allowing for faster
transport of reactants to active sites and products away from them. This can lead to
enhanced catalytic performance, particularly in reactions involving bulky molecules.
For example, Le et al.47 synthesized three-way catalyst (TWC) particles with distinct
structural configurations, including nanoparticles, aggregates, andmacroporous struc-
tures, as illustrated in Figure 1.11. The catalytic performance evaluation reveals that the
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macroporous TWC particles exhibit superior catalytic activity for CO oxidation com-
pared to the other investigated structures. At an operating temperature of 130 °C, the
macroporous TWC particles achieve a CO conversion rate of 52 ± 1mLmin−1 g−1cat . This
conversion rate is approximately 1.5 times higher than that of the aggregate TWC par-
ticles, which exhibit a conversion rate of 34 ± 5 mL min−1 g−1cat , and the TWC nanopar-
ticles, which show a conversion rate of 35 ± 11 mL min−1 g−1cat . Gas adsorption is an-
other field where macropores offer notable advantages. While micropores and meso-
pores are essential for high surface area and adsorbent capacity, macropores provide
critical pathways for gas molecules to reach these smaller pores efficiently. This hier-
archical pore structure can lead to faster adsorption kinetics and better performance
under dynamic conditions. Liu et al. demonstrated that adsorbents with a combina-
tion of micro-, meso-, and macropores exhibited superior CO2 capture performance
compared to those with only micropores or mesopores. The macropores acted as high-
ways for gasmolecules, significantly reducing the time required to reach the adsorption
sites within smaller pores.48 In protein adsorption, the size and shape of the protein
molecules necessitate the use of larger pores. Macropores are particularly beneficial
for the adsorption of large biomolecules due to their ability to accommodate the size
of these molecules without steric hindrance. This leads to higher adsorption capac-
ities and faster adsorption rates. Qiao et al.49 investigated the adsorption isotherms
of four macroporous cellulose microspheres (MCMs), finding that all exhibited typi-
cal favorable adsorption equilibria, with adsorption capacity increasing in response to
higher protein concentrations, as shown in Figure 1.12. The adsorption behavior of
bovine serum albumin (BSA) on the four MCM samples was similar, indicating that
macropore size had a negligible effect on adsorption equilibria. In contrast, γ-globulin
adsorption displayed a different pattern compared to BSA adsorption. The MCMs4.5
sample, which has larger pore sizes, demonstrated a significantly higher qc value of 340
mg/mL compared to the other three samples. This difference is likely due to the larger
size of γ-globulin compared to BSA (Stokes radius: 5.9 nm for γ-globulin versus 3.9
nm for BSA). The larger size of γ-globulin can block smaller pores that are accessible to
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BSA, rendering them unavailable for γ-globulin binding and entry. Consequently, this
results in relatively lower adsorption capacities for MCM samples with smaller pores.

Figure 1.11: SEM and TEM images of the nanoparticles, aggregates, andmacroporous three-way catalyst
(TWC) samples, as well as their catalytic performances and CO conversion rates at 130 °C and an SV of
400 L h−1 g−1cat . Adapted from 47.

In conclusion, while micropores and mesopores are critical for achieving high sur-
face areas and adsorption capacities, the inclusion of macropores provides significant
advantages in catalysis, gas adsorption, protein adsorption, and water filtration. The
larger pore size ofmacropores enhances accessibility, reduces diffusion limitations, and
improves overall process efficiency. The benefits of macroporous structures are well-

17



CHAPTER 1. OVERVIEW OF POROUS PARTICLES PREPARED BY SPRAY DRYING

Figure 1.12: Adsorption equilibria and adsorbed density calculated from Langmuir equation (qc) values
at an equilibrium protein concentration of 1.5 mg/mL of BSA and γ-globulin on macroporous cellulose
microspheres (MCMs); schematic adsorption illustrations of proteins at different pore sizes. Adapted
from 49.

documented in the literature, highlighting their importance in optimizing performance
across various applications.

1.4 POLYSACCHARIDEPARTICLESFORPROTEINADSORPTIONANDDRUG
DELIVERY

Over the past twenty years, the development and structuring of polymers have emerged
as a significant advancement with the potential to enhance a broad range of scientific
and technological domains, including but not limited to, bioengineering, electronics,
biotechnology, and medical applications.50,51,52 This advancement is noteworthy for
its environmental benefits, attributed to the low-cost formulation of multifunctional
new materials, promising to introduce groundbreaking innovations across the afore-
mentioned fields. The precision required in the structuring or modification of such
polymers necessitates the adoption of micro- and nanotechnology techniques. Within
this realm, maturally polymeric particles have gained prominence for their capacity
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to facilitate smart and controlled delivery of compounds, boasting attributes of bio-
compatibility and minimal toxicity.53 Despite these advantages, the synthesis of these
materials often falls short of green chemistry principles, with certain byproducts of
the manufacturing process posing environmental and human health risks, thus con-
straining their widespread production. In light of these challenges, there’s a growing
consensus on the need for sustainable practices within nanotechnology. Efforts are in-
creasingly being directed towards methodologies that minimize the generation of toxic
byproducts. One such sustainable approach involves utilizing natural polysaccharides
like chitosan, starch, and pectin for particle production.

Research in this direction has led to the development of spray-dried particles based
on polysaccharides, which were assessed for their ability to maintain structural in-
tegrity and control the release of proteins, using bovine serum albumin (BSA) as a
model protein.54 These particles, comprising water-soluble chitosan for mucoadhesion
and biocompatibility, hydroxypropyl-β-cyclodextrin, and polyethylene glycol for pro-
tein stabilization during the spray drying process, were fabricated with a mean diam-
eter of 6–7 μm. Notably, these particles demonstrated an encapsulation efficiency for
BSA exceeding 70%, and in vitro release studies using the Transwell® insert revealed a
sustained release profile when compared to unencapsulated BSA.

Polysaccharides, in contrast to synthetic hydrophilic polymers, are endowed with
a myriad of hydrophilic functional groups such as hydroxyl (OH), carboxyl (COOH),
and amine (NH2) groups (Figure 1.13a). These functional moieties play a pivotal role
in the water absorption capabilities of polysaccharides, leading to their subsequent
swelling. This unique structural attribute of polysaccharides enables them to offer a
range of functional properties to polysaccharide-based systems for various application
such as drug and gene delivery, textile, packaging, food additive (Figure 1.13a). Up
to now, according to a survey on Web of Science from the year 2000, the number of
studies on polysaccharide particles has increased significantly (Figure 1.13b). Notably
in bioadhesion and controlled release, the potential for polysaccharide-based drug de-
livery systems to facilitate controlled release has been widely investigated, showcas-
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ing their efficacy in the sustained delivery of a diverse array of therapeutic agents,
including chemotherapeutic drugs, proteins, peptides, and nucleic acids.55 The mech-
anism behind the controlled release of therapeutics from swollen polysaccharides is
intricately linked to the material’s porosity or swelling degree, which can be fine-tuned
through external parameters such as pH, temperature, ionic strength, and the appli-
cation of electric fields.56 This adaptability allows for the precise control of drug re-
lease rates and targeting, enhancing the efficacy of drug delivery. Among various
polysaccharides, starch stands out for its effectiveness, particularly in the oral deliv-
ery of poorly soluble drugs.57 Luo et al. demonstrated the encapsulation of curcumin
within starch microparticles, resulting in a formulation that exhibited improved stabil-
ity against photodegradation and oxidative changes.58 Additionally, the research high-
lighted the ability to precisely adjust the size of curcumin-loaded starch microparticles
from 0.3 to 2 μm bymodulating the rate of the debranching reaction. This modification
directly influenced the release characteristics of curcumin, suggesting the possibility
of tailoring the release profile and target site by adjusting the crystallinity or dimen-
sions of the microparticles. In the other research, the fabrication of colonic enzyme-
responsive dextran-based oligoester crosslinked nanoparticles for the controlled release
of the anticancer drug 5-fluorouracil (5-FU) is reported.59 The 5-FU-loaded nanoparti-
cles (DNPs, size ∼237 ± 25 nm, ζ-potential −17.0 ± 3 mV) were developed through
in-situ crosslinking of dextran with a bifunctional telechelic oligoester, followed by
physical drug encapsulation via nanoprecipitation. The encapsulation efficiency and
drug loading capacity of the DNPs were determined to be approximately 76% and 8%,
respectively. The DNPs demonstrated selective drug release in the presence of the
dextranase enzyme. In vitro release kinetics assays revealed that the DNPs released
about 75% of the entrapped drug within 12 hours of incubation with the dextranase
enzyme (Figure 1.13c). These advancements underscore the versatility and potential of
polysaccharide-based systems in the development of sophisticated drug delivery plat-
forms.
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Figure 1.13: (a) Some polysaccharide exists in the natural sourses, and their applications. (b) Survey on
polysaccharide particles from Web of Science accessed on 2024/5/26. (c) The fabrication of DNP in the
presence of 5-FU, and the depiction of dextranase responsive drug release. Adapted from 59.

21



CHAPTER 1. OVERVIEW OF POROUS PARTICLES PREPARED BY SPRAY DRYING

In the current scenario, porous particles synthesized via aerosolmethods frommate-
rials such as metals, metal oxides, and synthetic polymers have been extensively devel-
oped. However, the production of porous particles from natural polymers, specifically
polysaccharides, remains limited. This limitation arises from the thermal sensitivity of
polysaccharides, necessitating the use of methods that do not involve excessively high
temperatures. Consequently, research on the synthesis of porous polysaccharide parti-
cles using aerosol methods presents an intriguing and necessary area of investigation.

1.5 OBJECTIVES AND OUTLINE OF THE DISSERTATION

In this dissertation, through the utilization of an aerosolization technique our objective
is to develop advanced adsorbents in the form of nanostructured particles. These par-
ticles are synthesized from environmentally benign and biocompatible raw materials,
endowed with the following properties:
(1) Easy to be handling
(2) Highly biocompatible
(3) Based on sustainable materials
(4) Excellent adsorption capacity
(5) Good mass transfer

Porous polysaccharide particles have been synthesized using a template-assisted
spray drying method to fulfill the aforementioned requirements. Initially, a variety of
templates were explored to generate distinct porous structures within the polysaccha-
ride particles. Subsequent investigations focused on the effects of varying template
concentrations on the control of the structure and properties of the porous polysaccha-
ride particles. Additionally, the relationship between the porous structure and protein
adsorption capabilities, as well as drug release properties, was examined to elucidate
the dynamics and mechanisms underpinning the adsorption and release processes.

In Chapter 2, utilizing a template-assisted spray-dryingmethod coupledwith a sub-
sequent chemical etching step, we have fabricated porous particles from pectin, a nat-
urally occurring biopolymer in plants, composed of D-polygalacturonic acid linked
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through α-1,4-glucosidic bonds. The process involved the use of either an organic
template, specifically poly(methyl methacrylate) (PMMA), or an inorganic template,
namely calcium carbonate (CaCO3), to investigate their influence on the development
of macroporous structures within the pectin particles. Additionally, we varied the tem-
plate concentration in the precursor solution to elucidate the formation mechanism of
these porous structures. Our findings indicate that the synthesized porous particles
retain the intrinsic properties of pectin, with the choice of template significantly im-
pacting the particle morphology, size (3 to 8 μm), pore size (80 to 350 nm), and pore
volume (0.024 to 1.40 cm³/g). Notably, particles formed using the CaCO3 template ex-
hibited a remarkable specific surface area of 171.2 m²/g—114 times greater than that of
nonporous pectin particles, highlighting the efficacy of employing PMMA and CaCO3

templates for tailoring the properties of porous materials.
In Chapter 3, bymodulating the concentration of CaCO3, the specific surface area of

these particles was regulated between 177.0 and 222.3 m²/g. The study further delved
into how the macroporous configuration, substantial specific surface area, and the co-
hesive pore network contribute to the adsorption capabilities and mechanism for pro-
tein (lysozyme). Remarkably, all variants of the porous pectin particles exhibited rapid
adsorption rates (approximately 65% of the total capacity within the initial 5 minutes)
alongside a significant increase in adsorption capacity, ranging from 1543 to a peak of
2621mg/g. This enhanced performance is ascribed to the extensive availability of bind-
ing sites within the macropores, facilitated by their expansive surface areas and well-
integrated pore networks. The macroporous pectin particles achieved in this investi-
gation demonstrated an unparalleled adsorption capacity for lysozyme (2621 mg/g)
compared to existing adsorbents.

In Chapter 4, we focused on the synthesis of porous pectin particles, intended for
use as drug delivery vehicles, with indomethacin serving as themodel drug. These par-
ticles notably enhanced their specific surface areas to 203 m²/g—a significant improve-
ment from the 1 m²/g observed in nonporous counterparts. The engineered porous
structure facilitated a shorter diffusion path for drug molecules, thereby accelerating
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the release rate. Analysis of the release mechanism revealed a predominance of Fick-
ian diffusion in the porous pectin particles, in contrast to the erosion and diffusion
combinationmechanism characteristic of nonporous particles. Consequently, the drug-
loaded porous pectin particles exhibited a tri-fold increase in the rate of drug release
compared to their nonporous analogs. By modifying the porous architecture of these
particles, we achieved a controlled release rate, presenting a highly effective method
for the rapid release of drugs, specifically targeting the colonic region.

In Chapter 5, we presents a summary of all topics and future prospects.
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2
Synthesis of Porous Pectin Particles by a
Template-Assisted Spray Drying

Many types of porous particles containing inorganic and organic substances, such as
carbon, metals, metal oxides, inorganic−organic hybrids, and polymers, have been de-
veloped. However, natural polymer-derived particles are relatively rare. To our knowl-
edge, this report describes the first synthetic method for obtainingmeso-/macroporous
particles made from pectin, which is a natural polymer with a wide range of biologi-
cal activities suitable for active substance support applications. These porous particles
were prepared using a template-assisted spray-drying method, followed by a chemical
etching process. An organic template [i.e., poly(methyl methacrylate) (PMMA)] or an
inorganic template [i.e., calcium carbonate (CaCO3)] was used to evaluate the result-
ing formation of macroporous structures in the pectin particles. Furthermore, the con-
centration of the templates in the precursor solution was varied to better understand
the mechanism of porous pectin particle formation. The results showed that the final
porous particles maintained the characteristic properties of pectin. The differences be-
tween the two templates resulted in two distinct types of porous particles that differed
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in their particle morphologies (i.e., spherical or wrinkled), particle sizes (ranging from
3 to 8 μm), pore sizes (ranging from 80 to 350 nm), and pore volume (ranging from 0.024
to 1.40 cm3 g−1). Especially, the porous pectin particles using the CaCO3 template have
a significantly high specific surface area of 171.2 m2 g−1, which is 114 times higher than
that of nonporous pectin particles. These data demonstrated the potential for using
PMMA and CaCO3 templates to control and design desired porous materials.

published in part in Langmuir 2021, 37, 4256−4266
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2.1 INTRODUCTION

Porous structured particles have attracted interest since the twentieth century and have
been applied in various fields.60,61,62 These porous structured particles have several
inherent characteristics, such as a large surface area, high porosity, low density, and
enhanced storage capacity, which distinguish them from conventional dense parti-
cles.63,64,65 These features enable the porous particles to exhibit excellent performance
in terms of catalyst,66,67 adsorption,68,69 gas/liquid separation,70,71 sensor,72,73 super-
capacitor,74,75 and drug delivery.76,77 Because of this wide potential applicability, sub-
stantial research efforts have been dedicated to producing various porous structured
particles.78,79

Among the numerous types of porous structured particles, macroporous particles,
which contain pores larger than 50 nm, are currently considered as “new generation
materials”, owing to their unique and attractive mass transport properties.79,46,80 In
terms of catalytic applications, tungsten trioxide particles with highly-ordered macro-
pores have been reported.81 These particles demonstrated improved penetration and
promoted interactions between molecules and light in the deepest parts of the active
catalyst, resulting in an enhanced photocatalytic rate. In addition, it has been demon-
strated that a macroporous structure can increase the soot−catalyst contact efficiency
during the catalytic purification of soot by boosting the mass transfer and diffusion of
the soot particles.82 Regarding the use of macroporous particles as adsorbents, cellu-
lose nanofiber-loaded macroporous silica particles were successfully prepared with an
abundance of accessible binding sites by tuning the macropore size of the silica par-
ticles to attain a superior protein adsorption capacity.79 This result indicated that the
mass transfer of biomolecules is controlled by electrostatic interactions between the
adsorbent and the adsorbate, as well as the diffusion of these molecules into the pores.
When the pore size was larger than the biomolecule’s size, mass transfer was princi-
pally controlled by pore diffusion, since a large pore could allow for better intraparticle
diffusive transfer.83 Overall, it is essential to expand the scope of research in this field
to synthesize macroporous particles comprising various kinds of materials.
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In the past decade, macroporous particles derived from various inorganic and or-
ganic materials, such as carbon,84 metals,85 metal oxides,86 inorganic-organic hybrid
materials,87 and polymers88 have been developed and tuned. Aiming to expand the
scope of macroporous particles derived from nature, our research group focuses on
pectin because it is an environmentally friendly natural polymer that is abundant in
plant cell walls. In addition, pectin was recommended for the treatment of infections,
allergies, and arthritis, owing to its ability to reach discrete compartments (e.g., eyes,
lungs, and joints).89 Importantly, it can be used to manufacture biocompatible and
biodegradable materials because it is not hindered by any toxicity or biodegradabil-
ity problems.90

Pectin can be synthesized as microparticles using an emulsion technique in solu-
tion,91,92 or via an aerosolmethod, such as spray drying.93,94 The emulsificationmethod
is primarily employed to produce pectin microparticles;92 however, this method in-
volves a complicated process that includes pouring oils and adding surfactants. After
manufacturing the particles, the used oil and surfactant must be eliminated using or-
ganic solvents. In addition, the product is often contaminated with impurities, since
surfactants may not have been completely removed. To overcome the drawbacks of
the emulsion method, a novel strategy for fabricating pectin microparticles without us-
ing oils or surfactants was developed.94 Lee et al. were successful in fabricating pectin
particles using a spray drying method; these particles had regular spherical morpholo-
gies and a dense structure. The researchers investigated their drug release performance
and showed that the drug release rate was effectively controlled. Nevertheless, to our
knowledge, there are no studies focusing on controlling the morphology and structure
of the pectin particles because of their limitation at high temperature and solubility in
many solvents.

In this report, we describe the synthesis and characterization of macroporous pectin
particles, with special attention paid to the advantageous aspects ofmacroporous struc-
tured particles mentioned above. To avoid the thermal decomposition of the natural
polymer, which occurs at high temperature during the synthesis of porous particles,
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we applied a template-assisted spray drying method in combination with a chemi-
cal etching process. The template-assisted spray drying method is a well-established
strategy for producing various nanostructured particles, including macroporous parti-
cles.42,43,44,45 This method typically involves two main processes, including (i) the for-
mation of composite particles consisting of host components and templates, and (ii) the
production of nanostructured particles by removing the templates from the prepared
composite particles.43 The morphology of the obtained particles is highly ordered and
controllable because it depends on the initial precursor component, droplet properties,
and parameter conditions. In thismethod, the choice of the template plays a crucial role
in the formation of the porous particles. The selected template should form pores of the
desired size and should be economical and environmentally friendly. In this research,
owing to their numerous attractive features, poly(methyl methacrylate) (PMMA) and
calcium carbonate (CaCO3) of various particle sizes were used as templates to inves-
tigate the formation of porous structures. PMMA has a relatively low decomposition
temperature and can be dispersed homogeneously in solution;42,95 CaCO3 is advanta-
geous because it can easily be removed using weak acids, which ultimately lessens the
environmental impact.96Moreover, PMMA and CaCO3 are cost-effective, meaning this
method could be profitable for large-scale industrial development. To our knowledge,
this article reports the first successful synthesis of macroporous structured pectin parti-
cles. The fabricatedmacroporous particles all exhibited enhanced specific surface areas
compared with non-porous particles, although the results obtained using the CaCO3

template clearly differed from those obtained using PMMA. In addition, the macrop-
orous particles obtained from the two different types of templates had distinct proper-
ties in terms of morphology, particle size, and pore size. To explain these differences,
the particle formation mechanisms in the two cases are also discussed herein.
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2.2 MATERIALS ANDMETHODS

2.2.1 Preparation of porous pectin particles

The porous pectin particles were prepared by a template-assisted spray dryingmethod,
followed by a chemical etching process, as illustrated in Figure 2.1. First, an aqueous
precursor solution containing raw pectin (supplied by Herbstreith & Fox GmbH & Co.
KG Pektin-Fabriken, Neuenbürg, Germany) as the host material, and either PMMA
(powder; Sekisui Plastics Co., Ltd., Tokyo, Japan) or CaCO3 (30 wt.% in aqueous solu-
tion; Shiraishi Calcium, Osaka, Japan) as the template was prepared in deionized (DI)
water as the dispersant media. The concentration of pectin in the precursor solution
was controlled (as high as 1.0 wt.%), and the templates (PMMA or CaCO3) were used
in mass ratios of 1, 2, or 4, relative to pectin. The samples were labeled as PPT-X-Y,
where X represents the template particles (X = P for PMMA, and C for CaCO3), and Y
indicates the mass ratio of template particles to pectin (Y = 1, 2, or 4). The details of the
precursor solution contents are provided in Table 2.1.

PPT-P particles

Etching with
toluene

Centrifugation

Drying
Washing

with ethanol

Spray drying

Pectin
Template (PMMA, or CaCO3)

PPT-C particles

Etching with
citric acid

Centrifugation

Drying
Washing

with ethanol

CaCO
3

PMMA

Pectin-template
particles

Figure 2.1: Preparation of porous pectin particles using PMMA or CaCO3 templates. PPT-P = porous
pectin particles using PMMA; PPT-C = porous pectin particles using CaCO3.

The aqueous precursorwas then homogenized using an ultrasonic device (T 10 basic
ULTRA-TURRAX® S004, IKA®, Japan) with a rotation speed of 12800 rpm for 30 min
to disperse the template molecules. Spray drying was performed using a mini spray-
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Table 2.1: The contents and concentrations of porous pectin particle precursor solutions.

Template
Sample Pectin PMMA CaCO3 DI water Total volume Yield

(wt.%) (wt.%) (wt.%) (wt.%) (mL) (%)
PPT-0 1.0 - - 99.0 50 64.8
PPT-P-1 1.0 1.0 - 98.0 50 60.9
PPT-P-2 1.0 2.0 - 97.0 50 61.7
PPT-P-4 1.0 4.0 - 95.0 50 62.7
PPT-C-1 1.0 - 1.0 98.0 50 74.1
PPT-C-2 1.0 - 2.0 97.0 50 77.4
PPT-C-4 1.0 - 4.0 95.0 50 64.1

dryer (BÜCHI B-290, Flawil, Switzerland) equipped with an external two-fluid mixing
nozzle with a 0.7 mm liquid orifice diameter and a 1.5 mm gas orifice diameter. The
precursor solutions were fed into the spray-dryer at a flow rate of 3 mL min-1, leading
to atomization and the formation of dried composite particles. During this process, a
temperature of 150 °C was established as the inlet air temperature. The spray gas flow
rate and aspiration rate were set to 357 L h-1 and 37000 L h-1, respectively. A sample of
spray-dried pectin only (PPT-0) was prepared as a control using the same method for
comparison with the characteristics of porous pectin particles.

The dried composite particles were then etched and washed to generate the porous
structures. The dried composite pectin-PMMA particles were added to toluene (Kanto
Chemical Co., Inc., Japan) and stirred for 30min to remove the PMMA templates. After
that, they were centrifuged at 15000 rpm for 5 min, washed thoroughly with ethanol,
and dried in a vacuumoven at 80 °C for 1 h to produce the PPT-P particles. The compos-
ite pectin-CaCO3 particles were added to a 10.0 wt.% citric acid (Sigma Aldrich, Japan)
aqueous solution and stirred for 15 min to remove the CaCO3 templates. Then, they
were centrifuged at 8000 rpm for 5 min and washed thoroughly with ethanol. After
washing, they were dried in an oven at 80 °C for 1 h to obtain the final PPT-C particles.
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2.2.2 Characterization of porous pectin particles

Themorphologies of the porous pectin particles were investigated using scanning elec-
tron microscopy (SEM) S-5000 (Hitachi Ltd., Tokyo, Japan). The zeta (ζ) potential of
particles was analyzed using Zetasizer Nano ZS (Malvern Instrument Inc., London,
U.K.). A Fourier transform infrared (FT-IR) spectrophotometer IRAffinity-1S + MIR-
acle 10 (Shimadzu, Japan) was used to analyze the functional groups present in the
samples. The specific surface area (SBET) of the samples was determined from N2

adsorption-desorption isotherms obtained at 77 K using BELSORP-max (BEL Japan,
Osaka, Japan); the specific surface areas were calculated using the Brunauer-Emmett-
Teller (BET) method. The pore volume and pore size distribution were determined
using the Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe (HK) methods, respec-
tively.

2.3 RESULTS AND DISCUSSION

2.3.1 Morphology of porous pectin particles

The morphology of particles containing only pectin, composite particles, and porous
pectin particles prepared at mass ratios of templates (PMMA or CaCO3) to pectin of 4
are presented in Figure 2.2. As shown in Figure 2.2a-c, spray drying of precursor solu-
tions containing only pectin (PPT-0) afforded spherical particles in 64.8% yield. After
the spray drying process, composite particles consisting of the host material (pectin)
and template (PMMA or CaCO3) were formed with yields over 60% (Figure 2.2d, g).
When the PMMA template was used, a change in morphology was observed; the par-
ticles adopted a concave form and non-spherical morphology. In contrast, when the
CaCO3 template was used, the particle morphology remained spherical. The morpho-
logical difference between these porous particles is discussed further in section 3.3.
Chemical etching of the composite particles generated porous structures in the final
particles. Figure 2.2e, h show that porous structures were successfully introduced in
the pectin particles after spray drying followed by removal of the templates. Images
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of the final porous particles are presented in Figure 2.2 (PPT-P in Figure 2.2e-f, and
PPT-C in Figure 2.2h-i). Compared with the composite particles, the morphology of
the porous particles was maintained in terms of their structural integrity. These results
revealed the effectiveness of combining spray drying and chemical etching processes
to remove the templates from the two types of composite particles.

Without template

1 μm

(a) PPT-0

Pectin

1 μm

PMMA template
(d) Pectin-PMMA-4

(e) PPT-P-4

PMMA
template

Pectin

1 μm

CaCO3 template
(g) Pectin-CaCO3-4

(h) PPT-C-4

CaCO3
template

PectinSpray drying

Composite particle

Porous particle

PPT-0(b)

500 nm

(c) PPT-0 (i) PPT-C-4

86 nm

35 nm

(f) PPT-P-4

350 nm

1 μm 1 μm 1 μm

500 nm 500 nm

Figure 2.2: SEM images of (a-c) spray-dried pectin particles (PPT-0); (d) pectin-PMMA composite par-
ticles; (e, f) porous pectin particles prepared using the PMMA template; (g) pectin-CaCO3 composite
particles; (h, i) porous pectin particles prepared using the CaCO3 template. The mass ratios of tem-
plate/pectin in (d-i) were 4.

2.3.2 Characterization of porous pectin particles

During the chemical etching process, PMMA was dissolved in toluene, and CaCO3

was dissolved in citric acid and produced calcium citrate together with CO2; however,
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pectinwas insoluble in both of these solvents, thus confirming that the structural frame-
work of the porous pectin particles comprised pectin, and the pores were formed from
the removal of PMMA or CaCO3. This phenomenon is supported by the FT-IR results
shown in Figure 2.3. Samples of pectin, template particles (PMMA and CaCO3), and
porous pectin particles with a template/pectin mass ratio of 4 before (pectin-PMMA-4
and pectin-CaCO3-4) and after the etching process (PPT-P-4 and PPT-C-4) were ana-
lyzed. In the PMMA case, the FT-IR spectrum of the pectin-PMMA composite particles
contained the characteristic signals of PMMA (1725 cm-1) and pectin (1402 and 1606
cm-1) (Figure 2.3a).45 No new signals emerged in this sample, indicating that the self-
assembly of pectin and PMMA did not occur via a chemical reaction or involve other
intermediate components during the spray drying process. After chemical etching, the
FT-IR spectrum only contained signals similar to those of the composite particles; how-
ever, the intensity of the PMMA-specific signal decreased, which suggested that PMMA
was removed after etching. In the CaCO3 case, characteristic signals of CaCO3 (711,
875, and 1450 cm-1) and pectin (1402 and 1606 cm-1) (Figure 2.3b) were observed in the
spectrum corresponding to pectin-CaCO3-4 composite particles.97 There were no new
signals detected (other than those typical of CaCO3 and pectin), which indicated that
no chemical reaction had occurred between pectin and CaCO3 during the spray drying
process. However, in the final product (PPT-C-4), only signals corresponding to pectin
were present, without other signals (e.g., the signal corresponding to C=O of citrate
group), indicating that CaCO3 was removed by the etching process and the calcium
citrate from the reaction of citric acid with CaCO3 was also eliminated after the wash-
ing process. Therefore, we concluded that we had successfully created porous particles
without damaging the pectin, because the characteristic properties of the pectin were
preserved.

To confirm that the framework of the porous pectin particles was made from pectin
and that the pores were formed from PMMA or CaCO3 removal, the ζ potential at pH 7
of the PPT-0 particles (fabricated without using a template) was compared with that of
composite particles (templates and pectin) and porous pectin particles (after template
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Figure 2.3: FT-IR spectra of (a) pectin, PMMA, pectin-PMMA-4 composite (before etching), and PPT-
P-4 (after etching); (b) pectin, CaCO3, pectin-CaCO3-4 composite (before etching), and PPT-C-4 (after
etching).

removal) (Figure 2.4a-b). The PPT-0 particles maintained a large negative ζ potential of
−42.4mV because of the presence of COO– groups in the chemical structure of pectin.98

This result indicates that the spray drying process successfully built nanostructured
particles without changing the chemical functional groups. After spray drying and
template removal, the resulting porous particles retained large negative ζ potential val-
ues. In Figure 2.4a, for pectin-PMMAcomposite particles, the absolute ζ potential value
increased to −51.1 mV, and this change was attributed to the presence of the carbonyl
group (C=O; absorption band at 1725 cm-1) in PMMA. The ζ potential value of PPT-P-
4 porous structure particles was −48.4 mV, which was still more negative than that of
the PPT-0 particles. This result confirmed that PMMA remained in the porous particles,
which was consistent with the observed FT-IR spectral results. Additional experiments
were conducted inwhich the volume of toluene used during etchingwas double, triple,
and quadruple. FT-IR spectroscopic results (Figure 2.4c) also showed that PMMA was
still present in porous particles. These phenomena indicated that the porous pectin par-
ticles using the PMMA template had less interconnected channels. Therefore, during
etching, toluene cannot penetrate and dissolve these PMMA particles. In this research,
our focus is to make porous structures without influencing pectin properties and pre-
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dict particle shape and pore size; thus, further investigation of this issue needed to be
studied in the future. As shown in Figure 2.4b, pectin-CaCO3 composite particles had
the ζ potential of −41.4 mV, which was comparable with that of PPT-0. During the
formation of porous particles, the acid used to remove the CaCO3 template partially
converted COO– groups to COOH. Moreover, in the presence of divalent cations, such
as calcium ions, a coordination complex was formed in which calcium ions were held
between two pectin chains.99 The carboxyl groups and calcium ions formed a junctional
zone as an egg-box model (Figure 2.4d), which reduced the number of carboxyl groups
in pectin. The factors mentioned above led to an increase in the ζ potential of PPT-C-4
(to –35.4 mV).

Experiments using various template/pectin ratios were also performed to confirm
that the pores were formed from removal of the template molecules. In both cases, the
template and pectin were prepared in mass ratios of 1, 2, and 4. After chemical etching
to remove the templates, the porous particles were successfully formed, as confirmed
by FT-IR (Figure 2.5a-b), and their morphologies are shown in the SEM images in Fig-
ure 2.5c-h. Based on the SEM images of the particles, the number of pores increased
with increasing proportions of the template in the precursor solution. This indicated
that PMMA and CaCO3 participate in self-assembly and occupy the space inside the
particles. This result further suggested that it was possible to control the pore volume
by changing the template concentration.

As mentioned previously, the morphology of the pectin particles changed after the
addition of PMMA, and the particles adopted a concave form, whereas the particle
morphology maintained a spherical shape when the CaCO3 template was used. Ad-
ditionally, it was determined that the porous particles synthesized with PMMA had a
larger average size relative to those synthesized using CaCO3 (Figure 2.5i). In the ex-
periments with PMMA, the average size of PPT-P particles increased from 5 to 8 μm, as
the mass ratios of PMMA/pectin increased from 1 to 4. In the experiments with CaCO3

templates, changing the template/pectin ratio from 1 to 4 also led to a slight increase
in the average particle size (from 3 to 4 μm). The differences in particle morphology
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and particle size are discussed further in section 3.3 as they relate to the mechanism of
particle formation.

To better understand the pore size distribution of porous pectin particles prepared
with different ratios of template/pectin, it was necessary to compare the pore sizes
and template sizes. As shown in Figure 2.6, PMMA and CaCO3 have different sizes
and shapes. The PMMA used in this study had a spherical shape with an average size
of 513 nm, whereas the average size of CaCO3 was 86 nm with a non-spherical shape.
The pores on the PPT-P particles had an average size of 351 nm (Figure 2.6a, c). Com-
paring the size of the PMMA particles with the pore sizes in the PPT-P sample, it was
clear that the size of the pores was smaller than the original size of PMMA. This result
is in good agreement with previously published work.45 The template particles were
evenly distributed throughout the precursor solution, i.e., there was no aggregation of
PMMA (Figure 2.6b, d). The wide pore size distribution resulted from the abnormal
surface morphology, which had many concave wrinkles. In contrast, using the smaller
CaCO3 template led to smaller sized pores. The average pore size in the PPT-C parti-
cles was 90 nm (Figure 2.6b, d). Furthermore, it was observed that the PPT-C particles
had a similar pore size distribution relative to the size distribution of CaCO3. There
was an uneven distribution of CaCO3 particles in the precursor, indicating that local
agglomeration between CaCO3 particles had occurred (Figure 2.6g); this caused a wide
pore size distribution in the PPT-C particles. These results confirmed the participation
and essential role of the templates in the formation of pores in the final particles.

The N2 adsorption and desorption isotherms were investigated as a part of the pore
structure analysis (Figure 2.7a-b). The particles made from only pectin (PPT-0) and
the PPT-P-4 particles exhibited type II isotherms, characteristic of the adsorption of
non-porous and macroporous materials.100,101 The PPT-C-4 particles exhibited com-
bined isothermal adsorption behavior (between type II and type IV), characteristic of
mesoporous and macroporous materials.101 The type H2 hysteresis loop occurred in
this sample at a relative pressure of P/P0 > 0.7, which indicated that the pores were
disordered and had a wide distribution. At a relative pressure lower than 0.1, the PPT-
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0, PPT-P-4, and PPT-C-4 particles showed a gradual increase in the adsorption of N2

gas. These results implied the presence of micropores when using PMMA and CaCO3

templates; however, the number of micropores formed using PMMA was negligible
relative to the number formed using CaCO3.

More details of the pore size distribution of PPT-0, PPT-P-4, and PPT-C-4 particles
were evaluated to determine the influence of the templates on pore formation. The
general pore size distribution was analyzed in the range of 2 to 100 nm using the BJH
method (Figure 2.7c), and the micropore size distribution was analyzed in the 1 to 2
nm range using the HK method (Figure 2.7d). When PMMA was used, PMMA parti-
cles collide and contact each other at the same position in the self-assembly process to
form the composite particles (Figure 2.7e). This phenomenon is called the kissing effect.
After the chemical etching process, PMMA templates were removed, and this kissing
effect generated a porous network spanning micropores to macropores,45 which im-
proved the pore volumes compared with non-porous particles (PPT-0). However, the
size of the PMMAwas greater than 500 nm, so itwas difficult to determine the exact vol-
ume of the macropores within the range of the calculations.102 In contrast, since CaCO3

was smaller than PMMA, the overall pore volume in PPT-C particles (1.40 cm3 g-1) was
significantly greater than that in PPT-P particles (0.024 cm3 g-1). This enhancement of
the porous network ranging from micropores to macropores may be derived from the
kissing effect and arrangement of CaCO3 during self-assembly and particle construc-
tion in the spray drying process. Additionally, removal of the CaCO3 template using
acid released CO2 gas (molecular size ≈ 0.33 nm), as shown in Figure 2.7f, g. This in-
creased the pressure and caused the structural skeleton of the particle to break, leading
to pore formation. This result also demonstrated the potential advantage of using an
environmentally friendlyweak acid to remove CaCO3 templates, which has never been
reported.

Based on the data presented in Table 2.2, the incorporation of PMMA and CaCO3

into pectin through spray drying significantly increased the specific surface area by
forming pores of various sizes. The specific surface area calculated using the BET equa-
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tion for PPT-0 particles was 1.5 m2 g-1. The specific surface area of the PPT-P-4 particles
was 5.4 m2 g-1, which represents an increase of 3.6 fold. The PPT-C-4 particles had the
largest specific surface area (171.2m2 g-1). The porous structure in PPT-C-4 enhanced its
specific surface area by 32 times relative to PPT-P-4, and 114 times compared with non-
porous PPT-0. These results confirmed that the structure of the porous pectin particles
allows for good penetration by small compounds with plenty of space on the surface
and interior. With such great potential, research regarding the adsorption capacity of
porous pectin particles will certainly be investigated in the future.

Table 2.2: Specific surface area and micropore, mesopore, and macropore volumes in porous pectin
particles.

Sample SBET Vmicropore Vmesopore Vmacropore Total pore volume
(m2 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1)

PPT-0 1.5 5.5 × 10-4 4.7 × 10-3 2.3 × 10-3 7.5 × 10-3

PPT-P-4 5.4 2.1 × 10-3 7.1 × 10-3 0.015 0.024
PPT-C-4 171.2 0.063 0.43 0.96 1.4

2.3.3 Mechanism of particle formation

The morphology and size of the ordered porous structure particles formed using the
spray drying method can be influenced by various factors, including the initial size of
the template, the mass ratio of template particles to host materials, and the conditions
of the drying process.103,104,105,106 The pectin host materials started to decompose at
200 °C, as shown in Figure 2.8. Therefore, the temperature of hot air was fixed at 150
°C, and similar mass ratios of PMMA or CaCO3 particles to pectin were used to draw
comparisons. Considering the changes in the morphology of the particles generated
using PMMA versus CaCO3 (while maintaining identical drying conditions), we pre-
dicted that there was also a template-dependent difference in the particle formation
mechanisms.

In this study, we focused on the influence of the droplet size on the morphology,
structure, and size of the produced particles. The droplet size depends on the properties
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Figure 2.8: Thermogravimetric (TG) analysis diagram of pectin.

of the precursor solution, e.g., density, viscosity, and surface tension. Nukiyama et al.
proposed that these properties were related to the droplet size during the spray drying
process with two-fluid nozzles according to Equation 2.1,107

Dd =
0.585
Va

( σ
ρL

)0.5
+ 53

(
η2L
σρL

)0.225 (QL
QA

)1.5
(2.1)

where Dd is the average droplet size (μm), Va is the liquid jet velocity (m s-1), σ is
the liquid surface tension (kg s-2), ρL is the density of liquid (kg m-3), ηL is the viscos-
ity of the liquid (kg m-1s-1), QL is the liquid flow rate (m3 s-1), and QA is the carrier
gas flow rate (m3 s-1). The droplet diameters, Dd, were calculated using Equation 2.1,
and the results are presented in Table A.1. The presence of PMMA or CaCO3 in the
pectin solution effectively changed the precursor’s density, viscosity, and surface ten-
sion, which affected the initial droplet size after atomization. The droplet from the
precursor solution containing only pectin had Dd = 30.2 μm. For precursor solutions
with a template/pectin ratio of 4, the droplet size of the solution containing CaCO3

was 30.8 μm, which was smaller than the droplet size of the analogous solution con-
taining PMMA (33.4 μm). Based on these results, we proposed the particle formation
mechanisms described in Figure 2.9.
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As illustrated in Figure 2.9, porous pectin particles were formed in a four-step pro-
cess, including (i) droplet formation, (ii) water evaporation, (iii) self-assembly of pectin
and template components in the droplet, and (iv) template removal. During atomiza-
tion to generate droplets from the precursor in the first step, the initial droplets formed
via spray drying have different sizes because of the initial difference in precursor prop-
erties, which depend on the template used. In the precursor containing CaCO3 tem-
plates, the resulting droplets were smaller than those with PMMA templates. In the
second step, some of the template particlesmove toward the inner surface of the droplet
as thewater begins to evaporate. In the third step, self-assembly between templates and
pectin occurs via van der Waals, drag, electrostatic, and surface tension forces, which
initiate the distribution of template and pectin inside the droplet during the drying
process. Then, further evaporation of water and shrinkage in droplet diameter cause
more trapped particles to accumulate on the surface. When the surface concentration
of the template particles and pectin reaches its maximum value, a solid shell forms
on the droplet surface. For small droplets (i.e., PPT-C), the droplet structure was sta-
ble, and the final obtained particles were spherical (similar to the initial shape of the
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droplet, except smaller in size). However, when the droplet size was large, as in the
case of PPT-P, the drying was not completed under the same conditions, meaning that
the interior was still wet. The droplet structure was also less stable, so under the dry-
ing gas, the difference in pressure inside and outside of the particles caused their shape
to become abnormal, and a concave morphology was adopted. The instability of the
droplets during the spray drying process was considered based on the Bond number
theory described by Equation 2.2,108

β =
Δρ× α×D2

d
σ (2.2)

where, β is the Bond number, Δρ is the differences in densities between the droplet
and the surrounding fluid, α is the acceleration of the droplet moving during the dry-
ing process, σ is the surface tension of the precursor solution, and Dd is the average
droplet size. In general, the closer β is to zero, the more stable the droplet, and the
more capable it is of maintaining its spherical shape. Based on Equation 2.2, the value
of the Bond number is directly proportional to the square of the average droplet size,
indicating that changes in Dd dramatically affect the stability of the droplet. There-
fore, when the droplets were large, the Bond numbers were also large, and indeed, the
droplets became irregular in shape; when these droplets were dried, they formed par-
ticles with non-spherical morphologies. The SEM images of the porous pectin particles
(Figure 2.2a-f) confirmed that the large droplet size in the PPT-P casewas unstable, lead-
ing to non-spherical particles. These results supported our analysis regarding droplet
stability based on Bond number theory. In addition, experimental data showing the
change in the size of the porous particles (Figure 2.2g) confirmed that a large droplet
size led to the formation of large porous particles, i.e., the size of PPT-P particles was
greater than that of PPT-C particles. These results are consistent with previous reports
demonstrated that the droplet size also affects the properties of the obtained porous
particles.106,109 The droplet diameter only influences the outer diameter and morphol-
ogy of the particles. Moreover, the porous structure (i.e., pore sizes, shapes) is the result
of the self-assembly of components during the drying process, and there is no relation
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to the droplet diameter. Furthermore, pectin is widely used for various applications, so
understanding how to control the morphology and porous structure of pectin particles
is crucial for advanced applications.

2.4 CONCLUSIONS

This report described the synthesis ofmeso-macroporous pectin particles using a template-
assisted spraydryingmethod involving two types of templates, i.e., PMMAandCaCO3.
Spectroscopic data (FT-IR) and ζpotential values indicated that porous structuredparti-
cleswere successfully preparedwithout impacting the inherent characteristics of pectin.
The initial droplet size during the spray drying process influenced themorphology and
size of the porous pectin particles. The obtained PPT-P particles (using PMMA tem-
plates) had wrinkled morphology, and the particle size varied from 5 to 8 μmwhen the
mass ratio of template/pectin increased from 1 to 4. WhenCaCO3 templateswere used,
the resulting PPT-C particles were spherical, and their size changed slightly from 3 to
4 μm as the template/pectin mass ratio increased from 1 to 4. The pores contributed to
the increased specific surface area of the porous pectin particles compared with parti-
cles formed using only pectin (without a template). With a template/pectin mass ratio
of 4, the PPT-C particles had a higher specific surface area (171.2 m2 g-1) than the PPT-P
particles (5.4 m2 g-1). Overall, this study demonstrated the potential for using PMMA
and CaCO3 templates to control and design macroporous materials. With such incred-
ible potential, appealing opportunities are awaiting porous pectin particles in the field
of drug delivery systems. More specifically, further research is on-going in controlling
the morphology and pore sizes of porous pectin particles and utilizing them in adsorp-
tion experiments of macromolecules (e.g., antibodies and enzymes) for a wide range of
drug delivery applications.
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3
Protein Adsorption Capacity of Porous Pectin
Particles

There has been much interest in developing protein adsorbents using nanostructured
particles, which can be engineered porous materials with fine control of the surface
and pore structures. A significant challenge in designing porous adsorbents is the high
percentage of available binding sites in the pores owing to their large surface areas
and interconnected pore networks. In this study, continuing the idea of using porous
materials derived from natural polymers toward the goal of sustainable development,
porous pectin particles are reported. The template-assisted spray drying method using
calcium carbonate (CaCO3) as a template for pore formation was applied to prepare
porous pectin particles. The specific surface area was controlled from 177.0 to 222.3
m2 g−1 by adjusting the CaCO3 concentration. In addition, the effects of a macrop-
orous structure, the specific surface area, and an interconnected pore network on the
protein (lysozyme) adsorption capacity and adsorption mechanism were investigated.
All porous pectin particles performed rapid adsorption (∼65% total capacity within 5
min) and high adsorption capacity, increasing from 1543 to the highest value of 2621mg
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g−1. The results are attributed to the high percentage of available binding sites located
in the macropores owing to their large surface areas and interconnected pore networks.
The macroporous particles obtained in this study showed a higher adsorption capacity
(2621 mg g−1) for lysozyme than other adsorbents. Moreover, the rapid uptake and
high performance of this material show its potential as an advanced adsorbent for var-
ious macromolecules in the food and pharmaceutical fields.

published in part in ACS Appl. Mater. Interfaces 2022, 14, 14435−14446
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3.1 INTRODUCTION

As an indispensable part of biomacromolecules, proteins play essential roles in fun-
damental biological processes and have an important place in the biotechnological
and biopharmaceutical industries.110,111 Accordingly, it is necessary to develop high-
productivity adsorbents to transport highly reliable proteins for human use.112 Nanos-
tructured particles, especially porous particles, are efficient adsorbents owing to the
good accessibility of the active sites.46 In recent years, application of conventional porous
particles such as porous silica and carbon as adsorbents for small molecules has been
well established.113,114,115 However, their utilization for macromolecular organic com-
pounds, such as drugs, proteins, and antibiotic residues, is still minimal because they
mainly contain micropores and mesopores.116,117 The poor accessibility of the binding
sites in the inner micropores of these materials and the longer contact times that are
often required to enable large molecules to transfer lead to a low processing rate.118,119

Therefore, it is necessary to develop an efficient protein adsorbent with large pores that
possess more active sites to enhance protein interaction performance.

To overcome the above drawbacks, recent interest in adsorption, separation, and
controlled release of large molecules has been combined with advanced synthesis tech-
niques to readily introduce macropores (pore diameters larger than 50 nm) into parti-
cles.120,121,122 Although macroporous materials typically have lower specific surface
area than mesoporous materials, macropores have the potential to improve the ac-
cessibility of reactants (especially macromolecular organic compounds) to the active
sites in these materials.123,124 The adsorption capacity and selectivity are known to de-
pend on the pore sizes and pore network of the adsorbent. Thus, the differences in
the dimensions and interconnected channels can be used to accomplish adsorption of
proteins. Several research groups have demonstrated many approaches that use this
concept, such as the double emulsion method,125,126 seeded polymerization,127,128 col-
loidal templating,129 microfluidic techniques,130,131 and other methods.132,133 For in-
stance, Pavel and co-workers132 recently prepared hierarchical porous materials that
combinemesopores withmacropores (average pore sizes of 9 and 200 nm, respectively)
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by a sol–gel method from a silica precursor and a dispersion of solid lipid nanoparti-
cles in a micelle phase. They found that adsorption of dimers or monomers of an en-
zyme (small size) preferentially occurred in the mesopores, while the tetrameric (larger
size) form adsorbed in the macropores. However, most of the aforementioned meth-
ods require additional chemicals, such as surfactants, complicated processes to gen-
erate pores, and sophisticated equipment. To overcome the above disadvantages, the
development of a simple method for the synthesis of high porosity particles has been
researched and established. Aerosol methods, such as the spray process, are efficient
and useful methods to prepare porous particles.134,43,135,136 Particles prepared by the
spray process are continuously and rapidly formed in a limited number of steps and
generate low waste. Rahmatika et al.79 reported cellulose-nanofiber-loaded macrop-
orous silica particles fabricated by tuning the macropores of silica particles to achieve
unrivaled protein adsorption capacity. By modifying macroporous silica particles with
different pore sizes, the optimummacropore size successfully enhanced the adsorption
capacity owing to the improved interconnectivity between the pore networks with an
abundance of accessible binding sites. From that issue, the importance of macropores
to the performance of large molecules of materials is remarkably impressive for further
studies in practical application. Nevertheless, tailoring the macroporous structure to
include high specific surface area with an interconnected pore network while selecting
a material with excellent properties according to the goal of sustainable development
remains a challenge.

For many applications, especially in drug-delivery systems and the food industry,
the choice of the raw materials is important for sustainable particulate material de-
velopment. Among the potential adsorbents, natural polymer-based materials are the
most promising because they are biocompatible and have a low environmental effect
while demonstrating high strength, stiffness, and chemical resistance.120,45 Pectin is a
complex polysaccharide consisting mainly of esterified D-galacturonic acid in an α-(1-
4) chain present in every plant’s primary cell wall and center lamellae grown from the
ground, and has various bioactivities.90 It is appropriate for synthesizing a sustainable
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material for industrial scale-up as it has different properties, including gelling ability,
viscosity, and cation binding properties between cation and non-esterified galactur-
onic acid units. Recently, our group reported fabrication of macroporous particles from
pectin by the template-assisted spray drying method for the first time.137 The results
showed the potential of using a poly(methyl methacrylate) or a CaCO3 template to
tailor macroporous materials. Importantly, the porous pectin particles obtained using
the CaCO3 template had extremely high specific surface area, which is beneficial for
providing active binding sites for protein adsorption. However, application of macro-
porous pectin particles as an adsorbent for proteins has not been reported.

In this study, we investigated the effectiveness of macroporous pectin particles with
different specific surface areas to enhance the protein (lysozyme as a model) adsorp-
tion performance. In addition, we elucidated the lysozyme-adsorption mechanism by
calculating the adsorption kinetics and isotherm parameters.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials

Pectinwas purchased fromHerbstreith&FoxGmbH&Co. KGPektin-Fabriken (Neuen-
bürg, Germany). CaCO3 (30 wt.% in aqueous solution) with the average size of 86
nm (from the diameter measurement of more than 300 particles from the SEM images)
was obtained from Shiraishi Calcium (Osaka, Japan). Citric acid was purchased from
Sigma-Aldrich (Osaka, Japan). The model protein (lysozyme) was purchased fromMP
Biomedicals (Solon, OH). All of the chemicals and solvents for the experiments were
used as received without further purification.

3.2.2 Preparation of the porous pectin particles

Precursor preparation

First, the precursor solution, including raw pectin and CaCO3 as the template, was pre-
pared in deionized (DI) water as the dispersant medium. The pectin concentration in
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the precursor solutions was controlled at 1.0 wt.%, and CaCO3 was used in weight ra-
tios of 4, 8, and 12 relative to the weight of pectin. An ultrasonic device (T 10 basic
ULTRA-TURRAX S004, IKA, Japan) was then used to homogenize the aqueous precur-
sor with a rotation speed of 12,800 rpm for 30 min to disperse the components. The
precursor solution contents are given in Table 3.1.

Table 3.1: Precursor concentrations of various porous pectin particles (DI water was used as the solvent).

Sample Pectin CaCO3 Weight ratio of
pectin:CaCO3

Total weight of the
precursor solution

(wt.%) (wt.%) (g)
PPT-0 1.0 - 1:0 50.0
PPT-4 1.0 4.0 1:4 50.0
PPT-8 1.0 8.0 1:8 50.0
PPT-12 1.0 12.0 1:12 50.0

Template-assisted spray drying followed by template removal

The porous pectin particles were prepared by template-assisted spray drying, followed
by a chemical removal process.137 The method is shown in Figure 3.1a. A mini spray-
dryer (BÜCHI B-290, Flawil, Switzerland) was used with an external two-fluid mixing
nozzle with a 0.7 mm liquid orifice diameter and a 1.5 mm gas orifice diameter. The
feed rate of the precursor solutions was 3 mL min−1. During this process, the inlet air
temperature was 150 °C. The spray gas-flow rate and aspiration rate were set to 357 L
h−1 and 37,000 L h−1, respectively. Spray-dried pectin only (PPT-0) as a control sample
was prepared by the same method for comparison with the porous pectin particles.
The dried composite particles were then immersed and washed to generate the porous
structures. The composite pectin–CaCO3 particles were placed in 10.0 wt.% citric acid
aqueous solution and stirred for 15min to remove the CaCO3 template. Theywere then
centrifuged at 8000 rpm for 5min andwashed thoroughlywith ethanol. After washing,
the particles were dried in an oven at 80 °C for 1 h to obtain the porous particles. The
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porous samples are labeled PPT-X, where X is the weight ratio of the template particles
to pectin (X = 0, 4, 8, and 12).

Template
removal

(a)

(b)

Pectin
CaCO3

Macroporous pectin
Pectin-CaCO3

composite

Two-fluid nozzle

Lysozyme

Lysozyme
Buffer pH 7

Stirring
30 min 

Centrifuge
15000 rpm

10 min

UV-vis measurement
at 281 nm

Supernatant

Macroporous pectin

Precursor
solution

Adding

Products

Compress air

Figure 3.1: (a) Procedure for preparing the porous pectin particles. The precursor solution containing
pectin and CaCO3 was spray-dried to give pectin–CaCO3 composite particles. The pectin–CaCO3 com-
posite particles were then collected for CaCO3 removal to obtain porous pectin particles. (b) Application
of the porous pectin particles to lysozyme adsorption. The lysozyme solution in pH 7 buffer was pre-
pared, and then the porous pectin particles were added to the solution. After each determined time, a
sample of the solution was centrifuged. The supernatant fraction was then subjected to UV–Vis mea-
surement at 281 nm to determine the adsorbed lysozyme amount.
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Characterization of the porous pectin particles

The morphologies of the particles were investigated by scanning electron microscopy
(SEM) (S-5200, Hitachi Ltd., Tokyo, Japan). The cross-sectional SEM images were ac-
quired with a Xe+ plasma focused ion beam (PFIB) system using an FEI Helios PFIB
Dual Beam FIB-SEM facility. The specific surface areas of the samples were determined
from the nitrogen adsorption–desorption isotherms obtained at 77 K using BELSORP-
max (BEL Japan, Osaka, Japan). The specific surface areaswere calculated by the Brunauer–
Emmett–Teller (BET) method. The pore volume and pore-size distribution were de-
termined by the Barrett–Joyner–Halenda (BJH) and Horvath–Kawazoe (HK) methods.
The zeta potential of the particles was determined with a Zetasizer Nano ZS (Malvern
Instrument Inc., London, UK).

Evaluation of the equilibrium adsorption performance

To investigate the adsorption capacity of the prepared porous pectin, lysozyme (iso-
electric point (pI) of 10.5 and dimensions of 4.5 nm × 3.0 nm × 3.0 nm)79 was used as a
model molecule. The procedure of the adsorption experiments is shown in Figure 3.1b.
An aqueous lysozyme solution with a concentration of 0.4 mg mL−1 and a pH value
of 7 was prepared using phosphate buffer. To test the static adsorption performance,
10.0 mg of the prepared porous pectin was soaked in 50.0 mL of the aqueous lysozyme
solution. The mixed solution was then stirred at 25 °C for 2 h. A 5.0 mL sample was
periodically withdrawn and then centrifuged (15,000 rpm for 10 min). The calibration
curve of the lysozyme solutionwas prepared from 6.25 × 10−3 to 1.5mgmL−1. All of the
changes in the absorption intensity of the supernatant were measured at 281 nm with
an ultraviolet–visible (UV–Vis) spectrophotometer (UV-2450, Shimadzu, Japan) from
250 to 350 nm at 25 °C. The following equation was used to calculate the adsorption
capacities of all of the adsorbents:

Qt =
(C0 − Ct)V

m (3.1)
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where Qt is the adsorption capacity of the adsorbent at time t (mg protein/g adsor-
bent), C0 is the initial protein concentration, Ct is the protein concentration at time t,
which was calculated from the calibration curve, m (g) is the weight of the adsorbent,
andV (mL) is the volume of the protein solution. All tests were performed in triplicate.

A further investigation of the maximum lysozyme uptake capacities of PPT-12 at
various lysozyme concentrations (0.1, 0.2, 0.4, 0.9, 1.1, and 1.3mgmL−1) was performed
for use in isotherm fitting. For all of the materials, the batch adsorption experiments
were monitored kinetically and maintained for a period of time to reach equilibrium.

3.3 RESULTS AND DISCUSSION

3.3.1 Preparation of the porous pectin particles

The morphologies of the prepared dense pectin particles (PPT-0) and porous pectin
particles (PPT-4, PPT-8, and PPT-12) are shown in Figure 3.2. Spherical particles with a
smooth surface were obtained by spray drying the precursor solution containing only
pectin (PPT-0) (Figure 3.2a). After spray drying pectinwithCaCO3 template, the pectin-
CaCO3 composite particles were obtained (Figure B.1). Subsequently, porous struc-
tures with spherical morphology were successfully introduced into the pectin particles
after the chemical removal process of the CaCO3 template with citric acid (Figure 3.2b–
d). Another experiment was conducted using HCl to remove the CaCO3 template.
However, the porous particles appeared with large pores and broken particles were
obtained (Figure B.2). This result was in stark contrast to the use of citric acid. In ad-
dition, citric acid is environmentally friendly because it can be extracted from nature,
and they are also used in the production of foods such as confectionery because they
are not harmful to the human body. Based on our survey results and the benefits of
citric acid, the citric acid solution was chosen for this study. To confirm the removal of
CaCO3, FT-IR measurements of the pectin particles before and after removing CaCO3

were conducted (Figure B.3). Along with that, we measured the spectra of pectin,
and CaCO3. Based on the results, the characteristic signals of CaCO3 were detected
in the pectin-CaCO3 composite particles. However, after etching treatment with citric
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acid, the characteristic signals of CaCO3 no longer appeared in the porous pectin sam-
ples. The FT-IR spectra results shown in Figure B.3 indicated that the framework of the
porous pectin particles was made from pectin, and the pores were formed from CaCO3

removal. These results are similar to the porous pectin particles obtained in a previous
study.137 By comparing the porous particles with various CaCO3 concentrations, it was
found that the number of pores increased proportionally with increasing concentration
of the CaCO3 template (Figure B.4). This shows that it is possible to control the pore
volume by varying the CaCO3 concentration. Moreover, calcium ions can form an egg-
box model with pectin.138,139 This structure can be described as two antiparallel chains
that conjugate with calcium ions and further aggregate laterally (Figure B.5). This phe-
nomenon contributes to the increased stability of these porous particles, specifically
by reducing the water solubility (the detailed calculation is given in the Appendix B,
Figure B.6).140 Additionally, the calcium ion contents of porous pectin particles were
determined by the ICP-AES method. The results showed that the presence of calcium
ions in the porous pectin particles of PPT-4, PPT-8, and PPT-12 were 18, 28, and 30
wt.%, respectively (the detailed in the Appendix B, Figure B.7). From the aforemen-
tioned results, we found that CaCO3 plays two essential roles in formation of porous
pectin particles: (1) as a template to prepare the porous structure in the particles and
(2) the calcium ions formed after chemical removal of the template stabilize the porous
structure through the egg-box model.

The structural characteristics of the inside of the nonporous and porous pectin parti-
cleswithweight ratios of CaCO3 to pectin of 4, 8, and 12were investigated in detail (Fig-
ure 3.3). The cross-sectional SEM images of the nonporous pectin particles exposed the
inner structure without the pores, which is consistent with their observed SEM images
above. Before CaCO3 templates removal, the cross-sectional SEM images of pectin-
CaCO3 composite particles showed the even distribution of CaCO3 inside the particles
(Figure B.8). The porous pectin particles revealed that the internal structures of the
particles with numerous pores formed densely interconnected pore networks. These
results indicated the effectiveness of the pores formation of chemical etching processes
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Figure 3.2: SEM images of porous pectin particles with weight ratios of CaCO3 to pectin of (a1)–(a3)
0, (b1)–(b3) 4, (c1)–(c3) 8, and (d1)–(d3) 12. The images at different magnifications are classified into
three categories: (1) images of many particles at magnification of ×5.0k, (2) images of one particle at
magnification of ×10.0k, and (3) images of the surface of a particle at magnification of ×35.0k.
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to remove the template. As observed in the high magnification images, the shape and
size of the pores were consistent with the CaCO3 particles used as the template. The
average pore diameter (~80 nm) was almost identical to the size of the CaCO3 parti-
cles (80 nm). Moreover, larger pores formed owing to the interlaced arrangement of
the CaCO3 particles inside the pectin particles. This interconnected porous structure
is important for adsorption because the molecules can move freely between adjacent
channels. The influence of this structure on the diffusion behavior has already been
examined through the movement of individual molecules in the channel structures us-
ing single-molecule tracking.141,142 Consequently, the interconnected pore network can
enhance mass transfer of liquid and improve the processing efficiency, which are favor-
able for applications in the field of adsorbents.

3.3.2 Effect of the CaCO3 concentration on the specific surface area of the porous
pectin particles

To elucidate the surface physicochemical properties of the porous pectin particles and
the effect of the CaCO3 concentration on the specific surface area, nitrogen adsorption–
desorption tests of PPT-0, PPT-4, PPT-8, and PPT-12were performed (Figure 3.4 and Ta-
ble 3.2). As shown in Figure 3.4a, the N2 adsorption–desorption isotherm of the PPT-0
particles was type II, corresponding to a nonporous structure.137,101,95 All of the PPT-4,
PPT-8, and PPT-12 porous particles showed a combination of type II and IV adsorp-
tion isotherm curves. According to the IUPAC definition, they have typical meso- and
macroporous structures.137,101Moreover, the hysteresis loops of all of the porous pectin
samples were H2 type, indicating that they had disordered and wide pore-size distri-
butions. The PPT-4 sample characteristics were similar to those reported previously,137

showing the reproducibility of the experiment to produce porous pectin particles. As
can be seen from Figure 3.4b, the specific surface areas of the PPT-4, PPT-8, and PPT-
12 porous particles were significantly larger than that of PPT-0. This is attributed to
an increase of the total pore volume owing to formation of more pores with increasing
weight ratio of CaCO3 to pectin.

60



3.3. RESULTS AND DISCUSSION

Interconnected 
pore network

1 μm

PPT-4(b2)(b1) PPT-4

1 μm

PPT-8(c2)(c1) PPT-8

1 μm 500 nm

PPT-12(d2)(d1) PPT-12 Interconnected pore network

500 nm

500 nm
Interconnected 
pore network

80 nm

100 nm

1 μm

PPT-0(a1) PPT-0

500 nm

(a2)

Figure 3.3: Cross-sectional SEM images of (a1)–(a2) nonporous pectin particles and porous pectin parti-
cles with weight ratios of CaCO3 to pectin of (b1)–(b2) 4, (c1)–(c2) 8, and (d1)–(d2) 12 at different mag-
nifications. (a1), (b1), (c1), and (d1) are at low magnification of ×10.0k and (a2), (b2), (c2), and (d2) are
at high magnification of ×25.0k. The regions marked in yellow in the high-magnification images are the
interconnected pore networks.
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Table 3.2: Characteristics of the macroporous pectin particles (different superscript letters indicate a
significant difference (p < 0.05) compared with the other samples as assessed by two-tailed Student’s
t-tests).

Sample Specific surface area Vmicropore Vmesopore Vmacropore Total pore volume
(m2 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1)

PPT-0 1.5 0.00055a 0.0047a 0.0023a 0.0075
PPT-4 177.0 0.065b 0.39b 0.78b 1.2
PPT-8 193.2 0.072b 0.56b 1.6b, c 2.2
PPT-12 222.3 0.082c 0.59b 1.9c 2.5

More specific aspects of the pore-size distributions of the porous pectin particles
were evaluated to determine the effect of the template onpore formation. Themicropore-
size distribution was investigated in the 1–2 nm range by the HKmethod (Figure 3.4c),
and the meso-/macropore-size distribution was analyzed in the range 2–200 nm by the
BJHmethod (Figure 3.4d). For all of the porous pectin particles, the wide pore-size dis-
tribution in the meso-/macropore range with an evenly distributed pore volume indi-
cated that they possessed highly interconnected pore networks with open macropores
in the size range 60–120 nm. Furthermore, based on the data in Table 3.2, increasing the
CaCO3 concentration resulted in significant increases of the micropore volume (from
0.065 to 0.082 cm3 g−1), mesopore volume (from 0.39 to 0.59 cm3 g−1), and macropore
volume (from 0.78 to 1.9 cm3 g−1). These results remarkably contributed to the high
specific surface areas of the porous pectin particles, namely, the specific surface areas
of 177.0, 193.2, and 222.3 m2 g−1 for PPT-4, PPT-8, and PPT-12, respectively. The sig-
nificant increases in the micropore and macropore volumes of the PPT-12 particles led
to an increase in the specific surface area (the specific surface area was about 150 times
higher than that of the nonporous PPT-0 particles (1.5 m2 g−1)). The improvement of
the specific surface area combined with the abundance of accessible binding sites of the
mesopores, macropores, and interconnected pore network can promote the capacity for
protein adsorption when the porous pectin particles are applied as an adsorbent.
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Figure 3.4: (a) Nitrogen adsorption (ads)–desorption (de) isotherms. (b) Relationships between the
specific surface area and total pore volume and the CaCO3 concentration as a template. (c) and (d)
Micropore-, mesopore-, and macropore-size distributions of the porous pectin particles fabricated with
different CaCO3 concentrations.
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3.3.3 Elaboration of the lysozyme adsorption system

Adsorption kinetics

Lysozyme adsorption on the porous pectin particles was carried out in batch experi-
ments. Initially, a calibration absorbance–concentration curve was prepared between
6.25 × 10−3 and 1.5 mg mL−1 lysozyme concentration (correlation factor R2 = 0.9999,
Figure B.9). The concentration of adsorbed lysozyme was analyzed by measuring the
absorbance of lysozyme at 281 nm using a UV–vis spectrophotometer, and the adsorp-
tion capacities (mg lysozyme/g adsorbent) were calculated by Equation 3.1. Proteins
are charged molecules, and their overall charge depends on their pI value, which sig-
nificantly influences their adsorption on adsorbent surfaces. Because lysozyme has a
pI value of 10.5, the protein molecules are mostly neutral in charge at this point. At
pH lower than the pI value (e.g., pH 7), the amine groups of lysozyme are protonated
and it turns into a positively charged protein, while pectin possesses negative charge
owing to the presence of carboxyl (–COOH) groups (Figure 3.5a). Therefore, lysozyme
can absorb on the adsorbent through electrostatic interaction between the negatively
charged pectin particles and positively charged protein molecules.

The pore structures of the pectin particles allow proteins to adsorb in the macro-
pores; however, protein adsorption in the micropores is limited. We investigated the
effect of the specific surface area/pore size on the adsorption capacity for PPT-4, PPT-8,
and PPT-12. Although all of the particles had almost the same zeta potential value (Fig-
ure 3.5a), there were apparent differences in the adsorption capacities of the particles
(Figure 3.5b). This emphasized the efficient adsorption performance of these adsor-
bents. This efficiency is not only caused by electrostatic interaction acting as the driv-
ing force, but the porous structure also plays a role in enhancing protein diffusion to
the binding sites. From Figure 3.5b, PPT-12 showed the best adsorption performance.
A macroporous structure with a high surface area can enhance protein adsorption and
promote the diffusion process, because pectin particles possess a high percentage of
available active binding sites located within the macropores owing to their large sur-
face areas and interconnected pore networks. This confirmed the success of our design
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strategy, which was based on an interconnected porous framework containing macro-
pores. Moreover, during lysozyme absorption experiments of porous pectin particles,
the calcium ions were released into the aqueous solution (Figure B.10). These released
calcium ions remained soluble in the solution. To confirm the interaction of calcium
ions and lysozyme, an additional experiment was conducted by mixing calcium ions
with lysozyme. The result showed that there is no sedimentation of calcium ions with
lysozyme. Therefore, calcium ions did not affect the lysozyme adsorption performance
determined by our method.

To study and compare the kinetic characteristics of the PPT-4, PPT8, and PPT-12
porous pectin particles, theoretical kineticmodels such as the pseudo-first-order, pseudo-
second-order, and intraparticle-diffusionmodelswere used to fit the experimental data.
The lysozyme adsorption capacity against time and pseudo-first-order kinetic, pseudo-
second-order kinetic, and intraparticle-diffusion model plots for PPT-4, PPT-8, and
PPT-12 are shown in Figure 3.5b–d and Figure B.11, and the kinetic parameters cal-
culated by linear regression are given in Table 3.3. The experimental data fitted the
pseudo-second-order kinetic model with high correlation coefficients for all of the ad-
sorbents (R2 = 0.9813 for PPT-4, R2 = 0.9992 for PPT-8, and R2 = 0.9983 for PPT-12). This
indicates that the active sites dominate the adsorption process rather than other mass-
transfer processes, and that the rate-limiting adsorption step is likely to be chemisorp-
tion (Figure 3.5c).143,48 The equilibrium adsorption capacities of PPT-4, PPT-8, and PPT-
12 were 1543, 2021, and 2621 mg g−1, respectively (Figure 3.5b and Table 3.3), which
were similar to the adsorption capacity at equilibrium (Qe) values obtained from the
pseudo-second-order kinetic model (1667, 2067, and 2683 mg g−1). The kinetic study
revealed that themacropores increased both the lysozyme uptake capacity and adsorp-
tion rate. In the case of the adsorption rate, ~65% of the total adsorption capacity of the
porous pectin particles was reached in 5 min, and the remaining ~35% adsorption ca-
pacitywas achieved in the slow intraparticle-diffusion step (Figure 3.5d). The lysozyme
adsorption process is schematically illustrated in Figure 3.6. Initially, lysozyme adsorbs
on the external surface of the pectin particle. Thereafter, macropore diffusion occurs
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and lysozyme penetrates the macropores and adsorbs on the binding sites within the
macropores. The protein molecules then further diffuse into the binding sites of the
mesopore regions. Comparing the rate constants of the diffusive steps in the macrop-
ores (Table 3.3), the intraparticle-diffusion rate constant (kd) values were different, in-
dicating that the macroporous diffusion and intraparticle diffusion steps were signifi-
cantly affected. These results demonstrate the success of our strategy, which was based
on the concept of implementing a macroporous structure with high surface area. This
statement is shown in detail by Figure B.12 in Appendix B. Figure B.12 demonstrated
the relationship between lysozyme adsorption capacity and physical characterizations
such as specific surface area andmacropore volume. By controlling the concentration of
CaCO3, the properties of the porous pectin particles were also adjusted to enhance the
protein adsorption capacity. These are important characteristics for fast and efficient
separation in chromatographic and adsorption applications.
Table 3.3: Pseudo-first-order, pseudo-second-order, andWeber–Morris diffusionmodel parameters for the
porous pectin particles.

Pseudo-first-order Pseudo-second-order Macropore-diffusion
Sample Qe exp Qe R2 Qe R2 kd* R2

(mg g−1) (mg g−1) (mg g−1) (mg g−1
min−0.5)

PPT-4 1543 578 0.7528 1667 0.9813 69.3 0.8176
PPT-8 2021 735 0.9043 2067 0.9992 114.0 0.9022
PPT-12 2621 903 0.9460 2683 0.9983 148.1 0.8773
* Calculated based on the macropore-diffusion stage shown in Figure 3.5d.

Adsorption isotherms

A series of exposure time experiments for the lysozyme adsorption process was per-
formed at 25 °C for different initial lysozyme concentrations (0.1–1.3 mg mL−1), and
the results are shown in Figure 3.7a. For low initial lysozyme concentration (0.1–0.4
mgmL−1), the equilibration time was relatively short (~5 min). However, higher initial
lysozyme concentrations (0.9–1.3 mg mL−1) required a longer time (~60 min) to reach
equilibrium. Owing to themany vacancies on the surface sites available for adsorption,
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Figure 3.5: (a) Zeta potentials of the porous pectin particles at pH 7. (b) Adsorption capacity of lysozyme
as a function of time under the following conditions: initial lysozyme concentration of 0.8 mg mL−1,
dosage of adsorbent of 0.2 mg mL−1, pH of 7, and equilibrium time of 120 min. Error bars represent the
standard deviation of means values corresponding to triplicate experiments. (c) Pseudo-second-order
kinetic and (d) Weber–Morris diffusion model plots of porous pectin particles for lysozyme adsorption.
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Figure 3.6: Lysozyme adsorption mechanism on porous pectin particles. Initially, lysozyme adsorbs on
the external surface (left), and then lysozyme molecules penetrate the macropores (middle) and further
diffuse into the binding sites of the mesopore regions (right).

the adsorption rate was high during the initial stage. However, it reached equilibrium
after a sufficiently long period, and it was difficult for the remaining vacancies on the
surface sites to be occupied owing to the repulsive forces between the solute molecules
on the adsorbent surface. Therefore, surface adsorption played an essential role during
the adsorption process.

To control the design parameters of the adsorption process, it is necessary to de-
termine the adsorption behavior at equilibrium using adsorption isothermal models.
Three empirically obtained two-parameter isothermmodels, the Langmuir, Freundlich,
and Temkin models, were used to analyze protein adsorption (the details are given in
the Appendix B, Figure B.13). PPT-12 was selected to examine the adsorption isotherm
owing to it showing the highest adsorption capacity among the porous pectin particles.
As shown in Figure 3.7b, the Langmuir adsorption isotherm curve was the closest to
the experimental data with an error value of less than 1% (Table B.1). The Langmuir
model is applicable to predict homogeneous adsorption, which can only occur at a fi-
nite number of definite binding sites without steric hindrance between the adsorbate
molecules and interaction between adjacent sites. The data indicated that the distinct
horizontal plateau was achieved at a lysozyme concentration of approximately 0.8 mg
mL−1, which is the equilibrium saturation state where the surface is covered with a
monolayer of lysozyme owing to complete filling of the active and available binding
sites. In addition, the surface packing density of the lysozyme was calculated from the
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molecular weight of lysozyme, the adsorption capacity, specific surface area of porous
pectin particles (detailed calculation in Section 14 of Appendix B). In porous pectin
particles PPT-12, the results showed that there was 0.4 lysozyme molecule per square
nanometer, which means there was about 1 lysozyme molecule per 3 nm2 adsorbent.
With the lysozyme dimensions of 4.5 nm × 3.0 nm × 3.0 nm, this result indicated that
lysozyme was monolayer adsorbed in the end-on orientation.144,145 From the Lang-
muir model parameters, the maximum equilibrium adsorption capacity (Qmax) of the
adsorbent was in agreement with the experimental results (2666 mg g−1 (model) versus
2621 mg g−1 (experiment data)). Comparing PPT-12 with other adsorbents reported in
the literature (Table 3.4), PPT-12 stands out because of several factors, such as its (i)
macroporous structure and (ii) high specific surface area. This study provides a new
class of materials with a porous structure and high specific surface area. With its par-
ticular macropores, this material shows great potential as an advanced adsorbent for
many macromolecule applications in the biological field, such as a carrier for proteins
and antibodies, a virus capturer, and for recovery of micro- and nanoplastic waste of
various sizes.

3.4 CONCLUSIONS

Macroporous pectin particles with different specific surface areas have been success-
fully prepared by spray drying of pectin and CaCO3 nanoparticles. Increasing the
weight ratio of CaCO3 to pectin from 4 to 12 resulted in an enhancement in the spe-
cific surface area from 177.0 to 222.3 m2 g−1 and an increase in the total pore volume
from 1.2 to 2.5 cm3 g−1 owing to the contribution of pore formation. In addition, CaCO3

plays an additional role in providing calcium ions after chemical removal of the CaCO3

template to stabilize the porous structure through the egg-box model. PPT-12 showed
the highest specific surface area of 222.3 m2 g−1, which was 150 times higher than that
of the nonporous particles (PPT-0). This improvement and the abundance of accessi-
ble binding sites of the mesopores, macropores, and interconnected pore network can
enhance the protein-adsorption capacity when applying porous pectin particles as an
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Figure 3.7: (a) Lysozyme concentration after adsorption of lysozyme to PPT-12 particles as a function
of time under the following conditions: initial lysozyme concentration of 0.1, 0.2, 0.4, 0.9, 1.1, and 1.3
mg mL−1, dosage of PPT-12 of 0.2 mg mL−1, pH of 7, and equilibrium time of 120 min. (b) Adsorption
isotherms of lysozyme on the PPT-12 particles.
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adsorbent. All of the porous pectin particles showed rapid adsorption (~65% total ca-
pacity within 5 min) and high uptake capacity of lysozyme (>1500 mg lysozyme g−1

adsorbent), among which the PPT-12 particles showed the highest adsorption capacity
of 2621 mg lysozyme g−1 adsorbent for the same amount of adsorbent particles. The
high percentage of available active sites located in the macropores owing to the large
and interconnected pores resulted in diffusion-promoted adsorption on the macrop-
orous structure of the pectin particles. From adsorption isotherm investigation, adsorp-
tion of the protein was confirmed to rapidly form amonolayer following the Langmuir
model. Owing to its specific structure, this material shows potential as an advanced
macromolecule adsorbent with many potential applications, such as protein and an-
tibody purification, virus capture, and recovery of micro- and nanoplastics from the
environment. Along with that, the porous particles were synthesized from the natu-
ral polymer, which was exploited in significant quantities by a simple spray drying
method without any modifications. In the future, this study is a premise with great
potential for the synthesis of sustainable materials in large-scale industrial implemen-
tation. The ability to release active ingredients of porous pectin particles will also be
studied to better understand the applicability of porous pectin particles.
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Table 3.4: Comparison of lysozyme adsorption capacity with previously reported adsorbent.

Adsorbent Amount of
adsorbent

Initial
lysozyme
concentration

Maximum
adsorption
capacity

Reference

(mg) (mg mL−1) (mg g−1)
Monolithic molecularly im-
printed cryogel

240 5.0 36 146

MCM-41 silica particles 30 1.0 37 147

Tris(hydroxymethyl)amino
methane-modified magnetic
microspheres

5 0.30 109 148

Chitin-silica-based chromato-
graphic matrix

50 10 117 149

PAA-modified Fe3O4@silica
core/shell microspheres

4 0.27 127 150

N,N-dimethyl-N-
methacryloyloxyethyl-N-
(3-sulfopropyl) ammonium
monomer

500 1.0 130 151

Sulfonated poly(glycidyl
methacrylate) grafted cellu-
lose

100 0.30 142 152

Reactive Red 120 modified mag-
netic chitosan microspheres

5 30 145 153

Porous cellulose nanofiber–
Fe3O4 particles

10 0.20 955 45

Porous silica-supported car-
boxylated cellulose nanofibers

5 0.20 1516 79

Porous pectin particles 10 0.80 2621 This study
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4
Porous Pectin Particles as a Colon Targeted
Drug Delivery System

The conventional pectin delivery systems in the colon are often impaired by a slow re-
lease rate. Nanostructured particles, especially porous ones, have gained popularity as
drug delivery systems owing to their high mass transfer efficiency. In this research,
porous pectin particles were synthesized as drug carriers (using indomethacin as a
model drug) via template-assisted spray drying. Specific surface areas of the porous
pectin particles have been improved by up to 203 m2 g−1 compared with nonporous
particles (1 m2 g−1). The porous structure shortened the diffusion path and improved
the release rate of drug molecules. Additionally, the predominant drug release mecha-
nism from porous pectin particles is Fickian diffusion, which is different from the com-
bination of erosion and diffusion mechanism observed for nonporous particles. As a
result, these porous drug-loaded pectin particles demonstrated rapid drug release rates
of up to three times faster than nonporous particles. Control of the release rate could
be achieved by changing the porous structure of the particles. This strategy is an effi-
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cient means to synthesize porous particles allowing rapid drug release into the colonic
target.

published in part in ACS Appl. Bio Mater. 2023, 6, 2725−2737
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4.1. INTRODUCTION

4.1 INTRODUCTION

Efficient drug delivery has an essential role in medical therapy and remains numerous
challenges, including the location, rate, and duration of release of a particular drug in
the body. To address these problems, many different carriers and drug delivery sys-
tems have been investigated. As part of these efforts, nanostructured particles have
emerged as potential novel drug carriers owing to their high specific surface area, high
porosity, low density, hybrid functionalities, and ease of handling.43,46,154,155 Notably,
among the various nanostructured particles, porous particles have been commonly
used for oral administration.156,40 Porous particles are made to improve stability, re-
duce side effects, alter drug release profiles, and efficiently deliver a pharmaceutically
active ingredient at a low dose.157,158,159 Many conventional delivery systems necessi-
tate the incorporation of high concentrations of active agents for therapeutic success
owing to their low efficiency.160 Thus, there is a need for delivery systems that can
maximize the release period and efficiency of an active ingredient.

Porous particles expertly fulfill these aforementioned requirements. As porous par-
ticles are distinguished from commonparticles by their large surface area,135,161,162 high
porosity,137 uniform and tunable pore structure,136,45,79,163 and well-defined inner and
outer surface properties,164,165 they are particularly suited to the delivery of drugs with
fast mass transfer.40 For example, ammonium bicarbonate was used as the porogen to
make porousmicroparticles from poly(lactic-co-glycolic acid) (PLGA) by awater-in-oil-
in-water double emulsion method.166 The most prevalent asthma medication, budes-
onide (BD), has a loading efficiency of approximately 60% in porous PLGAmicroparti-
cles. The lung uptake efficiency of porous PLGAmicroparticles was higher than that of
nonporous PLGA microparticles, and the sustained release of BD from porous PLGA
microparticles was achieved for 24 h in vitro. In addition, to enhance drug delivery
to the colon, a porous carrier composed of starch coated with chitosan–phytic acid
was developed.167 Porous starch displayed improved entrapment efficiency (87%) and
drug loading (15%) for paclitaxel as a model hydrophobic drug. The release curve in
the colon was obtained and indicated that 87% drug release was achieved. These ap-
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proaches to controlling the porous structure and the drug release behavior from porous
particles are useful for designing and tailoring novel drug delivery systems.

Ingredients that are ingested orally are typically absorbed and assimilated by the
body through the epithelium of the small intestine; however, various bioactive ingre-
dients, including living probiotics, and colon therapies require colonic delivery.168 The
oral administration of anti-inflammatory medications to the colon, such as antibiotics
and chemotherapy agents, is necessary to treat inflammatory diseases.169,170As a result,
delivery systems based on exploiting degradation by colonic bacterial enzymes have
been developed for colon-specific delivery.171,172 Different polysaccharidases that the
intestinal microflora produces degrade polysaccharides for the most part. On the other
hand, the acidic properties of the polysaccharides confer stability in the upper gastroin-
testinal tract. Among its other desirable attributes, pectin is an eco-friendly, renew-
able, non-immunogenic, and biodegradable polysaccharide.173,174 Consequently, it is
utilized extensively in pharmaceuticals, food, and other industries. Pectin-based deliv-
ery systems are suitable for colon delivery, particularly as pectin is indigestible in the
human stomach or the small intestine anddegraded by colonic bacterial enzymes.175,176

Compared with other modifications, the use of porous pectin is a cleaner strategy
for the delivery of such substances.177,178 In our previous study, porous pectin was pre-
pared by template-assisted spray drying followed by chemical removal.161,137 Porous
pectin, which has a larger specific surface area, good stability in water, and excellent
protein adsorption properties, has been used as an adsorbent. These properties are nec-
essary for the effective adsorption of active ingredients, particularly proteins such as
lysozyme. Given the favorable characteristics of porous pectin particles, we propose
the generation of porous pectin-containing indomethacin (IND), a nonsteroidal anti-
inflammatory drug for the colon. Previously, IND-loaded pectin microspheres were
formed using spray drying.94 However, they had a dense structure with a slow re-
lease of IND over 24 h. Therefore, with the aim of achieving rapid IND release, we
produced a porous structure for IND-loaded pectin particles. A porous structure en-
hances the mass diffusion of drug molecules because the diffusion pathway is open
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and fully accessible. In this study, we investigate the generation of porous IND-loaded
pectin particles through a general method of template-assisted spray drying followed
by acid treatment to remove the template, and demonstrate their rapid drug release un-
der the stimulated colon conditions of the enzyme pectinase. In this strategy, porous
IND-loaded pectin particles enable a more rapid release rate than nonporous particles
since the mass transfer of drug molecules has been improved through structural mod-
ification. The outcome of this study provided the concept for applying porous pectin
particles in drug delivery at the colon target.

4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Pectinwas purchased fromHerbstreith&FoxGmbH&Co. KGPektin-Fabriken (Neuen-
bürg, Germany). Shiraishi Calcium (Osaka, Japan) provided calcium carbonate nanopar-
ticles (CaCO3 NPs) (suspension of 30.0 wt% in aqueous solution) with an average di-
ameter of 86 nm (as determined from scanning electron microscope (SEM) images of
more than 300 particles). Themodel drug IND and phosphate-buffered saline (PBS) pH
7.2 were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Enzyme pectinase (from Aspergillus niger, 366.0 U mg–1 at pH 4.0 and 40 °C) was pur-
chased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Citric acid was ac-
quired from Sigma-Aldrich (Osaka, Japan). For all experiments, chemicals and solvents
were used as received without further purification.

4.2.2 Preparation of porous IND-loaded pectin

In the first step, deionized (DI) water was used as the dispersantmedium to prepare the
precursor solution containing raw pectin, IND, and CaCO3 NPs. The precursor solu-
tionswere controlled to have 1.0wt% concentration of pectin and 0.1wt% concentration
of IND. CaCO3 to pectin weight ratios of 0.5, 1, and 12 were used. The aqueous precur-
sor was homogenized using an ultrasonic device (T 10 basic ULTRA-TURRAX S004,
IKA, Osaka, Japan) for 30 min at a rotation speed of 12800 rpm to disperse the com-
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ponents. The content of the precursor solutions is presented in Table 4.1. The porous
IND-loaded pectin particles were prepared by template-assisted spray drying followed
by a chemical removal process. The method is illustrated in Figure 4.1a. An external
two-fluid mixing nozzle with a 0.7 mm liquid orifice diameter and a 1.5 mm gas ori-
fice diameter was attached to a mini spray-dryer (BÜCHI B-290, Flawil, Switzerland).
The feed rate of the precursor solutions was 3.0 mL min–1. The temperature of the in-
let air during this procedure was 130 °C. The spray gas flow rate and aspiration rate
were set to 357 and 37000 L h–1, respectively. The porous structures were then made
by immersing and washing the dried composite particles. Specifically, the CaCO3 NPs
was removed by stirring the composite pectin-IND-CaCO3 particles for 15 min in an
aqueous solution containing 10.0 wt% citric acid. Subsequently, they were thoroughly
cleaned with ethanol and centrifuged for 5 min at 8000 rpm. The particles were then
dried for 1 h in an oven at 80 °C. The nomenclature of the porous samples is given the
form P-IND-X-Y, where X is the weight ratio of the template particles to pectin (X = 0,
0.5, 1, and 12) and Y represents the state before and after acid treatment (Y = Be for
before acid treatment, Af for after acid treatment). The control sample of spray-dried
pectin and IND only (P-IND-0) was prepared by the samemethod for comparison with
the porous IND-loaded pectin particles. Before conducting further experiments, the P-
IND-0 particles were soaked in citric acid to undergo the same experimental conditions
as the porous particles.

4.2.3 Characterizations of porous IND-loaded pectin

Theparticlemorphologywas investigated byfield-emission scanning electronmicroscopy
(FE-SEM; S-5200, HitachiHigh-Tech. Corp., Tokyo, Japan). The particleswere prepared
by dispersing in ethanol before being pipetted dropwise onto an aluminum plate and
subjected to heating at 60 °C for drying of ethanol. Then, the dispersed particles were
covered by a thin layer of sputtered platinum. The specific surface areas of the sam-
ples were determined from nitrogen adsorption–desorption isotherms obtained at 77
K using a Belsorp Max (BEL Japan, Osaka, Japan). Before measurement, each sam-
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Table 4.1: Precursor concentrations of various porous IND-loaded pectin particles (DI water was used as
the solvent).

Pectin IND CaCO3 NPs
Sample* Weight Mass fraction Weight Mass fraction Weight Mass fraction

(g) (%) (g) (%) (g) (%)
P-IND-0 1.0 1.0 0.1 0.1 - -
P-IND-0.5 1.0 1.0 0.1 0.1 0.5 0.5
P-IND-1 1.0 1.0 0.1 0.1 1.0 1.0
P-IND-12 1.0 1.0 0.1 0.1 12.0 12.0
* P-IND-X-Y, where X is the weight ratio of the template particles to pectin (X = 0, 0.5, 1, and 12), Y
represents the state before and after acid treatment (Y = Be for before acid treatment, Af for after acid
treatment).

ple was preheated at 110 °C for 5 h. The specific surface areas were calculated by the
Brunauer–Emmett–Teller (BET) method. The pore volume and pore size distribution
were determined by the Barrett–Joyner–Halenda (BJH) and Horvath–Kawazoe (HK)
method. A Fourier transform infrared (FT-IR) spectrophotometer (IRAffinity-1S with
MIRacle 10, Shimadzu, Kyoto, Japan) was used to analyze the presence of IND in the
samples. 5 mg of the samples was placed on diamond prism. The samples were then
pressed with a sample clamp. The FT-IR spectra were obtained by the attenuated total
reflection method. X-ray diffraction (XRD) analysis was conducted using a Bruker D2
PHASER equipped with a Cu Kα radiation source (40 kV and 30 mA, Bruker Corp.,
Billerica, MA, USA). The diffraction patterns were recorded in the range from 10° to
60°.

4.2.4 Determination of IND in pectin particles

First, pectinase solution (40.0 U mL–1) was prepared by dissolving 0.11 g pectinase into
1.0 L PBS solution. The amount of IND-loaded in the pectin particles was determined
by placing 10.0mg of porous IND-loaded pectin particles in 50.0mL of pectinase in PBS
(40.0 U mL–1) at pH 7.0 for 36 h at 37 °C with vigorous stirring. The solution was then
centrifuged at 15000 rpm for 5 min. An ultraviolet–visible (UV–vis) spectrophotometer
(UV-2450, Shimadzu, Kyoto, Japan) was used to determine the IND concentration in
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the supernatant through measurement of the absorbance at 319 nm. The calibration
curve of the IND solution was prepared from 1.1 × 10–4 to 0.11 mg mL–1 (correlation
factor R2 = 0.9994, Figure C.1). The following equations were used to calculate the IND
content as a percentage and the loading efficiency. All experiments were conducted in
triplicate.

Theoretical IND loading content (%) = weight of feed IND
weight of feed pectin, IND, and CaCO3

× 100
(4.1)

Actual IND loading content (%) = weight of loaded IND in particles
weight of particles × 100 (4.2)

Loading efficiency (%) = Actual IND loading content
Theoretical IND loading content × 100 (4.3)

4.2.5 Drug release studies

The procedure for drug release in the simulated colon conditions is illustrated in Fig-
ure 4.1b. The release rate was measured as follows: 10.0 mg of IND-loaded pectin par-
ticles (nonporous and porous particles) was suspended in 2.0 mL of pectinase in PBS
(40.0 U mL–1) at pH 7.0. The solution was placed in a dialysis tube (Mini Dialysis Kit,
1 kDa cut-off) and the tube was introduced into 50.0 mL of release medium (PBS). The
temperature was kept at 37 °C. The medium was stirred vigorously. At predetermined
times, 3.0 mL of the release medium was removed, and an equal volume of fresh PBS
was added. The IND concentration that was released into the medium was detected
through measurement of the absorbance at 319 nm using a UV–vis spectrophotometer.
All experiments were conducted in triplicate.
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Figure 4.1: (a) Preparation procedure for porous IND-loaded pectin particles. The precursor solution
containing pectin, IND, and CaCO3 NPs was spray-dried to form the pectin-IND-CaCO3 composite par-
ticles. (b) Procedure for the IND release study: (1) 10.0 mg of IND-loaded pectin particles (nonporous
and porous particles) was suspended in 2.0 mL of PBS with the enzyme pectinase (40.0 Umg–1) in a dial-
ysis tube; (2) at predetermined times, the absorbance of 3.0 mL of the release medium was measured at
319 nmusing aUV–vis spectrophotometer; and (3) 3.0mL of fresh PBSwas added to the releasemedium.
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4.3 RESULTS AND DISCUSSION

4.3.1 Morphology and characterizations of IND-loaded pectin particles

SEM imaging was used to validate the morphologies of IND-loaded pectin particles
after spray drying, as shown in Figure 4.2a–d. Spray drying of the precursor solution
comprising IND and pectin produced particleswith a smooth surface (Figure 4.2a). The
composite pectin-IND-CaCO3 particles were created by spray drying pectin, IND, and
CaCO3 NPs (Figure 4.2b–d). The distribution of CaCO3 NPs in the prepared particles
increased as the amount of CaCO3 NPs were utilized in the template. Citric acid was
used to remove the CaCO3 NPs, creating the final particles with porous structures.

The SEM images of IND-loaded pectin particles produced with various CaCO3 NPs
to pectin weight ratios after acid treatment are shown in Figure 4.2e–h. Following the
acid treatment, the CaCO3NPs-free particles (P-IND-0-Af) were no longer as smooth as
previously observed (Figure 4.2e). As pectin is hydrophilic, this finding suggests that
some of the pectin had been partially dissolved. The chemical removal of the CaCO3

NPs using citric acid was successful in introducing porous structures with spherical
morphology into the pectin particles, as shown in Figure 4.2f–h. P-IND-0.5-Af and P-
IND-1-Af particles had a porous exterior structure, as seen in Figure 4.2f and g. In
Figure 4.2h, the surface roughness of P-IND-12-Af increased. This observation indi-
cated that the number of pores increased proportionately with increasing CaCO3 NPs
concentration, from 7 to 110 per square micrometer (Figure C.2). It could be explained
by the fact that the number of pores is influenced by the distribution of CaCO3 NPs in
the particles. In addition, pores smaller than the size of CaCO3 NPs were observed on
the surface. The formation of these small pores was due to the release of CO2 following
the acid removal of CaCO3 NPs. These data are consistent with previous studies.161,137

These findings demonstrate that alterations of the CaCO3 NPs concentration can be
used to modify the porous structure.

In order to comprehend the properties of IND-loaded pectin particles after being
treated with acid, various analyses were conducted on their particle sizes, specific sur-
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Figure 4.2: SEM images of various IND-loaded pectin particles before and after acid treatment with
calcium carbonate to pectin weight ratios of (a, e) 0, (b, f) 0.5, (c, g) 1, and (d, h) 12. The images at
different magnifications are classified into two categories: (1) images at a magnification of ×2000, and (2)
images of the surface of a particle at a magnification of ×35000.
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face areas, and pore volumes. The size of the P-IND-0-Af particles was about 6 μm (Fig-
ure C.3a). By altering the CaCO3 NPs/pectin ratio from 0.5 to 12, the average particle
size increased from 3 to 7 μm as shown in Figure C.3b – d. The pore structure analysis
involved studying the nitrogen adsorption and desorption isotherms (Figure C.3e and
f). The P-IND-0-Af particles showed type II isotherms, which are characteristic of non-
porous materials.101 On the other hand, P-IND-0.5-Af, P-IND-1-Af, and P-IND-12-Af
particles displayed combined isothermal adsorption behavior between type II and type
IV, which is typical of mesoporous andmacroporousmaterials.101 The typeH2 hystere-
sis loop was observed in these samples at a relative pressure of P/P0 > 0.8, indicating
a wide distribution of pores. To investigate the impact of CaCO3 NPs on pore forma-
tion, the pore size distribution of particles P-IND-0-Af, P-IND-0.5-Af, P-IND-1-Af, and
P-IND-12-Af was further analyzed (Figure C.3g). The HK method was used to evalu-
ate the micropore size distribution in the 1 to 2 nm range, while the BJH method was
used to analyze the general pore size distribution in the range of 2 to 100 nm. The pore
size distributions of P-IND-0-Af and P-IND-0.5-Af were lower than that of P-IND-1-Af
and P-IND-12-Af. It can be seen that the pore sizes in the two samples P-IND-1-Af and
P-IND-12-Af ranged from 40 to 100 nm, with a peak distribution at 60 nm, which was
similar to the size distribution of CaCO3 NPs (about 86 nm). These findings indicated
that CaCO3 NPs played a critical role in pore formation in the final particles.

Based on the data presented in Table 4.2, the incorporation of CaCO3 NPs signifi-
cantly increased the specific surface area by forming pores of various sizes. The specific
surface area calculated using the BET equation for P-IND-0-Af particles was 1 m2 g–1.
The specific surface area of the P-IND-0.5-Af particles was 31 m2 g–1. P-IND-1-Af par-
ticles had the specific surface area of 115 m2 g–1, which represents an increase of about
115-fold, compared to P-IND-0-Af. P-IND-12-Af had the highest specific surface area
of 203 m2 g–1. The porous structure in P-IND-12-Af enhanced its specific surface area
by 200 times relative to P-IND-0-Af. The formation of porous structure also increased
the total pore volume. P-IND-0.5-Af has a total pore volume of 0.12 cm3 g–1, a 30-fold
increase compared to 4.3 × 10–3 cm3 g–1 of P-IND-0-Af. The total pore volume of P-
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IND-1-Af and P-IND-12-Af increased significantly with values of 0.67 cm3 g–1 and 2.9
cm3 g–1, respectively. These values are 150 and 665 times greater than the values of
P-IND-0-Af. These results confirmed that the structure of the porous pectin particles
allows for good penetration by small compounds with plenty of space on the surface
and interior.
Table 4.2: Characterizations of specific surface areas, and pore volumes of IND-loaded pectin particles.

Pore volume
Sample Specific surface area

SSSA
Micropore
Vmicropore

Mesopore
Vmesopore

Macropore
Vmacropore

Total pore volume
Vt

(m2 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1)
P-IND-0-Af 1 2.8 × 10-4 1.7 × 10-3 2.3 × 10-3 4.3 × 10-3

P-IND-0.5-Af 31 0.014 0.083 0.025 0.12
P-IND-1-Af 115 6.9 × 10-3 0.28 0.38 0.67
P-IND-12-Af 203 0.036 1.4 1.5 2.9

4.3.2 IND loading efficiency

Only physical interactions occur between INDandpectin components, aswell asCaCO3

NPs. This phenomenon is supported by the FT-IR spectra of different IND-loaded
pectin particles, as shown in Figure 4.3. The FT-IR spectra of pectin and IND were
utilized as standards for comparison with the prepared particles. The characteristic
peaks observed at 1400 and 1600 cm–1were attributable to the carboxyl (COOH) groups
of pectin.161,137 For IND, there are characteristic peaks of two carbonyl C=O groups
at 1687 and 1708 cm–1.179,180 As shown in Figure 4.3a, after spray drying, the IND-
loaded pectin particles all displayed the characteristic signals of pectin. No new signals
were observed in these samples, indicating that the self-assembly of pectin, IND, and
CaCO3 NPs occurred during the spray drying without forming chemical reactions or
involving other intermediate components. Moreover, no signals characteristic of IND
were observed in these particles, which indicated that IND was completely encapsu-
lated inside the pectin particles after spray drying. After acid treatment of all of the
IND-loaded pectin particles (Figure 4.3b), the signals characteristic of pectin were still
present, which indicated that the acid treatment had no impact on the chemical com-
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position of pectin. In the nonporous sample P-IND-0-Af, the characteristic signals of
IND emerged in the spectrum. These results suggest that pectinwas partially dissolved
in water following the acid treatment and indicate the presence of IND. Additionally,
signals characteristic of IND were also present in the porous particles P-IND-0.5-Af, P-
IND-1-Af, and P-IND-12-Af. This emerged signal differs from the distinctive doublet
peak of IND and can be attributed to the formation of hydrogen bonds between the
carbonyl group of IND and pectin,181,182,183 as illustrated in Figure C.4. In the case of
porous samples, INDwas detectable as the porous structure was formed in these pectin
particles after the removal of CaCO3 NPs. This FT-IR investigation provides evidence
that IND was successfully loaded into pectin particles. In addition, Figure C.5 showed
the XRD pattern of IND-loaded pectin particles after acid treatment. It can be seen that
the pectin (raw material) has an amorphous structure, while the IND has a crystalline
structure. After spray drying, the pattern of P-IND-0-Be particles showed the crys-
talline peaks of IND and also amorphous pectin. However, after acid treatment, the
structure of P-IND-0-Af existed only in the amorphous form. From the FT-IR analysis
of P-IND-0-Af, IND was still present in the particles after acid treatment. Hence, it is
plausible that the acid treatment caused a transformation of IND from a crystalline to
an amorphous structure by dehydration.184,185,186 This hypothesiswas verified through
the amorphous pattern of the acid-treated IND (IND-Af). Additionally, there might be
a loss of IND during the acid treatment process, leading to a variation in the signal
intensity between P-IND-0-Af and P-IND-0-Be. To validate this hypothesis, a quanti-
tative analysis of the IND content in each sample will be conducted in the subsequent
analysis. The resulting amorphous structure was also observed in P-IND-0.5-Af, P-
IND-1-Af, and P-IND-12-Af particles. According to previous studies, the amorphous
formulation enabled the dissolution enhancement compared to crystalline structure.187

This is an advantage for applying IND-loaded pectin particles for the colon targeted
drug delivery system.

We quantified the IND content in pectin particles to provide more evidence for the
presence of IND. The amount of IND-loaded in pectin particles before acid treatment
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Figure 4.3: FT-IR spectra of various IND-loaded pectin particles (a) before acid treatment (after spray
drying), and (b) after acid treatment. The spectra of pectin and IND were used as references for the
comparison.

(after spray drying) (Figure 4.4a) and the IND loading efficiency (Figure 4.4b) were rea-
sonable and in good agreement with a previous study.94 The IND loading efficiencies
of all samples were greater than 90%. Interestingly, these data demonstrate that the
spray drying process and additional CaCO3 NPs did not affect the loading efficiency of
the prepared particles. At this stage, the IND loading content in the particles gradually
decreased owing to the increase in CaCO3 NPs. However, the drug loading behaviors
of different carriers (nonporous and porous particles) after acid treatmentwas changed,
as shown in Figure 4.4c and d. There was a clear loss (of almost half) in the drug con-
tent of all samples (Figure 4.4c). In addition, the loading efficiency decreased as the
total pore volume increased (Figure 4.4d). One reason for this observation may be due
to the weak interaction of IND with pectin (Figure C.5).167 The adsorption of IND into
pectin is mainly driven by the hydrophobic CH-π effect, whereas hydrogen bonding is
the main force retaining IND in the particles. Thus, the greater the total pore volume
of particles, the more IND may diffuse out of the particles during immersion in acidic
solution and be removed when the particles are washed.188,189 Also, possibly IND was
attached to the surface of the CaCO3 NPs in the assembly, and is then easily washed
out. This fact has been supported by additional experimental results. Initially, a solu-
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tion containing IND inwaterwas prepared, and the IND concentrationwas determined
by UV-vis spectroscopy. Subsequently, CaCO3 was added to the IND solution, and the
resulting mixture was centrifuged to remove the solid portion, allowing for the collec-
tion of the supernatant. The IND concentration in the supernatantwas then determined
by measuring its absorbance. The results regarding the absorbance of IND before and
after the addition of CaCO3 are depicted in Figure C.6. The findings demonstrate a
decrease in the absorbance of IND in the extracted solution compared to the initial ab-
sorbance. Therefore, it can be concluded that a portion of IND has bound to CaCO3

and settled in the solid phase. This phenomenon can be explained that IND is a weak
acid, whereas CaCO3 is a basic compound. When IND and CaCO3 come into contact
within an aqueous environment, an acid-base reaction may occur. The acidic IND can
react with CaCO3, resulting in the formation of calcium salts of IND, such as calcium
indomethacin. These salts can be washed out during the washing process.190,191

4.3.3 IND release study

Pectin particles are excellent carriers for drug release owing to their distinct physico-
chemical properties and outstanding biocompatibility with the colonic bacteria.171,172

Therefore, the enzyme pectinase was employed to simulate the experimental circum-
stances of drug release in the colon. We investigated the drug release rate from pectin
particles with different porous structures and compared it with that from nonporous
particles. The time-dependent release curves of different drug-loaded carriers are pre-
sented in Figure 4.5a – b. IND is released by dissolution from the carrier substrate and
diffuses via the three-dimensional network structure to produce controlled and sus-
tained release. Figure 4.5a showed the result of IND release from the particles in the
absence of pectinase. The result indicated that about 30% of the INDwas released after
60 min for all samples. It is consistent with that reported in previous studies.94 The re-
lease of INDwithout using pectinase can be attributed to the release of IND on surfaces.
The IND release profile in the presence of pectinase was shown in Figure 4.5b. All the
IND-loaded pectin particles burst in the initial stage of drug release. The main reason
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Figure 4.4: IND loading content, and loading efficiency of various IND-loaded pectin particles (a, b)
before, and (c, d) after acid treatment. All data are presented as the average ± standard deviation. n = 3
for all analyses. *p < 0.05, **p < 0.01, and ***p < 0.001. ns refers to a p > 0.05.
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for burst release was the drug near the surface of particles.192 Another reason was that
some parts of the particle surface were eroded, allowing IND to leach into the medium.
This phenomenon was confirmed by SEM images of samples collected after the release
experiments, as shown in Figure 4.6. The rate of IND release from porous P-IND-0.5-
Af, P-IND-1-Af, and P-IND-12-Af particles was more rapid than from release rate of
nonporous particles (P-IND-0-Af). The difference in drug release rates between these
two types of particles was due to their structural differences. The drug release from
P-IND-1-Af and P-IND-12-Af particles was complete in 20 min, whereas IND-loaded
P-IND-0.5-Af particles sustained drug release for approximately 30 min. However, the
release from P-IND-0-Af particles was only 60% at 20 min, with further gradual release
until 60 min. The release profile shows that P-IND-0.5-Af released IND twice as fast
as P-IND-0-Af, even though the loading content was almost the same. An increase in
the total pore volumes and higher specific surface areas, which promotes the diffusion
process of IND by shortening the diffusion path length and improving the release rate
of particles.166,167,193 Consequently, the drug release rates from porous P-IND-1-Af and
P-IND-12-Af particles were more rapid than from P-IND-0.5-Af particles, up to three
times faster than that from P-IND-0-Af. However, as the CaCO3 NPs to pectin weight
ratio increased from 1 to 12, the release rate did not change significantly. Therefore,
it can be assumed that P-IND-1-Af might be a good candidate among the others for
IND release. Moreover, the IND release rate from nonporous P-IND-0-Af is slower
than from porous compounds as they need time to erode before IND can be leached
from them. This result demonstrates the advantage provided by the porous structure,
which is able to promote more rapid drug release than the conventional dense struc-
ture. Compared with IND release profile without pectinase, IND was released more
rapid when pectinase was used. From this outcome, we can emphasize that the main
reason for selecting pectin as a drug carrier was its biodegradable property in the colon
by colonic microflora. Under the influence of pectinase that is found in the colon, the
drug release rate from pectin particles would be faster. Therefore, these particles can
be used as drug carriers for colonic delivery.
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Figure 4.5: Release profiles of IND (a) without and (b) with enzyme pectinase from the P-IND-0-Af,
P-IND-0.5-Af, P-IND-1-Af, and P-IND-12-Af pectin particles. All data are presented as the average ±
standard deviation. n = 3 for all analyses. * p < 0.05 (P-IND-0-Af vs P-IND-0.5-Af). $ p < 0.05 (P-IND-0-
Af vs P-IND-1-Af). % p < 0.05 (P-IND-0-Af vs P-IND-12-Af). & p < 0.05 (P-IND-0.5-Af vs P-IND-1-Af).
# p < 0.05 (P-IND-0.5-Af vs P-IND-12-Af).
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Figure 4.6: SEM images of various IND-loaded pectin particles after release experiments with CaCO3
NPs to pectin weight ratios of (a) 0, (b) 0.5, (c) 1, and (d) 12. The images at different magnifications can
be classified into two categories: images of one particle at a magnification of ×10000 and images of the
surface of a particle at a magnification of ×35000.
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4.3.4 Release kinetics

Mathematical models were applied to determine the mechanism through which drug
release occurred andwere interpreted in the form of a graphical presentation, as shown
in Figure C.7. Several release kinetics models, including the zero-order (Figure C.7a,
Equation C.1), first-order (Figure C.7b, Equation C.2),194 Higuchi (Figure C.7c, Equa-
tion C.3),195,196 and Korsmeyer–Peppas models (Figure C.7d, Equation 4.4 and Equa-
tion C.4),197,198 were used to fit the drug release data for the four samples, P-IND-0-Af,
P-IND-0.5-Af, P-IND-1-Af, and P-IND-12-Af. The correlation coefficients (R2 values)
and fitting parameters for the four models of the IND-loaded pectin particles are sum-
marized in Table 4.3. Themost suitable mathematical model that measured the kinetics
of drug release was selected by the largest correlation coefficient.

Fitting the experimental data to the four samples revealed that the Korsmeyer–
Peppas model had a higher correlation coefficient than other models. The fitting coeffi-
cientwas up to 0.9755, indicating that the fitting datawere comparable to the actual con-
nection between the parameters of the response data. The Korsmeyer–Peppas model,
which is derived from Fick’s law theory, is an ideal drug release kinetic model.199 The
formula is shown below:

Ct
C∞

= kKP tn (4.4)

where Ct is the concentration of the drug in the release solution at time t; C∞ is the
equilibrium concentration of drug in the release solution; t is the release time; kKP is
the kinetic rate constant; and n is the release exponent, a parameter that characterizes
the release mechanism. As indicated in Table C.1, when n is less than 0.45, the drug
release mechanism follows Fick diffusion,200 and the release is mainly based on drug
diffusion; when 0.45 < n < 0.89, drug release is non-Fickian diffusion, and the drug
release mechanism is non-Fickian diffusion (anomalous) control; when n > 0.89, the
drug release is dominated by erosion.
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Two essential fitting variables comprise the Korsmeyer–Peppas equation: kKP, the
kinetic rate constant; and n, the release exponent. Interestingly, as shown in Table 4.3,
the rate constant kKP increases as the CaCO3NPs used for pore formation increases (kKP
values of P-IND-0-Af, P-IND-0.5-Af, P-IND-1-Af, and P-IND-12-Af increase, from 0.12,
0.32, 0.73, and 0.75, respectively). The increased rate constants indicated that the re-
lease rates increased as the particles becamemore porous. This increase in release rates
may be governed by the increased surface area resulting from the pores. This observa-
tionwas consistent with aforementioned release profiles and previous studies,166,167,193

which reported that drug release was proportional to the increased effective surface
area of the particles owing to the decrease in diffusional path length. However, the
release rate did not change significantly when the CaCO3 NPs to pectin weight ratio
increased from 1 to 12. This result proves that the CaCO3 NPs to pectin weight ratio of
1 may effectively create an excellent structure for the IND release rate.

The release exponent nmay provide further insight into the unexpected increase in
the release constant. The drug release mechanism is defined by the release exponent n.
From the fitting of our model, the nonporous P-IND-0-Af particles had an n value of
0.50 (greater than 0.45). Values above 0.45 typically indicate anomalous drug transport;
thus, this suggests that the drug release from the nonporous P-IND-0-Af particles was
caused by Fickian diffusion of the drug from the particles, as well as release following
the degradation and subsequent erosion of the pectin particles.198 In clear contrast, the
release constant for the porous particles P-IND-0.5-Af, P-IND-1-Af, and P-IND-12-Af
were 0.31, 0.10, and 0.09, respectively, below 0.45. These data revealed that Fickian
diffusion dominated the drug release mechanism.198,200 We hypothesize that the thin
walls of the pores and the tunnels within the porous particles led an increase in the
surface area, which promoted the Fickian diffusion process. This analysis was consis-
tent with the drug release mechanism proposed above. Our results suggest that porous
particles may deliver their payload faster than the complete degradation of the pectin.
Thus, it may be essential to consider the polymer formulation and the porous structure
in the design of particles for specific drug delivery applications.
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Table 4.3: Parameters for different models of IND release from P-IND-0-Af, P-IND-0.5-Af, P-IND-1-Af,
and P-IND-12-Af.

Model P-IND-0-Af P-IND-0.5-Af P-IND-1-Af P-IND-12-Af
Zero-order model k0 × 10−5 7.4 6.2 0.48 0.41

R2 0.8725 0.7749 0.7443 0.6971
First-order model k1 0.020 0.012 0.004 0.004

R2 0.7915 0.7260 0.7252 0.6726
Higuchi model kH 0.22 0.13 0.04 0.04

R2 0.9502 0.8761 0.8642 0.8278
Korsmeyer–Peppas model n 0.50 0.31 0.10 0.09

kKP 0.12 0.32 0.73 0.75
R2 0.9755 0.9303 0.9185 0.9390

4.3.5 Release mechanisms

Based on the release profile and the SEM images of the particles collected after the IND
release experiments, we proposed mechanisms for the release of IND from the non-
porous and porous pectin particles, as illustrated in Figure 4.7. For nonporous particles
(Figure 4.7a), we observed a rapid release of the model drug, IND, in the first 20 min.
It is known that diffusion and erosion regulate the release of drugs from nonporous
biodegradable particles.201,202 Governed by the drug transport properties, the release
phase is initially controlled by diffusion through the polymeric matrix and water-filled
pores. Thus, slow release of the drug molecules into the medium occurs. The sec-
ond process involves bulk erosion. The polymer chains are degraded, become small
enough to be soluble, and the drug is released during the dissolution of pectin (Fig-
ure 4.6a). This occurrence will, in turn, accelerate the diffusion rate of the released
drug, resulting in the complete release.203 Porous pectin particles are more stable in
aqueous solution than nonporous particles as they are reported to form an “egg-box
structure” with calcium ions.161,140 Even if the surface of porous particles is partially
eroded (Figure 4.6b–d), the primary transport mechanism for porous particles is dif-
fusion through pores (Figure 4.7b).204 At this point, the drug molecules are released
rapidly into the medium until the release was complete. In the case of small molecule
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drugs that diffuse rapidly through the particles, complete release may have occurred
before total particle degradation and erosion.205

Slowly release

Rapidly release

(a) Release mechanism of nonporous particle

(b) Release mechanism of porous particle

Pectin IND

IND
Porous
pectin

Figure 4.7: Schematic representation of drug release from (a) nonporous particles and (b) porous parti-
cles.

4.4 CONCLUSIONS

In summary, we have synthesized a series of porous IND-loaded pectin particles by
template-assisted spray drying using CaCO3NPs as templates. Ourwork presents sev-
eral advantages in the synthesis and application of the porous structure, notably achiev-
ing drug release in the colon for the model drug IND. First, this study created porous
pectin particles using a natural polymer without any changes through a straightfor-
ward spray drying process. Since this technique is rapid, continuous, reproducible, and
one-step, it is attractive both in laboratories and in the industrial setting. Thus, it shows
significant promise for developing materials on a large-scale in the future. Second, the
predominant drug release mechanism from porous pectin particles is Fickian diffusion,
which is different from the combination of erosion and diffusion mechanism observed
for nonporous particles. Thus, the porous structures of pectin appear to increase the
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specific surface area, which promotes a rapid drug release by shortening the diffusion
path length to the media. According to the release profile, even porous P-IND-0.5-Af
and P-IND-0-Af pectin particles had almost the same loading content; however, the
release rate of P-IND-0.5-Af was twice as fast as that of P-IND-0-Af. Third, the rapid
release rates can be controlled by varying the porous structure of pectin particles with
different CaCO3 NPs concentrations. As the CaCO3 NPs concentration increased from
P-IND-0.5-Af to P-IND-12-Af, the drug release rate also increased by up to three times.
We perceive that these porous pectin particles will receive enormous attention for drug
capture and release, and will be useful in many related fields as a specific region tar-
geted drug delivery systems.
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5
Conclusions and Future Perspectives

In recent advancements within the field of material science and biotechnology, the syn-
thesis of porous particles has garnered significant attention due to their vast potential
in various applications, including drug delivery systems, environmental remediation,
and biochemical adsorption. Among the diverse range of materials being explored,
pectin - a naturally derived polysaccharide - has emerged as a promising candidate
due to its biocompatibility, biodegradability, and versatile functionalization capabil-
ities. This study presented the synthesis of meso-/macroporous pectin particles em-
ploying a aerosol technique with the template assistance. The results indicated that
controlling the concentration of the template can manipulate the physical properties
of the particles, such as their specific surface area. With the favorable specific surface
area of the porous structure combined with the biological activity of pectin, the porous
pectin particles have demonstrated potential in protein adsorption with good acces-
sibility and the ability to control rapid drug release. The highlighted conclusions are
given as follow.

1. This thesis outlines the creation ofmeso-/macroporous pectin particles through a
template-assisted spray-drying approach, employing PMMA and CaCO3 as templates.
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The study verifies the successful synthesis of porous pectin structures via Fourier-transform
infrared spectroscopy (FT-IR) and zeta potential measurements, confirming that the
pectin’s intrinsic properties remain unaltered. The investigation further highlights how
the initial droplet size in the spray-drying process affects the particles’ morphology and
dimensions. Specifically, PMMA templates yield wrinkled particles (PPT-P) with sizes
ranging from 5 to 8 μm as the template/pectin mass ratio increases from 1 to 4. Con-
versely, using CaCO3 templates produces spherical particles (PPT-C), with only minor
size variations from 3 to 4 μm under the same conditions. The porous structure en-
hances the surface area values significantly compared to non-template-based pectin
particles, particularly evident at a template/pectin ratio of 4, where PPT-C exhibits a
superior surface area.

2. Further exploration into the effects of varying CaCO3 to pectin weight ratios
demonstrates a notable increase in specific surface area and total pore volume, attributed
to enhanced pore formation. CaCO3 also contributes calcium ions post-template re-
moval, stabilizing the porous structure through the egg-boxmodel. The resulting porous
pectin particles using the weight ratio of CaCO3 to pectin of 12 exhibit a remarkable in-
crease in specific surface area value, making them highly effective for protein adsorp-
tion due to their abundant binding sites and interconnected pore network.

3. The research also delves into the synthesis of indomethacin-loaded porous pectin
particles, emphasizing the efficiency of CaCO3 nanoparticles as templates. Thismethod
not only retains the natural polymer’s characteristics but also facilitates rapid, scalable,
and reproducible material production. It is highlighted that the porous structures sig-
nificantly increase the specific surface area, promoting swift drug release through Fick-
ian diffusion - a contrast to the combined erosion and diffusion mechanism observed
in nonporous particles. The study shows that adjusting the concentration of CaCO3

nanoparticles can control the drug release rate, underscoring the potential of porous
pectin particles in targeted drug delivery systems.

Overall, this comprehensive study demonstrates the versatility and potential of
porous pectin particles synthesized through a template-assisted spray-drying method.
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These findings suggest promising applications in drug delivery systems, protein and
antibody purification, virus capture, and environmental micro- and nanoplastics re-
covery. The synthesis process, grounded in sustainability and scalability, presents a
promising avenue for future industrial application and further research into the con-
trolled release of active ingredients from porous pectin particles.

In addition, the precise control and regulation of pore size, along with the integra-
tion of interconnected pores, are of paramount importance for industrial applications.
Accurate manipulation of pore dimensions is crucial for optimizing the surface area
and enhancing the material functionality in various processes. Interconnected pore
networks facilitate efficient mass transport, which is essential for applications such as
catalysis, adsorption, and drug delivery. The ability to tailor pore size distribution
and connectivity ensures that materials can meet specific performance criteria, thereby
improving the efficacy and reliability of industrial processes. This meticulous control
over porosity parameters not only enhances the physical properties of materials but
also broadens its applicability across diverse industrial sectors.
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A
SI: Synthesis of Porous Pectin Particles by a
Template-Assisted Spray Drying

A.1 Precursor properties and droplet sizes

In this study, density (ρ) was calculated from the weight of 10.0 mL of each precursor
solution and viscosity (η) wasmeasured using anOstwald viscometer (ASONECorpo-
ration, Japan). A Tantec FACECBVP-Z automatic surface tensiometer (Kyowa Interface
Science Co., Ltd., Japan) was used to measure the surface tension (σ) of the precursors
to be fed into the spray dryer. The temperature of the laboratory room where experi-
ments were performedwas set to 20 °C. All measurements were carried out in triplicate
to minimize error.



APPENDIX A. SI: SYNTHESIS OF POROUS PECTIN PARTICLES BY A TEMPLATE-ASSISTED SPRAY DRYING

Table A.1: Properties of the precursors before spray drying (determined using Equation 2.1 in the
main text).*

Sample Density ρ Viscosity η × 10-3 Surface tension σ Droplet size Dd

(kg m-3) (kg m-1s-1) (kg s-2) (µm)
PPT-0 1012.4 ± 7.2 7.3 ± 0.2 0.0572 ± 7.57 30.2 ± 0.2
PPT-C-4 1023.6 ± 12.7 14.5 ± 0.8 0.0590 ± 3.61 30.8 ± 0.2
PPT-P-4 991.1 ± 5.9 8.3 ± 0.3 0.0619 ± 4.58 33.4 ± 0.1
* QL (liquid flow rate) = 5.0 × 10-8 m3 s-1; QA (carrier gas flow rate) = 9.92 × 10-5 m3 s-1.
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B.1 SEM images of pectin-CaCO3 composite particles
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Figure B.1: SEM images of pectin-CaCO3 composite particles before removing CaCO3 template with
weight ratios of CaCO3 to pectin of (a1)–(a2) 4, (b1)–(b2) 8, and (c1)–(c2) 12. (a1), (b1), and (c1) are at
magnification of ×10.0k and (a2), (b2), and (c2) are at magnification of ×35.0k.
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B.2. FT-IR SPECTRA

B.2 FT-IR spectra
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Figure B.2: SEM images of particles after using HCl to remove CaCO3 template.

B.3 SEM images of particles using HCl to remove CaCO3 templates
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Figure B.3: FT-IR spectra of pectin, CaCO3, pectin-CaCO3 composite (before etching), and porous pectin
particles (after etching).

B.4 Number of pores per unit sample surface area

The number of pores on the surface was counted based on SEM images for the same
square micrometer of sample surface area. 300 particles observed in SEM images were
used to count the number of pores. The results showed that when the CaCO3 concen-
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trations were increased from 4, 8, and 12 wt.%, the average number of pores per square
micrometer increased from 32, 65, and 108, respectively.

1 μm

1 μm

Average number 
of pores: 32

PPT-4 PPT-8 PPT-12

Average number 
of pores: 65

Average number 
of pores: 108

Figure B.4: Average number of pores per square micrometer.

B.5 Illustration of the egg-box model for pectin and calcium ions

Figure B.5: Egg-box model for pectin and calcium ions.

B.6 Solubility of the porous pectin particles

B.6.1 Theory

A series of standard solutions of pectin was prepared. The absorbance of the standard
solutions was measured and used to construct a calibration curve. Following Beer’s
Law, the slope and intercept of that line provided the relationship between the ab-
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sorbance A and the concentration C:

A = slope× C+ intercept (B.1)

An unknown (saturated) solution was then analyzed. Using the slope and intercept
values (Equation B.1) and the absorbance of the unknown solution Au, the concentra-
tion Cu was calculated by

Cu =
Au − intercept

slope (B.2)

B.6.2 Calibration curve

A known concentration of pectin in DI water (stock solution) was prepared. The ab-
sorbance of the stock solution at the maximal wavelength was measured with an UV–
Vis spectrophotometer (UV-2450, Shimadzu, Japan). Seven diluted solutions of the
stock solutionwere prepared. Dilutionwas performedwithDIwater. A plot of the con-
centration versus the absorbance was constructed to yield a straight line (Figure B.6a).
The values of the slope and intercept were calculated from this plot. The R2 value was
also determined, and the equation of the line was obtained for further assessment of
the concentration of the saturated solution.

B.6.3 Concentration of the saturated solution

A saturated solution of macroporous pectin particles in DI water was prepared by dis-
solving the particles in a specific amount of DI water. To achieve the maximum solu-
bility of the particles, the solution was stirred at 25 °C for 30 min. Once the particles
attained the solubility limit, the saturated solution was centrifuged at 15,000 rpm for
10 min to obtain the clear supernatant. The absorbance of the saturated supernatant
was measured. The concentration of the supernatant was calculated by Equation B.2,
where the slope and intercept values were taken from the calibration curve previously
constructed fromEquation B.1. Au is themeasured absorbance of the saturated solution
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andCu is the concentration of the saturated solution of pectin (mgmL−1). The solubility
of pectin is reported in percentage of dissolved particles in water (%).

B.6.4 Results

The results of the solubility of non-porous and porous pectin at 25 °C are shown in
Figure B.6b. For the PPT-0 non-porous sample, the solubility showed that 97.0% of this
samplewas easily dissolved inwater. It is reasonable that the solubility of this sample in
water was extremely high, which agreed with a previous report, suggesting that pectin
was soluble in water without the need for specific processing procedures.206 However,
the solubility of the PPT-4 porous sample was significantly lower. The data showed
that only about 6.6% of the sample dissolved in water, which was 15 times lower than
the nonporous sample. This improvement can be attributed to the egg-box model from
the calcium ions formed after removing the template and pectin (Figure B.6c).99
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Figure B.6: (a) Pectin calibration curve at 270 nm. (b) Percentages of the PPT-0 and PPT-C-4 samples
dissolved in water at 25 °C. (c) Image of non-porous particle PPT-0 and porous particle PPT-4 in water
at 25 °C.

B.7 Determination of calcium ion contents in porous pectin particles by ICP–AES
method

Inductively coupled plasma – atomic emission spectrometry (ICP–AES; ICPE–9820,
Shimadzu Corporation, Kyoto, Japan) was used to measure calcium ion contents of
porous pectin particles. 2.0 mg of porous pectin samples were completely dissolved in
10 mL nitric acid, and then ultrapure water was added to make 50 mL solutions. The
calcium ion content was measured at 393.366 nm after the sample solution had been
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diluted 100–fold. Calibration curves were produced from 0 to 0.5 mg L−1 of calcium
ions using standard solution (1000 mg L−1; Kanto Chemical. Co. Inc., Tokyo, Japan).
The weight percentage of calcium ion in the sample is determined from the measured
calcium ion content and the initial sample content.
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Figure B.7: Calcium ion contents of porous pectin particles PPT-4, PPT-8, and PPT-12.

B.8 Cross-sectional SEM images of pectin-CaCO3 composite particle
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Figure B.8: Cross-sectional SEM images of pectin-CaCO3-4 composite particle.
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B.9. CALIBRATION CURVE OF THE LYSOZYME CONCENTRATION VERSUS THE ABSORBANCE

B.9 Calibration curve of the lysozyme concentration versus the absorbance
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Figure B.9: Lysozyme calibration curve at 281 nm.

B.10 Calcium ion contents release in the media during the adsorption process
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Figure B.10: Weight percentage of calcium ion release in the media as a function of time during the
adsorption process.
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B.11 Adsorption kinetic models

One of the most commonly used equations for adsorption on solid adsorbents is the
pseudo-first-order rate equation:207

ln(Qe −Qt) = lnQe − k1t (B.3)

where k1 is the pseudo-first-order rate constant, andQe andQt are the adsorbed amounts
(mg g−1) at equilibrium and time t, respectively. The pseudo-first-order rate constant
k1 and equilibrium capacity Qe can be determined from the slope and intercept of the
plot of ln(Qe −Qt) versus t.

The linear form of the pseudo-second-order model used in this work is208

t
Qt

=
1

k2Q2e
+

1
Qe

t (B.4)

where k2 is the pseudo-second-order rate constant of sorption (g mg−1 min−1). The rate
constant k2 and equilibrium capacity Qe can be calculated from the intercept and slope
of the plot of t/Qt versus t, respectively. If the pseudo-second-order model fits the
experimental data, the plot gives a linear relationship, from which k2 can be obtained.

The diffusion model proposed byWeber andMorris assists in better understanding
of the transport stages of the adsorption process when adsorbate molecules move from
the bulk to the solid surface.209 The model equation is given by

Qt = kdt0.5 + l (B.5)

where kd is the intraparticle diffusion rate constant (mg g−1 min−0.5) and l is the bound-
ary layer thickness. The plot ofQt versus t0.5 usually occurs in two or more stages. The
first stage is called the external surface adsorption or instantaneous adsorption stage.
In this stage, there is an abrupt increase. The second stage indicates the slow adsorption
step, where the rate is macropore and intraparticle-diffusion controlled.
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B.12. RELATIONSHIP OF ADSORPTION CAPACITY, SPECIFIC SURFACE AREA, ANDMACROPORE VOLUME OF
POROUS PECTIN PARTICLES

R² = 0.7528

R² = 0.9043

R² = 0.946

0

1

2

3

4

5

6

7

8

0 20 40 60 80 100

ln
(Q

e
–
Q
t)

Time (min)

PPT-4
PPT-8
PPT-12

Figure B.11: Pseudo-first-order kinetic model plots for PPT-4, PPT-8, and PPT-12.

B.12 Relationship of adsorption capacity, specific surface area, and macropore vol-
ume of porous pectin particles
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Figure B.12: Relationship of adsorption capacity, specific surface area, and macropore volume of porous
pectin particles at different weight ratios of CaCO3 to pectin of 4, 8, and 12.

B.13 Langmuir, Freundlich, andTemkin isotherms for lysozyme adsorption onPPT-
12

The Langmuir isotherm assumes that adsorption occurs at a finite specific number of
binding sites on the surface. This process is typically referred to as homogeneous ad-
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sorption and is applicable to biosorbents, whereby constant enthalpy and sorption ac-
tivation energy are extracted from each molecule. The Langmuir equation is expressed
as210,211

Qe =
QmaxkLCe
1+ kLCe

(B.6)

The linear formof the Langmuir isothermwasused to prove that the Langmuir isotherm
fitted the experimental data well:

Ce
Qe

=
1

kLQmax
+

Ce
Qmax

(B.7)

where Ce is the equilibrium concentration of the protein in solution (mg L−1), Qe is
the equilibrium amount of the protein adsorbed on the adsorbent (mg g−1), Qmax is
the maximum adsorption capacity of the adsorbent (mg g−1), and kL is the Langmuir
isotherm association constant (mL mg−1). The Langmuir isotherm model parameters
(Qmax and kL) calculated from the slope and intercept of the Ce versus Ce/Qe plot shown
in Figure B.13a are given in Table B.1.

The Freundlich isotherm assumes heterogeneous surface energies, and the energies
become more heterogeneous as the value of the slope approaches zero. The Freundlich
equation is generally expressed as212

Qe = kFC
1
ne (B.8)

It can be linearly expressed as

lnQe = ln kF +
1
n lnCe (B.9)

where kF is the Freundlich isotherm constant [(mg g−1)(mL mg−1)1/n] and n is the ad-
sorption intensity, which can be obtained from the intercept and slope of the ln Ce ver-
sus ln Qe plot shown in Figure B.13b.

The Temkin isotherm assumes indirect interactions between the adsorbent and ad-
sorbate molecules in the adsorption isotherms. The Temkin isotherm is expressed by
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the following equation:213

Qe =
RT
bT

lnAT +
RT
bT

lnCe (B.10)

whereR is the gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K), and bT
is related to the heat of adsorption (J mol−1). The plot of ln Ce versus Qe (Figure B.13c)
was used to calculate the Temkin isotherm parameters AT and bT (Table B.1).
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Figure B.13: (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms for lysozyme adsorption on PPT-12
at 25 °C.
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Table B.1: Langmuir, Freundlich, and Temkin isotherm model parameters for PPT-12.

Isotherm model Parameter
Langmuir isotherm kL (mL mg−1) 66.3

Qmax (mg g−1) 2666
R2 0.9956

Freundlich isotherm kF [(mg g−1)(mL mg−1)1/n] 3210.4
N 3.9
R2 0.8338

Temkin isotherm AT (mL g−1) 1724.9
bT (J mol−1) 6.4
R2 0.9216

B.14 Surface packing density of the lysozyme

The used lysozyme in this research has a molecular weight (MW) of 16000 g mol−1.
From the molecular weight of lysozyme, adsorption capacity, and specific surface area,
the number of lysozymemolecules per unit surface area (packing density of lysozyme)
was calculated by the following formula.
The number of lysozyme molecules [molecule nm2]

=
Adsorption capacity [g-lysozyme g-pectin−1]

Specific surface areas of pectin particles [nm2 g-pectin−1]
× 1
MW of lysozyme [g mol−1]

× 6.02× 1023 [molecule mol−1]

Applying the above formula to porous pectin particles PPT-12 that had the value
of adsorption capacity of 2621 mg g−1, and specific surface area of 222.3 m2 g−1, the
number of lysozyme molecules was calculated as follow;
The number of lysozyme molecules

=
2.621 [g-lysozyme g-pectin−1]
222.3× 1018 [nm2 g-pectin−1] ×

1
16000 [g mol−1]

× 6.02× 1023 [molecule mol−1]

= 0.4 [molecule nm2]
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In porous pectin particles PPT-12, the results showed that there were 0.4 lysozyme
molecule per square nanometer, which means there was about 1 lysozyme molecule
per 3 nm2 adsorbent.
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C
SI: Porous Pectin Particles as a Colon Targeted
Drug Delivery System

C.1 Calibration curve of absorbances versus IND concentrations
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Figure C.1: The calibration curve of absorbances versus IND concentrations.
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C.2 Number of mesopores and macropores per unit sample surface area

The number of mesopores and macropores (pore size over 50 nm) on the surface was
counted based on SEM images for the same square micrometer of sample surface area.
300 particles observed in SEM images were used to count the number of pores. The
results showed that when the CaCO3 NPs concentrations were increased from 0.5, 1,
and 12wt.%, the average number of mesopores andmacropores per squaremicrometer
increased from 7, 16, and 110, respectively.

Average number 
of pores: 7

Average number 
of pores: 16

Average number 
of pores: 110

P-IND-0.5-Af

1 µm

1 
µm

P-IND-1-Af P-IND-12-Af

FigureC.2: Average number ofmesopores andmacropores (pore size over 50 nm) per squaremicrometer.
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C.3. PARTICLE SIZE DISTRIBUTION, NITROGEN ADSORPTION – DESORPTION, AND PORE SIZE DISTRIBUTION

C.3 Particle size distribution, nitrogen adsorption – desorption, and pore size dis-
tribution
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Figure C.3: Particle size distributions of (a) P-IND-0-Af, (b) P-IND-0.5-Af, (c) P-IND-1-Af, and (d) P-
IND-12-Af. dav,g is the geometric mean, and σd,g is the geometric standard deviation of particles. (e), (f)
Nitrogen adsorption – desorption isotherm, and (g) pore size distribution of IND-loaded pectin particles.
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C.4 A suggested model of the interactions between IND and pectin

IND is a nonsteroidal anti-inflammatorymedicine frequently used to treat inflammation-
related fever, discomfort, and stiffness.214 However, it is a challenge to load IND be-
cause it has negatively charged, similar to pectin in neutral media.215 A suggested
model of the interactions between IND and pectin in drug-loaded particles schemat-
ically depicted in Figure C.4 to better understand the binding between the drug and
carrier. When IND is mixed with pectin, the intertwined network structure is formed
through hydrogen bonding between IND and pectin. The hydrophobic CH-π effects
provide another physically cross-linked network in addition to the aforementioned
physical interactions. This interaction generally contains CH groups of the hydropho-
bic plaques in pectin and π electron density of aromatic compounds in IND. Thus, the
IND drug is physically embedded via hydrogen bonding and hydrophobic CH-π effect
during the formation of P-IND particles.

Figure C.4: Suggested model of the interactions between IND and pectin in drug-loaded particles.
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C.5. XRD PATTERNS OF IND-LOADED PECTIN PARTICLES

C.5 XRD patterns of IND-loaded pectin particles
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Figure C.5: XRD patterns of pectin, IND, and IND-loaded pectin particles.
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C.6 Interaction of IND with CaCO3
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Figure C.6: The absorbance of IND before and after adding CaCO3.

C.7 Release kinetic models

C.7.1 Zero-Order Model

To fit the mechanism of constant drug release from a drug delivery system, zero-order
kinetic is used. The cumulative drug release is plotted against time in order to investi-
gate the drug release kinetics data from the in vitro dissolution study.The slope of this
model indicates the zero-order rate constant, and the plot’s correlation coefficient will
determine whether or not the drug release corresponds to zero-order kinetics.216,217

Equation C.1 can be used to measure drug release from the dosage form in accordance
with pharmacokinetics principles:

Ct = C0 − k0t (C.1)

where Ct is the concentration of drug in the release medium at time t, C0 is the initial
concentration of drug at time equal to zero, and k0 is the zero-order rate constant in
concentration per time units.
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C.7.2 First-Order Model

The drug release in pharmaceutical dosage forms containing water-soluble drugs in
porous matrices is analyzed using the first-order model.216,217 Equation C.2 could rep-
resent the drug release that occurs following first-order kinetics:

lnCt = lnC0 − k1t (C.2)

where, Ct is the concentration of drug released at time t, C0 is the initial concentration
of drug and k1 is first order constant. In this model the graphical representation of the
lnCt versus time will be linear with a slope equal to k1.

The dosage forms that adhere to this model include those that release the drug in a
proportional manner to the quantity released per unit of time and contain a drug that
is water-soluble.

C.7.3 Higuchi Model

Higuchi developed mathematical models in 1961 to investigate the release of drugs in
a solid matrix that are water-soluble and sparingly soluble.218 Equation C.3 describes
the dissolution from a system with a homogeneous matrix:

Ct = kHt0.5 (C.3)

where Ct is the concentration of drug released in time t, kH is the Higuchi dissolution
constant. Higuchi describes drug release as a diffusion process founded in the Fick’s
law. For diffusion-controlled process a plot of Ct versus square root of time is linear
with a slope equal to the Higuchi constant.

C.7.4 Korsmeyer-Peppas Model

Korsmeyer and Peppas introduced forth a simple equation describes the drug release
from a polymeric system and decides which sort of dissolution, the equation can be
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represented by Equation 4.4 and Equation C.4:

ln
( Ct
C∞

)
= ln kKP + n ln t (C.4)

where Ct is the concentration of the drug in the release solution at time t; C∞ is the
equilibrium concentration of the drug in the release solution; t is the release time; kKP
is the kinetic rate constant; n is the release exponent. A graph of ln(Ct/C∞) against
ln t was plotted to explore release kinetics. The slope, which gives n value, is used to
classify different release mechanisms, as given in Table C.1.219

Table C.1: Different release mechanisms according to the release exponent n

Release exponent
(n)

Drug transport mechanism Drug release mechanism Rate as a function
of time

n < 0.45 Quasi-Fickian diffusion Diffusion tn

n = 0.45 Fickian diffusion Diffusion t0.5

0.45 < n < 0.89 Non-Fickian diffusion
(anomalous)

Both erosion and diffu-
sion

tn−1

n = 0.89 Case II transport Zero-order release Time-independent
n > 0.89 Super case II transport Degradation tn−1
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C.7. RELEASE KINETIC MODELS
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Figure C.7: Calcium ion contents of porous pectin particles PPT-4, PPT-8, and PPT-12.
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