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“The most beautiful experience we can have is the mysterious. It is the fundamental emotion
that stands at the cradle of true art and true science”

-Albert Einstein
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ABSTRACT

Counterfeiting of food and pharmaceutical products, albeit a more serious issue in devel-
oping countries is, however, omnipresent. Therefore, there is an ever-growing need for an-
ticounterfeiting measures to address this challenge. Currently, the existing overt and covert
anticounterfeiting measures are more prevalent on the packaging of such products. While
such measures are helpful to a certain extent, they are however, easier to by-pass with re-
used authentic packaging, fake barcodes and duplicate product numbering. Furthermore,
advanced research and new innovations have indicated that it is also possible to have ad-
ditional levels of security by incorporating similar measures into or on the product itself.
Although these novel anticounterfeiting measures offer a unique opportunity to safeguard
the customer’s interest at best, they present certain challenges. Some of these include bio-
compatibility of the materials and the need for them to be in compliance with regulatory
organizations. However, overcoming these challenges confronts the issue directly. In this
work, the approach is to develop a proof of concept of entirely edible barcodes from nat-
urally available and/or food grade materials such as sodium alginate. This study also fo-
cusses on the influence of drying on the macroscopic structure of such barcodes. The bar-
codes are produced by physically cross-linking the polymer in specific moulds, converting
them into a hydrogel barcode in itself. Altogether, this work provides a qualitative under-
standing that such a concept can be developed and that the significant structural changes
upon drying is not exclusively governed by the concentration of sodium alginate.

Keywords: anticounterfeiting, hydrogel, edible barcode, sodium alginate, drying, the-
mogravimetric analysis.

Pavithra Vasanth Bailey
Delft, May 2018
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1

INTRODUCTION

The food and pharmaceutical industries must comply with several stringent criteria in
terms of quality at a global level [1]. This refers not only to the final product reaching the
end consumers but to each step of the manufacturing process leading to the finished prod-
uct. However, even in the 21 century, counterfeit products that are potentially harmful
enter the market everyday, escalating the significance of public health and safety. The prod-
ucts that fall under this category include manufactured products of inferior quality [2, 3],
i.e., adulterated products or products that alter their properties due to improper storage
conditions [1, 4], and/or maintenance at various stages along the supply chain.

Within the pharmaceutical sector alone, counterfeiting is reaching a significant level,
with statistics showing an estimate of approximately 10-30% of counterfeit products. The
higher percentage of this reflects the current situation in developing countries, in Africa,
parts of Asia and Latin America [5]. This statistic is an indication of the counterfeit medicines
that are being sold in the market and 50% for those bought via the internet [5]. For instance,
more than 30 Nigerian children died due to poisoned teething medicine that contained
close to 90 ml of diethylene glycol per 100 ml of medicine [6]. Relatively startling incidents
can also be found in the food industry. One such alarming example can be traced back to
the milk powder scandal in China in 2008 where close to three hundred thousand children
fell ill and six babies lost their lives due to substandard milk powder tainted with melamine
[7, 8] (disguised as having higher protein content upon further testing [9]).

In order to address this underlying issue at hand, World Health Organization (WHO) has
proposed and approved certain overt and covert anti-counterfeiting measures [10]. Holo-
grams, security inks and films, on-product marking, invisible printing, and laser coding
[10] are some examples among several other techniques. These methods are used to foster
the safety of consumers and ensure that the end-to-end process are undertaken responsi-
bly by the suppliers [11, 12].

As discussed previously, the percentage of counterfeit products entering the market is
on the increase, [5] creating a growing need to improve the authentication technologies
available. The melamine milk scandal [10] led to an extensive demand for European milk
powder, consequently leading to a quintuple rise in the price, further posing a threat to the
security of the export trading sector for such commodities [13]. As a direct consequence,
research devoted to developing complex technologies which can be applied to adding se-
curity layers to these products are upcoming at a faster rate.

Numerous such applications are listed in literature, applying different mechanisms which
aid in detecting authenticity of food and pharmaceutical products. Some of these are drug

laden 3D QR codes directly from inkjet printing using upconversion (the process where
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2 1. INTRODUCTION

numerous low energy photons are converted to one single high energy photon) fluorescent
nanoparticles [14] and 3D biodegradable labels as films fabricated from PMMA by means
of laser engraving [15]. Some other examples found in literature include numerous appli-
cations using bioink based and the bioprintability of hydrogels for 1D, 2D and 3D config-
urations [16, 17] and multilayer printable microtaggants incorporating the mechanism of
phase change of nanoparticles [18]. Similarly, chemical molecular tags [19], tracking of bio-
logical agents using coating methods [20] as well as DNA based taggants with encoded mes-
sages [21] and barcodes [22] have also been researched for application. The above men-
tioned research and more have directly led to commercialization of such devices for detect-
ing authenticity, like TruTag®[23], Taaneh™[24], DNATrax™[25] and SafeTracers™][26].
Nevertheless, validation of the end product using these technologies demands for specific
instrumentation at hand, such as a spectrometer or a polymerase chain reaction kit (PCR),
slightly reducing the simplicity and convenience for the end customer [1].

A large number of the innovations found in literature follow the non-degradable route
and/or contain toxic substances such as metallic and fluorescent nanoparticles. However,
according to existing literature, biodegradable barcodes are exclusive to microfibres from
alginte and polylactic-co-glycolic acid [1].

A similar research recently done by Rehor ef al. indicates that it is possible to have such
a barcode which can be multi-functional, i.e., it can provide authentic information about
a product as well as sensory information [1] based on the storage and handling of a par-
ticular product. The basic concept focuses on having one end of the barcode thicker than
the other so that the sensory information can be picked up based on deformations (due to
change in temperature) and photo-initiation in the barcode (change in pH due to microbial
activity) [1]. While there is validation that this barcode can be functional, it however, works
on the principle of free radical polymerization [1] which incorporates complex chemistry
that is not yet suitable to be applied into products directly ingested or that is compatible
with the human body.

The work discussed above provides direct inspiration and motivation for developing an
edible barcode from biocompatible hydrogels. To the best of our knowledge, substantial
literature is unavailable about the conceptualization of an edible barcode from hydrogels.
Therefore, in an attempt to further enhance not only the simplicity but also the materials
used in the existing technologies, the aim of this project is to develop a similar barcode that
is entirely edible in itself.

Consequently, in the research presented in this thesis, the objective is to develop a bar-
code through experimental protocols that is complicated in terms of the skill set required
for manufacturing such a barcode, making it difficult to replicate. However, simultane-
ously, it also aims at simpler chemistry by reducing the number of materials used to a min-
imum, providing maximum convenience to the end consumer.

Therefore, this research focuses on the study of behaviour of biocompatible hydogels in
the form of barcodes as a proof of concept, starting from the development stage and their

structural changes influenced by post processing methods, such as drying.

The results presented in this thesis represent a preliminary effort in the direction to-



wards development of such a concept and provides a framework to further continue and
improve the methodology. The long-term goal of the work presented in this thesis is to
reach to a quantifiable end result with a working model which can be applied in the mar-
ket, particularly in the food and pharmaceutical sector. One that makes use of simpler

chemistry, is more compatible for ingestion and reduces the difficulty of identification by
the end user.



2

THEORETICAL BACKGROUND

The theoretical background presented in this chapter includes some basic description about
polymers, their classification and various methods of synthesis. Following which, a specific
class of polymers are discussed, influencing the choice of polymer for this work.

2.1. POLYMERS AND GOVERNING TERMINOLOGIES

A polymer can be defined as a substance that is made up of macromolecules (comprised
of monomers, contributing to the structure) and can form branches between two or more
constitutional units through a number of physical or chemical mechanisms [27]. Polymers
can be broadly classified based on their structure, molecular forces and their origin [28] as
seen in figure 2.1.

g™
Polymers
Skeletal Molecular s
—— - Origin Arrangement
S S S S
e S N e =
Linear Thermoplastic Natural Homopolymers
S g T o SO S
e I N N . ™ N
Cyclic Thermosetting Synthetic Copolymers
S g T o SO S
S il e .
Branched Elastomers
S b T
S
Networked
S’

Figure 2.1: Classification of different types of polymers

It is important to note the difference within certain sub-classes from those mentioned
in figure 2.1. Primarily, the differences between linear, branched and networked poly-
mers as well as between homopolymers and copolymers [28]. A single chain of monomers
that have two definite ends are linear in nature and when these chains have side chains
linked to them at certain nodes or junctions they are identified as branched polymers [28].
A multiple number of such chains when connected to each other, gives rise to a three-
dimensional structure resulting in the formation of a networked polymer [28].

4



2.2. HYDROGELS 5

Similarly, a homopolymer consists of many identical monomer units connected to each
other, whereas a copolymer is made up of more than one type of monomer unit [28]. While
the classification will not be discussed in more detail, it is however, still useful to note addi-
tional terminologies related to this work that originate directly or indirectly from the clas-
sification itself.

Linear copolymers having repeating units that are (in blocks) of the same type, which
are usually present as a long sequence [28] are known as block copolymers. ITUPAC de-
scribes a polymer comprised of molecules that have ionizable groups and/or ions, as a
polyelectrolyte. When a sizable number of such units of a polymer have negatively charged
ions and a equal amount of counter-cations then it is an anionic polymer, and if vice-verse
then it is a cationic polymer. Similarly, if both cations and anions are present in a single
polymer then it is ampholytic or neutral polymer [27].

When polymers are formed by living organisms (biomacromolecules) they are known
as a biopolymers [29]. However, a biocompatible substance is one that has the capability
to be in harmony with a living system without producing an unfavourable or harmful effect
[29]. Whereas, biodegradable refers to the phenomenon of degradation due to biological
activity [29].

This particular research project demands the use of biocompatible polymers or other
chemicals at every step of the experimental protocol to be food grade and/or biodegradable
in nature, for human consumption. Furthermore, it is important to note the phenomenon
by which these individual polymer chains form three dimensional networks. The poten-
tial of such a class of materials provide great use in a number of domains, especially in
biomedical, food and pharmaceutical applications [30].

2.2. HYDROGELS
Before delving into the details of another class of materials such as hydrogels, it is impor-
tant to understand what they are and how they are formed.

An amalgamation of polydisperse (macromolecules of varying molar masses) branched
polymers that are soluble are referred to as asol [31]. As the size of these branched polymers
increase a gel is formed, which is a non-fluid polymer network that is expanded through-
out its entire volume by a fluid formed through physical or chemical bonds [27, 31]. This
conversion from a fixed number of branched polymers to an infinitely large molecule is re-
ferred to as gelation. And a gel wherein the swelling agent is water gives rise to a hydrogel
[27].

Hydrogels are a class of polymers that posses a networked structure obtained via cross-
linking of their polymeric chains, allowing them to trap considerable amounts of water.
These cross-links aid in retaining their swelling behavior in an aqueous environment and
prevent the hydrophilic polymer chain groups from dissolving [32], hence, they find various
biomedical applications [30] in drug delivery and tissue engineering among many others
[33]. They can be classified based on a number of categories [34] as shown below in figure
2.2,
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Figure 2.2: Classification of Hydrogels

Although the classification as seen in figure 2.2 is extensive and gives a broad under-
standing of the characteristic properties specific to each class of hydrogels, for the purpose
of this research work, only a particular class will be studied. Specifically, naturally avail-
able polymers that are ionic in nature and cross-linked physically to form a hydrogel, are of
more importance than others, as will be further discussed in section 2.4.
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Hydrogels are also attractive because of the following benefits, however, the limitations
that they possess play a prominent role in the appropriate selection for a particular system
or application :

Table 2.1: Advantages and limitations of hydrogels in general [34]

Benefits Limitations

Good Biocompatibility Poor mechanical strength
Biodegradable; bioabsorbable Difficult to handle

Good transport properties Sterilization is not easy
Admissible in vivo through injections in a liquid state  Possess non-adherent properties’
Timed release of medicines/nutrients Higher cost

Hydrogels being made up of over 90% water, possess hydrophilic surfaces which have
low interfacial free energy. Therefore, proteins and cells containing hydrophobic moieties
have poor affinity towards the surface. Hence, the intermediate compounds formed can be
converted into harmless products or made to exit the body without any harm [32].

These properties possessed by hydrogels are of utmost importance and influence the
selection of the polymer and method of cross-linking for this project. There are various
mechanisms by which cross-linking can be advocated, as discussed in the next section.

2.3. CROSS-LINKING OF HYDROGELS

A cross-link can be defined as a section or region in a macromolecule from which a mini-
mum of four chains arise due to reactions between sites or groups on the existing macro-
molecule [27].

Apart from the molecular weight and the chemical composition of the polymer that
is under consideration, the physicochemical properties of a hydrogel is governed by the
method and density of cross-linking [30]. There are various methods by which the la-
bile bonds that are required [32] are introduced in biocompatible polymers through cross-
linking, broadly classified into two types [35] as discussed in the upcoming sub-sections.

2.3.1. CHEMICALLY CROSS-LINKED GEL

Chemically cross-linked gels are obtained when the polymer network is formed through
covalent cross-links, i.e., basically when a stronger bond takes the place of hydrogen bonds
resulting in a rather permanently networked gel [31]. This type of covalent bonding can be
synthesized through various mechanisms such as radical polymerization, chemical reac-
tion of functional groups, high energy irradiation and by using enzymes [32].

As mentioned earlier, this method is employed when the mechanical strength of the
resulting hydrogel is of utmost importance [35]. The permanent network, apart from pro-
viding good mechanical strength also enables free diffusion of water which is an important
factor when applied in drug delivery systems and in cell-culture as scaffolds [36]. However
this method requires the addition of a cross-linker which could be potentially toxic and un-
desirable [32] as well as increases the number of chemicals required, which, based on the
application, need not always be beneficial.

1 They can be inherently safer to use in the food and pharmaceutical industries if care is taken and applicability is specific.
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2.3.2. PHYSICALLY CROSS-LINKED GEL

Gels which are cross-linked through reversible mechanisms like molecular entanglements
and/or ionic forces, hydrogen bonding or hydrophobic interactions [31] are known as phys-
ical gels. This is a method employed when there is a need to overcome the above stated
problem of undesirable toxicity, as it does not require the addition of any cross-linkers for
the formation of hydrogels [35].

The interest in this type of cross-linking is also picking up rapidly because it is a mecha-
nism that can be advocated without a purification and verification process [36]. Moreover,it
is devoid of the use of organic solvents and can be employed under mild conditions making
it very useful in biological and biomedical applications [32]. Based on the type of polymer
used, there are various techniques of physical cross-linking that can be employed. Ionic
cross-linking is one such method that attracts the focus of this research.

IONIC INTERACTION BASED CROSS-LINKING

Ionic polymers which are cross-linked by the addition of bivalent or trivalent counter-ions
[31] fall under this classification. This underlying principle is useful for the gelation of poly-
electrolytic solutions with ions of the opposite charge [31]. A popularly known polymer that
is most often cross-linked via ionic interactions is Sodium Alginate (Na-Alg), using bivalent
ions, most commonly calcium ions [32]. In this project, this method of cross-linking is most
suitable for three major reasons:

¢ In line with the scope of the applicability of this research project, it is important that
the chemistry involved in each step of the experimental procedure can be defined
which becomes slightly more difficult when the method of chemical cross-linking is
adopted.

* The addition of toxic cross-linkers can be avoided and this is an important factor in
the focus of this research project as discussed in section 2.3.2.

* Most importantly, the focus of this project is to have an edible end product, therefore,
the choice and use of chemicals must be undertaken attentively, therefore all the ma-
terials that we utilize must fall under the GRAS chemical category. Na-Alg falls un-
der this category, further influencing the polymer choice and method of cross-linking
chosen for this work.

2.3.3. GENERALLY REGARDED AS SAFE (GRAS) POLYMERS

The Food and Drug Administration (FDA) defines a GRAS substance as any substance or a
chemical that is deliberately added to food, is subjected to review and approval, unless it is
considered safe based on expert advice through scientific procedures or one that has been
used in food prior to 1958 and is exempted from the Federal Food, Drug, and Cosmetic Act
(FFDCA) food tolerance requirements [37].

As discussed earlier, one such GRAS polymer that is of particular interest with regard to
this project is Na-Alg which will be considered in detail in the next section.

2.4. SODIUM ALGINATE

2.4.1. INTRODUCTION
Alginate is a naturally available anionic polysaccharide and is commonly derived from
brown algae, Phaeophyceae such as Laminaria hyperborea [30] and Lessonia [38]. Alginic
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acid is converted into Na-Alg upon processing with aqueous alkali solutions such as NaOH
followed by filtration with NaCl to expedite it in its powdered form [39].

2.4.2. STRUCTURE

Structurally, it is a linear, unbranched block copolymer with identical monomer units of
(1,4)-linked B-D-mannuronic acid (M) wherein the glycosidic bonds are equatorial and a-
L-guluronic acid (G) [38] have axial bonds as seen in figure 2.3. Such G and M residues are
connected via covalent bonds arranged in successive G blocks (GGGGGG), successive M
blocks  MMMMMM) and alternating G and M blocks (GMGMGM) [30].

a)

MMMMGMGGGGGM GM GGGGGGGGMMGM GM GGM

R et e i e _—

M-block G-block G-block MG-block

Figure 2.3: Structure of Alginate: (a) alginate monomers; (b) chain conformation; (c) distribution and
arrangement of the blocks [40]

The starting material from which Na-Alg is obtained plays a role in defining the ratio
of G and M residues as well as the extent of each block [30]. It is also known that the G-
blocks of alginate are solely responsible for the conversion of the polymer into a hydrogel
via inter-molecular cross-linking [30] between the carboxylic groups and divalent cations
[38]. Several properties contribute to the physical properties of alginate and its respective
hydrogel [30] as mentioned below:

* Content of M/G blocks and their arrangement with respect to one another

* The length of the G-blocks as it contributes to the mechanical properties of Na-Alg.
Furthermore, the G blocks are solely responsible for the intermolecular cross-linking
to form hydrogels

* Molecular weight of the alginate which depends on the source from which the algi-
nate is extracted

Furthermore, these physical properties have an influence on the stability and stiffness
of the resulting gel-network. It was concluded by Draget et al. that alginate contains four
feasible patters (relating it to the flexibility of the chain blocks) of glycosidic links : equato-
rial (MM), axial (GG), equatorial-axial (MG) and axial-equatorial (GM) [40].
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Any alteration in the ionic strength of an alginate solution will have a great effect on
the length of the polymer chain and the viscosity of the gel formed. As this ionic strength
increases, it will have an influence on the solubility as well [40]. It is also important to note
that alginate can be cross-linked at room temperature and physiological pH, making it a
more desirable polymer choice for the purpose of cross-linking [32].

OH 0

Figure 2.4: Egg-box structure representing the cross-linking mechanism of the G blocks of Na-Alg into calcium
alginate hydrogel [40]

Figure 2.4 is a pictorial representation of the G blocks of Na-Alg cross-linking with the
Ca®* ions. Upon binding to the G blocks of individual polymer chains, the blocks then
tend to join together with the G blocks adjacent to another polymer chain leading to an
“egg-box” shaped structure [30]. This defines the mechanism by which the Na-Alg polymer
chains undergo gelation to form calcium alginate hydrogels.

2.4.3. ADVANTAGES AND USES

It is abundant availability in a natural environment, biocompatibility, relatively low cost
compared to other biocompatibile polymers and low toxicity are the factors that contribute
towards making Alginate an attractive polymer [30]. Furthermore, from an industrial stand-
point, Alginate is favorable due to its hydrophilic, viscous, stabilizing, mildly reversible
gelation properties and that the sol/gel transformation is not specifically governed by tem-
perature [40].

It has vast applications in wound healing, drug delivery [40], as an emulsifier/stabilizer
in the food sector [38] as well as bio-medical and pharmaceutical applications [30] as dis-
cussed in section 1.
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2.5. THESIS OBJECTIVES

The research presented here is inspired by the work published by Eral and his collabora-
tors on biodegradable microparticles for detecting authenticity of medicines [1]. While the
objective of this thesis is based on the same ideology and concept, the underlying methods
are however, different.

The work presented in this thesis is twofold. The research includes experimental im-
plementation of a proof of concept to study and develop edible barcodes > from ALG and
the structural behaviour of these barcodes on drying. This work is conducted keeping in
mind the end application of this concept, i.e., to detect counterfeit consumables and im-
proper storage of mainly food and pharmaceutical products. Therefore, the goals of this
thesis were as follows:

* Developing research strategies and experimental protocols to create ALG barcodes.

* Optimization of the experimental protocol to further enhance the macroscopic struc-
ture of the barcodes.

* Study of the influence of drying on the macroscopic structure of these developed bar-
codes.

2 For future reference in this thesis, the term “barcode” refers to the “TU” on the ALG samples
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MATERIALS AND METHODS

In this chapter the materials used and the protocols that were followed while conducting
the experiments are discussed. These experiments were performed in order to introduce a
proof of principle based on the concept presented in the preceding section.

3.1. MATERIALS

An overview of all the materials used are presented in table 3.1. All the chemicals were used
as is without further processing. The water used during this entire thesis is deionized water
from an in-house dispenser at room temperature and atmospheric pressure.

Table 3.1: Overview of chemicals utilized

Chemical CAS# Abbreviation Purity Supplier

Sodium Alginate 9005-38-3  Na-Alg Food grade Sigma Aldrich
Sodium Chloride 7647-14-5  NaCl 299.5% Sigma Aldrich
Calcium Carbonate 471-34-1 CaCOg3 Analytical grade MERCK

Glucono-d-lactone  90-80-2 GDL =99.0% Sigma Aldrich
Calcium Chloride 10043-52-4 CaCl, >93.0% Sigma Aldrich
HEPES 7365-45-9  HEPES =99.5% Sigma Aldrich
Indigo Carmine 860-22-0 - Bact.,Hist. Sigma Aldrich

3.2. SYNTHESIS OF ALGINATE HYDROGELS

In the following sub-sections, the preparation of Na-Alg polymer solutions will be dis-
cussed. Afterwards, a detailed description of the experimental protocols used to make the
ALG hydrogel barcodes “ will be presented. It involves a two-step curing process based on
the mechanism of ionic cross-linking as described in sub-section 2.3.2.

3.2.1. PREPARATION OF NA-ALG SOLUTIONS

To make aqueous solutions of Na-Alg, first a solution of 0.3 M NaCl and 20 mM HEPES
(optional) were mixed with DI water [41]. To this solution, Na-Alg powder was added and
stirred on a hot plate at 46°C using a magnetic stirrer at 400 rpm for approximately 45 min-
utes and/or until all the Na-Alg was dissolved. The required Na-Alg was added accordingly
to obtain different, final Na-Alg concentrations of 2, 4, 6, 8, 10 and 12% w/w respectively
[41].

3.2.2. FIRST PHASE OF CURING
Once the above Na-Alg solution was homogeneously mixed, CaCO3 and GDL were added
to the mixture while stirring to achieve a final concentration of 20 mM of CaCO3 while

2The term “barcode” refers to the “TU” on the ALG barcode

12
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maintaining the ratio of [GDL]/[Ca?*] = 2 [41]. To facilitate this, an inert form of [Ca?']
ions for cross-linking is obtained from CaCOs as the source. The solubility of CaCOj3 is
low in pure water, this allows for it to be evenly distributed in the Na-Alg solution prior
to the start of the gelation process [2]. The GDL aids in slow hydrolysis of the solution
(by bringing down the pH and enhancing the release of Ca®* ions) [41] so as to obtain a
more ordered structure of the hydrogel [2]. This mixture was stirred until a homogeneous
ALG hydrogel mixture was obtained. This solution was then centrifuged to remove any air
bubbles trapped within the hydrogel and cured in the refrigerator (at 4°C) for 24 hours. Air
bubbles need to be removed in order to obtain clear measurements for further analysis of
the samples, particularly for the higher Na-Alg concentrations used [41] and to maintain a
uniform structure of the hydrogel.

3.2.3. SECOND PHASE OF CURING

For further cross-linking of the hydrogel, a 6% w/w aqueous solution of CaCl, in DI water
was prepared [41]. 3 ml of this solution was mixed with the previously-made hydrogel and
was allowed to cure again for an additional 24 hours at approximately 4°C in the refrigera-
tor [41].

If the hydrogel sample was not cured homogeneously (or completely, due to less cover-
age of CaCl, over the entire sample) then it was allowed to cure, undisturbed for another 24
hours. The homogeneity of the hydrogel was ensured based on the coverage attained by the
CaCl; solution through the hydrogel mixture and its initial quantity used for cross-linking.
Greater curing time ensures better permeation of [Ca?*] ions to all the available binding
sites for cross-linking [41]. Once the hydrogel was completely cured, it was manually cut
into cylindrical discs or cuboids of varying dimensions based on the mould used for curing
the hydrogel and/or based on the desired requirement for post processing. A schematic
of the experimental setup describing each step of the procedure followed can be seen in
figure 3.1.

NaCl + DI Indigo
water Carmine
(Optional)
46 °C; Na-Alg polymer ALG hydrogel
400 rpm solution (1<t phase of curing)

Manually cut Refrigerated

Refrigerated

& measured at4oc; at 4°C;
— — | ~24h ~24h
60 °C Cured ALG . 20 °C;
3 ml CaCl, solution 7400 rpm:
barcode (2 phase of curing) 5 mri|:‘m,

Figure 3.1: Schematic of experimental setup used to make the ALG barcodes
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3.3. MOULDS FOR CURING OF HYDROGEL

3.3.1. METAL STAMPER

The 3D printed metal stampers which were fabricated from a study (refer [42]) done previ-
ously in the group were used as a mould for the first trial to cure the hydrogel. Two different
stampers of different sizes and shapes were used as a mould for the same. Due to the ma-
terial properties of the stamper (made of sintered steel and aluminium), the hydrogel was
poured into the mould after the first phase of curing, as described in section 3.2.2(before
addition of CaCl,) and left in the refrigerator for 24 hours (at 4°C) to prevent corrosion of
the stamper.

The hydrogel in the mould was then pressed out of the stamper manually. Care was
taken so as to not distort the structure of the hydrogel since it had not undergone the sec-
ond phase of curing yet. It was taken through the remaining steps for further curing as
described previously in subsection3.2.3.

The metal stamper, although a good starting point was not the best option for cross-
linking as the barcode-laden hydrogel could not be reproduced successfully with the same
or at the least, a similar output each time. Also, it yielded a successful output only for one
particular Na-Alg (6% w/w) concentration of the hydrogel as observed from conducted ex-
periments.

In order to account for the short-comings of the barcodes made from the metal stam-
pers, it was decided to develop another mould with different material properties for curing
the ALG hydrogel.

3.3.2.3D PRINTED POLYMER MOULD

A 3D printed polymer mould was designed using a 3D CAD software - Inventor® and fabri-
cated from ABS flex white with the barcode “TU” printed from a Micro Plus HD 3D printer
by EnvisionTEC® (refer figure 3.2). Three different dimensions of the barcode (10 x 6 mm,
5x 3 mm and 3.5 x 2 mm) all with 1 mm thickness (of the “TU”) were printed (extruded) on
the flat surface of the same mould. The idea behind this design was to aim at circumvent-
ing the problems that were associated while working with the metal stampers as discussed
in section 3.3.1.

Specifically, the justification for this was twofold, namely:

e To ensure that the mould could be used for all the above studied concentrations of
Na-Alg (i.e., 2, 4, 6, 8, 10 and 12 % w/w).

* To optimize the curing process in the mould in an attempt towards increasing its effi-
ciency, convenience and simplicity of the process.

This was done by making a design of the mould in such a way that the hydrogel could
be cured immediately after the centrifuging step, i.e., the mould was fitted into a 50 ml
Corning®falcon tube and the hydrogel (after the first phase of curing) was poured into the
falcon tube over the mould (refer figure 3.2). It was then centrifuged at 7400 rpm for 5 min-
utes and refrigerated for 24 hours.
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Figure 3.2 indicates the design of the 3D polymer mould fitted into the falcon tube. An-
other advantage of using this mould over the metal stamper was that the complete curing
phase over the time period of approximately 48 hours was carried out without disturbing
the structure of the hydrogel or further incorporating air bubbles into the hydrogel matrix.

() (b)

27.94 mm

Figure 3.2: 3D printed ABS flex white polymer mould designed using Inventor® and printed from EnvisionTEC® 3D
printer. (a) Lateral view of the mould (with the “cone” end connected to the “stem”). (b) Top view of the mould with
“TU” barcode

3.4. POST PROCESSING

Once the hydrogels were completely cured, they were manually cut around the barcode for
further studies on the maintenance of their structure and loss of mass as a function of time.
For this purpose, the hydrogel samples were oven dried to observe the deformation of the
barcode structure and decrease in thickness and size. Thermogravimetric studies were also
conducted to analyze the mass loss as a function of time for the ALG hydrogel samples.

3.4.1. DRYING

The cut out hydrogel barcodes were pat-dried gently on a tissue paper to remove the excess
water and curing solution. After which the mass and dimensions of each of the samples
were recorded. The samples were then oven dried at 60°C. The same measurements was
recorded again after set, regular intervals of time. This was repeated until it was observed
that there was no further change in the dimensions or loss of mass of the samples.

The change in the structure of the sample, especially the distortion of the “TU” barcode
and the dimensions, especially thickness of each sample was of utmost importance during
this drying process. As discussed before, since the results obtained from the experimental
protocol were not as promising as required, optimization of the protocol was imperative,
as considered in the next subsection and in detail in section 4.2.

3.4.2. ALTERATIONS IN THE PROTOCOL

After studying the structure of the hydrogels post drying, it was necessary to understand
other contributing factors affecting the macroscopic structure of the ALG barcodes, as dis-
cussed in section 4.3. It was decided that the deformations in the structure could be re-
duced if the hydrogels were made more robust. Therefore, in order to verify if the concen-
tration of the components responsible for cross-linking had an effect on the durability of
the barcodes, further experiments with alterations in the experimental protocol were con-
ducted to validate this claim.
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For this purpose, the [GDL]/[Ca?*] concentration ratio was kept constant, however, the
mass of CaCO3; and GDL added were doubled, whereas that of other chemicals used were
unaltered. Therefore, the same experimental protocol was followed in the same order of
steps, the only difference being the change in concentration of CaCO3 and GDL added to
the hydrogel mixture in the second phase of curing (refer 3.2.3)

It was expected that increasing the concentration of CaCO3 would thereby increase the
Ca?* ions available for cross-linking. However, it is important to note that this would also
lead to an increase in the total percentage of the involatile components with respect to the
increase in Na-Alg concentration.

The structure of the barcodes, especially in terms of thickness and size, post drying
was a relevant factor for this project and an experimental protocol that would facilitate
that with the best outcome was necessary. An explanation of the results obtained from the
experiments described in this chapter will be discussed in detail in the upcoming chapter
of this thesis.
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RESULTS AND DISCUSSION

This chapter focuses on the results associated with the development of the hydrogel bar-
code” as a proof of concept made from different concentrations of Na-Alg using two moulds
of different material properties. Furthermore, the structural deformations of the barcode
on drying and thermogravimetric analysis was studied. Finally, the effect of change in con-
centration of the components responsible for cross-linking of Na-Alg on the barcodes will
be considered.

4.1. MOULDS FOR CURING OF HYDROGEL

For the ALG hydrogel to take the shape of the barcode on itself, different 3D printed moulds
made from different materials - metal (rectangular and circular moulds) and polymer (ABS
flex white) were used. They were fabricated with the extrusion of a “T'U” shape as a pro-
totype for the barcode. The results and observations for the same will be discussed in the
upcoming sections.

4.1.1. METAL STAMPERS

The experimental procedure with two-phase curing was followed to develop the hydrogel
barcode for all concentrations of Na-Alg (ranging between 2% w/w and 12% w/w), as men-
tioned earlier in section 3.2.1. Two types of 3D printed metal stampers (rectangular and
circular shaped), previously available in the lab, were used as a mould to cure the hydrogel
as seen in figure 4.1.

Figure 4.1: Metal stampers available that were used to cure the Na-Alg, fabricated and
designed from previous work [42]. Scale bar: 2.7 mm

It is important to note that the two metal stampers are made of different materials [42].
The rectangular metal stamper is 3D printed from sintered alloy of steel while the circular

2The term “barcode” refers to the “TU” on the ALG hydrogel samples
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metal stamper is fabricated from aluminium. The following observations were made about
the effectiveness of these moulds on curing the hydrogel:

* Rectangular metal stamper:
The hydrogel cross-linked satisfactorily with the “TU” barcode imprinted on it in the
rectangular shaped metal stamper as seen in figure 4.2. Figure 4.2a shows the method
in which the hydrogel is allowed to cure in the metal stamper.

The clarity of the “TU”, imprinted as the barcode, although poor was visible to the
naked eye, as seen in figure 4.2b. However, this was observed only with the 6% w/w
Na-Alg concentration. The lower or higher than 6% w/w Na-Alg concentrations used
in this study could not cross-link (cure) well enough to maintain their structure in the
rectangular metal stamper (refer table 4.1).

However, a qualitative reason why the 6% w/w Na-Alg was the only concentration able
to cure in the rectangular stamper could be ascribed to the concentration of Na-Alg
and [GDL]/[Ca®"] that make-up the ALG from 6% w/w Na-Alg . It could be suggested
that this particular concentration was optimum to allow for it to cure in the rectangu-
lar metal stamper.

It could be also be assumed that the concentration of Ca®* ions was sufficient to oc-
cupy all the binding sites available to cross-link the Na-Alg completely during the 1st
phase of curing. Thus, preventing the inhibition of the curing process (due to any
other side reactions) as this was not observed with the other concentrations of ALG
hydrogels.

However, additional tests were not conducted to verify the claim stated above (as to
what caused the hydrogels to not cure in the metal mould) as it was not within the
scope of this research work.

(a) 6% w/w Na-Alg sample in stamper (b) 6% w/w Na-Alg barcode

Figure 4.2: 6% w/w Na-Alg sample cured in the rectangular metal stamper (after 24 h of 1st phase of curing). (a)
Sample of 6% w/w Na-Alg allowed to cure in metal stamper (b) Cured sample of 6% w/w Na-Alg when removed
out of the metal stamper with “TU” imprinted on the ALG (before 2nd phase of curing).

¢ Circular metal stamper:
The hydrogel samples of different concentrations were now also allowed to cure in
the circular shaped metal stamper previously available in the lab. As the 6% w/w
Na-Alg cured in the rectangular stamper, it was necessary to further examine if the
barcode could be sized down. Sizing down of the barcode was an important criterion
with respect to the end applicability of this concept. Therefore, apart from having a
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different geometry, the dimensions of the “TU” barcode were smaller on the circular
metal stamper (10 mm diameter), making it useful to validate if the hydrogel barcode
could be scaled down.

However, it was observed that none of the samples including 6% w/w Na-Alg, or the
other concentrations of Na-Alg used earlier, were able to cure and maintain their
structure in this metal stamper as seen in figure 4.3. Figure 4.3a shows the method
by which the hydrogel sample was cured in the stamper. It was seen that the hydrogel
was not able to maintain it’s structure and cure well in this stamper as seen in figure
4.3a. The difference in the structure of the hydrogel is distinct as was seen with the
rectangular stamper in figure 4.2a.

In essence, transferring the imprint of the circular stamper onto the hydrogel sample
as a barcode (refer figure 4.3b) was not successful for any concentration of Na-Alg
considered (also refer table 4.1).

(a) 6% w/w Na-Alg in metal stamper (b) Poorly cured 6% w/w Na-Alg

Figure 4.3: 6% w/w Na-Alg sample in circular metal stamper (after 24 h of 1st phase of curing). (a) Sample of 6%
w/w Na-Alg allowed to cure in metal stamper (b) Poorly cured sample of 6% w/w Na-Alg when removed out of
the metal stamper (before 2nd phase of curing).

The experiment was also carried out with the addition of HEPES (pH range 6.8-8.2),
used as a buffer to maintain the physiological pH of the system [43] and therefore, to im-
prove the longevity of the prepared sample. The following results were observed:

* Rectangular shaped metal stamper:
The Na-Alg did not cure (cross-link) for the 6% w/w Na-Alg concentration when HEPES
was added, unlike observed earlier wen cured without the addition of HEPES (refer
figure 4.2). It did not cure for the other concentrations of Na-Alg used in this study
either.

* Circular shaped metal stamper:
The Na-Alg failed to cure and take the print of the “TU” barcode on itself with this
stamper for any concentration of Na-Alg used in this work.

Furthermore, on allowing the hydrogel to cure in the circular stamper for approximately
10 days, it was seen that the two independent parts of the stamper were fused tightly to-
gether and could not be separated even after cleaning several times, as seen in figure 4.4.
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It is speculated that this could be due to the deposits (of the components used to make the
hydrogel sample) settled on the stamper and their reaction with the material (aluminium)
of the metal stamper.

Figure 4.4: Reaction of 12% w/w Na-Alg (with HEPES) in the circular stamper after allowing the hydrogel
to cure for = 10 days

Following the results obtained from the experiments above, some inferences can be

drawn as to why the hydrogel samples could be cured exclusively with the rectangular metal
stamper and only with the 6% w/w Na-Alg concentration, without the addition of HEPES:

* As the two metal stampers used were made of different materials, it could be specu-

lated that this was one of the reasons for the hydrogel to cure only in the rectangular
stamper (made from sintered steel alloy).

To summarize, the assumption for the hydrogel not curing in the metal stampers can
be associated to the reaction of one or more of the components present in the hydro-
gel (the insolubles) with the material properties of the stamper. Further experiments
were conducted on the circular metal stamper in an attempt to validate this claim. It
was subjected to testing by allowing it to stand for 24 hours separately in solutions of
the individual components, in the same concentrations as used to make the hydro-
gels (refer section 3.2). This was done to verify which of the chemical components
affected the metal most.

The results indicated that the circular metal stamper was most affected when placed
in a 20 mM aqueous solution of CaCO3 and DI water, in comparison to NaCl, Na-Alg,
GDL and HEPES (refer appendix C). Therefore, we can suspect that this could be one
of the major contributing factors for the failure of curing of the hydrogel in the circular
metal stamper.

In order to circumvent the challenges and limitations faced with the use of the metal

stampers, another 3D printed mould was fabricated from ABS flex white polymer as an
alternative. The results obtained from the experiments are discussed below.
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4.1.2.3D PRINTED POLYMER MOULD

The experiment was conducted for all concentrations of Na-Alg (refer table 4.1) as men-
tioned earlier in section 3.2.1, similar to that done with the metal stampers. The following
observations and discussions could be noted:

* The improved mould with regard to the design and material, effectively aided in cur-
ing all the concentrations of Na-Alg considered in this study. The results obtained
were successful each time the experiment was conducted in terms of a “TU” em-
bossed barcode when compared with those obtained from forging the hydrogel with
the metal stampers, as discussed in section 4.1.1.

The experimental protocol was thus, simplified and optimized as it increased the
ease of handling by reducing a couple of intermediate steps of the protocol. Namely,
manual transfer of the hydrogel samples from one container into another after each
phase of curing was avoided with the new mould. This in turn minimized the non-
uniformity of the structure of the hydrogel due to breaking, as well as incorporation
of air bubbles into the hydrogel matrix post centrifuging.

Apart from overcoming the challenge of uncured hydrogel barcodes, a prominent cri-
teria in this work, it also resulted in the vast improvement of the visibility of the “TU”
barcode on the hydrogel for each of the concentrations of Na-Alg, with or without the
addition of HEPES, as seen in figure 4.5. Figure 4.5 shows the “TU” imprinted bar-
codes following the same experimental protocol, as discussed in section 3.2. Three
different sizes of the “TU” barcode on the same sample can be seen in all the figures.
The clarity of some of the samples (refer figure 4.5¢ and figure 4.5f) were not as ex-
pected due to incorrect manual handling while removing the sample from the mould
and can be avoided by gentle handling of the hydrogel samples through practice.

¢ It can also be concluded that in principle, the hydrogel samples could now be cen-
trifuged, stored and both phases of curing could be undertaken in the same mould
(in one single falcon tube), without further disturbing the hydrogel matrix before the
curing process was completed. In this way, it was ensured that the visibility of the
barcode would be enhanced and clear, unlike with the metal stampers.

To summarize, the newly designed ABS flex white polymer based mould was proven that it
was a necessary and better choice for this work, when compared with the metal stampers
as seen previously. The experimental results demonstrated that the newly designed mould
was beneficial as it fulfilled it's intended purpose of developing and successfully curing the
barcode-laden hydrogel with minimum deformations prior to drying, as seen in figure 4.5.
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(a) 2% w/w Na-Alg (b) 4% w/w Na-Alg (c) 6% w/w Na-Alg

2.7 mm 2.7 mm

(d) 8% w/w Na-Alg (e) 10% w/w Na-Alg () 12% w/w Na-Alg

2.7 mm

Figure 4.5: From figure (a) to (f): 2%, 4%, 6%, 8%, 10% and 12% w/w concentrations of Na-Alg “TU” barcodes
cured using the improved ABS flex white polymer mould. The blue colour of the barcodes is due to the use of
indigo carmine dye for the sake of visibility.

Below is a table to consolidate the experimental results with respect to the different
moulds that were used for curing the hydrogel barcode. As seen from the table, the polymer
mould was most effective (with and without the addition of HEPES) for the system chosen
for this work.

Table 4.1: Experimental results for curing of hydrogel in the 3D printed moulds

Rectangular Rectangular Circular
Conlt\:lsr-;:‘rlftion Metal Stamper  Metal Stamper Metal Stamper Plt)/[lﬁsr
(without HEPES)  (with HEPES)  (with & without HEPES)
12% w/w X X X v
10% w/w X X X v
8% wiw X X X v
6% w/w v X X v
4% w/w X X X v
2% wiw X X X v

While the barcodes obtained from the above discussed method gave promising results,
it was necessary for them to maintain their structure (when manually cut into rectangular
shapes enclosing the barcode) post drying in order to to realize the requirements for their
end application with respect to this work.



4.2. DRYING STUDIES 23

4.2. DRYING STUDIES

After the hydrogel had cured uniformly and completely in the mould, it was subjected to
drying in an oven at 60°C in order to study the behaviour of these ALG barcodes upon evap-
oration of water entrapped in them. This step was particularly prominent in this project,
as one of the end applications of this proof of concept is for the hydrogel barcodes to be in
compatibility with dry food and powdered pharmaceutical products.

An example of the drying process with change in mass and dimensions is seen in figure

4.6 and displayed in table 4.2. The decrease in the dimensions was clearly visible as the dry-
ing time progressed. It can also be seen from figure 4.6 that there was a distinct difference

in the structure of the barcode post drying.
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Figure 4.6: Drying of 6% Na-Alg barcodes (20 mM CaCO3) with change in mass and dimensions over a time
period of = 24 h. Scale bar: 2.7 mm

Table 4.2: Change in mass and dimensions over a time period of = 24 h for 6% w/v Na-Alg barcode with
[GDL]/[Ca**] =2

Time (min) Mass (g) Length (mm) Width (mm) Thickness (mm)

0 0.23 12.00 8.00 2.02
45 min 0.15 10.02 7.01 2.00
90 min 0.07 8.00 5.01 1.02
135 min 0.04 7.01 4.02 1.01
930 min 0.03 6.02 4.00 1.00

In an attempt to circumvent the distortions in structures of the barcodes, certain alter-
ations were made to the existing protocol to examine if it led to a decrease in structural
deformations of the barcodes as described in section 3.4.2. The results obtained from this
experimental procedure are discussed below.

Therefore, two objectives as defined previously in section 2.5 were realized as important
at this stage:

* To develop and optimize the design and material of the mould used to make a barcode
from ALG hydrogel

* To observe their structural changes on drying the ALG barcodes. Keeping this in mind,
it was observed that the barcodes made from the existing experimental protocol had
difficulty in maintaining their structural integrity post drying, as seen and discussed
in section 4.2.
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Therefore, optimization of the experimental protocol was necessary to circumvent or
reduce the structural deformations of the barcodes on drying. the results obtained from
this study are analysed going further.

4.3. ALTERATIONS IN EXPERIMENTAL PROTOCOL

The experimental results showed that doubling the concentration of the cross-linking agents
(GDL and CaCO3) in the protocol for making the hydrogel barcodes (also refer section 3.4.2)
resulted in stronger and more durable structures.

An example of the results obtained from this experiment is shown in figure 4.7 and dis-
cussed in detail in sections 4.4 and 4.3.
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Figure 4.7: Drying of 6% w/w Na-Alg barcodes (with 20 mM CaCOs3 and GDL) with change in mass and
dimensions over a time period of = 24 h. Scale bar: 2.7 mm

The dimensions recorded from the figure above for the decrease in mass and dimen-
sions for 6% w/w Na-Alg over a time period of = 24 h of drying (figure 4.7) are tabulated
below (table 4.3) for reference and will be discussed further in section 4.4.

Table 4.3: Change in mass and dimensions over a time period of = 24 h for 6% w/w Na-Alg barcode
(40 mM CaCO3)

Time(min) Mass(g) Length(mm) Width(mm) Thickness(mm)

0 0.16 10.01 7.00 2.01
60 min 0.08 8.01 5.01 2.00
900 min 0.03 5.02 3.02 1.02
960 min 0.03 5.02 3.02 1.02

The alteration in the experimental protocol ensued lesser distortion in the dimensions
of the hydrogel samples post drying, considerably, if not entirely as seen in figure 4.7. Thus,
it was observed that there was another limiting factor that was contributing to the structure
of these hydrogel structures which was independent of the concentration of Na-Alg used.

Furthermore, although the hydrogel samples made from the optimized experimental
protocol cured well, increasing the concentration of the cross-linking agents resulted in
deposits on the barcodes, especially in the “TU” regions of the barcode as shown in fig-
ure 4.8. It was speculated that these deposits could be due to one/many reasons such as,
excess calcium crystals or fibres (which might be extruded out of the hydrogel and cured
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on the surface on drying), salt crystals (NaCl) that get trapped and settle down after the
centrifuging step or a melt from a mixture of unreacted/excess carbonates of calcium and
sodium.

(a) 4% w/w Na-Alg barcode with deposits (b) 4% w/w ALG barcode with deposits
(before drying) (after drying)

2. 7':‘"11

Figure 4.8: Deposits on 4% w/w hydrogel barcodes made from optimized experimental protocol. (a)Deposits on
barcode before drying, (b) Deposits on barcode after drying. Scale bar: 2.7 mm

It could also be due to the nature of the hydrogel network which might be extruding the
unreacted involatiles from the their matrix (thereby forming a layer above) that is interrupt-
ing the evaporation process of water and hence contributing to a more intact structure post
drying. The deposits are speculated to be unreacted CaCOgs, but can be proved perhaps by
performing a SEM with EDX/EDS analysis of the cross-section of a cured ALG sample.

However, it is important to note that the deposits did not inhibit the the curing process
of the hydrogel as seen previously with the metal stampers (refer section 4.1.1).

The assumption is that a layer of these deposits/involatiles was formed over the bar-
codes that was interfering with the evaporation of water from the hydrogels. Therefore,
resulting in the reduction in deformation and giving rise to more robust structures, as seen
post drying, in terms of the dimensions of the barcodes. However, it is recommended to
make a note at this point to perform additional compositional analysis (such as XRD stud-
ies) to confirm the crystalline structure and nature of these deposits. Analysis of these de-
posits could also benefit in confirming the above stated hypothesis that the involatiles are
contributing significantly to the structural integrity of the hydrogel barcodes.

In conclusion, the deformations of the barcodes of various concentrations of ALG hy-
drogels were not directly related to the concentration of Na-Alg used. It was expected ear-
lier that higher the concentration of Na-Alg used, the result in-turn would be more robust
hydrogel structures. However, since the only change in the experimental protocol made
was the increase in concentration of the cross-linking agents, it can be pointed out and hy-
pothesized that the limiting contributors to the structure were the involatiles present in the
hydrogel barcodes. Hence, a sensitivity analysis of the aforementioned factors is required
to observe the reproducibility of this technique and validate this hypothesis.

4.4, FURTHER DRYING ANALYSIS

The speculation that the buckling of the barcodes is not exclusive to the concentration of
Na-Alg requires further reasoning. Although the structures were more durable at higher
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Na-Alg concentrations pre-drying, it was however, observed through experiments that the
integrity of the structure post drying was not significantly different from each other with
respect to barcodes made from higher Na-Alg concentration.

* The experimental results showed that the mass of the hydrogel barcodes reduced
rapidly from its initial mass before drying until most of the water trapped within the
hydrogel matrix had evaporated, following which the mass of the samples decreased
at a slower rate until it reached a constant where further evaporation of water did not
take place. This was as expected and beyond this point, the mass and dimensions of
the hydrogel barcodes remained constant and drying them further caused no other
effects.

* Itwas expected to find that the loss of water would be minimum for the highest Na-Alg
concentration (12% w/w) containing the highest percentage of insolubles and maxi-
mum for the lowest concentration of Na-Alg (2% w/w) with the lowest percentage of
insolubles, used in this study.

Percentage of water lost post drying for different Na-Alg concentration
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Figure 4.9: Percentage of water lost from the ALG barcodes post drying with respect to the initial amount of water
retained before drying, by each concentration of Na-Alg sample considered in this study. The blue line represents the
barcode samples made from the initial experimental protocol with 20 mM of CaCO3 and the orange line represents the
barcodes made from the optimized experimental protocol with 40 mM of CaCO3 (but with a constant ratio of
[GDLI/[Ca®*] = 2 for both).

However, as seen from figure 4.9 (where the error bars represent the standard devia-
tion arising from repeating the drying experiments in triplicates for samples of each
concentration of Na-Alg), this was not what was observed from the experiments. It
was seen that the percentage of water lost was independent of the Na-Alg concentra-
tion as perceived at the start of this research.

From figure 4.9, it is also observed that the water loss follows the same trend for the
samples with an increased amount of cross-linking agents as well. Therefore, indi-
cating that while the percentage of water lost was comparable, there is another gov-
erning factor that is contributing to the improvement in the structure of the barcodes
with 40 mM of CaCOs. This further consolidated the earlier claim that the quality of
the ALG barcode structure was enhanced with increased concentration of the cross-
linking agents, as discussed previously in section 4.3 (also refer section C for the mass
balance).
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* Furthermore, it was also observed that the method of drying the hydrogel samples
played a consequential role in affecting the morphological features of the barcodes.
When the samples were dried in a system with constant volume (closed system - cov-
ered with a glass lid), it was seen that there was lesser buckling or folding of the edges
as compared to when the samples were dried in an open system (without the glass
lid).

4.4.1. EFFECT OF VARYING THICKNESS ON THE BARCODES POST DRYING
Itis also important to note the structural changes that the barcodes showcased when drying
samples of varying thickness.

* The minimum thickness (=1mm) of samples considered in this work, failed to main-
tain their shape upon contraction, post drying as was required. It was seen that the
edges would fold inwards or twist more on the thin edge (right side) of the barcode as
the drying time progressed as seen in figure 4.10 below. The values for the decrease in
mass and dimensions of the barcode over time can be seen in table 4.4.
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Figure 4.10: Drying of (decreased thickness on one end) 8% w/w Na-Alg barcode with change in mass and
dimensions over a time period of = 24 h. Scale bar: 2.7 mm

Table 4.4: Change in mass and dimensions over a time period of = 24 h for very thin on one end 8% w/w
Na-Alg barcode

Time (min) Mass(g) Length (mm) Width (mm) Thickness (mm)

0 0.11 11.00 7.00 1.02
45 min 0.05 8.02 5.01 1.01
90 min 0.02 6.01 3.02 1.00
135 min 0.02 6.00 3.02 0.02
930 min 0.01 5.01 3.02 0.02

* However, the same phenomenon was not observed when the samples of maximum
thickness (=4mm) considered in this work were dried. It was observed that the ALG
barcode samples developed an outer, raised, glassy layer as seen in figure 4.11. The
decrease in mass and dimensions of the barcode over time can be seen in table 4.5. It
was speculated that a possible explanation for this behavior could be due to buckling
instability, as discussed in more detail in appendix A.

To summarize the discussions made earlier in section 4.3, in order to study this be-
haviour further and gain insight into how to prevent it from occurring, alterations were
made to the existing protocol. These alterations led to a more durable ALG barcode struc-
tures, wherein it was observed that buckling of the barcodes reduced to a significant extent
post drying when compared with the previous samples with increased concentration of
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Figure 4.11: Drying of 10% w/w Na-Alg barcode (increased thickness of barcode) with
change in mass and dimensions over a time period of = 24 h. Scale bar: 2.7 mm

Table 4.5: Change in mass and dimensions over a time period of = 24 h for very thick 10% w/v Na-Alg
barcode

Time (min) Mass (g) Length (mm) Width (mm) Thickness (mm)

0 0.49 12.01 8.02 4.02
60 min 0.37 11.01 7.02 4.02
1050 min 0.06 7.01 4.02 2.00

the cross-linking agents. However it is recommended for experimentation with further in-
crease in the cross-linking agents (beyond the concentration studied in this work) to truly
observe the extent of contribution of the cross-linking agents in maintaining the structure
of the barcodes.

As the work presented here is in its initial stages and is qualitative in nature, effort is
required to quantify and validate the hypotheses presented in this study. Additionally, it is
important to further understand the underlying mechanisms that are involved during/post
the drying stage.
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CONCLUSIONS

The research presented in this thesis is based on concept initiation and provides a qualita-
tive outlook on the development of an edible hydrogel barcode, together with the structural
changes influenced by drying. This work discloses promising experimental results that val-
idate the approach towards the end applicability of this concept.

A preliminary prototype for an edible barcode was fabricated from ALG hydrogel using
only GRAS chemical substances (refer subsection 2.3.3). The development of a barcode was
proved to be possible with the use of the current experimental protocol. Special attention
was given to the biocompatibility of the barcode and to ensure utmost simplicity by opti-
mization of the experimental procedure.

With regard to the experimental procedure followed, it was also concluded that the ma-
terial properties, design and fabrication of the barcode mould are essential and can have
an influence on the curing process of the hydrogels. The results indicated that polymer
materials (such as ABS polymer) are more suitable (than sintered steel or aluminium) for
fabricating the moulds for curing the barcodes.

Furthermore, a remarkable observation in this work was that the concentration of Na-
Alg was not the significant contributing factor in maintaining the structural integrity of the
ALG barcodes. It was expected at the commencement of this work that higher concentra-
tions of Na-Alg will have more robust structures. This pointed out that there was another
limiting factor influencing the structure of these hydrogel barcodes, especially during the
drying stage. Further experimental results supported this claim and it was suspected that
the involatiles had a consequential involvement in improving the structure of the barcodes.
Structure here refers to the macroscopic structure of the ALG barcodes (especially in terms
of integrity and stability of the barcodes) post drying. This hypothesis is made based on ex-
perimental observations obtained by comparing the structure of the ALG barcodes made
from two experimental protocols differing only in the content of CaCO3 and GDL being
added to the hydrogel mixture.

Another contemplation posed was that (not accounting the method of drying applied)
the dimensions of the barcode (predominantly the thickness) was a significant factor con-
tributing to the structure of the ALG barcodes. Although further experiments are required
to determine the optimum thickness of the barcode, the current experimental results showed
that the barcodes maintained their structure better upon drying when cut (roughly) within
a certain range of dimensions. That is, when the dimensions were in the the range of =(6-
11) mm in length, =(4-6) mm in width and =(2-3) mm thick (for the samples that were
cured with the initial experimental protocol with 20 mM of CaCOs3). However, with the op-
timized experimental protocol (with increased concentration of the cross-linking agents -
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40 mM of CaCOs), it was concluded that the overall structure of the barcode showed good
improvement, with reduced deformation in structure post drying.

Furthermore, the experimental results indicated that working with the same range of
dimensions as stated above did not have much influence on the structure in comparison
to the previous results obtained with 20 mM of CaCOs, as long as the thickness of the bar-
codes are above = 1 mm. This result could also be in agreement with the hypothesis stated
above, that the involatiles are one of the governing factors influencing the structure of the
ALG barcodes.

Finally, it is also important to note the method by which the hydrogel barcodes were
dried. When the barcodes were dried in a closed system, i.e., when the petridish was cov-
ered with a glass lid, the structure of the barcodes were observed to have lesser folding,
when compared with the barcodes that were dried in an open system (without glass lid).
This was probably due to the slower evaporation rate of water from the ALG barcodes in
the the closed system. Therefore, it could be seen from the experimental results that the
structure of the barcodes could be controlled to a certain degree by indirectly slowing down
the drying rate of the hydrogel barcodes.

Therefore,a qualitative interpretation of the experimental results derived from this the-
sis suggests that the proof of concept presented here is in the right direction towards achiev-
ing some quantitative results in the near future.

Some suggested improvements include further experimental work to optimize the cur-
rent methodology as well as to observe reproducibility of the experimental protocol. Fur-
thermore, it would be helpful to incorporate modeling to determine if there is a good fit
with existing models for the drying kinetics of the system under consideration in this work.
Similar suggestions are further discussed in chapter 6.
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RECOMMENDATIONS AND LIMITATIONS

During this thesis work, much of the procedures approached were exploratory in nature,
without strong predictions about the outcome. While these methods were slowly improved
in minor installments, due to time constraints it was not possible to successfully implement
all of the proposed ideas for refinement of the concept. Some of these are as discussed
below:

1. Laser Cutting

An interesting approach that could be explored is laser cutting, and this research idea
has already been initiated as seen in figure 6.1. Some promising results have been
observed with laser cutting of edible sheets available in the market such as, sushi
paper (Nori paper: edible seaweed sheets). It can be seen from figure 6.1a that a good
result was obtained with Nori paper but the same cannot be said about the rice paper
(refer figure 6.1b). However, further experiments can be conducted to observe the
reproducibility of the experiments as well as study the effect of relative humidity on
these thin edible sheets as discussed in detail further.

(a) Nori sushi paper (b) Rice paper

Figure 6.1: Laser cutting of edible sheets done by Jochem Meijlink? with NEJE DK-BL Desktop Art Laser Engraver.
(a) Nori shushi paper and (b) Rice paper painted black and then laser cut. Scale bar: 2.7 mm

2. Humidity chamber
In order to understand the effects of environmental conditions on the hydrogel and
nori paper barcodes, a humidity chamber could be useful in terms of observing the
structural changes of the barcodes with change in relative humidity with time-lapse
imaging. This study could also be beneficial in developing sensory-based barcodes

3Bachelor student exploring a similar proof of principle as presented in this thesis but through a different approach, i.e.,
laser engraving of edible sheets
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6. RECOMMENDATIONS AND LIMITATIONS

which change shape during incorrect storage, similar to the work presented by Burak
and his colleagues in [1].

. Modeling for kinetics of drying

To acquire a better understanding of the drying kinetics involved for the system under
consideration, a theoretical model is required in order to fit the data available from
experimental work for further validation. For example, the Page model is a common
model to study the drying kinetics and literature points towards the application of
such a model in the drying of hybrid carrageenans [44]. Another similar model found
in literature describes the model for bead dehydration of Calcium alginate [45] which
could be applied to the system in this thesis. However, an exact model to compare the
current experimental data has still not been worked out due to time constraints.

. Automation and time lapse of images during drying

The images and measurement of the dimensions of the hydrogel barcodes was done
manually in this work (refer section 3.4.1). Due to this, there was difficulty in main-
taining standard time intervals of images and measurement pre and post drying of
all the samples. A recommendation to circumvent this issue could be by installing an
oven-safe camera which will allow to view and capture images without interfering in
the dynamics of the drying process [46]. This would also benefit in understanding and
verifying the underlying mechanism during the drying process better. However, this
could be rather expensive and complex in nature [46]. Another suggestion to improve
the quantification of the dimensions of the barcodes is by Image] time-lapse analysis
of the hydrogel barcodes during drying [47].

. Improvement in the design of the polymer mould

Although the current design of the mould can be used and is functional in developing
the hydrogel barcode and can still be used for further experiments, it could use ad-
vancement in terms of stability of the mould itself. Some of the limitations that were
faced with the polymer mould include:

* Deposits on the mould can be clearly visible as seen in figure 6.2, which cannot
be cleaned with ease. This implies that the mould may not be durable for a long
duration and/or that frequent replacement is required.

(a) Deposits on the polymer (b) Seeping of the dye &
mould post curing hydrogel into the mould

Figure 6.2: Deposits on the polymer mould due to the insolubles present in the ALG hydrogel observed post the

second phase of curing. Scale bar: 2.7 mm
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* The “stem” part of the mould is weak as it easily broke in the first attempt of the
experimental procedure (most likely due to the weight of the hydrogel leading
to a concentration of stress at the end of the stem that led to its breakage). This
also makes it difficult to remove the mould itself from the falcon tube without the
stem and hence, forcing the repeated use of the same falcon tube for a number
of experiments. This might not be desirable considering the precision of experi-
ments.

Therefore, it is suggested to improve this design in terms of the material used or to
make enough number of replicates of the same mould. Another interesting idea could
be if the mould could be designed in a manner which could be fitted into a custom
made falcon tube. Probably with a click-lock mechanism at the bottom of the falcon
tube (the start of the conical part) making it easier to load and unload the hydrogel
onto the mould for cleaner and more precise measurements. However, research has
not been done to look into these details for such a prototype.

. TGA for ALG hydrogels made from the optimized experimental protocol

As the TGA has been performed only once for the initial experimental protocol , (where
the concentration of CaCO3 and GDL were not increased - 20 mM of CaCQs3) it is
advised that the analysis be repeated to cross-check if the same trend is observed.
Furthermore, in order to understand the underlying mechanisms of drying of ALG
hydrogels and the governing factors that contribute to it, it would also be helpful to
distinguish the trend observed from TGA conducted for the optimized experimental
protocol (with increased CaCO3 and GDL content - 40 mM of CaCO3). Refer appendix
B for the results that were obtained during this work.

. Fixed standard precision blades for cutting

One of the difficulties faced during this work was maintaining standard dimensions of
the barcodes samples as they were manually cut, this ensured incorporation of certain
degree of error in the measurements. To improve the standard of cutting the barcode
samples, fixed cutters with varied dimensions could be used to reduce manual error
and obtain cleaner measurements.

Limitations:

It is important to note the various challenges that are involved in developing the proof of
concept presented in this work. To name a few, the reduction in the number of chemicals
and restriction to the use of a certain class of materials contributes to the sensitivity of
this process. Furthermore, handling of polymers such as alginate which are highly viscous
in nature as a hydrogel is difficult, especially at higher Na-Alg concentrations making it
harder to mould them into the barcodes that were required for this work. This could pose
as a greater challenge ahead, should the complexity of the barcode design be increased, as
would be required for the application of this concept in the market scenario.

4The stick that was attached to the mould as seen in figure 3.2
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BUCKLING INSTABILITY

Tanaka et al. state that polymer gels that are made up of a network of cross-links, when im-
mersed in a solvent experience volume phase transition (change in volume due to swelling/
shrinking), the effect of which is seen by a discontinuous, reversible shrinking or swelling
of the gel [48].The patterns thus observed appear as line segments of cusps in the gel which
arise due to the shear bending of a homogeneously swollen gel surface and not due to the
breaking of the shrunken segments of the gel [48]. The research also states that the pattern
disappears when a thin layer of the surface is sliced off [48].

A paper by Kang and Huang imply similar observations denoting that a response to
external stimuli (such as pH, Temperature, etc) [49] as well as by altering the cross-linking
densities and gradients, polymeric hydrogels have the ability to undergo volume and shape
changes significantly. Therefore, a variety of instability patterns can be seen because of the
swelling or shrinking of hydrogels [49]. This phenomenon is particularly interesting as it
finds use in many applications like microfluidic devices, controlling cellular behaviour, as
adhesives and responsive coatings as well as in sensors [50].This type of buckling instabili-
ties can exist due to the mismatch between the bilayers inducing compressive stress which
in turn activates buckling [50].

Tanaka et al. further explains that the kinetic process of swelling of the gel is influenced
by the collective diffusion of the polymer network into a solvent and at first only a very
thin layer of the surface is swollen, i.e., the layer that is subjected to mechanical constraint.
However, the outer layer is unconstrained and allowed to expand rather freely, while the
inner surface is secured to the core of the gel subjecting the layer to opposing constrains
on the lower and upper surfaces [48]. These forces compel the layer to either swell unidi-
rectionally perpendicular to the surface or to buckle [48].

The research also states that the characteristic wavelength of the pattern should be propor-
tional to the thickness of the swollen layer making it the appropriate length scale taken for
consideration [48].

Guvendiren et al. state that the buckling, creasing or the wrinkling of thin films re-
stricted to a substrate can lead to self organized patterns within a vast span of morphology
and complexity which can be controlled by altering the conformity of physical properties as
well as the dimensions of the material [50]. By fine tuning this phenomenon, it can be used
to make patterns useful for anti-counterfeiting purposes, one such example of this is the
study of physically unclonable function based biomimetic fingerprinted taggants (where
no two particles were identical) presented by Bae et al. [51].

While the above discussed literature is interesting, it is important to note that from the
point of view of our research, the structural distortions and behaviour of hydrogels post
drying after most of the solvent has been evaporated is significant to this work. Unfortu-
nately, to the best of our knowledge, there is not enough comparable literature regarding
the same. However, one such paper by Pauchard et al. suggests that the shape distortions
that occur during the drying of sessile drops of a polymer solution is indeed due to buckling
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Figure A.1: Artificially fingerprinted microparticle for a biomimetic fingerprint (scale bar:50 um). b) along with the
schematic representation of the fabrication process. c) A sequence of movie frames at the wrinkling moment (scale
bar:25pum) [51].

instability [52]. Furthermore, they explain that as the solvent evaporates, there is accumu-
lation of polymer at the vapour/drop interface and can lead to the formation of a glassy
outer skin which behaves as an elastic shell that does not hinder the evaporation process.
Furthermore, it tends to bend as the volume that it encloses starts to decrease [52]. Another
factor that can influence the buckling instability is humidity, by altering the drying rate and
the and hence the skin thickness and drying stresses [52]. Their research also throws light
on the fact that microscopic phenomena such as solvent diffusion, gelation, transfers at the
vapor/medium interface and specifically an increase in the concentration of non-volatile
components which are factors that are responsible for the temporal and spatial alterations
in structure [52].
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THERMOGRAVIMETRIC STUDY

Thermogravimetric analysis was conducted in order to observe the change in the mass as
a function of time under the influence of temperature increase, more specifically to quan-
tify the loss of water from the hydrogel samples. The TGA for this thesis work was carried
out using the PerkinElmer®TGA 4000 instrument following a temperature program that

heated up the sample from 0°C to 60°C at 20°C/minute using air as the purge gas (at 20
ml/minute).

The experiment was carried out for each Na-Alg concentration of the hydrogels consid-
ered in this study to perceive a trend correlating the loss of water and the concentration of
Na-Alg. The results obtained from the TGA is as seen in figure B.1 below.
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Figure B.1: TGA for 2% and 12% w/w Na-Alg in comparison to the temperature profile.
Graph on top: Normalized weight of Na-Alg (log(w/wyg) vs Time (min). Bottom graph: Temperature (°C) vs Time
(min) from TGA

It can be seen from graph B.1 that with the steep increase in the temperature, the slope
for the 2% w/w Na-Alg is steeper than for the 12% w/w Na-Alg sample. This was expected
to be observed, as 12% w/w Na-Alg contains more percentage of total insolubles (=13%;
refer appendix C for the mass balances). Therefore the rate of drying is faster as lesser
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water is required to be evaporated from the hydrogel sample, when compared to the 2%
w/w Na-Alg sample containing a lesser percentage of total insolubles (=5%; refer appendix
C). Following this explanation, the same should be observed for the other concentrations
of Na-Alg with decreasing value of the slope as the concentration of Na-Alg in increased.
However, a trend to validate this claim could not be observed from the curves for the other
concentrations of Na-Alg as seen in figure B.2.
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Figure B.2: TGA for all concentrations of Na-Alg (Normalized weight of Na-Alg (log(w/wp) vs Time (min)).

If the above drying curve is compared to that of evaporation of a droplet, a single expo-
nential decay would be observed for a curve for the the moisture retention over time [53]
as predicted in figure B.3.
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Figure B.3: Predicted curve for evaporation of water from a simple system considering only Na-Alg and water.
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However, for the system under consideration in this thesis, a two-phase exponential
decay trend was observed, as seen in figure B.4.

MNormalized weight of Na-Alg (log{w/w0)

400
Time (min)

600

Figure B.4: Double exponential curve fit for data from TGA for all concentrations of Na-Alg (Normalized weight
of Na-Alg (log(w/wpg) vs Time (min)).

The first phase could indicate the decay that is accounted for the fast time scale where
the maximum loss of water trapped within the hydrogel matrix is evaporated. The second
phase is depicted by a slower time scale indicating a gradual decrease in the mass of the
hydrogel. This can be attributed to the remaining water content which is dried more slowly
and eventually reached a constant state over a total time period of 24 hours, after which
there is no more change in the mass of the hydrogel sample.

f(x) = a*exp(b*x) + c*exp(d*x)
where x is normalized by mean 315 and std 181.9
Coefficients (with 95% confidence bounds):

Fitting Parameters

Concentration a b c d R-square
12% SA 4.451e-06 (4.295e-06, 4.608e-06) | -6.695 (-6.716, -6.674) | 0.5818 (0.5817, 0.5819) | -0.0079 (-0.0082, -0.0078) [ 0.984
10% SA 1.732e-05 (1.669e-05, 1.794e-05) | -5.98 (-6.002, -5.959) | 0.5366 (0.5364, 0.5367) | -0.0049 {-0.0053, -0.0047) [ 0.979
8% SA 7.739e-05 (7.454e-05, 8.023e-05) | -5.365 (-5.387, -5.344) | 0.3172 (0.3169, 0.3175) | 0.0155 (0.0145, 0.0165) 0.972
6% SA 4.794e-07 (4.542e-07, 5.045e-07) | -8.271 (-8.302, -8.24) | 0.3376 (0.3374, 0.3377) | -0.0124 (-0.0130, -0.0118) | 0.975
4% SA 0.0003209 (0.0003109, 0.0003308) | -4.493 (-4.511, -4.475) | 0.3624 (0.3621, 0.3627) | 0.0040 (0.0032, 0.0049) 0.975
2% SA 6.903e-06 (6.575e-06, 7.231e-06) | -6.813 (-6.841, -6.785) | 0.2397 (0.2394, 0.2399) | -0.0229 (-0.0242, -0.0217)| 0.971

Figure B.5: Fitting parameters for the double exponential curve fit for TGA data for all concentrations of Na-Alg.

As can be seen from the fitting parameters in figure B.5, there was no trend relating the
drying time scale exclusively to the concentration of Na-Alg (where the parameter b gives
the fast drying time scale and parameter d gives the slow drying time scale. Therefore, it can
be hypothesized that there is another governing factor that is contributing and/or bringing
in an additional time scale defining the process of drying of ALG hydrogels.

It is speculated that this could be due to a layer of insolubles that are forming on the
hydrogel contributing to this observed trend. However, in order to reaffirm this, it is rec-
ommended that the TGA is repeated for the sake of comparison and reproducibility (refer
section 6) . It is also recommended that TGA be conducted for the hydrogel samples made



41

from the optimized experimental protocol, i.e., with an increased concentration of CaCO3
and GDL, so as to compare and contrast the results as well as get a better understanding
of the underlying mechanism showcasing the double exponential decay trend that we ob-
serve for this system.



C

MASS BALANCES, SUPPLEMENTARY
EXPERIMENTS & FIGURES

DRYING STUDIES

The loss of mass as a function of time for all the concentrations of Na-Alg barcode sam-
ples (with 20 mM and 40 mM of CaCO3) when dried in the oven at 60°C was conducted
as shown in figure C.1 and C.2, to validate if the concentration of Na-Alg was a prominent
contributing factor to the rate of drying.

(a) Normalized weight loss of ALG vs Time for all concentrations of Na-Alg
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(b) Normalized weight loss of ALG vs Time for 2% and 12% w/w Na-Alg
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Figure C.1: Normalized weight loss of ALG vs Time (for 20 mM CaCO3) for all concentrations of Na-Alg on drying for
~24hat60°C
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(a) Normalized weight loss of ALG vs Time for all concentrations of Na-Alg
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(b) Normalized weight loss of ALG vs Time for 2% and 12% w/w Na-Alg
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Figure C.2: Normalized weight loss of ALG vs Time (for 40 mM CaCO3) for all concentrations of Na-Alg on drying for
~24hat60°C

From both, figure C.1 and figure C.2, the same trend is observed with respect to the
concentration of Na-Alg and hence the same conclusion holds for the above figure as that
observed from TGA (refer appendix B). Although experimental error needs to be taken into
consideration for the above figures, especially in figure C.2a due to less number of data
points, more specifically for 4% and 6% w/w Na-Alg samples.
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MASS BALANCES

A mass balance was carried out for the system under consideration. It was assumed that
the mass of the insolubles remain unchanged during the process of drying and the differ-
ence in mass is accounted exclusively to the evaporation of water from the ALG hydrogel
samples during the process of drying. Therefore, there is no accumulation or reaction that
is taken into consideration during the drying process while carrying out this mass balance.

The mass balance was computed for TGA (refer figure C.3), ALG samples with 20 mM of
CaCOs (refer figure C.4) as well as for the ALG samples with 40 mM of CaCOs (refer figure
C.5) with the [GDL]/[Ca%*] =2 kept constant for all of the above.

From TGA

Component 2% 43 6% B% 10% 12%
wi (g) 0.02312 0.04154 0.02 0.02191 0.03128 0.02714
wf (g) 0.00138 0.00379 0.0025 0.00268 0.00609 0.00648
wevap (g) 0.02114  0.03775 00175 001923 002519 002066
SA (g) 0.00044 0.0015509 0.0010995 0.0015771 0.0027647 0.0028285
MNaCl (g) 0.000385 0.0006793 0.0003211 0.0003454 0.0004844 0.000413
CaC0o3 (g) 44E-05 7.754E-05 3.665E-05 3.943E-05 5.529E-05 4.714E-05
GDL (g) 0.000157 0.000276 0.0001304 0.0001403 0.0001968 0.0001678
|Hepes (g) 0.000105 0.0001848 B8.734E-05 9.396E-05 0.0001318 0.0001123
Total Insolubles (g) | 0.000691 0.0012176  0.0005755 0.0006191 0.0008682 0.0007402
% insclubles 2986863 2.9311072 28773946 2.8256152 2.7756663 2.7274527
Insclubles+3A (g) 0.00113 0.0027684 0.001675 0.0021962 0.0036329 0.0035682
% InsolublessSA 4889082 6.6645262 B8.3749006 10.023718 11614242 13.149511
Water initial(g) 0.02199 0.0387716 0.018325 0.0197138 0.0276471 0.0235712
% water initial 05.11092 93.335474 01625000 B0.O76282 822385758 B6.B50480
Water final (g) 0.00085 0.0010216 0.000825 0.0004838 0.0024571 0.0029112
water lost (g) 0.02114 0.03775 0.0175 0.01923 0.02519 0.02066
% water final 4291133 2695398 33.000795 1B.052367 40.345896 44926275
% water lost 96.13616 97.365193 0549785 97.545865 91.112745 B7.649251
water lost/wi 0.91436 0.9087626 0.875 0.8776814  0.8053069 0.761238
% waterlost/wi 01.43500 00.B76264 875 87768142 B0.530691 76.123803

Figure C.3: Mass balance (TGA) of different concentrations of Na-Alg

With 20mM CaC03; [GDL]/[Ca2+]=2

Component 2% 4% 6% 8% 10% 12%
wi (g) 0.18 0.14 0.23 0.05 0.14 0.14
wf (g) 0.01 0.02 0.03 0.01 0.02 0.03
wevap (g 0.18 0.12 0.2 0.04 0.12 011
54 (g) 0.003614 0.005227 0.012644 0.003599 0.012374 0.014591
NaCl (g) 0.005166 0.002289 0.003692 0.000788 0.002168 0.00213
CaCos (g) 0.000361 0.000261| 0.000421 9E-05| 0.000247 0.000243
GDL (g) 0.001286 0.00093 0.0015 0.00032 0.000881 O0.000865
Hepes (g) 0.000861 0.000623 0.001004 0.000214 0.00059 0.00058
Total Insclubles (g) 0.005675 0.004104 0.006618 0.001413 0.005886 0.003818
% insolubles 2986863 2931107 2.877385 2.825615 2.775666 2727453
Insolubles+SA (g) 0.009289 0.00933 0.019262 0.005012 0.01626 0.01B409
% Insolubles+5A 4889082 6664526 B8.374901 10.02372 11.61424 1314951
Water initial (g) 0.180711 0.13067 0.210738 0.044988 0.12374 0.121591
% water initial 95.11092 93.33547 91.6251 8597628 B83.38576 B6.85049
Water final (g) 0.000711 0.01067 0.010738 0.004588 0.00374 0.011591
water lost (g) 0.18 0.12 0.2 0.04 0.12 0.11
% water final 7.107449 53.34832 3579243 45.88141 18.70031 3B.63561
% water lost 9960669 9183463 949047 B8B91232 96.97749 5046746
water lost/wi 0.947368 0.857143 0.869565 0.8 0.857143  0.785714
% waterlost/wi 9473684 8571429 B6.95652 BO B85.71429 7BS57143

Figure C.4: Mass balance (20 mM CaCO3) of different concentrations of Na-Alg
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With 40mM CaC03; [GDL]/[Ca2+]=2
Component

wi (g)

wi (g)

wevap (g)

SA (g)

NaCl (g)

CaCo3 (g)

GDL (g)

Hepes (g]

Indiga Carmine
Total Insclukles (g)
% insclubles
Insclubles+5A (g)
% Insolubles+5A
Water (g)

% water

Water final (g}
water lost (g)
% water final
% water lost
water lost/wi
% waterlost/wi

2%
0.16
0.02
0.14

0.002975
0.002606
0.0005595
0.002117

0
0.002603
0.007321
4550565
0.0108%6
6.809723
0.149104
93.19028

0.009104
0.14
4552222
03 89392
0.875
875

4%
0.1
0.03
0.16

0.006936
0.003038
0.000654
0.002468
0
0.00292
0.00912
4 800166
0.016056
8450614
0.173844
9154939

0.013344

0.16
46.47345
9198571
0.842105
84.21053

6%
0.14
0.02
0.12

0.007529
0.002158
0.000502
0.001786

0
0.002077
0.006563
4687503
0.014092
10.06542
0.125908
8993458

0.005508

0.12
2854704
95.30738
0.857143
85.71429

8%
0.11
0.02
0.09

0.007748
0.001657
0.000387
0.001579

0
0.001531
0.004954
4539566
0.012742
1158573
0.097258
88.41627

0.007258

0.09
36.28947
02 53748
0.818182
8181818

10%
0.17
0.03
0.14

0.014709
0.002577
0.000588
0.002094

0
0.002423
0.007682
4518825
0.0225391
13.17117
0.147609
8682883

0.00760%

0.14
2536337
94 84516
0.823529
82.35294

12%
0.14
0.04

0.1

0.014289
0.002086
0.000476
0.001695

o

0.001701
0.00595%
4256131
0.020247
14 46233
0.119755
8553767

0.0159753

0.1

48 38184

835054
0.714286
7142857

Figure C.5: Mass balance (40 mM CaCO3) of different concentrations of Na-Alg

The mass balances showed that the percentage of water lost with respect to the initial
water that was present in the samples was not related to the concentration of Na-Alg as
expected and discussed in section 4.4. It can also be observed from figure C.6 and from
figure C.7 that the percentage of water lost relative to the initial weight of the sample for all
of the curves were comparable to each other. This again brings us back to the hypothesis
that the insolubles present in the samples are suspected to have a prominent role in the
mechanism of drying of the ALG hydrogel samples.

% water lost/wi

80

60

40

20

i \'JE\‘T/?—I\I ]
: —20mmcaco,| |
[ 40mM Caco,| |
S S S S T S S T T T S o B s
0 2 4 6 8 10 12 14
% Na-Alg

Figure C.6: Percentage of Na-Alg vs weight percentage (where wi is the initial weight of the sample before
drying) of the sample for all ALG hydrogels with varying CaCO3 content
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Figure C.7: Percentage of Na-Alg vs percentage of water lost for all ALG hydrogels with varying CaCO3
content and TGA

MISCELLANEOUS ADDITIONAL EXPERIMENTS
Some additional experiments were carried out to compare which is the most suitable pro-
tocol or method for this research work.

COMPOSITE BARCODE
One such experiment was conducted by making a composite barcode out of some of the
materials available in the lab such as lactose milk powder and Na-Alg.

This was done by mixing 1g of Na-Alg with 1g of lactose milk powder and 4 ml of DI wa-
ter. This was mixed well manually with a stirrer and put into the rectangular metal stamper
to take the shape of the “TU” barcode. The composite was left in the stamper for =~ 24
hours, after which it was pressed out of the stamper and left to dry for another 48 hours
under room temperature. It was observed that this composite also took the imprint of the
barcode, however a clean barcode could not be fabricated in this method due to difficulty of
uniform mixing as seen in figure C. Hence, this experimental idea was not carried forward
any further.

Figure C.8: Composite barcode made from lactose milk powder and Na-Alg
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METAL STAMPER TESTS

The first moulds used for making the hydrogel barcodes were the metal stampers, but as
discussed in detail in section 4.1.1, one or more of the components used in making the hy-
drogel reacted with the metal and thus interfering with the curing of the hydrogel. There-
fore, in order to verify which of the individual components used in the experimental pro-
tocol had a reaction with the circular metal stamper (made from aluminium) the most, the
metal stamper was allowed to rest in a solution of each of the individual components used
in the experimental protocolfor =24 hours each, in the order that they were added. That
is, the metal stamper was immersed in a 1% w/w solution of NaCl in DI water, similarly for
Na-Alg, CaCO3, GDL and fianlly hepes.

From this simple test and figure C, it was observed that CaCO3 reacted most with the
material of the metal stamper than the other components used to make the hydrogel bar-
codes. As also observed for the polymer moulds as described in section 6.

Figure C.9: Metal stamper test results showing deposits of CaCO3. Scale bar corresponds to 2.7 mm

It is therefore, important to note that care must be taken when selecting the material of
the mould for curing/developing the hydrogel barcodes so as to avoid or reduce the occur-
rence of deposits.
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