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Abstract

Gold nanoparticles (Au NPs) exhibit localized surface plasmon resonance (LSPR) that provides
wide applications in photothermal therapy, imaging and other theranostic® applications.
Recently, understanding the growth of anisotropic Au nanostructures has become an important
topic of interest, since by controlling their growth, it is possible to optimize their physico-
chemical properties. On the other hand, another class of nanomaterials that has garnered interest
for stimuli directed release of cargo molecules are nanogels (NGs). Although NGs were initially
studied for their temperature responsive behavior, it is possible to incorporate other sensitivities

like pH, light, magnetism and so on to make them multifunctional.

In this project, polymerization methods developed in Ugelstad Laboratory were used to
synthesize stimuli-responsive NGs and NGs coupled with inorganic NPs that can be triggered
to release a cargo of interest in a controlled manner. Hybrid NPs (obtained by combining NGs
with inorganic NPs) were synthesized via in situ polymerization by combining Au NSs with
temperature and pH sensitive pNIPAmM-AAc NGs. Primary focus of the study was on
optimization of system parameters in order to modify the physico-chemical properties of the
constructs. Three different molar ratios of the monomers were used to synthesize NGs/hybrid
NPs having different physico-chemical properties. Increased size and stability of NGs/hybrid
NPs could be observed at high AAc mole ratio.

The effect of size, concentration and surface charge of the NPs on the properties of resulting
hybrid NP was studied. An optimum weight of 0.75 mg Au NS was chosen for the studies as it
was shown to give prominent LSPR peak of Au, thereby enabling detection in addition to
enhanced physico-chemical properties of the hybrid. The swelling-collapse properties of hybrid
NPs in response to pH and temperature were compared to that of NGs at different molar ratios
of AAc. Rapid swelling-deswelling characteristics were observed for NG/hybrid NP samples
at high AAc mole ratio. Swelling effects were observed with an increase in pH for NG/hybrid
NP samples maintained above their VPTT.

Time based studies were performed to obtain an understanding of the growth mechanisms
involved in the synthesis of NGs/hybrid NPs. Loading studies were performed on these
nanocarriers via breathing-in technique using Cyt C as model drug. Two different methods
(dialysis and centrifuging) were studied to separate free Cyt C from the loaded systems. Since

the maximum deviation observed in loading efficiencies (LEs) from these methods were only
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around ~13%, they were found to be comparable at all molar ratios of AAc. LEs were found to
increase in NGs/hybrid NPs with an increase in AAc content, with values ranging from ~30%
(AAC:10) to ~71% (AAcC:25). The encapsulation efficiencies (EES) were observed to range from
~180 pg/mg (AACc:10) to ~417 pg/mg (AAC:25).

Drug release profiles of bare NGs and hybrid NPs were studied at low pH (pH 3) and with an
additional temperature stimulus (pH 3 + 40°C). Increased values of release exponents with
additional temperature stimulus indicated a switch in geometry of the NG/hybrid NP matrix
from spherical/cylindrical to thin film. This was also associated with a change in transport

mechanism from anomalous transport to Case-11/Super Case-11 transport.
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1 Introduction

Nanoparticles (NPs) have gained considerable interest of researchers in the recent years owing
to their unique size dependent properties. Increased surface to volume ratio at the nanoscale
results in unprecedented physico-chemical properties and superior performance of these NPs,
which has led to their use in wide range of technological applications in fields ranging from
electronics [1], energy [2-4], and biotechnology [5, 6] among others. Nanomedicine, which
applies nanotechnology to healthcare, holds great potential for revolutionary medical treatments

and therapies in areas such as imaging, quicker diagnosis, targeting and drug delivery [7].

The use of gold NPs (Au NPs) in drug delivery has gained significant importance due to its
remarkable optical properties and ease of surface functionalization. Controlled release of the
drug and other bio-therapeutic agents possess considerable advantages over the conventional
release owing to reduced toxicity and improved drug effectiveness in addition to its fine-tuned
release mechanism [8]. Though NP based drug delivery systems have demonstrated reduction
in systemic toxicity of a wide range of drugs, their use has not always translated into enhanced
clinical outcomes due to biocompatibility and stability issues [9]. This has led to the
development of novel multifunctional NPs, by combining various NPs of different properties

into a single construct, leading to enhanced physico-chemical properties of the hybrid.

Nanogels (NGs) are a potential class of polymer-based nanosized systems that has garnered
interest in stimuli directed release of cargo molecules. These are smart systems which can sense
changes in the surrounding environment and respond by changing its physico-chemical
properties, thereby modulating drug release profiles[10, 11]. This would help in reducing
premature drug release and would maintain effective drug levels at the pathological site[12].
The high-water content coupled with soft texture of NGs enables them to exhibit physical
properties which are analogous to that of body tissues [13]. Although NGs were initially studied
for their temperature responsive behaviour, other sensitivities such as pH, light, magnetism etc.
could be incorporated to make them multifunctional. Combining potential drugs with hybrids
of plasmonic NPs and stimuli responsive polymeric gels would lead to efficient release of the
drug coupled with prospects in bio-imaging and sensing. A schematic representation of

multifunctional NP is shown in Figure 1.1.

One of the widely studied temperature and pH-dependent polymeric NGs which has captured
research attention is that of poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAmM-AAc) [14-

17]. Previous research performed by our group in Ugelstad Laboratory has shown that the size



and physico-chemical properties of these NGs can be modified by altering different parameters
in the synthesis process which include monomer-comonomer ratio and concentrations of
stabilizer, initiator and cross-linker among others [14]. pNIPAmM-AAc NGs coupled with Au
NPs have been shown to provide pH and temperature sensitivities in addition to plasmonic
attributes of Au NPs [15].

D‘ Imaging agent
\%ff Specific targeting moiety
Biocompatible polymer
* Cell-penetrating agent
_\\‘l Drug A

Stimulus-sensitive agent A

b DrugB

L Stimulus-sensitive agent B

Figure 1.1: Schematic representation of multifunctional NPs [7].

Though enhanced properties of the hybrid have been reported by incorporating NPs in NGs,
there has not been a systematic study to understand the effect of constituent NPs on the hybrid.
Monitoring the growth of multifunctional NPs and comparing its physico-chemical properties
with that of NGs, would help in mapping the effects of constituent NPs on the resulting hybrid.
Previous works have been focussed on coating the inorganic NPs with stimuli-responsive NGs
post synthesis [15, 18]. Performing in situ® synthesis of multifunctional hybrid NPs and
comparing their properties with that of coated counterparts will lead to a new class of

nanocarriers which could fit specific applications in nanomedicine.

The overall goal of this work was to synthesize and characterize multifunctional NPs of
different compositions, understand their growth mechanisms and subsequently use the hybrids
for drug delivery studies. In this project, NGs were synthesized via precipitation polymerization
using an approach previously reported by our group [19]. Three different molar ratios of
reactants were used to obtain NGs with different properties. Inorganic NPs of different sizes
and surface charges were incorporated into these NGs via in situ method and a detailed study

3 NPs added during the synthesis of NGs



of the properties of these novel multifunctional NPs were performed using characterization
techniques such as dynamic light scattering (DLS), UV-Vis measurements and S(T)EM. This
was followed by time-based studies to monitor the growth of these hybrids. The hybrids were
further loaded with a model protein drug, Cytochrome C and the loading and release kinetics
from different matrix morphologies were studied. Furthermore, suggestions for future work in
this direction have been discussed in the light of the observed properties in order to achieve the

overall aim of the project.






2 Literature Review

The enhanced physico-chemical features of NPs, as discussed in the previous section, render
them suitable candidates for wide array of applications. Based on composition, NPs can be
classified as inorganic, polymer based and hybrid NPs, the latter being synthesized by
combining the inorganic and polymeric counterparts. In this chapter, various types of NPs, both
inorganic and polymeric, will be discussed based on their physico-chemical properties,
synthesis routes and biomedical applications. This will be followed by a discussion on hybrid
NPs which possess collective properties of the constituent moieties.

2.1 Inorganic NPs

Inorganic NPs, as the name suggests, are primarily constituted of inorganic materials and can
be broadly classified as noble metal NPs, fluorescent NPs and magnetic NPs based on their
properties. Most of the inorganic NPs are metals while the other categories include metal oxide
NPs and semi-conductor NPs among others. The optical features of noble metal NPs, such as
Au and Ag, have made them important candidates in various biomedical applications. Since Au

NPs were mainly used in this work, the scope of discussion will be limited to these NPs.

2.1.1 Au NPs

Au NPs have been a topic of intensive research owing to their excellent optical properties,
biocompatibility, enhanced stability[2] and low cytotoxicity[20]. This has led to a dramatic
increase in the potential applications of Au NPs in fields such as bio-sensing, photothermal
applications, targeted drug delivery and catalysis among others. The rich surface chemistry and
diverse applications of Au NPs makes it necessary to delve into their physico-chemical

properties.

2.1.1.1 Physico-chemical properties of Au NPs

The optical features of Au NPs gives rise to various fascinating properties such as varied colours
in aqueous solution, as well as electromagnetic field enhancement effects based on their sizes
and shapes [21]. Au NPs exhibit a unique phenomenon called localized surface plasmon
resonance (LSPR), which is caused by interaction between the incident light and oscillation of
conduction electrons on the surface of the NPs[22]. This occurs as a result of confinement of
surface plasmon in a NP which is of a size similar or smaller to the wavelength of light used to
excite the plasmon. The conduction electrons on the surface of Au NPs undergo a shift on

getting impinged by an electromagnetic wave, which leads to a polarity in the molecule. A
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restoring force established in order to cancel the effect of polarization, brings back the plasmon
to its equilibrium position. But when the frequency of oscillation of the plasmon becomes equal
to the frequency of the incident electromagnetic wave, a resonance effect is observed which
results in increased absorption and scattering of light. This phenomenon is termed as LSPR and
is responsible for the optical brilliance of these NPs. Figure 2.1 gives a schematic representation

of LSPR effect in a metallic NP.
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Figure 2.1: Schematic representation of LSPR in a metallic NP [23].

The LSPR wavelengths of Au NPs are greatly influenced by the size and shape of these NPs.
For instance, Au nanospheres (Au NSs) possess only a single LSPR peak in comparison to two

distinct LSPR peaks for Au nanorods (Au NRs) corresponding to the transverse and

longitudinal axes respectively.
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Figure 2.2: UV-Vis spectra of colloidal agueous solutions of Au NPs. Dashed curve: NS; Solid
curve: NR.



The size and shape of these NPs can be tuned to either scatter or absorb more light at the LSPR
wavelength, thereby rendering improved bio-medical applications. Figure 2.2 provides a
comparative representation of UV-Vis spectra observed for Au NSs and Au NRs. Having
discussed the properties of Au NPs and the importance of tuning their morphology, the

following section would deal with the synthesis routes for obtaining Au NPs.

2.1.1.2 Synthesis routes for Au NPs

Synthesis of Au NPs can be broadly classified into top-down and bottom-up approaches. Top
down approach involves the reduction in size of a bulk of gold, which acts as the starting
material, by physical or chemical means. Lithography techniques such as electron-beam
lithography (EBL) and focussed ion beam (FIB) lithography are examples of top-down
approaches [24]. This approach is associated with limitations which include presence of defects
and polydispersity in the final product [25] and hence are used rarely.

Bottom-up approaches have been more commonly used in Au NP synthesis owing to
homogeneity and fewer defects in the NPs. This approach involves the growth of NPs via self-
assembly of atoms. The NP surface gets constructed atom-by-atom, and the initially formed
NPs assemble into final shape under specific controllable thermodynamic conditions for
synthesis [25, 26]. Various solution based wet chemical methods have been extensively used in
the synthesis of Au NPs through bottom-up approach. Seed mediated growth is one such
method that has gained wide popularity in recent years owing to the ease with which specific
shapes of Au NPs could be synthesized in high yields, and hence is described in detail in the

following section.

2.1.1.2.1 Seed Mediated Growth Method

Seed mediated growth refers to the step by step synthesis of Au NPs in which Au NP seeds are
prepared in the first step. The second step involves preparation of growth solution followed by
the addition of seeds to it. Hence this makes it easier to control the sizes and shapes of the Au
NPs by altering the concentration and nature of additives used in the synthesis. Au seeds (Au°)
which are prepared by reduction of gold precursor in the presence of strong reducing agent such
as NaBHjs, are added to the growth solution consisting of gold precursor, stabilizing agent and
a mild reducing agent. In addition, the growth solution can also contain other additives such as
AgNO3 and co-surfactants to improve the shape selectivity of the NPs. The reducing agents
used in the second step are mild ones (such as ascorbic acid) which reduce Au®** to Au® only in

the presence of Au seeds as catalyst [27]. Hexadecyltrimethylammonium bromide (CTAB), a
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cationic surfactant, has commonly been used as stabilizing agent in the growth solution, while
both CTAB and sodium citrate have been found to observe good stabilizing effects in the seed
solution [28]. Figure 2.3 depicts a schematic illustration of the seed-mediated method for
growth of Au NPs.

Au(Iln) 4 NaBH, - Au+(0)

CTAB CTAB
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Figure 2.3: Schematic illustration of seed-mediated growth method.

Seed mediated growth method and simple reduction of Au precursor by modified Turkevich

method were used in this project for Au NP synthesis and have been reported in Section 3.2.

2.2 Polymer based NPs

Polymer based NPs have attracted research attention in the last few decades owing to their
multitude of fascinating properties such as biocompatibility, biodegradability, ease of surface
modification, targeting potential, high structural and chemical homogeneity and controlled
degradation among others [29]. These properties make them important candidates for drug
delivery applications. The particle size and particle size distribution of these NPs are of
significant importance as they determine their characteristic properties such as viscosity,
surface area and packing density. Based on structure, polymer based NPs can be broadly
classified into nanospheres and nanocapsules. Nanospheres refers to homogeneous matrix
systems in which the active agent could either be dispersed throughout the polymer matrix or
be adsorbed on the surface. On the contrary, nanocapsules are heterogeneous vesicular systems
in which the bioactive materials are confined to an inner cavity (aqueous or oily core) which is
surrounded by an ultrathin polymeric membrane thus providing better protection of the
molecule [30]. Figure 2.4 provides an illustrative image of a drug molecule inside a nanocapsule

and nanosphere.
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Figure 2.4: Schematic showing the location of drug inside a hanocapsule and nanosphere [31].

Based on the composition, polymer based NPs can be classified into polymeric micelles,
dendrimers or hydrogels. Since this work mainly focusses on hybrid NPs prepared using
hydrogels, more emphasis will be laid on discussing their properties. However, a brief
discussion on the properties of polymeric micelles and dendrimers have also been provided in

the following sub-sections.

2.2.1 Polymeric Micelles

Polymeric micelles are formed by the spontaneous self-assembly of individual amphiphilic
block co-polymers [32]. This occurs as a result of large solubility difference between the
hydrophilic and hydrophobic segments of the polymer. These micelles have a fairly narrow size
distribution and have a core-shell architecture, where the hydrophobic segments are segregated
from the aqueous exterior to form an inner core surrounded by hydrophilic segments [33]. This
enables poorly water-soluble drugs to be incorporated into the inner core, which gets protected

from the outer aqueous environment by the outer shell of hydrophilic segments.

2.2.2 Dendrimers

Dendrimers are highly branched three-dimensional structures of synthetic polymers with a
layered architecture that display high potential in several biomedical applications. These
structures consist of three compartments- the multivalent surface, an outer shell just beneath
the surface having a well-defined microenvironment and the core, which is protected from the
surroundings, thereby creating a microenvironment surrounded by the dendritic branches [34].
These three parts of the dendrimer can be tailored precisely for the particular applications such

as anti-viral drugs, tissue repair scaffolds, targeted drug delivery and optical sensors [35].



Figure 2.5 shows a schematic representation of the structure of a polymeric micelle and a

dendrimer.
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Figure 2.5: Schematic representation of the structure of (a) polymeric micelles [36] (b) dendrimer
[37].

2.2.3 Hydrogels

Hydrogels are three-dimensional, cross-linked polymer networks which have high affinity for
water. These are composed of a hydrophilic organic polymer and have porous structures which
enables water to enter their networks forming swollen structures of hydrogels. Hydrogels in the
nano-regime are often termed as nanogels. In this report, both terms have been used
interchangeably. The high water content in addition to the soft texture of hydrogels, provides
them physical properties that have close resemblance to that of the body tissues, thereby
exhibiting excellent biocompatibility[38]. Based on the type of crosslinks, NGs can be
classified into physical and chemical hydrogels. While physical cross links occur due to forces
such as hydrogen bonding, van der Waals interactions or physical entanglements, chemical

cross links are a result of covalent bonds [39].

The most important characteristic of hydrogels arises from their stimuli responsiveness to a
wide range of stimuli such as temperature, light, pH, electric and magnetic field and ionic
strength among others [40]. The stimuli causes these hydrogel systems to modify their
microstructures, phase volume, surface charge or their combination, thereby leading to phase
transitions [41, 42] as depicted in Figure 2.6. This response to stimuli is usually reversible,
which would revert back the properties of NGs on removal of the stimulus. Due to their ability
to sense the fluctuations in their external environment and respond smartly by changing its
physico-chemical properties, these polymers are often regarded as “smart polymers” [43]. This
has led to breakthrough advances in drug delivery applications where conventional drug
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delivery systems such as liposomes, microspheres etc. [44] could be replaced with NGs to

provide finer temporal control over drug release, reduced side effects and longer circulation

times.
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Figure 2.6: Phase transition in a stimuli-sensitive hydrogel [45].

Since this work is primarily concerned with temperature and pH responsive hydrogels, the

scope of discussion will be limited to these stimuli.

2.2.3.1 Temperature-sensitive hydrogels

These hydrogels, as the name suggests, undergo transitions in their properties with an alteration
in the surrounding temperature. At a critical solution temperature, the homogeneous aqueous
solution prepared from these temperature responsive polymers undergo phase transition into a
polymer rich and polymer lean phase [10]. This occurs due to variations in the hydrophilic and
hydrophobic interactions between polymer chains and the aqueous solvent [46]. The behaviour
of a polymer in a solvent is usually governed by solvent -solvent, solvent-polymer and polymer-
polymer interactions, often described in terms of the solubility parameter () [34]. The polymer
stays in random coil orientation in solvents having x < 0.5, whereas it collapses into a globule
in solvents having y > 0.5 [47]. This coil to globule transition can occur at two different critical
solution temperatures: the lower critical solution temperature (LCST) and upper critical
solution temperature (UCST), which can be observed in the phase diagram (Figure 2.7).
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Figure 2.7: Representation of phase transition associated with LCST and UCST [48].
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The polymer chains remain in a hydrated random coil state below LCST but shifts to a globular
structure on increasing the temperature. On the other hand, polymers possessing UCST, exist
in phase separated state below the critical solution temperature and acquires monophasic form

on increasing the temperature [10].

One of the most widely investigated thermo-responsive polymers is pNIPAm, which has found
potential in various biomedical applications [14, 15, 49]. pNIPAm forms hydrogen bonds with
water through the amide side chains of the polymer. However, polymer-polymer hydrophobic
interactions also take place due to the presence of isopropyl groups on the side chain, which
induce hydrophobic structuring of the water molecules (Figure 2.8) [50, 51]. Below the LCST
of pNIPAm (~32°C), the solvent-polymer interactions are stronger than the polymer-polymer
interactions. Higher temperatures lead to breaking of the hydrogen bonds followed by the
release of bound and structured water. In this case the polymer-polymer hydrophobic
interactions become stronger than the polymer-solvent interactions, leading to the formation of

a collapsed globular confirmation of the polymer [50].
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Figure 2.8: Chemical structure of pNIPAm indicating hydrophobic and hydrophilic regions [52].

Similar to homopolymers, in case of cross-linked hydrogels, phase transition occurs at a
temperature referred to as volume phase transition temperature (VPTT). Even though LCST
and VPTT are defined as single temperatures, actual phase transition of these polymers happen
over a range of temperatures owing to varying crystalline and amorphous domains in the
polymer, polydispersity, branching and side chains among other factors [53]. The method used

to estimate the VPTT in this work has been discussed in Section 3.2.11.2.

The most common technique which has been used in the synthesis of thermo-responsive NGs
IS precipitation polymerization [50] (Figure 2.9). This method proceeds via homogeneous
nucleation at a temperature above the LCST of the polymer. The high temperature would aid
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in forming initiator free radicals which initiate the polymerization. These free radicals then
attack the monomer leading to radical propagation and chain growth. On reaching a critical
length, the polymer chain collapses on itself producing precursor particles. This occurs since
the polymerization temperature is maintained above the LCST of the polymer. The precursor
particles further grow by aggregation with other precursor particles, by capturing growing oligo
radicals and by monomer addition [50].The advantage of this method lies in the ease with which

it can produce particles with a very narrow size distribution.

Precursor Growing

Oligoradical Particle Particle

Nanogels

Figure 2.9: Precipitation polymerization in thermo-sensitive NGs [50].

2.2.3.2 pH-sensitive hydrogels

Fluctuations in pH are known to occur at several body sites such as gastro-intestinal tract [54],
blood vessels and also locally in certain pathological sites [45]. pH-sensitive hydrogels, as self-
evident from their name, refers to a class of hydrogels that undergo an alteration in their
structure and inherent properties in response to a change in the pH of the surrounding medium.
These polymers are polyelectrolytes and are generally composed of weakly acidic or basic
moieties. On encountering a variation in the environmental pH, these polymers would lead to
dissociation or association of hydrogen ions based on the pH-dependence of its acidic or basic

pendant groups [10].
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Figure 2.10: pH-responsive swelling/collapse behaviour of (a) anionic and (b) cationic hydrogels
[45].
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The key factors that influence the degree of swelling or collapse of these hydrogels include the
properties of the hydrogel (charge, concentration and pKa of the ionizable group, degree of
ionization, cross-link density and hydrophilicity or hydrophobicity) and properties of the
swelling medium (pH, ionic strength and the counterion and its valency) [45, 55] In aqueous
solutions, the pendant groups ionize and develop fixed charges on the polymeric network,
thereby leading to electrostatic repulsive forces responsible for pH-dependent swelling or
collapse of the hydrogel. Anionic hydrogels have their pendant groups un-ionized below the
pKa of the polymeric network. Above pKa, these groups ionize, leading to swelling of the
hydrogel due to large osmotic swelling force due to the presence of ions. A reverse trend is
followed in case of cationic hydrogels which swell at lower pH [45]. Figure 2.10 gives a
schematic of differential swelling and de-swelling behaviour of ionic hydrogels in acidic and

basic buffer solutions.

Multiple stimuli responsiveness can be incorporated into NGs by combining polymers with
different stimuli sensitivities, thus providing them multiple phase transition behaviour. One of
the extensively studied temperature and pH responsive hydrogel is that of pNIPAm-AAc. These
hydrogels undergo a collapse with decrease in pH and swell up on increasing pH. As discussed
above, this occurs as a result of de-protonation of the weak carboxylic group of AAc in basic

conditions, while at low pH the carboxylic group remains in the associated state [56].

2.3 Hybrid NPs

Hybrid NPs, as the name suggests, refer to a class of NPs that are formed by incorporating more
than one distinct NP into a single construct, thereby providing multifunctionality stemming
from the different counterparts. These hybrids are highly suitable for theranostic applications,
where one of the constituent NP could facilitate diagnostics, while others would aid in curing
and therapy [46]. These hybrids can be formed with inorganic NPs, polymer-based NPs or a
combination of both. Combinations of these NPs can give rise to various structural geometries
of the hybrid such as core-shell NPs, dumbbell shaped or Janus NPs, alloy NPs or self-
assembled NPs [34].

Sailor, M.J. et al. [57] had suggested two different design strategies for describing the structure
of these hybrid NPs. The nanocomponents constituting the hybrid can be classified as structural
and functional based on their properties. The structural nanocomponents include NGs, micelles,
liposomes or Au nanoshells, and deliver therapeutic functionality to the hybrid. The functional

nanocomponents which include Au NPs, magnetic NPs or quantum dots which would impart
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diagnostic features to the hybrid, can either be incorporated into the inner space of a structural
nanocomponent, or can be equipped on its surface. A schematic illustration of these design

strategies has been shown in Figure 2.11.
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Figure 2.11: Design strategies for different hybrid NPs based on location of functional
nanocomponent; Functional nanocomponent located (a) at the surface, and (b) within the
structural nanocomponent .

2.4 Synthesis of multifunctional NPs

The synthesis of multifunctional NPs can be done either in-situ or post-synthesis, in which the
second component is grown on top of the pre-formed first component. Various techniques have
been established for the synthesis of different multifunctional NPs. Few of these are discussed

in the following sub-sections.

2.4.1 Solution based reduction of metal precursor

This method is most commonly applied for the synthesis of multifunctional NPs with inorganic
core and shell. It involves the initial reduction of a metallic precursor to form the core. The shell
is later grown on top of the core NP by the reduction of second metal precursor. The core NP
would serve as nucleation sites for the growth of the shell. Fe@Au NPs which consist of Fe

core and Au shell is one such example [58].

2.4.2 Reverse micellar template

This method involves reverse micelles, which act as nanoreactors in the synthesis of metallic
NPs. This method can be described by a metallic precursor and reducing agent being present in
two different reverse micelles. The aqueous core of the reverse micelles would provide a
nanoscale reaction medium with controlled volume [59]. The reverse micelles when subject to

Brownian motion, collapse and mixing of aqueous contents leads to the formation of core
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metallic NPs (Figure 2.12). This is followed by the addition of second metallic precursor and
reducing agent which would impart bifunctionality to the NP.

c)

Figure 2.12: Schematic illustration of reverse micellar synthesis (a) reverse micelles containing
metal precursor and reducing agent subject to Brownian motion (b) Fusion of cores followed by
reaction (¢) Formation of metal NP [59].

2.4.3 Precipitation polymerization

Precipitation polymerization is commonly applied for the synthesis of multifunctional
hydrogels [50]. For instance, synthesis of pNIPAmM-AAc hydrogel proceeds via this technique.
In this method, the reaction is maintained at a temperature higher than the LCST of pNIPAm,
causing pNIPAm to collapse and form the inner core. These then act as nuclei for the growth
of outer shell consisting of AAc units. The mechanism of precipitation polymerization has been

discussed in Section 2.2.3.1.

2.5 Recent advances on multifunctional NPs

As discussed in the previous sections, multifunctional NPs are being actively investigated as
the next generation of NPs in the biomedical field, which would help in facilitating personalized
and tailored treatment of numerous diseases [29]. This section highlights recent advancements
and applications that have been reported with regards to multifunctional NPs formed by

inorganic NPs, polymer based NPs and a combination of both.

2.5.1 Inorganic multifunctional NPs

This section would primarily focus on various synthesis routes and applications that have been
reported for inorganic multifunctional NPs consisting of Au and Fe counterparts. Based on the
method used, different shapes of multifunctional NPs have been reported which are found to
have specific applications in biomedicine.

Bandyopadhyay et al. had developed a novel method to synthesize highly stable, monodisperse
Fe@Au core-shell multifunctional NPs which exhibit magneto-plasmonic characteristics [60].
Iron oxide NPs have found applications in various fields such as drug delivery, magnetic cell
sorting, MRI (magnetic resonance imaging) etc. [61, 62] owing to their unique properties of
superparamagnetism [63]. One drawback of iron oxide NPs is their high tendency to aggregate
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[64]. This can be overcome by surface modification of these NPs with noble metals and polymer
ligands which would prevent them from aggregating, thus imparting stability [65]. In this work,
Au NPs were coupled with the magnetic NPs to provide additional functionality stemming from

the LSPR properties, chemical stability, low cytotoxicity and biocompatibility.

The control over size of the resultant multifunctional core-shell NPs is very important as it has
a pronounced effect on the toxicity and mode of administration [60]. Effective control of the
crystalline Au shell thickness was reported in this study by varying the Au precursor
concentration. Fe NPs were initially synthesized via thermal decomposition of iron
pentacarbonyl (Fe(CO)s) in the presence of oleylamine. These NPs were then transferred to an
aqueous phase, and a thin coating of Au was obtained over the presynthesized Fe NPs via
reduction of Au salt in the presence of sodium citrate. The Fe NPs would act as heterogeneous
nucleation sites and would lead to the formation of a continuous shell of Au. These NPs were
further functionalized with thiolated polyethylene glycol (PEG-SH) molecules and then tested
for toxicity by performing in vitro cellular interactions on two different cell types. PEG shell
on the surface of NPs have been reported to enhance biocompatibility and provide stealth
properties to the NPs [66]. A schematic showing the sequence of steps involved in the synthesis
of PEG modified Fe@Au NPs is shown in Figure 2.13.
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Figure 2.13: Schematic showing sequence of synthesis of PEG modified Fe@Au NPs [60].

Results obtained from Energy Dispersive X-Ray Spectroscopy (EDX) and X-Ray photoelectron
spectroscopy (XPS) confirmed the presence of Au coating around Fe NPs. A bathochromic*
shift observed in the absorbance peak for PEG coated Fe@Au NPs from UV-Vis spectroscopy,
indicated an increase in size of the NPs following PEG coating. Increasing Au precursor
concentrations also demonstrated a bathochromic shift indicating thicker Au coating on the

surface. Fe NPs, which were reported to retain substantial magnetic properties even after Au

4 shift to longer wavelength
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coating, coupled with non-toxicity of the NPs on either cell type, makes them ideal candidates
for theranostic applications.

Synthesis of dumbbell-like bifunctional Au-FesOs NPs have also been reported by the
decomposition of Fe(CO)s on the surface of Au NPs [67]. In this study, 1-octadecene was used
as the solvent and the decomposition reaction was carried out in the presence of oleic acid and
oleylamine, followed by room-temperature oxidation under air, as illustrated in Figure 2.14
[67]. The dumbbell-like multifunctional NPs synthesized were reported to have several
advantages over the traditional bifunctional systems such as their direct solution phase synthesis
without any pre-treatment of particle surface, size-tunability of individual NPs up to 20 nm, and

further conversion of Au-Fe3O4 to Au-Fe2O3 or Au-Fe leading to wide range of properties.

Fe(CO)s (1) decomposition
:Dl o @ °
(2)oxidation

Figure 2.14: Schematic illustration of the growth of Au-Fe;O4 dumbbell-like NPs [67].

The Au NPs were synthesized by in-situ injection of HAuCl solution into the reaction mixture.
The size of the Au NPs could be tuned by adjusting the temperature at which HAuCls was
injected, or by controlling HAuClas/oleylamine ratio. On the other hand, FesOs NP sizes were
controlled by adjusting the ratio between Fe(CO)s and Au. The dumbbell-like Au-Fe3O4
composite NPs showed red-shift of the Au LSPR peak which was attributed to the charge
variation of Au NPs within the dumbbell structure. Previous studies which have reported a red-
shift associated with electron deficiency on the Au NPs [2], indicate that nanocontact of Au

with Fe304 would lead to deficient electron population on Au.

The interface communication between the nanoscale Au and FezOs also leads to change of
magnetization behaviours of the Fes04 NPs. The dumbbell shape of the NPs was reported to be
a result of epitaxial growth of iron oxide on the Au seeds, and a change in polarity of the solvent

was reported to give rise to new shapes of bifunctional NPs.

A narrow particle size distribution is of prime importance in biomedical applications [68].
Performing synthesis of multifunctional NPs in conditions of a restricted environment, such as
that of water-in oil micro emulsions would provide narrow size distribution of the particles.
One such synthesis of core-shell Fe@Au NPs was performed by Jafari, T., et al. [69] by reverse
micelle method (described in Section 2.4.2). Ultrafine Fe NPs (9-16 nm) with a thin gold layer
of about 2 nm thickness were synthesized using this method. Previous studies show that the
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size of NPs have a significant effect on their magnetic properties [70]. Since the tiny droplets
of water in reverse micelles act as micro-reactors, the size of NPs obtained are dependent on
the size of these droplets. Increasing the water to surfactant molar ratio was observed to show
an increase in the size and size distribution of the multifunctional NPs. This was a result of
increased size of nano-reactors with decreasing amounts of surfactant due to higher surface
tension between the water and oil phase [71]. The Fe@Au NPs were coated with poly-glycerol
by initially capping with thiol followed by polymerization of glycidol. This was done to prevent
the destabilization of NPs due to adsorption of plasma proteins and also to prevent its
nonspecific uptake by the reticulo-endothelial system (RES) [72]. The Fe@Au NPs were found
to exhibit superparamagnetic behaviour and good biocompatibility at low concentrations, thus

making them ideal candidates for biomedical applications.

A recent study conducted by Sood, A, et al. involved the synthesis of multifunctional gold
coated iron oxide core-shell NPs [73]. To prevent the elimination of these core-shell NPs by
RES, these were further stabilized by attaching thiolated sodium alginate (SA) to the surface of
the NPs. High affinity of thiols towards gold leads to formation of strong bonds with the gold
surface. Figure 2.15 shows a schematic of the stability imparted to the core-shell NPs with the

incorporation of SA polymers.
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Figure 2.15: Stabilization of gold coated iron oxide NPs using thiolated SA [73].

X-ray diffraction (XRD) studies performed showed a reduction in the peak intensity of iron
oxide, which indicated a coating of gold shell on the surface. EDX analysis showed peaks for
Fe, O, Au and S which confirmed presence of Au and iron oxide in the sample as well as
successful attachment of SA to the surface. The LSPR band corresponding to Au shell in the
multifunctional hybrid was observed at a wavelength of 544 nm in comparison to pure Au NP

peak at 518 nm and was also found to be broader. This shift in wavelength was reported to be
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a result of plasmonic interactions of aggregated particles. Au shells normally have a broader
LSPR band when compared to solid Au NPs [73]. Hence the broader peak in UV-Vis confirmed

the existence of Au shell on iron oxide surface.

Curcumin, an anti-cancer drug with low agqueous solubility was encapsulated in this system.
Loading curcumin in the thiolated SA stabilized nanocomposite system was found to improve
the bioavailability of the drug. The loading and encapsulation efficiencies were reported to be
7.2 wt % and 72.8 % respectively. 99% of curcumin was reported to release in a duration of 72

hours confirming controlled release of the drug.

2.5.2 Polymer based multifunctional NPs

In avery recent study, Prasannan, A., et al.[74] had proposed the use of pNIPAmM based thermo-
responsive hydrogels in ophthalmic drug delivery. The hydrogels were synthesized by mixing
poly(acrylic acid-graft-N-isopropylacrylamide) (pAAc-graft-pNIPAm) with pAAc-co-
PNIPAmM gel. Epinephrine was then incorporated in the hydrogels to study its in vitro drug
release profile. pAAc-graft-pNIPAmM was reported to show faster release kinetics while the
mixture of pAAc-graft-pNIPAmM and pAAc-co-pNIPAm gel displayed a more sustained release
profile. The results indicated crosslinking density of the polymer to control the kinetics of drug

release.

In another interesting study, smart composite hydrogels were synthesized by physically
embedding chitosan (CS) microspheres within a thermo-responsive hydrogel based on poly(N-
isopropylacrylamide-co-hydroxyethylacrylamide) copolymer [75]. This was then used to study
the loading and release profiles of salicylic acid (SA), taken as model drug. CS microspheres
display pH-sensitivity and also has the capacity to electrostatically bind to the oppositely
charged SA. The cross-linking degree of the hydrogel was reported to play a major role in
governing the swelling ratios and sharpness of phase transition. The thermo-responsive polymer

network was reported to provide protection of CS microspheres from degradation.

Understanding the polymerization kinetics of multifunctional NPs would provide better insight
into the mechanism of growth of these NPs. One such study was performed by Chen, S., et al.,
who studied the polymerization kinetics in the synthesis of pNIPAmM using UV-Vis
spectrophotometer [76]. pNIPAmM was synthesized via soap-free emulsion polymerization using
an oil-soluble initiator- 2,2’-azobisobutyronitrile (AIBN) and a water-soluble initiator-
potassium persulfate (KPS). AIBN-initiated polymeric NGs were reported to have different

thermal responses when compared to the one initiated by water soluble initiators, thus making
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it possible to modulate the LCST of the polymer by varying the type of initiator. The absorbance
peak of NIPAm at 220 nm was considered for the kinetic studies which gave a measure of
residual monomer concentration after polymerization. The advantage of this method over
conventional gravimetric methods to study kinetics lies in that it requires less volumes of

reaction solution and very low monomer contents (< 0.2 wt% based on water) [76].

Initially, a calibration curve of NIPAm was obtained by measuring its UV-absorbance spectra
at known concentrations. pNIPAm samples at different polymerization times were diluted,
followed by measurement of its UV-absorbance. The residual NIPAm monomer concentration
could be obtained by correlating the absorbance peak at 220 nm of the pNIPAmM samples with
the calibration curve. As shown in Figure 2.16, NIPAm possess two absorption bands, one at

198.6 nm (primarily contributed by —C=0) and at 220 nm (mainly contributed by —C=C).
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Figure 2.16: UV-Vis absorbance spectra of NIPAm and pNIPAm [76].

As polymerization proceeds, the —C=C bonds change to —C—C which would result in a gradual
decrease in the absorption band at 220 nm, as can be observed from the UV-Vis absorbance
spectra of pNIPAm in Figure 2.17. This decrement in absorbance was observed till the
polymerization reached equilibrium and was used to get the residual NIPAm concentration and
thereby obtaining the polymerization Kkinetic curves. The KPS-initiated polymerization was
reported to have a shorter induction time, while the AIBN initiated reaction had a slower initial
rate but had a higher rate in the later stages of polymerization. Dynamic light scattering (DLS)
and Gel permeation chromatography (GPC) were used to examine the change in hydrodynamic
size, size distribution and molecular weight during the reaction process. Using this information,

reaction mechanisms were suggested for polymerization based on the different initiators.
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However, the discussion on reaction mechanisms would be limited to the one initiated with

KPS as it has been used as initiator in this thesis.
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Figure 2.17: UV-Vis absorption spectra of pNIPAm during polymerization initiated by KPS [76].

Results from DLS indicated a slight increase in the size of hydrogels from 170 nm to 190~200
nm during the whole reaction, and the size distribution was observed to get wider with
increasing polymerization time. The initial stage had NIPAm dissolved in aqueous solution to
which KPS (also in aqueous phase) was added. KPS then decomposed to active free radicals
and initiated the NIPAm monomers, which led to the formation of oligomers with hydrophilic
end groups. The reaction temperature being far above the LCST of PNIPAm would cause the
polymer chains to separate out from aqueous phase and coil, forming the primary particles of
170 nm. The charged hydrophilic persulfate radical (-SO4") was reported to play the role of
surfactant and thereby stabilize the primary particles. With increasing time, subsequent
reactions would happen in the primary particles. New primary particles were reported to form

even at increased reaction times which could explain the wider size distribution.

Though this study was performed to analyse the polymerization mechansim for PNIPAmM
hydrogels, expanding this study by using multifunctional hydrogels such as that of PNIPAm-
AAc would provide better understanding of the underlying mechanism.

2.5.3 Hybrid multifunctional NPs

Studies performed by Bandyopadhyay, S., et al.[14] have incorporated Fe@Au NPs into
multiresponsive pNIPAM-AAc NGs, thereby providing magneto-plasmonic properties in
addition to temperature and pH responsiveness. The NPs were incorporated in the NGs using
coating method and in situ growth. These hybrids were subsequently loaded with Cyt C by
using a modified breathing-in mechanism. Cyt C is a small protein complex which is loosely
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associated with the inner membrane of mitochondria. It is highly water-soluble which makes it
advantageous to absorb on hydrogel matrices.

The swelling-collapse properties of the in situ grown hybrid NPs resembled that of the bare
NGs, while the coated hybrids resembled the properties of bare Fe@Au NPs. The volume
increase observed in case of NG coated Fe@Au NPs at 40°C was reported to be a result of
cross-linking effect of NPs which pull together the already collapsed NG blocks. The hybrids
were reported to show high loading (~96%) and encapsulation of Cytochrome C and highest
release kinetics were observed at 40°C and pH 3.2, with maximum release from Fe@Au coated
NGs.

A magnetic thermo-responsive hydrogel which changes phase upon magnetic stimulation near
physiological temperatures (around 34°C) has been reported by Crippa, F., et al. [77]. These
multifunctional NPs were prepared by embedding superparamagnetic iron oxide NPs into
thermosensitive pNIPAmM hydrogels. These nanocomposite substrates were reported to show
cyclical swelling/de-swelling behaviour on actuating by an alternating magnetic field.
Additionally, these hybrid NPs displayed no cytotoxicity on fibroblast cells, thus providing
them biocompatibility and making them promising candidates as dynamic cellular substrates.

As discussed in Section 2.1.1.1 , anisotropic Au NPs play an inevitable role in biomedical
applications, since its plasmon absorption can be shifted between visible and near infrared
regions by tuning the size and shape of the NPs. Studies conducted by Bandyopadhyay, S., et
al. [15] had made use of such anisotropic NPs to harness their properties in multifunctional
hybrids. Nanorods, tetrahexahedral, bipyramids, nanomakura® and nanospheres of Au were
coated with polyethylene glycol (PEG) followed by pNIPAM-AAc hydrogel. PEG coating was
reported to aid in reducing the cationic charge induced by CTAB on the NPs, thus reducing
their cytotoxicity. In addition to that, it also offers stealth properties to Au NPs owing to its
hydrophilic nature, thereby protecting the NPs from the external environment [78]. pNIPAmM-
AAc hydrogels displayed stimuli-responsive properties, rendering multifunctional
characteristics to the hybrid. Loading and release studies on these hybrid NPs performed with
Cyt C showed higher release profiles for larger sizes of PEG-hydrogel-coated Au NPs. The
shape, size and concentration of Au NPs along with hydrogel content were reported to influence

the loading and release kinetics.

5 pillow-shaped NP
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These examples of multifunctional NPs in biomedical applications showcase the potential of
these hybrid NPs in facilitating new opportunities for controlled drug release, hence

emphasizing the need for understanding their growth and physico-chemical properties.
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3 Material and Methods

3.1 Materials

3.1.1 Chemicals used

The following chemicals were used for the synthesis of NGs and Au NSs. The provider name

has been listed alongside the chemical name.

3.1.1.1 Synthesis of NGs

e Sodium dodecyl sulphate (SDS), Sigma-Aldrich

e N-Isopropylacrylamide (NIPAm), Sigma-Aldrich

¢ N, N’-Methylenebis(acrylamide) (BIS), Sigma-Aldrich
e Acrylic Acid (AAc), Sigma-Aldrich

e Potassium persulphate (KPS), Sigma-Aldrich

3.1.1.2 Synthesis of Au NSs

e Gold(ll) chloride trihydrate (HAuCl4.3H20), Sigma-Aldrich

e Sodium citrate dihydrate (CeHsNazO7.2H20), Merck

e Hexadecyltrimethylammonium bromide (CTAB), Fisher Scientific
e Sodium borohydride (NaBHs), Sigma-Aldrich

e Ascorbic acid(AsA), Fluka

Apart from the synthesized Au NSs, silver (Ag) colloid (45 nm hydrodynamic diameter)
purchased from BBI solutions were also used in this study. Cytochrome C from bovine heart,
used as the model drug, was purchased from Sigma-Aldrich. HCI and NaOH purchased from
Merck Millipore and VWR respectively were used for adjusting the pH of solutions wherever
required. Cellulose dialysis tubing from Sigma-Aldrich with a MWCO of 14 kDa was used for
carrying out dialysis of the NGs as well as for the drug release studies. Distilled de-ionized
water (MQ water, resistivity ~ 18.2uQ.cm @, 25°C) was used for preparing all solutions. Except
for NIPAm, all other chemicals were used as received. NIPAm was recrystallized before further

use, the steps for which have been described in Section 3.2.2.

3.2 Methods

The synthesis procedure for the synthesis of Au NSs, polymeric NGs and multifunctional
hybrid NPs are described in this section. This is followed by a description on various

25



characterization techniques used in this study. Finally, the procedure used for loading and
release studies of the drug are discussed.

3.2.1 Synthesis of Au NSs

Citrate and CTAB coated Au NSs were synthesized to study their effects on incorporating these
into polymeric nanogels. Two different sizes of Au NSs were synthesized by the citrate
reduction of gold precursor. CTAB coated Au NS was synthesised via seed mediated growth.

The synthesis route followed have been discussed in the following sections.

3.2.1.1 Synthesis of citrate coated Au NSs

Au NSs were synthesized by the simple reduction of gold precursor (HAuCls.3H20) by sodium
citrate. Different concentrations of precursor were used to obtain different sizes of NSs. In a
typical reaction, 10 ml of 10mM sodium citrate solution was heated to 70°C, to which 10 ml of
a known concentration of gold precursor was added dropwise under constant stirring. 0.9 mM
and 1.5 mM concentrations of gold precursor were used in this study to obtain samples AuNS1
and AuNS2 respectively. The stirring speed was maintained at 700 rpm and the reaction was

stopped after 20 minutes. A schematic of the synthesis process is shown in Figure 3.1.

Figure 3.1: Synthesis of citrate coated Au NS.

The reaction mixture was then centrifuged in a micro-centrifuge (Eppendorf Minispin plus) at
10000 rpm for 10 minutes. The bottom precipitate after centrifuging was re-dispersed in 5 ml
of MQ water.
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3.2.1.2 Synthesis of CTAB coated Au NSs

Seed mediated growth involving seed and growth solutions was used for the synthesis of CTAB
coated Au NS. Citrate coated Au seeds used in this study were synthesized by mixing 0.5 ml of
10 mM HAuCl4to 0.5 ml of 10 mM Na-citrate solution in a round bottom flask followed by the
addition of 18.4 ml of MQ water. To this mixture, 600 ul of ice cold solution of 0.1 M NaBH4
was added under vigorous stirring. After 3 more minutes of stirring, the seed solution was aged
for 3 hours at room temperature. Figure 3.2 shows the synthesized citrate coated Au seeds after

3 hours of ageing.

Figure 3.2: Citrate coated Au seed.

The growth solution was prepared by dissolving 1.2 g of CTAB in 15 ml MQ water at 80°C.
After the surfactant solution was cooled down to 35°C, 15 ml of 0.86 mM HAuCI, solution was
added and the mixture was stirred at 750 rpm for 15 minutes. The stirring speed was then
increased to 1000 rpm and 135 ul of 128 mM AsA followed by 96 pl of aged seed solution
were added and the stirring was stopped immediately. The mixture was left overnight at 35°C.
The sample was then centrifuged at 11000 rpm for 20 minutes in an ultra-centrifuge followed
by 14500 rpm for 20 minutes in a micro-centrifuge to remove excess surfactant and smaller
NSs. After discarding the supernatant, the NSs were re-dispersed in 5 ml of MQ water. Au NS
synthesized using this method will be named Au NS3 in the rest of the report. Figure 3.3 shows
a schematic representation of the seed mediated synthesis method.

27



HAuCl, AsA Au Seeds

Figure 3.3: Schematic representation of the seed mediated growth (a) CTAB solution (b) after
addition of HAUCI, (c) after adding AsA (d) 5 min after adding the seed (e) 12 hrs from seed
addition.

3.2.2 Recrystallization of NIPAm

NIPAm was recrystallized in order to get rid of impurities that could inhibit the polymerization
reaction. Figure 3.4 shows the setup used for the recrystallization process. 5 g of NIPAm was
taken in a one-necked glass flask and to it 50 ml of n-Hexane was added. The flask was equipped
with a water condenser and the reaction was carried out at 110°C for 2 hours. Thereafter, the
reaction flask was directly transferred to an ice bath for 30 minutes to allow recrystallization of
the purified monomer. The solution was then filtered using Whatman filter paper circles
(90mm). It was then kept for drying for 24 hours and was later stored at -20°C to prevent
absorption of moisture. Recrystallization of NIPAm was found to be an important step prior to

its use in the synthesis of NGs (Appendix A).
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Figure 3.4: Reaction setup for recrystallization.
3.2.3 Synthesis of NGs

Precipitation polymerization was used for synthesizing NGs. The procedure used for the
synthesis was developed by Raghunathan, K., et al.[79] and Chakraborty. R., et al.[19]. Three
different molar ratios of the monomers were used to obtain NGs of different compositions and
properties. Table 3.1 shows the amount of reactants used for a particular mole ratio. The molar
ratio in the table corresponds to NIPAm:AAc:BIS where NIPAm and AAc are temperature
sensitive and pH sensitive respectively, and BIS functions as the crosslinker. In a typical
synthesis process, the measured amounts of NIPAm and BIS were added to a round bottom
flask maintained at 70°C. To this mixture 5 ml of 4.2 mM SDS solution was added and kept

stirring for 1 hour.

Sample.Mole NIPAM (mg) AAc (ul) BIS (Mg) SDS (ml) KPS (ul)
Ratio (1.46 M) (4.2mM) | (103.6mM)
85:10:05 80 57 6.4 5 800
80:15:05 80 01 6.8 5 800
70:25:05 80 175 7.8 5 800

Table 3.1: Different molar ratios of monomers used in NG synthesis
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After one hour, the system was purged with nitrogen for 1-2 minutes for ensuring an oxygen
free atmosphere before addition of the initiator. Different volumes of the co-monomer, AAc,
(as stated in Table 3.1) was added to the reaction mixture followed by 800 pl of freshly prepared
103.6 mM KPS solution. The nitrogen purging was continued for 5 more minutes from the point
of addition of KPS and then stopped. The reaction mixture was left for 2 more hours after which
the reaction was stopped and the samples were dialysed overnight.

1 [
O | [

O B!s “ O + . AAC | - o -
S LY N

Time=0 After 1 hour Reaction time = 2 hours Overnight dialysis

Figure 3.5: Schematic depicting the sequence in NG synthesis.

3.2.4 Synthesis of hybrid NPs

Hybrid NPs were synthesized by in situ method in which Au NSs were added to the reaction
mixture during polymerization. The synthesis procedure used was similar to the one discussed
in the previous section, the only difference being dispersing the Au NSs in SDS solution before
its addition to the mixture. The required concentration of the Au NSs was withdrawn from the
stock and spun down in Minispin at 20000 rpm for 10 minutes. The supernatant was discarded,
and the bottoms were re-dispersed in 5 ml of SDS solution (Figure 3.6). The reaction setup for
the synthesis of hybrid NPs has been shown in Figure 3.7.

Figure 3.6: Different concentrations of Au NSs re-dispersed in 5ml SDS solution.
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Figure 3.7: Reaction setup for synthesis of hybrid NPs.
3.2.5 Dialysis

Dialysis of the bare NGs and hybrid NPs were conducted to remove unreacted monomers and
excess surfactant from the sample. This was done by transferring the samples after completion
of reaction into cellulose dialysis tubes which was washed twice in MQ water. The tubes were

clipped on both ends and was immersed in MQ water overnight (Figure 3.8).

Figure 3.8: NG sample kept for overnight dialysis
3.2.6 Freeze-drying

Freeze-drying refers to dehydration process at low temperatures wherein the sample is first
freezed followed by lowering of pressure which would result in removal of ice by sublimation
[80]. Both NGs and hybrid NPs were freeze-dried prior to loading and release studies. The
samples were transferred into centrifuge tubes and freezed prior to clipping them onto the
freeze-drier. A parafilm was placed on the mouth of the tube and holes were pierced on it using

a needle. This was done to prevent any contamination to the sample. The samples were then
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placed in a glass flask which was attached to one of the inlets of the freeze-drier. VirTis
Benchtop Pro freeze-dryer from SP Scientific was used for freeze-drying the samples (Figure
3.9).

Figure 3.9: Freeze-drying setup used for drying the samples.

3.2.7 Timed Experimental Study

Time based studies were performed to understand the growth of NGs and hybrid NPs during
the course of reaction. In this study, a predetermined volume (250 pl) of the reaction mixture
was withdrawn at intervals and dropped into 1 ml of ice-cold MQ water to arrest the reaction.
This was performed after the addition of AAc and KPS starting from the point a visible colour
change is observed in the reaction mixture. The sample withdrawn was replenished with MQ
water maintained at reaction temperature (70°C). These samples were then characterized using
DLS.

3.2.8 Loading

The model protein drug Cyt C was loaded onto NGs and hybrid NPs using breathing in
technique (Figure 3.10) [81]. In this method, a known weight of the freeze-dried NG/hybrid NP
is resuspended in an aqueous solution of the drug of known concentration. Loading occurs by
absorption of the drug by the lyophilized NG/hybrid NPs as they swell up in the hydrophilic

medium.
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Figure 3.10: Schematic depiction of breathing in technique.

In this study, 1.7 mg of freeze-dried samples were taken in a vial and to this 2 ml of 0.5 mg/ml
Cyt C solution was added. The mixture was kept for shaking at 300 rpm for 2 hours which was
followed by two different methods to remove free Cyt C. The first method involved dialysis for
24 hours in MQ water, whereas in the second approach, the loaded samples were centrifuged at
14500 rpm for 10 minutes. In case of dialysis, the free cyt C is expected to leave the dialysis
tube due to lower molecular weight of the drug compared to the MWCO of the tubing.
Centrifuging at a high speed would lead to precipitation of bound drug, thereby making it
possible to separate the free Cyt C by removing the supernatant. Figure 3.11 shows NG/hybrid
NP samples kept on shaker for loading Cyt C. After successful removal of free Cyt C, these

samples were further used for release studies.

Figure 3.11: Samples kept on shaking for loading Cyt C.
3.2.9Release Studies

After loading the NGs and hybrid NPs with Cyt C, release studies were performed on these
samples at different release conditions. In this study, the precipitate obtained after centrifuging
2 ml of the loaded sample was re-dispersed in the same volume of MQ water followed by further

dilution (2.5x times) in order to prevent saturation of the instrument. The Cyt C absorbance
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peak of the diluted sample was measured using UV-Vis spectrophotometer before proceeding
with dialysis at release conditions. Initial release of the drug was monitored at a low pH 3 which
was followed by increasing the temperature of the release medium to 40°C (after a time span
of 32 hours) to study the combined effect of stimuli on the samples. The decrease in absorbance
peak of Cyt C was measured at various intervals which gave a measure of the drug released as

a function of time. Figure 3.12 shows the typical setup of dialysis used for drug release studies.

Figure 3.12: Samples kept on dialysis at release conditions.

3.2.10 Characterization Techniques

3.2.10.1 Dynamic Light Scattering (DLS)

DLS is a characterization technique which can be used to determine the size distribution profile
of small particles in suspension or polymers in solution. Light from a monochromatic source,
usually a laser is impinged on the sample which is in a state of random motion. This technique
works by measuring the rate of particle diffusion via Brownian motion by analysing the rate of
fluctuation in the intensity of scattered light [16]. These fluctuations are then auto-correlated in
order to estimate the average diffusion coefficient [82]. Substituting the diffusion coefficient in
the Stokes-Einstein equation would provide the hydrodynamic diameter of the particle. The

expression for Stokes-Einstein equation is given by Equation (1)
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where dy is the hydrodynamic diameter, kg is the Boltzmann’s constant, T is absolute

temperature, n is the solvent viscosity and D is the average diffusion coefficient.

Bigger particles in the sample would move slowly and result in a slow variation in intensity.
Smaller particles move quickly and thus leads to quick variations in intensity. Hence DLS
provides information about the size distribution of the sample via polydispersity index (PDI).
The hydrodynamic sizes of the NPs and NGs were measured using a Malvern Zetasizer Nano-

ZS instrument shown in Figure 3.13(a).
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Figure 3.13: (a) Malvern Zetasizer Nano-ZS (b) Folded capillary cell used for the zeta potential
measurements [83].

Zeta potential measurements were also obtained using this instrument by measuring how fast
the particles move in a liquid in response to an applied electric field. These measurements were
used to assess the stability of the samples. A schematic of folded capillary cell used for
measuring zeta potential is shown in Figure 3.13(b). For characterizing NGs and hybrid NPs,
the temperature of the system was varied from 25°C to 55°C, and then back to 25°C. The effect
of this heating and cooling cycles on the sample properties were studied. The NG and hybrid
NP properties at different pH were also studied by varying the pH from 3 to 9. This was
performed both manually as well as with the help of an auto-titrator shown in Figure 3.14. The
auto-titrator consists of a fast response, liquid filled pH probe which measures the pH of the
sample and pumps the sample to Zetasizer Nano ZS for measuring the particle size and zeta
potential. The pH is adjusted automatically to set intervals by using 0.1 M NaOH and 0.1 M
HCI. All measurements were performed in aqueous solutions and an average over triplicate

measurements were considered.
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Figure 3.14: Auto-titrator for adjusting pH
3.2.10.2 UV-Vis Spectroscopy

UV-Vis spectroscopy was used to measure the amount of ultraviolet or visible radiation
absorbed by different inorganic NPs, polymeric NGs and hybrid NPs. This information could
be used for detecting the presence of inorganic NPs in the hybrid. UV-Vis spectroscopy is a
useful characterization tool to obtain wavelength at maximum absorbance for particles that
absorb light in the ultra violet or visible region of the electromagnetic spectrum. The UV-Vis
spectra were acquired with a UV-2401PC (Shimadzu) spectrophotometer. Light of particular
wavelength is passed through the sample and reference cuvettes via beam separator. The
difference in transmitted light intensities from both cuvettes are analysed in the detector and
this provides information about the light absorbed by the sample.

This technique is based on the principle of Beer-Lambert’s law which states that absorbance of

a material sample is directly proportional to the concentration of the species and the path length.

|
A= —log;, <E) = ¢(l 2

Equation (2) represents Beer-Lambert’s law where lo and | are intensities of incident and
transmitted lights respectively, A is the absorbance, ¢ is the extinction coefficient, C is the

concentration of the species and | is the path length.
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(a)

Figure 3.15 (a): Transmission of light through a particle solution [84] (b) UV-Vis
spectrophotometer.

3.2.10.3 Scanning Transmission Electron Microscopy (S(T)EM)

S(T)EM was used to determine the size and shape of the inorganic NPs. It consists of an electron
gun which generates highly accelerated beam of electrons which are focussed on to a thin
sample. The electron beam hitting the sample can either pass directly through the sample, get
diffracted or scattered, leading to emission of secondary or back scattered electrons. The
electrons are scattered both elastically and inelastically. Elastic scattering is caused as a result
of electrostatic repulsion from atomic nuclei which leads to emission of back scattered
electrons. Inelastic scattering occurs due to interaction of atomic electrons which leads to
emission of secondary electrons. Various detectors placed in the instrument captures

information from all these interactions which then gives rise to a virtual image of the sample.
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Figure 3.16: Hitachi S-5500 S(T)EM.

Bright field (BF) mode in Hitachi S-5500 electron microscope was used in acquiring the
images. In BF mode, the objective aperture is located just below the specimen, which allows
only the transmitted electrons to pass down the column. Hence this results in dark images of
the NPs in bright background. Few drops of the sample were placed on Formvar carbon coated,
300 mesh copper grids for the analysis. Imaging software SPOT 4.0.1 was used for measuring
particle sizes, in which the image pixels were calibrated against the scale bar of the image. 100

particles of each sample were considered in obtaining the average size.
3.2.11 Analysis Techniques

3.211.1 Volumetric Collapse Efficiency (VCE) Calculation

VCE provides the percentage decrease in volume of NGs/hybrid NPs after collapse and is
therefore an important parameter in comparing the response properties of different NGs and

hybrid NPs. VCE was calculated using Equation (3).

Volume,soc — Volumeyse
VCE = 257 5 %100 A3)
Volume,seoc
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Swelling Ratio

3.2.11.2 Volume Phase Transition Temperature (VPTT) Calculation

As discussed in Section 2.2.3.1, VPTT provides a measure of the phase transition temperature
for cross-linked NGs. The method reported by Bandyopadhyay, S., et al. [85] was used for
obtaining the VPTT. In this method, the temperature runs were performed for the NG and
hybrid NP samples in Zetasizer Nano ZS from 25°C to 55°C with a step interval of 5°C. This
was followed by a cooling cycle back to 25°C. Swelling and collapse ratios were obtained from

these data using Equation (4).
(4)

where D is the hydrodynamic diameter of sample at a particular temperature and Do is the
hydrodynamic diameter at 25°C. The swelling/collapse ratios were then plotted as a function of
temperature and a sigmoidal 5 parameter curve was fitted on it. The fit parameters were then
used to run a MATLAB® code which resulted in the VPTT by equalizing the area on both sides
of the curve. Figure 3.17 shows a schematic representation of the steps involved in obtaining
the VPTT. VPTTSs for the heating and cooling cycles were calculated separately and an average

was taken on triplicate measurements to obtain the final VPTT of the sample.
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Figure 3.17: Schematic showing calculation of VPTT. (a) Swelling ratios plotted as a function of
temperature. (b) Fitting a sigmoidal 5 parameter curve. (c) Equalizing the area and determining
VPTT using MATLAB code.
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4 Results and Discussion

The results obtained from the study have been presented in this section which are accompanied
by discussions on the same. The initial part of this section deals with results obtained on
synthesis and characterization of inorganic NSs. This is followed by characterization results
obtained for NGs with three different molar compositions of the co-monomer (AAc). The effect
of varying pH of the reaction medium has also been discussed. Subsequently, the results
obtained on synthesizing hybrid NPs by combining inorganic NSs with NGs have been
presented. The effects observed on the physico-chemical properties of the hybrid on changing
the concentration, size and surface charge of the inorganic NSs have been reported. The next
part of this section presents the observations made on the properties of NGs/hybrid NPs as a
result of varying the temperature and pH of the external environment post synthesis. Findings
from time-based studies to understand the growth of NGs and hybrid NPs have also been
outlined. Finally, the results obtained from loading and release studies performed with Cyt C

on the synthesized multifunctional hybrid NPs have been presented.

4.1 Synthesis and Characterization of Inorganic NSs

Au NSs and Ag NS with different properties were used in this study. Au NSs of different sizes
and surface charges were synthesized using the procedure mentioned in Section 3.2.1. Ag NS
was purchased from BBI solutions. UV-Vis spectroscopy was carried out to obtain the
absorbance peak for these NSs. S(T)EM and DLS characterizations along with zeta potential
(ZP) measurements were performed to gain information on the size and stability of these NSs.

Figure 4.1 shows the UV-Vis peaks and S(T)EM images of the inorganic NSs used in this study.

The single LSPR peak (marked on respective plot) observed from Figure 4.1 coupled with the
S(T)EM images confirm the spherical shape of these NPs. The DLS sizes along with ZP values
of these NSs have been listed in Table 4.1. The standard deviations mentioned were calculated
from triplicate measurements of the same sample unless mentioned otherwise. As mentioned in
Section 3.2.1.1, Au NS2 was synthesized using a higher concentration of Au precursor when
compared to Au NS1. Keeping the concentration of reducing agent constant, an increase in
precursor concentration is expected to give higher particle sizes for the NSs. This is based on
the assumption that the entire reducing agent gets consumed in the reaction. This would indicate
similar numbers of nuclei getting formed is every case, but a higher supersaturation in case of
increased precursor concentration. This can be verified from Table 4.1 which shows an increase

in DLS size of 20 nm between the two batches.

41



0.7 . 0.8
(@ (b)
0.6 -: 0.7 .
0.5 3 N
] 0.6 =
g ] ] ]
= 0.4 — =
3 = 3 -
= ] < 05 -
S - =3 -
2 03 4 2
=< < ]
] 0.4 —
0.2 i
0.1 3 03 7
0'0-'Illlllllllllllllllllllll 0-2-Illl[lll]llllllllll]‘ll'
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
1.0 1.2 -
(c) - (d) 1
08 n 1.0 -:
- 0.8
0.6 — i
@ b @ 4
= ] 2 064
2.7 2]
5 047 O
2 - 2 044
< . < A
0.2 — ]
] 0.2
0.0 - 0.0 4
_||||||||||||||'||||'|l|| —lllI'IIlIllII’llllllllll'llll
400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 4.1: UV-Vis spectra and S(T)EM images of inorganic NSs used in the study. (a) Au NS1 (b)
Au NS2 (c) Au NS3 (d) Ag NS.

Au NS3 had a similar size when compared to Au NS2 but was synthesized using seed mediated
growth (Section 3.2.1.2). From Figure 4.1, a small red-shift in the LSPR peaks could be
observed within the Au NSs. Au NS1 which has the smallest size showed absorbance peak at a
wavelength of 523 nm in comparison to 526-527 nm for Au NS2/Au NS3. The red-shift
observed for Au NS2/Au NS3 verified their increased DLS sizes when compared to Au NS1.
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Sample DLS size (nm) ZP (mV)

Au NS1 13 -42.7+0.5
Au NS2 33x1 -435+1.3
Au NS3 371 26.3+3.1
Ag NS 461 -46.7+1.4

Table 4.1: DLS size, S(T)EM size and zeta potential of inorganic NSs.

Figure 4.2 shows the plots of sizes and ZPs of the inorganic NSs. Au NS1, Au NS2 and Ag NS

are negatively charged while Au NS3 is positively charged. The negative charge is attributed

to the presence of citrate on the NP surface, while presence of CTAB induces a positive charge

on the surface.
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Figure 4.2: Average (a) hydrodynamic sizes and (b) zeta potentials of inorganic NSs.

4.2 Synthesis and Characterization of NGs

pPNIPAmM-AAc NGs were synthesized by precipitation polymerization using the procedure

mentioned in Section 3.2.3. Three different molar ratios of the monomers were used to

synthesize NGs with different properties. The molar ratio of the cross-linker (BIS) was kept

constant in all three ratios. As can be seen from Table 3.1, the molar ratios were primarily

controlled by varying the volume of AAc. Hence, for simplicity, the NG compositions have

been denoted as AAc:10, AAc:15 and AAc:25 in the following sections, where the numbers

denote the molar ratio of AAc in each sample.

The formation of NGs were accompanied with a characteristic colour change of the reaction

mixture from colourless to pale white, which is primarily due to collapse of the formed NG at
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the reaction temperature of 70°C (above the VPTT of NG). This colour change could be
observed ~ 3-4 minutes of adding the initiator. Figure 4.3 shows the effect of increasing AAc
mole ratio on the size and VCE of the NGs. VCE was calculated according to the method
mentioned in Section 3.2.11.1. Two batches of recrystallized NIPAm were used to carry out the
entire set of experiments in this study. Hence the values listed here are an average of several
repeats done with both batches. From Figure 4.3(a), it can be seen that the size of the NGs at
25°C and 45°C show an increase with increase in AAc mole ratio. The sizes measured at 25°C
were found to range from 318 + 26 nm (AAc:10) to 462 + 23 nm (AAc:25). The VCE, which
denotes the effective collapse of the NGs, was found to decrease at higher AAc mole ratio
(AAC:25), though the values were found to overlap for ratios AAc:10 and AAc:15. The VCE’s
ranged between 91.5 £ 0.7 % (AAc:10) and 88.3 + 1.3 % (AAc:25). This observation could be
the result of more AAc units getting incorporated in to the NG matrix with increasing AAc
mole ratio. Since AAc units have a carboxylic acid group, they tend to dissociate in aqueous
phase (when the pH of the reaction medium is close to or above the pK, of AAc) leading to
hydrophilic groups on the NGs. These hydrophilic groups of AAc could be present on the

periphery of the NG or could even be incorporated within the NG matrix.
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Figure 4.3: (a) Size comparison of NGs with increasing mole ratios of AAc (b) Change in VCE of
NG with increasing mole ratio of AAc.

An increasing trend in size with increasing AAc content, could therefore hint towards more
hydrophilic units present on the surface of NG, which would show high affinity for water via
hydrogen bonds. As a result, increasing AAc could lead to higher swelling of the NGs in

aqueous medium, thereby showing an increase in size. Increased swelling at high AAc mole
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ratio, would thus provide the NGs a barrier force which needs to be overcome for effective
collapse at 45°C. This could explain the decrease in VCE observed in Figure 4.3(b) at high AAc

content.

Since ZP would give a better understanding of the surface charge and stability of these NGs,
ZP measurements were performed for all three molar ratios at 25°C and 45°C. Figure 4.4 shows

the effect of increasing AAc mole ratio on the ZP of the NGs.
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Figure 4.4: Change in zeta potential of NG with increasing mole ratio of AAc.

Though only a very small increase in absolute value of ZP could be observed with increasing
molar ratio of AAc at 25°C, there was a substantial increase of ZP at 45°C for AAc:25. The
small increase in absolute value of ZP at 25°C could be due to more COO" units on the surface
at higher AAc ratios. Since NGs have a porous cross-linked structure, there could also be many
carboxylic acid groups located at the interior of these pores. Heating the NG to 45°C would
cause the thermo-responsive part (NIPAm) of the NG to collapse and thereby expose the AAc
units located within the pores. This could explain the relatively higher ZP values at 45°C when
compared to that at 25°C. Since NGs with AAc:25 are bigger in size compared to the other
ratios, it would have more pore space and hence could accommodate more AAc units within
the pores. This could be the reason for observing higher absolute values of ZP at 45°C for
AAc:25 amongst the different ratios.

4.2.1 Effect of changing pH of reaction medium

In this study, the pH of the reaction medium was changed by controlling the pH of SDS solution

added to the reaction mixture. The actual pH of 4.2 mM SDS solution was found to be ~6.
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Therefore, a pH value above and below 6 was used for studying this effect. pH 3 and pH 9 were
chosen for this study. The pH was controlled using 0.1 M HCI and NaOH. All three ratios of
NGs were synthesized at these pH conditions. Figure 4.5(a) shows the effect of reaction medium
pH on the size of NGs. It can be observed that at pH 3, the sizes of NGs are larger compared to
that at pH 6 and pH 9, irrespective of the NG composition. A similar observation was also made
at 45°C (not shown in Figure). Significant changes in size could not be observed within a
particular NG ratio at pH 6 and pH 9.

SDS, structure of which is shown in Figure 4.6, has been reported to provide charge stabilization
to the NIPAm monomer during NG synthesis [14]. Reducing the pH to 3 using HCI, would lead
to H" and CI" ions in the reaction mixture and this could probably mask the charge stabilization
provided by the surfactant. This could lead to more monomers coming close to each other
thereby forming bigger NGs. Whereas an increase in pH using NaOH might not lead to
dissociation into Na* and OH" ions due to already existing Na* counter-ions of the surfactant.

Hence, the sizes at pH 9 remains similar to that at actual pH (pH 6).
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Figure 4.5: Variation in (a) size and (b) ZP of NG as a function of pH of reaction medium.

The pH of reaction medium was observed not to have an effect on the ZP of NGs. This could
be because ZP is determined by the amount of AAc units on the NG surface. Change in charge
stabilization of the NIPAm unit brought about by changing the pH of reaction medium might
not affect the AAc units getting incorporated in the matrix. VCEs of the NG systems were also

found to be fairly similar at the mentioned pH values.
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Figure 4.6: Structure of SDS [86].

4.3 Synthesis and Characterization of hybrid NPs

Hybrid NPs were synthesized by combining inorganic NPs with NGs as mentioned in Section
3.2.4. The synthesis procedure was similar to that of NGs, except for that a known concentration
of NP was dispersed in SDS solution prior to its addition. In the presence of inorganic NPs, the
characteristic colour change for the hybrid during synthesis was observed ~ 2.5 minutes which
was less than that for NGs. In case of hybrid NPs, the colour of the hybrid resembled that of the
inorganic NP used in the synthesis. Inorganic NPs might act as nucleation sites for the
polymerization and thereby enhance the overall kinetics of the reaction. This could be a reason
why the colour change is observed earlier when compared to bare NGs. Another observation
which was made during the synthesis of hybrid NPs was that of inorganic NPs sticking to the
magnet. At the end of reaction, a fraction of the introduced NPs was found sticking to the
magnet (Figure 4.7). This could probably be due to the charges present of the NPs or due to the
hydrophobic surface of the magnet. In order to analyse this precipitate, the magnet was gently
washed with MQ water and the mass sticking to the magnet was then sonicated and brought in
to solution. An increase in size observed at 45°C for this precipitate, could possibly denote

aggregation of NPs at high temperature, thereby serving as a proof that these could be bare NPs.

Figure 4.7: NPs sticking to magnet after reaction.

The reaction was tried at higher stirring speeds (550 rpm) to provide better mixing and thereby
avoid NPs sticking to the magnet. However, no hybrid NPs were formed in this case (Appendix

B). Since similar quantities of NPs were observed to stick in all cases, the effect was assumed

47



to be constant and hence neglected. The effect of concentration, size and surface charge of

inorganic NPs on the hybrid were studied in this section.

4.3.1 Effect of Concentration

In addition to enhanced physico-chemical properties obtained in hybrid NPs, it is also important
to detect them. Hence, optimizing the concentration of NPs in the hybrid would provide the
minimum concentration that gives a distinct LSPR peak for Au. All NP stock solutions were
maintained at 3 mg/ml. Au NS1 was used to study the effect of concentration. Different volumes
of this stock were taken (corresponding to 0.5 mg, 0.75 mg, 1.0 mg and 2.0 mg NPs) and
centrifuged. This was re-dispersed in 5 ml of 4.2 mM SDS solution and then added to the
reaction mixture. The NG composition with AAc:10 was used for this study. Figure 4.8 shows
the effect of NP concentration on the size and VCE of hybrid NPs. ‘X’ axis represents the

weight of NPs in the reaction mixture.
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Figure 4.8: Effect of concentration of inorganic NP on the (a) size, and (b) VCE of hybrid NP.

From Figure 4.8(a), it can be observed that the sizes of the hybrid NPs were fairly similar
(maximum deviation ~9%) with increasing NP concentration. However, a slight decrease in
size with respect to bare NGs could be observed. A possible explanation for this observation
could be location of most NPs inside the pores of the NGs (as NP sizes could be much smaller
when compared to the pore dimensions of the NG). Hence, the sizes of the hybrid NPs would
not change with increasing concentration of small inorganic NPs (~13 nm in this study). A

similar observation has been reported in literature [79] even at a higher size of NP (~60 nm).
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But incorporating NPs having sizes larger than the pore dimensions of the NGs might hinder
their entry inside the matrix leading to terminal location of the NPs. Presence of NPs within the
NGs might lead to cross-linking of the chains thereby leading to more hydrophobic interactions
in the NG. This could probably be a reason for smaller size of hybrid NPs compared to the bare
NGs.

From Figure 4.8(b), an increasing trend could be seen in the VCE’s with an increase in NP
concentration. This could again support the previous hypothesis on the location of NPs.
Improved cross-linking imparted by the NPs within the hybrids might enhance the collapse of

these hybrids leading to higher collapse efficiencies.

UV-Vis spectroscopy was performed on these hybrid NPs to confirm the presence of Au NPs
in it. The absorbance values obtained for hybrid NPs from UV-Vis spectrophotometer was
normalized with respect to bare NGs to observe the peak for Au. Figure 4.9 shows the plot of
normalized absorbance as a function of wavelength for the hybrid NPs at different NP
concentrations. The plots were smoothed using “Smoother 2D” function in Sigma Plot 14.0.
From the plot, a more prominent peak for Au could be observed with increasing concentration
of Au NPs. However, the peak observed was ~545 nm, when compared to the absorbance peak
wavelength of bare NPs (523 nm). This shift is a result of increase in local refractive index at
the Au NP surface, and thereby confirms the incorporation of Au NPs in the NG matrix.
Previous works in literature (Section 2.5.1) have also reported a red-shift in LSPR wavelength
of Au NPs with polymer coating on its surface.
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Figure 4.9: Normalized absorbance plot of hybrid NPs with various concentrations of NPs
showing the peak for Au.

From Figure 4.9, since 0.75 mg NPs show a clear peak for Au, this was used as the optimized
value for the remaining experiments. Therefore, all experiments with hybrid NPs mentioned
from here on will be based on 0.75 mg of NP concentration. Using this concentration, hybrid
NPs with different AAc ratios were synthesized to compare it properties with that of
corresponding bare NGs. The results from this experiment, has been shown in Figure 4.10. In
this section, ‘bNG’ and ‘hNP’ mentioned in plot legends correspond to bare NGs and hybrid
NPs respectively.

From Figure 4.10(a), a small decrease in size can be observed for hybrid NPs at molar ratios of
AAc:10 and AAc:15. Even though hybrid NP with AAc:25 showed a higher average size, it
was within the error bars for the corresponding bare NG.
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Figure 4.10: Comparing bNGs and hNPs of different AAc mole ratio.

Figure 4.10(b) shows a comparative plot of VCE’s for bare NGs and hybrid NPs with different
compositions. Similar to the observations made in bare NGs, VCE’s of hybrid NPs were also
observed to decrease with increasing mole ratio of AAc. However, no significant change could
be observed in VCE between hybrid NP samples at AAc:15 and AAc:25.

4.3.2 Effect of Size

The effect of size of inorganic NPs on the hybrid was studied in this section. Au NS1, Au NS2
and Ag NS were used for this study. Au NS1 had the smallest size (13 nm) while Ag NS were
the biggest (46 £ 1 nm). All three NSs used had similar surface charges. NG composition with
AAC:10 was used for the reactions. As can be observed from Figure 4.11, increasing sizes of
NSs seemed to have no effect on the size of the hybrid NPs. As mentioned in the previous
Section, this could be due to larger pore dimensions of the NG when compared to the size of
the NPs. This could lead to incorporation of all NPs inside the NG matrix, thereby leading to
no significant change in the size of hybrid. A similar observation was reported by Raghunathan,
et al. [79] where no substantial effect could be seen even on increasing the size of NPs from ~
46 nm to ~150 nm.
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Figure 4.11: Effect of NP size on the size of hybrid NP.

Since NG composition with AAc:10 (having smallest dimensions) was used in this study, using
NGs with higher AAc mole ratios (bigger sizes) was thought to have a similar effect (since
these would have larger pore dimensions). As the size at 45°C for the hybrid NPs also remained
fairly constant, no effect could be observed on the VCE as well.

4.3.3 Effect of surface charge

The effect of NP surface charge on the properties of the hybrid NP was studied by incorporating
Au NSs of similar sizes but different surface charges. Au NS2 and Au NS3 were used in this
study. The presence of citrate coating provided a negative charge (-43.5 + 1.3 mV) on Au NS2,
whereas CTAB coating gave a positive charge (26.3 £ 3.1 mV) on Au NS3. Changing the
surface charge on the Au NSs showed no effect on the properties of the hybrid. This can be
observed from Figure 4.12, as the size and zeta potential of the hybrid NPs showed no

significant change.
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Figure 4.12: Effect of NP surface charge on the (a) size, and (b) zeta potential of hybrid NP.

4.4 Swelling-Collapse properties as a function of temperature

Temperature response of the NGs and hybrid NPs were studied by increasing the temperature
of the sample from 25°C to 55°C, followed by a cooling cycle back to 25°C. The swelling ratios
of the samples were obtained as discussed in Section 3.2.11.2, by cubing the hydrodynamic
sizes obtained at a particular temperature and dividing it by the corresponding value at 25°C.
Sizes at 25°C obtained from the initial point on the heating cycle and final point on the cooling
cycle were considered separately for obtaining the heating and cooling curves. Figure 4.13
shows the comparison of swelling ratio as a function of temperature for NGs/hybrid NPs with
different AAc content. The plots have been obtained by taking an average of swelling ratios
shown by various samples synthesized using two different NIPAm batches. Hence, any

differences between the NIPAm batches would be captured in the error bars provided.

Figure 4.13, a more rapid response to temperature could be observed with increasing AAc mole
ratio. However, no significant changes could be seen between bare NGs and hybrid NPs
containing same mole ratio of AAc. Since larger sizes could be observed for NGs/hybrid NPs
with increased AAc mole ratio (Figure 4.10), these might also be characterized with bigger pore
sizes. Studies conducted by Yan, Q., et al., have reported rapid swelling and de-swelling
characteristics of pNIPAmM hydrogels with increased pore sizes and porosities, when cycled
through the VPTT [87]. Therefore, these observations could possibly hint to bigger pore sizes
of NGs/hybrid NPs with high AAc mole ratio. Similar observations could also be made from

the size versus temperature plots of these samples (Shown in Appendix C).
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Figure 4.13: Swelling ratio versus temperature for (a) bNG_10 (b) hNP_10 (c) bNG_15 (d) hNP_15
(e) bNG_25 (f) hNP_25.

54



The VPTT of these samples were calculated by the method described in Section 3.2.11.2. Figure
4.14 shows the VPTT comparison between NG and hybrid NP at different AAc ratios. As
previously mentioned the VPTT values shown in the plot are also based on an average obtained
from various samples synthesized using two different NIPAm batches. The error bar for bare
NG at AAc:25 was found to be quite high. This could be due to greater heterogeneity in the
subchain lengths of the NG when compared to that at lower AAc ratios. The regions in the NG
with longer subchain lengths would collapse at a lower temperature than the regions with

shorter subchains [50].
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Figure 4.14: VPTT comparison between bNG and hNP at different AAc ratios.

It can be observed that the VPTT of NGs and hybrid NPs decrease with increasing AAc mole
ratio. As discussed in Section 4.2, an increase in AAc mole ratio would lead to increased
swelling of the NGs/hybrid NPs. Increased swelling would indicate higher energy requirement
to break the hydrogen bonds to get into the collapsed state. This would hint towards a higher
VPTT with increase in AAc content. This has been previously reported by Lue, S.J., et al.[88]
for PNIPAm-co-AAc hydrogels synthesized via redox polymerization method. However, a
reverse trend observed in this case could lead to a hypothesis that VPTT would not only depend
on the hydrophilic interactions but can also be influenced by other properties of the system such

pore size and porosity of the matrix.
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4.5 Swelling-Collapse properties in response to pH

pH response of the NG and hybrid NP samples were obtained by varying the pH of the samples
from 3 to 9 at step intervals of 0.5 using an auto-titrator as described in Section 3.2.10.1. This
provided the response of the samples at 25°C. Manual pH studies were also performed to
confirm these results, which in addition also provided the pH response at 45°C. Size and zeta
potential measurements were recorded as a function of varying pH of solvent. Since the original
pH of the sample was ~3.8, the pH was initially dropped down to 3 and then increased to 9.

Figure 4.15 illustrates the pH response obtained for NGs and hybrid NPs using auto-titrator.
The numbers succeeding ‘bNG’ and ‘hNP’ in the plot legends correspond to the mole ratios of
AAc used. For instance, ‘bNG_10” would represent bare NG sample having AAc molar ratio
of 10.
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From Figure 4.15, a small collapse (~55%) of NGs/hybrid NPs could be observed at low pH
(~3) followed by swelling with an increase in pH. As discussed in Section 2.2.3.2, this occurs
due to protonation of carboxylic group of AAc at a pH lower than the pKa of AAc (4.25 at
25°C). Increasing the pH above the pKa value, would lead to de-protonation of the weak
carboxylic groups, and thereby lead to swelling of the NG/hybrid NP as a result of Coulombic
repulsion between the charged monomer units and more favourable solvation of the
deprotonated monomer by the solvent [50]. The reduced collapse of these systems at low pH
would signify no effect of pH on the thermoresponsive part of these NGs/hybrid NPs. Hence a

temperature above VPTT and low pH would indicate maximum collapse in these systems.

From Figure 4.15 (a), (c) and (e), it can be observed that the sizes of hybrid NPs were
comparable to that of bare NGs at low pH but decreased with an increase in pH. This shows
that the swelling in case of hybrid NPs were less compared to bare NGs. A plausible explanation
for this observation could be the improved cross-linking and hydrophobic interactions brought
about by the incorporation of NPs in the NG matrices. This might limit the extent of swelling
in hybrid NPs.

Figure 4.15(b), (d) and (f) show the variation in ZP for bare NGs and hybrid NPs as a function
of increasing pH. The absolute value of ZP was found to increase as the pH went to basic
conditions. This again proves the fact that AAc would be in an associated state at low pH, which
results in lower charge density on the particles. With increasing pH, due to enhanced
dissociation of carboxylic group, the charge density on particle increases thereby bringing about

an increase in ZP.

The important thing to be noted here is that the stimuli causing the collapse of the NG/hybrid
NP systems govern the charge density on the particles. A collapse brought about by increasing
the temperature above VPTT of these systems will enhance the charge density as the
dissociation of AAc units are not affected in this case (discussed in Section 4.2). Whereas a
collapse brought about by reducing the pH below the pKa value would lead to a decrease in

charge density.

Similar trends observed in manual pH runs could be used to confirm this effect. In case of
manual pH runs, the sizes of the NGs/hybrid NPs were observed to be similar to that obtained
using auto-titrator at low pH values. However, the sizes obtained at higher pH values were
lower than that obtained from auto-titrator. This could be due to different steps of pH increase
in the two methods. This could also be due to high PDI which can be observed in Figure 4.15
at increased pH.
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Furthermore, manual pH runs were used to obtain the pH response of these systems at 45°C.
Both NGs and hybrid NPs were found to swell at 45°C with increase in pH. Figure 4.16
illustrates the swelling observed with increase in pH. The sample pH was initially brought down
to 3 and the temperature was set to 45°C. This would bring the system into a state of maximum
collapse which could be observed by the solution turning turbid (Figure 4.16(a)). With
increasing pH above pKa, the turbidity of the solution was found to disappear gradually, and
the solution turned colourless ~ pH 7 (Figure 4.16(b)). This indicates that pH is the parameter
of greater significance in these systems as it could lead to swelling of NGs/hybrid NPs

maintained above their VPTT.

R ——

. 45°C,pH3 v 45°C, pH:7

Figure 4.16: Swelling of NGs with increase in pH at 45°C (a) pH 3 (b) pH 7.

Another interesting observation made during manual pH runs was an increased swelling of
NGs/hybrid NPs at 45°C compared to 25°C. This is shown in Figure 4.17. It can be observed
that at low pH, the size at 45°C was smaller than that at 25°C (due to collapse of particles), but
a reverse trend could be seen with increasing pH. This could be explained by the location of
AAc units in the NGs/hybrid NPs. As discussed in Section 4.2, there could be a fraction of AAc
units located inside the pores of the NG matrix. These units would get exposed at temperatures
greater than the VPTT. Hence at a pH of 3 and 45°C, even though there would be increased
AAc units on the surface, these would be in an associated state. Increasing the pH, would lead
to deprotonation of the of these units, thereby forming more hydrophilic carboxylic groups on
the surface and enhanced swelling. As can be seen from Figure 4.17(a), this effect was not so
pronounced in bare NGs and hybrid NPs having low mole ratios of AAc (AAc:10). This could
be due to smaller sizes of these systems which would also indicate lower fraction of AAc units

within the matrix.
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Figure 4.17: pH response of bNG and hNP at 25°C and 45°C, (a) bNG_10 and hNP_10, (b)
bNG_15 and hNP_15, (c) bNG_25 and hNP_25.

4.6 Time based studies

Time based studies were performed for both NGs and hybrid NPs to get a better understanding
on their growth. This was performed by following the procedure mentioned in Section 3.2.7. A
predetermined volume of the reaction mixture was withdrawn at intervals and put in ice-cold
water to arrest the reaction. Previous works from literature had studied the effect of loss of
solvent during the reaction by replenishing the lost volume with MQ water maintained at
reaction temperature. The loss of solvent was reported not to have an influence on the growth
of NGs [79]. However, the studies performed in this section were carried out by replenishing

the withdrawn volume with MQ water maintained at 70°C.

Two similar experiments were carried out simultaneously for each timed study in order to

capture more time points during the reaction phase. Two common time points (at 10 minutes
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and 2 hours) were also chosen from the experiments to compare any differences within the
samples. Obtaining similar sizes at the common points proved that data points from both
experiments could be combined to obtain the overall growth curve for the samples. Few minutes
into the addition of AAc and KPS to the reaction mixture, a visible colour change could be
observed in both NGs and hybrid NPs. A pale whitish colour could be observed for NGs and
pinkish white colour for hybrid NPs (pinkish due to the presence of Au NPs). This would
indicate the collapse of initially formed polymers to form the nuclei. It was noted that the
induction time for showing an observable colour change was slightly shorter in hybrid NPs
(~2.5 min) when compared to bare NGs (~3.5 min). A probable explanation for this observation
could be NPs acting as nucleation sites, thereby leading to heterogeneous nucleation.

Previous studies on similar NGs had reported very high standard deviations for time points
before observable colour change [79]. Therefore, in this study the first time point was taken at
the point of observable colour change. The plots of sizes, normalized sizes and ZP’s of these

samples against reaction time have been discussed below.

Figure 4.18 shows the size comparison of bare NGs and hybrid NPs at different time points
measured at 25°C. The sizes reported in this section are the ones obtained before dialysing the
samples. From Figure 4.18, a rapid increase in size could be observed up to 10-15 minutes from
the point of colour change. This would indicate the growth of precursor particles by combining
with other precursor particles via crosslinks. Following the initial increase, the sizes of
NGs/hybrid NPs were observed to stabilize. Except for hNP_10, hybrids at other mole ratios of
AAc were observed to stabilize at a smaller size compared to bare NGs. This could be due to
improved hydrophobic interactions between the chains with the incorporation of NPs. Even
though hNP_10 showed higher sizes compared to bNG_10 at few initial time points, a smaller
size for the hybrid could be observed at later time points.

Higher standard deviations were observed in sizes of hybrid NPs with AAc:25 between 20-60
minutes of adding the initiator. This could indicate that though the sizes tend to stabilize after
the rapid initial growth, there could be precursor particles getting formed at later stages leading
to non-uniform growth. A similar observation was previously reported by Chen, S., et al., [76]
while studying the reaction mechanism of NIPAm polymerization.
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Figure 4.18: Size as a function of reaction time for (a) bNG_10 and hNP_10, (b) bNG_15 and
hNP_15, (c) bNG_25 and hNP_25.

As normalizing the plots would help in providing better insights into the growth, the sizes of
bare NGs and hybrid NPs were normalized with respect to average final size obtained for these
systems. Figure 4.19 shows the plots of normalized sizes as a function of reaction time. All
plots were observed to take the shape of a sigmoidal curve. Sigmoidal 5 parameter equation
was fitted to these plots and R? values of ~0.99 ensured excellent accuracy of the fit (Appendix
D). By knowing the order of reaction and using a similar sigmoidal fit, the rate constants could
be obtained by using the fit parameters. This could be used to compare the reaction kinetics of
bare NGs and hybrid NPs. However, it was difficult to predict the reaction order from these

studies. A more detailed study into the kinetics of the growth is beyond the scope of this thesis.
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Figure 4.19: Normalized size (at 25C) of bNG and hNP as a function of time (a) bNG_10 and
hNP_10 (b) bNG_15 and hNP_15 (c) bNG_25 and hNP_25.

The ZP of the hybrid NPs (before dialysis) with different AAc mole ratios were also measured
as a function of reaction time. This is shown in Figure 4.20. A gradual decrease in absolute
value of ZP could be observed with increasing reaction time. Previous studies have reported the
charged hydrophilic persulfate radical (-SO4~) of initiator (KPS) to stabilize the precursor
particles [76]. The combined stability provided by the initiator and SDS surfactant could be the
reason for higher stability at initial time points. As the reaction proceeds, AAc units get cross
linked in the network leading to stability imparted by dissociated carboxylic groups. But the
charge stabilization provided by the carboxylic groups on the surface could be masked due to

the presence of loosely bound surfactant on the surface. This could be the reason for the gradual
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decrease observed in absolute value of ZP. The ZP measured after overnight dialysis (not shown
in Figure) were observed to show higher absolute values (~ -15 mV), which could probably
indicate the removal of loosely bound surfactants, thereby enhancing the charge stabilization

provided by AAc units.

-10

-12

Zeta Potential (mV)

-14

-16

*

hNP_10
hNP_15
hNP_25

-20 LIS D L U I N D Y
0 20 40 60 80 100 120

Time (min)

<

-18

®

Figure 4.20: ZP as a function of reaction time for hybrid NPs (AAc:10,15,25).

From Figure 4.20, a higher absolute value of ZP could be observed throughout with increasing
AAc mole ratio. This observation would probably indicate that even though a masking effect
could be observed due to loosely bound surfactants, more carboxylic groups on the surface
could provide additional stability.

4.7 Characterization of Freeze-dried samples

Prior to performing loading studies, the NGs and hybrid NPs were freeze-dried as described in
Section 3.2.6. The properties of the freeze-dried samples were compared with that of the
aqueous samples. Figure 4.21 provides a comparison of the size and ZP of aqueous and freeze-
dried NGs. Even though a slight increase could be observed in the size of the freeze-dried NGs,
the maximum increase observed was ~ 9 % (for AAc:25 ratio), which was considered

insignificant (due to variations observed within a particular NG composition in Figure 4.3(a)).

64



(@) o0 (b)
EEN Ag. sample
[ FD sample

500 -——

{
|
wn

N
S
=)

-10

-15

=]
=]
=]

Size of NG (nm)
w
S
Zeta Potential of NG (mV)

-20

100

W Aq. sample

25 FD sample

0 ) 1 I I
AAc:10 AAc:15 AAc:25 AAc:10 AAc:15 AAc:25

Figure 4.21: Comparison of (a) size, and (b) ZP of aqueous and freeze-dried NGs.

ZP of the freeze-dried sample showed a significant increase in the absolute value when
compared to that of aqueous sample. However, the ZPs at 45°C (not shown in Figure) were
found similar for both samples, which implies that the total charge density per particle does not
change. The increase in ZP at 25°C could be a result of few AAc units within the polymer

matrix being exposed to the surface during freeze-drying.

Similar observations were also made for freeze-dried samples of hybrid NPs as shown in Figure
4.22. Except for the sample with AAc:15, which showed an insignificant increase in size of ~

5% for the freeze-dried sample, other samples were found to have similar sizes to the aqueous

ones.
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Figure 4.22: Comparison of (a) size, and (b) ZP of aqueous and freeze-dried hybrid NPs.
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Figure 4.23 provides a comparison of VCEs of aqueous and freeze-dried NGs/hybrid NPs. It
can be observed that the freeze-dried samples have a higher VCE than the aqueous sample for
both NGs and hybrid NPs. This was observed at all three molar ratios of AAc. This could be
due to removal of loosely bound surfactants (which are still present after dialysis) by freeze

drying which enhances the VCE.
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Figure 4.23: VCE comparison of aqueous and freeze-dried (a) NGs (b) hybrid NPs.

4.8 Loading studies

Loading studies were performed on NGs and hybrid NPs using breathing-in technique as
described in Section 3.2.8. To 1.7 mg of the freeze-dried sample, 2 ml of 0.5 mg/ml Cyt C was
added and kept on shaking for 2 hours. Two different procedures were followed to expel free
Cyt C from the loaded system. These loading efficiencies obtained from these methods were

compared in order to study their effectiveness.

The first method involved dialysis of the loaded sample in water buffer. The dialysis time is an
important parameter to ensure complete removal of free Cyt C. In order to find out the time it
takes for complete removal of free Cyt C, a solution of Cyt C of known concentration was
dialysed over time. The absorbance value was noted before the start of dialysis and the decrease
in absorbance as a function of dialysis time was obtained. By using a calibration curve for Cyt
C (Figure 4.24(a)), this decrease in absorbance could be used to predict the concentration of
Cyt C within the dialysis tube, thereby giving a measure of drug that has diffused out. This was
used to obtain the percentage removal of Cyt C (shown in Appendix E) as a function of time
(Figure 4.24(b)). From Figure 4.24(b), it could be observed that ~ 98% of the drug was expelled
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out of the dialysis tube with ~ 3 hours of dialysis. However, to ensure complete removal of free
Cyt C from the loaded systems, dialysis was performed for a period of 24 hours.
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Figure 4.24: (a) Calibration curve of Cyt C; (b) Percentage removal of free Cyt C as a function of
dialysis time.

Hence, 2 ml of the loaded samples were put on 24 hours dialysis post shaking for 2 hours.
Figure 4.25 shows the post dialysis images of drug loaded NG/hybrid NP samples with different
AAc mole ratios. From the figure, drug loaded solutions of both bare NGs and hybrid NPs were
observed to show stronger colour with increasing AAc content. This could probably indicate
higher loading efficiencies with increased AAc content. These solutions were further diluted,
and the absorbance was measured using UV-Vis spectrophotometer. This would give a measure
of bound Cyt C after the free drug has diffused out through the dialysis membrane. The loading
efficiencies (LEs) were calculated by comparing the absorbance values with that of the initial

drug incorporated at similar dilution (shown in Appendix F).
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Figure 4.25: Loaded samples post dialysis. (a) bNG_10 (b) bNG_15 (c) bNG_25 (d) hNP_10 (e)
hNP_15 (f) hNP_25.

Though free Cyt C was observed to leave the system by performing dialysis, this procedure was
found to stain the dialysis tubes. This could be a result of Cyt C molecular weight (12.3 kDa)
being close to the MWCO of the dialysis tube (14kDa). The staining effect on the tubes can be
seen in Figure 4.26. More staining could be observed at lower molar ratios of AAc and showed
a gradual decrease with increase in AAc content. Similar observations made in both NGs and
hybrid NPs were in concurrence with the loading efficiencies observed from Figure 4.25. Since
NGs/hybrid NPs at low AAc content were observed to show low LEs, these systems would
contain increased concentration of free drug. Increased diffusion of free drug through the
dialysis tube would lead to increased staining compared to systems having high LEs (AAc:25).

Figure 4.26: Staining observed in tubes post dialysis. (a) bNG_10 (b) bNG_15 (c¢) bNG_25 (d)
hNP_10 (e) hNP_15 (f) hNP_25.
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The presence of stains on the dialysis tube might affect the rate of diffusion of free Cyt C
through the membrane. Hence a different technique involving centrifuging was also performed
to remove free Cyt C from loaded systems. In this method, the loaded samples were transferred
to Eppendorf tubes post shaking and centrifuged at 14500 rpm for 10 minutes. Figure 4.27
shows the drug loaded hybrid NP samples with different compositions before and after spinning
the particles. It can be observed that the supernatant of the sample containing low mole ratio of
AAc (hNP_10) had a stronger colour when compared to other ratios. The colour was also
observed to get pale with increasing AAc mole ratios in the sample. This again confirms the
previous observations made from dialysis that LEs increase with increasing molar ratios of AAc

in the samples.

Centrifuging 14.5k rpm,
10 min

Figure 4.27: Cyt C loaded hybrid NP samples before and after centrifuging (a,d) hNP_10 (b,e)
hNP_15 (c,f) hNP_25.

After separating the supernatant, both supernatant and precipitate were diluted sufficiently.
Figure 4.28 shows supernatants and bottom precipitates of Cyt C loaded hybrid NP samples
with 2.5x dilution. It can be observed from Figure 4.28(d,e,f) that the diluted solutions of bottom
precipitates showed stronger colour with increasing mole ratio of AAc, thereby confirming the
increased loading of Cyt C.
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Figure 4.28:(a,b,c) Supernatant (2.5x dilution) of Cyt C loaded hybrid NPs (AAc:10, 15, 25
arranged from left to right); (d,e,f) Bottom precipitate (2.5x dilution) of Cyt C loaded hybrid NPs
(AAc: 10, 15, 25 arranged from left to right).

The LEs were calculated by measuring the absorbance of diluted bottom precipitate and
comparing it with the absorbance of free drug at same dilution (Shown in Appendix F). Figure
4.29 provides a comparison of LEs obtained using dialysis and spinning methods. As discussed
previously, the LEs were found to increase with increasing molar ratios of AAc. This could be
attributed to larger pore dimensions at higher AAc content (discussed in Section 4.3.2), thereby
enabling more diffusion of drug through the pores, which would result in higher loading.
However, no significant changes in LEs were observed between NGs and hybrid NPs having
the same composition. Previous studies in literature performed using similar drug and
NG/hybrid NP concentrations, have reported coated hybrid NPs to have a lower LEs when
compared to bare NGs [15]. From Figure 4.29, highest deviations in LEs obtained from the two
methods were observed to be ~13% at high AAc mole ratio (AAc:25). Hence, these methods
were found to be comparable at the three molar ratios of AAc. However, due to shorter time

requirements and easiness of the technique, spinning method was used for further studies.
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Figure 4.29: Comparison of LEs obtained by dialysis and spinning methods.

In order to capture the variations within the spinning technique, three repeats of loading studies
were performed, and free Cyt C was separated via centrifuging. The LEs obtained from the
three repeats have been shown in Figure 4.30(a). An average standard deviation ~19% was
observed at low AAc content (AAc:10), whereas a lower deviation (~9%) could be seen at
higher AAc ratios (AAc:25). This could be a result of experimental errors associated while
separating the supernatant after centrifuging. Drug loaded samples with high mole ratio of AAc
were bigger in size and heavier compared to the loaded samples with low AAc. Hence,
separating the supernatant in these samples were easier than those having low mole ratios of
AAc.

71



(a) 100 (b) 500

= bNG ]| m—m bNG
[0 hNP 1| = nNp l
80 2 400 -
g . £ [k
\../ ]
) 2 i
2 60 T g 300 -
g =
m —
50 = ]
s 4 £ 200 -
) 3
a8 .
20 g 100 -
: -
0 [ i 0 - 1 i |
AAc:10 AAc:15 AAc:25 AAc:10 AAc:15 AAc:25

Figure 4.30: (a) LEs as a function of increasing AAc content (b) EEs as a function of increasing
AAc content.

Encapsulation efficiency (EE), which gives the amount of drug encapsulated per unit weight of
the nanocarrier system, was also calculated (Appendix F). Since the amount of drug and
NG/hybrid NP were kept constant throughout the loading studies, the EE was directly
proportional to the LE and hence showed a similar trend. Figure 4.30(b) shows the EEs of the
NGs and hybrid NPs as a function of varying NG compositions (AAc mole ratios). Table 4.2
lists the loading and encapsulation efficiencies obtained for different NGs and hybrid NPs.

Sample LE (%) EE (ug/mg)
bNG_10 30.8+7.4 181 + 44
bNG_15 52.4+8.4 308 + 49
bNG_25 70.3+7.8 414 + 46
hNP_10 30.0+5.7 176 £33
hNP_15 56.0 £5.0 330+29
hNP_25 71.4+6.0 420 + 35

Table 4.2: LEs and EEs of different NGs/hybrid NPs.

4.9 Drug Release studies

Release studies of Cyt C were performed on the loaded NGs/hybrid NPs by using a dialysis
setup as described in Section 3.2.9. The loaded samples were centrifuged, and the bottom
precipitate was diluted sufficiently. This was then transferred into dialysis tubes and placed in
the release medium. The initial release profile was monitored at a low pH 3 for a span for 32

hours. This was followed by increasing the temperature of the release medium to 40°C to aid in
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further release of the drug. A measure of drug release was obtained by monitoring the decrease
in absorbance peak of Cyt C as a function of time.

Prior to performing release studies, pH of the diluted samples of loaded NGs/hybrid NPs were
measured and found to be ~ 5.3. This ensured that the NGs/hybrid NPs were in a swelled state
prior to release. ZPs of the diluted samples were also measured and were observed to have
higher absolute values compared to the freeze-dried samples prior to loading. This is shown in
Figure 4.31.
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Figure 4.31: ZP of NGs/hybrid NPs before and after loading Cyt C.

The higher ZP for loaded samples would indicate higher stability which could be due to the
formation of a stable complex between the drug and the NG/hybrid NP. Figure 4.32 shows the
release profile of Cyt C from the NG/hybrid NP systems at low pH (pH 3). The release profile
in the first two hours was conducted as a separate study in order to capture more time points.
These values have been incorporated in to the larger study conducted for 32 hours and an

average value of the drug released was taken at the common time points.

An initial burst release could be observed for AAc:10 and AAc:25 systems. A plausible
explanation for this would be a sudden change in the external pH, causing partial collapse of
the NGs/hybrid NPs. A low pH would favour the AAc units to be in protonated state, thereby
leading to reduced hydrophilic interactions and partial collapse of the system. An average
release of ~19% and ~17% were observed within one hour in AAc:10 and AAc:15 systems

respectively. However, no significant differences could be observed in the release profiles of
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bare NGs and hybrid NPs with the same AAc composition. Few precipitates could be observed
in the tubes of NGs/hybrid NPs with AAc:15 around 29 hrs into dialysis. This was associated
with a decrease in drug release for these systems as observed from Figure 4.32. This could

probably indicate the samples getting unstable with longer durations at a low pH.
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Figure 4.32: Cyt C release profile from bare NGs and hybrid NPs at pH 3.

NG/hybrid NP systems with high AAc (AAc:25) were observed not to show any release at pH
3. This could be due to increased stability of the complex formed with the drug as observed
from Figure 4.31. However, precipitates could be observed inside the dialysis tube for these
samples (AAc:25) few hours into dialysis, which hints to the fact that the samples were unstable
at pH 3. NGs/hybrid NPs with AAc:25 are bigger in size compared to other ratios. This could
also indicate bigger pore sizes and void volume leading to more internal location of the drug.
For effective release, the drug would have to initially diffuse from matrix to the bulk inside the
dialysis tube, followed by diffusion through the membrane. Higher porosities in AAc:25
systems could limit the initial diffusion process, leading to ineffective release of the drug.
Whereas, due to smaller sizes of samples with AAc:10 and AAc:15, there could be a higher
fraction of the drug located near to the surface, leading to effective diffusion out from the

system.
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Since not much release could be observed at later time points, the dialysis was stopped at 32
hours, and all samples were taken out from the release medium. pH of the medium was still
observed to be at 3. The samples were put back after raising the temperature of release medium
to 40°C. Since the absorbance values show an increase with collapse at 40°C, (due to solution
becoming turbid leading to increased refractive index) an equilibration time of 10 minutes was
provided before measuring the new baseline values for these samples. It was hence assumed
that there was no significant release during the first ten minutes after raising the temperature.
Figure 4.33 shows the additional release obtained in these samples with an added stimulus. At
40°C, the samples would collapse completely, causing the drug to move out due to shrinkage

of the pores.
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Figure 4.33: Additional release of Cyt C from bare NGs and hybrid NPs by increasing the
temperature to 40°C without altering the pH from initial study(pH = 3).

NG/hybrid NP samples with AAc:25 were also found to show release at these conditions. This
observation could probably substantiate the hypothesis that the drug is located in the interior of
the nanocarrier (for AAc:25) and hence required an additional stimulus to cause complete

collapse, leading to drug release.

Different mathematical models have been developed which could be used as effective tools to
analyse the kinetics of release from these NG/hybrid NP systems [89, 90]. This would provide
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a better understanding on the actual release kinetics and transport mechanism. Few models

which have been used in this study are discussed here.

Zero order model, as the name suggests is obtained using the principles of zero-order kinetics.
Polymer systems that follow these kinetics release the drug at a constant rate, thereby
maintaining a constant drug level in blood throughout the delivery [90]. Hence, this model
depicts a direct relationship between the fraction of drug released and time. Zero order model
is defined by Equation (5).

F =Kt )

where F is the cumulative fraction of drug released in time t, and Ko is the zero-order rate
constant. First order release model represents a linear relationship between the logarithm of the

fraction of drug within the nanocarrier and time as shown by Equation (6)
In(1 -F) = —K;t (6)

where Ki denotes the first order rate constant. Higuchi model can be described by a linear

relationship between the cumulative fraction of drug released and square root of time.
F =Kyt (7

where Ku is the Higuchi dissolution constant. Besides these models, a power law equation
developed by Korsmeyer and Peppas, can be used to describe drug transport mechanism

through polymeric matrix. An expression for this is given by Equation (8)
F = Kkptn (8)

where Kkp is a constant which incorporates structural and geometric information of the
nanocarrier system, and n is the release exponent, which indicates the drug release mechanism
as shown in Table 4.3 [89]. The release exponent can be obtained from the slope of a plot
between In(F) and In(t).

In(F) = In Ky, + nln(t) 9)
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Release Exponent (n) ]
Drug Release Mechanism
Thin Film Cylinder Sphere
0.5 0.45 0.43 Fickian diffusion
05<n<1 0.45<n<0.89 0.43<n<0.85 Anomalous transport
1 0.89 0.85 Case-IlI transport

Table 4.3: Drug release mechanisms from different geometries based on the values of release

exponent.

Fickian diffusion (Case-l transport) is described by a diffusion coefficient, while Case-l1I
transport is described by a relaxation constant which accounts for the swelling-collapse

behaviour of the drug delivery system. Anomalous transport lies intermediate between Fickian

diffusion and Case-I1 transport [91].

Zero order, First order, Higuchi and Power law models were used to study the kinetics of Cyt

C release from the NG/hybrid NP systems. These models were fitted separately for the initial

32 hours of pH driven release and the release with combined stimuli (pH + Temperature).
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Figure 4.34 shows the fitted models on bNG_10 sample for studies performed at pH 3. Higuchi
model was found to give the best fit with a R? value of 0.9888 and dissolution constant, Ky =

0.1734 h®5, From the power law model, the release exponent was found to be 0.526.
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Figure 4.34: Fitting release models in bNG_10 sample for studies performed at pH 3. (a) Zero
order model (b) First order model (c) Higuchi model (d) Power law model.

Similarly, release models were fitted to hNP_10, bNG_15 and hNP_15 samples (shown in
Appendix H). From the model fitting, it could be observed that all samples that showed a
release, followed Higuchi kinetics. The time taken for releasing 50 % of the drug (ti2) was
calculated using Higuchi model by substituting F = 0.5. These values along with the Higuchi
dissolution constants have been listed in Table 4.4. Insignificant changes observed in the ty, of

these samples, denote that these polymeric devices release similar quantities of drug over time.
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Sample Release Higuchi dissolution tuz (hours)
Model constant, Kx (h9)

bNG 10 0.1734 8.3

hNP_10 Higuchi 0.1752 8.1

bNG_15 0.1875 7.1

hNP_15 0.1673 8.9

Table 4.4: Release Model, Higuchi dissolution constant and ti, for bNG/hNP systems at pH 3.

Table 4.5 summarizes the release exponent, geometry of nanocarrier and transport mechanism

involved in the release.

Sample Release Geometry Transport
exponent (n) mechanism

bNG_10 0.526

hNP_10 0.5179 Sphere /Cylinder | Anomalous transport

bNG_15 0.5104

hNP_15 0.7141

Table 4.5: Release exponent and transport mechanism shown by bNG/hNP samples at pH 3.

From the Table, it can be observed that the release exponents for all samples were fairly similar.
The value of release exponent indicated an anomalous transport mechanism for all samples.
Since a low pH of 3 would only cause partial collapse of the drug device, the drug would still
have to diffuse through the matrix to leave the system. Therefore, the NG/hybrid NP matrix
was assumed to have a spherical/cylindrical geometry rather than thin film geometry. The

model fitting done for the samples at multiple stimuli release conditions (pH 3 + 40°C) have

been discussed next.
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Figure 4.35 shows the fitted models on bNG_10 sample for studies performed at pH 3 and 40°C.
Zero order model gave the best fit with a R? = 0.9497 and K = 0.2325 h'. The release exponent

was obtained from the slope of Power law model and was found to be 1.5138.
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Figure 4.35: Fitting release models in bNG_10 sample for studies performed at pH 3 + 40°C. (a)
Zero order model (b) First order model (c) Higuchi model (d) Power law model.
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Figure 4.36 shows the fitted models on hNP_10 sample for studies performed at pH 3 and 40°C.

First order model gave the best fit with a R? = 0.9411 and K = 1.0301 h™. The release exponent

was obtained from the slope of Power law model and was found to be 1.4927.
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Figure 4.36: Fitting release models in hNP_10 sample for studies performed at pH 3 + 40°C. (a)
Zero order model (b) First order model (c) Higuchi model (d) Power law model.

Similarly, release models were fitted for other samples (shown in Appendix I).

Table 4.6 summarizes the release model, rate constant and ti» obtained from model fitting.
bNG_25 and hNP_25 were observed to have the similar K, which indicated the presence of NPs
not to influence the release kinetics of these systems. As discussed before, this could be due to
the bigger sizes of bNG/hNP with AAc:25 when compared to the size of Au NPs incorporated.
However, hNP_10 and hNP_15 were observed to have different K values when compared to

the corresponding NGs. This could be due to the shift in kinetics observed from zero order to
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first order in these cases with the incorporation of NPs. But since the ty» of these systems were
similar, it could be concluded that presence of NPs does not show significant effect on the

release of drug.

Rate constant,

Sample Release Model t12 (hours)
K (hour?)
bNG_10 Zero order 0.2325 2.15
hNP_10 First order 1.0301 0.67
bNG_15 Zero order 0.2284 2.19
hNP_15 First order 0.3931 1.76
bNG_25 Zero order 0.5799 0.86
hNP_25 Zero order 0.5895 0.85

Table 4.6: Release Model, rate constant and ti, for bNG/hNP systems at pH 3 + 40°C.

Sample Release Geometry Transport
Exponent (n) Mechanism
bNG_10 1.5138 Super Case-II
hNP_10 1.4927 Super Case-II
bNG_15 1.3769 Thin Eilm Case-II
hNP_15 1.0803 Case-II
bNG_25 1.1292 Case-II
hNP_25 1.1372 Case-II

Table 4.7: Release exponent and transport mechanism for bNG/hNP systems at pH 3 + 40°C.

It can be noted from Table 4.7, that the release exponents are higher than that observed in case
of release controlled by pH alone (Table 4.5). This could be explained by the change in
geometry of the NG/hybrid NP system with additional temperature stimuli. The matrix was
assumed to have a spherical/cylindrical geometry during initial release conditions at pH 3.
Increasing the temperature of the release medium to 40°C, leads to complete collapse of the
NG/hybrid NP thus shifting the geometry to a thin film. This would reduce the diffusion path
of the drug, thereby leading to more effective release of the drug. From Table 4.7, it can also
be noted that, the release exponents were fairly similar for NGs and hybrid NPs having same
AAc mole ratio. However, a small decrease in the release exponent values could be observed
at higher AAc mole ratios. This could indicate that even though the presence of Au NPs in the

hybrid does not affect the release of the drug, increasing AAc mole ratio is an important
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parameter controlling release. As discussed previously, higher AAc mole ratios would probably
give rise to NGs/hybrid NPs with higher porosities, leading to more internal location of the
drugs. Since the drug molecules were observed to form stable complexes with the nanocarrier
(Figure 4.31), internal location of the drug could limit its diffusion to the surface of the

nanocarrier.
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5 Conclusion

This work aimed at studying the growth and physico-chemical properties of multifunctional
NPs. Multifunctional NPs were synthesized by combining Au NSs with temperature and pH
sensitive pNIPAmM-AAc NGs. Incorporating Au NSs into the NGs were observed to provide
enhanced properties to the hybrid, stemming from plasmonic attributes of Au NS in addition to

pH and temperature sensitivities of the NG.

Initial part of this work dealt with the synthesis of Au NSs of various sizes and surface charges.
These were synthesized using modified-Turkevich method and seed mediated growth method.
This was followed by the synthesis of pNIPAM-AAc NGs using a procedure which was
previously developed in Ugelstad Laboratory [19, 79]. The synthesized particles were
characterized using techniques such as UV-Vis spectroscopy, DLS, and S(T)EM.

Three different mole ratios of the monomers were used to synthesize NGs having different
physico-chemical properties. The sizes of the NGs showed an increase with increasing molar
ratio of AAc, with sizes ranging from 318 + 26 nm at AAc:10 to 462 + 23 nm at AAc:25.
Samples with higher molar ratios of AAc were also associated with a drop in VCE due to
increased hydrophilic interactions of the carboxylic group. The effect of reaction medium pH
on the properties of the NG was studied by varying the pH of SDS solution in the synthesis

process. Low pH (3) conditions were observed to favour the growth of larger NGs.

Hybrid NPs were prepared by in situ polymerization method in which the NPs dispersed in the
SDS solution were added to the reaction mixture. The effect of concentration, size and surface
charge of the NPs on the properties of the resulting hybrid were analysed. Increased
concentration of NPs showed an increase in VCE of the hybrid. However, no significant
changes in the properties of the hybrid could be observed with changes in size and surface
charge of the NP. The NGs were hypothesized to have larger pore dimensions compared to the
size of NPs, leading to internal location of NPs in the matrix. A weight of 0.75 mg Au NS was
found to give prominent LSPR peak of Au, thereby enabling easy detection in addition to

enhanced physico-chemical properties of the hybrid.

The swelling -collapse properties of hybrid NPs as a function of temperature and pH were
compared to that of bare NGs at different mole ratios of AAc. NGs/hybrid NPs with higher
AAc content were observed to show rapid response to temperature when cycled through the
VPTT. The VPTT was hypothesized to be influenced by pore size and porosities of the
NG/hybrid NP matrix in addition to hydrophilic interactions of AAc units. The pH response of
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NG/hybrid NP systems were studied by varying the pH of the samples from 3 to 9. A small
collapse (~55%) of the NG/hybrid NP could be observed at low pH due to reduced hydrophilic
interactions brought about by protonation of AAc units. At high pH, the hybrid NPs were
observed to swell to a lower extent compared to bare NGs which was suggested to be a result
of enhanced hydrophobic interactions brought about by the incorporation of NPs in the NG
matrices. Swelling characteristics observed at high pH, for NGs/hybrid NP samples maintained

above VPTT, indicated pH to have more significant effect on the system.

From time-based studies performed to understand the growth, a rapid initial increase could be
observed in the sizes of NGs/hybrid NPs followed by stabilization. The hybrid NPs were found
to stabilize at a lower size compared to bare NGs. Though NGs/hybrid NPs showed similar

growth curves, it was suggested that they might follow different kinetics.

Loading studies with Cyt C were performed on NGs/hybrid NPs using breathing-in technique.
Two different methods (dialysis and centrifuging) were studied to expel free Cyt C from the
loaded systems. The loaded samples showed increased stability compared to the freeze-dried
samples hinting to the formation of a stable complex between Cyt C and the nanocarrier. The
LEs were found to increase for both NGs/hybrid NPs with increase in AAc mole ratio. The
values of LEs ranged from ~30% at AAc:10 to ~71% at AAc:25. This was hypothesized to be
a result of larger pore dimensions at higher AAc content, thereby enabling more diffusion of
drug through the pores. However, no significant differences could be observed in the LEs of
NGs and hybrid NPs having the same composition. The EEs were also observed to increase
with AAc content and had values ranging from ~180 pg/mg (AAc:10) to ~417 pg/mg (AAc:25).

Finally, drug release profiles of bare NGs and hybrid NPs were studied at different release
conditions. At pH 3, a release of ~34% and ~26% could be observed for AAc:10 and AAc:15
systems respectively. However, AAc:25 systems showed no release at low pH. An additional
temperature stimulus at 40°C was observed to cause release from all systems. The release
exponents were higher at multi-stimuli release conditions (pH 3 + 40°C) than at pH 3. This was
attributed to the change in matrix geometry from spherical/cylindrical to thin film, as the
NG/hybrid NP undergoes complete collapse in presence of additional temperature stimuli. The
transport mechanism of the drug was also observed to switch from anomalous to case-I1/super

case-11 transport on adding temperature stimuli.
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6 Future work

The observations made from this study, lead to a hypothesis that the pore sizes and porosities
of NGs/hybrid NPs increase with increasing AAc mole ratio. Hence, using BET to analyse the
pore size and porosities of freeze dried NG/hybrid NP samples could validate the hypothesis.

Replacing spherical Au NPs with anisotropic counterparts in the hybrids would be a novel field
to delve into. The surface plasmon oscillations of anisotropic Au NPs, for instance Au nanorods,
could be exploited and this could lead to sensitization of the stimuli sensitive polymeric gels by
applying a electromagnetic field of a particular wavelength. Moreover, by tuning the size and
shape of anisotropic Au NPs, the plasmon absorption can be shifted towards the near-infrared

(NIR) region in which living tissues show minimum absorption.

Since the synthesis of hybrid NPs were associated with a fraction of NPs sticking to the magnet,
it would be interesting to perform Thermogravimetric Analysis of these samples to obtain an
idea of how much NPs actually goes into the hybrid. Though the effect of varying pH of medium
on the properties of NGs have been studied, the study could be further extended by

incorporating NPs into it and exploring the behavioural differences of the hybrids.

Furthermore, the growth of bare NGs and hybrid NPs could be monitored using UV-Vis
spectrophotometer maintained at 70°C by performing time-based studies after initiating the
reaction. This could be compared with the present findings to get a more comprehensive

understanding of the underlying mechanism.
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Appendix

A. Significance of recrystallization of NIPAm batch

As stated in Section 3.2.2, NIPAm monomer purchased from Sigma-Aldrich was further
purified by recrystallizing it. The recrystallization step was found to very important as presence
of impurities in the NIPAm monomer was observed to cause precipitation of the NGs during
synthesis. Even though both batches of NIPAm used in this study were recrystallized before
further use, NGs synthesized via batch 1 were observed to phase separate and in few cases were
observed to stick to the magnet (Figure 7.1). Recrystallizing the same batch again solved this

problem thereby highlighting the significance of recrystallization.

Figure 7.1: Polymers (a) phase separating, (b) sticking to the magnet after the reaction.

B. Effect of stirring speed in synthesis of hybrid NPs

Stirring speed post addition of KPS and AAc were found to have a significant effect in the
synthesis of hybrid NPs. As a fraction of Au NPs in the system were observed to stick to the
magnet as described in Section 4.3, synthesis reactions were tried at higher stirring speeds of
550 rpm. However, no hybrid NPs were obtained at these stirring conditions. Similar
observations were made in hybrid NP synthesis experiments conducted at different mole ratios
of AAc. Experiments performed by changing the stirring speed back to 250 rpm post addition
of AAc and KPS proved that stirring speed after the addition of comonomer and initiator played

crucial role in the synthesis reactions.
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C. Size versus Temperature plots
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Figure 7.2: Size versus temperature for (a) bNG_10 (b) hNP_10 (¢) bNG_15 (d) hNP_15 (e)
bNG_25 (f) hNP_25.
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D. Curve fitting on normalized growth curves
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E. Percentage removal of Cyt C using dialysis

Sample calculations to obtain the percentage removal of Cyt C using dialysis have been shown

below:-

The 0.5 mg/ml stock solution of Cyt C was sufficiently diluted to prevent saturation of UV-Vis
spectrophotometer. 4 ml of 0.167 mg/ml Cyt C (3x dilution of 0.5 mg/ml) was used for dialysis.

Absorbance (to) = 1.23892

Absorbance (tsomin) = 0.42812

The concentration corresponding to these absorbance values were obtained from the calibration
curve equation given below.

y = —0.0221 + 0.0075x (10)

Conc (to) = 168.136 pg/mi
Conc (tsomin) = 60.029 pg/ml

168.136 — 60.029
168.136

Percentage removal of Cyt C at 30 min = %X 100 = 64.29 %

F.  Calculating loading and encapsulation efficiencies

The loading efficiencies were calculated by obtaining the absorbance values of bound Cyt C
(Anound) after dilution. The absorbance peak of Cyt C was noted at a wavelength of 409 nm. The
absorbance noise of bNG/hNP samples at 409 nm was taken into account by subtracting a
correction factor (Acorrection) corresponding to their absorbance at 409 nm. A measure of initial
concentration of Cyt C was obtained by measuring the absorbance of Cyt C solution (Acytc) at

same dilution.

The LEs were calculated using Equation (11)

Abound - Acorrection

LE = x 100 (11)
ACth

Encapsulation efficiency gives a measure of amount of drug in unit weight of the nanocarrier.

EEs were calculated using the following equation.

EE = LE X Mass of drug (ug)
~ Mass of nanocarrier system (mg) X 100

(12)

Sample calculations for obtaining LE and EE have been shown by considering bNG_15 sample.
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Acyic = 1.4756
Abound = 0.81992
Acorrection = 0.06329

_0.81992 - 0.06329

1.4756 x 100

LE=513%
Mass of drug = 1000 pg (2 ml of 0.5mg/ml solution)
Mass of nanocarrier system = 1.7 mg

_ 513 x 1000
1.7 x 100

EE = 301.8 pg/mg
G. Finding drug release profiles and kinetics

The percentage release of drug from the nanocarrier system was obtained using the following

equation.

Absorbance at time (t,) — Absorbance at time (t)
Drug release (%) = Absorbance at time (t;) * 100

where to is the initial time at the start of release and t corresponds to time at the point of

measurement.
Cumulative mass of drug released in time t (M) was calculated from the % release as follows.

M = Drug release (%) X LE X Mass of drug
- 100 x 100

The cumulative fraction of drug released (F) in time t was calculated as

M,
Mo

F=

where Mo represents the cumulative mass released at the final time point.

Sample calculations for these have been demonstrated by using the release data obtained for

bNG_10. The calculations are based on drug release obtained after a time of 4 hrs.
Absorbance at time (to) = 0.39236
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Absorbance at time (t4) = 0.29868
LE of bNG_10 system = 31.3 %
Mass of drug introduced = 1 mg

Mo =1.22 mg

0.39236 — 0.29868

Drug release (%) = 339736 x 100

Drug release (%) = 23.88 %
Cumulative mass of drug released in 4 hours was obtained as:-

2388 x31.3x1

My = 039+ =30 % 100

= 0.46 mg

Cumulative fraction of drug released in 4 hours was obtained by dividing M4 with Mc,

Table 7.1 illustrates the values of parameters obtained for bNG_10 sample (for release at pH 3)

to determine the release kinetics.

ng‘e - Mass(r;e;‘;ase" Mcmg) | F | In@F) | ©5 | i) | Ing
000 | 000 0.00 000 | 000 | 000 | 000

017 | 1546 0.05 005 | 004 | -004 | 041 | 322 | -1.79
033 | 17.29 0.05 010 | 008 | -009 | 058 | -247 | -1.10
050 | 1593 0.05 015 | 013 | -013 | 071 | -208 | -0.69
075 | 17.15 0.05 021 | 017 | -019 | 087 | -1.77 | -0.29
100 | 19.83 0.06 027 | 022 | -025 | 1.00 | -151 | 0.00
150 | 18.03 0.06 032 | 027 | -031 | 122 | 132 | 041
200 | 1947 0.06 039 | 032 | -038 | 141 | -115 | 069
400 | 2388 0.07 046 | 038 | -048 | 200 | -097 | 1.39
600 | 2562 0.08 054 | 044 | -059 | 245 | 081 | 179
800 | 2639 0.08 062 | 051 | -072 | 283 | -0.67 | 208
11.00 | 27.45 0.09 071 | 058 | -088 | 332 | -054 | 240
1550 | 28.77 0.09 080 | 066 | -107 | 394 | -042 | 274
2000 | 30.73 0.10 090 | 074 | -133 | 447 | 031 | 3.00
2400 | 3311 0.10 100 | 082 | -173 | 490 | -020 | 318
2000 | 34.36 0.11 111 | 091 | -241 | 539 | -009 | 337
3200 | 3472 0.11 122 | 1.00 566 | 000 | 347

Table 7.1: Release kinetics data for bNG_10 sample at pH 3.
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Figure 7.7: Fitting release models in bNG_15 sample for studies performed at pH 3 + 40°C. (a)
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Figure 7.8: Fitting release models in hNP_15 sample for studies performed at pH 3 + 40°C. (a)
Zero order model (b) First order model (c) Higuchi model (d) Power law model.

105



(a) 1.2

1.0
0.8
0.6
0.4

0.2

0.0

F—0.5799 t
R’ =0.9948

In (1-F)

00 02 04 06 08 1.0 12 14 16 18 2.0

1.2

t (hours)

1.0

0.8

0.6

0.4

0.2

0.0

F=0.6242 "¢

5

R =0.8615

(d)

In (F)

0.0

Tt T T ey
0.2 0.4 0.6 0.8 1.0 1.2

tD.S

1.4

-1.0

-1.2

1.4

-1.6

-1.8

0.0

-1.0

-2.0

-1.5

In (1-F)=-0.948 t
R’ =0.9546

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
t (hours)

In (F) = 1.1292 In (t) - 0.5464
R'=0.9853

-1.0 -0.5 0.0 05
In ()

1.0

Figure 7.9: Fitting release models in bNG_25 sample for studies performed at pH 3 + 40°C. (a)
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Figure 7.10: Fitting release models in hNP_25 sample for studies performed at pH 3 + 40°C. (a)
Zero order model (b) First order model (c) Higuchi model (d) Power law model.
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