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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree of Philosophiae
Doctor (PhD) at the Norwegian University of Science and Technology (NTNU) and consists
of eight papers. The work presented in this thesis was carried out at the Ugelstad Laboratory,
Department of Chemical Engineering; at the Cell Biology laboratories, Department of
Neuroscience, Faculty of Medicine and NanoLab, NTNU. The project has been funded by
research and development funds from NTNU and support from NorFab. The thesis work has
been supervised by Professor 1l Dr. Wilhelm Robert Glomm and co-supervised by Dr.
Gurvinder Singh, Dr. loanna Sandvig and MD, PhD Axel Sandvig.

I completed my Bachelors in Chemical Engineering from Jadavpur University in June 2010.
Thereafter, being awarded the prestigious Erasmus Mundus Fellowship, | joined NTNU for my
Masters in Chemical Engineering. After completion of my master thesis at ETH Zurich and
NTNU, I was accepted as a PhD candidate in Ugelstad Laboratory, Department of Chemical
Engineering, NTNU in August 2012.






“Dream is not that which you see while sleeping, it is something that does not let you sleep.”

Dr. A.P.J. Abdul Kalam, Wings of Fire: An Autobiography

“I slept and dreamt that life was joy. I awoke and saw that life was service. | acted and
behold, service was joy.”

Rabindranath Tagore

“Logic will get you from A to B. Imagination will take you everywhere.”

Albert Einstein

“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it
doesn't agree with experiment, it's wrong.”

Richard P. Feynman
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Abstract

Nanomaterials designed for drug delivery applications require important properties that include
monodispersity, biocompatibility, long circulation time which are dependent on size, shape,
composition, surface charge among others. Incorporation of targeting and imaging modalities
into such nanomaterials allows for both therapeutic and diagnostic functions. Au nanoparticles
(NPs), besides being biocompatible, are known to show remarkable optical properties, widely
exploited for both bio-sensing and imaging. Setting in of anisotropy causes a wider frequency
response range in terms of plasmonic properties, making them promising candidates for
hyperthermia. On the other hand, Fe NPs display superparamagnetic properties that can be used

for targeting as well as imaging based on magnetic resonance.

Another field of nanomaterials that has garnered interest in recent times is stimuli sensitive
hydrogels that swell and collapse in response to temperature and/or pH. These entropically
driven volumetric transitions enable release of the cargo as a function of changing stimuli,

making them promising candidates for controlled release.

Combination of nanomaterials leads to synergistic enhancement of properties stemming from
their respective counterparts. Core-shell NPs is one such combination that has been studied in
this work. The main focus of this thesis has been to synthesize, characterize and functionalize
core-shell NPs with an aim to use these nanomaterials for theranostic (therapeutic and
diagnostic combined) applications. In this pursuit, core-shell Fe@Au NPs, anisotropic Au NPs,
poly(N-isopropylacrylamide) (pNIPAM) based hydrogels and hybrid NPs formed by
combination of metallic NPs and hydrogels have been studied. The physico-chemical
properties of these NPs have been mapped using a wide array of characterization techniques.
Size measurements have been done using dynamic light scattering (DLS) and scanning
transmission electron microscopy S(T)EM. The plasmonic properties of Au have been
characterized primarily using UV-Vis spectroscopy while surface properties of the NPs have
been tracked using electrophoretic mobility measurements, X-ray photoelectron spectroscopy
(XPS) among other techniques.

Different hybrid NPs have been loaded with model protein drug Cytochrome-C or L-Dopa, a
drug administered for Parkinson’s disease, in order to understand the effects of size, shape,
particle number density, drug-carrier interaction, response to stimuli on both loading and
release. Release kinetics have been modelled in order to understand the conformational changes

in the NPs leading to effective release of the drug.
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Fe@Au NPs have been shown to have negligible cytotoxic effects on different cell lines, in
addition to their remarkable magnetic and optical properties. In order to further modify the
optical properties, anisotropic Au NPs have been synthesized to understand their growth
mechanisms. Five differently shaped Au NPs have been thereafter functionalized to assess their
cytotoxicity on cancer cells and also to understand the role of shape in the release kinetics of a
model protein drug. One of the main findings from the thesis work is that incorporation of
metallic NPs inside temperature and/or pH sensitive hydrogels enhances drug loading
capacities. In addition, the loaded drug is squeezed out at a faster rate from these systems when
the hydrogel units collapse above volume phase transition temperature (VPTT). The swelling-
collapse properties of the hydrogels have been captured using a robust methodology developed
for the determination of VPTT. A predictive reversibility parameter has been defined for the
first time taking all the system state points into consideration. Thus, the NPs studied within
the scope of this work provide an incremental contribution to the ever expanding search for

smart materials for drug delivery applications.
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1 Motivation

Nanomaterials are promising candidates for diagnosis and treatment of various diseases owing
to their tunable physical, chemical, optical, electronic and magnetic properties among others.
[1, 2] These unique properties of functionalized nanomaterials make their behaviours different
from those of bulk materials with the same compositions.[3] Their physico-chemical properties
are dependent on size, shape, composition and surface chemistry and determine their end uses.
The journey of such nanomaterials from the lab scale to end uses depends on the identification
of a clinical problem and innovative ideas required to solve it through rational design. [4] The
success of therapeutics relies on addressing three critical challenges: first, recognition of the
target cells and tissues; second, sequential overcoming of the natural defenses to reach the
intended site, and third, the ability of delivering multiple therapeutic agents causing a
synergistic effect at the diseased site.[5] Targeted drug delivery and controlled release of drugs
at the site of action have become important in medical science in order to overcome side-effects
caused by accumulation of drugs in healthy tissues and to provide highest therapeutic effect to

the diseased site.

Combining nanoparticles (NPs) with pharmaceutically active compounds like drugs, peptides,
enzymes, antibodies and so on holds great promise in developing smart drug delivery vectors
with unmatched performance and high selectivity. The successful design of these new materials
depends on exhibition of emergent properties stemming from either the NP or the
pharmaceutical compound alone. In addition to being a vector for the pharmaceutically active
compound, the NP core can act as a diagnostic tool, wherein combining therapeutic and
diagnostic capabilities in one single entity. This further opens up the possibilities for using a
plethora of NP combinations to impart several functionalities on such drug delivery systems.
The location of the drug, coupled with interactions between the drug and the carrier become

important parameters for controlling drug release.

This thesis has focused on synthesis and characterization of different metallic and hydrogel
core-shell NPs, followed by functionalization tailored towards making them suitable
candidates in drug delivery. In essence, spherical Fe@Au core-shell NPs and different shapes
and sizes of anisotropic Au nanostructures have been synthesized with control of their physico-
chemical properties, further tuned through surface functionalization. Another part of the thesis
has focused on temperature and pH responsive core-shell nanogels (NGs) that have been

synthesized and optimized in terms of loading and release of model drugs. Their swelling-



collapse properties measured using light scattering have been studied to define a novel
reversibility parameter, for describing such systems that undergo phase changes. Finally, in an
attempt to combine metallic and polymeric NPs, different shapes of nanogel coated Au NPs
have been synthesized and shown to have shape dependent effects on drug loading and release
kinetics. Figure 1.1 shows a synopsis of the different kinds of NPs studied within the scope of
this thesis.

Hybrid NPs

Nanogels

Metallic NPs

Figure 1.1 Major sub-topics covered within this thesis include metallic NPs, nanogels and
hybrid NPs formed by combination of the former.

Within the scope of the introduction to this thesis, a brief overview will be given for different
kinds of nanoparticles (NPs) based on their composition- namely inorganic (Chapter 2),
polymeric based NPs (Chapter 3) and hybrid NPs (Chapter 4). In these chapters, synthesis of
isotropic NPs will be discussed in light of the classical theory of nucleation and growth. This
will be followed by an attempt to understand different mechanisms of growth of gold
nanostructures via seed mediated synthesis method as an example to understand shape
anisotropy in NPs. Different physico-chemical properties of the NPs will be highlighted
including magnetic, optical, swelling-collapse properties among others to understand the
multifunctionality of such nanoconstructs. Finally, potential therapeutic and diagnostic
applications of NPs will be discussed with an aim of understanding the current role of such
multifunctional NPs in nanomedicine. In Chapter 5, various characterization techniques for
determination of size, composition and other physico-chemical properties of NPs will be

discussed within the scope of the research work presented in this thesis. Chapter 6 will highlight



the main findings from the various studies and concluding remarks about the study will be

presented in Chapter 7 along with suggestions for future studies in this direction.



2 Inorganic NPs

The fascinating properties of NPs arise from their size (1-100nm in at least one dimension), in
which size scale, the quantum effects rule the behaviour of particles. The quantum size effect
comes into play when the de Broglie wavelength of the valence electrons is of the same order
as the particle size. The particles then behave electronically as zero-dimensional quantum dots
which can be described using relevant quantum-mechanical rules. [6] Taking advantage of such
properties, it is possible to design multifunctional NPs that can exhibit different emergent

properties from the constituting counterparts.

Based on the composition, NPs can be broadly classified into inorganic, polymeric and hybrid
NPs, the latter being formed by combining inorganic and polymeric counterparts forming a

library of NPs.

Inorganic NPs are primarily constituted of inorganic materials like Au, Ag, Fe, Co, Pt, Ni, Si
and so on. A large majority of inorganic NPs are constituted of metals and often referred to as
metallic NPs while other different categories include semi-conductor NPs, metal oxide NPs
and so on. Metallic NPs can be synthesized using a wide range of methods which vary from
solution based bottom-up approach enabling reduction of a metal precursor in the presence of
a passivating ligand to top-down approaches like lithography, thermal or mechanical methods.
In case of the solution based method, the formation of monodisperse NPs is achieved through
reduction of metal complex in solution, leading to initial nucleation and subsequent growth of
initial nuclei. In order to prevent aggregation of the synthesized NPs, polymeric stabilizers or
other passivating ligands are often used. Thus, this synthesis method requires a precursor,
reducing agent and stabilizer.[7] As this thesis has mostly covered solution based bottom up
methods, the classical theory of nucleation and growth describing this synthesis will be

discussed here.

2.1 Classical Nucleation and Growth

Classical nucleation and growth will be discussed using references [8-11]. Nucleation is the
first step to the formation of NPs in solution. Depending on whether the nuclei start forming in
bulk solution or on solid substrates (like impurities or already synthesized particles), nucleation
could be homogeneous or heterogeneous respectively. In either case, the driving force is

supersaturation (Ap) and is defined thermodynamically as follows:

Ag=KT In(S) (1)



where k is Boltzmann’s constant, T is temperature in K and S is the supersaturation ratio

defined as follows:
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where n, is the number of the i ions in a molecule of the crystal, a;and a, are, respectively,

the actual and equilibrium activities of these ions in the solution, and the denominator is the

solubility product. The activities can be replaced with concentration terms for dilute solutions.

The nucleation rate of N nuclei formed per unit time per unit volume can be expressed as an

Arrhenius form of equation
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where aG_. represents the required lowest energy barrier required to obtain stable nuclei in

crit

solution. Ais a pre-exponential factor. For homogenous nucleation of spherical particles,

3.2
AGcrit = ]-Gva (4)
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where y is the interfacial tension, v is the molecular volume. This leads to a final expression

for the nucleation rate which shows that temperature, supersaturation and interfacial tension

govern the rate.
16777°%?
J=Aexp| ——————— 5
p( 3k, T3(In S)? ©)
In case of heterogeneous nucleation, the overall free energy change associated with the
formation of critical nucleus (aG[;) is lesser compared to that in homogeneous nucleation,

owing to presence of surface (such as container surfaces, primary particles, impurities, grain

boundaries, dislocations) where nucleation can begin.

aG]

crit

= ¢AGcrit (6)

¢ is a factor less than unity.



As soon as the stable nuclei are formed, growth of the nuclei sets in and this determines the
final shapes of the particles. Lamer diagram, shown in Figure 2.1 shows the nucleation and

growth events as a function of time and concentration of the solute.
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Figure 2.1 Lamer diagram showing nucleation and growth of NPs. [12]

However, there exist several theories which try to explain crystal growth, namely — surface
energy theories, adsorption layer theories and diffusion theories. While the surface energy
theories are based on the postulation that the shape will be dictated by minimum surface energy,
the diffusion theories presume that continuous deposition of matter happens as a result of a
concentration gradient between the bulk and the surface. The adsorption layer theories view
crystal growth as a discontinuation process, taking place layer by layer. Among all the theories

mentioned here, the diffusion-reaction theory will be discussed in detail.

Diffusion-reaction theory considers crystal growth to happen due to two steps: a diffusion
process by which solute molecules are transported from the bulk of the solution to the solid
surface and a first-order reaction when these transported solute molecules arrange into the

crystal lattice. These two processes can be represented by the following equations:

dm

5 = KeA(C-C) W
dm e
E_krA(Ci c’) 8)



Here, m= mass of the solid deposited in time t, k, = mass transfer coefficient based on
diffusion, k, = rate constant for surface reaction process, A= surface area of the crystal,

C, = solute concentration in the solution at the crystal-solution interface, C"= equilibrium

saturation concentration, C = solute concentration in the supersaturated solution.

A generalized equation for crystallization based on the overall driving force can be written as

follows:

dm

E_KGA(C—C) Q)

Where, K is the overall crystal growth coefficient and g is referred to as the order of the

overall crystal growth.

For growth controlled by surface integration, three mechanisms can be distinguished — namely
2D-nucleation, spiral growth and rough growth. For relatively large values of supersaturations,
2D-nucleation of growth sites can appear. This generates the necessary kinks for further
growth. If the rate of lateral growth of the 2D-nuclei is high in comparison to the nucleation
rate, the surface is smooth. For even higher supersaturations, the nucleation rate dominates the
process and the surface becomes rough. A number of experimental findings have shown that
crystals grow fast, at supersaturations much lower than necessary for 2D-nucleation to occur.
Most crystals contain dislocations which cause steps to be formed on the faces and promote
growth (Spiral growth). For relatively higher supersaturations, growth units attach anywhere
on the crystal surface (terraces, steps or kinks) making the crystal surface rough, so called

rough growth.

A generalized expression for reaction controlled growth can be represented by the following
equation:
G=k,(S-1)° (10)

where, G represents the crystal growth rate, k; is the growth rate constant that scales with
solute concentration and g, known as the order of crystal growth process, takes on different
values depending on the type of growth. Most commonly, the following values are observed:

Spiral growth (low S): g=2

Spiral growth (high S): g=1



2D-nucleation: g>2

Rough growth : g=1
Thus, the two principal events, namely nucleation and crystal growth influence both the size
as well as the shape of the resultant NPs. In the next subsections, two specific examples of
inorganic NPs, viz. Au and Fe will be discussed, with emphasis on their physico-chemical

properties.

2.2 AuNPs

Au NPs have proven to be promising candidates for biomedical applications owing to their
excellent biocompatibility, ease to be surface-functionalized and low toxicity.[13] Their
applications range from bioimaging, immunoanalysis, photothermal therapy, targeted delivery
of drugs, DNA and antigens; biosensing and monitoring of cells and tissues using modern
registration systems.[14] The wide range of applications of Au NPs stems from the ease with
which the gold surface can be functionalized with a large variety of chemical moieties in

addition to their remarkable optical properties.

2.2.1 Optical Properties

In a small metal NP (Rayleigh scattering regime; a/A < 0.1; where a is the radius of the NP and
A is the wavelength of the incident light)), the incident electromagnetic (EM) wave exerts a
force on conductive electrons and displaces them from their equilibrium positions to create
uncompensated charges at the NP surface. Polarization of the particle surface produces a
restoring force. When the frequency of oscillation matches the frequency of the incoming wave,
the excited NP behaves like a resonance oscillator. This effect is termed as localized surface
plasmon resonance (LSPR)(Figure 2.2). These interactions between the incoming photons and
the surface electrons of Au NPs result in high absorption coefficient, exhibited through a

maximum absorption peak in UV-visible (UV-Vis) spectroscopy. [15]

Electric field

Metal sphere = o=

Electron cloud

Figure 2.2 Schematic showing localized surface plasmon reference (LSPR) in a metallic NP.
[16]



Mie-Drude theory helps predict the position and shift of LSPR peaks. Mie solved the
Maxwell’s equations using quasi- static approximation, for a spherical nanoparticle of radius
a, irradiated by z-polarized light of wavelength A. When a/A < 0.1, the magnitude of the electric
field appears static around the NP. Solving the Maxwell’s equation using the quasi static

approximation yields the following EM field outside the particle:

— s | €& Z 3z, . . _4
E..(XY,2)= Eoz—{ﬁ}a%o [r—g—F(xx+yy+zz)} (11)
out

in

&, is the dielectric constant of the metal NP, &, is the dielectric constant of the medium. Under

out
such conditions, when the dipole oscillation contributes significantly to the extinction cross-
section, a simplified expression for the extinction cross-section can be obtained as below:
3
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where g and &, are the real and imaginary parts of the complex metal dielectric function

respectively:
&, =& +ig, (13)

When the dielectric constant of the metal is roughly equal to —2¢_, , the EM field is enhanced

out ?
relative to the incident field, a condition defined as LSPR. For spherical Au NPs, LSPR
maximum is obtained around 520 nm, however, the peak position is dependent on size, shape,

material and local dielectric properties.[16]

Awex » the wavelength at which LSPR happens has a functional dependence on the dielectric

function of the medium. In order to establish this, Drude model, [17, 18] that describes how
the free electrons experience damping due to the positive lattice and applied EM field, is used

to define ¢,

2

@
&g =1- e 14
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Where, o, is the plasma frequency, y is the damping parameter of the bulk metal. For visible
and near infrared frequencies, y<< ,. Further, at resonance condition, equation (14)

simplifies to:



o = (15)

™ 28 +1

., 15 the LSPR peak frequency, related to 4_,, as follows:
A =— (16)

where, ¢ is the velocity of light. Substituting ¢, =n,,,” in equation (15) provides the following

— out

expression:

Aax = ﬂp,/2n§ut +1 ()]

Where, 4, is the LSPR peak wavelength and 4, is the wavelength corresponding to the

plasma frequency of the bulk metal and n_ is the refractive index of the medium.

out

Introduction of a thin surface layer changes the extinction cross-section given by: [19]

o =47rR2k*Im{ (2. = )6 =22) + (= 0)(6 =2 )(an +28) | 1q)
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where, &, ¢, are the complex dielectric functions of the core and the shell respectively, g is

the volume fraction of the shell layer and R is the radius of the coated particle.

The changes in the local environment, due to the presence of an adsorbed species will also

cause a shiftin A4, as follows:[16]

A, =MAN {1— exp [ _|2d ﬂ (19)

d

Here, mis the bulk refractive index response of the NPs, An is the change in refractive index

induced by the adsorbate, d is the effective adsorbate layer thickness, and 1, is the

characteristic EM-field-decay length.

Introduction of anisotropy also changes the extinction cross-section. For elongated ellipsoids,

using the dipole approximation according to the Gans treatment, the extinction is given as:[18]

= Zﬁgitv (j/ PJZ ) &2 (20)
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Where P;s are the depolarization factors along the three axes A, B and C respectively of the

nanorod (NR) with A > B = C, defined as

1-e*| 1, (1+e
p==—% | —n[=*% |1 21
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= ﬂ (22)
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Where AR is the aspect ratio (A.R) of the NRs.

The extinction spectrum in equation (20) shows two peaks, one corresponding to the transverse
plasmon mode (x,y contributions) while the other corresponding to the longitudinal plasmon
mode (z contribution) (Figure 2.3).

Absorbance (normalized)
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Figure 2.3 UV-Vis spectra of colloidal water suspensions of Au nanostructures. Dotted curve:
nanospheres (diameter 15-25 nm). Solid curve: low A.R. NRs. Dashed curve: high A.R. NRs.
Extinction is normalized at ca. 520 nm. [20]

The factor weighting ¢, , which is 2 for spherical particles, is [(l— P; )/Pj], a quantity that

increases with A.R. and can be much greater than 2. This leads to a bathochromic shift (red
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shift) of the plasmon peak with increasing A.R., as well as increased sensitivity to the dielectric

constant of the surrounding medium. [17]

2.2.2 Anisotropic Au nanostructures

Fine controlling the A.R. (defined as the ratio of length to diameter) of Au nanostructures has
become important, as this enables wide range of optical properties that can be explored by
changing the A.R. Anisotropy splits up the single LSPR band, generally observed for spherical
Au NPs, into at least two distinct peaks, representative of the transverse and longitudinal axes.
The larger A.R structures have a larger extinction coefficient, whereby they scatter more light
at longitudinal plasmon wavelength, thereby rendering improved applications in optical
imaging. On the other hand, the smaller A.R. structures absorb more light at the longitudinal

plasmon wavelength, paving way for photothermal applications (Figure 2.3).[21-23]

The most common synthetic methods for Au NRs can be broadly divided into — (a)
Electrotemplated synthesis [24] (b) Photochemical reduction technique [25] (c) Three step
seeded growth [26] (d) One step Ag-assisted seeded growth [27] and (e) ‘Seedless’ growth
approach.[28]

In recent years, the seeded growth synthesis has gained immense popularity owing to the fact
that a wide array of shapes and sizes can be synthesized using modifications that include small
organic additives, binary surfactant mixtures and other synergistic strategies to help control
growth.[29-32] The seeded growth procedure utilizes small Au NP seeds (~1.5 nm) stabilized
with a cationic surfactant, CTAB (Cetyltrimethylammonium bromide). The growth solution is
made of chloroauric acid (HAuCls), CTAB and a small amount of silver nitrate (AgNO3)
wherein, ascorbic acid that reduces Au** to Au*l, is added. Thereafter, the seed solution is
added to the growth solution and the nanostructures are allowed to grow at 35°C. The resulting
solutions are purified using dialysis or centrifugation. This method always results in lower A.R
( 1.5- 5) rods as compared to the seeded growth without Ag.[33] However, modifications in
this method using binary surfactant mixtures have also made it possible to synthesize high A.R.

structures.[34] A schematic of the overall process is depicted in Figure 2.4.
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Figure 2.4 Schematic showing a Ag-assisted seeded growth process for synthesis of anisotropic
gold nanostructures.

The underlying principle for seeded growth method comprises two fundamental steps — (i)
generation of Au seed particles at high values of supersaturation, (ii) followed by directed
growth of these seed particles in the presence of surfactants, organic additives or binary
surfactant mixtures at low values of supersaturation. In the first step, high supersaturation is
used to generate very small and uniform, spherical seed particles. Thereafter, the reaction
conditions are altered by using a milder reducing agent than used in the first step. The growth
of the nanostructures is affected at a much slower rate in this step by using a templating
surfactant or molecule, that directs the seeds to grow into larger particles of defined
morphologies.[35] In order to explain the differences in structures obtained using the Ag-

assisted seeded growth synthesis, three different mechanisms have been proposed.

These include metallic silver serving as capping agent at certain faces of the nanostructures,
the Ag-surfactant complex serving as a face-specific capping agent, and silver ions changing

the shape of surfactant micelles (micellar template growth) (Figure 2.5).[36]
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Figure 2.5 Simplistic overview of (a) Ag under potential deposition (b) face specific capping
and (c) surfactant templating as mechanism for growth of Au NRs.[36]

2.2.2.1 Under-potential deposition (UPD)

UPD refers to the electrodeposition of metal monolayer(s) on a foreign metal substrate at
potentials significantly less negative than that for deposition on the same metal surface as the
adsorbate.[37] The underpotential shift is proportional to the work function difference of the
two metals. The work function of Ag is lower than that of Au by more than 0.5 eV; therefore,
the UPD of Ag over Au is expected.[38]

A compact silver monolayer can be formed preferably on the {110} facets of the gold
nanocrystals. The {110} facet is not a densely packed surface, and it has higher energy than
the {100} and {111} facets.[39] The silver monolayer over Au {110} acts as a strongly binding
surfactant to protect the facet from further growth. The top faces of the growing NRs (i.e., Au
{100} facets) are only partially covered by Ag, and therefore grow faster, leading to a one-
dimensional growth along the {100} direction. The orientation of the NRs on the carbon grid,
further indicate that the {110} facets are in fact dominant during the growth process. Although
advanced characterization techniques should be able to locate the presence of Ag on the Au
NR surfaces, it is very difficult to ascertain the state of silver (metallic or ionic), since these
exist in a dynamic equilibrium under atmospheric conditions. [40]. This has led researchers to
believe that instead of elemental Ag, face specific capping could be due to other Ag based

structures.
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2.2.2.2 Face-specific capping

This mechanism of Au NR growth relies on the fact that an Ag(l) bromide complex adsorbs to
specific faces, promoting anisotropic growth. A complex between CTAB and Ag bromide has
been recognized by nuclear magnetic resonance (NMR) and X-ray photoelectron spectroscopy
(XPS) to be the entity at the surface of Au NRs, resulting from an in situ formation during the
synthesis protocol.[41] The basic difference with the previously mentioned mechanism is what

initially binds to the surface with minor difference in how the reaction proceeds.

The reduction of silver ions under synthesis conditions can be neglected since the reducing
power of ascorbic acid is too positive at low pH.[42] On the other hand, the concentrations are
above the solubility product of bulk AgBr (Ksp = 5.35 X 10%), thereby facilitating the
formation of AgBr on the gold NRs.This AgBr is presumed to deposit on rod surfaces at the
Au-CTAB interface. This helps in stabilizing the rods and further help direct growth by
hindering growth from a specific facet. The less densely covered facets are thereby promoted
to grow in this approach. Evidence that points to the presence of AgBr on the NRs includes
chemical shifts in 1H NMR spectra for capped Au NRs being identical to that of a AgBr-CTAB
preformed complex and XPS data that suggest that the detectable silver is present as Ag(l).
[43]

2.2.2.3 Surfactant Templating

One of the most widely accepted mechanisms in connection to growth of Au NRs by the seed
mediated approach is the surfactant templating. Surfactants are well known to act as soft
templates or nano-reactors in determining the shape and size of the formed NPs. The micelles
containing reactants collide owing to Brownian motion, occasionally coalesce and exchange their
contents leading to reaction. [44] The critical packing parameter (CPP) of a surfactant that takes

into account the volume of the hydrophobic chain (V. ), the cross sectional area of the

hydrophobic core of the aggregate expressed per molecule in the aggregate (a), and the length

of the hydrophobic chain (L) gives an overall behaviour of the surfactants in solution.

CPP = & (24)

Among the major properties that can be exploited from the knowledge of CPP, the most
important for the ongoing discussion is the different shapes of micelles that stem from varying
CPP. The micelles can range from spherical, cylindrical, bilayers or even inverted structures

when the CPP varies. [45] The mechanism employing surfactant templating emphasizes that
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CTAB micelles are inherently rod-shaped under Au NR synthesis conditions. This happens due
to a simultaneous action of the silver and bromide ions which alter the shape of the CTAB

micelle. Thus, the micelles do act as soft templates to direct AUNR growth.[28]

Although, the above mentioned hypotheses are often used to explain the growth of Au
nanostructures in case of seed-mediated method, it is very difficult to account for various
shapes with absolute certainty. Therefore, several combinations are often used to interpret the
growth processes. An alternative to this growth limit has been proposed as a two-step process.
Initially, the Au NPs grow anisotropically up to a maximum A.R. Thereafter, the micelles burst
out releasing the NRs which finish their growth isotropically until the growth reagents are
exhausted.[46] With the advent of new in-situ characterization techniques like liquid-cell TEM,
small angle X-ray scattering (SAXS) and already existing robust techniques like XPS, UV-Vis,
NMR, it might be possible to address some of the key issues towards identifying which
mechanistic route the synthesis is following. Although, atomistic description of the role of
different compounds in the synthesis of NRs has been discussed elsewhere, [47] it might also
be possible to do molecular simulations to scan through energy configurations of intermediate
entities expected to be formed. It might also be possible to do a detailed energy configuration

analysis of the various facets to better appreciate the growth parameters.

2.3 FeNPs

Magnetic nano-particles (MNPs) form an important class of nanoscale materials, finding wide
applications in targeted drug delivery, magnetic resonance imaging (MRI), diagnosis and
treatment of illnesses such as cancer, cardiovascular diseases, and neurological diseases among
other applications.[48] In addition, Fe oxide NPs upon successful guidance to the tumours, can
be used to kill malignant tissues via hyperthermia.[49] Current clinical diagnostic and
therapeutic techniques have already been influenced by their unique physical properties and

ability to function at the cellular and molecular level of biological interactions.

2.3.1 Magnetic properties

Magnetism originates from the magnetic dipoles associated to the electron spin and orbital
moment. Magnetic materials are classified based on the external energy required for the
reversal of their magnetization, more precisely quantified based on magnetic susceptibility (),
which is defined as the ratio of the induced magnetization (M) to the applied magnetic field

(H). Based on these, materials can be classified into the following three categories:
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i) Diamagnetic materials- In diamagnetic materials, the magnetic moment is
antiparallel to H resulting in very small and negative susceptibilities (—107° to
—1073). They do not retain magnetic properties when the external field is removed.

i) Paramagnetic materials- Materials with magnetic moments aligned parallel to H and
susceptibilities on the order of 107° to 107! are described as paramagnetic.

iii) Ferri- and ferromagnetic materials - In these materials, magnetic moments also
align parallel to H, coupling interactions between the electrons of the material result
in ordered magnetic states, i.e., magnetic domains, and large spontaneous
magnetization. The susceptibilities of these materials depend on their atomic

structures, temperature, and the external field H.

Typically, the saturation magnetization (Ms) values of NPs, corresponding to the complete
alignment of all individual moments in a sample, are smaller than their corresponding bulk
phases due to disordered crystal structure resulting from high surface curvature, which

increases with particle size reduction.

For nanometric sizes, ferri- or ferromagnetic materials, such as MNPs, become a single
magnetic domain and therefore maintain one large magnetic moment. However, at sufficiently
high temperature, called the blocking temperature Tg, thermal energy is sufficient to induce
free rotation of the particle resulting in a loss of net magnetization in the absence of an external
field. This property, marked by the lack of remnant magnetization (Mg) after removal of
external fields and zero coercivity (the external field required to reduce the magnetization back
to zero, Hc), is known as super-paramagnetism.[50, 51] This describes the magnetic behavior
of a material in which all the spins are always collinear to each other but its anisotropy energy
is too low to keep them aligned along a particularly stable magnetocrystalline direction.
Furthermore, the coupling interactions within these single magnetic domains result in much
higher magnetic susceptibilities than paramagnetic materials, this transition happening below
the Curie temperature of the material. Figure 2.6 shows the differences in magnetization

behaviours for superparamagnetic and ferro/ferri magnetic materials.
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Figure 2.6 Parameters describing the strength and magnetization of superparamagnetic (SPM),
ferrimagnetic and ferromagnetic(FM) materials.[50]
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3 Polymer based NPs

Polymer based NPs represent a wide collection of NPs that have gained immense interest in
the field of drug delivery, owing to their biodegradability, biocompatibility, ease of surface
functionalization, controlled degradation, capability to carry hydrophobic drugs among other
properties.[52] They occur in mostly two forms - nanospheres and nanocapsules. While in case
of nanospheres, drug molecules may be adsorbed or bound at the surface or encapsulated within
the particle, nanocapsules are vesicular systems in which the drug is confined to a cavity
consisting of a liquid core (either oil or water) surrounded by a shell. [53] The drug is more
protected in the latter case, while the position of the drug in case of nanospheres will largely

dictate the release profile.

3.1 Classification

There can be different basis for classification of such NPs. Based on synthesis, they can be
prepared either from preformed polymers or by direct polymerization of monomers using
classical polymerization. Dispersion of preformed polymers can be carried out via solvent
evaporation, nano-precipitation, salting-out, dialysis, supercritical fluid technology among
others, while direct polymerization can be carried out via micro-emulsion, mini-emulsion,
surfactant-free emulsion, interfacial polymerization, controlled/living radical polymerization
and so on.[53]

Based on the composition, polymer based NPs can be classified into polymeric NPs, micelles,

or dendrimers.

3.1.1 Polymeric NPs

Polymeric NPs include naturally occurring albumin, chitosan, and heparin or synthesized
polystyrene-maleic anhydride copolymer, polyethylene glycol (PEG), and poly-L-glutamic
acid (PGA) among others that feature drug conjugation to the side chain with a cleavable linker.
Some examples include Albumin-Taxol (Abraxane), PGA-Camptothecin (CT-2106) PGA-
Taxol (Xyotax). [54-56] Another category of NPs that falls in this sub-class are hydrogels —
three dimensional structures that have high affinity for water. As this thesis has dealt with

hydrogels and hydrogel based NPs, this will be dealt with in subsequent sections.

3.1.2 Polymeric micelles
Polymeric micelles consist of a hydrophobic core and hydrophilic shell made up of block
copolymers. The inner core encapsulates the poorly water-soluble drug, whereas the outer shell

or corona of the hydrophilic block of the copolymer protects the drug from the aqueous
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environment. The outer layer further stabilizes the NPs against recognition in vivo by the
reticuloendothelial system (RES). In addition to the already mentioned advantages of polymer
based NPs, these micelles can be engineered by means of ligand coupling or addition of pH-
sensitive moieties, strategies that improve active targeting to the diseased site.[57] The
synthesis of such NPs involves two main steps: synthesis of the amphiphilic block copolymer
and its conversion to micelles at critical micelle concentration (CMC) using various techniques.
PEG-pluronic-Doxorubicin, PEG-PolyAcrylic acid- Doxorubicin (NK911) are some examples

of polymeric micelles widely studied for cancer treatment.[58, 59]

3.1.3 Dendrimers

Dendrimers are hyper-branched structures, characterized by 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, creating a
microenvironment surrounded by the dendritic branches. These three parts of the dendrimer
can be tailored specifically for the desired purposes, that include applications as drugs for
antibacterial and antiviral treatment, as glycocarriers for targeting modified tissue in malignant
diseases or as scaffolds for presenting vaccine antigens among others. [60] Besides being
responsive to pH, salt concentration, ionic strength, several of them are non-toxic, non-
immunogenic, able to cross bio-barriers such as intestine, blood-tissue barriers, cell membranes
and are able to stay in circulation long enough to target specific structures. One of the most
widely studied dendrimer systems for drug delivery applications includes Polyamidoamine
(PAMAM) based systems like PAMAM- Methotrexate, PAMAM-platinate and so on.[61, 62]
However, toxicity related to these products have prevented most of them from making to
clinical trials. On the other hand, Stratus CS Acute Care (Dade Behring), containing dendrimer-
linked monoclonal antibody, and SuperFect (Qiagen), a product based on modified “Tomalia-
type PAMAM” dendrimers, are already in the market as FDA (U.S. Food and Drug
Administration) approved products. [63]

3.2 Hydrogels — Synthesis, properties and applications

Hydrogels are three dimensional gel networks composed of a hydrophilic organic polymer
component that may absorb from 10-20% up to thousands of times their dry weight in
water.[64] Hydrogels in the nano-regime are often referred to as nanogels (NGs). In this work,
these would be used interchangeably. The high water content gives rise to the fluid-like
transport properties. The hydrophilic polymer units are cross-linked, leading to dimensional

stability. Cross-linking can either be by covalent interactions (permanent or chemical gels) or
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noncovalent interactions like molecular entanglements, and/or secondary forces including
ionic, H-bonding or hydrophobic forces (reversible or physical gels).[65] Besides this
classification, hydrogels can be naturally occurring such as collagen, gelatine, starch, alginate,
agarose or synthetic, that are prepared using chemical polymerization methods. Although, these
are the most commonly used classifications, there exist in literature several other
classifications, for example, based on polymeric composition, configuration, physical

appearance, electrical charge among others.[66]

Hydrogels can show remarkable stimuli responsiveness wherein, they are capable of
undergoing swelling-collapse in response to a wide range of stimuli that include temperature,
electric or magnetic field, light, pressure, sound, pH, solvent compasition, ionic strength, and
molecular species.[67-69] These offer several advantages over conventional drug delivery
systems such as liposomes, microspheres, cyclodextrins and so on not only by providing a finer
temporal control over drug release due to their large surface area, but also by allowing longer
circulation times and targeting properties upon suitable functionalization. Further, hydrogels
are known to provide high encapsulation stability to the drug molecule in addition to high

loading and encapsulation efficiencies, rendering longer circulation times.[70]

One of the most widely studied class of responsive polymers is temperature responsive
poly-(alkylacrylamides), specifically poly(N-isopropylacrylamide) (pNIPAm). There exist
hydrogen bonds between the amide side chains of the polymer molecules and water. The
isopropyl group on the side chain induces hydrophobic structuring of the water leading to
entropically driven polymer-polymer interactions, known as the hydrophobic effect. The
conformation of the polymer chains in a solvent are guided by the interactions between solvent-
solvent, solvent-polymer and polymer-polymer, often described in terms of the solubility

parameter (). A polymer molecule stays in a random coil-structure in solvents for which
1 < 0.5, whereas, it transforms into a globule structure at % > 0.5.[71] In case of pNIPAM, this

coil to globule transition happens at a certain temperature called the lower critical solution
temperature (LCST ~ 31° C), where there is a phase separation.[72] This happens due to an
entropically favoured release of bound and structured water at high temperatures, owing to
breakage of hydrogen bonds. This in turn makes the polymer—polymer hydrophobic
interactions dominate over the polymer—solvent interactions, leading to phase separation. In a
similar way, the cross-linked hydrogels obtained from this polymer swell in water under a
critical temperature and collapse above it. This temperature is called the volume phase
transition temperature (VPTT) of the hydrogel.[73] While LCST or VPTT is defined as a single
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temperature from a thermodynamic standpoint, real systems undergo phase transition over a
range of temperatures owing to inherent polydispersity stemming from different chain lengths,
branching, crystallinity.[74] In addition, system polydispersity arises due to different
crystalline and amorphous domains within the particles, particle size distribution and
flocculation states. A common method to estimate this transition temperature is to measure a
spectroscopic parameter like optical density, turbidity, absorbance, size or specific heat as a
function of temperature and assign the transition temperature at the average of the sigmoidal

plot of the curve or at the mid-point of the range.[75-79]

One of the most common methods used for synthesizing thermo-sensitive hydrogels is free
radical precipitation polymerization.[80] The major advantage of this method is the ease with
which particles having a very narrow size distribution can be produced. Synthesis happens via
homogeneous nucleation above the LCST of the homopolymer. Under these conditions, the
initiator decomposes to release sulphate radicals. The NIPAm monomer is attacked by the
sulphate radical, leading to radical propagation and chain growth. Upon reaching a critical
length, the chain collapses upon itself forming precursor particles, and hence the name
precipitation polymerization (Figure 3.1). The precursor particles further grow by aggregation
with other precursor particles. This can happen via capture by existing particles, capture by
growing oligoradicals, and by monomer addition. In most cases, the charge imparted by the
initiator stabilizes the hydrogels once they have reached a critical size. Although, commonly
used anionic surfactants like sodium dodecyl sulphate (SDS) also serves the purpose of initial
colloidal stabilization of the nuclei particles. Hence, the surfactant concentration can be tuned
to control the size of the hydrogels.[65] Although the surfactant plays a major role in
controlling the size of the hydrogels, their presence in the final product can be a deterrent to
uses in biomedical applications owing to immune responses, non-degradability and/or

degradation to harmful remnants.

: : Precursor Growing
Oligoradical Particle Particle

Nanogels

Figure 3.1 Schematic showing precipitation polymerization of hydrogels. [65]
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Multi-response is introduced in these hydrogels by incorporating pH-dependent co-monomers.
One of the frequently studied temperature and pH-dependent hydrogels is that of
poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc). [81, 82] The addition of
another stimuli responsive block allows for multiple phase transition behavior with temperature
besides adding response to two external stimuli, viz. temperature and pH. pNIPAmM-AAc
undergo collapse with decrease in pH. This happens due to protonation of the carboxylic acid
groups of the poly AAc blocks with an increasing pH. The thermodynamic model developed
by Siegel can be used to explain the swelling/deswelling characteristics while changing the pH
of the medium.[83] This model considers three sources contributing to the total free energy -
(i) hydrogel-solvent system; (ii) hydrogel-solvent mixing, (iii) deformation of polymer
networks and osmotic pressure of mobile ions. The hydrogel-solvent mixing component is
dominated by the poly AAc segments that undergo dissociation with an increase in pH. A
dramatic decrease in the free energy of mixing is caused when the pH changes from low to
high values, since dissociated poly AAc segments are more hydrophilic than non-dissociated
segments. This hydrophobic to hydrophilic transition thus explains the consequent swelling of
the hydrogels upon increasing pH. However, this dissociation is affected by the deformation
degree of the polymer network, mostly affected by the cross linking density and the osmotic
pressure of OH and Na* ions. A sharp volume transition happens at a pH slightly below neutral
conditions. This is reflective of the fact that pH is high enough to overcome the osmotic
pressure leading to counter-ion-shielding effects within the poly AAc domains. [84] A
synergistic effect of the favourable free energy of hydrogel-solvent mixing and de-cross-
linking of bound poly AAc segments in the domains comes into play once the osmotic pressure

is overcome, causing further swelling with increase in pH.

pNIPAmM based hydrogels have been shown to be effective candidates in biomedical
applications with examples ranging from tumour-targeting, bioresponsive microlenses,
nonfouling biomedical device coatings, RNAinterference (RNAI) carriers for cancer therapy

among other applications.[85] Some of the recent advancements are discussed here.

pPNIPAM based hydrogels using two biodegradable crosslinkers, poly(3-caprolactone)
dimethacrylate (PCLDMA) and bisacryloylcystamine (BACy) have shown a thermo-induced
slow sustained and a reduction-induced fast release of Levofloxacin. In addition, these could
be biodegraded slowly in the presence of glutathione (GSH), the main reducing agent inside
cells, at 37°C.[86] Intravitreal injection of a Polyethylene (glycol) Diacrylate (PEG-DA)

crosslinked pNIPAM hydrogel was developed for injectable drug delivery on retinal function.
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These showed a VPTT approximately 32 °C, above which the swelling behaviour decreases
with subsequent burst release. The gel was able to encapsulate and release various proteins
including bovine serum albumin (BSA), immunoglobulin G (IgG), and, finally, bevacizumab
and ranibiumab.[87] In another interesting study, peptide-labeled poly(N-
isopropylmethacrylamide) (pNIPMAM) hydrogels with a high loading capacity for siRNA
have been developed and have been shown to effectively target ovarian carcinomas via
receptor-peptide binding.[85] In a recent study, poly (amido-amine) (PAA) cross linked
pNIPAM based hydrogels have been shown to effectively load activin B (a transforming
growth factor known to possess neuroprotective behaviour). Thereafter, the hydrogels showed
sustained release of activin B for over 5 weeks whereby contributing to substantial cellular
protection and behavioural improvement. The authors suggest their potential as a therapeutic

strategy for Parkinson’s Disease. [88]
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4 Hybrid NPs

As the name suggests, hybrid NPs are formed by combinations of the different inorganic NPs
discussed in Chapter 2 and polymer based NPs discussed in Chapter 3. The main advantage of
researching on hybrid NPs is their multifunctionality, stemming from both the counterparts.
However, incorporation of both the counterparts can give rise to different morphologies that
include core-shell, Janus or dumbbell shaped NPs, alloy NPs, layer-by-layer coated (LBL) NPs,
or self-assembled NPs. The discussion here will be limited to core-shell NPs.

The thickness of the core and shell can affect the surface properties. Besides, the physico-
chemical properties are affected by the relative thickness of core and shell components,
diameter, composition and synthesis employed.[89] Core-shell NPs have received much
attention due to their superior optical, electronic, catalytic, magnetic, gelling, stimuli-
responsive properties emanating from both the core and shell. By combing different cores with
shells, a multitude of properties can be mixed and matched to suit the needs of desired
applications. Further interest in these materials stems from the adaptability of their structure
and versatility in environmental, biomedical and catalytic applications. [90, 91] However,
proper control of shell thickness and uniform coating of the shell are problems associated with
the various synthesis methods. The most commonly observed difficulties stem from
agglomeration of core particles in the reaction media, formation of separate particles of shell

material, incomplete coverage of the core surface, and control of the reaction rate.[92]

Core-shell hybrid NPs can be classified into the following three categories based on the
material comprising the core and the shell: Inorganic core-inorganic shell, polymeric core-
polymeric shell, inorganic core-polymeric shell or vice-versa. (Figure 4.1) Besides these, there

could be multiple shells on a single core.[92]

(a) Inorganic (b) Polymeric ©) Inorganic Polymeric

Polymeric Polymeric Inorganic

Inorganic

Figure 4.1 lllustration showing different kinds of Core-Shell Hybrid NPs.

The core-shell fabrication can be achieved either in-situ (during synthesis) or post-synthesis,
wherein, the shell is grown atop the core NPs, after the core synthesis reaction has happened.

Some of the most commonly used synthesis protocols are discussed here.
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4.1 Synthesis Methods

The most common method for synthesis of inorganic core-shell NPs features solution based
synthetic route using a metal precursor, reducing agent and/or passivating ligand. Post
synthesis of the shell is done atop the core NPs using the second metal precursor. Core (Fe,
Cu)-Shell (Au, Pt, Pd, and Ag) NPs have been synthesized in presence of ascorbic acid/Vitamin
C in aqueous medium, where, Cu and or Fe served as nucleation sites for the growth of a noble
metal nanoshell overlayer.[93] Core-shell structured FezOs@Au and FesOs@AuU@Ag NPs
have been synthesized by depositing Au and Ag on the Fes04 NP surface in aqueous solution,
after transferring the oleylamine and oleic acid capped FesOs NPs (synthesized via thermal

decomposition) to the aqueous phase.[94]

Another commonly used method for core-shell NPs is the reverse micelle based synthetic route.
(Figure 4.2) This method employs mixing two reverse micellar solutions, one containing the
metal precursor and the other containing the reducing agent. The drops collide owing to

Brownian motion, occasionally coalesce and exchange their contents leading to reaction. [95]
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Figure 4.2 Schematic showing reverse micelle based synthetic route for metallic NPs.



These nano-sized droplets act as the nano-reactors for the synthesis of desired NPs of various
shapes and sizes. As the reactants are confined within the droplets, size and shape control of
the synthesized NPs are easily achieved by controlling the size of these droplets. Core—shell
iron—gold (Fe@Au) NPs have been synthesized by a reverse micelle procedure, wherein the Fe
core was first synthesized, followed by formation of the Au shell.[96] Ni@Au NPs have been

chemically synthesized through a redox-transmetalation method in reverse microemulsion.[97]

Core-shell hydrogels are most commonly synthesized via precipitation polymerization,[98]
that happens in a two-step process, formation of the core followed by the shell. Similar to the
core synthesis, the reaction is performed at a temperature higher than the VPTT, whereby, the
core particles are in a collapsed state and serve as nuclei for growth of the shell. pNIPAmM-AAc
hydrogels have been synthesized using this method, with fine control of size and polydispersity
of the NPs.[69]

Although core-shell NPs find potential applications in biomedical field that include controlled
release of drugs, targeted drug delivery, bioimaging, cell-labelling, biosensors among others,

the current discussion will be limited to their applications in the field of drug delivery.

4.2 Drug Delivery Applications

Current research focusses on controlled release of drugs, with greater emphasis on targeting
nanocarriers loaded with desired drugs to the diseased site. The drug can reach the intended
site via passive or active targeting. The former consists of the transport of nanocarriers through
leaky tumor capillary fenestrations into the tumor interstitium and cells by convection or
passive diffusion, a phenomenon known as enhanced permeability and retention (EPR) effect.
On the other hand, active targeting involves ligands attached at the surface of the nanocarriers
for binding to appropriate receptors expressed at the target site.[99] Once the nanocarrier has
reached the site of action, it has to be further taken up inside the cells, so that the drug can be
released inside the cells. This happens via endocytosis, an active transport process.[100] The
release of the drug is dependent on the interaction between the drug and the carrier as well as
the release medium, method of drug loading, material properties of the carrier among other
factors. Here, some of the frequently used models to understand release of drugs from

nanocarriers, will be discussed.

4.2.1 Drug Release models
Controlled release of a drug is further dependent on drug release mechanisms which can be

diffusion-controlled, chemically controlled, osmotically controlled or swelling and/or
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dissolution-controlled.[101] Some of the widely used models describing release kinetics are
highlighted here.

Diffusion- controlled systems can either have the drug separated from the environment by a
thin membrane (reservoir systems) or the drug dispersed/dissolved in the polymer matrix

(matrix systems).

The diffusion in one dimension can be described using Fickian diffusion theory:
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where, ¢, is the concentration of species i, D, is the diffusion coefficient of species i in the
polymer matrix, and z and t represent position and time, respectively.

Irrespective of the geometry, the drug release rate is of zero-order for reservoir systems. In this

case D, is independent of concentration and equation (25) becomes:
% _p @ (26)
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However, in case of matrix systems, the solubility of the drug in the polymer matrix becomes
a controlling factor for the drug release. D, is affected by the structural characteristics of the
polymer. Solving equation (25) for different geometries yields a t*2 dependence of the drug

release in most cases.

One of the most used models to describe release from matrix systems, based on pseudo steady

state assumptions, is the Higuchi model, given by:

M, = A,/DcS (2c,—c )t (27)

Here, M, represents the cumulative amount of drug released at time t, A is the surface area of
the device, D is the drug diffusivity in the carrier, ¢, and c, are the initial drug concentration and
the drug solubility within the polymer, respectively.

Besides these, a semi-empirical power law equation has been widely used to describe drug

release from polymeric systems:
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Here, M, and M are the cumulative amounts of drug released at time t and infinite time,

respectively; k contains structural and geometric information about the device, and n is
indicative of the drug release mechanism (Table 4-1). [102] Fickian diffusion is characterized
by diffusion coefficient, while Case- Il transport is described by a relaxation constant that
accounts for the swelling-collapse behaviour of the drug delivery system. Anomalous release

behavior is intermediate between Fickian and Case-11.[103]

Table 4-1 Drug release mechanisms from different geometries based on the values of n.

0.5 0.45 0.43 Fickian diffusion
05<n<1 045<n<0.89 0.43<n<0.85 Anomalous transport
1 0.89 0.85 Case-II transport

Drug release from polymer systems that swell due to solvent influx may be described by
Narasimhan and Peppas model for polymer dissolution based on the molecular mechanism.
The model describes solute transport in a one-dimensional system, such as a film, slab, disk or
tablet.

M, Voo +Va
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where, L is the half-thickness of the polymer and v, and v, are the equilibrium and

characteristic concentrations of drug. A and B are parameters that depend upon the diffusion

coefficients, the chain disentanglement rate, and the solvent and drug concentrations.[104]
4.2.2 Hybrid NPs in drug delivery

Ferrogels consisting of superparamagnetic iron oxide nanoparticles (SPIONs) and ABA-type
triblock copolymers consisting of one poly(propylene oxide) (PPO) block and two
poly(ethylene oxide) (PEO) blocks, have been shown to effectively release hydrophobic drugs
like indomethacin. The release rate is enhanced under the effect of magnetic field owing to
constriction of the ferrogel, which happens due to the SPIONS orienting and approaching each
other in response to the magnetic field. This leads to local increase of concentration in the PPO

cores, resulting in a large concentration gradient between the PPO cores and the water channels
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existing in between the close packed micelles and thus leading to diffusion of indomethacin

into the interconnecting aqueous moiety.[105]

Wau et al have also reported the preparation of multifunctional Ag—Au bimetallic NP core with
a thermo-responsive PEG-based hydrogel shell. The targeting ligands of hyaluronic acid chains
were semi-interpenetrated into the surface networks of the gel shell. These constructs were
shown to be ideal candidates for simultaneous optical temperature sensing, targeted tumour
and combined chemical and photothermal treatment. The fluorescence signal emanating from
the Ag-Au core can be used for imaging. On the other hand, drug release can be induced by a
synergestic effect due to the heat generated by external Near-Infrared (NIR) irradiation and the

temperature increase of local environmental media. [106]

In another study, a hybrid NP system was formulated with chitosan, 3-glycerophosphate and
Fes04 magnetic NPs. In the presence of a magnetic field, the injectable hydrogels significantly
prolonged intravesical Bacillus Calmette—-Guérin (BCG) residence time. The magnetic
properties of the NPs coupled with the thermo-responsive behaviour of the hydrogels resulted
in a higher antitumor efficacy for superficial bladder, in comparison to traditional BCG
therapy.[107] Hilt et al have shown collapse with increasing temperature for hybrid systems
comprising FesOs NPs incorporated in pNIPAm hydrogels. Upon exposure to an external
alternating magnetic field, the heating of superparamagnetic FezO4 NPs leads to a rise in the
temperature of the system. To further demonstrate the pulsatile release of drugs upon demand,
the study has focussed on the loading and release of a model Pyrocatechol violet dye. Although,
a suppression in the release rate was observed, primarily due to a result of the collapse of the
hydrogel network with heating, the system properties can be varied by controlling the particle
loading of the system.[108]

A pNIPAmM-AAc hydrogel with near-infrared (NIR) absorbing silica—gold nanoshells was
designed as a platform for pulsatile delivery of cancer therapeutics. The hybrid material was
loaded with either doxorubicin or a DNA duplex (a model nucleic acid therapeutic). The release
of both the drugs was triggered optically. This NIR light exposure witnessed two to five-fold
increase in drug release. Drug delivery profiles were further influenced by both the molecular

size of the drug and chemical properties.[109]

Although, extensive research is being carried out to usher in stimuli-responsive drug-delivery
systems, very few nanosystems have reached the clinical stage. There are several reasons that

include their sophisticated designs, leading to complex manufacturing processes; inefficient
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tissue-penetration depth and focusing to avoid damage to healthy tissues; nontrivial
optimizations required for the translation of each stimulus from preclinical experimental

models to daily clinical practice among other reasons. [110]
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5 Characterization Techniques

In this chapter, a brief overview of the relevant characterization techniques used during the
course of the thesis work, is presented. Size determination techniques include dynamic light
scattering (DLS), scanning transmission electron microscopy (S(T)EM), whereas surface
characterization was done using zeta potential measurements, X-ray photoelectron
spectroscopy (XPS) and other physico-chemical properties were mapped using UV-Visible
(UV-Vis) spectroscopy, differential scanning calorimetry (DSC), vibrating sample

magnetometry (VSM) and other techniques."

5.1 Dynamic Light Scattering (DLS)

DLS works on the principle of measuring the radius of a hypothetical hard sphere that diffuses
with the same velocity as the particle under examination. The reported size i.e. hydrodynamic
size is indicative of the apparent size of the hydrated particle. Particles when suspended in a
solution undergo Brownian motion and hence, the intensity of the light scattered by them

undergo time-based fluctuations. These fluctuations are auto-correlated in order to estimate the
average diffusion coefficients (D). [111, 112]
G, (r)= A[1+Bexp(-2It+u,r°) | (30)

G, is the auto-correlation function, z is the delay time, Ais the amplitude or intercept of the
correlation function, Bis the baseline, u,is a parameter that takes into account the

polysdispersity of the system. I'is given by the following equations:

I =Dg’ (31)
4 (0
gq= % sm(zj (32)

where g is the scattering vector, A, is the vacuum laser wavelength, nis the medium refractive

index, @is the scattering angle and D is given by Stokes Einstein equation:

()

R, =—2—
: 67nD

(33)

V' VSM measurements were done at Department of Engineering Sciences, Uppsala University, Sweden by Dr.
Roland Mathieu and Dr. P. Anil Kumar, High Resolution TEM imaging (HRTEM) was carried out by Dr.
Gurvinder Singh at NTNU.
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Ru is the hydrodynamic radius, T is the absolute temperature and 7 is the solvent viscosity.

Linearization of equation (30) leads to:
y(r) = %In[AB exp(—21“r+y2r2)} ~ % In [AB]—<F>7+%72 =a,—ar+a,r.  (34)

DLS sizes reported here are the Z-average particle sizes ( D, ) calculated based on the technique

of cumulants as mentioned above :

D, - ikB—T{@sin[ﬁﬂ (35)
a 3n| 4 2

The polydispersity index (PDI) which gives a measure of the size distribution is calculated
from the second moment (a, ) of the distribution as follows:

2a,
2

PDI = (36)

The hydrodynamic sizes of the NPs have been measured using a Malvern Zetasizer Nano-ZS
instrument, and the manufacturer’s own software. All measurements were done in aqueous

solutions and results were averaged over triplicate measurements.

For anisotropic particles, owing to multiple axes of rotation, the DLS results should not be
interpreted alone. In addition, ligands attached to NPs also give different diameters when

compared with diameters obtained using microscopy techniques.

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

S(T)EM combines the principles of transmission electron microscopy and scanning electron
microscopy and can be performed on either type of instrument. STEM imaging requires very
thin samples, across which, a beam of electrons is finely focussed in a raster pattern.
Interactions between the electron beam and sample atoms generate a serial signal stream, which
is correlated with beam position to build a virtual image. The images during the course of this
work have been taken in bright field (BF) mode, in which case, the objective aperture is
positioned just below the specimen, so that only the transmitted electron beam is allowed to
pass down the column. These electrons, which are scattered by relatively large angles, are
collected by a high angle annular dark field detector and contribute to the image. Thus, a BF
image does not get contributions from the diffracted or inelastically scattered electrons.

However, similar to SEM, secondary or backscattered electrons can also be used for imaging
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in S(T)EM; but higher signal levels and better spatial resolution are available by detecting
transmitted electrons. One of the key advantages of using S(T)EM is to have multiple detectors
operating simultaneously to collect the maximum possible information from each scan. Figure

5.1 shows a schematic of the main components in a S(T)EM.[113, 114]
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Figure 5.1 Schematic showing the main components of a high-resolution S(T)EM.[113]

S(T)EM images were acquired in BF mode, using a Hitachi S-5500 electron microscope
operating at 30kV accelerating voltage. TEM grids were prepared by placing several drops of
the solution on a Formvar carbon coated copper grid (Electron Microscopy Sciences) and
wiping immediately with Kimberly-Clark kimwipes to prevent further aggregation owing to
evaporation at room temperature. For studying the temperature effect on the NPs, the NP

solutions were heated to 45°C, just prior to placing drops on the TEM grid.

5.3 Zeta potential measurements

For a charged particle in solution, the counter ions orient close to the surface, which in addition
to the charges on the particle, make up the electrical double layer. The surface potential of the
particle drops with distance from the surface. Zeta potential (£) is defined as the potential at
the surface of shear, which is the actual distance from the surface at which the relative motion
sets in between the immobilized layer and the mobile fluid. Although, it is difficult to ascertain

this distance, the surface of shear occurs within the double layer (Figure 5.2).

The general expression for potential around a spherical particle () at low potential can be

written as:[115]

W= g exp(—«r) (37)
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Where, g represents the surface charge, ¢is the permittivity of the medium, x is the Debye-

Huckel parameter and its reciprocal is the Debye length which is a measure of the thickness of

the electrical double layer and r is the distance from the centre of the spherical particle having

a radius R_. In case of dilute solutions, in which x* is large, the surface of shear may be

regarded to coincide with the particle surface.
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Figure 5.2 Electrical double layer for a charged spherical particle and location of the surface of
shear.[115]

Further, for xR, < 0.1, indicating negligible distortions of the electric field around the particle,

the above equation transforms to

__ 19
¢= 4reR, (38)

Employing the definition of electrophoretic mobility (u) as the velocity per unit field, and

using Stoke’s law, Huckel’s equation is obtained:
u= 2z (39)
3
On the other hand, for ¥R, >100, (indicative of field lines following the contours of the particle

tangentially) Helmholtz-Smoluchowski equation is applicable for calculating u:

u= & (40)
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The above equation has been used to estimate the zeta potential values for the NPs studied in
this work using Malvern Zetasizer Nano-ZS instrument, and the manufacturer’s own software.

5.4 X-ray photoelectron spectroscopy (XPS)
The principle of operation of XPS involves photoelectric interaction between monochromatic
X-rays and a solid or gaseous sample leading to emission of electrons with discrete kinetic

energies. Electron binding energy of the i™ level (E,(i)) is calculated using the energy

balance for the photoemission process:[116]
hv =E, +¢+E; (i) (41)

hv is the X-ray energy, ¢ is the metal work function and E, is the kinetic energy of the ejected

electron, recorded by an electron energy analyzer.

Figure 5.3 XPS instrument used for surface analysis.

XPS analyses were performed using a Kratos Axis Ultra DLD spectrometer (Kratos Analytical,
UK) (Figure 5.3), equipped with a monochromatized aluminum X-ray source (Al, hv = 1486.6
eV) operating at 10 mA and 15 kV (150 W). The instrument has three parts, namely load lock
for loading the sample, sample transfer chamber and the sample analysis chamber, where the

sample is impringed upon by monochromatic X-ray.
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A hybrid lens (electrostatic and magnetic) mode was employed along with an analysis area of
approximately 300 um X 700 um. Survey spectra were collected over the range of 0-1100 eV
binding energy with analyzer pass energy of 160 eV. High resolution spectra of C 1s, O 1s, Fe
2p and Au 4f were obtained with an analyzer pass energy of 20 eV. XPS data were processed
with Casa XPS software (Casa Software Ltd., UK).

5.5 UV-Vis spectroscopy

UV-Vis spectroscopy is based on Beer- Lambert’s law that relates the absorbance (A) of a
solution, a dimensionless parameter, to the path length of the sample (L) and concentration of
the emitters (C).

A=—log,, (I'—j —aCL (42)

0

,. | refer to the intensities of incident and transmitted light respectively, while ¢ is called the

molar absorptivity. Application of this law is subjected to several assumptions that include the
following. Absorbers must act independently of each other, the absorbing medium is
homogenous, the medium must not be turbid and the incident light should not influence the

atoms or molecules under study.[117]
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Figure 5.4 Transmission of light through a particle solution.

LSPR characteristics of Au has been studied using this technique. The maximum absorbance
happens at the LSPR wavelength, which can be changed by tuning size, shape, material and
local dielectric properties, highlighted in Section 2.2.1. UV-Vis spectra for Au NPs solutions
were acquired with a UV-2401PC (Shimadzu) spectrophotometer. The spectra were collected

over the spectral range from 200-800 nm. Calibration curves for studied drugs have been
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obtained using UV-Vis spectroscopy. Loading ( L.E.) and encapsulation efficiencies (E.E.)

have been calculated as follows:

C -C
LE.= [Mjﬂoo (43)
drug,o
Cdru 0 *L.E.
E.=| e 7 (44)
100*C,,,

Here C is the concentration (mg/ml) of the drug at the start of loading, C is the final

drug,o drug,t

concentration (mg/ml) of the drug after loading, C,, is the concentration (mg/ml) of the

nanocarriers (NG or coated Fe@Au NPs), concentrations of the drug being determined using

the calibration curve or the absorbance method as applicable.

5.6 Differential Scanning Calorimetry (DSC)
DSC measures the energy absorbed (endotherm) or produced (exotherm) as a function of time

or temperature.

In DSC analysis, the sample, whose phase change properties are to be studied, is placed in an
aluminum pan. The sample pan and an empty reference pan are placed on small platforms with
underlying thermocouple sensors within the DSC chamber. It either measures the electrical
energy provided to heaters below the pans necessary to maintain the two pans at the same
temperature (power compensation), or measures the heat flow (differential temperature) as a

function of sample temperature (heat flux).[118]

The differential heat flow (heat/time) between the material and the empty reference pan is
obtained as the output which gives idea of phase changes within the system. Heat capacity may

be determined by taking the ratio of heat flow to heating rate:
Q
C,=— 45
p AT ( )
where C is the heat capacity of the sample, Q s the heat flow through the sample over a given

time, and T is the temperature change over that same time. DSC measurements give
information about glass transition, crystallization temperature in polymers, VPTT of hydrogels

and so on.

DSC studies were performed using a TA Instruments Q2000 DSC. The scan rate was 5 °C

min for both heating and cooling curves and the samples were scanned in the temperature
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range 5-45 °C. The NP solution was loaded in a Hermetic Aluminium pan while the reference
pan was kept empty. The data were analysed using TA Instruments Universal Analysis 2000

© software.
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6 Results and Discussion

This chapter summarizes the main findings from the papers submitted as part of this thesis. It
has been divided into three sub-parts. The first deals with the research carried out in the
synthesis, characterization and applications of spherical and anisotropic metallic NPs, the
second deals with hydrogels and a robust method to calculate VPTT for phase changing
systems and the third sub-part presents the findings from combinatorial studies of metallic and

hydrogel NPs followed by functionalization tailored towards drug delivery applications.

The sequence in which the papers will be discussed is given in Figure 6.1.The two different
colours indicate the main focus of each paper — synthesis (yellow) and application (blue), with
a degree of colour fill representing relative composition of the paper with respect to these

parameters

Paper-1V
Anisotropic Au

Paper-I11

Nanogels

Paper-VII
Fe@Au

Paper-VIII
Anisotropic

P -1 P =11
ey ™

Hybrid NPs

Metallic NPs
mm Application
Synthesis

Figure 6.1 Flowline of thesis papers showing research work carried out related to metallic NPs,
nanogels and hybrid NPs.

6.1 Spherical and Anisotropic metallic NPs

In this sub-section, the main results from Papers I-1V will be discussed. In essence, the main
focus is on core-shell Fe@Au NPs (Paper-1), followed by growth of anisotropic Au NPs (Au
nanowires (NWs)) by varying seed type (Paper-11). Further understanding of the size and shape
variation of Au NPs is presented under the influence of a binary mixture of surfactants in a
seed-mediated growth protocol, (Paper-I11) culminating in reporting of a new Au anisotropic

structure, nanomakura that show high cytotoxicity in cancer cell lines (Paper-1V).
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6.1.1 Paper-l: Synthesis and in vitro cellular interactions of superparamagnetic iron
nanoparticles with a crystalline gold shell.
Applied Surface Science 2014, 316(1), p.171-178.

The main aim of this paper was to synthesize core-shell Fe@Au NPs tailored towards imaging
and drug delivery applications, by combining the magnetic and optical properties of the Fe core
and Au shell respectively.V! Although, there exist a small number of successful approaches for
the synthesis of MNPs@Au, many issues related to the precise control of Au shell thickness,
and the detailed characterization of resultant MNPs@Au needed to be addressed. In addition,
the aim was to develop a simple synthetic method involving less time-consuming purification
steps, simple sequence of chemical reactions and producing monodisperse NPs with good

control over magneto-plasmonic properties.

First, Fe NPs were synthesized via thermal decomposition of iron pentacarbonyl (Fe(CO)s) in
the presence of oleylamine (OAm). The Fe NPs were dried after removal of the surfactant by
washing with hexane and acetone several times, and transferred into an aqueous phase in the
presence of sodium citrate, using sonication at 80°C for half an hour. Thereafter, a thin coating
of Au was carried out in aqueous medium using water soluble Fe NPs as heterogeneous
nucleation sites, leading to the formation of a continuous shell of Au around the Fe NPs.
Fe@Au NPs were magnetically separated to remove freely suspended Au NPs, and re-
dispersed in an aqueous phase. These were subsequently functionalized with thiolated PEG

(PEG-SH). Figure 6.2 shows a schematic of the synthesis process.

T RNV >,
Thermal  Au ™ PEG-SH o~ -
oc—Fe*\ (W . be— ‘9, m r/j V\Jﬁ’

decompostion coating
co
co

Iron pentacarbonyl Fe NPs Fe@Au NPs

PEG Fe@Au NPs

Figure 6.2 Schematic showing synthesis of Fe@Au NPs followed by functionalization with
PEG-SH. Adapted from [119]

Fe NPs were observed to have an average diameter of 14 + 1 nm, calculated from S(T)EM
images (Figure 6.3 (2)). Representative BF S(T)EM image shown in Figure 6.3 (b) exhibits an

increment in an average diameter ~ 24+ 5 nm of Fe@Au NPs. From these data, the thickness

VI 'The cell work was done by Dr. loanna Sandvig and will not be discussed in full detail here.
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of the Au shell was calculated to be ~ 5 nm. It is difficult to visualize a core-shell morphology
of as-prepared Fe@Au NPs in electron microscopy because Au has a higher atomic number
than Fe, contributing to high contrast while imaging. A shell of Au coating around Fe NPs can
be confirmed by Energy Dispersive X-Ray Spectroscopy (EDX) elemental analysis, indicating
the presence of Fe and Au in NPs (inset in Figure 6.3 (b)). In addition, XPS studies were also
conducted in order to confirm the Au coating on Fe NPs shown by the survey spectra of Fe@Au
NPs (Figure 6.3 (c)) which revealed the presence of Fe 2p and Au 4f. PEGylation was done
in order to ascribe stealthy properties to the Fe@Au NPs, as PEG is known to prevent
opsonisation of plasma proteins in blood onto NPs, reducing their circulation time among other

properties.

DLS measurements, however, showed larger sizes of 34 + 4 nm (Fe NPs), 71 £ 4 nm (Fe@Au
NPs) and 72 + 5 nm (PEG Fe@Au NPs), respectively, in comparison to analysis via S(T)EM.
The reason for this discrepancy can be attributed either due to DLS measuring the
hydrodynamic rather than the core radius of the NPs as measured by S(T)EM, a weak
interparticle dipolar interaction among NPs causing weak interparticle coupling, or a
combination. However, successful PEG coating was seen from UV-vis results ((Figure 6.3 (d)).
It can be noted from the UV-Vis spectra that Fe NPs do not show a prominent absorption peak
in the visible region, whereas Fe@Au NPs display characteristic LSPR peak at ~ 525 nm. We
observed a red shift in the absorbance peak (~ 528 nm) for PEG coated Fe@Au NPs. The
bathochromic shift is an indication of the increase in the size of the NPs following PEG-
coating, as predicted by Mie-Drude theory. The thickness of gold shell was tuned by varying
Au precursor concentration, effect on the LSPR characteristics being shown in Figure 6.3 (d).
A bathochromic shift in UV-Vis spectra was observed from 528 nm to 535 nm with increasing
gold precursor concentration, indicating thicker gold coating. In addition, an evolution of a
second LSPR band above 600 nm with increasing gold precursor concentration was observed,

which can be attributed to a change in the NP shape after gold coating.
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Figure 6.3 Representative BF S(T)EM images of (a) Fe@FexOy NPs (inset is a magnified
image of Fe NPs), (b) Fe@Au NPs (inset is EDX spectrum for Fe@Au NPs), (c) XPS survey
spectra of Fe@Au NPs. UV-Vis spectra of (d) Fe, Fe@Au and PEG coated Fe@Au NPs. (e)
Fe@Au NPs synthesized using different concentrations of Chloroauric acid 0.9 mM, 1.5 mM
and 3.4 mM. (f) Magnetic hysteresis curves at 300K for Fe and Fe@Au NPs. Adapted from
[119]

Fe and Fe@Au NPs showed superparamagnetic properties. Figure 6.3 (e) shows the
magnetization (M) versus the magnetic field (H) at 300K obtained by cycling the field between
-30kOe and 30kOe. A negligible coercivity and remanence in the hysteresis loops indicates the
super-paramagnetic nature of the NPs. The coating of Au shell reduces the magnetic dead layer
in our samples leading to enhancement of magnetic properties of the bare Fe NPs. The M-H
curves become rounder or S-shaped like as Au is coated on the NPs, again reflecting the

weakening of interparticle interaction.

Having characterized the Fe@Au NPs, PEGylated NPs were used to study their interactions
with two different cell types: olfactory ensheathing cells (OECs) and human neural stem cells
(hNSCs), which are promising candidates for regenerative therapy of the central nervous
system. These two cell types differed in terms of uptake and localization of the Fe@Au NPs
post-labelling, while no cytotoxic effects were observed irrespective of label concentration or

length of co-incubation with the NPs. A tendency for peri-membrane localization of the
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Fe@Au NPs, rather than intracellular localization, was observed in the OECs as shown in
Figure 6.4. On the other hand, the differential affinity of the OECs and hNSCs to the particles

suggests that labelling and imaging protocols for in vivo application must be optimized for the

individual cell types.

Figure 6.4 (a),(b),(d),(e) Live/Dead images of OECs and hNSCs 24h after labelling with
Fe@Au NPs (a) Unlabelled OECs, (b) OECs with Fe@Au NPs, (d) Unlabelled hNSCs and (e)
hNSCs with Fe@Au NPs. (c), (f) Differential interference contrast (DIC) images of labelled
OECs and hNSCs, respectively, showing Fe@Au uptake (arrows). Adapted from [119]

The lack of observable toxic effects of the Fe@Au NPs on either cell type is very promising
with regard to future in vivo applications involving the specific cells. Magneto-plasmonic
properties exhibited by these hybrid NPs enable them suitable for theranostic as well as
multimodal imaging uses. In the next paper, efforts were concerted to understand shape and
size evolution of Au NPs with an intent to better tune the optical properties and throw light on

growth.

6.1.2 Paper-11: Synthesis of Au nanowires with controlled morphological and structural
characteristics.
Applied Surface Science 2014, 311, p.780-788.

With an aim to tune the optical properties of Au NPs and understand the role of different Au
seeds on growth mechanisms, Paper-1l was directed towards understanding growth of Au
nanowires (NWSs) using a CTAB templated seed-mediated growth protocol.
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Although, there exist in literature several approaches for synthesis of Au NWs with tunable
A.R.s, growth of Au NWs with controlled morphological/structural characteristics and their
underlying growth process are areas that need further elucidation. The need to tailor the NWs
arises from the need to better control their physical properties. These properties deem them
interesting candidates for a variety of biomedical applications that include sensors, diagnostics
and so on. In this paper, we investigated seed mediated approach for the synthesis of Au NWs
using CTAB as a soft template and showed that morphological/structural characteristics of
NWs can be controlled by choosing appropriate type of seed NPs such as nanospheres (Seed

1) and nanorods (NRs) (Seed 2) as depicted schematically in Figure 6.5 (a).

Figure 6.5 (b), (c) display BF S(T)EM images of obtained Au NWs (synthesized from Seed 1)
having wire like morphology with A.Rs greater than 10°. The average diameter of the Au NWs
was determined to be ~17 + 5 nm based on S(T)EM analysis, while their average lengths were
observed to be 35 + 5 um. The morphology of as-synthesized NWSs appeared wavy in nature
with several kinks and small straight regions. The NWs were found to be poly-crystalline,
shown by several discrete dark spots in the TEM diffraction pattern of single NWs (inset in
Figure 6.5 (c)). On the other hand, the morphological/structural characteristics of the NWs
could be altered by replacing the spherical NP seeds with NRs (Seed 2) as shown in Figure 6.5
(d). Under identical synthesis conditions, less wavy, straighter and thicker NWs (diameter~51
*+ 5 nm, of average length ~20 + 5 pm and A.R: ~400) with fewer number of kinks was
observed (Figure 6.5 (d)). Electron diffraction patterns obtained showed that these NWs are
single crystalline and grow rapidly along the {111} direction (inset in Figure 6.5 (d)).
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Figure 6.5 (a) Schematic illustration showing growth of Au NWs via two different types of
seed NPs, (1) spherical NPs yield wavy NWSs, and (1) NRs yield straight NWs. (b) BF S(T)EM
image of Au NWs growth from seed 1 at pH~6.9. (c) Enlarged BF S(T)EM image of Au NWs
(inset in (c) is a diffraction pattern corresponding to square region confirming the
polycrystallinity in the NWs. (d) BF S(T)EM image of straight Au NWs grown from seed 2 at
pH ~6.9. (e) Enlarged BF S(T)EM view of single NWs synthesized by seed 2 (inset: diffraction
pattern corresponding to the region | confirming that growth direction of NWs is [1 1 1].
Adapted from [32].

In order to monitor the growth of the Au NWs, electron microscopy was used to study the
samples collected at different time intervals (Figure 6.6). Figure 6.6 (a) reveals spherical NPs
of average size ~10 nm except for a few elongated NPs. With further reaction progress, these
NPs eventually evolved into small NRs. The lowest surface energy of {110} among the other
facets resulted in the adsorption of CTAB bilayer on the {110} facets as soon as Au seed

evolved into NPs containing different facets. Growth occurred more rapidly in the longitudinal
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direction than that in the transverse direction in the presence of templating CTAB molecules.
Variable length growing nanostructures are evident from Figure 6.6(b) suggesting the onset of
NW growth between 10 and 30 min. When the reaction was carried out for 60 min, NRs further
grew in size by fusing with neighbouring NPs (Figure 6.6 (c)). At the same time, several
concave/convex regions, i.e., the physical contacts of two associating nanostructures could be
identified (marked by arrows in inset of Figure 6.6 (c)). The physical contacts were expected
to occur either by surfactant induced fusion or welding due to diffusion of atoms between
growing nanostructures. Continuous and wavy high A.R. NWs were obtained after 24 h, owing

to continuous growth and diffusion processes.

Figure 6.6 Evolution of growth of Au NWs over time, t. (2) BF S(T)EM image, t = 10 min, (b)
SEM image, t = 30 min (c) SEM image, t = 60 min (the arrows in the inset show
convex/concave regions or neck formation between two adjacent growing nanostructures), and
(d) SEM image, t = 120 min. Adapted from [32].

Citrate capped Au spherical seeds (Seed 1) were polycrystalline (i.e., multiple crystal domains)
in nature. These seeds grew in size by the addition of Au atoms in the growth solution while
retaining the polycrystalline behaviour. Subsequently, wavy NWSs with multiple crystal
domains and twinning formed, via association of growing nanostructure that could occur in

between sphere-sphere, NR—sphere-NR, and NR-NR. On the other hand, seed 2 comprised
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single crystalline NRs, leading to growth in 1D in the presence of CTAB, forming single

crystalline NWs via association of growing nanostructures.
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Figure 6.7 SEM images of Au NWs grown via seed 1 at different CTAB concentrations and
fixed pH~6.9 (a) 25 mM, (b) 10 mM, (c) 1 mM. Inset in (a) is BF S(T)EM at higher
magnification and in (b) is SEM of low A.R. NWs. (d) XPS survey spectrum of CTAB capped
wavy Au NWs. XPS high resolution spectra of the (e) Au 4f, (f) N 1s, and (g) C1s (inset: Br
3d). Adapted from [32].

In order to understand the effect of different experimental conditions, concentration of CTAB,
pH of the growth solution and reaction temperature were varied to see their influence on the
morphology and A.R. of the NWs. As observed from Figure 6.7 (a), when the CTAB
concentration was 25 mM, a mixture of long NWs and variously shaped NPs was obtained
When the concentration was further reduced to 10 mM and 1 mM, shorter NWs with a very

low yield and an increased amount of irregularly shaped NPs were observed (Figure 6.7 (b),
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(c)). Under these conditions, a faster reduction of Au salt produced a surplus of Au atoms in
the solution and caused thermodynamically stable, shorter, irregular aggregates of large NPs
inhibiting growth of NWs due to an insufficient amount of Au atoms required to fill the gap at
the contact point between two NPs. Alternatively, it could also be attributed to aggregation of
NPs that are not fully capped by a CTAB bilayer at low surfactant concentration, which did not
provide sufficient van der Waals interaction between CTAB layer, causing NPs to merge in a
random fashion and form irregular shaped NPs [32]. These results suggested that an excess
amount of CTAB is essential for producing long and continuous NWs. Figure 6.7 (d) - (g) show
the XPS results for the Au NWs. A shift in Br 3d°? peak to ~67.4 eV in comparison to bulk
CTAB (~68.7 eV) was observed following binding of Br to the Au surface. Further, the N 1s
peak could be assigned to quaternary ammonium (N+) (from CTAB) which shifted towards a
higher binding energy (~402.3 eV) and higher than pure CTAB due to the Au surface vicinity.
The presence of CTAB species alone on the surface of Au NWs was thus confirmed from XPS

results.

This work gave us a fundamental understanding regarding how the growth mechanism was
operating at the nano-scale. However, we wanted to generalize our understanding for a large
array of Au NP shapes and sizes, while using the same method of synthesis. The motivation
for the next paper was thus to understand how different components added in the reaction

mixture influence the shapes of anisotropic Au.

6.1.3 Paper-1V: Shape Control of gold nanostructures using binary surfactant mixtures.

Under Review in Journal of American Chemical Society.

In this particular work, a library of gold NPs was synthesized with controlled physico-chemical
properties using Ag assisted seed mediated method, employing a binary surfactant mixture. In
essence, we investigated how the shape and A.R. of Au NPs change as an increasing amount
of a secondary surfactant, Didodecyldimethylammonium bromide (DDAB), is added to the
growth solution containing a fixed amount of CTAB. Using a systematic approach, the effect
of surfactant mole ratios, pH of the growth solution, hallide ion concentration, seed
concentration, reducing agent concentration among other factors were studied in order to

understand the growth mechanism of anisotropic Au NPs.

In the first set of experiments, the concentration of DDAB was varied while CTAB
concentration (i.e., 1.5 mmol) was kept constant. As the CTAB/DDAB increased from 2 upto
46, we noticed a change in the shape of the Au NPs from bipyramids (low CTAB/DDAB ratio)
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to NRs (high CTAB/DDAB ratio) via tetrahexahedral (THH) (intermediate CTAB/DDAB
ratio). CTAB is a single chain surfactant with a moderate head group area (~ 56A?) and a
critical packing parameter (CPP) of 0.33 in water that aids the formation of spherical micelles.
[120] On the other hand, DDAB is a water-insoluble, double-chained surfactant of head group
area (~ 25A2%) with a CPP of 0.62, mostly forming bilayer shaped micelles in water. [120] The
addition of DDAB into CTAB solution leads to the change in the CPP of the resultant surfactant
mixture depending on the ratio of CTAB/DDAB. This change is caused by the large tail volume
and small head group area of DDAB decreasing the electrostatic repulsion between the
quaternary ammonium groups. Therefore, the reduction in the curvature of micelle by using

DDAB with CTAB promotes longer rod-like or cylindrical micelles than with CTAB alone.

At low CTAB/DDAB ratio of 2, Au bipyramid NPs of longitudinal length (I) ~ 1.2 pum and
transverse width (w) ~ 382 nm (A.R. ~ 3.1) with high yield (~ 70%) were obtained as main
reaction product (Figure 6.8 (a)). Au bipyramids of small size (i.e., | = 666 nm, w = 180 nm,
and A.R. = 3.7) were obtained at increased CTAB/DDAB ratio of 6 (Figure 6.8 (b)). The
crystalline structure of Au bipyramid was determined from HRTEM (Figure 6.8 (c)). The
observed spacing between the lattice fringes was ~ 0.235 nm corresponding to the interplanar
spacing of Au {111} ie., {111} facets of bipyramid. The electron diffraction pattern collected
at the centre of the Au bipyramid exhibits two set of spots which can be indexed to <112> and
<001> zone axes corresponding to red and white regions in Figure 6.8 (d). The indexed spots
in the diffraction pattern correspond to the lattice parameters: d111=0.235 nm, d222=0.119 nm,
d220=0.145 nm, doz20=0.206 nm, ds11 = d131 = 0.126 nm, and d4o2= 0.092. All of these measured
spacings are in agreement with reported values in the literature. The remaining spots which are
not indexed are caused by multiple scattering. Such a diffraction pattern is typical of twinned
or decahedral nanoparticles with five-fold symmetry. Our results suggested that Au bipyramids
produced in the study are face-centred cubic penta-twinned NPs grown along the <110> and
are bounded with {111} and {100} facets.
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Figure 6.8 Au NPs synthesized at different CTAB/DDAB ratios (x). SEM images of Au
bipyramid NPs of (a) | = 1.2 um and w = 382 nm, x = 2 and (b) | = 666 nm and w = 180 nm,
X =6. (c) TEM image of single Au bipyramid of (b). (d) Electron diffraction pattern taken on
bipyramids shown in (c). (€) SEM image of Au THH NPs, | =198 nm and w = 168 nm, x = 8.
BF-STEM images of AuNRs of f) | =45 nmand w =24 nm,x =11, (g) | =33 nmand w =11
nm, x =23 and (h) I = 38 nm and w = 10 nm, x = 46. (i) HRTEM image of Au NR and inset is
FFT of NR. I and w are referred to as longitudinal length and transverse width respectively.

When the ratio of CTAB/DDAB was further increased to 8, the yield of Au bipyramids
decreased, and elongated THH type Au NPs (I =198 nm, and w = 168 nm, and AR~ 1.2) with
high yield (~ 90%) was obtained as the main reaction product (Figure 6.8 (€)). A morphological
transition from elongated THH to rod occurred in between the CTAB/DDAB ratio of 8 and 11,
and NRs were obtained (Figure 6.8 (f)).On further increase in the ratio from 11 to 23 and 46,
thinner NRs of smaller lengths were obtained (Figure 6.8 (g), (h)). An HRTEM image shows
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the single crystalline Au NRs growing along the direction [001] (Figure 6.8 (i)). The fast fourier
transform (FFT) inset of Figure 6.8 (i) revealed that sides of NRs are formed by {110} facets
and the ends of NRs are bounded by {111} and {001} facets which is in agreement with
previous results. NRs are thus oriented in dominant [110] direction. The {110} facet is a unique
feature found in the NR synthesized in the presence of Ag because of a high surface energy of
{110} facets, when compared to {111} and {100} facets. The energy of {110} facets can be
minimized by specific adsorption of surfactants to these facets. Overall, these results suggested
that an appropriate concentration of CTAB and DDAB (i.e., CTAB/DDAB ratio) is highly

essential to achieve a shape control of the Au NPs.

In our experiments, the CTAB/DDAB molar ratio was only varied, which indicates change in
the shape and size of micelle as well as the concentration of overall Br- ions while Ag+ ion
concentration remains constant. At low DDAB concentration (i.e., high CTAB/DDAB ratio ~
46), thinner and shorter AR Au NRs were formed (Fig. 1k). This can be explained by the growth
of Au NPs in the thinner soft micellar template. As Au NPs develop crystal facets, the micelle
forms compact packing on the Au {110} facets restricting the transverse growth of NRs by
preventing the diffusion of gold atoms, while the high reduction rate of the Au species on low
energy {111} facets facilitate the longitudinal growth due to lower passivation of {111} facets
by micelles. The proposed mechanisms are consistent with computational studies showing the
relative packing density of head groups on different facets of Au in the order; {110} > {100}
> {111}. [47, 121]

As the concentration of DDAB increased in the CTAB solution (i.e., CTAB/DDAB ratio ~ 11),
Au NRs were observed to grow in size and width. This suggests that mixed micelles also grow
in size (both length and width) as the DDAB concentration increases in the solution. Control
experiments further showed that DDAB facilitates the formation of zero-dimensional
structures, while CTAB assisted in one-dimensional rod like structures. Our results are also in
agreement with findings of mixed surfactants, revealing the increase in the width and length of
micelles with increase in DDAB concentration in the solution.[122] An increasing
concentration of DDAB in the growth solution also makes the diffiusion of Au species to the
seeds sluggish. This is because of increase in the visocity of the solution as well as the migration
of Au ionic species through highly dense packed micelles of DDAB and CTAB. In this case of
high DDAB concentration, i.e., CTAB/DDAB ratio ~ 8, the reduction rate of Au species at the
seeds is very low. Thus, the probability of Au atoms migrating from the {111} facets is very

high, since Au atoms can migrate at room temperature. As a result, the rate of rapid surface
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diffusion compared to the deposition leads to the formation of kinetically stabilized elongated
THH Au NPs bounded with high index facets. The formation of these NPs can thus be
explained in the modification of soft template to convex structure and low reduction rate of Au

species.

A further addition of DDAB to the growth solution (i.e., CTAB/DDAB ~ 6 or 2) causes a
change in the composition and subsequently in the structure of micelles. The reported
experimental study revealed the formation of micellar structures which grow more significantly
in the length than to width. As a result, Au bipyramids of micron and sub-micron sizes were
obtained as main reaction products. UV-Vis results (Supporting Information of Paper-1V)
suggest that during the aging for first 120 minutes, CTAB stabilized single crystalline seeds
turned into polycrystalline seeds possessing five-fold symmetry because of thermodynamic
ripening. As the reaction proceeds, a red shift in the peak could be noticed due to increase in
the size and morphology of seed particles. When the reaction was continued for 24 hours, the
micelles that act as either soft template or structure directing agent, facilitate the selective

growth of bipyramids along <110> axis on the large length scale.
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Figure 6.9 The influence of growth solution pH on the sizes of Au NPs synthesized at low and
high CTAB/DDAB ratios (6 and 23) . (a-d) SEM images show decrease in the average size of
Au bipyramids with decrease in pH from left (1.9) to right (1.0). (e-h) BF S(T)EM images
exhibit increase in the average length of Au NRs with decrease in pH from left to right.

W

The pH of the growth solution has influence on the size and shape of NPs because it influences

the reducing capability of ascorbic acid (AA) which is lower for acidic pH values. In the case
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of Au bipyramids,(Figure 6.9 (a)-(d)), first the lengths and widths of bipyramids increased, and
started decreasing with decrease in pH of the solution. In high DDAB concentration regime
(CTAB/DDARB ratio 6 and below), the growth rate is very slow in acidic pH values because of
low reduction potential of AA and high viscosity of the solution. Moreover, increasing amount
of CI" also causes a change in the soft template due to modifications in the head group
interactions. As a result, truncated bipyramids of different lengths were obtained in low pH
solutions (Figure 6.9 (d)). While in the case of Au NRs (Figure 6.9 (e)-(h)), (low DDAB
concentration regime), slow reduction of Au ion species facilitate the more selective deposition
of Au atoms on specific crystal facets, i.e., on the tip of NRs under the regulation of micelle
structures. As a result, Au NRs of larger sizes were achieved on decreasing the pH. Increase in
the pH of the solution accelerates growth rate, that reduces the yield of Au bipyramids and NRs

and favours more spherical NPs.

The growth rate of the reaction can also be controlled through the concentration of AA. When
the concentration of AA was increased to 270 pL in growth solution containing low
CTAB/DDAB ratio (6), a significant decrease in the yield of Au NPs was observed along with
polydispersity in shape and size of Au NPs (Figure 6.10 (a)). On further increase in the AA
concentration in the growth solution, ill-defined Au NPs with very low yield of Au bipyramids
was noted. In the case of high CTAB/DDAB ratio (23), the dogbone morphology of NR with
increase in AA concentration in the growth solution, was observed (Figure 6.10 (b)-(d)). A
decrease in the yield of Au bipyramids was noticed with an increase in the AA. From the
results, it is clear that the growth rate should be slow to obtain Au bipyramids with high yield.
However, the morphology of Au NPs in low DDAB solution (high CTAB/DDAB ratio)
changed from NRs to dogbone with increase in the amount of AA added to the growth solution.
A high concentration of AA present in the solution increases the reduction rate of Au atoms.
However, it also destabilizes the micellar structure to a large extent, especially on {111} facets
possessing loosely packed layer of micelles (i.e., weakly bound to the surface) than to other
facets {100} and {110}, where the micelles are tightly packed and bind strongly to these facets.
This results in a high concentration of Au atoms deposited in the unprotected regions i.e., high
deposition rate on {111} facets, and low deposition rate on other facets or low surface diffusion
of Au atoms from the tip to the sides, promoting dogbone formation. When the concentration
of AA increased in the growth solution of low pH, the reduction rate of Au species reduces.
AA destroys the micellar structures at the tips of NRs, and slow reduction rate in acidic solution

facilities the selective growth on specific crystal facets. The facets of high surface energy {110}
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quickly disappear. The selective growth thus proceeds along the {111} facets, which grow in

time and join to make arrow type nanodumbells.
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Figure 6.10 The influence of AA concentration on the morphology of Au NPs. (a) SEM image
of Au NPs at low CTAB/DDAB = 6, AA = 270 pL. BFSTEM images of Au nanorods
synthesized at high CTAB/DDAB = 23 at different AA concentrations, (b) AA =270 pL, (c)
AA =500 pL, (d) AA=1mL.

Finally, the effect of different co-surfactants on the shape of Au NPs was shown (Figure 6.11)
by replacing the DDAB with Didecyldimethylammonium chloride (DDAC) possessing Cl-
ions. In this case, no change in shape of Au NPs was noticed on varying the CTAB/DDAC
ratio. These experimental results suggest that increasing amount of DDAC to CTAB solution
does not cause any change in the morphology of micelles as it was in the case of DDAB. This
could be because of low binding affinity of CI- ions to Au surface compared to Br- ions that
causes destabilization of rod-like micelles, i.e., make micellar structures less compact or stable
providing Au species in the solution easy access to growing seed particles. Therefore, Au NRs
of low A.R. with less monodispersity and reaction by-products (spherical, cubic and irregular
shaped NPs) were obtained. Moreover, A.R. of NRs and yield of by-product increases as the
DDAC amount increases in the solution. Our findings are in agreement with computation
simulation results from the mixed surfactant solutions of CTAB and CTAC

(Cetyltrimethylammonium chloride).[123] When Tridodecylmethylammonium iodide (TDAI)
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(bulkier co-surfactant with I ions) as co-surfactant was used, it also did not have any influence
on the shape of Au NPs, indicating no change in the micellar structures with varying
CTAB/TDAI. However, multifaceted Au NRs of large sizes with good monodispersity were
synthesized at low CTAB/TDAI ratio.

a) e ) 0 &

Figure 6.11 The role of counter ions present in the secondary surfactant on the morphology of
Au NPs . (a-c) BF S(T)EM images of Au NRs prepared in the growth solution containing
CTAB/DDAC in different ratios. The ratio increases from (a) to (c). (d) SEM images showing
Au NRs grown from the solution at high CTAB/TDAI ratio (~ 23). €) Au NRs with facets
synthesized in the growth solution of low CTAB/TDAI ratio (~ 11), and (f) is the magnified
view of (e).

Using a systematic approach, we have thus shown that CTAB/DDAB mole ratio, pH, hallide
ion concentration, seed concentration, reducing agent concentration among other factors play
important roles in directing the shapes of Au NPs. As all the different shapes have been
synthesized using a single protocol, the results have given us better understanding of the
mechanisms that lead to anisotropy. One important conclusion from this investigation is that
DDAB is the most suitable co-surfactant allowing the tunability in the micellar structure to
obtain Au NPs in different shapes and sizes. This paper gave us a good control over shape,
size, monodispersity of Au nanostructures prepared using Ag-assisted seeded growth method.
The next paper was directed towards using some of these different shapes for understanding

cellular interactions.
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6.1.4 Paper-V: Makura-shaped gold nanostructures show high cytotoxicity in cancer
cells.

Under Review in ACS Nano.

This paper aimed to use the seed-mediated growth process studied in Paper-1V to synthesize
Au nanostructures with different sizes and shapes, functionalize them for uptake in
glioblastoma-astrocytoma (GA) cells and assess their cytotoxicity in such cancer cells. In this

part, the focus will be on synthesis and functionalization.V"

Five different shapes (Figure 6.12 (a)-(e)) of Au nanostructures were synthesized: four
anisotropic structures using a single seed-mediated Ag-assisted growth approach discussed in
Paper- IV (NRs, nanomakura, tetrahexahedral, bipyramidal) and spherical using a modified
Turkevich method. The Au nanomakura (Makura is Japanese for pillow) were reported here
for the first time. HRTEM images further showed single-crystallinity for all Au nanostructures,
(except for the spheres), similar to that of the CTAB coated seed particles from which they

were grown.
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Figure 6.12 Representative BF S(T)EM images of (a) nanorods (inset is a magnified image),
(b) tetrahexahedra (inset is a magnified image), (c) nanomakura (inset is a magnified image),
(d) bipyramids and (e) spheres (inset is a magnified image) (f) UV-vis spectra of the Au
nanostructures.

VI The uptake and cytotoxicity of the different NSs will not be discussed in full detail as this part of the study was
done by Dr.Birgitte Hjemeland McDonagh.
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Figure 6.12 (f) shows the UV-vis spectra of all the Au nanostructures which were found to
display tunable LSPR characteristics over the UV-Vis —visible- near IR range. The NRs
showed at least three distinct bands- 516 nm, 679 nm and 796 nm, the strongest being the
middle one. The emergence of a third band can be associated with the dispersity of the NRs
caused due to the etching effect of oleic acid, which leads to the formation of NRs with rough
edges. Nanomakura, which has a more jagged surface than the NRs, showed both transverse
and longitudinal resonance peaks (557 and 760 nm respectively). However, for larger structures
(tetrahexahedra and bipyramids), single and broad LSPR peaks were observed at 568 nm and
593 nm, respectively. The observed range of optical properties for the Au nanostructures make

them suitable candidates for bioimaging applications.
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Figure 6.13 (a) Variation of DLS sizes of the Au nanostructures after each stage of
functionalization. (b) Variation of zeta potentials of Au nanostructures with each stage of
functionalization.

The presence of CTAB (cationic surfactant) on the surface of Au nanostructures can induce
proteins to adsorb on the surface, and as such alter the process of endocytosis. Hence, CTAB
was removed from the surface by a two-step functionalization procedure, primarily with PEG-
SH, followed by a displacing alkanethiol, 11-mercaptoundecanoic acid (MUA). Figure 6.13
(@), (b) show the hydrodynamic sizes and zeta potentials of the Au nanostructures after each
step of surface exchange. A sequential increase in the sizes was obtained when compared to
the CTAB coated nanostructures, for each shape (except for bipyramids) indicating successful
functionalization. However, DLS measurements are based on spherical particle assumption.

Further, multiple axes of rotations of the anisotropic structures can lead to uncertainties in
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measurements. On the other hand, the cationic surfactant got readily displaced with PEG - SH,
which was further replaced by MUA owing to higher affinity towards Au surface. Final zeta
potential values of the MUA coated nanostructures reflected negatively charged surfaces for
all shapes except for the NRs. The slightly cationic charge for the NRs can be attributed to
uneven coating of the small NRs or their polydispersity. It is to be noted that the initial negative

surface charge of the spherical Au is due to citrate coating.

After successful coatings, the Au nanostructures were co-incubated with GA cells for 24 hours.
The effect of shape and concentration on cytotoxicity were assessed with a LIVE/DEAD assay,
supplemented with a nuclear stain and uptake in these cancer cells were assessed.
Nanostructure uptake in cells is known to depend on the physicochemical properties, A.R. and

surface characteristics of the nanostructure, as well as the cell type.

The highest cell death was noted for the nanomakura at the highest concentration of
nanostructure/cell media (Figure 6.14 (a)), in contrast to our hypothesis that the NRs would
cause more damage to the cells, due to their high A.R. and apparent positive charge. This may
be due to jagged surface of the nanomakura leading to different coating densities on different
facets. From preliminary light microscopy studies, all the different shapes were observed to
associate with the cell membrane. However, nanomakura and NRs appeared to be located close
to the nucleus, indicating cellular uptake. Au nanostructures taken up via receptor-mediated
endocytosis may eventually end up in the Golgi apparatus and this may explain the apparent
trafficking of nanomakura towards the nucleus (Figure 6.14 (g)). In order to further understand
the trafficking mechanism in case of the nanomakura (observed from light microscopy
measurements), uptake was followed with TEM for 2, 6, 12 and 24 hours after co-incubation
with GA cells (Figure 6.14 (b)-(m)).V" TEM results confirmed that nanomakura Au were taken
up by the cells. 2 hours after co-incubation, the nanomakura appeared to be invaginated by the
cellular membrane in a mechanism which resembled receptor-mediated endocytosis (Figure
6.14 (b)). At later stages, macropinocytosis was observed (Figure 6.14 (h)). Uptake of
nanomakura appeared to continue even at 24 hours, which may have been caused by the high
extracellular concentration of the nanostructures (Figure 6.14 (k), (1)). At 24 hours, the cells

also appeared to detach from the surface, which is an indication of cellular death (Figure 6.14

(m)).

VIt Ultramicrotome sectioning and TEM (80 kV) was performed by Nan E. Tostrup Skogaker at the Cellular and
Molecular Imaging Core Facility (CMIC), Norwegian University of Science and Technology (NTNU).
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Figure 6.14 a) Percentage cell death of GA cells as a function of concentration of Au
nanostructure after incubation for 24 hours. b) TEM image shows an invagination of the
cellular membrane (error bar = 1 um), and c) halogen and d) fluorescence images show
association of nanomakura at the cellular membrane. e) Uptake of hanomakura was observed
after 6 hours (error bar = 500 nm), f) with uptake in intracellular vesicles (error bar = 2 pm).
g) Staining of the nucleus suggest that nanomakura were excluded from the nucleus. h) TEM
images taken after 12 hours suggest uptake via micropinocytosis (error bar = 500 nm), with i)
intra-vesicular location of nanomakura (error bar = 500 nm). j) Intracellular
compartmentalization was also visible from the microscopy. Uptake of nanomakura continued
at 24 hours as seen in TEM images k) (error bar = 2 ym) and I) (error bar = 5 pm). m)
Detachment of GA cells from the surface was observed, which most likely is an indication of

cell death.
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This successful internalization of the Au nanomakura in cancer cells, shown by this study,
coupled with their unique physico-chemical properties, render them suitable for hyperthermia

and drug delivery to cancer cells, while being simultaneously imaged.

Having synthesized different shapes and sizes of metallic NPs, the next phase of the work was

devoted to hydrogels and fundamental understanding of their properties.

6.2 Stimuli-sensitive Hydrogels and their Characterization

In this sub-section, the main results from Papers 111 and VI will be discussed. Paper 111 focusses
on the synthesis, characterization and optimization of pNIPAm based nanogels which are
further modified for drug delivery applications by incorporating Fe@Au NPs into the networks.
Paper VI discusses a theoretical method to estimate the VPTT of such swelling-collapse

systems, with an attempt to define quantitative parameters that describe system reversibility.

6.2.1 Paper-111: Incorporation of Fe@Au nanoparticles into multiresponsive pNIPAmM-
AAc colloidal gels modulates drug uptake and release.

Accepted for publication in Colloid and Polymer Science.

In order to exploit the temperature and pH sensitive properties of pNIPAm based NGs, efforts
were concerted in this paper to optimize the synthesis of pNIPAm-AAc colloidal gels, using
precipitation polymerization. With a further aim to introduce multifunctionality into these
systems, Fe@Au NPs synthesized in Paper | were incorporated into the NG networks using
two different methods- coating and in-situ growth (Fe@Au_NG c and Fe@Au_NG i
respectively). Thereafter, a model protein drug, Cytochrome C (Cyt C) was loaded into the

different systems to understand loading and release mechanisms and/or Kinetics.

Figure 6.15 (a) shows the variation of sizes of the NGs upon varying different reaction
parameters. As the cross-linker (Methylenebis(acrylamide)(BIS)) mole percent was increased
from 5 to 8%, a substantial decrease in the size of the NGs (A-B) was observed, while a coupled
increase in the SDS (sodium dodecyl sulphate) concentration (B-C) caused a larger collapse

above the VPTT. This happens due to a higher cross-linking density, causing a greater collapse.

On the other hand, increasing the SDS concentration from 2mM to 5.5mM (while keeping the
BIS mole percent constant) (A-D) caused a dramatic decrease (70%) in the size of the NGs. A
higher initial concentration of SDS provides higher charge stabilization in addition to a denser
packing around the incipient nucleation centres, whereby limiting the growth of the NGs owing

to electrostatic stabilization. In essence, SDS concentration was found to be the most
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dominating factor determining the size of the NGs as further shown in Figure 6.15 (b). This
further suggests that the hydrophobic tails of the SDS chains interfere constructively in
increasing the hydrophobicity of the NGs above VPTT, whereby causing a more efficient

collapse.

The size and collapse properties of the NGs could also be modulated using different mole ratios
of NIPAm, AAc and BIS, while keeping the SDS concentration constant (Figure 6.15 (a),
E-F). An increase in the initial size (~ 10%) is explained through a decreased cross-linking
density and reduced charge stabilization from the acidic groups of the AAc blocks. On the other
hand, there is a slight decrease (~ 3%) in volumetric collapse efficiency on increasing the
NIPAm content, indicating an increase in hydrophobic domains when heated above the VPTT.
The effect is aided by a lower cross-linking density, yielding a loosely structured NG, thereby

needing stronger force to bring together the increased hydrophobic domains during collapse.
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Figure 6.15 (a) Variation of sizes of the NGs synthesized using different parameters. (b)
Variation of sizes of the NGs as a function of SDS concentration.

The swelling-collapse properties of the NGs were studied using DLS and are shown in Figure
6.16. The swelling ratio (), defined as (D/Do)?, [where D (nm) represents the hydrodynamic
diameter of the NG at any temperature and Do(nm) is the diameter of the NG at room

temperature] is shown as a function of temperature for a representative NG (3mM SDS, 8%
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BIS). The NGs showed a reversible swelling-deswelling transition with a negligible hysteresis
(Figure 6.16(a)). The driving force for aggregation is an increase in entropy from the polymer
solution to a two phase system of polymer and solvent, driven by arrangement of water
molecules, owing to reduction in hydrogen bonds due to temperature increase. A remarkable
decrease in size (~ 27%) was also observed under acidic conditions (Figure 6.16 (b)). This is
in effect due to protonation of the carboxylic acid groups of the poly AAc blocks with an
increasing pH. The zeta potential, representative of the charges contributed to by the poly AAc
segments, did not change appreciably as a function of temperature, (Figure 6.16 (c)) indicating
that the poly AAc segments do not show temperature dependence, and their effect in the
swelling/deswelling characteristics of the NGs can be widely de-coupled from the effect of the

poly NIPAm chains.
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Figure 6.16 (a) Swelling ratio (o) of a representative NG as a function of temperature during
heating and cooling cycles. (b) Size of a representative NG as a function of pH. (c) Zeta
potential of a representative NG as a function of temperature during heating and cooling cycles.
(d) Size of Fe@Au NPs, representative NG, Fe@Au_NG_c and Fe@Au_NG _i as a function
of temperature.
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A comparison of the DLS sizes of the Fe@Au NPs, a representative NG and Fe@Au NPs
incorporated into NGs (Fe@Au_NG_c and Fe@Au_NG i) as a function of temperature is
shown in Figure 6.16 (d) . An increase in the size of the Fe@Au_NG_c NPs as a result of the
increase in temperature happens as the NG units undergo entropy driven collapse above VPTT,
but Fe@Au NPs act as crosslinking units pulling the gelling units together, whereby increasing
their effective size. On the other hand, FeAu_NG i resembles the collapse behaviour of the
NGs, showing a volumetric collapse efficiency of 94%, analogous to that of the bare NGs.
Thus, the Fe@Au_NG_i behaves similarly to the bare NGs, while the Fe@Au_NG_c

resembles the characteristics of the bare Fe@Au NPs.
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Figure 6.17 Comparison of release of Cyt C (loaded using breathing-in mechanism and
traditional method) over time from (a) a representative NG and Fe@Au NPs incorporated into
NGs at pH 3, T 40°C. (b) Plot of In (F) as a function of In (t) for a representative NG and
Fe@Au NPs incorporated into NGs at pH 3, T 40°C. (c) Overall schematic showing release of
Cyt-C at pH 3.4 and temperature 40°C from three different NG combinations- NG,
Fe@Au_NG_c and Fe@AU_NG _i.
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The NG systems were loaded using breathing-in mechanism, where in, the freeze-dried NGs
or Fe@Au NPs incorporated into NGs were imbibed with a concentrated solution of Cyt C.
High loading efficiencies of up to 95% were obtained for these NGs, with an encapsulation
efficiency of ~ 500 ug per mg of the polymer. In case of the NG coated Fe@Au NPs, loading
efficiencies of upto 32% have been obtained with encapsulation efficiencies upto ~14 ug per
mg of the Fe@Au NPs. For Fe@Au_NG _i, loading efficiencies of 36.2% and encapsulation
efficiencies of 109.7 pg per mg of the NG system were observed. Highest release from these
systems was observed under the cumulative effect of high temperature (above VPTT) and
acidic pH, specifically at 40°C and pH ~ 3. Figure 6.17 (a) shows the release profiles of Cyt C
loaded into the NGs and Fe@Au incorporated NGs using the breathing-in mechanism and/or
the traditional method, the latter refers to adding a calculated amount of the drug to the NG
solutions, whereas the former relies on imbibing the freeze-dried NGs with a concentrated drug

solution.

A slightly higher release was observed in case of the traditional method. This is because the
drug molecule is peripherally bound to the NGs while in breathing-in case, the drug molecule
traverses to the inside of the pores and hence requires more time or several stimuli factors to
cause substantial release. Comparing the various NG systems, Fe@Au_NG_c showed
remarkably rapid release kinetics, releasing almost 55% of the initial loaded drug over a period
of ~ 40 hours in comparison to Fe@Au_NG_i. The higher release in case of Fe@Au_NG_c is
due to more peripheral localization of the drug owing to incorporation of the Fe@Au NPs in
the NG networks. Further, the Fe@Au NPs act as cross-linkers in case of Fe@Au_NG_c,
pulling the gelled units closer together, and thereby enhancing ‘squeezing’ out of the drug. The
release kinetics further prove that Fe@Au_NG _i behave similarly to the bare NGs.

Plotting In F as a function of In t, ( Figure 6.17 (b)) where, F represents the cumulative fraction
of the drug released at time t, gives information about the release mechanisms. It was observed
here that drug release mechanisms from the Fe@Au_NG_c and Fe@Au_NG _i were that of
super case transport 11 (n>1) while for the NGs alone were representative of drug release from
spherical particles (0.5<n <1) and anomalous in nature. This relates to the conformational
arrangement of the NGs which have lesser degrees of freedom in the presence of Fe@Au NPs,
leading to less homogeneously defined viscous and elastic regions. The hypothesized

conformational changes are depicted in the schematic in Figure 6.17 (c).
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In addition to the optimization of the synthetic parameters for pNIPAmM-AAc NGs, the study
also shows that drug incorporation method, location of the drug and presence of Fe@Au NPs
largely alter the drug release mechanism and the kinetics. Although maximum release from
these systems was observed above VPTT, the swelling-collapse behaviour was not discussed
quantitatively. The next paper was thus aimed at understanding reversibility of such phase

changing systems using a detailed methodology.

6.2.2 Paper-VI: A robust method to calculate VPTT for hydrogels and hybrids.
Manuscript under preparation'®,

A common method to estimate LCST or VPTT is to measure a spectroscopic parameter like
optical density, turbidity, absorbance or size or specific heat as a function of temperature and
assign the transition temperature at the average of the sigmoidal plot of the curve or at the mid-
point of the range.[75-79] There exists no study to our knowledge where VPTT of such phase
changing systems have been exhaustively calculated using a well-defined method with
experimental data from both heating and cooling cycles. Our group were among the first to
incorporate data from both heating and cooling experiments to understand the behaviours of
NP based systems coupled with phase changing polymers. [124, 125] Understanding the phase

behavior during both the cycles is the first step towards understanding system reversibility.

Thermodynamic reversibility for systems undergoing phase change has been studied taking
into consideration only the initial and final state points. However, the effect of temperature or
any other independent parameter on the constituting polymer chains will cause the system to
go through several state points along the path, which may not be equal during heating and
cooling cycles or during repeated cycles. It is therefore deemed important to consider the
journey of the system through these various state points while defining system responsiveness
rather than bias the system at the end state points.

In this work, three methods have been devised to obtain the VPTTs of phase changing systems
under study which are named as Methods I, 1l and 111 respectively. Figure 6.18 highlights the
underlying principle used in Method | and Il. To start with, the variation of the normalized
spectroscopic parameter (size, asize and o in this case) with temperature was plotted (Figure
6.18(a)) and a ‘Sigmoid, 5 Parameter’ curve was fitted using SigmaPlot® version 13.0 (Figure
6.18(b)). The fit provided us with the values of the five constant parameters (a, b, c, d and e)

as shown in equation (46). A fixed value of iteration (n) was selected to define the number of

X The contents of this paper was evaluated by NTNU Technology Transfer AS for patenting.
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desired intervals. A MATLAB® code generated a curve utilizing the interval temperature
values as the abscissa coordinates and the above obtained five parameters. A mean of the lowest
(To) and the highest (Tn) temperature values, under study, was calculated and it acted as the
starting point for the code. This mean value (Tm) divided the curve into two areas (Figure
6.18(c)). Area | extended from T till Tn, while Area Il extends from T, to Tm. The code
calculated the area of the two regions based on “Simpson’s 1/3"@ Rule” and later compared the
two obtained area values. Relative difference of the areas was calculated as shown by equation
(47). If the compared areas did not fall within the acceptable tolerance limits (defined by the
user), the counter for the VPTT moved one interval towards the side of the higher area value
and recalculated the areas of the newly formed regions. The final VPTT value was obtained

when the relative difference of the areas fell within the tolerance limit (Figure 6.18(d)).
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curve to the experimental dataset. (¢) Area equalization algorithm. (d) Determination of VPTT
using MATLAB® code.
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Area,

Area,

(47)
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Method | used the above described approach. Swelling ratios, an and aci were used for this
method (equations (48) and (49)), where, D represents the diameter at a specific temperature
and D, is the diameter at the lowest temperature of measurement. VPTT for heating and
cooling cycles were calculated from the heating and cooling curves respectively. Same
procedure was applied to both the heating as well as the cooling curves and two VPTTs for the

heating (T,_, ) and the cooling (T__,) cycles were obtained respectively.

o, = [3] (48)

a =(3j (49)

Method Il was an extension of method I. The swelling ratio for heating cycle was defined as in
Method | (equation (50)), but de-swelling ratio was used for the cooling cycle instead of the
swelling ratio (equation (51)). These swelling ratios were used in the curve fitting and

parameter generation by SigmaPlot®. The intermediate values of heating (T, _, ) and cooling
(T.._,) VPTTs were calculated using the area equalization approach similar to Method I. Using
these two intermediate values, the corresponding « values were determined (¢, and e, ).

A mean of these a values (amn) was taken to generate the final VPTTs from the curve namely,

T.,and T_,.

Ay = [DROJ (50)
a,, = (%) (51)

Method 11 provided a compact approach in the calculation of VPTTs. The swelling ratios for
the heating as well as the cooling cycles were defined as in method Il and the curves were

generated in a similar manner. Instead of calculating the intermediate values of the respective
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swelling ratios as in Method 11, an average value of the swelling and de-swelling ratios was
determined from the raw data as shown by equations (52) and (53). Heating and cooling VPTTs

were then calculated from «,,, ,, and ¢,

me—111 !

namelyas T, ,, and T,

c-ln

respectively.

o0 — O
Ah_m :(%) (52)

o, — O
et :{%} (53)

Thus, the first two methods (Methods | and I1) were based on equalizing the areas of swelled
and collapsed states while the third method (Method 111) estimated the VPTT values using

mean heating and cooling swelling ratios (&, ,, » &,y ) Over the whole data range.

Determination of the VPTTs might give a rough estimate of the reversibility of the systems but
it is still not an absolute criterion for commenting on the reversibility of the systems. In order
to define overall system reversibility, a general approach of hysteresis was followed. Relative

hysteresis (equation (54)) was calculated from the size vs temperature plots for all the samples.
Areaﬁ‘/s = |Areaheat - Areacool| (54)

In another possible approach to determine system’s reversibility, a linear correlation was fitted
to the size vs temperature curves, for both the heating and the cooling cycles and the slope of

the respective fits were noted (m, andm, ). These values were used for carrying out order of
magnitude analysis and determination of the reversibility parameter, defined based on m, ,m,

andm,, .

Ian - InVm —1n (55)
m — 'h 'c
" InTh—III _InTc—III

The VPTTs were found to deviate the least from the respective representative mean values (at
different tolerances) when « (volume normalized parameter) was used as the processing

property in comparison to raw data (size) and a size normalized parameter, o, . Further, a

size *

tolerance of 0.001 was set for all calculations and the reported VPTTSs are for an iteration

number 1000, unless otherwise stated.
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Figure 6.19 Heating and cooling VPTTs for different samples calculated using (a) Method 1
(b) Method Il and (c) Method 111 respectively. Regression analysis for (d) pNIPAm /PEG200-
pNIPAM/AAc, (e) Fe@Au PEG nanogel and (f) 80 nm Au IgG nanoclusters using
experimental datasets. Yellow, pink and red points refer to volumes obtained at the calculated
VPTTs for the respective systems using Methods I, 1l and I11 respectively.

Figure 6.19 (a), (b) and (c) show the heating and cooling VPTTSs obtained by using methods I,
Il and 111 respectively for different phase transition systems. In addition to incorporation of
both heating and cooling cycles, the VPTT obtained from each method is a representative
value, as all the experimental data points have been adequately considered. The samples
studied here have been synthesized during the course of the PhD work. pNIPAM/PEGMW-
pNIPAM/AAcC where, MW = 200, 400, 550, 750, were synthesized by Rajesh Raju.X
pNIPAM/AAc nanogel, Fe@PEG_nanogel were synthesized as discussed in Paper-Ill. The
third category of samples studied here involves AuNP-Immunoglobulin nanoconstructs (80nm
Au IgG nanoclusters and 30nm Au 1gG nanoclusters) that show a temperature dependent
irreversible adsorption, owing to loss of protein structures at high temperatures, previously
studied by our group. [125]

X Rajesh, R.; Bandyopadhyay, S.; Sharma, A.; Glomm, W.R.; Preparation of multiresponsive p[NIPAm-co-
PEGMA](core)/p[NIPAmM-co-AAc (shell)] with controlled size and monodispersity; Manuscript in
preparation.
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While Method | employed the use of one parameter ¢, , the other two methods also used the
cooling swelling ratio («, ) with an intuitive search for a cross-over point defining an overall

system behavior. pNIPAmM and pNIPAm based systems show temperature responsiveness
owing to a transition from a hydrophilic state to a hydrophobic state above VPTT.
Incorporation of different blocks like acrylic acid (AAc), polyethylene glycol (PEG),
poly(ethylene oxide) (PEO) into the polymeric architecture affect the VPTT owing to a change
in the rigidity of the polymer structure.[126-128] An obvious change in the VPTT values was
however observed for samples pNIPAM/PEGMW-pNIPAmM/AAc where MW = 200, 400, 550,
750. On the other hand, incorporation of Fe@Au PEG NPs in pNIPAM/AAc NGs altered the
VPTT- while the heating VPTT increased upon addition of the Fe@Au PEG NPs, the cooling
VPTT decreased. (Samples pNIPAM/AAc nanogel, Fe@PEG_nanogel). This happens due to
the presence of the Fe@Au NPs that act as cross-linkers between the gelling units, pulling them
together, leading to an increase of the size as a function of temperature, an effect opposite to
that for the bare NGs.

The first two methods of evaluation considered area calculations using Simpson’s 1/3 Rule,
the accuracy of which is dependent on the step size and in turn on the number of iterations.
During the evaluation, iteration value was kept at 1000 for all the systems. This might introduce
minor errors due to approximation. However, Method I11 employed two parameters (on and o),
but did not include the area equalization modules, meaning that, it is not as sensitive to minor
variations in the curve shapes unlike the former two. Further, as explained above, the three
methods provided VPTT values for both reversible and irreversible systems within the same
range. Therefore, Method 111 is suggested to be the least computationally exhaustive method
with a good estimation of both heating and cooling VPTTs. However, since VPTT is an
undefined parameter for systems that do not undergo phase change or for systems undergoing
irreversible changes, discrepancies were seen in the estimated values calculated using all the
three methods for the cooling VPTTSs for Au-1gG samples (Supporting Information for Paper-
VI).

Although these methods were competent to estimate both heating and cooling VPTTs for
various systems, the absolute values obtained did not give an estimate of the reversibility of
these systems. The heating and cooling VPTTs obtained for pNIPAM/PEG200-pNIPAM/AAC
using Method | were almost equal, while this was the same scenario for 80nm Au IgG

nanoclusters, indicating that both the systems are equally reversible, if the criterion for
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reversibility is assumed to be equal heating and cooling VPTTs. However, experimental data
showed otherwise.

Thus, it can be assumed that this criterion is not a suitable measure of system reversibility.
Figure 6.19 (d), (e) and (f) show the plots of In V versus In T for three representative samples,
where V represents the volume of the particles and T is the temperature in K. Regression lines
fitted to these datasets showed that an approximate measure of system reversibility is predicted
by two factors — (i) coincidence of the regression lines for heating and cooling and (ii)
coincidence of the VPTTs obtained from all the methods. For pNIPAM/PEG200-
pNIPAmM/AAc, both the conditions were satisfied, while for Fe@Au PEG NGs, the regression
lines for heating and cooling VPTTs were not coincident and for 80nm Au IgG nanoclusters,
neither of the conditions were satisfied. Qualitatively, it was possible to ascertain irreversibility
in the same order rendering pNIPAmM/PEG200-pNIPAmM/AAC to be the most reversible and
80nm Au IgG nanoclusters to be the most irreversible among the selected samples. This is
further illustrated in Figure 6.20 which demonstrates the divergence of the regression lines as
we move from the most reversible sample ( Figure 6.20(a)) to the irreversible sample ( Figure
6.20 (c)).

(a) pNIPAM/PEG200- pNIPAm/AAc (b) Fe@Au_PEG_nanogel (c) 80 nm Au IgG nanoclusters
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Figure 6.20 Variation of InV vs In T for (a) pNIPAM(PEG200-pNIPAmM/Aac, (b)
Fe@Au_PEG_nanogel and (c) 80nm Au IgG nanoclusters.

While the approach explained took into consideration all the experimental data points, it did
not provide a quantitative description of the system reversibility. However, an order of
magnitude analysis helped us to treat this semi-quantitatively as follows.

A judging criterion for reversibility can be defined in terms of the order of magnitude analysis

as follows:
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0] ( Ro, ) =0 ( Ro, ) : Reversible System (56)

O(R,, )#O(R, ): Irreversible System  (57)
Here,
m
R,, = 58
iy (58)
m
R = (59)

m, and m, represent the slopes of the regression lines of InV and InT for heating and cooling

cycles respectively. Table 6-1shows the differences in the order of magnitudes of the
irreversible samples as compared with other reversible ones. Although, this criterion defined
system reversibility, it failed to reflect the extent of reversibility of a particular system.

Table 6-1 Order of magnitude analysis data for all samples.

heat cool Rmh Rme
-2.1 -21 -68 0.88 0.87 1 1
-14 -13 -84 075 0.73 1 1
-67.9 0.85 0.79 2 2
-18  -17 -129 092 09 1 1

45 -48 -16.1 0.84 0.86
2 2.3 35 092 0.95
-0.2 0 -01 094 0.26
=l 0 -1.2 084 0.27
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In the search for a quantitative parameter that describes the system reversibility taking into
account all the state points which the system passes through both during heating and cooling

cycles, the reversibility parameter (RP) was developed:

T = J10n
mh

Where, n is an integer greater than or equal to 1.

RP =|log, (60)
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The condition of reversibility was defined as follows:

RP <0.1n : Reversible (61)
0.In<RP <0.2n : Partially irreversible (62)
RP =0.2n > Irreversible (63)

Applying the same methodology, it was possible to ascertain a system parameter to each of the
samples that describes the swelling-collapse behavior. The RP and percentage irreversibility
(Figure 6.21 (), (b)) follow the same trend as the relative hysteresis area curve for the samples
(Supporting Information), the latter does not ascribe a definite system parameter and only gives
a relative understanding of system reversibility. On the other hand, RP is also a predictive
parameter that has the capability to estimate either the temporal state of the system state or its
state after several cycles of operation, depending on whether RP has been calculated from time-

based or cycle-based data respectively.

(a) (b)

2.00 | * . 100 N
5 195 99 -
E -
E z
E =
=
£ 190 = 98
; .
= @
= . ] .
= { =
- 1.00 . = 40 o .
g . . = .
> L]
=
0.50 20 -
.
.
0.00 ¢ ! 0+ - -
b & e ne \ P P W N vﬁ o d.ﬁ -
» U e \‘“‘?. \“\\'\ ‘\:&ﬁ»o" o+ C\\\ ?\“‘\ ‘Z\"‘\\ ?\‘“\ ?"(“\ \‘“" 5 “9“ {.Qw ﬁ‘w
P q"‘v\"‘t ‘"‘“ e & A v.‘L o
T oV " olf R o SRR o® +
AW Lot Y el .ﬂ.w\ \S O N %
G,t“' ﬁ,""@ '.&‘"" Q,L"" ™ -e'\"‘s b "“ QﬁL qﬁc’\ ?\, %‘-1 o e «,?'\‘ “\?*"'
B ® s A o ) ﬁ + o o
Uy \'@\? ¥ Lt ?._p \‘ e \q\o‘ T o @
JEN SR\ P e <N &
; : g 3 . v
A Samples Samples

Figure 6.21 (a) Reversibility parameters and (b) Percentage irreversibilities for all samples.

We stress that the RP could be a very important parameter for systems that lose utility over
time or usage owing to fouling. Further, for a system in operation, the whole setup need not be
changed in instances of system malfunctioning, but the operation window can be changed
based on previous system state values. This would not only reduce investment costs, but also
reduce system down-time. One of the foreseeable situations is improved performance of
various bio sensors based on polymer properties. Thus, with the discovery of a new parameter
that is capable of defining system reversibility, it will help in understanding the behavior of

systems that undergo stimuli driven swelling-collapse.
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6.3 Hybrid NPs

This final sub-section culminates in two important papers, Papers-VI1I and VII1, that deal with
combination of nanomaterials that include metallic and polymeric NPs, with an attempt to
obtain superior properties in drug delivery applications. Findings from Paper-111 showed that
coating is the preferred method for NP incorporation over in-situ growth. Hence, coating
strategy was used for both papers here. Paper-VII deals with different polymeric coatings on
Fe@Au NPs, with an aim to understand the influence of functionalization on loading and
release of L-Dopa, a drug for Parkinson’s disease. Paper-VIII further analyses the effect of

shape on the release of Cyt-C for different Au NPs incorporated in NIPAm based hydrogels.

6.3.1 Paper-VII: Influence of polymer coating on release of L-Dopa from Core-shell
Fe@Au nanoparticle systems.
Manuscript under preparation.

This study was directed towards understanding the effect of different stimuli-responsive
polymer shells on Fe@Au core-shell NPs with respect to thermoresponse as well as loading
and release characteristics. Loading and release studies were carried out using L-Dopa, an
orally administered drug used for treatment of Parkinson’s disease. L-Dopa is the precursor for
the neurotransmitter dopamine and is de-carboxylated to the latter in capillary endothelial cells,

once carried across the blood brain barrier.[129]

Fe@Au NPs were synthesized according to the protocol used in Paper I. Thereafter, a solution
based approach was used to functionalize these NPs with different commercial and in-house

synthesized polymeric shells (Figure 6.22).

The bare Fe@Au NPs showed a size of 68 + 1 nm and were found to be superparamagnetic
(negligible remanence and coercivity, saturation magnetization ~ 12emu/g at room
temperature) in accordance with the results reported in Paper I. A high zeta potential of -27+ 1
mV (Figure 6.23 (b)) rendered stability to these NPs in aqueous medium. An increase in size
was observed for the coated Fe@Au NPs when compared to the uncoated ones (Figure 6.23
(a)). This supports successful coating of Fe@Au NPs for all the polymers used here.
Fe@Au_PEG_Microgel shows a drastic increase in size in comparison to the other samples.
Microgel refers to pNIPAmM_AAc gels synthesized in Paper 111.X! This is primarily due to the

arrangement of the Fe@Au NPs that act as bridge molecules between the microgel units as has

XI' The abbreviations pNIPAM and PNIPAAM are interchangable in this sub-section owing to different
abbreviations used during the development of different manuscripts.
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been reported in Paper Ill. On the other hand, in case of the other systems, the respective
polymer adsorbs to the Fe@Au NPs either via charge based interactions or non-specific

interactions.
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Figure 6.22 Chemical structures, molecular weights and polydispersities of synthesized and
commercial polymers applied in this study.

The increase in size was accompanied by a decrease in zeta potential, for the Fe@Au NPs
coated with Bovine serum albumin (BSA), PEG and microgel. This happens following
redistribution of the surface charges while the total charge in the system remains conserved.
On the other hand, the Fe@Au NPs coated with cationic polymers, PN(+), PNIPAAM-NH:
and Poly-L-lysine showed an increase in the zeta potential. This stems from charge density
matching between the negatively charged Au surface and the cationic polymers. Coating with
PMAA-co-PNIPAAM also showed an increase in the zeta potential that can be traced back to
charge density matching. Although, PNIPAAM-COOH and PMAA-co-PNIPAAM both
showed negative surface charges in water phase, the change in zeta potential of the Fe@Au
coated with the respective polymers followed an opposite trend. This could be either due to

different contact points between the polymer and the citrate on the Au surface or a different
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charge density matching owing to differences in molecular weights and thus different surface

conformations of the two polymers.
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Figure 6.23 (a) Hydrodynamic sizes of both bare and coated Fe@Au NPs. (b) Zeta potentials
of both bare and coated Fe@Au NPs.

Fe@Au NPs showed characteristic LSPR signature at 524 nm. Upon coating of the Fe@Au
NPs with PEG, a bathochromic red shift was obtained (527 nm), proving a successful coating
of the Fe@Au NPs with PEG, as has been reported in Paper I. Upon coating with microgel, a
blue shift of the LSPR peak to 523 nm was observed (Figure 6.27(a)). This is primarily because
of high water swelling capacity of the microgels that absorb water from the immediate vicinity
of the Fe@Au NPs, leading to a more hydrophobic environment around the NPs. However, if
PEG coating was followed by microgel coating, the LSPR peak shifted to 527nm, resembling
a similar LSPR position as in case of Fe@Au_PEG, which is in agreement with the
hypothesized surface water extraction. The Fe@Au NPs were found to be located in between
the microgel particles, forming interconnecting bridges. With an increase in temperature, the
microgel units collapse, causing a shrinking of the microgel volume. However, the cross-
linking Fe@Au NPs pull together the gelling units as shown in Figure 6.27(b). This leads to an
apparent increase in the size of Fe@Au_Microgel as a function of increasing temperature as
also observed in Paper Ill. This is further supported by DLS results which show that the
Fe@Au_Microgel system swelled when heated from 25 °C to 40 °C (Figure 6.27(g)).
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The temperature dependent swelling-collapse for both the microgel systems were captured
using DLS (Figure 6.27(c), (d)). Fe@Au_Microgel showed a 15% higher volumetric swelling
compared to Fe@Au_PEG_Microgel, owing to incorporation of PEG molecules in the latter
case. This is due to decreased net dipole moment of PEG with increasing temperature, leading
to a more hydrophobic behavior. [120] The presence of PEG aids in lowering the VPTT of this
system (36.7 + 0.6° C) compared to Fe@Au_Microgel (38.4 + 0.4° C). The lowering of VPTT
is guided by the entropy driven volumetric collapse of the microgel that presses out the water
entrapped within the microgel structure. The elevated temperature causes a decrease in dipole
moment and a concomitant increase in hydrophobicity of PEG. This aids in increasing the
entropy change between the swollen and collapsed states, leading to lowering of thermal energy
required to drive this process spontaneously (AG >0). The swelling-collapse behavior of
Fe@Au_PEG_Microgel was found to be 90% more reversible as compared to
Fe@Au_Microgel, indicated by their relative hysteresis areas of swelling ratio curves. The
lower hysteresis in case of Fe@Au_PEG_Microgel is aided by the PEG units that are
hydrophobic at higher temperatures. The increase in hydrophobicity of PEG with increasing
temperature may be attributed to increased rotation of the bonds at higher temperature, thereby
reducing the number of polar ethylene oxide conformations or due to reduced hydration of
oxygen atoms in PEG. [130-133] This enables a uniform collapse of the hydrogel units, further
aided by the PEG chains, that in turn reduce irreversible losses, when the system passes through
the same state points during the cooling cycle. In addition, temperature does not cause
substantial aggregation for the constituent Fe@Au or Fe@Au_PEG NPs, shown by their
relatively constant sizes.(Figure 6.24 (e)). The negatively charged NPs also electrostatically

stabilize the systems, further substantiated by high zeta potential values (Figure 6.24 (f)).
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Among all the systems studied, Fe@Au_Microgel, Fe@Au_PEG and Fe@Au_PEG_Microgel
were observed to show the highest loading efficiencies for L-Dopa and hence, they were used
for monitoring the release of L-Dopa at 40°C, pH 3.5 release conditions. Fe@Au_Muicrogel
showed the highest release, delivering almost 87% of the loaded drug after 31 hours.
Introduction of PEG causes hindrance in the release as seen from the release kinetics of both
Fe@Au_PEG and Fe@Au_PEG_Microgel that released 56% and 29% over almost 60 and 55
hours, respectively (Figure 6.25 (a)). Although the loading efficiencies are comparable for the
three systems, the hindered release from the PEG based systems can be attributed to stronger
dipole-dipole interactions between the carboxy group of PEG-SH and amino group of L-Dopa.
This also explains why only a very small fraction of loaded L-Dopa is released, while a major
fraction of it still remains tightly bound to the carrier. While comparing the release profiles of
L-Dopa from Fe@Au coated with PN(+) (cationic) and PNIPAAM-COOH respectively,
(Figure 6.25 (b)) it is observed that in either case, the release is hindered with respect to that
from Fe@Au_Microgel. It should also be noted that the loading efficiencies in case of PN(+)

and PNIPAAM-COOH samples are much lower than for the microgel.

The nature of transport of the drug in case of all the samples is that of Super Case Il transport
(n>1) except for Fe@Au_Microgel, where the release is representative of non-Fickian
diffusion from thin films (Figure 6.25 (c), (d)). Super Case Il transport refers to drug release as
a result of both diffusion and relaxation of polymer chains, which happens for the
aforementioned samples primarily because the polymer chains respond to temperature and pH
over time as well. On the other hand, in case of Fe@Au_Microgel, the microgel chains collapse
almost instantaneously as a function of temperature and/or pH resulting in a thin film
conformation that releases the drug via non-Fickian diffusion. This also explains why this
sample showed the highest release of L-Dopa over time, releasing almost 87% of the loaded
drug.

The diffusional exponent results in addition to the release kinetics showed that drug- NP
interaction and response of the polymeric coating to temperature and pH largely control both
the drug release mechanism and the kinetics. This indicates that the choice of coating and
modulation of release parameters can greatly influence the release kinetics of L-Dopa from
Fe@Au NP systems. However, in this study, the effect of shape was not investigated. This was

addressed in the next paper.
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6.3.2 Paper-VIlI: Influence of different shaped Gold nanoparticles functionalized with
NIPAm based hydrogels on the release of Cytochrome C.

Under Review in The Journal of Physical Chemistry C.

Having controlled the growth of Au NPs in Paper IV and optimized the synthesis of
PNIPAmM_AAc hydrogels in Paper Ill, the effect of anisotropy on the loading and release of
Cyt C from hybrid systems was investigated in this paper. The main aim of this paper was to
replace the cationic CTAB from the surfaces of the different shapes of Au NPs with PEG
followed by coating with pNIPAmM-AAc hydrogel, in an attempt to combine the optical

properties of gold and the stimuli sensitive swelling-collapse properties of the hydrogel.

Five different shapes of AuNPs namely; spheres (AuNS), rods (AuNR), tetrahexahedral
(AuHex), bipyramids (AuBP), and nanomakura (AuNM) were synthesized following the
method reported in Paper V. Among the NPs studied, the smallest NPs were the NRs, namely
AUNR, having a hydrodynamic size of 14.4 £ 0.7 nm. The DLS results further showed that the
sizes of other anisotropic NPs decreased in the order hexagonal, bipyramids and nanomakura
respectively (AuHex > AuBP > AuNM). However, the hydrodynamic sizes when compared to
the S(T)EM analysis, showed that the largest NPs were the bipyramids (length: 382 + 107,
diameter: 107 + 45) while the smallest were the spherical NPs (AuNS) having a size of 17 + 2
nm. The differences can be attributed to measurement principles and the diameters being
reported. Table 6-2 shows the sizes of the different AuUNPs measured using S(T)EM and DLS.
It can be observed that the anisotropic NPs showed larger sizes compared to the DLS
hydrodynamic sizes, while the size of the spherical NPs showed close agreement with their
hydrodynamic radii. The slight increase in the DLS size is observed due to measurements of
different diameters (DLS measures hydrodynamic radius while S(T)EM measures dry radius),
due to DLS measuring the hydrodynamic radius rather than the core radius of the NPs as
measured by S(T)EM, a weak interparticle dipolar interaction among NPs causing weak

interparticle coupling, or a combination, as reported previously [119].

The AR of AuNRs (3.4 + 0.5) was comparable to that of AuBPs (3.8 + 0.5), although their
sizes differed considerably. A similar trend was noted for AuHex and AuNM having ARs
1.4 £ 0.2 and 1.5 £ 0.4 respectively. These variations in sizes were in accordance to the results

obtained in Paper V.
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Table 6-2 Differences in the sizes of Au NPs obtained from S(T)EM and DLS measurements.

AR. S(T)EM size (nm)
(avg = std. dev.) Length/width

34+05 418+41/126+15 144 £0.7
1.4+0.2 232.6 £24.6/170.7 £ 20.1 164.8 £5.6
38+05 381.7 + 106.8 / 106.5 + 45.3 144911
1.5+04 117.7+14.8/83.2+13.6 97.4+24
- 172422 225+0.4

The CTAB layer was subsequently reduced by sequential coating with PEG followed by

DLS size (nm)

pNIPAmM-AAc hydrogel, both the functionalization steps were optimized with respect to size
and zeta potential measurements. Figure 6.26 shows the S(T)EM images of bare Au NPs and
PEG-hydrogel coated NPs. In Paper Ill, it was shown that NPs reside on the periphery of the
hydrogel units and act as cross-linkers, pulling the hydrogel matrix closer. The cross-linking
density accounted for in such systems depends on the size, shape, particle number, surface
functionalization among other factors. Herein, it was observed that all the different shaped
AuNPs were located peripherally with respect to the hydrogel units for all the systems. It was
also observed that higher number of particles for AUNS, AuNR and AuNM cross-linking the
gelling units, while fewer and bigger AuBP and AuHex acted as bridge molecules connecting

the gelling units.

Figure 6.27 (b)-(e) show the changes in UV-Vis spectra for AUNR, AuHex, AuBP, AuNM and
AUNS respectively, upon coating with PEG (0.5 mg/ml) followed by hydrogel (3.3 mg/ml).
while Figure 6.27 (a) shows the UV-Vis spectra for the CTAB coated Au NPs. AuNS showed
a bathochromic shift from 523 nm to 529 nm upon coating with PEG, that induces a hydrophilic
environment around the NPs as has been shown before [119]. However, upon coating with
hydrogel, the LSPR peak blue shifted (524 nm) due to absorption of water from the NP
surrounding by the hydrogel, leading to a relatively water deficient surrounding in immediate
vicinity of the NPs. In case of the anisotropic NPs, blue shift in the LSPR maxima was observed
after both PEG as well as hydrogel coating. A hypsochromic shift in the LSPR maximum upon
PEG coating may be attributed to gradual replacement of the CTAB bilayer with PEG, leading

to uneven coating of PEG due to shape anisotropy. In addition, different coating densities on
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different facets of the anisotropic NPs, different conformations of the hydrogel guided by
different shapes of the AuUNPs or a combination of both also explain the shift. On subsequent
coating with hydrogel, the observed blue shift is most likely due to water absorption properties
of the hydrogel leading to decreased water content adjacent to the AuNPs as observed for the

spherical NPs as well.
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Figure 6.26 S(T)EM images of a) AuNR, b) PEG-hydrogel coated AuNR, ¢) AuHex, d) PEG-
hydrogel coated AuHex, ) AuBP, f) PEG-hydrogel coated AuBP, g) AUNM, h) PEG-hydrogel
coated AuNM, i) AuNS and j) PEG-hydrogel coated AuNS.
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DLS and zeta potential measurements performed for all the samples at base conditions (room
temperature and pH at synthesis conditions) and at release conditions (40°C, pH 3) as shown
in Figure 6.27 (g) and (h) respectively show a swelling collapse behavior of the PEG-hydrogel
coated AuNPs. AuNS showed the maximum swelling efficiency of ~ 99%, which is defined as
the ratio of the volume change of the NPs between the base and release conditions to the volume
at release condition. The VPTT of the pNIPAmM-AAc hydrogels used in this study has been
previously reported as 39°C in Paper I11. The individual hydrogel units thereby collapse under
release conditions as a result of the combined effect of temperature and pH. However, these
collapsed hydrogel blocks are pulled together by bridging AuNPs of different shapes. As
evidenced from the S(T)EM images (Figure 6.26), several hydrogel units are bridged by few
large particles (AuBP and AuHex), whereas these units are cross-linked by larger number of
smaller NPs (AuNS, AuNR and AuNM), resulting in higher flexibility of the collapsing

network. This is exhibited in high swelling efficiencies of the smaller NPs.

Hydrogel-PEG coated AuNPs were loaded with model protein drug, Cyt C, using modified
breathing in method. All the systems showed high loading efficiencies (L.E. ~ 80%) for higher
hydrogel concentration (Figure 6.28 (a), (b)). An immediate effect on the L.E. was observed
upon decreasing the hydrogel concentration to 1.7 mg/ml. AUNR, AuHex and AuNS showed
L.E. ~ 40%, whereas L.Es. of AuBP and AuNM remained unchanged. This is mostly explained
as loading of Cyt C into hydrogel-PEG coated AuNPs takes place primarily via interaction
between Cyt C and the hydrogel units.

Figure 6.28 (c) and (d) show the Cyt C release profiles from different AUNP systems with 1.7
and 3.3 mg/ml hydrogel coating respectively, release being measured via time dependent
dialysis using UV-Vis spectroscopy. Upon increasing the hydrogel concentration used for
coating the AuNPs, an enhanced release of Cyt C was observed for AUNR, AuHex and AuNS.
On the other hand, no substantial change in the release percentage of Cyt C was evidenced for
AuBP and AuNM. The release percentages followed the same order as L.E.s, indicating
diffusion based released governed by Cyt C concentration gradient. However, when comparing
the release profiles of AUNR and AuBP at higher hydrogel concentration (both having same
L.Es.), a formidable increase in release percentage was seen for AuBP. This may be attributed
to the larger sizes of AuBP in addition to lower particle numbers, when compared to AuNR,
leading to greater porosity for drug diffusion out of the matrix. A similar trend was noted for
AUNS and AuHex, the latter (highest L.E.) showing the maximum release percentage among

all the systems studied. Although the L.E of AUNM was comparable to that of AUNS (particle
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numbers higher than that of AuNM), the AuNS act as efficient cross-linkers owing to their
smaller sizes, pulling closer the collapsing hydrogel units. This creates higher porosity in the
matrix enabling more drug to escape into the release medium. Thus, the release of Cyt C from
the AuNPs is guided by their sizes, shapes, particle concentrations and efficiencies in acting as

cross linkers among the hydrogel units under release conditions among other parameters.

Figure 6.28 (e) and (f) show the variations of rate constants and release exponents respectively
for all the AuNP systems, measured at different time intervals throughout the release of Cyt C.
The release domains for AUNR, AuHex and AuNS were divided into two time regimes (Part-I
and Part-11), whereas for AuBP and AuNM, they were divided into three time regimes (Part-I,
Part-11 and Part-111) based on distinguishably different release zones over these time regimes.
On fitting the data to different rate models, the systems showed a best fit with zero order release
kinetics. A decrease in the rate constant can be observed in all the five AuUNP systems with an
increase in time. This is interpreted in terms of a temporal decrease in concentration gradient
of the drug inside the hydrogel-PEG coated AuNPs and the bulk of the release medium. This

determines the driving force for the diffusion of Cyt C out of the hydrogel matrix.

Peppas’ equation, which relates the log of cumulative fraction of drug released (F) with time
to the log of time [134], was used to determine the release geometry followed by different
AUNP systems. It can be observed that all the AuNPs followed a spherical/cylindrical geometry
in the first phase of release which transformed into thin film over time. This is indicated by a
temporal transition of the release exponent (n), obtained from regression analysis of In F versus
In t plots (Supporting Information), from values close to 1 to values higher than 1. At the onset
of release, the hydrogel-PEG coated AuNPs behave mostly as spherical units, squeezing out
the drug, owing to collapse of the individual hydrogel units. The rate of collapse of the hydrogel
units is retarded by the presence of inorganic NPs in the matrix, due to cross-linking effect
provided by the AuNPs. This effect is dependent on the shape, size and particle numbers and
determines how effectively the spherical/cylindrical to thin film transition will happen. Higher
values of release exponent (>1) indicate Super Case-Il transport of Cyt C, a mode of drug
release that combines diffusion controlled and visco-elastic relaxation controlled drug release
[102, 135].
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Figure 6.28 a) Loading and b) Encapsulation efficiencies for different shaped AuNPs for two
different hydrogel concentrations. Release kinetics of Cyt C from different shaped AuNPs for
¢) 1.7 mg/ml and d) 3.3 mg/ml hydrogel concentrations respectively. e) Rate constants and f)
release exponents for Cyt C release from different shaped AuNPs.
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Thus, we observe that upon combining metallic Au NPs and polymeric pNIPAmM-AAc
hydrogels, we are able to incorporate both optical and stimuli sensitive properties into the
nanoconstructs. Further, AuNP shape, size, number density and hydrogel content were found
to influence the loading as well as release kinetics of Cyt C from these systems.
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7 Conclusions and Future Work

This thesis has focused on two different kinds of nanomaterials, namely metallic NPs that
possess remarkable optical and magnetic properties and stimuli sensitive pNIPAm based
hydrogels which show temperature and/or pH dependent swelling-collapse behaviour. These
NPs have been functionalized with different moieties in order to tune them for drug delivery
applications, finally culminating in hybrid NPs formed by a combination of metallic and

polymeric NPs.

Paper | has shown that it is possible to grow a crystalline Au shell on superparamagnetic Fe
NPs using a solution based synthetic approach, whereby combining the optical and magnetic
properties from the shell and core respectively. PEGylated Fe@Au NPs were further shown to
have no appreciable cytotoxic effects on two different cell types (OECs and hNSCs), proving

them as promising candidates for biomedical applications.

The next Paper was directed towards understanding growth of anisotropic Au NWs in order to
control their optical properties. CTAB templated seed-mediated growth protocol was used in
this work. The study gave us a fundamental understanding regarding how the nature of the seed
plays an important role in the growth mechanism, and hence in the final products obtained.
However, it was desired to generalize our understanding for the growth mechanisms governing
the synthesis of anisotropic Au NPs of various shapes and sizes, while using the same method
of synthesis. The motivation for Paper Il was thus to investigate the effects of surfactant mole
ratios, pH of the growth solution, hallide ion concentration, seed concentration, reducing agent
concentration on the growth of anisotropic Au NPs. An important conclusion from the
investigation was that DDAB is the most suitable co-surfactant allowing the tunability in the
micellar structure to obtain Au NPs in different shapes and sizes. In addition, DDAB facilitates
the formation of zero-dimensional structures, while CTAB assists in one-dimensional rod like
structures. Using the method from Paper I, five different shapes of Au NPs, including
nanomakura (reported for the first time) were synthesized. The cationic CTAB on the surfaces
of Au NPs was replaced subsequently with PEG and MUA. Thereafter, nanomakura Au was
shown to have cytotoxic effects on GA cancer cells, rendering its applicability in hyperthermia

and drug delivery to cancer cells, while being simultaneously imaged.

With an attempt to exploit the temperature and pH sensitive properties of pNIPAmM based NGs,
the synthesis of pNIPAmM-AAc colloidal gels using precipitation polymerization was optimized

in Paper Ill. The effect of the surfactant SDS was found to be the most crucial factor in
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controlling their sizes. Fe@Au NPs synthesized in Paper | were incorporated into the NG
networks using two different methods- coating and in-situ growth (Fe@Au_NG _c and
Fe@Au_NG i respectively). Fe@Au_NG_i were found to behave similarly to the bare NGs,
while the Fe@Au_NG_c resembled the characteristics of the bare Fe@Au NPs. Further,
Fe@Au_NG_c showed remarkably rapid release kinetics for model protein drug Cyt C under
the influence of acidic pH and temperature above the VPTT of the collapsing gels. Further
understanding of VPTTSs of such swelling-collapse systems was dealt with in Paper V1. In this
work, a methodology was developed to determine the VPTTSs of phase changing systems, based
on measurement of a parameter (here, hydrodynamic size) that varies with temperature. The
methodology was applied on different systems synthesized during the thesis work to compare
the VPTTSs obtained using our method and those reported previously. A novel reversibility
parameter was further defined and is being reported here for the first time, that takes into
account all the state points through which the system passes through, in comparison to previous

studies which base it on the system end points alone.

Papers VII and VIII dwelt on hybrid NPs, formed by coating Fe@Au NPs and anisotropic Au
NPs with pNIPAm-AAc microgels respectively. The physico-chemical properties of these
hybrid Fe@Au NPs were optimized leading to loading of L-Dopa in these systems. Highest
release of L-Dopa was obtained for the pNIPAmM-AAc coated Fe@Au NPs. This is ascribed to
a collapse of the microgel units above VPTT, followed by cross-linking effect of the Fe@Au
NPs, pulling together the gelled units. On the other hand, the role of shape on loading and
release characteristics of Cyt-C from Au NPs incorporated into pNIPAmM-AACc microgels was
investigated in Paper VIII. Results showed that AuNP shape, size, particle number density and

microgel content are found to influence the loading as well as release kinetics.

The current work has shown that combination of nanomaterials leads to enhancement of
physico-chemical properties stemming from the counterparts. Although, some of the studies
have concentrated to explore the growth mechanism of anisotropic NPs, future work can use
techniques like UV-Vis spectroscopy, cryo-TEM in combination with numerical simulations
to map out the kinetics of growth. In addition, the robust methodology developed for VPTT
determination should be expanded for systems already in use to understand the predictive
capability of the reversibility parameter. Further, studies can be concerted towards loading
multiple drugs in the hybrid systems discussed here, with an aim to tune their release in

response to different stimuli for different drug. These can prove important candidates for
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delivery of both hydrophobic and hydrophilic components from multi-stimuli responsive

theranostic nanocarriers.
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Fe@Au core-shell nanoparticles (NPs) exhibit multiple functionalities enabling their effective use in appli-
cations such as medical imaging and drug delivery. In this work, a novel synthetic method was developed
and optimized for the synthesis of highly stable, monodisperse Fe@Au NPs of average diameter ~24 nm
exhibiting magneto-plasmonic characteristics. Fe@Au NPs were characterized by a wide range of exper-
imental techniques, including scanning (transmission) electron microscopy (S(T)EM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDX), dynamic

lé?;:insfgl nanoparticles light scattering (DLS) and UV-vis spectroscopy. The formed particles comprise an amorphous iron core
Oleylamine with a crystalline Au shell of tunable thickness, and retain the superparamagnetic properties at room

temperature after formation of a crystalline Au shell. After surface modification, PEGylated Fe@Au NPs
were used for in vitro studies on olfactory ensheathing cells (OECs) and human neural stem cells (hNSCs).
No adverse effects of the Fe@Au particles were observed post-labeling, both cell types retaining normal
morphology, viability, proliferation, and motility. It can be concluded that no appreciable toxic effects on
both cell types, coupled with multifunctionality and chemical stability make them ideal candidates for
therapeutic as well as diagnostic applications.

Multifunctional
Cytotoxicity
Multimodal imaging
Cell labeling

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Synthesis of magnetic nanoparticles (MNPs) of tunable sizes
has received a great scientific attention owing to their applications
in targeted drug delivery, magnetic resonance imaging (MRI) and
treatment of cancer by hyperthermia [1-8]. A common property
exploited in life sciences and biomedicine is superparamagnetism
allowing the alignment of all spins under an external magnetic field
[9]. Despite their tremendous use in biomedical applications, MNPs
often tend to aggregate due to strong interparticle dipolar inter-
actions in high ionic strength environment of biological solutions
[10]. This causes the enlargement of nanoparticle size, influencing
their magnetic properties and limiting their practical use. While

* Corresponding author at: Ugelstad Laboratory, Department of Chemical Engi-
neering, Norway. Tel.: +47 45071041.
E-mail addresses: sulalit.bandyopadhyay@ntnu.no, ratnavo@gmail.com
(S. Bandyopadhyay).

http://dx.doi.org/10.1016/j.apsusc.2014.07.081
0169-4332/© 2014 Elsevier B.V. All rights reserved.

MNPs with higher magnetic moment and higher anisotropy would
be ideal to improve their performance and dosage, they are often
hampered by a low degree of chemical stability, increased toxicity
coupled with low plasma half life [11]. Therefore, a major chal-
lenge is to increase solution stability and reduce NP toxicity without
compromising their magnetic properties.

To overcome these limitations, several procedures have been
reported whereby the MNPs are modified with a thin layer of poly-
mers/organic molecules, metal oxide or a metal [12-14]. Among
these, a thin protective shell of gold (Au) around the MNPs pro-
vides high stability due to its chemical inertness, low cytotoxicity,
simple bioconjugation through well-understood surface chemistry
such as Au-S [15], and high catalytic activity while supported on
metal or metal oxide supports [16]. Upon further functionalization
with molecules such as PEG (poly (ethylene glycol)), NP aggrega-
tion can also be prevented, besides exploiting cloaking properties
of PEG [17]. Au NPs display tunable and environmentally sensi-
tive localized surface plasmon resonance (LSPR) within the visible
range, which makes them suitable candidates for biosensors, and
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good contrast agents for computed tomography (CT)[18,19] as well
as photo-acoustic imaging [20]. Thus, core@shell NPs formed by
unifying a nanoscale magnetic core within a thin metallic shell
can act as a dual contrast agent for MRI and CT. To date, various
approaches have been developed for the synthesis of MNPs@Au,
such as hydroxyl amine seeding, reverse micelle templating, attach-
ment of Au NPs onto amino-silane modified iron oxide NPs, laser
ablation, sonochemical reaction, y-ray radiation, etc. [8,21-24].

Despite a small number of successful approaches for the syn-
thesis of MNPs@Au and the exploration of their applications in
different areas, many issues related to the precise control of Au shell
thickness, and the detailed characterization of resultant MNPs@Au
need to be addressed. In addition, some limitations associated with
earlier methods also include time-consuming purification steps,
intricate sequence of chemical reactions, broad size distribution,
and poor magnetic responses due to uncontrolled or uneven coat-
ing of Au shell around MNPs [25]. The control over size of the
resultant MNPs@Au is very important which not only has a pro-
nounced effect on toxicity and retention but also on mode of
administration. In some cases, successive gold coating steps are
needed to ensure sufficiently stable Fe@Au NPs [26]. Remaining
solvents or surfactants may also result in opsonization in vivo and
other potential side effects, and thus biocompatibility becomes a
serious concern [27].

Here, we report a new synthetic procedure for the formation
of Fe@Au NPs with a crystalline Au shell on amorphous Fe NPs,
their solution and magnetic properties, as well as their inter-
action with two cell lines. Our approach provides control over
Au shell thickness via tuning the concentration of Au salt in the
solution. First, Fe NPs were produced via thermal decomposition
of iron pentacarbonyl (Fe(CO)s) in the presence of oleylamine
(OAm) [28]. Later, these NPs were transferred to an aqueous
phase, and a shell of Au was grown over presynthesized Fe
NPs seeds via reduction of Au salt in the presence of sodium
citrate. Scanning (transmission) electron microscopy (S(T)EM), X~
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
energy dispersive X-ray spectroscopy (EDX), dynamic light scat-
tering (DLS), and ultraviolet-visible spectroscopy (UV-vis) were
used to characterize the Fe@Au NPs. These NPs were subsequently
functionalized with O-[2-(3-Mercaptopropionylamino)ethyl]-O’-
methylpolyethylene glycol (PEG-SH) molecules which have been
used at various concentrations for in vitro labeling of two different
cell types which are promising candidates for regenerative ther-
apy of the central nervous system: [29,30] olfactory ensheathing
cells (OECs) and human neural stem cells (hNSCs). These two cell
types differed in terms of uptake and localization of the Fe@Au
NPs post-labeling, while no cytotoxic effects were observed irre-
spective of label concentration or length of co-incubation with the
NPs. The magnetic properties of Fe, Fe@Au, and PEGylated Fe@Au
NPs were measured by Quantum Design MPMS system indicat-
ing supermagnetic behavior. Thus, Fe@Au NPs were found to be
have low cytotoxicity, aptly suited for a wide array of applications
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including bioimaging, drug delivery and other biodiagnostic and/or
biomedical applications.

2. Materials and methods

Iron pentacarbonyl (Fe(CO)s, 99.99%), octadecene (ODE, 90%),
oleylamine (OAm, 70%), chloroauric acid (99.999%), sodium citrate,
0-[2-(3-Mercaptopropionylamino)ethyl]-O’-methylpolyethylene
glycol (PEG-SH) of molecular weight 5000 Da were purchased from
Sigma-Aldrich.

2.1. Synthesis of Fe NPs

Fe NPs were synthesized via thermal decomposition of Fe(CO)s
in ODE in the presence of OAm. The reaction scheme modified from
the one reported by Sun et al. [31] is detailed herein. In essence, a
mixture of ODE (50 mL) and OAm (740 wL) was degassed under Ar
atmosphere and vigorous stirring at 120°C for 30 min. The tem-
perature was raised to 180°C and 1.8 mL of Fe(CO)s was injected
into the hot reaction mixture and the reaction was continued for
20 min. After cooling down to room temperature, the supernatant
was decanted and the magnetic bar coated with Fe NPs was washed
with 20 mL hexane and 40 mL acetone. Fe NPs were magnetically
separated, and the product was washed two times with 20 mL ace-
tone. Subsequently, these Fe NPs were dried in a stream of nitrogen.

2.2. Synthesis of Fe@Au NPs

The schematic protocol for Fe@Au NPs synthesis is illustrated in
Fig. 1. 5 mg of the as synthesized Fe NPs were dissolved in 10 mL of
10 mM sodium citrate solution using sonication at 80 °C for half an
hour. Citrate stabilized Fe seed solution (brown solution) was added
to a 50 mLreaction flask and the resultant solution was maintained
to 70°C under mild stirring. 10 mL of 1.5 mM chloroauric acid (the
concentration of the gold precursor was optimized by performing
experiments at concentrations both below and above this experi-
mental value) was added dropwise and allowed to react for 20 min
under vigorous stirring. The solution turned purplish red around
8 min after reaction. Thereafter, the solution was cooled down to
room temperature, and Fe@Au NPs were magnetically separated
to remove free Au NPs. A video of the synthesis protocol showing
the color change during the course of the reaction and influence
of the magnet on the final product can be found in the supporting
information.

2.3. PEG coating of Fe@Au NPs

Two milligrams of PEG-SH was mixed with 5 mg of the as syn-
thesized Fe@Au NPs dissolved in 5 mL of MQ water and stirred for
1h to covalently modify the surface of the NPs [32]. The result-
ing PEG coated Fe@Au NPs were collected by centrifugation at
10,000 rpm for 20 min and washed twice with MQ water. These

PEG-SH
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Fig. 1. Simplified schematic showing sequence of synthesis of PEG modified Fe@Au NPs.
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NPs were stored at concentrations of 1 mg/mL at 4°C to prevent
further aggregation.

2.4. Cell studies

Two different cell types were used for the cell studies, namely
OECs and hNSCs. OECs were purified from neonatal Fischer rats at
P8 according to Barnett and Roskams [33]. Purified OECs were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM GlutaMAX)
with 1.25% gentamicin and 5% FBS (Autogen Bioclear) on poly-L-
lysine (PLL) coated multi-well plates (Corning). The cultures were
supplemented with 500 ng/mL fibroblast growth factor 2 (FGF2)
(Peprotech, London, UK), 50 ng/mLheregulin (hrgf31) (R&D Systems
Europe Ltd, Abingdon, UK), and 10-% M forskolin.

Undifferentiated H9-derived, hNSCs (Gibco, Invitrogen) were
cultured on laminin-coated multi-well plates (Corning) in StemPro
NSC serum-free medium (Gibco, Invitrogen) containing 20 ng/mL
basic recombinant human fibroblast growth factor (bFGF) (Gibco,
Invitrogen) and 20 ng/mL recombinant human epidermal growth
factor (EGF) (Gibco, Invitrogen).

2.4.1. Cell labeling with Fe@Au NPs

PEG coated Fe@Au NPs were added to 50% confluent OEC and
hNSC cultures at concentrations of nanoparticles/media volume of
1 pg/mL, 100 pg/mL, 1 mg/mL and incubated for 6h, 12 h, and 24 h
at 37 °C with 7% CO, and 5% CO,, respectively.

2.4.2. LIVE/DEAD® cell viability assay

The viability of OECs and hNSCs was qualitatively assessed by
visualization of live and dead cells, stained by calcein and ethid-
ium homodimer-1 (EthD-1), respectively, using LIVE/DEAD® assay
(Invitrogen, Life Technologies) immediately after 6h, 12h and 24 h
incubation with Fe@Au-PEG NPs. LIVE/DEAD® solution was pre-
pared in 4.5mL sterile PBS with 2.7 uL calcein (Invitrogen), and
12 pL ethidium homodimer (Invitrogen), added to the labeled cell
cultures at 1:1 (v/v), and incubated for 30 min at 37°C. The cul-
tures were subsequently imaged on an Axiovert 200 M fluorescent
microscope (Zeiss, Germany) using AxioVision Rel. 4.3 software.

2.4.3. Prussian Blue staining

Prussian Blue kit was used for detection of intracellular iron.
Following 12 h of incubation with PEG coated Fe@Au NPs, OECs
and hNSCs were fixed with 4% paraformaldehyde and subsequently
stained with Prussian Blue according to the supplier’s recom-
mended protocol.

2.5. Characterization techniques

2.5.1. Scanning (transmission) electron microscopy [S(T)EM] and
energy dispersive X-ray spectroscopy [EDX]

S(T)EM images and EDX analyses were acquired using a Hitachi
S-5500 electron microscope operating at 30kV accelerating volt-
age. TEM images were obtained in bright field mode. TEM grids
were prepared by placing several drops of the solution on a Formvar
carbon coated copper grid (Electron Microscopy Sciences) and wip-
ing immediately with Kimberly-Clark kimwipes to prevent further
aggregation owing to evaporation at room temperature.

2.5.2. Dynamic light scattering [DLS] and zeta potential
measurement

The size distribution and zeta potential of the NPs were mea-
sured using a Malvern Zetasizer Nano-ZS instrument, and the
manufacturer’s own software. The solvent used for the Fe NPs was
n-hexane while for the other NPs, MQ water was used.

2.5.3. Ultraviolet-visible spectroscopy [UV-vis]

UV-vis spectra were acquired with a UV-2401PC (Shimadzu)
spectrophotometer. The spectra were collected over the spectral
range from 200 to 800 nm.

2.5.4. X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis Ultra DLD
spectrometer (Kratos Analytical, UK), equipped with a monochro-
matized aluminum X-ray source (Al, hu=1486.6 eV) operating at
10mAand 15kV (150 W). Ahybrid lens (electrostatic and magnetic)
mode was employed along with an analysis area of approximately
300 wm x 700 wm. Survey spectra were collected over the range of
0-1100 eV binding energy with analyzer pass energy of 160 eV, and
high resolution spectra of C 1s, O 1s, Fe 2p and Au 4f were obtained
with an analyzer pass energy of 20eV. XPS data were processed
with Casa XPS software (Casa Software Ltd., UK).

2.5.5. X-ray diffraction (XRD)

XRD patterns were collected from Bruker AXS D8 Focus with Cu
K, radiation (A =1.5418A). Samples for XRD measurement were
prepared by depositing several drops of concentrated solution of
NPs on a single crystalline silicon holder.

2.5.6. Magnetic measurements

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization
versus temperature (M-T) and room temperature magnetization
versus field (M-H) measurements were performed using a Quantum
Design MPMS system.

3. Results and discussion

The main steps involved in a typical synthesis of Fe@Au NPs
and subsequent surface modification with PEG are shown in Fig. 1.
Fe NPs were synthesized using a previously reported method [31].
These Fe NPs rapidly oxidize upon exposure to the air, forming a
thin surface layer of natural iron oxide. The S(T)EM image displayed
in Fig. 2(a) and its inset reveal a core-shell morphology of Fe MNPs,
i.e., Fe@Fe,0,. It is difficult to predict the exact nature of the shell
composition as both the core and shell are amorphous in nature
as confirmed by XRD measurements, which is also consistent with
previous reports (Fig. 2(e)) [34,35]. The number average diame-
ter of these NPs was measured over 200 NPs and was found to be
14+ 1 nm. The Fe NPs were dried after removal of the surfactant by
washing with hexane and acetone several times, and transferred
into anaqueous phase in the presence of sodium citrate. The citrate-
functionalized Fe NPs were found to be stable in an aqueous phase
without any aggregation (Fig. S1 in the supporting information).
Later, a thin coating of Au was carried out in aqueous medium using
water soluble Fe NPs as heterogeneous nucleation sites, leading to
the formation of a continuous shell of Au around the Fe NPs. The
resultant product of Fe@Au NPs were magnetically separated to
remove freely suspended Au NPs, and redispersed in an aqueous
phase.

Representative bright field (BF) S(T)EM images shown in
Fig. 2(b) exhibit an increment in an average diameter ~24+5nm
of Fe@Au NPs which are subsequently functionalized with PEG-SH
(Fig. 2(c)). From these data, the thickness of the Au shell is calcu-
lated to be ~5 nm. DLS measurements, however, show larger sizes
of 34+ 4nm (Fe NPs), 71 4 nm (Fe@Au NPs) and 72 + 5 nm (PEG
Fe@Au NPs), respectively, in comparison to analysis via S(T)EM. The
reason for this discrepancy can be attributed either due to DLS mea-
suring the hydrodynamic radius rather than the core radius of the
NPs as measured by S(T)EM, a weak interparticle dipolar interaction
among NPs causing weak interparticle coupling, or a combination.
It is difficult to visualize a core-shell morphology of as-prepared
Fe@Au NPs in electron microscopy because Au has a higher atomic
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Fig. 2. Representative BF S(T)EM images of (a) Fe@Fe,O, NPs (inset is an magnified
image of Fe NPs), (b) Fe@Au NPs (inset is EDX spectrum for Fe@Au NPs), (c) PEG
functionalized Fe@Au NPs (enlarged view of PEG functionalized Fe@Au NPs). (d)
UV-vis spectra of Fe, Fe@Au and PEG Fe@Au NPs. (e) XRD spectra for Fe and Fe@Au
NPs.

number than Fe, contributing to high contrast while imaging. A
shell of Au coating around Fe NPs can be confirmed by EDX elemen-
tal analysis, indicating the presence of Fe and Au in NPs (inset in
Fig. 2(b)). Moreover, UV-vis spectroscopy was used to characterize
the various steps of Fe NP surface functionalization (Fig. 2(d)). It can
be noted from the UV-vis spectra that Fe NPs do not show a promi-
nent absorption peak in the visible, whereas Fe@Au NPs display
an absorption peak at ~525nm, which is a characteristic LSPRof
Au NPs. We observe a red shift in the absorbance peak (~528 nm)
for PEG coated Fe@Au NPs. The bathochromic shift is an indica-
tion of the increase in the size of the NPs following PEG-coating, as
predicted by Mie-Drude theory [36].

XRD pattern of the Fe@Au NPs shows diffraction peaks at 26 val-
ues of 38.3,44.4,64.7, 77.7, corresponding to (11 1),(200),(220),
(311) planes, respectively, revealing the crystalline nature of the
Au shell on amorphous Fe NPs [34,37] (Fig. 2(e)). We also estimated
the average crystallite size of Fe@Au NPs obtained from half width
diffraction peaks using Scherrer’s formula, yielding ~8.5+2nm,
which is very small compared to the size (~24 &+ 5nm) measured
by TEM. This can be understood by considering that all diffraction
peaks in XRD pattern correspond to only crystalline phase of the
materials (i.e., the Au layer), and an average size measured by XRD
corresponds to the actual size of the Au shell. Such a shell thick-
ness of Au layer ~4+1nm from XRD is in good agreement with

shell thickness as measured by S(T)EM. XPS studies were also con-
ducted in order to examine the Au coating on Fe NPs, revealing the
presence of Fe 2p before and both Fe 2p and Au 4f after Au coat-
ing (Fig. 3(a and c)). In addition, a high resolution XPS spectrum of
Fe NPs shows three photoelectron peaks at ~711eV and ~725eV
corresponding to binding energies of 2ps, and 2py; of oxidized Fe
(I11), and ~707 eV assigned to zero-valent Fe (Fig. 3(b)) [ 38]. Fig. 3(d)
shows a high resolution spectrum of Au4f which consists of two
peaks with binding energies of ~84 eV and ~87 eV corresponding
to elemental Au(0), further confirming the presence of Au coating
over Fe NPs. Taken together, our results from S(T)EM, DLS, EDX XRD,
and XPS provide evidence for the successful coating of the Fe NPs
with a crystalline Au layer.

Zeta potential measurements of the Fe@Au and Fe@Au-PEG NPs
showed zeta potential values of —49.4mV and —36.2 mV respec-
tively. These high values essentially account for the electrosteric
stability of the particles in aqueous solution, possibly enabling pro-
longed circulation times for in vivo applications. Furthermore, the
effect of Au precursor concentration on the formation of Fe@Au
NPs was investigated for controlling the surface deposition of Au
onto Fe NPs. At low concentration of Au3* precursor (0.9 mM), we
noticed a low yield of Fe@Au NPs, where the majority of Fe NPs
remained unmodified following Au coating (Fig. 4(a)). When the
concentration was raised to 3.4mM, elongated Fe@Au NPs with
high yield were obtained (Fig. 4(b)). The size of these NPs was
found to be ~28 + 5 nm which is larger than the reference Fe@Au
NPs (~24 + 5 nm) synthesized at Au concentration 1.5 mM, leading
to increase in the shell thickness from ~5nm to ~7 nm based on
S(T)EM size distribution analysis. Similarly, a crystallite size anal-
ysis from the XRD patterns reveals an increase in shell thickness
from ~4 +1nm to ~6 + 2 nm following an increment from 1.5 mM
to 3.4 mM of Au*3 precursor, which is consistent with STEM results
(Fig. S2 in the supporting information). A bathochromic shift in
UV-vis spectra is observed from 528 nm to 535 nm with increas-
ing gold precursor concentration, indicating thicker gold coating
(Fig. 4(c)). In addition, an evolution of a second LSPR band above
600 nm with increasing gold precursor concentration is observed,
which can be attributed to a change in the nanoparticle shape after
gold coating.

Fig. 5(a) shows the zero-field-cooled (ZFC) and field cooled (FC)
magnetization versus temperature curves recorded in a weak mag-
netic field (H=200e) for Fe and Fe@Au NPs. Both samples show
ZFC magnetization curves reminiscent of superparamagnets. When
the sample is cooled under zero field, it shows no net alignment
of spins at low temperature, resulting in a very low magnetiza-
tion. As the temperature increases, the spins become progressively
“unblocked”, aligning toward the applied field direction, and the
magnetization increases until it reaches a maximum value at a tem-
perature commonly referred as the mean blocking temperature (Ty,)
of the sample. At temperature above T, (about 90K in our sam-
ples) the thermal energy (kgT) overcomes the magnetic anisotropy
energy barrier (i.e., increased dynamic rotation of the spins pre-
vents the alignment in the field direction), and magnetization starts
decreasing with further increase in temperature [9].

However, the nature of FC magnetization curves of Fe and Fe@Au
NPs are significantly different. The magnetization-temperature
(M-T) curves of the Fe NPs are reminiscent of a strongly interacting
nanoparticle system, with the FC magnetization value decreasing
below the T, on cooling down and the ZFC magnetization starting
to rise only as T, is approached on warming up [39]. In con-
trast, the Fe@Au NPs display M-T curves that are reminiscent of
a weakly interacting nanoparticle system; the FC magnetization
does not decrease below Ty, and the ZFC magnetization starts to
rise right from the lowest measured temperature. This observa-
tion matches very well with the prediction that the coating of
(5nm thick) Au shell coupled with citrate stabilization helps in
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separating the Fe moments and hence reduces the interaction
between them.

Fig. 5(b) shows the magnetization versus the magnetic field at
300K obtained by cycling the field between —30kOe and 30 kOe.
A negligible coercivity and remanence in the hysteresis loops indi-
cates the super-paramagnetic nature of the NPs. The M-H curves
become rounder or S-shaped like as Au is coated on the NPs, again
reflecting the weakening of interparticle interaction. It can be seen
that the saturation magnetizations of the NPs are lower than that
reported for bulk phase at room temperature (~218 emu/g) [40]. It
is well established that that the saturation magnetization of nano-
materials decreases (in comparison to the bulk) with decreasing
particle size owing to existence of surface spin disorder or the
magnetic dead layer [41]. Here it is important to note that the mag-
netization value in emu/g for the Fe@Au NPs does not represent
the actual magnetic moment of the Fe core, but it is underesti-
mated because of the weight of Au that contributes to the total
mass of the sample that is used for the magnetic measurements.
In fact, if this discrepancy is corrected by roughly subtracting the
weight of Au (calculated from the volume ratio of Fe and Au in a
Fe@Au NP) enhanced values for the Fe magnetization are obtained.
This enhancement can be explained by the fact that the coating
of Au shell reduces the magnetic dead layer in our samples. Fur-
ther, in the present case the possibility of increased crystallinity
of Fe core on addition of Au shell cannot be ruled out, which also
can lead to increased magnetic moment. This enhancement in the
magnetization value of the NPs on Au addition is another advantage
for biomagnetic applications. For example, higher magnetization
increases the MRI contrast with the applied magnetic field due
to the stronger interferences with the relaxation times of water
whichis the principal proton source in MRI signal [42]. Additionally,
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for applications that require particle manipulation by an external
magnetic field at a distance, it is essential that the particle sat-
uration magnetization is as high as possible [43]. Our magnetic
measurements on the Fe@Au-PEG sample (Fig. S3 in the suppor-
ting information) prove that the addition of PEG molecules further
weakens the magnetic interaction between the Fe moments. Hav-
ing characterized the Fe@Au NPs, PEGylated NPs were used to study
their interactions with two different cell types.

In order to assess the impact of the synthesized MNPs on cell
lines, LIVE/DEAD® assays were performed at different time points
after introduction of the Fe@Au-PEG NPs to cell cultures of OECs and
hNSCs, respectively. Co-incubation at 37 °C did not reveal observ-
able toxic effects of the NPs on either OECs or hNSCs. Both cell
types retained viability as well as normal morphology and motil-
ity compared to controls [Fig. 6(a), (b), (d) and (e)]. Moreover, cell
proliferation in terms of expected confluence at 24 h intervals did
not seem to be altered by the presence of the NPs in the cultures.
The above findings were consistent in all samples and were inde-
pendent of NP concentration used for co-incubation.

Differential interference contrast (DIC) images and Prussian
Blue assay results indicate uptake of Fe@Au-PEG NPs in >90%
of both OECs and hNSCs [Fig. 6(c) and (f)]. A tendency for peri-
membrane localization of the Fe@Au NPs, rather than intracellular
localization, was observed in the OECs. Consistent with the above,
these observations were independent of length of co-incubation
or NP concentration used, while it appeared that the two cell
types displayed different affinity toward the NPs. Quantification
of potential peri-membrane/intracellular NP concentration was
beyond the scope of the present study. Evaluation of NP-induced
toxicity in vitro is important before proceeding to in vivo applica-
tions as it eliminates the risk of unwanted effects of the NPs on the
cell of interest. At the same time, potential cytotoxic effects of the
NPs as well as cellular uptake will be contingent on cell type and
in vitro labeling protocol [44]. In this study, the Fe@Au NPs were
applied to cells with very different antigenic, metabolic and func-
tional profiles, i.e., a glial cell (OEC) and a stem cell (hNSC), both of
which are highly relevant in tissue engineering and image-guided
therapy following central nervous system (CNS) injury [45,46]. The
lack of observable toxic effects of the Fe@Au NPs on either cell type
is very promising with regard to future in vivo application involving

Fig. 6. (a), (b), (d) and (e) Live/Dead images of OECs and NSCs 24 h after labeling with Fe@Au NPs. (a) Unlabelled OECs. (b) OECs with Fe@Au NPs. (d) Unlabelled NSCs. (e)
NSCs with Fe@Au NPs. (c) and (f) DIC images of labeled OECs and NSCs, respectively, showing Fe@Au uptake (arrows).
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the specific cells. On the other hand, the differential affinity of
the OECs and hNSCs to the particles suggests that labeling and
imaging protocols for in vivo application must be optimized for the
individual cell types, consistent with previous findings [44].

4. Conclusion

In summary, we have optimized and developed the synthetic
conditions for designing multifunctional core-shell type NPs con-
sisting of magnetic core surrounded by a uniform, crystalline shell
of Au. The thickness of gold shell can be tuned by varying Au pre-
cursor concentration. This approach can further be extended to the
coating of other noble metals with controllable thickness where
metallic shell provides a surface for easy chemical functionalization
and long-term stabilization of the magnetic core under physiologi-
cal conditions. S(T)EM, EDX, DLS, UV-vis and XRD techniques were
used to confirm the uniform coating of Au shell around an Fe core.
As-synthesized Fe NPs with core-shell morphology were confirmed
by XPS results which indicates that an inner core and an outer shell
of MNPs are formed by Fe® and oxidized Fe, respectively. The pres-
ence of Au peaks in survey and high resolution XPS spectra affirm
the Au coating around the magnetic core, which is also evident from
XRD measurements indicating an amorphous state of Fe NPs prior
to Au coating. After Au coating on Fe NPs, a crystalline phase arises
which is attributed to the Au shell. The magnetic properties of NPs
at various steps of surface modification were characterized, and
we observe a superparamagnetic behavior at room temperature
due to the absence of hysteresis loop in M-H curves at 300K, and
Ty <300 K. From theseresults, it is clear that MNPs retain substantial
magnetic properties even after Au coating. In addition, it has been
shown that PEGylated Fe@Au NPs have no observable cytotoxic
effects on either OECs or NSCs, with a tendency of peri-membrane
internalization, to be further understood through in vitro studies.
The lack of observable toxic effects of the Fe@Au NPs on either cell
type is very promising with regard to future in vivo application
involving the specific cells. Magneto-plasmonic properties exhib-
ited by these hybrid NPs enable them suitable for theranostic as
well as multimodal imaging uses.
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A growth of one-dimensional noble metal nanostructure with controlled structural characteristic has
been under intense investigation as the physical properties, for example, mechanical and electrical prop-
erties highly depend on the crystallinity of the nanostructure. Herein, we report a seed-mediated growth
of gold nanowires with controlled structural and morphological characteristics, which can easily be var-
ied by selecting appropriate seed nanoparticles, either spherical or rod type in aqueous solution at room
temperature. The growth of nanowires was monitored by characterizing the samples at different time

léf)};;wrdg period during the reaction, and our observations suggest that growth occurs from seeds rapidly grow-
Nanowires ing along one-dimension followed by surfactant induced fusion or welding and surface diffusion. The

aspect ratio and morphology of these NWs can be tuned by CTAB concentration, pH and temperature
of the growth solution. We show that the aspect ratio and morphology of these NWs can be tuned by
the surfactant concentration, pH and temperature of the growth solution. Electron microscopy and X-ray
Photoelectron spectroscopic techniques were employed for investigating structural and surface char-
acteristics of nanowires. This approach can possibly help to synthesize nanowires of other metals with
controlled crystalline behaviour which is highly essential for understanding their properties and practical
applications in nanoelectronics, optical devices, catalysis, and sensors.

© 2014 Elsevier B.V. All rights reserved.

Template synthesis
Nanomaterials

Crystal structure
Surface characterization

1. Introduction

The synthesis of anisotropic nanostructures, such as wires, belts,
ribbons, tubes, and rods has been a focus of intensive investiga-
tion owing to their superior size- and shape-dependent physical
properties compared to their bulk counterparts [1,2]. In particular,
nanowires (NWs) made from noble metals such as gold (Au) are
promising materials because they show excellent electrical, ther-
mal and mechanical properties in addition to chemical inertness,
making them ideal candidates for a range of technological appli-
cations such as catalysis, sensors, surface-enhanced spectroscopy,
optical waveguides, light-emitting diodes, nanoelectronics and
biomedicine/diagnostics [3-13]. Recently, it has also been shown
that Au NWs incorporated into a porous scaffold can be used for
repairing diseased heart tissue [14].

* Corresponding author. Tel.: +47 73550339.
E-mail addresses: gurvinder.singh@ntnu.no (G. Singh),
Wilhelm.Glomm@sintef.no (W.R. Glomm).

http://dx.doi.org/10.1016/j.apsusc.2014.05.162
0169-4332/© 2014 Elsevier B.V. All rights reserved.

In the recent decade, various strategies have been proposed for
the synthesis of Au NWs such as the template assisted method
[15-20], oriented assembly of nanoparticles [21], physical vapor
deposition [22], wet chemical synthesis based on surfactant-
directed [23,24], and seed-mediated growth [5,25]. Moreover,
biomineralization-inspired synthesis of Au NWs has also been
reported by using Rhodopseudomonas capsulata under ambient
conditions [26]. Among the reported synthetic strategies, seed-
mediated growth has emerged as the most robust approach,
capable of producing a variety of aspect ratios and morphologies
from Au nanorods (NRs) and -wires to polyhedra, prisms, plates
and branched nanoparticles [27-30]. Here, a surfactant such as
cetyltrimethylammonium bromide (CTAB) acts as a soft template,
directing the growth by diffusing Au atoms or nanoparticles into
the seed particles in multiple steps forming long NWs in aqueous
solution. For example, Kim et al. reported the synthesis of Au NWs
of lengths up to 10 wm via a three step seed-mediated method
under highly acidic conditions (pH <3) [25]. In addition, Au NWs
synthesis has also been attempted at the air-liquid interface by
immersing an Au coated platinum tip into a growth solution at
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room temperature [31]. Later, Zhu et al. further investigated this
interfacial growth mechanism and found a structural change in
CTAB molecules adsorbed on Au NWs from a hydrophilic layer to
a hydrophobic monolayer, enriching the air-liquid interface with
NWs [32].

Although several approaches succeeded in producing Au NWs
with tunable aspect ratios, growth of Au NWs with controlled mor-
phological/structural characteristics and their underlying growth
process are areas in strong need of further elucidation. Tailoring of
these characteristics of NWs is essential to achieve better control
over the physical properties, for example, mechanical properties
can be altered by controlling lattice defects (e.g., twinning, grain
size etc.) that cause hindrance to dislocation motion in the struc-
ture [12,33]. Moreover, the growth of low and high aspect ratio Au
NRs has been studied over a wide range of pH upto ~7 via this seed-
mediated approach [34,35], but reports on NWs synthesis with
controlled structural characteristics (polycrystalline versus single
crystalline) in a solution of pH from ~3 to 11 are scarce [25]. Here,
we have investigated this seed mediated approach for the synthesis
of AuNWs using CTAB as a soft template and show that morphologi-
cal/structural characteristics of NWs can be controlled by choosing
appropriate type of seed nanoparticles such as spheres and rods
which is the first reporting to the best of our knowledge (Fig. 1).
The growth involves reduction of Au salt by ascorbic acid (AA) in the
presence of seeds, and preferential adsorption of structural direc-
ting CTAB molecules onto growing nanostructures, leading to more
rapid growth along one direction. We further monitored the growth
of Au NWs and observed that NWs were formed as results of fusion
of growing nanostructures followed by surface diffusion. In addi-
tion, Au NWs of tunable aspect ratio can be obtained by adjusting
the pH of the solution.

2. Experimental
2.1. Materials

Sodium borohydride (NaBHy4), and sodium hydroxide (NaOH)
were received from Alfa Aesar and VWR. Gold (III) chloride tri-
hydrate (HAuCls-3H,0), silver nitrate (AgNOs3), L-ascorbic acid
(AA) and potassium bromide (KBr) were all received from Sigma
Aldrich. Cetyltrimethylammonium bromide (CTAB), and sodium
citrate dehydrate (NaCA) was obtained from Fisher Scientific and
Merck. All chemicals were used as received without further purifi-
cation.

2.2. Synthesis of gold NWs

2.2.1. Preparation of NWs from spherical nanoparticles (seed 1)
05mL of 10mM NaCA solution and 0.5mL of 10mM
HAuCly-3H;0 solution were added into a glass vial containing
18.4mL of deionized water. Ice cold solution of 100 mM NaBH4
(0.6 mL) was rapidly added to NaCA + HAuCly-3H;0 solution under
vigorous stirring, and the solution immediately turns orange-red
colour. The stirring was further continued for 3 min, and the seed
solution was kept undisturbed at room temperature for 3 h prior to
use in growth solution. Three step seeding procedure was used to
synthesize wavy NWs. For this, three different growth solutions
labelled as A, B, and C contain 9mL aqueous solution contain-
ing 100mM CTAB and 10 mM HAuCly-3H,0 followed by adding
50 uL of 100mM AA and 50 pL of 100 mM NaOH. First, 1 mL of
seed solution was introduced into vial A, and shaken for 5s. Then,
1 mL solution from vial A is transferred to vial B, and again shaken
for 5s. Finally, 1 mL solution from vial B is added into vial C, and
after shaking for 10s, the vial is left undisturbed for 24 h at room
temperature. After the reaction, the solution was centrifuged for

15 min at 1500 rpm to separate NWs from irregular shaped reaction
byproduct.

2.2.2. Preparation of NWs from nanorods (seed 2)

The gold nanorods seed of aspect ratio ~3 were prepared by two
step process as reported by Ye et al. [38]. In a first step, gold seeds
were grown by injecting 0.6 mL of freshly made 10 mM NaBH4 solu-
tion into an aqueous solution containing 0.5 mM HAuCl4-3H,0, and
200 mM CTAB under vigorous stirring. The solution colour turns
into brownish-yellow and the stirring was continued for 3 min.
The seed solution was aged for 30 min prior to use. Later, 96 wL
of seed solution was introduced into a growth solution which was
prepared in 50 mL glass vial by adding solutions in the following
sequence: 15 mL of 100 mM CTAB solution and 118 mM KBr, 750 L
of4mM AgNO3, 15 mL of 1 mM HAuClg-3H,0, and, 135 pL of 64 mM
AA. The solution was left undisturbed at room temperature for 5h
prior to use. For the synthesis of NWs from seed 2, the growth solu-
tion was prepared in 25 mL glass vial by adding 50 p.L of 100 mM
AA and 50 pL of 100mM NaOH into 9mL aqueous solution con-
taining 100 mM CTAB and 10 mM HAuCly-3H,0. After introducing
100 L of seed solution to the growth solution, the reaction was
kept without any stirring for 24 h at room temperature. Finally, the
solution was centrifuged for 15 min at 1500 rpm to remove reaction
byproducts, and NWs were dispersed in deionized water.

2.3. Characterization techniques

Scanning electron microscopy (SEM) and bright field scanning
transmission electron microscopy (BF STEM) images were collected
from Hitachi S-5500 operating at 30 kV accelerating voltage. Trans-
mission electron microscopy (TEM) was done on a Philips CM30
and a JEOL 2010F, both operated at 200 kV. X-ray photoelectron
spectroscopy (XPS) analysis were performed using a Kratos Axis
Ultra DLD spectrometer (Kratos Analytical, UK), equipped with a
monochromator alumina source (Aly,, hv=1486.6 eV). Specimens
for SEM and XPS analysis were prepared by placing a few pl NWs
solution on a 5mm? silicon (100) wafers (Siltronix), and dried
under ambient conditions. For TEM same procedure was used but
on a 300 mesh CuTEM grid with holey C-film (Ladd Research, USA).

3. Results and discussion

In a typical process for NWs growth via Fig. 1a, spherical seeds
of average size ~6.2nm (seed 1) are used as shown in Fig. 2(a).
Later, these seeds were added to a growth solution prepared by
injecting AA and NaOH into an aqueous solution of Au salt and
CTAB. AA rapidly turns from an orange complex solution of Au
salt+CTAB into a colourless solution, indicating the reduction of
Au3* to Au* at room temperature. The addition of NaOH enhances
the reducing power of AA by increasing the pH of the solution, and
accelerates a further reduction of Au* ions to their metallic form
(Au) [32,34]. Fig. 2(b and c) displays a BF STEM image of Au nano-
structures having wire like morphology with aspect ratios greater
than 103. The average diameter of the Au NWs was determined to
be ~17 +5nm based on STEM analysis, while their average lengths
were observed to be 35+ 5 wm. The morphology of as-synthesized
NWs appears wavy in nature with several kinks and small straight
regions. The TEM diffraction pattern of single NWs reveals ring is
made up of several discrete dark spots originating from multiple
crystalline domains within the NWs (shown in inset of Fig. 2(c)). In
this case, NWs can be considered as polycrystalline rather than to
single crystalline. In the absence of NaOH, the seed nanoparticles
slowly autocatalyze the reduction of Au* ions to Au. As a result, Au
NRs of aspect ratio ~13 were obtained over the same time period
which has been previously studied by Gao et al. (see Fig. 1(d)) [36].
In addition, such Au NRs also exhibit twinning defects along the
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Seed 2

Fig. 1. Schematic illustration showing Au NWs growth via two different types of seed nanoparticles, (a) spherical nanoparticles yield wavy NWs, and (b) NRs yield straight
NWs.

Fig. 2. BF STEM images of (a) spherical Au seed nanoparticles (seed 1) and (b) Au NWs growth from seed 1 at pH=~6.9 and inset shows photograph of the brown colour
solution of final reaction product. (c) Enlarged BF TEM image of Au NWs (insert in (c) is a diffraction pattern corresponding to square region confirming the polycrystallinity
in the NWs), and (d) Au NRs synthesized from seed 1in the absence of NaOH. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 3. (a) BFTEM images of Au NRs of seed type 2 (inset: FFT pattern of the square region indicating 11 1 lattice spacing along the rod axis). (b) BF STEM image of straight Au
NWs grown from seed 2 at pH=~6.9. (c) Enlarged BF TEM view of single NWs synthesized by seed 2 (inset: diffraction pattern corresponding to the region I confirming that
NWs growth direction is [11 1]. (d) Enlarged TEM image of the region Il shown in panel (c) indicating twinning perpendicular to the long axis (marked between the arrows),
and its corresponding diffraction pattern confirming twinning along [112] in the long axis. Indices A and B refer to two orientations of the Au lattice.

growth direction [100] suggesting polycrystalline behaviour (see
high resolution TEM image in Fig. S1 in the Supporting Information)
[37]. Thus, an adequate amount of NaOH is necessary for growing
long NWs.

Interestingly, the morphological/structural characteristics of
the NWs can be altered by replacing the spherical nanoparticle
seeds with NRs (seed 2) as shown in Fig. 1b. The single crystalline
NRs of aspect ratio ~2.7 were synthesized by a protocol reported
in literature (see Figs. 3(a) and S2 available in the Supporting Infor-
mation) [38]. Under identical reaction conditions, less wavy, more
straight and thicker NWs (diameter~51 + 5 nm, of average length ~
20+ 5 pwm and aspect ratio ~400) with fewer number of kinks was
observed (see Fig. 3(b)). Electron diffraction patterns obtained by
focusing the electron beam onto the long single NWs and small NR
attached to long NWs are displayed in Fig. 3(c and d). Based on this
observation, we found that long NWs are single crystalline, grow-
ing rapidly along the [1 1 1] direction (see inset in Fig. 3(c)). To the
contrary, short and twinned NRs type nanostructures are formed
when the growth occurs along the [1 1 2] direction, suggesting this

being an unfavourable growth direction (see Fig. 3(d) and inset).
These short NRs were obtained as an unwanted reaction byprod-
uct either attached to long growing NWs or remain in the solution.
These findings show that nanorod type seeds can be used to signif-
icantly foster the growth of long one-dimensional (1D) NWs and
an appropriate selection of the seed type is a crucial to control
morphology/structural characteristics of NWs. The key advantage
associated with this approach is that by scaling up the reaction 10
times, the yield of Au NWs can be increased (see Figs. S3 and S4
available in the Supporting Information).

We have monitored the growth reaction of Au NWs in this
seed-mediated method by collecting samples at different time
intervals followed by quick drying onto substrates suitable for
electron microscopy investigation (see Fig. 4). The growth solution
slowly turns into a light pink colour after the addition of citrate
capped seed 1 indicating the enlargement of seed nanoparticles
by reduction of Au* at an early stage. Fig. 4(a) reveals spherical
nanoparticles of average size ~10nm except for a few elongated
nanoparticles. As the reaction progresses, the nanoparticles
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200 nm

Fig. 4. Evolution of Au NWs growth over time, t (a) BF STEM image, t=10min, (b) SEM image, t=30min (c) SEM image, t=60min (the arrows in the inset is showing
convex/concave regions or neck formation between two adjacent growing nanostructures), and (d) SEM image, t =120 min.

eventually evolve into small NRs. It has been known that dif-
ferent crystalline facets possess different surface energies in
the following ascending order: y {111}<y {100}<y {110}
[1]. The lowest surface energy of {110} among the other facets
results in the adsorption of CTAB bilayer on the 110 facets as
soon as gold seed evolves into nanoparticles containing different
facets. Thus, the growth occurs more rapidly in the longitudinal
direction than that in the transverse direction in the presence of
templating CTAB molecules. The 1D alignment of variable length
growing nanostructures is evident in Fig. 4(b), suggesting the
onset of NWs growth between 10 and 30 min. When the reaction
is carried out for 60 min, NRs further grow in size by fusing with
neighbouring nanoparticles (see Fig. 4(c)). At the same time,
several concave/convex regions, i.e., the physical contacts of two
associating nanostructures can be identified (marked by arrows in
inset of Fig. 4c). The physical contacts can occur either by surfactant
induced fusion or welding due to diffusion of atoms between grow-
ing nanostructures [32,39]. These NWs can be smoothened either
by permitting the surface diffusion of Au atoms along the NWs
because of low energy barriers at room temperature, or from addi-
tional deposition of freshly reduced Au atoms into these regions
through localized Ostwald ripening (see Fig. 4d) [40,41]. When

the reaction proceeds for 24 h, continuous growth and diffusion
processes result into continuous and wavy high aspect ratio NWs
as shown in Fig. 2b. This proposed mechanism is in agreement
with previous reports where they grow metallic NWs by different
methods [32,42,43]. Similar results were also obtained by moni-
toring NWs growth via seed 2 nanoparticles (see Fig. S5 available
in the Supporting Information).

The variation in the morphology/structural characteristics of Au
NWs produced by two different types of seeds may be explained
by considering the crystalline behaviour of the seeds as either
single crystalline or polycrystalline and based on our observa-
tion of NWs growth. It has been noted that citrate capped Au
spherical seed types particles are polycrystalline (i.e., multiple
crystal domains) in nature [44]. These seeds grow in size by
the addition of Au atoms in the growth solution while retain-
ing the polycrystalline behaviour. Subsequently, wavy NWs with
multiple crystal domains and twinning form when randomly
oriented spherical or elongated nanoparticles unite together.
This association of growing nanostructure can occur in between
sphere-sphere, nanorod-sphere-nanorod, and nanorod-nanorod
suggesting multiple crystalline nature of NWs. In a case of seed 2
type nanoparticles, single crystalline NRs grow in the size along
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Fig. 5. SEM images of Au NWs growth via seed 1 at different CTAB concentration and fixed pH=~6.9 (a) 25mM, (b) 10mM, (c) 1 mM. Inserts in (a) is BF TEM at higher
magnification and in (b) SEM of low aspect ratio NWs. (d) XPS survey spectrum of CTAB capped wavy Au NWs. XPS high resolution spectra of the (e) Au 4f, (f) N 1s, and (g) C

1s (inset: Br 3d).

1D in the presence of CTAB and thus, forming a single crystalline
NWs forms by association of growing nanostructures (see Fig. S5
available in the Supporting Information). Similar results were also
reported by Karim et al. [45], using a polycarbonate template to
grow Au NWs with controlled crystallographic characteristics by
tuning the electrolyte conditions to induce polycrystallinity or sin-
gle crystallinity in seeds.

To investigate how changes in the experimental conditions, for
example, the concentration of CTAB, pH of the growth solution
and reaction temperature, can influence the morphology and
aspect ratio of the NWs, we have used spherical seeds and syn-
thesized NWs under different experimental conditions. First, NWs
were produced by varying the CTAB concentration in the growth
solution, keeping all other experimental parameters constant. As
a soft template, CTAB is known to have a high affinity towards
Au salt, and prevents rapid reduction of Au salt by forming a

CTA-CTA-[AuBry|~ complex because Br~ ions have stronger
affinity to bind Au atoms than to Cl- ions [37]. As shown in
Fig. 5(a), when the CTAB concentration was 25 mM, we noticed a
mixture of long NWs and variously shaped nanoparticles. When
the concentration is further reduced to 10 mM and 1 mM, shorter
NWs with a very low yield and an increased amount of irregularly
shaped nanoparticles were observed (see Fig. 5(b and c)). Under
these conditions, a faster reduction of Au salt produces a surplus
of Au atoms in the solution and causes thermodynamically stable
shorter, irregular aggregates of large nanoparticles inhibiting NWs
growth due to an insufficient amount of Au atoms required to fill
the gap at the contact point between two nanoparticles [24,46].
Alternatively, it may also be attributed to aggregation of nanopar-
ticles that are not fully capped by a CTAB bilayer at low surfactant
concentration, which does not provide sufficient van der Waals
interaction between CTAB layer, causing nanoparticles to merge
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Fig. 6. SEM images showing the effect of growth solution pH on aspect ratio and morphology of as synthesized Au NWs by seed 1 in (a) pH=3.2, (b) pH=3.7, (c) pH=4.1, (d)

pH=4.7,(e) pH=8.1, and (f) pH=11.0.

in a random fashion and form irregular shaped nanoparticles [32].
These results suggest that an excess amount of CTAB is essential
for producing long and continuous NWs.

We further characterized the presence of CTAB molecules on the
surface of Au NWs by X-ray photoelectron spectroscopy (XPS). The
presence of Au, N, C, and Br peaks in an XPS survey spectrum are
indicative of CTAB capped Au NWs (see Fig. 5(d)). Typical doublet
peaks for Au (0) located at ~84.0eV and ~87.6eV can be seen in a
high resolution XPS spectrum (see Fig. 5(e)). The N 1s peak can be
assigned to quaternary ammonium (N*) which is shifted towards
a higher binding energy (~402.3 eV) and higher than pure CTAB
due to the Au surface vicinity (see Fig. 5(f)) [47]. The C 1s peak
splits in two components with binding energies of ~286 eV from

C—N and ~285eV from the aliphatic carbons, C—C (see Fig. 5(g)).
Furthermore, a shift in Br 3ds), peak to ~67.4eV in compared to
bulk CTAB (~68.7 eV) is observed following binding of Br to the
Au surface, which is quite consistent with previous reports [32,47].
Therefore, XPS results confirm the presence of only CTAB species
on the surface of Au NWs.

Next, the effect of growth solution pH on the aspect ratio of Au
NWs was examined while keeping all other experimental condi-
tions identical. The experimental results show that the aspect ratio
of the Au NWs decreases from ~415 to ~18 with the reduction in
the pH of the solution from 4.7 to 3.2, which is adjusted by amount
of added AA to the growth solution. (see Fig. 6(a-d)). The reduction
agent, AA has pKj, value ~4.1, and can exist in two different forms,
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i.e.,, protonated AA and deprotonated AA~ depending on the pH
of the solution [34]. Deprotonated AA~ is more efficient reducing
agent than to protonated AA due to the low energy barrier dur-
ing electron transfer between the AA~ and CTA-[AuBr4|~ complex,
which results in the increase of redox reaction rate [48]. Thus, such
behaviour suggests a pH dependent redox reaction rate. At pH=4.4
which is above pK; value of AA, a large fraction of deprotonated AA~
present in the growth solution enhances the rate of redox reaction
and results in NWs of high aspect ratio. As the pH of the growth
solution decreases further below 4.1, the fraction of protonated AA
increases more in comparison to deprotonated AA~ and a slow rate
of redox reaction results in NWs of low aspect ratio. Other work has
also found similar results suggesting a decrease in redox reaction
rate or aspect ratio of nanomaterials with decreases in pH [34].
In contrast, when the pH of the solution is increased to ~8.1 and
~11.0, we observe a low yield of shorter length NWs (2-5 wm) with
an increased amount of reaction byproducts of other morphologies
such as flakes, and irregular shaped objects (see Figs. 6e, f and S6
available in the Supporting Information). In this case, a large frac-
tion of deprotonated AA~ accelerates the redox reaction rapidly,
producing an excess amount of Au atoms which has a high ten-
dency toinduce anirregular growth of seed nanoparticles, resulting
anincrease inirregularly shaped objects. Thus, the pH of the growth
solution is a critical parameter for controlling the aspect ratio and
morphology of NWs.

We further studied the effect of temperature on Au NWs for-
mation. As the temperature is increased from 30°C to 75 °C, rather
irregularly shaped nanoparticles with a few nanorods were noticed
compared to NWs synthesized at 30°C (see Fig. S7 available in
the Supporting Information). This behaviour can be explained by
considering the stabilization of CTAB bilayer and the reaction
growth rate. The “Krafft point” of CTAB is known to be ~20°C
at which micellar formation occurs, allowing shape-controlled
growth of nanomaterials. At higher temperatures, the supramolec-
ular structure of CTAB becomes unstable due to large molecular
agitation or thermal fluctuations causing molecular disorderness
[49]. This result further verifies the role of CTAB as a structure direc-
ting agent in the NWs formation. On the other hand, the rate of
reaction increases with increment in temperature leading to faster
supply of Au atoms, and formation of irregularly shaped nanopar-
ticles occurs [48]. Similarly, effects of pH and temperature on NWs
growth were also seen when NRs were used as seeds for growing
NWs (see Figs. S8 and S9 available in the Supporting Information).

4. Conclusions

In summary, a general seed-mediated approach was demon-
strated for the growth of variable aspect ratio NWs by employing
CTAB acting as capping agent and soft template at room
temperature. We show that it is possible to tune the mor-
phological/structural characteristics of Au NWs by employing
spherical or rod type seed nanoparticles. From our observations,
Au NWs growth starts from seed nanoparticles followed by physi-
cal contacts between growing nanostructures and surface diffusion
or/glueing of freshly reduced Au atoms, facilitating the formation
of long and continuous NWs. These Au NWs are capped by CTAB
molecules which is evident from XPS results. Furthermore, the
effect of various experimental parameters such as CTAB concen-
tration, pH and temperature on the Au NWs growth was studied.
Here, we found that the rate of redox reaction should be moder-
ate otherwise a too high reaction will lead to low yield of Au NWs
with increment in the irregular shaped Au nanoparticles. Thus, we
propose a new method for the synthesis of Au NWs which can eas-
ily be scaled up for bulk production and opens up possibilities for
other research groups to study mechanical, catalytic and electrical
properties of these morphological/structurally controlled Au NWs.
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Supplementary Figures

Figure S1. High resolution TEM image of Au NRs synthesized in the absence of NaOH

indicating twinning defects (marked by yellow arrows) along the growth direction
[100].

Figure S2. BF STEM image of Au NRs with an average aspect ratio ~3.



Figure S3. (a) Low magnification BF STEM image and (b) SEM image indicating high

yield and homogenity of wavy Au NWs networks grown via seed type 1.

Figure S4. (a) SEM image showing straight and less wavy Au NWs with Kkinks

synthesized by seed 2 and (b) magnified view of image (a).



Figure S5. SEM image exhibiting the single crystalline straight NWs growth after a) 10
min, b) 25 min, ¢) 45 min, b) 90 min. The inward arrow in the (c) showing the neck

formation between two adjacent growing nanostructures.



Figure S6. SEM image displaying gold NWs with reaction byproducts on carbon TEM
support. Sample was grown at pH=8.1.

Figure S7. SEM image showing the formation of irregular shaped nanoparticles formation
via seed 1 at ~75°C.



Figure S8. SEM images showing the effect of growth solution pH on aspect ratio and morphology of as
synthesized Au NWs in (a) pH= 3.2, d= (b) pH= 3.7, (c) pH= 4.1, (d) pH= 4.7, (e) pH= 8.1, and (f) pH=
11.0 by using seed 2.



Figure S9. SEM image showing the formation of irregular shaped nanoparticles formation
via seed 2 at ~75°C.
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ABSTRACT

Here, a synthetic method has been optimized for the synthesis of thermo and pH responsive
poly(N-isopropylacrylamide-co-acrylic acid) nanogels which are subsequently loaded with
Cytochrome C using a modified breathing-in mechanism. Physico-chemical properties mapped
using dynamic light scattering (DLS) and differential scanning calorimetry (DSC) confirm the
swelling/de-swelling Kkinetics as reversible with a volume phase transition temperature (VPTT) of
~ 39 °C. Fe@Au nanoparticles were incorporated inside the nanogel networks using two different
methods- coating and in-situ growth. The latter bears closer resemblance to the nanogels only
while the former follows the trend of bare Fe@Au nanoparticles. High loading (~96%) and
encapsulation (500 pg/mg of nanogels) of Cytochrome C were obtained. Release experiments
performed using a dialysis setup and monitored using UV-vis spectroscopy show the highest
release at 40°C and pH 3.2 (high temperature, low pH), with maximum release from the Fe@Au
coated nanogels that also show a reverse swelling-collapse trend. The location of the drug,
incorporation and presence of Fe@Au nanoparticles and drug incorporation method are found to
control both the drug release mechanism and kinetics.

KEYWORDS ((Nanogels, core-shell nanoparticles, Volume phase transition temperature,
programmed drug release, breathing-in))



INTRODUCTION

Colloidal gels in the nano regime, more commonly referred to as nanogels (NGs), have
attracted much attention in drug delivery applications especially for stimuli-responsive
release; i.e.; release of cargo molecules under the influence of temperature, pH, ionic
strength or other external parameters.[1, 2] NGs refer to swollen nanosized networks
formed by physical or chemical cross-linking of hydrophilic or amphiphilic polymer
chains.[3] These offer several advantages over conventional drug delivery systems such as
liposomes, microspheres, cyclodextrins and so on,[4, 5] not only by providing a finer
temporal control over drug release due to their large surface area but also by allowing longer
circulation times and targeting properties upon suitable functionalization. Moreover, NGs
have been shown to exhibit high loading and encapsulation efficiencies. Although loading
efficiency gives an indication of the thermodynamic distribution of the drug, it is not
sufficient to indicate delivery vehicle stability against leakage. [6] In this regard, cross-
linked NGs are known to provide high encapsulation stability to the drug molecule,
rendering them suitable for long term use.[7]

One of the most common methods that has been used for synthesizing thermo-sensitive
NGs is precipitation polymerization, named after the fact that the polymer chain - upon
reaching a critical length - collapses upon itself, producing pre-cursor particles.[8] This
happens above the lower critical solution temperature (LCST) of the polymer.[9] In an
aqueous solution, the polymer is in the hydrated state below the LCST, while it becomes
hydrophobic above LCST. In a similar way, the cross-linked NGs obtained from this
polymer swell in water under a critical temperature and collapse above it. This temperature
is called the volume phase transition temperature (VPTT) of the NG.[10] The transition
usually happens over a temperature range instead of a single temperature owing to different
crystalline and amorphous domains in the polymer, branching and side-chains, molecular
weight distributions among other factors. [11] However, this temperature driven transition
allows for release of cargo molecule at a desired rate by fine tuning the physico-chemical
properties of the NGs.

Multi-response is introduced in these NGs by incorporating pH-dependent co-monomers.
One of the frequently studied temperature and pH-dependent polymeric NGs is that of
poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc). [12, 13] Although
monomer addition, monomer-comonomer ratios can influence the final form of the NGs,
the core-shell morphology of the NGs is one of the frequently studied forms. It allows for
multiple phase transition behavior with temperature besides adding response to two
external stimuli, viz. temperature and pH. The cross-linked NGs also show a tendency of
undergoing compression owing to a cross-link gradient in the shell.[8]

Although there exist several synthesis methods to control the size and physico-chemical
properties of NGs,[7] pNIPAM-AAc NGs have rarely been investigated to understand their
morphological changes under various synthetic conditions and optimize the synthesis
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process. Moreover, there exists no comprehensive study highlighting the dependence of
one synthetic parameter on the other with the primary aim to reduce the size of the gels in
the nano regime. The size reduction among other factors is an essential requirement for
effective drug delivery applications to avoid phagocytotic sequestration. Recent
investigation using poly(acrylic acid) (PAA) nanogels with AuNPs has shown that gels
accumulated in the liver and spleen because of their capture by phagocytic cells.[14]
Further, the need to optimize the synthesis route and identify the most important synthetic
parameters that influence the properties arises with a growing interest in these NGs towards
hyperthermia applications when coupled with magnetic nanoparticles.[15] If the VPTT of
these NGs can be maintained higher than the normal body temperature, they can be in the
circulation long enough to reach the site of action, where these will collapse owing to
hydrophobic change at temperatures above VPTT. A pH responsive release can be utilized
in drug delivery in intracellular compartments, such as the late endosomes (pH=5) or
lysosomes (pH 4.5-5), or can be tuned to respond to the slightly acidic extracellular fluid
surrounding tumors (pH=6.5-7.2). [16] The dual response from both temperature and pH
allow controlled release of a drug of interest in response to both the stimuli. In this respect,
reversible swelling-collapse behaviour of the NGs determines the probability of repeated
cycles of controlled release. However, reversibility of the NGs is a challenge to control
owing to different degrees of collapse of the chains and conformational architecture of the
polymers. Additionally, incorporation of multifunctionality can also be achieved via
coupling NGs with magneto-plasmonic nanoparticles (NPs), whereby introducing imaging
and targeting modalities along with stimuli sensitivity in one hybrid system.[17-19]

Here, we report a comprehensive study of the synthesis of pNIPAmM-AAc NGs using free-
radical emulsion polymerization that show reversible swelling-collapse behaviour. The
influence of stabilizer and cross-linker have been investigated to understand the physico-
chemical properties of the NGs. In order to incorporate imaging and targeting modalities,
the NGs Fe@Au core@shell NPs were incorporated into the NGs using two methods —
coating and in-situ growth, resulting in enhancement of drug release properties. The NGs
and Fe@Au incorporated NGs were subsequently loaded with a heme protein- Cytochrome
C (Cyt C), a model protein drug- to perform an array of release studies. The effects of both
temperature and pH on the release of Cyt C have been studied to determine the dominating
factor for release. The effect of drug localization and hybrid composition on the drug
release kinetics and mechanisms have been studied. The NGs and their hybrids described
herein are promising candidates for hyperthermia applications when coupled with magnetic
NPs owing to stability and stimuli programmed release over sustained time periods.



EXPERIMENTAL

Materials and Methods

N-isopropylacrylamide (NIPAm), acrylic acid (AAc) (d=1.051 g mL™), Cyt C from bovine
heart, sodium dodecyl sulphate (SDS), potassium persulphate (KPS), N, N’
Methylenebis(acrylamide) (BIS), iron pentacarbonyl (Fe(CO)s, 99.99% ), octadecene
(ODE, 90% ), oleylamine (OAm, 70%), chloroauric acid (99.999%), sodium citrate and O-
[2-(3-Mercaptopropionylamino)ethyl]-O’-methylpolyethylene  glycol (PEG-SH) of
molecular weight 5000 Da were purchased from Sigma Aldrich. n-Hexane and
hydrochloric acid (HCI 37% fuming) were purchased from Merck Millipore. Sodium
hydroxide (pellets AnalaR NORMAPUR® ACS) was purchased from VWR. NIPAmM was
recrystallized before further use (described below) while the other chemicals were used as
received. All solutions were prepared using distilled de-ionized water (MQ water,
resistivity ~18.2uQ-cm) purified by Simplicity® Millipore water purification system which
was further purified using 0.45um syringe filters. Cellulose dialysis tubing (Sigma Aldrich)
with a MWCO of 14kDa was used for performing dialysis, both for purification of the NGs
and the release studies.

Recrystalization of NIPAm

NIPAmM was recrystallized in order to remove impurities that could inhibit the polymerization
reaction. The protocol has been adapted and modified from the one reported by Wu et al. [20] In
a typical recrystallization setup, 5 g of the monomer, NIPAm, was dissolved in 50 mL of n-Hexane
at 110°C in a one-necked glass flask equipped with a water condenser and the reaction was run for
2 hours. Thereafter, the flask was directly put into an ice bath for 30 minutes to allow
recrystallization of the purified monomer. This solution was then filtered using ¢ 90 mm filter
paper circles, yielding the pure monomer. After drying the purified NIPAm, it was stored at -20°C
to prevent absorption of moisture.

Synthesis of pNIPAmM-AAc NGs

pNIPAM-AAc NGs were synthesized using free radical emulsion polymerization.[21] A
molar compostion of 85 % PNIPAm, 10 % AAc and 5 % BIS was used. [22] In essence,
NIPAm (1.6mMoles) and BIS (90.8 uMoles) were put directly into the reactor under
nitrogen atmosphere. Thereafter, 10mL of SDS-solution with different concentrations (2
mM, 4 mM, 5 mM, 5.5 mM) was added and the solution left to stir under nitrogen flow for
30 minutes. Prior to addition of the initiator KPS (400 pL of 103.6 mM), AAc (126 pL of
1.46 M) was added into the solution. The reaction was allowed to run for 3 hours. The NG
solution was poured into a pre-washed dialysis tube (MWCO 14kDa) and dialysed
overnight to remove unreacted monomers and residual reactants.
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Synthesis of Fe@Au NPs

Fe@Au NPs were synthesized using a previously reported protocol developed by the
authors. [17] In essence, a mixture of ODE (50 mL) and OAm (740 pL) was degassed under
Ar atmosphere and vigorous stirring at 120°C for 30 min. The temperature was raised to
180°C, following which, 1.8 mL of Fe(CO)s was injected and the reaction was continued
for 20 min. After cooling down to room temperature, the magnetic bar coated with Fe NPs
was washed with a 1:2 ratio (by volume) of hexane and acetone. Fe NPs were magnetically
separated, washed with acetone and dried in a stream of nitrogen. 5 mg of dried Fe NPs
were dissolved in 10 mL of 10 mM sodium citrate solution using sonication at 80°C for
half an hour. Citrate stabilized Fe@Au NPs were synthesized by dropwise addition of 10
mL of 1.5 mM chloroauric acid to the Fe seed NPs under vigorous stirring. The reaction
was allowed to run for 20 minutes. Thereafter, the solution was cooled down to room
temperature, and Fe@Au NPs were magnetically separated to remove free Au NPs.

PEG coating of the Fe@Au NPs was done using a method reported previously by the
authors.[17] Briefly, 2mg of PEG-SH was mixed with 5mg of Fe@Au NPs in a total volume
of 5ml MQ water and left to stir for 1 hour. PEG coated Fe@Au NPs were collected by
centrifugation.

Incorporation of Fe@Au NPs within NGs

Two different methods were used to prepare combinations of NGs with Fe@Au NPs. The first
method was based on post-synthesis coating, while in case of the second method, the NGs were
grown atop the Fe@Au seeds via heterogeneous nucleation.

Coating

In order to coat Fe@Au NPs with a representative NG, 3.3 mg of the lyophilized NG was
added to 5 ml solution of Fe@Au NPs (concentration of 1mg/ml) and left to stir at 500 rpm
for 2 hours. Thereafter, the NG coated Fe@Au NPs were separated using centrifugation at
14,500 rpm for 20 minutes. The sample would be referred to as Fe@Au_NG_c.

In-situ Method

A similar protocol was used as reported earlier for the NGs. A molar composition of 85 %
PNIPAmM, 10 % AAc and 5 % BIS was used. In essence, NIPAm (0.7 mMoles) and BIS
(40.2 uMoles) were put directly into the reactor under nitrogen atmosphere. Thereafter,
1mg of PEG coated Fe@Au NPs and 5mL of 4mM SDS-solution were added and the
solution left to stir under nitrogen flow for 30 minutes. Prior to addition of the initiator KPS
(200 pL of 210.7 mM), AAc (54 pL of 1.39 M) was added into the solution. The reaction
was allowed to run for 3 hours. The NG solution was poured into a pre-washed dialysis
tube (MWCO 14kDa) and dialysed overnight to remove unreacted monomers and residual
reactants. The sample would be referred to as Fe@Au_NG _i.



Loading of Cyt C

Loading studies of Cyt C were performed primarily with breathing-in mechanism using
lyophilisation.[23]. For a typical loading experiment, 20 mg of the freeze dried NG was
imbibed with Cyt C solution (10ml, 8.1 pM) and left to stir for 3 hours. Thereafter, the
solution was poured into a pre-washed dialysis tube (MWCO 14kDa) and dialysed
overnight to remove the unbound Cyt C.

For loading Fe@Au_NG_c with the protein, 5mg of NG coated Fe@Au NPs were imbibed
with Cyt C solution (1ml, 8.1 pM) and left to stir for 2 hours. On the other hand, 1.7 mg of
Fe@Au_NG_i was imbibed with Cyt C solution (3ml, 40.6 uM) and left to stir for 2 hours
Afterwards, Cyt C loaded Fe@Au_NGs were separated from the unbound drug using
centrifugation.

Loading efficiencies (L.E., %) and encapsulation efficiencies (E.E., mg drug per mg of NG)
of Cyt C were calculated using the following equations.

Crvt 0~ Ccu‘ t
LE. =| ———|*100
. Cr.yr,O .

C.,*LE

— cyt,0

Where Ceyto is the concentration (mg/ml) of Cyt C at the start of loading, Ceytt is the final
concentration (mg/ml) of Cyt C after loading, Cng is the concentration (mg/ml) of the NG
or NG coated Fe@Au NPs, concentrations of Cyt C being determined using the calibration
curve (Figure S1, Supporting Information) or the absorbance method as applicable.

Release studies of Cyt C

After loading NGs with Cyt C, these were subjected to different release media to understand
the effect of both temperature and pH on the release kinetics. Three different biologically
relevant release conditions were simulated — high temperature (40°C), low pH (3.2) and
high temperature along with low pH (40°C, pH 3.4) using MQ water and tuning the pH
using different molar ratios of 1M NaOH and 1M HCI. In case of the Fe@Au NPs
incorporated into NGs, Cyt C release was monitored only at high temperature along with
low pH (40°C, pH 3.4). The release medium was maintained at a temperature slightly above
VPTT to account for heat losses during the time study and also to ensure maximum collapse
of the NGs.



Characterization techniques

Proton Nuclear Magnetic Resonance ( 'H NMR)

'H NMR spectra was recorded in a Bruker Advance DPX400 instrument. Lyophilized NG
(2 mg) was suspended in D20 (0.8 ml) and the spectra was recorded with 128 scans at 25
°C. The reference peak was locked in, at 4.80 for D2O. Chemical shifts (8) were reported
in ppm.

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

S(T)EM images were acquired using a Hitachi S-5500 electron microscope operating at 30kV
accelerating voltage. TEM images were obtained in bright field mode. TEM grids were prepared
by placing several drops of the solution on a Formvar carbon coated copper grid (Electron
Microscopy Sciences) and wiping immediately with Kimberly-Clark kimwipes to prevent further
aggregation owing to evaporation at room temperature. For studying the temperature effect on the
NGs, NG or Fe@Au incorporated NG solutions were heated to 45°C, just prior to placing drops
on the TEM grid.

Dynamic light scattering (DLS) and zeta potential measurements

The size distribution and zeta potential of the NGs were measured using a Malvern
Zetasizer Nano-ZS instrument, and the manufacturer’s own software. All measurements
were done in aqueous solutions and results were averaged over triplicate measurements.

Ultraviolet-visible spectroscopy (UV-vis) measurements
UV-vis spectra were acquired with a UV-2401PC (Shimadzu) spectrophotometer. The
spectra were collected over the spectral range from 200 to 800 nm.

Differential Scanning Calorimetry (DSC) studies

DSC studies were performed using a TA Instruments Q2000 DSC. The scan rate was 5 °C
min for both heating and cooling curves and the samples were scanned in the temperature
range 5-45 °C. The NG solution was loaded in a Hermetic Aluminium pan while the
reference pan was kept empty. The data were analysed using TA Instruments Universal
Analysis 2000 © software.

RESULTS AND DISCUSSION

pPNIPAM-AAc NGs with a wide range of sizes and physico-chemical properties were
synthesized using free radical emulsion polymerization. Polymerization occurs via
homogeneous nucleation, which is initiated by the sulphate radicals generated from the
initiator.[24] Common steps of radical propagation and chain growth continue yielding
critical polymer chain length. These collapse upon themselves, forming precursor particles.
These collapsed particles grow by a combination of the following mechanisms viz
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aggregation of other precursor particles, by being captured by existing particles, by
capturing growing oligoradicals and by monomer addition.[8] A representative *H NMR
spectrum of a representative NG showing that polymerization has proceeded onwards from
its precursor (NIPAm) to afford pNIPAmM can be found in the Supporting information
(Figure S2). The NGs are stabilized by Coulombic repulsion from the charge imparted by
the stabilizer (surfactant).

The results obtained for these NGs are sub-divided into the following three subsections that
first reveal the size optimization results and their physico-chemical properties, followed by
loading and encapsulation efficiencies of Cyt C and finally culminating into the release
studies performed under physiological conditions.

Size optimization of the NGs and physico-chemical properties

Size and surface charge of the NGs play a major role in drug delivery applications — NPs
smaller than 5.5 nm are removed through renal clearance mechanism while particles larger
than 200 nm are sequestered by phagocytotic cells of the spleen.[25, 26] In the synthetic
method described above, among different parameters, the influence of stabilizer (SDS)
concentration, cross-linker (BIS) concentration and relative mole ratios of the monomers
and cross-linker (NIPAm, AAc and BIS) have been studied. Figure 1 (a) shows the variation
of size of different NGs synthesized by modifying the reaction parameters, where the error
bars indicate a measure of the polydispersity of the particle distribution. Our results are in
close allegiance to those observed by Lyon et al[27], although their group has controlled
monodispersity as the most important parameter. Here, we report control of physico-
chemical properties of the nanogels as a function of several synthetic parameters outlined
in Table 1.

85 10 5 2.0 593.10 £ 0.10
82 10 8 2.0 376.10 £ 0.10
82 10 8 3.0 309.10 £ 0.02
85 10 5 55 182.30 £ 0.10
85 5 10 1.6 378.20 £ 0.03
89 5 6 1.6 415.70 £ 0.02
85 10 5 4.0 412.60 = 0.07
85 10 5 5.0 231.70 £ 0.06



An increase in the BIS mole percent (from 5 to 8%) causes a substantial decrease in the
size of the NGs (A-B), while a coupled increase in the SDS concentration (B-C) causes a
larger collapse above the VPTT, although the decrease in initial size is not sharply evident.
This effect can be attributed to a higher cross-linking density, causing a greater collapse.
On the other hand, increasing the SDS concentration from 2mM to 5.5mM (while keeping
the BIS mole percent constant) (A-D) causes a dramatic decrease (70%) in the size of the
NGs. The main role of SDS is to prevent fusion of hydrophobic nuclei during
polymerization.[28] This refers to initial curtailing of the size of the nucleation centres,
which further grow by oligomer or monomer addition. A higher initial concentration of
SDS provides higher charge stabilization in addition to a denser packing around the
incipient nucleation centres, whereby limiting the growth of the NGs owing to electrostatic
stabilization. The former (A) shows a volume collapse of ~45% above VPTT while the
latter (D) shows a volume collapse of ~95%. This reflects the fact that the hydrophobic tails
of the SDS chains interfere constructively in increasing the hydrophobicity of the NGs
above VPTT, whereby causing a more efficient collapse.

The mole ratios of the monomer (NIPAm), co-monomer (AAc) and cross-linker (BIS) in
the initial reaction mixture also determine the incorporation ratios in the final NGs, whereby
effecting their size and collapse properties. In a typical experiment, the mole ratios were
varied from 85% NIPAmM : 5% AAc : 10% BIS (E) to 89% NIPAmM : 5% AAc : 6% BIS (F),
while keeping the SDS concentration constant. An increase in the initial size (~10%) is
explained through a decreased cross-linking density and reduced charge stabilization from
the acidic groups of the AAc blocks. On the other hand, there is a slight decrease (~3%) in
volumetric collapse efficiency on increasing the NIPAm content. This might indicate an
increase in hydrophobic domains when heated above the VPTT. The effect is aided by a
lower cross-linking density yielding a loosely structured NG thereby needing stronger force
to bring together the increased hydrophobic domains during collapse.

The SDS concentration was found to be the most dominating factor determining the size of
the NGs. Figure 1(b) shows the variation of the size of the NGs as a function of initial SDS
concentration, (error bars indicating polydispersity of particle distribution) while all other
parameters were kept constant. As evident from Figure 1(b), the size of the synthesized
NGs decreases with an increase in the SDS concentration. The volumetric collapse
efficiency - defined as the relative change in volumes of the swollen and collapsed NGs -
increases from 45% (2mM) to 95% (5.5mM) with increasing SDS concentration as
indicated. As all these concentrations are well below the critical micelle concentration
(CMC) of SDS (-8mM at 25°C), [29] we can ignore the tendency of formation of micelles.
Moreover, any free SDS is assumed to be completely removed during dialysis. The effect
of SDS is summarized as both an increase in the incipient nucleus size, onto which the
chains collapse during the synthesis and an increase in the hydrophobicity of the NGs due
to incorporation of the hydrophobic surfactant tails (C-12 chains). The initial increase is
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seen more as an electrosteric stabilization that also explains the lowering of polydispersity
while increasing SDS concentrations (Figure 1(a)). On the other hand, incorporation of
SDS chains confirms a more efficient collapse above VPTT. This is due to the dominance
of hydrophobic interaction forces at increased temperature, coupled with the temperature
dependent collapse of the pNIPAmM blocks. However, it is worthy of mention that further
increase in SDS concentration did not yield smaller NGs and led to temperature driven
aggregation when heated above VPTT. Thus, while it is important for the NGs to collapse,
it is equally interesting to re-swell them with known efficiency.
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Figure 1 (a) Variation of size of the NGs synthesized using different parameters (b) Variation of
size of the NGs as a function of SDS concentration (c) Representative BF S(T)EM image of NGs
at 25°C (d) Representative BF S(T)EM image of NGs at 45°C.

Bright field (BF) S(T)EM images of a representative NG at 25°C and NG solution heated

just prior to measurement at 45°C are shown in Figures 1(c) and 1(d) respectively. Although
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the swelling-collapse behavior is difficult to capture in this case, the images show that upon
heating the NGs, they tend to associate hydrophobically owing to collapse above VPTT.
This effect is synergistically improved due to the presence of cross-linker. Figure 2 provides
an overall schematic of the parameters that affect the size of the synthesized NGs.
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Figure 2 Schematic showing effect of various synthetic parameters on size of pNIPAmM-AAc NGs.

NGs comprise polymer chains that are cross-linked to each other and their physico-
chemical properties are guided by nature of the monomers, their relative composition in the
NGs and the degree of cross-linking among others. The swelling-deswelling properties of
the NGs are an important aspect for loading and release of biologically relevant cargo
molecules like proteins, peptides and nucleic acids. In case of NGs, the cross-linking
density among other factors plays an important role in determining the VPTT, collapse rate
and gel properties.

Figure 3 (a) shows the variation of the swelling ratio (o) of a representative NG (3mM SDS,
8% BIS) as a function of temperature for a set of heating and cooling cycles. a is defined
as (D/Do)%, where D (nm) represents the hydrodynamic diameter of the NG at any
temperature and Do(nm) represents the diameter of the NG at room temperature. The NGs
show a reversible swelling-deswelling transition with a negligible hysteresis. The driving
force for aggregation is an increase in entropy from the polymer solution to a two phase
system of polymer and solvent. [30] The entropy of a two-phase polymer system and water
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is greater than a polymer solution owing to a more ordered arrangement of water molecules
adjacent to the polymer. The positive entropy change contributes towards aggregation of
the polymers, thereby yielding a favourable association (free energy of association is
negative since positive enthalpy change is smaller than the entropy term and does not
influence association to a larger extent).[31]
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Figure 3 (a) Swelling ratio () of a representative NG as a function of temperature during heating
and cooling cycles (b) Size of a representative NG as a function of pH (c) Zeta potential of a
representative NG as a function of temperature during heating and cooling cycles (d) Size of
Fe@Au NPs, representative NG, Fe@Au_NG_c and Fe@Au_NG _i as a function of temperature.
(e) Size of a representative NG as a function of pH and temperature (f) Zeta potential of a
representative NG as a function of pH and temperature. Swelling ratio of (g) Fe@Au_NG_c NPs
and (h) Fe@Au_NG_i NPs as a function of temperature during heating and cooling cycles. The
error bars represent standard deviation of a set of triplicate measurements.

Figure 3(b) shows the variation of size of a representative NG (3mM SDS, 8% BIS) as a

function of pH. A remarkable decrease in size (~27%) is observed under acidic conditions.

This is in effect due to protonation of the carboxylic acid groups of the poly AAc blocks

with an increasing pH. The thermodynamic model developed by Siegel can be used to

explain the swelling/deswelling characteristics while changing the pH of the medium.[32]

This model considers three sources contributing to the total free energy - (i) NG-solvent
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system; (ii) NG-solvent mixing, (iii) deformation of polymer networks and osmotic
pressure of mobile ions. The NG-solvent mixing component is dominated by the poly AAc
segments that undergo dissociation with an increase in pH. Dissociated poly AAc segments
are more hydrophilic than non-dissociated segments, whereby a transition from lower to
higher pH causes a drastic decrease in the free energy of mixing. Hydrophobic to
hydrophilic transition also explains the consequent swelling of the NGs. However, this
dissociation is affected by the deformation degree of the polymer network, mostly affected
by the cross linking density and the osmotic pressure of OH™ and Na* ions. The sharp
volume transition that happens at a pH slightly below neutral conditions is reflective of the
fact that the pH is high enough to overcome the osmotic pressure, wherein counter-ion-
shielding effects occur within the poly AAc domains. [33] Once the osmotic pressure is
overcome, a synergistic effect of the favourable free energy of NG-solvent mixing and de-
cross-linking of bound poly AAc segments in the domains causes further swelling with
increase in pH.

Figure 3(c) depicts the variation of the zeta potential of a representative NG (4.2 mM SDS,
5% BIS) as a function of temperature. The zeta potential not only gives a measure of the
surface charge of the NGs but also indicates stability of NGs in solution. A higher surface
charge indicates higher stability owing to electrostatic forces. The zeta potential,
representative of the charges contributed to by the poly AAc segments, does not change
appreciably as a function of temperature. This is due to the fact that zeta potential is only
applicable to the NGs in a semi-quantitative manner as some of the charges are buried and
contribute partially to the calculated value. Additionally, there exists no well-defined
slipping plane between the NG surface and the medium.[34] Herein, the relatively constant
zeta potential for the NGs indicates that the poly AAc segments do not show temperature
dependence, and their effect in the swelling/deswelling characteristics of the NGs can be
widely de-coupled from the effect of the poly NIPAm chains. To further substantiate this,
Figures 3(d) and 3(e) depict the changes in size and zeta potential as a function of both
temperature and pH for a representative NG (2 mM SDS, 5% BIS). In acidic conditions
(pH 3), the collapse of the NGs is substantial owing to charge based interchain repulsion,
while in basic medium (pH 9), the NGs do not show much dependence on temperature. In
fact, a slight increase in size could point towards aggregation driven by hydrophobic forces.
On the other hand, a decrease in the zeta potential of the NGs is observed under acidic
conditions, while under basic conditions, the zeta potential does not change much. The
increase in cationic charge can be explained by a coupled effect of the collapse of the poly
NIPAmM segments due to temperature effect and protonation of functional carboxylic groups
of the poly AAc segments.

Figure 3 (f) shows a comparison of the sizes of the Fe@Au NPs, a representative NG and
Fe@Au NPs incorporated into NGs (Fe@Au_NG_c and Fe@Au_NG_i) as a function of
temperature. An increase in the size of the Fe@Au_NG_c NPs as a result of the increase in

temperature is observed in contrast with only NG. Although the NG units undergo entropy
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driven collapse above VPTT, Fe@Au NPs act as crosslinking units (Figure S3, Supporting
information) pulling the gelling units together, whereby increasing their effective size as
evidenced from their hydrodynamic sizes. On the other hand, FeAu_NG _i resemble the
NGs when it comes to temperature driven collapse, showing a volumetric collapse
efficiency of 94%, analogous to that of the bare NGs. Thus, the Fe@Au_NG_i behave
similarly to the bare NGs, while the Fe@Au_NG_c resemble the characteristics of the bare
Fe@Au NPs. However, the increase in size for the Fe@Au NPs (volume increase 36%)
may be attributed to aggregation, whereas a 67% volume increase for the Fe@Au_NG_c is
mostly due to the cross-linking effect of the Fe@Au NPs that pulls together the already
collapsed NG blocks.

This variation in size is further reflected in Figure 3 (g) for Fe@Au_NG_c where the
heating and cooling swelling ratio curves diverge from unity with increasing temperature.
These structures are much less reversible when compared to NGs alone, since, in addition
to chain length, cross-linking density and presence of Fe@Au NPs further affect their size
distributions as a function of temperature. For similar reasons, size dependence of NG
coated Fe@Au NPs with change in pH, follows a reverse trend. These NG coated Fe@Au
NPs are more stable than both the Fe@Au NPs and the NGs themselves owing to higher
magnitudes of zeta potential. (Figure S3, Supporting information) Further, the effect of
temperature on zeta potential follows a trend opposite to that of the NGs alone. On the other
hand, Figure 3 (h) shows the variation of swelling ratio for Fe@Au_PEG _i as a function of
temperature. Although, the heating cooling cycles resemble those of the bare NGs, the
hysteresis area is larger. It points to these being less reversible than the bare NGs as a result
of different densities of the Fe@Au cores as compared to the NGs. This density difference
introduces non-homogeneity in the system properties leading to less well defined swelling-
collapse behaviour.

The cross-linked NGs swell under the critical temperature and collapse above it. Thus, the
VPTT is an important property of these NGs that determines their biological applications.
Figure 4 shows DSC measurements of a representative NG (3mM SDS, 8% BIS ) which
depicts heat flow during heating and cooling cycles (Figure 4(a),(c) respectively) and
specific heat capacity during heating and cooling cycles (Cp) (Figure 4 (b), (d) respectively)
as a function of temperature. A gradual transition is seen in all the cases over a defined
temperature range and the VPTT is calculated to be at the optimum peak position (heating
curves) as ~39° C which is in good agreement with the value calculated using the average
of the sigmoidal region of the size-temperature plot (Figure 3(a)). However, VPTT
calculated using the cooling curves gives a slightly lower value that can be attributed to a
slower re-organization of the polymeric chains in response to an otherwise faster
temperature drop rate. This is not the case for the DLS study as there is sufficient time
between measurements for the system to reach equilibrium. In case of the NGs coated with
NPs, the transitions are not smooth owing to density gradient as a result of inorganic NP

incorporation within the matrix. To consider this effect, the VPTT is defined as the
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temperature where the fraction of the swelled and collapsed states is equal.[35] Using this
method, the VPTTs of the NG, Fe@Au_PEG_c and Fe@Au_PEG _i are found to be 37.3 +
0.2°C, 38.3 £ 0.5°C and 38.9 + 0.8 °C respectively. Incorporation of the NPs causes an
increase in the VPTT as compared to the bare NGs. This is because of an inherent increase
of hydrophilicity of the matrix. Among the coated samples, Fe@Au_PEG _i has a higher
VPTT. This may be due to different total amounts of NPs incorporated within the matrix
or different arrangements of the Fe@Au NPs within the matrix (Figure S3, Supporting
Information).
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Figure 4 (a) Heat flow (during heating cycle) as a function of temperature for a representative NG
(b) Specific heat capacity variation (during heating cycle) as a function of temperature for a
representative NG (c) Heat flow (during cooling cycle) as a function of temperature for a
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representative NG (d) Specific heat capacity variation (during cooling cycle) as a function of
temperature for a representative NG.

Loading and Encapsulation

The NGs were loaded using breathing-in mechanism where in the freeze-dried NGs or NG
coated Fe@Au NPs were imbibed with a concentrated solution of Cyt C. The freeze-dried
NGs did not show any change in physico-chemical properties when compared to the as
synthesized NGs (Figure S4, See Supporting Information). After the loading step, the free
Cyt C was removed using a dialysis tubing (MWCO 14kDa). In case of the NG coated
Fe@Au NPs, the free Cyt C was removed using centrifugation.

Cyt Cis a highly water soluble heme protein with properties similar to model drug proteins.
The heme ligand is located in the lysine rich region of the protein, that imparts a positive
charge to the protein at neutral conditions (pl = 10.1, My = 12327 Da). [36] It is this front
that can interact with negatively charged molecules resulting in complex formation.
Coulombic forces between the negatively charged NGs and Cyt C result in the formation
of a polymer-protein complex. This results in a release of the counterions associated with
the polymer and the protein, causing an entropy gain and thus a net increase in the free
energy.[37] Gel swelling yields a lower polymer segment density in the network and greater
gel porosity,[34] yielding a higher loading capacity and thus the loading is carried out under
swelling conditions. High loading efficiencies of up to 95% have been obtained for these
NGs, with an encapsulation efficiency of ~500 pg per mg of the polymer.

The high loading efficiency can be attributed to the strong interaction between the NGs and
the Cyt C under loading conditions. While it is difficult to predict the exact location of the
protein inside the NG network, we hypothesize that since the initial binding events of the
protein are localized at the surface, a condensation of the particle periphery happens, which
limits deeper diffusion of the protein molecule.[34] While the location of the protein
influences its interaction with external factors during biological applications, it is ideal
when the molecule is closer to the surface and moderately bound to favour release under
the influence of external stimuli and/or charge exchange with electrolytes.

In case of the NG coated Fe@Au NPs, loading efficiencies of upto 32% have been obtained with
encapsulation efficiencies upto ~14 pg per mg of the Fe@Au NPs. For Fe@Au_NG i, loading
efficiencies of 36.2% and encapsulation efficiencies of 109.7 pug per mg of the nanogel system
were observed. The encapsulation efficiency is based on Fe@Au NPs in the former case, while it
is based on both the Fe@Au and NGs in the latter case. This means that the efficiencies are not
directly comparable as it is difficult to base the calculations on one standard. However, while
comparing the loading efficiencies of the systems containing Fe@Au NPs with the bare NGs, there
is a drastic reduction in the loading capacity. This is primarily because of lower availability of
drug binding sites within the NG, owing to presence of Fe@Au NPs in the nanogel network.
(Figure S3, Supporting information)
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Release Studies

Cyt C loaded NGs were subjected to different release conditions to monitor their release
kinetics. A dialysis setup (Figure S5, Supporting Information) was employed to monitor
the release over time. Three different conditions were chosen to understand their behaviour
in response to pH, temperature and a combination of the two. These biologically relevant
release conditions were simulated — high temperature (40°C), low pH (3.2) and high
temperature along with low pH (40°C, pH 3.4) using MQ water and tuning the pH using
different molar ratios of 1M NaOH and 1M HCI. Further, the choice of low pH can be
utilized in simulating conditions where drug delivery in intracellular compartments is a
matter of concern like in late endosomes (pH=5) or lysosomes (pH 4.5-5). In case of the
NG coated Fe@Au NPs, high temperature along with low pH (40°C, pH 3.4) was the only
condition used to monitor the release of Cyt C.

Figures 5(a), (b), (c) show the release profiles of Cyt C loaded into the NGs and Fe@Au
incorporated NGs using the breathing-in mechanism and/or the traditional method. The
traditional method refers to adding a calculated amount of the drug to the NG solutions,
whereas the breathing-in mechanism relies on imbibing the freeze-dried NGs with a
concentrated drug solution. For the sake of comparison, the concentrations of both the
polymers and Cyt C were kept the same for both the methods.
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Figure 5 Comparison of release of Cyt C (loaded using breathing-in mechanism and traditional
method) over time from (a) a representative NG at pH 3, T 25°C (b) a representative NG at pH 6,
T 40°C and (c) a representative NG and NG coated Fe@Au NPs at pH 3, T 40°C. Plots of In (F)
as a function of In (t) for (d) Case a (e) Case b and (f) Case ¢ above respectively. F represents
cumulative fraction of Cyt C.

In case of the NGs loaded using the breathing-in protocol, temperature or pH alone is able
to cause a release of upto 20% of the loaded Cyt C over a day and no further increase is
observed beyond that. A combination of the two effects- low pH and high temperature
however yields a cumulative release of upto ~ 40% ranging over two days. Although, a
slow release kinetics is observed, this could in effect direct towards long term encapsulation
of the carrier molecule inside these NGs, leading to controlled release by variation of the
external parameters. Further, the release is assumed to occur by a “squeezing out”
mechanism following Fickian diffusion in the initial time period while a combination of
diffusion and degradation of the NGs happens at larger time points. High temperature
(above VPTT) and low pH (acidic) conditions enable maximum collapse of the NGs,
squeezing out the drug loaded in the porous network.

Comparing the NGs loaded using the breathing in mechanism and the traditional method,
a slightly higher release was observed in case of all the release scenarios for the latter
method. This can be explained by the fact that the drug molecule is peripherally bound to
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the NGs while in the case of the breathing-in case, the drug molecule traverses to the inside
of the pores and hence requires more time or several stimuli factors to cause substantial
release of the cargo. However, it must be noted here that higher loading and encapsulation
efficiencies are obtained for the NGs loaded using the breathing-in method. An
optimization between the loading capacity and external stimuli affected release of the drug
molecule can be used to choose the potentiality of the NGs in the field of drug delivery.
Fe@Au_NG_c shows remarkably rapid release kinetics, releasing almost 55% of the initial
loaded drug over a period of ~40 hours in comparison to Fe@Au_NG_i, which exhibits
slower release kinetics, bearing closer resemblance to that from bare NGs. It is capable of
releasing around 12% over a period of ~50 hours. The higher release in case of
Fe@Au_NG_c is due to more peripheral localization of the drug owing to incorporation of
the Fe@Au NPs in the NG networks. However, this is not the case for Fe@Au_NG i,
where the drug penetrates deeper into the more open nanogels networks, as also evidenced
from S(T)EM images (Supporting Information). A more tortuous path is thus required for
the loaded drug to be released, resulting in a slow kinetics. Further, the Fe@Au NPs act as
cross-linkers in case of Fe@Au_NG_c, pulling the gelled units closer together, and thereby
enhancing ‘squeezing’ out of the drug.
Figures 5(d), (e) and (f) show the plots of In F as a function of In t, where F represents the
cumulative fraction of the drug released at time t. Majority of the drug release processes
from swellable polymer systems are defined by two limiting cases, that is combination of
Fickian and Case Il transport mechanism. The latter is based on two assumptions- a
boundary is formed between the glassy and rubbery phase of the polymer and boundary
moves at constant velocity.[38, 39] The overall behavior is defined by combining diffusion-
controlled and visco-elastic relaxation-controlled drug release and is given by

F = kt"
where, Kk is the rate constant and n is the diffusional exponent that determines the drug release
mechanism. It is observed here that drug release mechanism from the Fe@Au_NG_c and
Fe@Au_NG _i is that of super case transport 11 (n>1) while for the NGs alone are representative
of drug release from spherical particles (0.5<n <1) and anomalous in nature. This relates to the
conformational arrangement of the NGs which have lesser degrees of freedom in the presence of
Fe@Au NPs, leading to less homogeneously defined viscous and elastic regions. On the other hand,
different models[40] fitted to the release data yielded a linear dependence of F with t in case of
traditionally loaded NGs Fe@Au_NG_c and Fe@Au_NG_i NPs, while they show square root time
dependence for NGs loaded with breathing-in mechanism. (Figure S9, Supporting Information)
These in conjunction with the diffusional exponent results show that drug incorporation method,
location of the drug and presence of Fe@Au NPs largely alter the drug release mechanism and the
kinetics. Further, the modulation of release parameters can greatly influence the release kinetics
as observed from the release conditions used in the study.
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CONCLUSIONS

Synthesis of external stimuli sensitive pNIPAmM-AAc NGs has been optimized by varying
reaction parameters. Among various parameters that included stabilizer (SDS)
concentration, cross-linker (BIS) concentration and mole ratios of reactants, SDS
concentration was observed to be the most important parameter to control the size of the
NGs — higher concentration of SDS led to smaller NGs. The optimized NGs were used to
incorporate Fe@Au NPs in order to incorporate magneto-plasmonic properties to the
construct using two methods- coating and in-situ growth.

Under the influence of temperature, the NGs show a reversible swelling/deswelling
kinetics, which happens due to an entropically driven expulsion of arranged water
molecules. The pH response occurs due to protonation/de-protonation of the AAc blocks.
This hydrophilic-hydrophobic transition has been confirmed to be reversible and the VPTT
has been determined to be ~ 39°C. The size of the NGs as a function of temperature and/or
pH is accounted for by a balance between Coulombic and hydrophobic forces.
Fe@Au_NG_i shows a similar temperature based transition. However, an opposite effect
is observed for Fe@Au_NG_c which happens as the Fe@Au NPs act as bridge molecules
pulling together the gelling units.

Thereafter, Cyt C was loaded into the NGs and Fe@Au incorporated NGs using a modified
breathing-in mechanism. This gave high loading and encapsulation efficiencies (~96% and
500ng/mg of NGs, respectively), showing a great capacity to retain drug solution. Using a
dialysis setup and three different release conditions, the release kinetics of Cyt C was
monitored. The release kinetics has been observed to be rather slow (over several hours),
which hints towards their applications in sustained retainment of the encapsulated
molecule. However, high release has been observed under a combination of high
temperature (above VPTT) and low pH (acidic) conditions, in which case maximum de-
swelling of the NGs is expected, leading to a squeezing release of the drug molecule. The
release from Fe@Au_NG _i follows similar kinetics to that of the bare NGs. However, the
release of Cyt C from Fe@Au_NG_c is the fastest, accounting for release of almost 55%
of the initially loaded drug in ~40 hours. An overall schematic is shown in Figure 6 that
describes the release of Cyt C from different configurations of the NG with the Fe@Au
NPs. The drug incorporation method, location of the drug, presence of Fe@Au NPs and NP
incorporation method largely alter the drug release mechanism. Thus, these temperature/pH
programmed NGs can be fine-tuned for both sustained entrapment of cargo molecule and
external stimuli directed release of the same by controlling the synthetic parameters and the
mode of loading the cargo molecule.
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Figure 6 Overall schematic showing release of Cyt-C at pH 3.4 and temperature 40°C from three
different NG combinations- NG, Fe@Au_NG_c and Fe@Au_NG _i
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Incorporation of Fe@Au nanoparticles into multiresponsive pNIPAM-AAc
colloidal gels modulates drug uptake and release.
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Figure S1 Calibration curve of Cytochrome C

Figure S2 'H NMR spectrum of a representative nanogel in D20 (400 MHz)

The presence of broad characteristic multiplets at 6 =1.95 ppm (-CH2-CH-) and 6 =1.51 ppm (-
CH2-CH-) along with broad singlets at & =1.05 ppm (CH3-CH-CH3) and 6 =3.85 ppm (CH3-CH-
CH3) indicates that polymerization has proceeded onwards from its precursor (NIPAm) to afford
nanogels.
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Figure S3 (a) Variation of size of NG, Fe@Au_NG_c, Fe@Au_NG i with pH (b) Comparison of
zeta potentials as a function of temperature for Fe@Au NPs, a representative nanogel and
Fe@Au_NG_c and Fe@Au_NG_i Representative BF S(T)EM image of Fe@Au_NG_c (c) at
25°C and (d) at 45°C respectively. Red circles show Fe@Au NPs
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Figure S4 Representative S(T)EM image of (a) Fe@Au NPs and (b) PEG coated Fe@Au NPs.



Figure S5 Representative S(T)EM images of (a) a representative nanogel at 25°C (b) at 45°C (c)
Fe@AU_NG_c at 25°C (d) at 45°C (e) Fe@Au_NG _i at 25°C and (f) at 45°C respectively.
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Figure S6 Variation of size of a representative nanogel before and after freeze drying
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Figure S7 Schematic of the dialysis setup used for studying release from the nanogels.
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Figure S8 (a) Heating and Cooling VPTTs and (b) Average VPTTs for representative nanogel,
Fe@Au_NG_c and Fe@Au_NG_i respectively.
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Figure S9 Fitted model for nanogel loaded with Cytochrome C (a) using traditional method and
release monitored at 25C and pH 3 (b) using breathing in method and release monitored at 25C
and pH 3 (c) using traditional method and release monitored at 40C and pH 6 (d) using traditional
method and release monitored at 40C and pH 3 (e) using breathing in method and release
monitored at 40C and pH 6 (f) using breathing in method and release monitored at 40C and pH 3
(9) Fitted model for Fe@Au_NG_i loaded with Cytochrome C using breathing in method and
release monitored at 40C and pH 3
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ABSTRACT: In recent years, efforts have been made to produce Au nanorods of different sizes through the use of binary
surfactant mixture in the seed-mediated growth approach. However, our understanding as to how the ratio of two different
surfactants influence the shape of the Au nanoparticles are not established yet. Here, we report on shape controlled syn-
thesis of Au nanoparticles, using a binary surfactant mixture of CTAB (Cetyltrimethylammonium bromide) and DDAB
(Didecyldimethylammonium bromide) in a silver assisted seed-mediated growth approach. A decrease in the CTAB/DDAB
ratio caused a shape transition from Au nanorods to elongated tetrahexahedral and finally to Au bipyramids. The influence
of various reactions parameters like pH, concentration of ascorbic acid and silver ions, and role of counter ions on the shape
and size of Au NPs have been investigated at fixed CTAB/DDAB ratios. The changes in the size and morphology were caused
by modifications in the soft template due to a combined role of DDAB and silver ions and slow facet-specific growth of Au
NPs. These results are an advancement in understanding of synthesis of anisotropic Au NPs that is mostly controlled by
interaction of the binary surfactant micelles with growing Au NPs.




1. Introduction

The seed-mediated growth approach+ has been widely
used to synthesize anisotropic gold (Au) nanoparticles
(NPs) because of their unique shape- and size- dependent
chemical and physical properties57 and numerous poten-
tial applications in e.g., energy,® biomedical,9'° sensing,"*
catalysis,3" and spectroscopic,’®” areas. The underlying
principle for this approach comprises two main steps: (i)
generation of Au seed particles using a strong reducing
agent at high values of supersaturation, and (ii) directed
growth of these seed particles using a mild reducing agent
in the presence of surfactants,” 3+ organic additives or bi-
nary surfactant mixtures> '#2° at low values of supersatura-
tion.” By this approach, the growth of Au NPs in different
shapes have been investigated in the presence of single sur-
factant cetyltrimethylammonium bromide (CTAB) with or
without growth directing species like Ag."> 22 However,
while these reports provide mechanistic understanding of
anisotropic Au NPs, the wide distribution of shapes of Au
NPs along with poor size tunability effectively limits the
robustness of any conclusions drawn. To overcome these
limitations, a modified seed-mediated growth approach
was proposed based on the use of binary surfactants or or-
ganic additives to the growth solution.

For example, the synthesis of Au nanorods (Au NRs) of
tunable aspect ratio was shown by adding of benzyldime-
thylhexadecylammonium chloride (BDAC) in the CTAB
growth solution.>'® BDAC and CTAB have identical hydro-
phobic head groups, but, the mixed micelle structure of bi-
nary surfactants changes with increasing amount of BDAC
due to the modification in the head group by benzyl ring.
The micellar behaviour of CTAB can also be changed by the
addition of organic additives such as sodium salicylate and
sodium oleate to the CTAB growth solution.®9° Au NRs of
tunable aspect ratio with good monodispersity can thus be
obtained by this approach. The synthesis of Au bipyramid
and tetrehexahedra type NPs have also been demonstrated
by using binary surfactants, CTAB/CTAC (cetyltrime-
thylammonium chloride), CTAC/sodium salicylate,>* and
CTAB/DDAB (didecyldimethylammonium bromide).s De-
spite the significant progress made in the recent years,
these investigations were limited to obtain one type of an-
isotropic Au NPs when the different types of binary surfac-
tant mixtures were used. However, no systematic study
fully elucidating the evolution of various shapes by system-
atically varying the ratio between two different surfactants
to design the mixed micelle template exists in the pub-
lished literature.2® Moreover, the concentration of co-
surfactant or ratio of CTAB to co-surfactant at which the
shape of Au NPs changes (i.e., the transformation of NRs
to other shapes) under otherwise identical reaction condi-
tions is currently not known. Therefore, the need for such
investigation is very essential not only for synthesizing Au
NPs in various shapes but also for developing better mech-
anistic understanding of differently shaped Au NPs.

Here, we report the first study of its kind, in which Au NPs
of different shapes have been synthesized by seed medi-
ated method employing binary surfactant mixtures. Two
different surfactants were selected, single chain CTAB and
double chain DDAB which differ in their head group areas,
tail volumes and critical packing parameters (Figure 1).
CTAB modifies its micelle structure from spherical to elon-
gated and DDAB has closed bilayer micelle structures at
and above the critical micelle concentration.?”2® The addi-
tion of DDAB to CTAB solution modifies the micelle struc-
tures of CTAB depending on the DDAB content present in
the solution. Bergstrom et al extensively investigated the
change in the mixed micelle structures in the solution at
different concentrations of DDAB by using small angle
neutron scattering.* However, how the modified micelle
structures of binary surfactant mixtures influence the
shape and size of metallic NPs has not been examined. To
demonstrate, we have thus selected the value of lowest and
highest CTAB/DDAB ratios based on this reported litera-
ture,?” and varied the CTAB/DDAB ratio between these two
limits in the present study. We investigated how the shape
and aspect ratio of Au NPs change as an increasing amount
of DDARB is added to the growth solution containing fixed
amount of CTAB. Using a systematic approach, we studied
the influence of pH of the growth solution on the aspect
ratio of Au NPs. In seed mediated process, the ascorbic
acid which acts as a mild reducing agent is used for the re-
duction of Au*3 to Au * in the growth solution and the silver
ions facilitate the growth of anisotropic Au NPs. Therefore,
the concentration of both the ascorbic acid and silver ions
play important role in the preparation of shaped-con-
trolled synthesis of Au NPs. In this work, the influence of
ascorbic acid and silver ions concentration on the shape
and aspect ratio of Au NPs is studied at two different
CTAB/DDAB ratios. We also examine the role of counter
ions (Br, CI, I'), ie., replacing DDAB by didecyldime-
thylammonium chloride (DDAC) and  tridodecylme-
thylammonium iodide (DDAI) on the shape and aspect ra-
tio of Au NPs (Figure 1). The results from CTAB/DDAC and
CTAB/DDAI were compared with CTAB/DDAB, suggest-
ing that the selection of appropriate co-surfactant is essen-
tial to achieve the tunability in the shape at different ratios
of binary surfactants. Therefore, the work reported here is
a step forward to establish the understanding how Au NPs
of different shapes grow from the spherical seed particles.

2. Experimental section

2.1 Materials and methods

Silver nitrate (AgNOj;), didodecyldimethylammonium bro-
mide (DDAB, 98%), didecyldimethylammonium chloride
(DDAC), tridodecylmethylammonium iodide (DDAI,
97%), chloroauric acid (HAuCl,.3H.0, 99.999%), D-(-)-
isoascorbic acid (AA, 98%), sodium borohydride (NaBH,
,>=96%) were purchased from Sigma Aldrich. Cetyltrime-
thylammonium bromide (CTAB, 99%+) was received from
Acros Organics. Sodium citrate dihydrate (Na-citrate, ACS
grade from Merck) and hydrochloric acid (HCl 37% fuming



from Merck Millipore) and sodium hydroxide (pellets Ana-
laR NORMAPUR® ACS) were purchased from VWR. All
chemicals were used as received without further purifica-
tion. Distilled de-ionized water (resistivity ~18.2puQ-cm,
pH~6.5) purified by Millipore water purification system
was used for the synthesis of Au NPs.
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Figure 1. Molecular structures of the surfactants used in
the study.

2.2 Synthesis of anistropic Au NPs

A seed mediated approach for synthesizing anistropic Au
NPs was modified from the previously reported approach.”
To prepare Au seed solution (size~3+1 nm based on TEM,
Figure S1), 5ml of 0.5mM HAuCl,.3H,0 was first mixed with
sml of 0.2M CTAB solution and allowed to stir. Thereafter,
1.6 ml of freshly prepared 3.75mM NaBH, was added to the
mixture and allowed to react for 2 min under vigorous stir-
ring (1200 rpm). Prior to use, the seed solution was aged for
30 min at room temperature in order to allow escape of the
gas formed during the reaction.

For the growth solution, o0.540 g of CTAB and varying
amounts of DDAB were dissolved in 15 ml of warm deion-
ized water (80°C). The detailed information of experi-
mental conditions corresponding to results presented in
this work are reported in table S1 (Supporting Infor-
mation). The solution of binary surfactant mixtures was
vigorously stirred (1200 rpm) at 80°C for 30 min until the
solution became transparent. This step is needed to fully
dissolve DDAB which is more hydrophobic than CTAB. Af-
ter cooling down the temperature of the solution to 32°C,
750 pL of freshly prepared 4 mM AgNO,; was added to
mixed surfactant solution. The solution was stirred (600
rpm) for 15 min at 30°C before adding 15 mL of 1 mM
HAuCl,.3H,O. The resultant solution was further stirred at

(600 rpm) for 15 min at 30°C temperature. After adding 135
pL of 64 mM AA to the reaction mixture, the solution was
again stirred (1200 rpm) to obtain a colorless solution indi-
cating the reduction of Au3*to Au*. In the final step, 96 uL
of Au seed solution was added to the growth solution un-
der vigorous stirring (1200 rpm). After 30 s, the stirring was
stopped, and the resultant reaction mixture was left for 12
h at 30°C. The reaction mixture was centrifuged at 10,000
rpm for 5 min. After discarding the supernatant, the col-
lected reaction products were washed two times with de-
ionized water to remove the excess surfactants. Finally, the
reaction products were redispersed in 5 mL deionized wa-
ter. The results are presented here without any further pu-
rification step of size or shape selection. Similar protocol
was adapted for CTAB/DDAC and CTAB/DDAI surfactant
mixtures to synthesize anisotropic Au NPs.

2.3 Characterization techniques

Hitachi S-5500 Scanning (Transmission) Electron Micros-
copy (STEM) operating at accelerating voltage of 30 kV was
used to acquire SEM and bright field STEM (BF-STEM) im-
ages. For BF-STEM imaging, the samples were prepared by
placing several 10 pL drops of anisotropic Au NPs solution
on a formvar carbon coated 300 mesh copper TEM grid
(purchased from Electron Microscopy Sciences) and dried
at room temperature. For SEM imaging, 25 pL solution of
anisotropic Au NPs were dropped to 5 mm? silicon wafer
(purchased from siltronix), and dried at room temperature.
High resolution (HR) TEM images and electron diffraction
patterns were collected from the JEOL 2100 operating at
200 kV. UV-vis spectra were acquired with a UV-2401PC
(Shimadzu) spectrophotometer. The spectra were col-
lected over the spectral range from 200 to 1000 nm.

3. Results

3.1 Effect of DDAB concentration on both morphol-
ogy and aspect ratio

In the first set of experiments, the concentration of co-sur-
factant (i.e., DDAB) was varied while CTAB concentration
(i.e., 1.5 mmol) was kept constant. As the CTAB/DDAB in-
creased from 2 up to 46, we noticed a change in the shape
of the Au NPs from bipyramids (low CTAB/DDAB ratio) to
NRs (high CTAB/DDAB ratio) via tetrahexahedral (inter-
mediate CTAB/DDAB ratio). At the lowest CTAB/DDAB
ratio (1.9), i.e., high concentration of DDAB, biypramidal
NPs of longitudinal length (1) ~1.2 pm and transverse width
(w) ~382 nm (aspect ratio~3.1) with high yield (~70%) were
synthesized as the main reaction product, while pentat-
winned and tetrahexahedral type Au NPs were obtained as
minor byproducts (Figure 2a, and Figure S2). Au bipyra-
mids of small size (I~664 nm, w~186 nm, and aspect ratio
=3.5) were obtained upon slightly increasing the
CTAB/DDAB ratio to 6 (Figure 2b). The crystalline struc-
ture of the Au bipyramids was determined by HRTEM and
electron diffraction patterns (Figure 2c-d). Figure 2d shows
a representative HRTEM image taken
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Figure 2. Au NPs synthesized at different CTAB/DDAB ratios (x). SEM images of Au bipyramid NPs of a) l=1.2+0.9 um and
w=382+30 nm, x=2 and b) 1=664+78 nm and w=186+20 nm, x=6. ¢) TEM image of single Au bipyramid of (c). d) HRTEM
image of Au NPs taken from red rectangular shown in image (c). e) Electron diffraction pattern taken on bipyramids shown
in (c). e) SEM image of Au tetrahexahedral NPs, 1=198 nm and w=168 nm, x=8. g) TEM image of single Au tetrahexahedral
NP (inset is HRTEM image), and h) electron diffraction pattern taken on NP shown in (g). BF-STEM images of Au NRs of
i) I=45+8 nm and w=24+5 nm, x=11, j) I=33+5 nm and w=10+2 nm, x=23 and k) 1=38+7 nm and w=10+2 nm, x=46. h) HRTEM
image of Au NR and inset is FFT of NR. | and w are referred to longitudinal length and transverse width.

from the highlighted region of single Au bipyramid in Fig-
ure 1¢, and the observed spacing between the lattice fringes
was ~0.235 nm, corresponding to the interplanar spacing
of Au (1), i.e., (1) facets of bipyramid. The electron dif-
fraction pattern collected at the center of the Au bipyramid
exhibits two set of spots which can indexed to <112> and
<oo1> zone axes, respectively, corresponding to red and
white regions respectively in Figure 2e. The indexed spots
in the diffraction pattern correspond to the lattice param-
eters: d,=0.235 nm, d,;,=0.119 nm, d.=0.145 nm,
do20=0.206 nm, dj;=d;3=0.126 nm, and d,..=0.092. All of
these spacings were measured within the range of +2% er-
ror compared to bulk values, and are in agreement with re-
ported values in the literature.3*3 The remaining spots
which are not indexed are caused by multiple scattering.
Such a diffraction pattern is typical of twinned or decahe-
dral nanoparticles with five-fold symmetry and similar pat-
tern was also observed for Au, Ag, and Cu multiple twinned
nanoparticles in the literature.3>33 The result suggests that
Au bipyramids produced in the study are face-centered cu-
bic pentatwinned NPs grown along the <uno> while the
sides are bound by {11} and {100} facets.

When the CTAB/DDARB ratio was increased to 8, the yield
of bipyramids significantly decreased (~5%), and elongated
tetrahexahedral (THH) type Au NPs (l=~198 nm, and
w~168 nm, and aspect ratio ~1.2) with high yield (~90%)
were obtained as the main reaction product (Figure 2e, and
Figure S3). THH NP can be seen as a cube with six square-
based pyramid, and its 24 sides belong to high index facets
of {hko}, where hzk=o. Elongated THH NPs are formed by
stretching the facets along one direction. Figure 1g shows
the TEM image of THH Au NP and HRTEM image acquired
from the corner of the THH Au NPs, is displayed in the in-
set. The lattice spacing between the fringes (0.2 nm) corre-
sponds to the interplanar spacing of Au (100). Electron dif-
fraction pattern taken at the center of THH Au NP pro-
jected along the <310> zone axis is shown in Figure 2h and
the diffraction spots reveal the single crystalline nature of
Au NPs. A morphological transition from elongated THH
to rod occurred in between the CTAB/DDAB ratio from 8
to 1 (i.e., when the concentration of DDAB is low), and NRs
were obtained (Figure 2i). On further increase in the ratio
from 1 to 23 and 46, thinner NRs of smaller length were
obtained (Figure 2j, and k). An HRTEM image shows the



single crystalline Au NRs growing along the direction [001]
(Figure 2l). The

11 6 ’ ]"1

%
|

2\ fs E
—Z |\\§|\~}=

\zz =

-
28U 7
Ml

Figure 3. The influence of growth solution pH on the Au NPs size synthesized at low and high CTAB/DDAB ratios (6 and
23). (a-d) SEM images show the decrease in the average size of Au bipyramids with decrease in the pH from left (1.9) to
right (1.0). (e-h) BESTEM images exhibit the increases in the average length of Au NRs with decrease in the pH from left to

right.

fast fourier transform (FFT) inset of Figure 2l reveals that
the sides of the NRs are formed by {110} facets and the ends
of NRs are bound by {111} and {oo1} facets. NRs are oriented
in dominant [110] direction.

We also examined the role of the co-surfactant DDAB on
the evolution of different shapes. The synthesis of Au NPs
was performed in the growth solution of DDAB. At low
(0.06 mmol) concentration DDAB, a mixture of shapes
(spherical, NRs, elongated THH) was observed (Figure S4).
On increasing the concentration of DDAB to 0.26 mmol,
the polydisperse NRs as main reaction product along with
byproducts (elongated THH and bipyramids) were ob-
tained (Figure Ss5). These results show that DDAB alone
can also induce the growth of anisotropic Au NPs which is
more pronounced at higher DDAB concentration (0.26
mmol). At very high DDAB concentration (0.8 mmol or
above), no reaction product was obtained and the solution
remains transparent even after 12 h of the reaction. This
may be because of the formation of very small spherical Au
NPs which were difficult to purify by centrifugation from
the highly viscous reaction solution. From the control ex-
perimental results of DDAB study, no change in the shape
of Au NPs was noticed with an increase in the concentra-
tion of DDAB. When 0.1 and 0.3 mmol of DDAB is present
in the CTAB growth solution, Au NRs and bipyramids grew
under similar condition. In another control experiment,
the concentration of CTAB was varied at a fixed DDAB con-
centration of 0.3 mmol. At low CTAB concentration (0.27

mmol), spherical and elongated Au NPs were the main re-
action products (Figure S6a and b). Elongated THH with
regular shaped Au NPs were formed at 0.7 mmol of CTAB
(Figure S6¢). When the concentration of CTAB was in-
creased above 1.5 mmol, i.e., 3.0 mmol, monodisperse NRs
were obtained (Figure S6d). We did not notice bipyramids
formation at these concentrations. Overall, these results
suggest that an appropriate concentration of binary surfac-
tants (CTAB/DDAB ratio) in the growth solution is highly
essential to achieve shape control of the Au NPs (i.e., NRs
to bypyramids via elongated THH).

3.2 Effect of pH of the growth solution on both mor-
phology and aspect ratio

By carefully modifying the reaction conditions at fixed
CTAB/DDARB ratios, it is possible to change the size and
morphology of Au NPs. Among various reaction parame-
ters, the pH of the growth solution is an important param-
eter because it can increase or decrease the reduction rate
of Au* by increasing or decreasing the pH of the solution.
Here, we also examined the role of pH on the size and mor-
phology of Au NPs at two different CTAB/DDARB ratios, i.e.,
6 and 23. The pH of the growth solution was adjusted by
adding different volumes of 121 M HCI or o.M NaOH.
When the pH of the growth solution containing low
CTAB/DDAB ratio (6) was decreased to 1.9, an increase in
the length (~702 nm) and width (~260 nm) of bipyramids
was observed compared to the Au bipyramids synthesized



without HCI (figure 3a). On further decrease in the pH
from 1.9 to 1.7, 1.5 and 1, both the length and width of Au
bipyramids decrease (Figure 3b-d, Table S2). From SEM
images, it can be seen that the morphology of Au bipyra-

mids also changes with decrease in the pH, as these ap-
peared to be more truncated compared to those prepared
without HCL. An increase in the pH of the growth solution
(low CTAB/DDARB ratio) by

)

200 0 00 800 1000 1200
Ascorbic Adid ()

Figure 4. The influence of ascorbic acid (AA) concentration on the morphology of Au NPs. a) SEM image of Au NPs at low
CTAB/DDAB=6, AA=270 pL. BFSTEM images of Au NRs synthesized at high CTAB/DDAB= 23 at different AA concentra-
tions, b) AA=270 pL, ¢) AA=500 pL, d) AA=1 mL. BFSTEM image of Au NRs prepared in acidic medium with varying con-
centrations of AA, e) AA=150 pL, HCl=50 pL, f) AA=175 pL, HCl=50 pL. g) The variation of aspect ratio of dogbone Au NPs
with AA concentration. h) HRTEM image of Au NRs shown in panel (d), FFT (top right) and inverse FFT image (bottom
right). i) HRTEM image of Au NR displayed in panel (f), FFT (top right) and inverse FFT image (bottom right).

the addition of NaOH decreased the yield of Au bipyramids
(Figure S7). At high CTAB/DDAB ratio, an increase in the
length and width of Au NRs was noticed on decreasing the
pH of the growth solution (Figure 3e-h, Table S2). In this
case, we did not observe any morphological change in the
Au NRs. When the pH of the solution was increased by the
addition of NaOH, NRs of shorter aspect ratios were ob-
tained. No significant change in the size and width of NRs
was seen, and remained nearly constant regardless of pH
(Figure S8). In the case of high pH, the reduction rate of
Au is significantly increased, compared to acidic condi-
tion. The enhanced reduction rate thus causes faster dep-
osition of Au atoms in all direction on the existing crystal-
lographic faces, leading to the growth of shorter length Au
NRs. While under acidic conditions, high aspect ratio NRs
are achieved, because the reduced reduction rate causes
slow deposition of Au atoms along the [oo1] growth direc-
tions than to other facets.

3.3 Effect of ascorbic acid concentration on morphol-
ogy and aspect ratio

Changing the concentration of ascorbic acid (AA), which
acts as a mild reducing agent, provides a way to modify the
morphology of Au NPs. When its concentration is in-
creased in the growth solution, it enhances the reduction
of Au ions facilitating the formation of more kinetically
controlled (or less thermodynamically favorable) morphol-
ogies of Au NPs. Here, we also investigated the influence
of AA concentration on the morphology and aspect ratio of
Au NPs produced at low and high CTAB/DDAB ratios.
When the amount of 64 mM AA was increased to 270 pL in
growth solution of low CTAB/DDARB ratio (6), the yield of
bypyramids decreased (~25%) and the polydispersity in
shape and size of Au NPs can be seen in Figure 4a. On fur-
ther increase in the AA concentration in the growth solu-



tion, it led to ill-defined Au NPs with very low yield of bi-
pyramids (~5%). In the case of high CTAB/DDAB ratio (23),
we observed the dogbone morphology of NR with increase
in the AA amount from 135 pL to 270 pL in the growth so-
lution (Figure 4b-d). No change in dogbone morphology of

NR was seen on further increase in AA concentration upto
1 mL in the growth solution. However, a change in the
length and width of dogbone was noticed, i.e., aspect ratio
of dogbone decreases with increase in the AA concentra-
tion in

Figure 5. The role of counter ions present in the secondary surfactant on the morphology of Au NPs. (a-b) BESTEM images
of Au NRs prepared in the growth solution containing CTAB/DDAC in different ratios. The ratio increases from (a) to (c).
(d) SEM images showing the Au NRs grown from the solution at high CTAB/DDAI ratio (~33). €) Au NRs with faceted
synthesized in the growth solution of low CTAB/DDAI ratio (~16), and (f) is the magnified view of (e). The experimental
conditions for Au NPs synthesis for CTAB/DDAC and CTAB/DDAI are provided in the table S4 and S5

the growth solution (Figure 4g and Table S3). A single crys-
talline nature of dogbone can be seen from HRTEM, FFT
and inverse FFT images (Figure 4h). These results also re-
veal that dogbone NR is projected along [oo1] and formed
by {no} facets (sides), {1} and {100} facets at the ends. The
dogbone morphology of NRs evolves by the rapid over-
growth of {1} facets relative to {no} and {100} facets be-
cause the surfactants are strongly attached to the high sur-
face energy or less tightly packed {110} facets. To illustrate
the role of AA concentration in the acidic condition, i.e.,
pH=1.9, different volumes of AA solution was added to the
growth solution containing CTAB/DDAB=23. Interest-
ingly, we notice a gradual transition in the morphology
from NR to dumbbell. The results show a mixture of Au NR
and dumbbell shape rod morphology at AA= 150 pL and
dumbbell like NPs with high yield at increased AA amount
(175 pL) (Figure 4e-f). HRTEM image shows a single crys-
talline dumbbell NR oriented along the [110] direction. FFT
and inverse FFT images reveal that dumbbell NR is bound
by {10} in the sides and {111} and {100} facets in the end.

3.4 Effect of halide counterions on morphology and
aspect ratio

To demonstrate the role of secondary surfactant on the
morphologies of Au NPs, DDAB was replaced with DDAC.
When the synthesis was performed under identical reac-
tion conditions, Au NRs with low yield products (spherical
and cubic NPs) were seen from low to high CTAB/DDAC
ratios (6, 11, 23) displayed in Figures 5a-c. A slight increase
in the aspect ratio of Au NRs can be noticed based on TEM
size analysis with an increase in the CTAB/DDAC ratio (Ta-
ble S4). The size/aspect ratio of the Au NRs can further be
increased by performing Au NPs growth in the acidic me-
dium at low and high CTAB/DDAC ratios. The size/aspect
ratio of Au NRs can be decreased by growing Au NPs in
basic medium at various ratios of CTAB/DDAC. By replac-
ing DDAC with DDAI, a mixture of NRs and spherical NPs
was obtained at high CTAB/DDAI ratio (~33) as shown in
Figure 5d. However, a decrease in the CTAB/DDAI ratio to
16 (increasing the amount of DDAI in the solution) led to
the formation of faceted Au NRs along with other reaction
byproducts (Figure se, fand Figure Sg). We did not observe
any reaction product with increase in the concentration of
DDALI in the growth solution (decreasing the CTAB/DDAI
ratio). The high concentration of DDAI in the solution



makes the solution very viscous and cloudy which re-
mained even after completion of the reaction. From the in-
vestigation of different types of co-surfactants, it can be
concluded that the bipyramids and tetrahexahedral type
shapes of Au NPs strongly depend on nature of the co-sur-
factant, and can be achieved via employing DDAB.

4. Discussion

The results presented here show that the judicious use of
binary surfactant mixtures allows for tunability of the
shape and the aspect ratio via changing the CTAB/DDAB
ratio (Figure 2). CTAB is a single chain surfactant with a
moderate head group area (~56A2) and a critical packing
parameter (CPP) of 0.33 in water that aids the formation of
spherical micelles.3* On the other hand, DDAB is a water-
insoluble, double-chained surfactant of head group area
(~25A2) with a CPP of 0.62, mostly forming bilayer shaped
micelles in water. 35 The addition of DDAB into CTAB so-
lution leads to the change in the CPP of the resultant sur-
factant mixture depending on the ratio of CTAB/DDAB.>*
27 This change is caused by the large tail volume and small
head group area of DDAB decreasing the electrostatic re-
pulsion between the quaternary ammonium groups.
Therefore, the reduction in the curvature of micelle by us-
ing DDAB with CTAB promotes longer rod-like or cylindri-
cal micelles than with CTAB alone. In our experiment, the
CTAB/DDAB molar ratio was only varied, this indicates
change in the shape and size of micelle as well as the con-
centration of overall Br- ions while Ag+ ion concentration
remains constant. At low DDAB concentration (i.e., high
CTAB/DDAB ratio ~ 46), thinner and shorter aspect ratio
Au NRs were formed (Figure 2k). This can be explained by
the growth of Au NPs in the thinner soft micellar template.
As Au NPs develop crystal facets, the micelles form com-
pact packing on the Au {uo0} facets restricting the trans-
verse growth of NRs by preventing the diffusion of gold at-
oms, while the high reduction rate of the Au species on low
energy {1} facets facilitate the longitudinal growth due to
lower passivation of {m} facets by micelles. This is con-
sistent with computational studies showing the relative
packing density of head groups on different facets of Au in
the order; {110}>{100}>{111}.36

As the concentration of DDAB increases in the CTAB solu-
tion (CTAB/DDAB ratio~11), Au NRs grow in the size and
width. This suggests that mixed micelles also grow in size
(both the length and width) as the DDAB concentration
increases in the solution. This is likely due to the change in
micellar composition caused by the replacement of CTAB
by DDAB, because more hydrophobic DDAB molecules
have stronger solid/liquid interfacial adsorption than to
CTAB. Moreover, our control experiment study using
DDAB only shows that anisotropic Au NPs grow both in
the width and length, resulting in low aspect ratios (in the
range of ~1 to 2) (Figure S4 and Ss). Our experimental re-
sults also demonstrate that increasing the CTAB concen-
tration relative to (a fixed concentration) DDAB increases

the yield of Au NPs of higher aspect ratio (above 2) (Figure
S6). From these experiments, it can be concluded that
DDAB tends to facilitate spherical or elongated micelle
structures, while CTAB assists in one-dimensional rod like
structures. Similar observations were noticed in the re-
ported literature suggesting an increase in the width and
length of mixed micelle structure with an increase in the
DDAB concentration in the CTAB solution by neutron
scattering.2%7 An increasing concentration of DDAB in the
growth solution also makes the diffusion of Au species to
the seeds sluggish because of increase in the viscosity of
the solution. In this case of high DDAB concentration,
(CTAB/DDAB ratio ~8), the reduction rate of Au species at
the seeds is very low, and the probability of Au atoms mi-
grating from the {111} facets is very high due to migration of
Au atoms at room temperature. As a result, the rate of
rapid surface diffusion compared to the deposition rate
leads to the formation of kinetically stabilized elongated
tetrahexahedral Au NPs bounded with high index facets
(Figure 2e). The formation of these NPs can thus be ex-
plained in the modification of the soft template to convex
structures and low reduction rate of Au species.

A further addition of DDAB to the growth solution (i.e.,
CTAB/DDAB-~ 6 or 2) causes a change in the composition
and structure of micelles. The micelle structures grow
more significantly in the length than to the width with an
increased amount of DDAB in the solution.?® As a result,
Au bipyramidbipyramids of micron and sub-micron sizes
were obtained as main reaction products. In this case, Au
seed particles grow very slowly compared to growth kinet-
ics at other high CTAB/DDAB ratios because of slow reduc-
tion of Au species in the highly viscous/thick solution. To
better understand growth mechanism of Au bipyramid-
bipyramids, the growth of NPs over the time was moni-
tored by UV-vis spectrum (Figure S10). After 120 mins of
the reaction, an absorption peak centered at ~590 nm was
noticed which is typical of decahedral Au NPs. This result
suggests that during the aging of first 120 mins, CTAB sta-
bilized single crystalline seeds turned into polycrystalline
seeds possessing five-fold symmetry because of thermody-
namic ripening. As the reaction proceeds, a red shift in the
peak can be noticed due to increase in the size and mor-
phology of seeds particles. When the reaction was contin-
ued for 24 hours, the micelles that act as either soft tem-
plate or structure directing agent facilitate the selective
growth of bypyramids along the <uo> axis on the large
length scale. It should be noticed that a noisy UV-vis spec-
tra was seen at higher wavelengths, likely due to the rapid
sedimentation of large sized Au bipyramids. Overall, these
results demonstrate that the shape and size of Au NPs can
be tuned by varying the CTAB to DDAB ratio which has not
been explored in the case of binary surfactant system.
However, the role of Ag* concentration cannot be ne-
glected. To illustrate this, we performed control experi-
ments at high and low CTAB/DDAB ratios (6 and 23) in the
absence of Ag*. As a result, Au NPs in various shapes were
obtained which is the typical case for the growth reaction



without Ag* (Figure Sua and ¢). When 0.3 mL of Ag* solu-
tion was added to the growth solution, spherical Au NPs
(CTAB/DDAB=23) and bipyramids (CTAB/DDAB=6) of
smaller size were obtained (Figure Sub and d). These re-
sults indicate the facet specific binding of Ag* promoting
the growth of anisotropic NPs.

pH of the growth solution has influence on the size and
shape of NPs because it influences the reducing capability
of AA which is lower for acidic pH values. In the case of Au
bipyramid, first the length and width of bipyramids in-
crease, and start decreasing with decrease in the pH of the
solution. In high DDAB concentration regime (high
CTAB/DDARB ratio 6 and below), the growth rate is very
slow at acidic pH because of low reduction potential of AA
and high solution viscosity. Moreover, the increasing
amount of Cl- also causes a change in the soft template due
to modification in the head group interactions. As a result,
truncated bipyramids of different lengths were obtained in
low pH solutions. While in the case of Au NRs (low DDAB
concentration regime), slow reduction of Au ions species
facilitates the more selective deposition of Au atoms on
specific crystal facets, i.e., on the tip of NRs under the reg-
ulation of micelle structures. As a result, Au NRs of larger
sizes were achieved on decreasing the pH. The increase in
the pH of solution accelerates growth rate that reduces the
yield of Au bipyramids and NRs and favors the more spher-
ical NPs.

The growth rate of the reaction can be controlled through
the concentration of AA. We noticed a decrease in the yield
of Au bipyramids with an increased in the AA. From the
results, it is clear that the growth rate should be slow to
obtain Au bipyramids with high yield. However, the mor-
phology of Au NPs in low DDAB solution (high
CTAB/DDARB ratio) changes from NRs to dogbone with in-
crease in the amount of AA added to the growth solution.
A high concentration of AA present in the solution in-
creases the reduction rate of Au atoms. In this case, Au at-
oms rapidly deposit on {m} facets possessing loosely
packed layer of micelles than to other facets {100} and {u0},
where the micelles are tightly packed because of strong ste-
ric hindrance. This results in a high deposition rate on {1}
facets, and low deposition rate on other facets or low sur-
face diffusion rate of Au atoms migrating from the tip to
the sides, promoting dogbone formation. The reduction of
Au atoms can be controlled through lowering the pH of the
growth solution. When the amount of AA is increased in
the growth solution of low pH (~2), then moderate reduc-
tion rate of Au atoms in acidic solution facilities the selec-
tive growth on specific crystal facets. The facets of high sur-
face energy {100} quickly disappear. The selective growth
thus proceeds along the {111} facets, which grow in time and
join to make arrow type nanodumbells.

Finally, we showed the effect of different co-surfactants on
the shape of Au NPs (Figure 5). Replacing the DDAB with
DDAC possessing Cl- ions, no change in shape of Au NPs

was noticed along with variation in the CTAB/DDAC ratio.
These experimental results suggest that increasing amount
of DDAC to CTAB solution does not cause any change in
the morphology of micelles as it was in the case of DDAB.
This can be because of low binding affinity of Cl- ions to Au
surface compared to Br- ions that causes the destabilization
of rod-like micelles, i.e., make micellar structures less com-
pact or stable providing Au species in the solution easy ac-
cess to growing seed particles. Therefore, Au NRs of low
aspect ratio with less monodispersity and reaction byprod-
ucts (spherical, cubic and irregular shaped NPs) were ob-
tained. Our finding is consistent with atomistic simulation
study investigating the role of binary surfactant mixture of
CTAB/CTAC at different ratios.3®* Moreover, aspect ratio of
NRs and yield of byproduct increases as the DDAC amount
increases in the solution. When DDAI (bulkier co-surfac-
tant with I ions) as co-surfactant is used, it also does not
have any influence on the shape of Au NPs, indicating no
change in the micellar structures with varying
CTAB/DDAI. However, multifaceted Au NRs of large sizes
with spherical NPs were synthesized at low CTAB/DDAI
ratio. The main conclusion from this investigation is that
DDARB is the most suitable co-surfactant allowing the tuna-
bility in the micellar structure to facilitate the formation of
Au NPs in different shapes and sizes.

5. Conclusion

In summary, we have demonstrated the influence of DDAB
concentration on the shape/morphology and aspect ratio
of Au NPs. Au NRs were obtained at low DDAB concentra-
tion (high CTAB/DDAB ratio) and the shape changes to
elongated THH and Au bipyramids with increase in the
DDAB amount (decrease in the CTAB/DDAB ratio). These
results suggest that the change in the CTAB micelle struc-
tures by DDAB, and the interfacial or interaction of the bi-
nary surfactant micelles with growing Au NPs provide a
way to tailor the shape of Au NPs as well as their aspect
ratio by using a simple seed-mediated growth approach.
The concentration of Ag* ions is critical to obtain shape
tunability in the fixed CTAB/DDAB ratio, and play im-
portant role in the facet-specific growth of Au NPs. The re-
sults in the absence or low Ag* content showed polydisper-
sity in the shapes and sizes at different CTAB/DDAB con-
centrations.

The effect of growth solution pH on the morphology and
aspect ratio have been investigated. The tunability in the
size of bipyramids and NRs can be achieved by varying the
pH of the solution which controls the reduction rate of Au
ion species in the growth solution. A morphology of bipyr-
amids changes to truncated bipyramids with decrease in
the pH of the solution, but high pH of the growth solution
leads to significant reduction in the yield of bipyramids.

The effect of ascorbic acid amount present in the growth
solution on the morphology and aspect ratio have also
been studied. The results show that the yield of bipyramids



decreases with an increase in ascorbic acid amount, how-
ever, the morphology and aspect ratio of NRs changes to
dogbone and nanodumbbell. The changes in the morphol-
ogy were caused by the modification in the soft template
and slow facet-specific growth of Au NPs.

The role of counter ions, ie., replacing the DDAB with
DDAC and DDAI on the morphology and aspect ratio of
Au NPs were also investigated. We did not notice any
change in the shape of Au NPs at different
CTAB/DDAC(DDAI) ratios. This investigation reveals that
the addition of DDAC and DDAI does not cause any
change in the miceller structures and destabilize the CTAB
micelle structures. As a result, Au NRs of low quality and
mixtures of various shapes were obtained.

Overall, the present investigation advances our under-
standing to synthesize anisotropic Au NPs by engineering
the design of micelle structures and interfacial/interaction
between the micelles and growing seed particles through
controlling the amount of co-surfactant.
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15 mL Deionized Water | CTAB/ | 4mM | 64 mM Seed Results
CTAB DDAB DDAB | AgNOs AA Solution
(9, mM, (9, mM, (molar (mL) (mL) (mL)
mmol) mmol) ratio)
0.54, 98.77, 0.36, 51.77, 2 0.750 0.135 0.096 Figure 2a
1.48 0.78 Bipyramids
1=1.2+0.9 pm, w=382+35 nm
0.54, 98.77, 0.12,17.26, 6 0.750 0.135 0.096 Figure 2b
1.48 0.26 Bipyramids
1=664+78 nm, w=186+20 nm
0.54,98.77, | 0.09,12.94, 8 0.750 0.135 0.096 Figure 2e
1.48 0.19 ETHH
1=198+20 nm, w=168+15 nm
0.54,98.77, 0.06, 8.63, 11 0.750 0.135 0.096 Figure 2i
1.48 0.13 NRs
1=45+8 nm, w=24+5 nm
0.54,98.77, 0.03, 4.31, 23 0.750 0.135 0.096 Figure 2j
1.48 0.06 NRs
1=33+5 nm, w=10+£2 nm
0.54,98.77, | 0.015, 2.16, 46 0.750 0.135 0.096 Figure 2k
1.48 0.03 NRs
1=38+7 nm, w=10£2 nm

Table S1. Summary of synthetic conditions used for growing Au NPs of different shapes. 15 mL of 1 mM
HAUCI4.3H20 was added to the solution of (CTAB+DDAB+AgNOs3) before adding ascorbic acid (AA)
and seed solution. The length (I) and width (w) are the transverse and longitudinal dimension of the Au
NPs. The dimensions were measured from SEM and TEM images by counting 200 particles. ETHH:
elongated tretrahexahedral, NRs: nanorods.



CTAB/ 4mM | 64mM | 121 M pH Seed Results
DDAB AgNOs3 AA HCI Solution
(molar ratio) | (mL) (mL) (mL) (mL)
6 0.750 0.135 0.050 1.9 0.096 Figure 3a
Bipyramids
1=702490 nm, w=260+38 nm
6 0.750 0.135 0.100 1.8 0.096 Figure 3b
Bipyramids
1=665+95 nm, w=218+25 nm
6 0.750 0.135 0.200 1.6 0.096 Figure 3c
Bipyramids
1=518+64 nm, w=201+25 nm
6 0.750 0.135 0.600 1.0 0.096 Figure 3d
Bipyramids
1=492480 nm, w=201+20 nm
23 0.750 0.135 0.050 1.9 0.096 Figure 3e
NRs
1=55+£8 nm, w=12+2 nm
23 0.750 0.135 0.100 1.8 0.096 Figure 3f
NRs
1=57+6 nm, w=14+2 nm
23 0.750 0.135 0.200 1.6 0.096 Figure 3g
NRs
1=62+8 nm, w=15+2 nm
23 0.750 0.135 0.600 1.0 0.096 Figure 3h
NRs

1=88+2 nm, w=28+2 nm




Table S2. Summary of synthetic conditions and results by the extra addition of 12.1M HCI to the growth
solution. The dimensions were measured from TEM images by counting 200 particles

CTAB/ 4mM | 64mM | 121 M Seed Results
DDAB AgNOs | AA HCI | Solution
(molar ratio) | (mL) (mL) (mL) (mL)
23 0.750 0.270 0.096 Figure 4b
Dogbone NRs
=466 nm, w=19+4 nm
23 0.750 0.500 0.096 Figure 4c
Dogbone NRs
1=4246 nm, w=19+5 nm
23 0.750 1 0.096 Figure 4d
Dogbone NRs

1=36+5 nm, w=22+6 nm

23 0.750 0.150 0.50 0.096 Figure 4e
Dumbbell NRs
[=45+5 nm, w=13+4 nm
23 0.750 0.175 0.50 0.096 Figure 4f
Dumbbell NRs

1=4948 nm, w=17+4 nm

Table S3. Summary of synthetic conditions and results by the extra addition of ascorbic acid (AA) and
HCI to the growth solution. The dimensions were measured from TEM images by counting 200 particles.



15 mL Deionized Water | CTAB/ | 4mM | 64 mM Seed Results
CTAB DDAC DDAC | AgNOs | AA Solution
(9, MM, (9, MM, (molar (mL) (mL) (mL)
mmol) mmol) ratio)
0.54,98.77, | 0.095, 17.49, 6 0.750 0.135 0.096 Figure 5a
1.48 0.26 NRs
1=32+4 nm, w=13+5 nm
0.54, 98.77, | 0.055, 10.12, 11 0.750 0.135 0.096 Figure 5b
1.48 0.12 NRs
1=3045 nm, w=155 nm
0.54,98.77, | 0.024,4.42, 23 0.750 0.135 0.096 Figure 5¢c
1.48 0.06 NRs
1=33+£4 nm, w=16+3 nm

Table S4. Summary of synthetic conditions used for growing Au NPs in the presence of CTAB/DDAC.

15 mL Deionized Water | CTAB/ | 4mM | 64 mM Seed Results
CTAB DDAI DDAl | AgNOs AA Solution
(9, MM, (9, MM, (molar (mL) (mL) (mL)
mmol) mmol) ratio)
0.54, 98.77, 0.060, 6.02, 16 0.750 0.135 0.096 Figure 5e, f
1.48 0.09 NRs and spherical NPs
0.54, 98.77, 0.030, 3.01, 33 0.750 0.135 0.096 Figure 5d
1.48 0.05 Faceted NRs and spherical
NPs




Table S5. Summary of synthetic conditions used for growing Au NPs in the presence of CTAB/DDAL.
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Figure S1. UV-vis spectrum and BFSTEM image show the formation of smaller size Au seed particle
(31 nm).



Figure S2. SEM images (a-d) show Au bipyramids and reaction byproducts taken different places on the
silicon substrate. Au bipyramids were synthesized by the binary surfactant mixtures (CTAB/DDAB=2).



Figure S3. SEM image show high yield of elongated THH Au NPs with less reaction byproducts
synthesized at CTAB/DDAB=8.



Figure S4. SEM images displaying the mixture of shapes including NRs (a), spherical and irregular
shaped (b, c) and elongated THH type Au NPs synthesized in the presence of single surfactant, DDAB
(0.06 mmol/8.63 mM).



300 nm

Figure S5. SEM images of polydisperse population of Au NRs and reaction byproducts (elongated THH
and bipyramids) synthesized in the presence of single surfactant, DDAB (0.26 mmol/17.26mM).
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Figure S6. SEM images of Au NPs synthesized at fixed concentration of DDAB (0.26 mmol) and varying
CTAB concentration. (a, b) CTAB=0.27 mmol, spherical and elongated NPs with low yield of elongated
THH, ¢) CTAB=0.7 mmol, polydisperse elongated THH as main reaction with irregular shaped NPs as

byproducts. d) CTAB=3.0 mmol, monodisperse Au NRs (aspect ratio~ 4.6).
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Figure S7. SEM images of Au bipyramids synthesized at low CTAB/DDAB ratio=6. The yield of Au
bipyramids decreases as the pH of the solution increases by adding different volume of 0.1 M NaOH to
the growth solution. (a) pH=2.9, (b) pH=3.0, (c) pH=3.1 and (d) pH=3.2.

12



Figure S8. SEM images of Au NRs synthesized at high CTAB/DDAB ratio=23. The pH of the growth
solution increases from (a) to (d) and does not have any significant influence on the aspect ratio of Au
NRs. (a) pH=2.9, aspect ratio~2, (b) pH=3.0, aspect ratio~1.9, (c) pH=3.1, aspect ratio~2.3 and (d) pH=3.2,
aspect ratio~1.8.
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Figure S9. SEM images taken at different places on the substrate deposited with anisotropic Au NPs
(mixture of faceted Au NRs and other shapes) synthesized low CTAB/DDAI ratio (~11).
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Figure S10. Temporal evolution of UV-vis spectra for the representative evolution of Au bipyramids.
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Figure S11. SEM images display the influence of Ag* ions the shape of Au NPs at different CTAB/DDAB
ratios under identical experimental conditions. CTAB/DDAB=23 a) Ag* = 0 mL, Au NPs in different
shapes, and b) Ag* = 0.3 mL, spherical/elongated Au NPs. CTAB/DDAB=6, a) Ag+ = 0 mL, mixture of

various shapes of Au NPs and b) Ag+ = 0.3 mL, Au bipyramids of smaller size.
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