Interaction of Lipid Vesicles with
Nanoparticles and Biomolecules: Impacts
on Membrane Organization, Stability and

Phase Behaviour

Ph.D. Thesis

by

NISHU KANWA

DISCIPLINE OF CHEMISTRY

INDIAN INSTITUTE OF TECHNOLOGY INDORE
SEPTEMBER 2020






Interaction of Lipid Vesicles with
Nanoparticles and Biomolecules: Impacts
on Membrane Organization, Stability and

Phase Behaviour

A THESIS

Submitted in partial fulfillment of the
requirements for the award of the degree

of

DOCTOR OF PHILOSOPHY

by
NISHU KANWA

DISCIPLINE OF CHEMISTRY

INDIAN INSTITUTE OF TECHNOLOGY INDORE
SEPTEMBER 2020






INDIAN INSTITUTE OF TECHNOLOGY INDORE

|| I FsHfEa™ 1|

CANDIDATE’S DECLARATION

| hereby certify that the work which is being presented in the thesis entitled Interaction of Lipid
Vesicles with Nanoparticles and Biomolecules: Impacts on Membrane Organization, Stability and
Phase Behaviour in the partial fulfillment of the requirements for the award of the degree of DOCTOR OF
PHILOSOPHY and submitted in the DISCIPLINE OF CHEMISTRY, INDIAN INSTITUTE OF
TECHNOLOGY INDORE, is an authentic record of my own work carried out during the time period from
JULY 2015 to SEPTEMBER 2020 under the supervision of DR. ANJAN CHAKRABORTY, Associate
Professor, Discipline of Chemistry, Indian Institute of Technology Indore.

The matter presented in this thesis has not been submitted by me for the award of any other degree of

this or any other institute.

WA
&i‘} 7
10.09.2020
(NISHU KANWA)

This is to certify that the above statement made by the candidate is correct to the best of my/our
knowledge.
IO s
~10.09.2020
(DR. ANJAN CHAKRABORTY)

Ms. NISHU KANWA has successfully given his/her Ph.D. Oral Examination held on 23.02.2021

{
/‘E-—WbOd
— Proct Cltwd b, B -
(Dr. Amit Kumar) (Prof. Pramit K. Chowdhury) (Dr. Anjan Chakraborty)
Signature of Chairperson (OEB)  Signature of External Examiner  Signature(s) of Thesis Supervisor(s)
Date: 23.02.2021 Date: 23.02.21 Date: 23.02.2021
(Dr. Preeti Anand Bhobe) (Dr. Chelvam Venkatesh)

Signature of PSPC Member #1 Signature of PSPC Member #2 Signature of Convener, DPGC
Date: 23.02.2021 Date: 23.02.2021 Date: 23.02.2021



ffdlas

Signature of Head of Discipline
Date: 23.02.2021




ACKNOWLEDGEMENTS

First and foremost, it is my great pleasure to express my heartfelt gratitude
to my PhD thesis supervisor Dr. Anjan Chakraborty for his constant
guidance and encouragement throughout the entire course of my PhD
program. | sincerely feel honored to be a part of his research group. I am
indebted to him for his support, motivation and dedication in developing
the thesis. His encouragement and kindness during the unfortunate times
when research plans did not work out are gratefully acknowledged.

| am thankful to my PSPC committee members, Dr. Chelvam Venkatesh
and Dr. Preeti Anand Bhobe for their valuable suggestions.

I would like to thank IIT Indore and SIC, IIT Indore for providing
financial support and instrumentation facility respectively. 1 would also
like to thank all the faculty members of the Discipline of Chemistry, IIT
Indore for their guidance and help during the course of the thesis work. I
would like to thank Dr. Tridib K. Sarma and his group members for their
selfless cooperation and help during DLS experiments. | would also like to
thank Dr. Ravinder Kumar, Mr. Kinny Pandey, Mr. Ghanshyam Bhavsar,
Mr. Manish Kushwaha and Ms. Vinita Kothari for their technical support
without which it would not be possible to continue my work. | would also
like to thank Ms. Anjali Bandiwadekar, Mr. Rajesh Kumar, Mr. Lala Ram
Ahirwar, Mr. Gati Krushna Nayak, Mr. Ranjit Raghuwanshi, Mr. Pallab
Pradhan, Mr. Nitesh Singh Powar, Mrs. Kriti Jain and other library staff
for their constant support, whenever required. | would like to acknowledge
all the technical and non-technical staff of IIT Indore for their assistance
and service.

| extend my heartiest gratitude to my seniors, Dr. Anupam Das and Dr.
Chandan Adhikari for their guidance and moral support. | would like to
acknowledge my dear group members, Mr. Soumya Kanti De, Ms. Kavana
M, Mr. Avijit Maity, Ms. Ananya Patnaik and Mr. Debanjan Bagchi for
their selfless co-operation and help to make my work successful. 1 would
like to thank all my co-researchers at 11T Indore.

| also extend my deep gratitude to all my teachers from Miranda House
College, Department of Chemistry (Delhi University) and Model School
Jhajjar for their years of teaching and guidance.

It has been a wonderful experience to work with many friends during my
Ph.D. who helped me in many aspects. | would like to record my thanks to



Neha, Daisy, Preeti, Anupama, Madhurima, Siddarth, Abhiram,
Mirajuddin, Bhawna, Shagufi, Reena, Jamuna, Dr. Tamalika
Bhattacharya, Dr. Sonam Mandani, Dr. Bhagwati Sharma, Dr. Biju
Majumdar, Dr. Roopali Prajapati, Dr. Sagnik Sengupta, Dr. Chinky
Binnani, Amrita, Amit, Premansh, Mamta, Nitin, Aishi.

| express my heartiest gratitude to my friend Anshul for always believing
in me and keeping my spirits high during the bad times. | extend my
gratitude to Ankita, Anurag, Samanvith, Shashank, Tanya, Sachina,
Sonam, Ayushi, Roohi, Sukriti, Srishti, Anshu, Dhruv, Himanshu and
Abhinav who have been with me in every ups and downs of my
professional and personal life.

Most importantly, it would have been almost impossible for me to achieve
anything without the support, care and love of my family. | express my
respect, love and gratitude to my entire family, especially my grandparents
who have made me a capable human. | am eternally grateful to have very
supportive siblings, Ritu and Arun, who never missed a chance to turn me
into the best version of myself. | am also very grateful to my paternal
uncles and aunts for always having my back and believing in my
capabilities.

There are many more who have directly or indirectly contributed in
making this journey successful. I wish I could thank them all but time and
space compel me to stop here.

NISHU KANWA
11T INDORE



Dedicated to
My Grandparents






ABSTRACT

Artificial lipid membranes mimic the cellular membranes, which are
known to have a very complex structure. Lipid membranes can be
conveniently designed in vitro using lipids which are arranged in a bilayer
with a well-known and simpler composition, making them much easier to
study. Thus, they serve as significant tools for understanding the
physicochemical properties of cellular membranes. The usage of model
membranes has been known since the early 1960s and they have been
widely investigated to understand the physiological mechanisms and bio-
inspired applications. Lipid membranes are prone to fusion which is a
fundamental process, but it limits their applications. Thus, in order to
modify their structures and properties, they are often treated with external
interactive species (nanoparticles, metal ions, biomolecules, polymers
etc.). The modification of membrane surfaces by interfacial interactions
can lead to the formation of better experimental models and develop new
systems for biological applications. In particular, these interaction studies
can be potentially used for the design and development of efficient drug
delivery systems.

The interactions of lipid membranes with external species can potentially
induce changes in the properties and structures of the membranes which
are important to analyze. These interactions can influence the fluidity and
packing of the lipid membrane. Membrane properties are sensitive towards
the presence of ions, small molecules, hydration, temperature and pH of
the system. Even minor changes in the membrane structure and properties
can have larger impacts on several important biological functions. As a
result, the membrane interaction studies which affect the cellular processes
account for the underlying mechanisms and the resultant influence at the
nano-bio interface. Thus, a better understanding of the interactions is
required which can help to bridge the gap between the lipid systems in

vivo and in vitro at the membrane interface.



Because of the immense importance of these systems, the lipid-based
interactions and their applications have been of great interest in the recent
past. Therefore, we have explored the interactions of different
nanoparticles and biomolecules with lipid membrane vesicles (also known
as liposomes). The systems studied in the thesis are lipid membrane
vesicles, their assemblies with different nanoparticles (including carbon
dots) and biomolecules (different amino acids). The possibility of lipid-
based system for the controlled release of an anticancer drug, Doxorubicin
(DOX) was investigated. For the interaction studies, lipid bilayers of
varying chain lengths, surface charges and phase transition temperatures
were explored using the properties of a fluorescent membrane probe
PRODAN with the help of different spectroscopic as well as imaging
techniques.
Objectives: The main objective of this thesis is to explore the interactions
of nanoparticles and biomolecules with biomimetic lipid vesicles, which
can potentially modify the membrane dynamics and properties and thus
help in the development of better drug delivery systems and bio-imaging
models. The research work reveals the binding behaviour of different
nanoparticles, including carbon dots, and biomolecules with varying
properties based on their size, surface ligands, isomeric precursors and
hydrophobicity with different lipid vesicles. The thesis addresses the
following points:

(@) It is well-known that nanoparticles interact with lipid vesicles and can
potentially modify their properties (fluidity, order and hydration).
Here, our primary objective is to understand the extent of interaction
between nanoparticles of different surface functionalization and lipid
vesicles through spectroscopic means. The binding of nanoparticles
with lipid vesicles is governed by different forces. Therefore, the
experimental results also need to be fitted within the existing

theoretical framework. So one of the main objectives is to validate the
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results obtained from experimental data in the light of theoretical

models to describe the lipid vesicle-nanoparticle interaction.

(b) Bare lipid vesicles suffer from premature drug leakage, which limits

(©)

(d)

their usage. The interaction of nanoparticles (and polymers) can result
into formation of hybrid systems with modified properties which could
be better for bioinspired applications. Therefore, our objective is to
exploit the lipid-nanoparticles system to build up a stable drug delivery
system (DDS) which will inhibit its premature release and be suitable
for controlled drug delivery. Moreover, modulation of the rate of drug
release of anti-cancer drug at the pH of cancer cells is another
objective of the work.

While gold nanoparticles can be employed for an effective and
successful drug delivery system, the carbon nanoparticles i.e. carbon
dots (c-dots), have been successfully employed for cellular imaging. In
this context, the selection of c-dots is crucial because wrong selection
of c-dots synthesized from different precursors may have adverse
effect on the cellular processes. Here, our objective is to investigate
the effect of fluorescent c-dots derived from different isomeric (ortho,
meta and para) precursors on the model lipid membrane. Our primary
focus is to find the suitability of c-dots for the cellular imaging
purpose. We also aim to investigate the role of precursors in governing
the interaction.

Interactions between membranes and amino acids are crucial
considering they affect the membrane protein folding, membrane
protein channels and transport of metabolites in the membranes. Since
the amino acid residues are present in the body, the understanding of
such interactions is important to analyze in order to realize their
impact on several cellular processes.The thesis accounts for the
interaction of lipid vesicles with amino acids of different charges and
hydrophobicity. We aim to understand if interactions influence the

fluidity and packing of the lipid membrane and more importantly
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whether the interaction depends on the properties of the amino acids.
We have carried out a systematic approach in order to focus on
specific parameters (charge and hydrophobicity) to study the changes
in lipid hydration and ordering. The study aids in understanding the
interaction of amino acids in the light of existing theory.

(e) The thesis demonstrates how we can probe the interaction of various
interactive entities with lipid vesicles by exploiting the properties of a
fluorescent membrane probe by means of different spectroscopic
methods. Moreover, the employment of imaging techniques to

understand the membrane dynamics visually has been focused upon.

Summary of research work:

1. Effect of surface ligand and temperature on lipid vesicle—gold
nanoparticle interaction: a spectroscopic investigation
In this section, we explored the interactions of differently functionalized
gold nanoparticles (AuNPs) with zwitterionic lipid vesicles of varying
phase transition temperatures. AuNPs were functionalized with surface
ligands on the basis of varying bulkiness and charge. Anionic ligands i.e.
citrate (cit), 3-mercaptopropionic acid (MPA) and glutathione (GSH) and
cationic ligand cysteamine was used. We used zwitterionic lipids DMPC
(Tm = 24 °C) and DOPC (Tm = —20 °C) for the study. We conducted the
experiments at different temperatures, above and below the phase
transition temperature of the lipid, i.e. 15 °C and 35 °C. The AuNPs were
found to bring in stability to the lipid vesicle but the extent of interaction
and thus gelation of the lipid vesicles depended largely on the surface
ligands (Scheme 1). The cit-capped AuNPs were found to interact the
strongest and effectively raised the phase-transition temperature of the
lipid vesicles. On the other hand, more bulky ligands (MPA and GSH)
were found to distant the AuNP core from the bilayer surface, exert less
van der Waals force and the interactions were comparatively weaker. The

anionic nanoparticles interacted stronger than the cationic one. The
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interactions were also found to be more strongly pronounced when the
vesicles were near the phase-transition temperature of the lipid as
compared to the vesicles present in Lo (fluid) or L (gel) phase. The study
also demonstrated the surface modification due to these interactions on the

lipid vesicles.
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Scheme 1: Representative image showing the interaction of differently functionalized gold
nanoparticles with lipid vesicles. Cit-AuNPs stabilize the bilayer to a higher extent and raise the
phase transition temperature of the lipid. MPA and GSH-AuUNPs adsorb on the bilayer surface less

strongly due to their bulky structures.

2. Spectroscopic study of the interaction of carboxyl-modified gold
nanoparticles with lipid vesicles of different chain lengths and controlled
drug release by layer-by-layer technology

In the current section, we reported the interactions of carboxyl-modified gold
nanoparticles (AuC) with zwitterionic phospholipid vesicles composed of lipids
with different chain lengths and phase transition temperatures. Three zwitterionic
lipids namely DPPC, DMPC, and DLPC were used in this experiment. These
lipids are widely different in their phase transition temperature. DPPC has a phase

transition temperature around 42 °C while DMPC and DLPC have phase
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transition temperatures around 23 °C and -2 °C respectively. The nanoparticles
were found to bring in stability toward the vesicles by local gelation and the
vesicle—AuC assemblies were fairly stable as compared to bare lipid vesicles. The
fusion activity of the vesicles could be effectively controlled by decoration of
AuC nanoparticles at the interface of phospholipid vesicles (Scheme 2a). The
bound AuC was found to detach from the surface of the vesicles under acidic
conditions. The detachment rate of AuC from the vesicle~AuC assemblies
differed due to variations in the phase transition temperatures and fluidity of the

systems.

S Poagd s

? -
g:;;&%? o
f§ A \ C
Uy :

& I
Liposome N Local gelation
Liposome-AuC

Scheme 2a: Local gelation of the lipid bilayer induced upon interaction with carboxyl-modified

gold nanoparticles.

The system was used for exploiting the controlled release of an anti cancer drug,
Doxorubicin (DOX) under acidic conditions for different zwitterionic lipid
vesicles. The drug release rate was optimized by formation of capsule structures
by coating the lipid vesicle~AuC assemblies with layers of oppositely charged
polymer (P), lipid (L) and again with a polymer following a layer-by-layer
approach (Scheme 2b). We used alternating layers of the poymer
polydiallyldimethylammonium chloride, and lipid mixture L (DMPC: DMPG) to
synthesize the capsules. The lipid-based capsules were found to be highly stable

for weeks and inhibited premature release of the drug.
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Scheme 2b: Layer-by-layer deposition of polymer (P) and lipid (L) on liposome-AuC assemblies

forming capsule-like structures for controlled release of encapsulated drug molecules.

3. Discriminatory interaction behaviour of lipid vesicles towards diversely
emissive carbon dots synthesized from ortho, meta and para isomeric carbon
precursors

In the current section, we reported the interaction of zwitterionic lipid vesicles
with photoluminescent carbon dots (C-dots) derived from different isomeric
(ortho, meta and para) precursors of phenylenediamine. The C-dots synthesized
from different isomers of the same carbon precursor were found to be
significantly different from each other in terms of their interaction phenomena
with lipid vesicles. We used DMPC and DPPC lipids for this study. The ortho C-
dots (oCD) showed strong interaction with the lipid vesicles, while the other
analogues meta and para C-dots (mCD and pCD) did not display such interaction.
We found that oCD were selectively embedded in the lipid vesicles and vesicles
retained their morphology upon interaction with oCD. On the contrary, mCD and
pCD being located in the interfacial region induced instability in the lipid vesicles
and resulted in aggregation of the vesicles. The discriminatory behaviour of lipid

vesicles was explained in terms of the location of the C-dots on the lipid vesicles,
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their electrostatic attraction at the vesicle interface, possible cross linking with
other vesicles and different hydrophobicities of the isomeric precursors of the C-
dots. We found that among all C-dots, only oCD is favorable for bio-imaging
purpose. This study provides guidance to understand and predict the binding

interactions and attachment processes at the bilayer membranes.
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Scheme 3: Representation of the interaction of C-dots derived from different isomeric carbon
precursors. While ortho C-dots (0CD) remain embedded inside the membrane vesicles and do not
cause aggregation, meta and para C-dots (nCD and pCD) are located on the membrane interface

and cause absolute and partial aggregation respectively.

4. Interaction of aliphatic amino acids with zwitterionic and charged lipid
membranes: hydration and dehydration phenomena

In this section, we investigated the interactions of lipid bilayer membranes of
different charges and phase states with aliphatic amino acids of varying charge
(aspartic acid, glutamic acid, arginine and lysine) and hydrophobicity (serine,
leucine and valine). We used different lipids varying in phase transition
temperature (DPPC, DMPC and DOPC) as well as charge (DMPG and DMTAP)
for this study. The interaction of lipid bilayer membranes with amino acids were

found to depend on the properties of both the amino acid and the membrane itself.
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Charge of the amino acid played a major role in the interaction strength with the
lipid bilayer membrane. The negatively charged amino acids interacted strongly
with the lipid membranes by stabilizing their gel phase and resulted in very large
dehydration. On the other hand, positively charged amino acids brought in
hydration in the membranes and significantly fluidized the system. We also found
that hydrogen bonding played a significant role in governing the interaction of
aliphatic amino acids with zwitterionic lipid membranes. The more polar serine
bearing a hydroxyl group at the terminal carbon offered a stronger interaction
with the lipid membranes as compared to its analogues leucine and valine, which
are hydrophobic in nature. In the case of anionic lipid membrane, the interaction
strength was found to be similar for all aliphatic amino acids irrespective of their
hydrophobicity. The cationic lipid membrane, on the other hand, did not induce

any substantial changes in the bilayer membrane.
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Scheme 4: Aliphatic amino acids interact differently in order to induce gelation or fluidization in
the zwitterionic and charged lipid membranes as a result of hydration or dehydration of the
membrane surface. Here shaded red colored lipid membrane represents nearly fluid phase at
room temperature, shaded blue represents nearly gel phase; whereas deep blue colored lipid
membrane represents highly gel and ordered phase (stiffened acyl chains) and deep red represents

completely fluid or disordered phase (loosely packed acyl chains).
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Conclusion: Research work reported in this thesis describes the significance of
the binding of various nanoparticles and biomolecules to model lipid membranes
and the impact they cast on the overall membrane properties. It was found that
variation of charge, phase transition temperature (T,) of the vesicles and change
in properties of nanoparticles and biomolecules influence the pattern of
interaction. Even minor changes in the interactive entities (size, charge, surface
ligands, precursors, hydrophobicity) and medium (temperature, pH etc.) can
largely affect the membrane structure and properties (such as fluidity, order and
hydration behavior). As a future prospect, these developments are expected to
form better hybrid systems and add new dimensions toward the potential usage of
lipid membrane based assemblies for drug delivery, bioimaging and several bio-
inspired applications.
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AuNPs (b, c); UV—vis spectra (d); and { potential
measurements of functionalized AuNPs (e).
Normalized emission spectra of PRODAN in DMPC
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Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

solution as a function of AuNP concentration for (a)
citrate AuNPs, (b) MPA-AuUNPs and (c) GSH-AuUNPs
at 25 °C, and corresponding area fraction vs
concentration of AuNPs plots shown in the insets.
Representative  time-resolved decay curves of
PRODAN in DMPC—AuNPs (d—f) at 440 nm at 25 °C
(anisotropy decays for adsorption are shown in the
inset).

UV-Vis spectra for DMPC-PRODAN upon addition of
a) Cit-AuNPs; b) MPA-AuUNP; and c) GSH-AuUNPs in
different concentrations. Upward arrow indicates
increasing concentration of AuNPs.

a) Normalized fluorescence emission intensity for
PRODAN in aqueous buffer upon addition of Cit-
AuNPs; and b) Corresponding lifetime decays for
PRODAN with Cit-AuNPs at 520 nm.

Interaction energy between AuNPs functionalized with
citrate, MPA and GSH and lipid vesicles modeled by
DLVO theory as a function of distance of separation
between the bilayer and AuNPs.

Temperature-induced variations in the steady-state
fluorescence spectra of PRODAN in DMPC vesicles.
Fluorescence Emission intensity with change in
temperature (a) without AuNP addition, after
adsorption of citrate-AuNPs (b), area fraction
(A435nm/A490nm) vs temperature plot (c) and first
derivative of area (dA/dT) vs temperature plot (d).
Normalized emission spectra for the addition of AuNPs
to DMPC—PRODAN solution for (a) citrate AuNPs, (b)
MPA-AUNPs, and (c) GSH-AuUNPs at 15 °C (the inset
shows the respective area fraction plots) and
corresponding time-resolved decay curves at 440 nm
(d-).

Normalized emission spectra for the addition of AuNPs
in  different concentrations (0—5.4 nM) to
DMPC—-PRODAN solution for (a) citrate AuNPs, (b)
MPA-AUNPs, and (c) GSH-AuUNPs at 35 °C (the inset
shows the respective area fraction plots) and
corresponding time-resolved decay curves at 440 nm

(d-9).
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Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 3.1

Figure 3.2

Normalized emission spectra for the addition of AuNPs
in  different concentrations (0-5.4 nM) to
DOPC-PRODAN solution for (a) citrate AuNPs, (b)
MPA-AUNPs, and (c) GSH-AuUNPs (the inset shows
area fraction plots). The corresponding time-resolved
decay curves of PRODAN in DOPC—AuNPs solutions
at 440 nm (d—f) at 25 °C.

Normalized emission spectra for the addition of AuNPs
in different concentrations (0-5.4 nM) to iPC
DOCP-PRODAN solution for (a) citrate AuNPs, (b)
MPA-AuUNPs, and (c) GSH-AuUNPs (the inset shows
area fraction plots). The corresponding time-resolved
decay curves of PRODAN in DOCP—AuNPs solutions
at 440 nm (d—f) at 25 °C.

(a) Normalized emission spectra for the addition of
Cys- AuNPs in different concentrations to
DMPC—-PRODAN solution and area fraction plot at
blue end (435 nm) and red end (490 nm) (shown in
inset) and (b) corresponding time-resolved decay
curves of PRODAN in DMPC—CysAuNPs solutions at
440 nm at 25 °C.

AUNP-DMPC bilayer interaction from confocal laser
scanning microscopy (CLSM). Confocal, bright-field,
and merged images for blank DMPC bilayers (a—c) and
for DMPC-AUNP systems (d-f). The arrows in the
DMPC-AUNP indicate the surface alterations caused
due to AuNP adsorption on the surface of the bilayer.
The bars in the images indicate 2 um size.

DLS size distribution curve for DMPC upon interaction
with citrate AUNPs, MPA AuNPs and GSH AuNPs.
Normalized emission spectra of PRODAN in DPPC,
DMPC and DLPC liposomes, showing a blue shift in
PRODAN-liposome systems as compared to
PRODAN in aqueous buffer solution. (b)
Representative time-resolved decay of PRODAN in
different liposomes at 440 nm.

Emission spectra of PRODAN for Liposome-AuC at
different concentrations of AuC for a) DPPC, b)
DMPC, and c) DLPC. Spectra indicates initial red shift
followed by a slight increase in the intensity for lower
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Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

concentrations of AuC, and blue shift for liposomes
followed by decrease in intensity with an increase in
the concentration of AuC. Upward arrow denotes an
increase in the intensity and downward arrow depicts
decrease in the intensity.

Normalized emission spectra for addition of AuC in
different concentrations to a lipid—PRODAN solution
for (a) DPPC, (b) DMPC and (c) DLPC liposomes and
(d-f) respective intensity fraction versus Ca,c/Cp plot
for DMPC liposomes at 435 (blue emission) and 490
nm (red emission).

Time-resolved decay curves of PRODAN in
liposome—AuC solutions at different concentrations of
AuC for (a) DPPC, (b) DMPC and (c) DLPC at 440
nm, and respective decay curves at 500 nm (d-f). The
upward arrow indicates an increase in lifetime with an
increase in concentration of AuC.

(a) Drug release profile for liposome—AuC assemblies
for different lipids at pH = 5. (b) The scheme depicts
the pictorial representation of the prepared
liposome—AuC assemblies.

Hydrodynamic size distribution histogram from DLS
measurement for DPPC-AuUC assembly at physiological
and acidic pH.

(@) Hydrodynamic size distribution histogram from
DLS measurement and (b) zeta potential values for (1)
bare liposomes (DPPC), (2) liposome—AuC assembly,
(3) liposome—AuC-P, (4) liposome—AuC—P-L, and
(5) liposome—AuC—P—L—P capsules.

FE-SEM images for the (a) liposome—AuC—P system,
b) liposome—AuC—P—-L-P system, both intact even
after 1 week, and (c) bare liposome (fused after 2 days
from synthesis). The arrows depict the formation of a
layer over the liposome—AuC assembly.

Uptake studies for capsule systems using CLSM. (a—c)
Liposome—AuC—P system,; (d—1)
liposome—AuC—P—-L—P system as obtained under
confocal, bright field, and merged images. All images
taken after 1 week from synthesis.
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Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Drug release profile for liposome—AuC assemblies
followed by coating with polymer and lipids (L) in a
LBL fashion for (a) DPPC, (b) DMPC, and (c) DLPC
liposomes.

Spectroscopic characterization of the synthesized C-
dots. Absorption, emission spectra, and time-resolved
decays (inset) of (a) oCD, (b) mCD, (c) pCD and (d)
normalized emission spectra indicating widely different
emissions and corresponding visible and UV images
(Aex = 365 nm) of the C-dots, and (e) time-resolved
anisotropy of C-dots.

Fluorescence emission spectra of C-dots at different
excitation wavelengths as indicated, showing excitation
dependent emission of a) oCD, b) mCD and c) pCD.
AFM images of synthesized C-dots for a) oCD, b)
mCD and c) pCD; and height-profile analysis along the
corresponding lines (bottom).

FTIR spectra of the synthesized C-dots for a) oCD, b)
mCD and c) pCD.

Interaction of C-dots with DMPC lipid vesicles. Steady
state fluorescence spectra for (a) oCD (Aex = 416 nm),
(b) mCD (Aex = 372 nm), and (c) pCD (Aex =435 nm);
corresponding time-resolved decay curves (d—f) and
time-resolved anisotropy (inset d—f) for C-dots
dispersed in aqueous medium and DMPC lipid
vesicles.

DMPC—C-dot interaction from confocal laser scanning
microscopy (CLSM) using fluorescence emission of C-
dots. Confocal, bright field and merged images for
(a—c) blank DMPC vesicles and in the presence of
(d—f) oCD, (g—1) mCD, and (j—1) pCD C-dots.

Spectral overlap of the normalized absorbance (red) of
the C-dots and normalized fluorescence emission
spectra (blue) of the DMPC-embedded PRODAN in a)
0oCD, b) mCD and c) pCD.

Fluorescence emission spectra of the DMPC-PRODAN
upon addition of C-dots for (a) oCD, (b) mCD, and (c)
pCD; corresponding time-resolved decay curves (d—f)
and Stern—Volmer plots (inset d—f).
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Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 5.1

Figure 5.2

Figure 5.3

Control experiments for the interaction of PRODAN
with C-dots for a) oCD, b) mCD and c) pCD. Here,
concentration of PRODAN is fixed at 2 uM while
varying the concentration of C-dots from 0 to 30
pg/mL.

Control experiments for the increasing concentrations
of C-dots dispersed in Milli-Q water for a) oCD, b)
mCD and c) pCD.

Fluorescence emission spectra of the DPPC-PRODAN
upon addition of acceptor C-dots for a) oCD; b) mCD
and c) pCD; and corresponding lifetime decay curves
(d-1).

Confocal images of DMPC-PRODAN upon interaction
with C-dots using emission of both PRODAN
(410480 nm) and C-dots (510—610 nm). Confocal,
bright-field and merged images for (a—d) DMPC-
PRODAN and in the presence of (e—h) oCD, (i-1)
mCD C-dots and (m-p) pCD.

SEM images for the lipid vesicles composed of DMPC
(@) and DMPC upon interaction with oCD (b), mCD
(c), and pCD (d).

Hydrodynamic size distribution plot for the lipid
vesicles composed of DMPC (with and without the
presence of PRODAN) and DMPC upon interaction
with C-dots (0CD, mCD, and pCD).

a) Normalized emission spectra of PRODAN in
aqueous medium and in different lipid mediums
(DPPC, DMPC and DOPC lipid bilayers); (b)
representative time-resolved decay of PRODAN in
different lipid bilayers collected at 440 nm.

Steady state normalized emission spectra, time-
resolved lifetime decay and time-resolved anisotropy
plots collected at 440 nm for negatively charged
DMPC: DMPG upon interaction with L-aspartic acid
(a-c) and glutamic acid (d-f). Corresponding area
fraction plots are shown in inset.

Steady state emission spectra and corresponding time-
resolved lifetime decay for DMPC-PRODAN upon
interaction with L-aspartic acid (a-b) and L-glutamic
acid (c-d).
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Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Steady state emission spectra for interaction of
negatively charged amino acids with positively charged
lipid bilayer DMPC: DMTAP.

Plots of temperature-induced variation in the steady-
state fluorescence spectra of PRODAN in a) negatively
charged DMPC: DMPG bilayer, b) upon interaction
with arginine and c) aspartic acid, d) area fraction vs
temperature plot from 10 °C to 40 °C and e) first
derivative of area (dA/dT) vs temperature plot.

Steady state emission spectra and corresponding time-
resolved lifetime decay for DMPC-PRODAN upon
interaction with L-lysine (a-b) and L-arginine (c-d).
Steady state fluorescence spectra for interaction of
positively charged amino acids with positively charged
lipid bilayer DMPC: DMTAP.

Steady state normalized emission spectra and time-
resolved lifetime decay collected at 440 nm for
negatively charged DMPC: DMPG upon interaction
with L-lysine (a-b) and L-arginine (c-d). Upward
arrows in the emission spectra indicate an initial
increase in the peak at 440 nm whereas downward
arrows indicate a gradual decrease in the peak
depicting fluidization of the bilayer. Corresponding
area fraction plots are depicted in inset.

Steady state normalized emission spectra (a—c) and
corresponding area fraction plots (d-f) for DMPC-
PRODAN upon interaction with amino acids.
Comparison of steady state emission spectra for L-
amino acids upon interaction with zwitterionic DMPC
membrane.

Binding of amino acids using confocal scanning laser
microscopy (CLSM). Confocal, bright field and
merged images for DMPC vesicles (a-c), DMPC + L-
serine (d-f).

Steady state emission spectra (a-c) and time-resolved
lifetime decay curves (d-f) for DMPC-PRODAN upon
interaction with D-amino acids.

Steady state normalized emission spectra and time
resolved lifetime decay curves (inset) of L-amino acids
with negatively charged lipid bilayer DMPC: DMPG
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Figure 5.14

Figure 5.15

Figure 5.16

(a—c) and positively charged lipid DMPC:DMTAP (d-
). The upward arrows at 440 nm indicate the gel phase
dominance.

Steady state emission spectra (a-c), area fraction plots
(d-f) and time resolved lifetime decay curves (g-i) for
DPPC-PRODAN upon interaction with L-amino acids.
Steady state normalized emission spectra (a-c) and time
resolved lifetime decay curves (d-f) of L-amino acids
with DOPC.

Hydrodynamic size distribution curves obtained by
DLS measurements for (a) negatively charged DMPC:
DMPG upon addition of charged amino acids and (b)
zwitterionic DMPC upon addition of L-amino acids.
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Chapter 1

Interactions at the nano-bio interface using model

membrane

1.1 Introduction

Lipids are one of the major constituents of cellular membranes. They are actively
involved in a set of essential cellular functions [1-5]. They are present in different
compositions along with membrane proteins rendering cellular membranes
complex and difficult to study [6]. Artificial lipid membranes synthesized in vitro
mimic the cell membranes [5, 7-11]. Thus, they are used as model systems for
understanding the physicochemical properties of cellular membranes. They can be
studied with much ease provided they are synthesized using a limited number of
components. However, lipid membranes are prone to fusion [5], which limits their
applications. In order to modify and stabilize their structures, they are often
treated with external interactive species (nanoparticles, biomolecules, polymers
etc.) [12-21]. The modifications of membrane surfaces by interfacial interactions
lead to the formation of better experimental models and develop new systems for
biological applications [16-17, 22-23]. Membrane properties are sensitive towards
the presence of ions, small molecules, hydration, temperature and pH of the
system [24]. Even small changes in the membrane structure and properties can
have severe impacts on several important biological functions [25]. Thus, these
studies help in the better understanding of the interactions at the membrane
interface and bridge the gap between the lipid systems in vivo and in vitro. They
also account for the underlying mechanisms and the possible effects of membrane
interactions at the nano-bio interface which affect the cellular processes. The
following section proceeds with a brief description of the biomimetic lipid

vesicles and their interaction with nanoparticles and biomolecules.



1.2 Lipid membrane vesicles: General introduction

First discovered in 1965 by Dr. Alec D. Bangham, a British biophysicist, lipid
vesicles (or liposomes) have been an area of interest for scientists since then [26].
They were first described as swollen phospholipid systems and were observed to
be forming vesicular structures consisting of lipid bilayers. The name “liposome”
was acquired from the combination of two Greek words, “lipos” denoting fat and

“soma” denoting body.

Lipid membranes are composed of lipids which are generally non-toxic and
biocompatible in nature. They typically have a hydrophilic head group and a
hydrophobic carbon tail. They form closed structures impulsively upon hydration
resulting into spherical lipid bilayer with the hydrophilic head groups oriented
towards the outer as well as inner aqueous medium and the hydrophobic chains
are centered within the bilayer [27-28]. The lipid membrane is organized based on
the hydrophobic interactions between several amphiphilic molecules that
constitute the hydrophobic-hydrophilic interface in an aqueous system. This
structure is thermodynamically favorable and is stabilized by van der Waals
forces, hydrogen bonding and other electrostatic interactions [29-30].

Hydrophilic head
Phosphelipid

molecule
Hydrophabic tail

Aqueous interior

Structure of an unilamellar liposome

Figure 1.1 Structure of unilamellar liposome with a hydrophilic head and hydrophobic tail

organized into a spherical structure [31].

In a lipid membrane, lipids can adopt solid and/or fluid phase. These phase states
are characterized by a typically different spatial arrangement and entropy of the
individual lipids. Solid phase is defined by a closely packed rigid and ordered gel
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phase whereas fluid phase comprises of a disordered phase. The phase state in a
membrane determines the membrane properties, organization and permeability
[1]. The permeability of vesicles increases upon the transition from solid to fluid
phase. This process takes place at the phase transition temperature (Tp). It
involves the loosening of packed phospholipids resulting into empty spaces
between the lipids [32-34].

The phase state majorly depends on the van der Waals interaction between
neighboring lipid molecules. This is determined by the chain length of the lipids.
Lipids with longer chains exhibit stronger van der Walls forces, resulting into
more ordered packing. However, short chain lipids are more fluid at a given
temperature [35]. The choice of bilayer components used for synthesis determines
the rigidity and fluidity of the bilayer [36]. For example, lipids with shorter
hydrophobic chain (eg DOPC) and unsaturated phosphatidylcholine (PC) from
natural sources (egg or soyabean PC) give permeable and less stable bilayers,
whereas saturated PC with long acyl chains (eg DPPC) form rigid and
impermeable structures [37-40].
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Figure 1.2 Phase states and membrane fluidity of vesicles. At lower temperatures, T < T, of
phospholipids, bilayer exists in ordered gel phase and at higher temperatures, T > T, bilayer

exists in disordered fluid phase [41].

Apart from phase state and lipid composition, the properties of lipid vesicles
depend on size as well as their method of preparation. Lipid vesicles have a size

ranging from very small (25 nm) to large (2.5 um) vesicles. They consist of one or
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more bilayer membranes surrounding the aqueous environment. The amphipathic

nature and self assembling characteristics of lipid bilayers influence the

hydrophobic layers (or lamellarity) of the bilayers [40, 42-44]. On the basis of

their size, lamellarity and methods of preparation, lipid vesicles are broadly

divided into two categories [40]:

1)

2)

Unilamellar vesicles: They have a single phospholipid bilayer sphere
enclosing the aqueous solution. These can be of either small unilamellar
vesicles (SUV) or large unilamellar vesicles (LUV) depending on their
size [43]. SUVs are generally prepared by the “ethanol injection method”.
For this, lipid dispersed in ethanol is rapidly injected in agueous medium
kept well above the phase transition temperature of the particular lipid.
They are generally of the size < 100 nm. On the other hand, LUVs are
large vesicles with single lamellarity but have higher aqueous volume to
lipid ratio. They have a larger size than SUV (> 100 nm). Similar vesicles
with even larger size (> 500 nm) are termed giant unilamellar vesicles
(GUVs).

Multilamellar vesicles (MLV): MLVs are formed when several
unilamellar vesicles form on one another making concentric phospholipid
spheres, each layer separated by a consecutive layer of water [44]. Their
vesicle structure resembles the onion structure. These vesicles result into
multi-lamellar structures with an average size > 500 nm. They are
prepared by “thin film hydration” method, in which the dry lipid film is
hydrated by an aqueous medium heated well above the phase transition

temperature.
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Figure 1.3 Types of liposomes based on their size and lamellarity [45].



1.3 Lipid vesicles as model systems: Applications and

limitations

1.3.1 Biomimetic behaviour:

Lipid bilayers constitute the cell membranes and play a significant role in
maintaining the cellular homeostasis. They providing a physical barrier to prevent
the free permeation of water and separate the water-soluble compounds [46-50].
They act as barriers between the cells and the extracellular environment [47, 51].
Acrtificial lipid membranes serve as model membranes as they efficiently mimic

the properties of cellular membranes [5, 52-53].

While cellular membranes have a complex structure and a diverse composition,
lipid membranes can be conveniently designed with known lipid composition
which makes them much easier to study [53-54]. They can be synthesized in vitro
using lipids which are arranged in a bilayer with a well-known and simpler
composition. Several model systems have been developed with a wide variety of
size, geometry, morphology and chemical composition apart from lipid vesicles,
such as supported lipid bilayers, lipid monolayers etc. [4, 6, 8, 55]. Although the
complexity of cellular membranes cannot be entirely imitated by lipid vesicles,
their chemical composition and properties (such as charge and phase transition
temperature) can be easily modulated during their synthesis, which is a great
advantage. These systems can be easily tuned as per the experimental and

biological requirements.

Lipid vesicles act as simple model systems which help in the understanding of
functions and structure of the complex biological systems [56]. The properties of
a lipid membrane such as fluidity, continuity and defect and the related processes
such as fusion and phase separation can be studied using model systems, which

help in the understanding of several important biological phenomena [56-57].



(ii) Model Lipid Membranes

i

- i {‘IJ\} )
b5l ‘ 2 s s ‘
(i) Cell Membrane Silicone or Mica

Figure 1.4 Illustration of cellular membrane and various model systems. (i) Cell membrane
depicting membrane lipid asymmetry and (ii) model membrane systems mimic the cell membrane:

a) supported lipid bilayer, b) lipid monolayer and c) lipid vesicle [6, 58].

1.3.2 Applications:

Lipid membranes may be natural or synthetic, but lipids are biocompatible and
biodegradable, which makes them apt for biomedical applications [9, 23-31, 37-
43, 59-60]. Due to the presence of both hydrophilic as well as hydrophobic
environment in the lipid membranes, they can be used as potential drug carriers
which can carry a broad spectrum of drugs. They have the unique property to
solubilize both hydrophilic and hydrophobic materials in different compartments.
While hydrophobic drugs are located inside the bilayer, hydrophilic drugs are

located at the interface or entrapped within the aqueous core of the vesicles.

Over the recent years, researchers have resorted to biocompatible carriers,
composed of bioinspired materials. Particularly, lipid-based drug carriers have
been used for a long time [9, 23, 25, 28, 31, 37-43, 59-60]. They have served as in
vivo carrier systems for anti cancer drugs, such as Doxil (also known as
Doxorubicin). Lipid vesicles are advantageous compared to conventional systems
(such as nanoparticles and microemulsions) because of their efficient
biodistribution [59]. However, premature and non-targeted release has been a

major challenge for the researchers.



In this regard, interaction between foreign materials (nanoparticles, polymers,
biomolecules etc.) and host (lipid vesicles) [12-25] has been used to synthesize
improved systems for optimized, controlled and targeted delivery and imaging.
Such interactions are designed to cater to precise specifications and requirements,
such as controlled surface properties and stimuli-responsive systems [61]. These
systems have emerged as better models in contrast with the traditional drug
nanocarriers such as bare liposomes, micelles and nanospheres [61]. The most
commonly developed structures for drug delivery and imaging using these
interactions can be core-shell structure, capsules or particles with

nanocompartments [61].

Table 1.1 Advantages and disadvantages of lipid vesicles used for drug delivery [40]:

Advantages Disadvantages

1. | Biocompatible, biodegradable and | Less stability

non-toxic

2. | Ability to carry both water and Low solubility
lipid soluble drugs

3. | Flexibility to bind with site- Difficult to target tissues
specific ligands to obtain active due to their large size
targeting

4. | Stabilization of entrapped drug Leakage and/or fusion of
from hostile environment of encapsulated drug, dyes
biological membranes and molecules

5. | Drugs can be stabilized from Phospholipid may undergo
oxidation oxidation and hydrolysis.

6. | Liposome increased stability via High production cost
encapsulation of drug

7. | Liposomes increased efficacy and
therapeutic index of drug

1.3.3 Limitations (Fusion and stability issues):

The fusion phenomenon in biological membranes is a fundamental process
essential for cell survival [62]. It aids cell membranes with the transport of
metabolites within and across the membranes. However, it is a major limitation of

artificial membranes for their application in the field of drug delivery and



imaging. Fusion of membranes can lead to loss of membrane integrity and its
properties [63-65]. The fusion process in artificial lipid membranes can
potentially lead to loss of the contents from the vesicle interior, which is highly
undesirable [22, 62-65]. Fusion can take place due to a number of reasons such as
changes in medium (pH, temperature and pressure), lipid composition, prolonged
time period, response to external stimuli (fusion-inducing interactive species) etc.
[22, 57, 62]. Membrane fusion results in the generation of bilayer defects,
increase in bilayer permeability and surface tension, exchange of lipid contents

between originally separate bilayers, change in vesicle size and morphology [62].

Thus, physical and chemical stability of the vesicles is a major concern,
particularly because it limits their application as potential drug carriers. Chemical
instability can arise due to degradation of phospholipid structures (by hydrolysis
or oxidation) and physical instability is defined by non-uniform size distribution
and low encapsulation efficiency. These limitations arise due to the inability of
lipid vesicles to withstand mechanical stress which leads to leakage. Drug leakage
is a common problem which may occur due to the instability of the membrane.
Thus, tougher mechanical properties are required to be imparted to lipid vesicles
for enhanced stability [66]. In this regard, surface modification is an efficient
method to achieve stability both in vivo and in vitro. In order to stabilize the
structures, they are treated with several external moieties [12-28]. The interactions
of lipid membranes with various biological moieties are likely to induce changes
in the properties and structures of the membranes [1-2, 67-68]. For this,
nanoparticles and polymer systems have been used in the past [59]. Moreover,
peptides (or even amino acids) incorporation makes the lipid vesicles more rigid
because of change in packing and order [59]. While the binding of proteins and
peptides can sometimes trigger vesicle aggregation, there are molecules which
upon binding create steric or electric barriers between the membranes in order to
prevent the fusion process [62]. Vesicle aggregation can also be avoided by
introducing charge inside the vesicles, either by adding phospholipid or by
decorating their surface by charged materials. This eliminates attraction and

fusion by causing repulsion between vesicle surfaces [59]. The rigidification of
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membrane and hence increase in its stability takes place with an enlarged bilayer
separation [62]. The interaction of nanoparticles, amino acids, metal ions and
peptides could be significant for altering and bringing about desired changes in
the properties of the lipid membranes.

1.3.4 Membrane probes:

One of the most facile methods to study the highly sensitive as well as specific
information regarding the membrane interface can be observed via the usage of
molecular probes. Several fluorescent probes have been developed and employed
to analyze the hydration environment at the membrane interface, in which the
probes are sensitive to the local environment [69]. Specifically, the probe
molecules preferentially bind to the target molecule and emit strong fluorescence
signals representative of the respective microscopic surroundings. In particular,
the solvent sensitive probes such as 6-propionyl-2-dimethyl-aminonaphthalene
(PRODAN), 6-dodecanoyl-2-dimethylaminonaphthalene (LAURDAN) and 8-
anilino-1-naphthalenesulfonic acid (ANS) are extensively used for the
characterization and study of membrane properties [70-73]. These molecules have
a dipole moment arising from their excitation and relaxation of the surrounding
water molecules. Thus, they exhibit fluorescence characteristics depending on the
degree of solvent relaxation [74-76]. Several properties of the membranes such as
phase behavior, effects of membrane permeability and curvature can be
understood by using these probes for studying model membranes.

1.4 Interaction of lipid vesicles with nanoparticles and

biomolecules

1.4.1 Interaction with nanoparticles: The interaction of metal nanoparticles

with lipid membrane has been studied a lot in the past few years owing to their
several biological applications [16-17, 77-79]. Nanoparticles have a typical size of
less than 100 nm. They can effectively give rise to significant interactions with
lipids both on the surface as well as inside the membrane. This resultant assembly

is capable of forming better systems for cancer diagnosis and treatment [80-83].
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Among the nanostructured materials, gold nanoparticles (AuNPs) have emerged
as particularly interesting candidates due to their stability, low toxicity, surface
plasmon resonance effect and distinct catalytic properties [84-90]. Moreover, their
unique optoelectronic properties as well as tunable size and morphology have
found applications in the field of bio-nanotechnology as biomarkers, biosensors,
cancer diagnostic and drug delivery [84-88]. AuNPs have been effectively
employed for photothermal cancer therapy [86-88]. However, it is met with
several drawbacks at the cellular levels, such as short circulation lifetimes,

cellular toxicity and limited accumulation of particles at the required site [89-90].

In lieu of these limitations and to enhance the efficacy in biomedical applications,
AuUNPs are complexed with lipid vesicles, which help in improving the stability of
the system as well as targeting of the cells. This can be done either by
incorporating AuNPs into the vesicles or by adsorption on the surface of the lipid
bilayer. The nanoparticles display similar dimensions to those of biomolecules.
Thus, their complexation with biomaterials results into unique recognition,
catalytic and inhibition properties. The surface of lipid vesicles can be modified
and improved with these interactions, which results in increased stability,
targeting and labeling capabilities. Particularly, lipid-AuNP assemblies provide
significant opportunities in terms of nanoscale delivery systems as therapeutic or
diagnostic multimodal agents [91-92]. Moreover, they can be used as probes to

monitor biological processes through microscopic techniques [93-94].

The interaction of lipid vesicles with nanoparticles depends on the properties of
nanoparticles and their localization on/in/around the vesicle [95-96]. Particularly
in case of gold nanoparticles, the interaction behaviour depends on the surface
functionalization and resultant charge as well as the hydrophobicity of the
nanoparticles. Depending on these properties, different kinds of assemblies can be
obtained, such as (i) liposomes having surface-bound nanoparticles, (ii) liposomes
with bilayer-embedded nanoparticles, (iii) liposomes having core-encapsulated
nanoparticles, (iv) lipid assemblies arising from hydrophobic core-encapsulated
nanoparticles and (v) lipid bilayer-coated nanoparticles [95].
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Figure 1.5 Illlustration of different types of binding interactions between liposomes and
nanoparticles. (A) supported lipid bilayer, (B) adsorption of nanoparticles on the surface of
bilayer, (C) embedded hydrophobic nanoparticles in the bilayer, (D) large hydrophobic
nanoparticles wrapped inside a lipid monolayer, and non-interacting nanoparticles entrapped (E)
or repelled (F) by the vesicle [96].

1.4.2 Interaction with carbon dots:

Carbon dots (C-dots) are a subclass of nanoparticles. They are zero-dimensional
carbonaceous nanomaterials which have small size (< 10 nm) and strong
fluorescence characteristics [97-100]. They have a quasi-spherical morphology
with a carbon-based core functionalized with surface groups [101]. First
discovered in 2004 by Xu and coworkers [102], c-dots have widely found
applications in several fields such as biomedicine, sensing, photovoltaic devices
and catalysis since then [98-99, 103-120].

C-dots are superior to conventional semiconductor nanomaterials (i.e. quantum
dots) because of their low cytotoxicity, environment friendly and biocompatible
nature [99, 121]. Moreover, they have good chemical stability, water solubility
and are resistant to photobleaching [99, 122]. The fluorescence properties of C-
dots are achieved by finely tuning their size and surface groups. Their ease of
surface functionalization with a wide range of groups (carboxyl, hydroxyl, amines
etc.) allows for a diverse range of properties and applications [99, 122-125].
While the carbon core accounts for its low toxicity, the surface functionalization
is responsible for its dispersibility and tunes its photoluminescence. They also
exhibit the property to both donate as well as accept electrons, which accounts for
its electron transfer property [100, 116,118-119, 126-127]. Thus, in view of the
wide range of properties and applications of c-dots, they can serve better than the
conventional molecular probes and organic dyes to analyze the membrane

properties and can potentially act as biomarkers. While the probes suffer from
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several limitations such as inefficient insertion into the systems, disruption of the
bilayer, photobleaching etc. [128-132], C-dots can be efficient substitutes having
size-dependent optical properties that facilitate new opportunities for imaging and
detection. They are known to be photostable and provide a broad excitation and
emission spectral range as compared to organic dyes. Thus c-dots could be
employed as potential substitutes of the fluorescence dyes. Their
photoluminescent properties can be used to visualize the bilayer morphology,
fluidity, lipid mobility and molecular diffusion in membranes [127-130].

Depending on the surface functionalization, C-dots can interact differently with
the bilayer membrane [127-130, 132-133]. While hydrophobic C-dots insert
inside the hydrophobic core of the bilayer, hydrophilic c-dots are located either on
the interface or within the aqueous core. These locations are likely to affect the
bilayer differently. In this regard, only specific c-dots must be chosen which do
not induce undesired effects on the membrane properties by interacting with them.
Thus, the right selection of C-dots and their surface functionalization must be

done, so as to not affect the membrane properties adversely.

A B C

Figure 1.6 Different interaction models of carbon dots with lipid vesicles. A) hydrophobic
quantum dots encapsulated inside the bilayer, B) hydrophilic quantum dots adsorbed on the
bilayer surface and C) hydrophilic quantum dots encapsulated inside the bilayer aqueous region
[134].

1.4.3 Interaction with biomolecules:

Cellular membranes are composed of lipid bilayer and several membrane
proteins. Membrane proteins play an important role in biological processes and
constitute ~30% of the cellular composition [14]. The integral proteins engage in

the crucial responsibility for several cellular functions, such as transport and
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signaling [14]. The position of these proteins and peptides in the cellular
membranes is governed by the composition, orientation and hydrophobicity [6,
20-21, 46, 58, 135, 137]. One type of membrane proteins is membrane spanning
proteins (integral or intrinsic), which are embedded inside the lipid bilayer. These
proteins also control lipid structure in the membrane. Thus, the lipid environment
of membrane regulates and governs the functions of intrinsic membrane proteins
[6, 14].

These lipid modifications and the surrounding amino acids are not only involved
in the interaction with membranes but that they also modulate membrane lipid
structure as well as the formation of lipid domains in membranes [136-137]. In
this regard, the electrostatic interactions at the surface of the lipid membranes
play a crucial role resulting into binding of proteins and peptides to membranes
[138]. The protein structure largely determines the interaction of lipids and amino
acids in the membrane core having a hydrophobic environment or at the interface

of the membrane.

The charge of the residues is another important factor which helps with the
functions of the membrane proteins. It depends on the position of the residues
inside or on the surface of the lipid membrane, which may affect the pKa of the
amino acids as a result of the surrounding microenvironment [135]. The
interaction of amino acids affects the lipid fluidity and stability and thus its
behavior. Thus, understanding the partitioning of amino acid side chains into lipid
bilayer is important for understanding the thermodynamics of membrane protein
structure and stability. It is also important to understand the subsequent effect of
side chain length, backbone spacing and their stereochemistry on the interaction
strength [139].

The perturbing effects arising from the interaction of biomolecules (amino acids,
proteins and peptides) with biological as well as model membranes are important
to understand. Therefore, their physical and biochemical aspects must be analyzed
at the molecular level. Since these moieties are largely present inside the body,

the understanding of such interactions is important to analyze in order to realize
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their impact on several cellular processes. These studies help in the advancement
and understanding of underlying diseases and malfunctioning of cellular activities

and the root cause of it.

Figure 1.7 Interaction of amino acids (lysine/arginine) with lipid bilayer (d-DMPG) and their
specific binding sites indicating that different amino acids can perturb membrane dynamics
differently [140].

1.5 Motivation and organization of the thesis

Interaction of biomimetic lipid vesicles with external moieties has led to the
formation of hybrid nano-bio systems, which have found applications in several
biological fields over the past few years. These systems can result into superior
models than bare lipid vesicles due to better stability imparted as a result of
interactions taking place at their interface. The aim of the research works included
in this thesis is to explore the interaction behavior of different nanoparticles,
including carbon dots and biomolecules with lipid vesicles based on the different
properties of these interactive species. The binding interactions were explored
based on different features such as size, surface ligands, hydrophobicity, charge,
bulkiness, isomeric precursor etc. The binding behavior was investigated for their
potential to stabilize the fusion prone vesicles, resulting into the development of
better model systems for drug delivery and bio-imaging. Moreover, in lieu of the
complex composition of cell membranes, the interaction behavior of biomolecules
was explored using these model membranes. The interactions account for the
mechanism of membrane protein interactions with biological membranes. These

systems help in understanding the mechanisms involved in cellular processes and
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serve to bridge the gap between in vivo and in vitro systems. The following

section provides a brief description of the contents and organization of the thesis:

Chapter 2 explores the interactions of lipid vesicles with gold nanoparticles
(AuNPs) functionalized with different surface ligands based on their bulkiness
and charge. AuNPs were functionalized with anionic ligands citrate, 3-
mercaptopropionic acid, glutathione, and cationic ligand cysteamine. AuNPs were
observed to bring in stability to the lipid vesicle, but the interaction strength
differed with the different surface ligands. AuNPs functionalized with smaller
ligands effectively increased the phase-transition temperature of the vesicles and
stabilized them. However, the bulkier ligands exerted less van der Waals force,
resulting in a weaker interaction. Anionic nanoparticles were found to interact
stronger than cationic nanoparticles. The interactions were more strongly
pronounced near the phase-transition temperature of the lipid. These surface
interactions between bilayer AuNPs were found to effectively stabilize the
bilayer. The interactions resulted in biocompatible systems capable of being
employed for bioinspired applications, such as imaging, drug delivery,

biosensing, etc.

Chapter 3 demonstrates that the interactions of carboxyl-modified gold
nanoparticles (AuC) with zwitterionic phospholipid lipid vesicles of different
chain lengths (DPPC, DMPC, DLPC) bring in stability toward the vesicles by
local gelation. These lipids were chosen because of their widely different phase
transition temperatures. The effect of lipid fluidity was explored for the
interaction behaviour. The bound AuC were found to detach from the surface of
the vesicles under acidic conditions due to protonation of the carboxyl group. The
detachment rate of AuC from the vesicle~AuC assemblies varied with fluidity of
the lipid vesicles. The system was explored for the controlled release of a
prominent anticancer drug Doxorubicin (DOX) under acidic conditions. The drug
release rate was optimized by formation of lipid-based capsule structures
following layer-by-layer method. This was achieved by coating the vesicle—AuC
assemblies with alternating layers of oppositely charged polymer and lipid. The
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lipid-based capsule system was highly stable for weeks and inhibited premature

release of the drug.

Chapter 4 discusses the employment of c-dots as fluorescent probes to study their
interaction with lipid membrane. The interaction of zwitterionic lipid membrane
with photoluminescent c-dots derived from different isomeric (ortho, meta and
para) precursors of phenylenediamine (PDA) was investigated. The interaction
behavior was found to be dependent on the properties of the isomeric precursors
of c-dots. The lipid vesicles retained their morphology upon interaction with otho
C-dots (oCD), which were found to be selectively embedded inside the lipid
vesicles. On the contrary, meta and para C-dots (mCD and pCD) being located in
the interfacial region induced aggregation in the vesicles. Thus, only c-dots

synthesized from ortho isomer could effectively be used for bioimaging purpose.

Chapter 5 explores the interactions of lipid bilayers of different charges and
different phase states with aliphatic amino acids of varying charge (aspartic acid,
glutamic acid, arginine and lysine) and hydrophobicity (serine, leucine and
valine). The negatively charged amino acids were found to interact strongly and
stabilized the lipid membranes, particularly negatively charged membranes. On
the other hand, positively charged amino acids were found to bring in hydration in
the membranes. The hydrogen bonding played a significant role in governing the
interaction of aliphatic amino acids with zwitterionic lipid membranes. The more
polar serine bearing a hydroxyl group at the terminal carbon offered a stronger
interaction with the lipid bilayer membranes as compared to its hydrophobic
analogues leucine and valine. The interactions account for the binding phenomena

of membrane proteins with biological membranes.
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Chapter 2

Effect of surface ligand and temperature on lipid

vesicle—gold nanoparticle interaction

2.1 Introduction

The interaction of nanoparticles, polymers and metal ions with lipid membranes
has been a subject of great interest in the recent past [1—8]. These interactions
affect the membrane polarity, fluidity, order, phase transition and surrounding
water content [1—12]. The introduction of guest molecules such as cholesterol and
proteins modifies the membrane properties by bringing in stability and order
[7—12]. Similarly, interactions between lipid bilayers and metal nanoparticles are
particularly important as they usually result in distinctly biocompatible systems
[13—18]. These systems have found applications in various fields like imaging,
drug delivery, separation and biosensing [16—20]. The interaction of nanoparticles
with lipid bilayers has been used to efficiently provide stability to the membrane
[21-26].

Among the variety of these nanoparticles, gold nanoparticles (AuNPs) are of great
significance. Their surface chemistry can be easily controlled by various capping
agents, majorly with thiol ligands [27-30]. They are also known to exhibit a
strong van der Waals interaction giving rise to strong physisorption [31]. The
colloidal solution containing gold nanoparticles show inter particle distance-
dependent color due to localized Surface Plasmon Resonance (SPR) coupling,
which makes them easy to monitor visually [32-33]. Gold nanoparticles are

known to have a strong tendency to interact with lipid membranes [34—43].

The bilayer membrane remains more intact and loses its tendency to fuse with one
another when coated with nanoparticles with a high charge density, even when the
nanoparticles adsorb onto the liposome surface up to 25% surface coverage [23].

This technique to stabilize the otherwise transient liposomes renders them useful
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for several applications [44—48]. Considering the biocompatible nature and a vast
range of applications of liposome—gold nanoparticle assemblies, their mode of
interaction remains an area of interest. In this regard, the literature lacks
systematic investigation regarding the interaction behaviour of nanoparticles
based on their charge and surface ligands. Moreover, membrane fluidity and lipid
headgroup play an important role in the binding phenomena. In this context,
fluorescent molecular probes are of immense significance to monitor the changes
in the membrane dynamics. Fluorescent probes are particularly sensitive to

membrane polarity [49—58].

Therefore, we explored the interaction phenomena of zwitterionic phosphocholine
(PC) and inverse phosphocholine (iPC) zwitterionic lipids with anionic and
cationic gold nanoparticles functionalized with ligands of varying bulkiness. The
binding was explored for varying fluidities of the membrane. The experimental
results were explained under the framework of the existing theory. Here we used
PC lipids DMPC (Tm = 24 °C), DOPC (Tm = —20 °C) and iPC lipid DOCP (Tm
= —20 °C). We exploited the membrane probe PRODAN by using steady-state
fluorescence and time-resolved spectroscopic techniques to unravel the
interaction. We also conducted dynamic light scattering (DLS) and confocal laser
scanning microscopy (CLSM) measurement to investigate the changes in the size

and morphology of the membrane.

2.2 Results and Discussion

2.2.1 Characterization of gold nanoparticles: Three types of differently

functionalized anionic gold nanoparticles were synthesized using surface ligands:
citrate, (3-mercaptopropionic acid) MPA and (glutathione) GSH (Figure 2.1a).
Anionic nanoparticles were obtained by the simple ligand exchange of citrate-
capped AuNPs with MPA and GSH. Thus, they possess an identical core
diameter. AuNPs were characterized by TEM, which reveals a narrow distribution

with diameter of 12—14 nm (Figure 2.1b-c). The citrate group bound to AuNPs
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can be easily replaced by thiol bearing ligands [27-28, 59-61]. The UV-vis
absorption spectra reveal that the nanoparticle monodispersity is maintained after
the ligand exchange (Figure 2.1d). Citrate-stabilized gold nanoparticles display a
surface plasmon resonance (SPR) band at 521 nm, which is a characteristic of
isolated spherical gold nanoparticles [29-30, 62-63]. A similar plasmon band is
obtained for MPA-AUNP and GSH-AuNP without any shift in the SPR
wavelength. This indicates that the AuNPs remain unaggregated and are highly
stable. { potential measurements reveal that all of the synthesized nanoparticles
are negatively charged (Figure 2.1e). The high surface potential prevents the
AuNPs from undergoing any aggregation. Similarly, the cationic AuNPs were
functionalized with cysteamine. They also show an SPR at 520 nm and indicate a
size of 10—15 nm. { potential measurements reveal that the surface is positively
charged. All of these nanoparticles obtained are water-soluble. They are stable in
aqueous solutions with no aggregation observed for a period of 1 month when
stored at 4 °C.
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Figure 2.1 Characterization of functionalized AuNPs. Chemical structures of the surface ligands
used to functionalize AuNPs (a); representative TEM images of citrate AuNPs (b, ¢); UV—vis

spectra (d); and { potential measurements of functionalized AuNPs (e).

2.2.2 Interactions of gold nanoparticles with lipid vesicles using PRODAN:

The choice of PRODAN as a spectral probe lies in the fact that the spectral bands
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can be distinctly assigned based on the polarity of the medium. PRODAN shows
an emission at 527 nm in aqueous medium, which is assigned to charge-transfer
(CT) state. There are some reports where this state has been assigned as a twisted
intramolecular charge-transfer (TICT) state [64—66]. However, in the presence of
less polar medium like lipid bilayer, another emission band arises at around
435-440 nm assigned to locally excited (LE) state. The LE band indicates that
PRODAN is partitioned in lipid bilayer [64]. This interesting feature of PRODAN
makes the spectral studies simpler to analyze.

Here, we used DMPC (T, = 24 °C) to study the interaction with differently
functionalized gold nanoparticles. It is revealed from Figure 2.2 that the emission
spectra of PRODAN shifted to a shorter wavelength upon interaction of the lipid
vesicle with all three anionic nanoparticles. The observed blue shift in the
emission spectra is due to the dehydration of the lipid bilayer [5, 64]. The lipid
undergoes a fluid-to-gel phase (La to LP) transition due to the adsorption of
nanoparticles on the bilayer surface. This transition takes place locally at the point
of contact of the nanoparticles. Initially, the head group of the zwitterionic lipid is
roughly parallel to the bilayer surface. However upon addition of the
nanoparticles, the head group tends to tilt so as to favor the interactions with the
negatively charged AuNPs via the positively charged choline group [59]. The
phosphorous—nitrogen (P—N) dipole in zwitterionic PC is usually tilted to an
angle of about 30° in the LP phase from the parallel position (0—3°) in the fluid
(La) phase [67]. This results in decrease in the in-plane elasticity of the lipid
bilayer [68]. Thus, the adsorption of the anionic AuNPs on the zwitterionic lipid
bilayer makes it much stiffer. However, the nature of the interaction depends on
the surface charge of the nanoparticles. The anionic AuNPs interact only on the
surface of the membrane resulting in dehydration rather than penetrating into the
bilayer membrane [69].
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Figure 2.2 Normalized emission spectra of PRODAN in DMPC solution as a function of AUNP
concentration for (a) citrate AuNPs, (b) MPA-AuNPs and (c) GSH-AuNPs at 25 °C, and
corresponding area fraction vs concentration of AuNPs plots shown in the insets. Representative
time-resolved decay curves of PRODAN in DMPC—AuNPs (d—f) at 440 nm at 25 °C (anisotropy

decays for adsorption are shown in the inset).

Interestingly, a maximum blue shift in the emission spectra was observed for cit-
capped AuNPs, followed by MPA-AuUNPs and least in GSH-AuUNPs. This
indicates that the LE state of PRODAN is more pronounced in the case of the
lipid vesicle interacting with citrate-capped AuNPs. This also indicates that lipid
vesicles are least hydrated upon interaction with cit-AuNPs (inset of Figure 2.2
a—c). The AuNPs undergo physisorption on the surface of the lipid vesicles that
exert a strong van der Waals force. The possibility of chemisorption is ruled out
in the present case as chemical reaction does not take place between lipid head

groups and ligands or nanoparticles [59].

The adsorption efficiency of all of the three anionic AuNPs differs from one
another. The citrate-capped AuNPs distinctly affect the bilayer packing by
exerting a relatively stronger van der Waals force to bring it to a stronger gel (Lf3)
phase. MPA-capped AuNPs can still be efficiently absorbed owing to the small
size of the ligand (~0.3 nm). However, the adsorption efficiency is reduced for
more bulky GSH group. The bulky surface ligands separate the AuNP core from
the bilayer surface, which results in a decrease in the van der Waals force between
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the bilayer surface and the AuNP core [59]. The electrostatic interactions in case
of the three AuNPs are nearly the same owing to their similar negative { potential.
However, the bulkiness of the ligands plays a major role in the binding strength
[59, 61]. The increasing bulkiness of the ligands causes steric hindrance. This
results in increase in AuNP core distance from the bilayer head group. This
reduces the interaction between lipid vesicles and incoming nanoparticles. In view
of the fact that van der Waals forces are short-ranged interactions, any surface
ligand that leads to even a small separation from the AuNP core is efficient

enough to affect the adsorption strength.

We further conducted lifetime decays measurements to monitor the influence of
the nanoparticles on the gelation of the lipid vesicles (Figure 2.2 d-f, Table 2.1).
The observed lifetimes are biexponential, with a shorter component (t1) at around
1 ns and the longer component () varying from 3 to 5 ns. Interestingly, 1, is the
longest in the case of lipid vesicle bearing citrate-capped AuNPs, followed by
MPA AuNPs and GSH-AuNPs. The longer component T, increases from 3.83 to
5.15 ns upon addition of cit-AuNPs to DMPC bilayer, while the amplitude (a; and
ap) remains almost the same. This indicates that the adsorption of cit-AuNPs on
the DMPC bilayer surface results in its stabilization [64]. Thus cit-capped AuNPs
tend to bring DMPC in the gel (L) phase more effectively. It offers a less
hydrated environment to PRODAN due to increased rigidity as compared to
AuNPs functionalized with bulkier ligands. This is also validated with anisotropy
measurements which reveal that the rotational relaxation in DMPC bilayer
becomes significantly slower upon adsorption of cit-AuNPs (Figure 2.2 d inset).
However, we did not observe any significant changes in anisotropy decay upon
addition of MPA or GSH-AUNPs to the DMPC bilayer (Figure 2.2e-f inset).

Table 2.1 Lifetime components, normalized amplitudes of lifetime components and average
lifetime of DMPC-PRODAN upon addition of AuNPs collected at 440 nm at 25 °C.”

@440 nm, 25 °C

Sample 71 (NS) | T2(NS) a a, <Tavg™> (NS) X

DMPC 1.09 3.83 0.43 0.57 2.66 1.05
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+ Cit-AuNP 1.55 5.15 0.42 0.58 3.63 1.10

+ MPA-AuNP 1.30 4.10 0.41 0.59 2.94 1.08

+ GSH-AUNPs 1.20 3.71 0.40 0.60 2.71 1.10

*Experimental error is within +10%.
To discard the possibility of aggregation of the AuNPs on the lipid surface, we
conducted UV—visible experiments. The spectra indicate that the adsorption of
AUNPs on the vesicles takes place without any abnormal broadening or peak shift

with an increase in concentration (Figure 2.3).
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Figure 2.3 UV-Vis spectra for DMPC-PRODAN upon addition of a) Cit-AuNPs; b) MPA-AUNP;
and ¢) GSH-AuNPs in different concentrations. Upward arrow indicates increasing concentration

of AuNPs.

We performed a control experiment with aqueous PRODAN to further confirm
that the subsequent effects are brought by the adsorption of the AuNPs on the
bilayer surface rather than by the surface ligands. The results reveal that there
appears no peak shift in the emission spectra upon addition of the Cit-AuNPs to

aqueous PRODAN and no changes in the lifetime measurements (Figure 2.4).
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Figure 2.4 a) Normalized fluorescence emission intensity for PRODAN in aqueous buffer upon
addition of Cit-AuNPs; and b) Corresponding lifetime decays for PRODAN with Cit-AuNPs at 520

nm.
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The pronounced effect observed for cit-AuNPs compared to AUNPs
functionalized with more bulky surface ligands can be explained by the
interaction energy model using the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory, which considers contributions from electrostatic as well as van
der Waals forces. Figure 2.5 reveals the total potential as a function of the
distance from the bilayer surface for different surface ligands. The maximum
energy barrier is observed for AuNPs with the bulkiest surface ligand (GSH). On
the other hand, the energy barrier is the least for small cit-AuNPs indicating a
stronger interaction with the bilayer surface. We infer that smaller AuNPs
distribute most on the surface of the bilayer and they accumulate on the bilayer
surface at a higher rate owing to higher number density [70]. This indicates that
cit-AuNPs interact most effectively with lipid bilayer rather than AuNPs

functionalized with bulkier ligands.

—— Cit AuNP
= MPA AuNP
= GSH AuNP

2 4 6 8 10
Distance of separation (h) nm

Figure 2.5 Interaction energy between AuNPs functionalized with citrate, MPA and GSH and
lipid vesicles modeled by DLVO theory as a function of distance of separation between the bilayer
and AuNPs.

The interaction energy between the AuNPs and lipid bilayers is evaluated by

equation 1:
Vi (h) = Vepw (h) + V vpw (h) 1)

where V. is the total interaction energy as a function of separation distance h (nm).
Vi is the sum of electrical double-layer energy (Vep.) and van der Waals
interaction energy (Vvpw). Since the size of the vesicles is very large compared to
the nanoparticles, their interaction can be modeled by considering the surface as
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planar at the site of interaction. The electrical double-layer (Vep.) potential can be

calculated from equation 2:
Vepr (h) = 64n£osrap2(kz‘i:)ZtliptAuNpexp (—kh) 2

where a, denotes the nanoparticle radius and zj, and zaue denote the
dimensionless surface potential for lipid vesicles and AuNPs, respectively.
Further, the van der Waals interaction energy (Vvpw) can be calculated from
equation 3:

Voow (h) = 0k ®3)
vbw 6h(1+%)

where Acw. indicates the Hamaker constant for the lipid bilayer-to-AuNP
interaction in water. The parameters used for the calculation of equations 2 and 3

are summarized in Table 2.2.

Table 2.2 Summary of parameters used for the calculation of interaction energy (electrostatic and

Van der Waal'’s forces) using DLVO theory from equations 2 and 3:

Dielectric permittivity in vacuum gq 8.85 x 107 (F/m)

Relative dielectric permittivity of 78.5

solution

Particle radius a,, 6.5 % 10° —7.02 x 10™ (m)
Boltzmann constant kg 1.3805 x 10 (J/K)
Temperature T 298.15 (K)

Electron charge e 1.602 x 10 C

Counterion valence z 1

Inverse Debye length k 2.13 x 10% (1/m)

Dimensionless surface potential for lipid | —0.04
bilayer I'yi, = tanh (zey)ip/4kgT); Wiip is
the zeta potential of the lipid bilayer

Dimensionless surface potential for Au -0.15--0.20
NP Taune = tanh (zeyaunp/4KsT); P aunp
is the zeta potential of Au NPs

Hamaker constant for lipid bilayer to Au | 2.77 x 10 (J)
NP interaction in water Agw

Characteristic wavelength A 100 (nm)
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The binding behaviour of the differently functionalized nanoparticles is

summarized in Scheme 2.1.

Increasing gel phase ¢ Fluid phase

Scheme 2.1 Interaction of differently functionalized gold nanoparticles with lipid vesicles. Cit-
AuNPs stabilize the bilayer to a higher extent and raise the phase-transition temperature of the
lipid. MPA and GSH-AuNPs adsorb on the bilayer surface less strongly due to their bulky

structures.

Further, to observe the effect of temperature on the binding behaviour, we
exploited the sensitivity of PRODAN using temperature-dependent emission
intensity. We observed that the fluorescence intensity of PRODAN corresponding
to the LE state (435 nm) decreases and that of the TICT state (490 nm) increases
with a rise in temperature, indicating that the bilayer membranes change their
phase from a highly ordered gel (L) phase to fluidic (La) phase (Figure 2.6 a-b).
The changes in the emission spectra of PRODAN were analyzed by plotting area
fraction against temperature. The decrease in fluorescence area at blue end is
sigmoidal with a maximum change at the phase-transition temperature of the
bilayer (Figure 2.6 c). This is more clearly notable in the derivative plot of
fluorescence emission intensity (dA/dT) with varying temperature (Figure 2.6 d).
The phase-transition temperature of the DMPC bilayer is observed at 23 °C.
However, the addition of cit-AuNPs to the lipid vesicle results in an increase in
the phase transition from 23 to 25 °C. This indicates stabilization of the vesicles.

The adsorption of cit-AuNPs stiffens the phosphatidylcholine (PC) lipid bilayer
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and restructures the bound lipid molecules into a raftlike phase [71-72]. The
electrostatic forces between the nanoparticles and the bilayer head group make the
otherwise loosely packed lipid molecules to tightly pack around the AuNP
binding sites. This results in the stitching of the bilayer making it more stable. On
the other hand, the phase-transition temperature of the DMPC bilayer did not
show any effective changes upon addition of MPA- and GSH AuNPs.
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Figure 2.6 Temperature-induced variations in the steady-state fluorescence spectra of PRODAN
in DMPC vesicles. Fluorescence Emission intensity with change in temperature (a) without AUNP
addition, after adsorption of citrate-AuNPs (b), area fraction (A435nm/A490nm) vs temperature

plot (c) and first derivative of area (dA/dT) vs temperature plot (d).

We performed the experiment at 15 °C to know the fate of the nanoparticle
interaction with the lipid vesicles present in gel phase. From Figure 2.7 a—c, we
observe that no peak shift in the emission spectra appears while the peak
corresponding to ~490 nm (CT state) decreases upon addition of all of the three
anionic AuNPs. The lifetime decay at 440 nm increases moderately for all of the
three AuNPs (Figure 2.7 d—f, Table 2.3). Therefore, at lower temperatures, the
differently functionalized AuNPs are adsorbed to nearly a similar extent on the
surface of the lipid vesicle. Since DMPC is already in gel (LP) phase at 15 °C, it
is more rigid at this temperature. As a result, there is a moderate effect in terms of

instantaneous adsorption and gelation for all of the AuNPs.
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Figure 2.7 Normalized emission spectra for the addition of AuNPs to DMPC—PRODAN solution
for (a) citrate AuNPs, (b) MPA-AuNPs, and (c) GSH-AuNPs at 15 °C (the inset shows the

respective area fraction plots) and corresponding time-resolved decay curves at 440 nm (d—f).

Table 2.3 Lifetime components, normalized amplitudes of lifetime components and average
lifetime of DMPC-PRODAN upon addition of AuUNPs collected at 440 nm at temperature 15 °C
and 35 °C.”

@440 nm, 15 °C
Sample 7. (ns) | 2 (ns) a, a, <> (NS) | A
DMPC 2.16 6.47 0.30 0.70 5.17 1.01
+ Cit-AuNP 2.48 6.92 0.24 0.76 5.85 1.04
+ MPA-AuUNP 2.22 6.70 0.29 0.71 5.38 1.06
+ GSH-AuUNP 2.30 6.88 0.24 0.76 5.78 0.99
@440 nm, 35 °C
DMPC 0.98 2.99 0.50 0.50 1.98 1.16
+ Cit-AuNP 0.98 3.01 0.47 0.53 2.05 1.13
+ MPA-AuUNP 0.96 3.00 0.50 0.50 1.98 1.24
+ GSH-AuUNP 1.00 3.08 0.44 0.56 2.16 1.06

Further, we performed the experiment far above the phase transition of the lipid,
i.e., at 35 °C, when the bilayer is present in fluid (La) phase. We observe that a

small blue shift takes place upon addition of AuNPs on the bilayer surface,
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indicating gelation, and the intensity corresponding to LE state increases (Figure
2.8 a—c). However, there is apparently no change in the lifetime decay at 440 nm
(inset of Figure 2.8 d—f). This can be explained in the light of the fact that since
DMPC remains in fluid phase at 35 °C, it is not capable of holding more
nanoparticles compared to DMPC in gel (L) or nearly fluid (La) phase. The
higher increment in lifetime decay at lower temperature stems from the fact that
DMPC being in gel (LP) phase or nearly fluid (Lo) phase occupies less area per
lipid molecule, allowing it to capture more number of nanoparticles. Since the
experimental temperature is far above the phase transition temperature of DMPC,
it remains in Lo state and any change, howsoever small, that occurs upon the
addition of AuNPs cannot change the phase state of the lipid vesicle. It is
therefore not possible to detect the small change that appears in the steady state by
lifetime measurements at 440 nm. Thus, maximum gelation is observed in the
case of DMPC bilayers at 25 °C, not below or above the phase-transition
temperatures. We explain this observation by the fact that near the phase
transition temperature of the lipid (T = 25 °C), DMPC remains in a nearly La
phase. Thus, even a little increase in the phase-transition temperature drastically

alters DMPC from a nearly fluid (La) phase to a more compact gel (L) phase.
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Figure 2.8 Normalized emission spectra for the addition of AuNPs in different concentrations
(0—5.4 nM) to DMPC—PRODAN solution for (a) citrate AuNPs, (b) MPA-AuNPs, and (c) GSH-
AuNPs at 35 °C (the inset shows the respective area fraction plots) and corresponding time-

resolved decay curves at 440 nm (d—f).
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We further performed the experiment with vesicles synthesized from DOPC (T, =
—20 °C) at an experimental temperature 25 °C. We observe that there appears a
blue shift in the emission spectra to nearly a similar extent, also clearly depicted
by the area fraction plots (Figure 2.9). The lifetime decay, however, did not reveal
any significant changes at 440 nm (Table 2.4). The results are in agreement with
those obtained for DMPC liposomes at 35 °C. Thus, we can infer from these data
that when the bilayer is present in the LC phase, the peak shift (or gelation) is not
that much pronounced as near the phase transition temperature of the lipid. This
holds true in our experiment for zwitterionic PC lipids with varying phase

transition temperatures.
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Figure 2.9 Normalized emission spectra for the addition of AuNPs in different concentrations
(0—5.4 nM) to DOPC—PRODAN solution for (a) citrate AuNPs, (b) MPA-AuNPs, and (c) GSH-
AuNPs (the inset shows area fraction plots). The corresponding time-resolved decay curves of
PRODAN in DOPC—AuNPs solutions at 440 nm (d—f) at 25 °C.

Table 2.4 Lifetime components, normalized amplitudes of lifetime components and average
lifetime of PRODAN (in DOPC and DOCP) upon addition of AuNPs collected at 440 nm.”

@440 nm, 25 °C

Sample

1 (NS)

T2 (ns)

ai

a

<Tavg™> (NS)

DOPC

0.95

2.80

0.70

0.30

1.50

1.22
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+ Cit-AuNPs 0.97 2.87 0.70 0.30 1.53 1.22

+ MPA-AUNPs 0.97 2.87 0.70 0.30 1.53 1.08

+ GSH-AUNPs 0.98 2.94 0.71 0.29 1.55 1.09

@440 nm, 25 °C

DOCP 0.91 2.58 0.65 0.35 1.50 1.25

+ Cit-AuNPs 0.91 2.69 0.64 0.36 1.56 1.33
+ MPA-AUNPs 0.86 2.66 0.62 0.38 1.54 1.34
+ GSH-AuUNPs 0.87 2.56 0.64 0.36 1.48 1.27

In order to study the effect of headgroup, apart from phosphocholine lipid vesicles
(DMPC and DOPC), we further studied their effect on lipid vesicle with inverse
phosphocholine (iPC) lipid DOCP at 25 °C. We observed that (Figure 2.10) there
appears a blue shift after the addition of anionic AuNPs to the DOCP vesicles.
This is also evident from the area fraction plots (Figure 2.10 a—c inset). Moreover,
the lifetime decay increases marginally for the addition of AuNPs to DOCP,
indicating that the iPC lipid vesicles are also stabilized to a small extent upon
interaction with AuNPs. Thus, it is notable that the observation holds true even
for iPC lipids that the gelation of the bilayer takes places to a small extent when

the bilayer is present below the phase-transition temperature of the lipid.
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Figure 2.10 Normalized emission spectra for the addition of AuNPs in different concentrations
(0—5.4 nM) to iPC DOCP—PRODAN solution for (a) citrate AuNPs, (b) MPA-AUNPS, and (c)
GSH-AuUNPs (the inset shows area fraction plots). The corresponding time-resolved decay curves

of PRODAN in DOCP—AuNPs solutions at 440 nm (d—f) at 25 °C.
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In order to study the effect of charge on nanoparticles, we explored the effects
caused by cationic AuNPs (cys-AuNP) on lipid vesicle. We observed that even
for cationic AuNP, there is a blue spectral shift, indicating gelation of the bilayer.
However, it is interesting to note that the gelation effect is minimum for cationic
AuUNPs, indicating that the binding is much weaker on the bilayer surface. The
results are also supported by a slight increase in lifetime decay at 440 nm (Figure
2.11). It is known that lipid bilayers interact with both positively and negatively
charged AuNPs without structurally affecting the vesicles [73]. But since the
phospholipid zwitterionic head group terminates with positive charge, lipids
beneath an adsorbed nanoparticle bind more weakly when the nanoparticle charge

is cationic [4].
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Figure 2.11 (a) Normalized emission spectra for the addition of Cys- AuNPs in different
concentrations to DMPC—PRODAN solution and area fraction plot at blue end (435 nm) and red
end (490 nm) (shown in inset) and (b) corresponding time-resolved decay curves of PRODAN in
DMPC—CysAuNPs solutions at 440 nm at 25 °C.

Thus, the lipid vesicle is brought to gelation and stabilized to a different extent at
different temperatures. This holds true for both anionic and cationic AuNPs in our
experiments for zwitterionic phosphocholine lipids and inverse phosphocholine
lipids. There is a scope for gelation, howsoever small, at all of the experimental
temperatures but the maximum extent of gelation is brought at a temperature just

above the phase transition of the lipid.

2.2.3 Effect on_morphology and size: We performed confocal laser scanning

microscopy (CLSM) imaging for the DMPC lipid vesicles and that of the vesicles

upon interaction with AuNPs. As shown in Figure 2.12, we observe that the
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surface of the bilayer is unmodified initially. However, upon addition of AuNPs,
the surface of the vesicles undergoes membrane alterations. This also leads to
transient leakage of the dye [71]. AuNPs adsorbed on the bilayer surface results in
the membrane pore formation, which arises as a result of altered lipid packing.
The pores are ruptures resulting from the lateral pressure induced by multiple
AUNP adsorptions, rather than from the insertion of AuNPs. A hole is transiently
formed before AuNP entry and closed after AUNP translocation [72]. This effect
is clearly evident from the CLSM images.

Figure 2.12 AUNP-DMPC bilayer interaction from confocal laser scanning microscopy (CLSM).
Confocal, bright-field, and merged images for blank DMPC bilayers (a—) and for DMPC-AuNP
systems (d-f). The arrows in the DMPC-AuUNP indicate the surface alterations caused due to

AuNP adsorption on the surface of the bilayer. The bars in the images indicate 2 um size.

For further understanding, we analyzed the hydrodynamic size distribution curves
of the vesicles and the vesicle-~AuNP assemblies. For DMPC vesicles, the
average diameter was found to be 135.6 nm (polydispersity index (PDI) = 0.249),
whereas upon addition of AuNPs, the size decreased to 66.2 nm (PDI = 0.271 nm)
for cit-AuNPs, 64.8 nm (PDI = 0.391) for MPA-AuUNPs, and 60.2 nm (PDI =
0.438) for GSH-AuUNPs (Figure 2.13). This decrement in size upon AuNP
addition can be explained in the light of the formation of more stiff, rigid, and

discrete structures upon addition of AuNPs compared to otherwise transient
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structures of lipid vesicles. The interaction of such nanoparticles with liposome
surface tends to restructure the membrane into structurally stiffened nanoscale

domains [71].
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Figure 2.13 DLS size distribution curve for DMPC upon interaction with citrate AuNPs, MPA
AuNPs and GSH AuNPs.

2.3 Conclusion

We studied the interaction of lipid vesicles (PC and iPC lipids) with anionic and

cationic AuNPs and drew the following conclusions:

(a) Lipid vesicles interact with the AuNPs to a maximum extent at a temperature
near the phase transition temperature of the lipid and the gelation effect is not that
effectively pronounced when the vesicles are present in fluid (La) or gel (LP)

phase. This holds true for both PC lipids and iPC lipids.

(b) The extent of gelation of the lipid vesicles varies with the bulkiness of the
surface ligands, and the vesicles experience a minimum gelation when the ligand
is bulky. While cit-capped AuNPs interact the strongest and effectively raise the
phase-transition temperature of the lipid vesicles, more bulky groups MPA and
GSH distant AuNP core from the bilayer surface so that the interactions are

comparatively weaker.
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(c) Both anionic and cationic AuNPs tend to bring gelation and stability to the
lipid vesicles. However, cationic AuNPs bind weakly compared to their anionic

counterparts on the vesicle surface.

These surface interactions between bilayer AuNPs are found to effectively
stabilize the bilayer, resulting in biocompatible systems and can be used for a
variety of bioinspired applications, such as imaging, drug delivery, biosensing,

etc.
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Chapter 3

Interaction of carboxyl-modified gold
nanoparticles with liposomes of different chain
lengths and controlled drug release by layer-by-

layer technology

3.1 Introduction

It takes almost 15 years to bring a drug to the market from synthesis with a cost of
more than $500 million [1]. Most of these drugs suffer from high side effects,
poor adsorption, poor solubility, high drug dosing, minimum efficiency and
uncontrolled and nonspecific delivery with high cytotoxicity, which limit their
uses [2-3]. The concern should be more in case of chemotherapeutic drugs
because most of the anticancer drugs are highly toxic to healthy cells and damage
the same along with the cancer cells [4-5]. This results in severe side effects for
the patients. Among all drug delivery systems (DDSs), lipid-based DDSs have
found pronounced application during the past few years because of their low
cytotoxicity, biocompatibility and biodegradability [6—8]. Thus, systems such as
Doxil, DaunoXome, Mycet etc. are already approved by the Food and Drug
Administration (FDA) and available in the market [9—11].

Despite several advantages, the use of liposomes is limited due to their tendency
of fusion rendering to drug leakage [12—18]. To overcome this problem, several
strategies have been adopted in the past few years [19-21]. One approach to
stabilize liposomes is to coat their surface with polymers such as poly(ethylene
glycol) (PEG) and zwitterionic polymers [22—29]. Another successful approach to
stabilize the liposomes is to use nanomaterials to form lipid—nanoparticle
assemblies [18, 30—33]. Physical interactions between lipid bilayers and metal
nanoparticles play an important role because these interactions increase the

biocompatibility of the systems [34—48]. These systems have found applications
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in drug delivery, imaging, biosensing and separation [49—52]. The decoration of
lipid bilayers with nanoparticles increases the stability of the liposomes and
prevents premature fusion [18, 3033, 52—54].

Lipids with different chain lengths have different phase transition temperatures.
Moreover, the dynamics inside of liposomes is different from that of the bulk one
due to different surface properties [55—57]. Thus, different lipids can have
different binding interactions with nanoparticles [30—54, 58]. The interactions
between liposomes and nanoparticles alter surface properties such as polarity,
charge, fluidity etc. and affect the packing of the liposomes [59]. Surface
modification can be used in biomedical application and DDSs [57, 60—66].
Therefore, we studied interactions between carboxyl-modified gold nanoparticles
(AuC) and liposomes of different phase transition temperatures using steady-state
and time-resolved spectroscopy using a membrane probe PRODAN. To unravel
the  underlying  mechanism, we used three lipids,  namely,
dipalmitoylphosphatidylcholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine  (DMPC), and 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC). We exploited the liposome-nanoparticle assembly for controlled release
of a prominent anticancer drug Doxorubicin (DOX) under acidic conditions. We
correlated the drug release rate with the extent of liposome—nanoparticle
interaction.

Further, a more compact lipid-based capsule system was prepared using layer-by-
layer (LBL) method. Alternatively charged layers of polymer and lipid were used
to coat the liposome-nanoparticle assembly (Scheme 3.1). This system was
explored to further control the rate of drug release. The resulting capsules were
stable against further growth and remained unaggregated in solution. The capsules
formed were also capable of creating a barrier to prevent premature release of the
drug [67—70].
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Scheme 3.1 Layer-by-layer (LBL) deposition of polymer (P) and lipid (L) on liposome—AuC

assembly.

3.2 Results and Discussion

3.2.1 Behaviour of PRODAN in_presence of different lipids: PRODAN
exhibits emission at 540 nm in aqueous buffer medium, assigned to a charge

transfer (CT) state. There are some reports where this state has been assigned as a
twisted intramolecular charge transfer (TICT) state [71-72]. The TICT state arises
due to rotation of the C—N bond in PRODAN, thus aligning the two methyl
groups attached to the N atom in a plane perpendicular to the plane of the
naphthalene rings. In the presence of liposomes, another emission band evolves at
around 450—460 nm and is attributed to a local excited state (LE state). The
appearance of a LE state indicates that PRODAN is partitioned in the lipid
bilayer. PRODAN is loosely anchored to the bilayer. The normalized emission
spectra of PRODAN in different lipids (DPPC, DMPC and DLPC) are shown in
Figure 3.1.
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Figure 3.1 Normalized emission spectra of PRODAN in DPPC, DMPC and DLPC liposomes,
showing a blue shift in PRODAN—Iliposome systems as compared to PRODAN in aqueous buffer

solution. (b) Representative time-resolved decay of PRODAN in different liposomes at 440 nm.

It is revealed from Figure 3.1 that the emission spectra of PRODAN shifted to
shorter wavelength in all liposomes while a maximum blue shift took place in
DPPC liposomes and a minimum took place in DLPC liposomes. This indicates
that PRODAN experiences the most non polar environment in DPPC liposomes.
DPPC liposomes are more rigid, thus rotation around the C—N bond leading to a
TICT state in PRODAN is most hindered. As a result, the LE state of PRODAN is
more prominent in the presence of DPPC. The higher blue shift also indicates that
DPPC is least hydrated at room temperature as compared to DMPC and DLPC
liposomes. On the other hand, for comparatively softer liposomes like DLPC and
DMPC, it is difficult to isolate the emission spectra of PRODAN corresponding to
water and the membrane phase due to superposition of these two states in DLPC
medium. The estimated partition coefficients of PRODAN are 1.0 x 10°, 5.8 x
10°, and 10 x 10° for DPPC, DMPC and DLPC, respectively [72]. The
comparatively higher partition coefficient in DLPC liposomes is due to the fact
that DLPC remains in a completely liquid crystalline (LC) phase at room
temperate. Therefore, higher fluidity in DLPC liposomes allows more PRODAN
molecules to be incorporated in the bilayer. The total emission intensity of
PRODAN increases for DPPC with an increase in temperature due higher fluidity
[73]. The lifetime data reveal that PRODAN has a lifetime of around 0.95 ns at
540 nm. However, at 440 nm the observed lifetimes are nonexponential, with a
shorter component (t1) at around 1 ns and a longer component (t2) varying from 3

to 5 ns (Table 3.1). The nonexponential fitting of decay measurements clearly
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indicates partition of PRODAN in a lipid bilayer. Notably, we observe that t; is
the longest in the case of DPPC liposomes and the shortest in DLPC liposomes.
The fact indicates that DPPC in the gel phase offers a more rigid environment to
PRODAN as compared to other liposomes. DLPC liposomes being the softest in
nature among the three lipids reveal a much lower value of 1, as compared to
other liposomes. The decays at 500 nm are biexponential for DPPC and DMPC
liposomes, while the decay is single exponential for DLPC liposomes. The
emissions in DPPC liposomes from the aqueous phase and gel phase are quite
distinct. Thus, the component at around 0.80 ns at 500 nm could be due to
PRODAN molecules in the aqueous phase. The longer component comes from the
PRODAN molecules anchored with the lipid bilayer. As already mentioned, the
emission in DLPC is an overlap from both the aqueous phase and bilayer phase;
thus, the decay at 500 nm is single-exponential [74]. The decay at longer
wavelength proceeded with a rise in component in DLPC liposomes due to
dipolar relaxation of the solvent. However, the solvent is tightly bound to DPPC
liposomes such that solvent relaxation does not occur in DPPC liposomes.

3.2.2 Interaction of liposomes and nanoparticles: Zwitterionic liposomes offer

strong affinity toward negatively charged AuC owing to electrostatic interaction
between charged choline groups of liposomes and COO  groups of AuC [30—32].
We monitored the emission properties of PRODAN confined in the surface of
liposomes in the presence of AuC. Upon addition of AuC to PRODAN-loaded
liposomes, we observe that at very low concentration of AuC, i.e., when Cayc/ Cp
(where Cayc and C are the concentrations of gold nanoparticles and liposome,
respectively) is very low (~0.2) the intensity of PRODAN increases for all of the
liposomes followed by a slight red shift. This observation could be due to the fact
that at low concentration of AuC the fluidity of liposomes increases due to
carrying water through the ~COOH group. The other explanation is the leakage of
the encapsulated probe from DMPC and DLPC liposomes immediately after
addition of AuC. It is known that without pore formation its content does release
at the phase transition temperature or when there is a fluid to gel transition. The

transition takes place locally. However, at relatively higher Cauc/C. ratios, the
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intensity decreases followed by a distinct blue shift (Figure 3.2).
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Figure 3.2 Emission spectra of PRODAN for Liposome-AuC at different concentrations of AuC
for a) DPPC, b) DMPC, and c) DLPC. Spectra indicates initial red shift followed by a slight
increase in the intensity for lower concentrations of AuC, and blue shift for liposomes followed by
decrease in intensity with an increase in the concentration of AuC. Upward arrow denotes an

increase in the intensity and downward arrow depicts decrease in the intensity.

The normalized spectra as revealed by Figure 3.3 clearly indicate that the LE state
of PRODAN is being stabilized while the population corresponding to the TICT
state decreases. The fact clearly indicates that the liposomes undergo gel
formation owing to adsorption of nanoparticles on the surface. The initial binding
pattern of nanoparticles with liposomes is exothermic, and at higher
concentration, the binding-induced shrinkage takes place and this process is
endothermic. Interestingly, it is revealed from Figure 2.3 that the maximum
gelation is observed in the case of DMPC liposomes as compared to DPPC and
DLPC liposomes. We explain this observation by the fact that the experimental
condition (T = 25 °C) was very close to the phase transition temperature (23 °C)
of DMPC liposomes. DMPC remains in a nearly LC phase; thus, a little increase
in the phase transition temperature drastically alters DMPC from a nearly fluid
phase to a gel phase. In the case of DPPC liposomes, the transition temperature
increases to 44 from 41 °C in the presence of citrate-capped gold nanoparticles
[75]. On the other hand, MPA capped AuNPs did not change the transition
temperature of DPPC. Therefore, a small fraction of the lipid directly in contact
with nanoparticles might have a much higher transition temperature. We further
confirmed the gelation by plotting the intensity fraction (intensity at blue and red
emission) at 440 (blue) and 500 nm (red) against the Ca,c/Cp ratio. Their

normalized difference gives the net polarization given by the following equation:
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where Ig and Ig are the emitted intensities at these wavelengths at blue and red

emission, respectively.
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Figure 3.3 Normalized emission spectra for addition of AuC in different concentrations to a
lipid—PRODAN solution for (a) DPPC, (b) DMPC and (c) DLPC liposomes and (d-f) respective
intensity fraction versus Ca,c/C. plot for DMPC liposomes at 435 (blue emission) and 490 nm (red
emission).

It is revealed that the intensity fraction for the blue emission increases while that
of red emission decreases (Figure 3.3 d). This indicates that in the presence of
nanoparticles, liposomes undergo gel formation from the LC phase. Further, we
conducted lifetime measurements of PRODAN in different liposomes (Figure 3.4,
Table 3.1). It is observed that in DLPC liposomes the decays at longer wavelength
(500 nm) remain intact upon addition of AuC. However, in the case of DPPC
liposomes, there is a marginal increment in the longer component and its
amplitude. As this wavelength corresponds to PRODAN molecules in the aqueous
phase, it is not that much affected by AuC particles in DMPC and DLPC
liposomes. The marginal increment in the lifetime in the case of DPPC liposomes
at 500 nm could be due to the local gelation effect caused by the addition of AuC.
The local phase of liposomes can be switched by binding of charged nanoparticles
because they alter the tilt angle of phosphatidylcholine head groups terminated by
P——N" [33]. The negatively charged nanoparticles preferentially bind with the N*
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terminus and raise the average angle, thus recruiting the lipid tail to increase the
density. However, in the case of DPPC, DMPC, and DLPC, this factor is perhaps
dominated by increased fluidity.

In the case of decay at 440 nm, Table 3.1 reveals that for DPPC liposomes the
longer component increases from 4.90 to 5.60 ns along with the amplitude from
35 to 42%. The increase in the longer component along with the amplitude
indicates that DPPC is stabilized by AuC. However, a marginal increment is
observed in 1 (from 3.90 (45%) to 4.40 ns (52%)) along its amplitude a, in
DMPC liposomes. The observation indicates that both liposomes gain stability
upon addition of AuC. The higher increment in lifetime in DPPC liposomes stems
from the fact that DPPC being in the gel phase has occupied less area per lipid
molecule as compared to DMPC and DLPC lipid bilayer, allowing DPPC to
capture more nanoparticles. On the other hand, DMPC and DLPC being in a
nearly LC phase and a complete LC phase are not capable of holding more

nanoparticles as compared to DPPC. Therefore, the lifetime changes marginally.
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Figure 3.4 Time-resolved decay curves of PRODAN in liposome—AuC solutions at different
concentrations of AuC for (a) DPPC, (b) DMPC and (c) DLPC at 440 nm, and respective decay
curves at 500 nm (d-f). The upward arrow indicates an increase in lifetime with an increase in

concentration of AuC.
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Table 3.1 (a) Lifetime components and normalized amplitudes of lifetime components of PRODAN

at fixed concentration of AuC (Ca,c/C. = 16) collected at 440 nm.

Liposomes a a |1 s)| nms) | ¥
DPPC 0.65 0.35 1.10 4.90 1.20
DMPC 0.55 0.45 1.10 3.90 1.10
DLPC 0.50 0.50 0.97 3.00 121

DPPC +AuC | 0.58 0.42 1.15 5.60 1.15
DMPC +AuC | 0.48 0.52 1.00 4.40 1.10
DLPC + AuC | 0.47 0.53 1.00 3.45 1.20

Table 3.1 (b) Lifetime components and normalized amplitudes of lifetime components of PRODAN

at fixed concentration of AuC (Ca,c/C. = 16) collected at 500 nm.

Liposomes a a [t (s) | tw(s) |
DPPC 0.64 0.36 0.85 3.00 1.23
DMPC 0.20 0.80 0.700 3.90 1.20
DLPC 1.00 - 3.80 - 1.22

DPPC +AuC 0.23 0.77 0.65 3.70 1.10
DMPC +AuC | 1.00 - 4.70 - 1.25
DLPC +AuC 1.00 - 3.80 - 1.20

From Figures 3.3 and 3.4, one point is clear that AuC delivers strong interaction
to all liposomes irrespective of their phase transition temperature. We further
confirmed the interaction of AuC with lipid bilayer using DLS and zeta potential
measurement, e.g., the size of the liposome—AuC assembly increases from 121.38
+ 15.46 to 150.48 + 8.94 nm for DPPC liposomes. After addition of AuC, the
zwitterionic liposomes become highly negative, the final zeta potential being
around —31.31 mV for DPPC liposomes.

3.2.3 Drug _release from liposome—nanoparticle assembly: We explored the

possibility of controlled release of drug molecules at acidic pH from
liposome—AuC assembly. We used a prominent anticancer drug DOX, which is
well encapsulated in liposomes. In the present case, we have incorporated 100 uM
DOX in liposomes, the lipid concentration being 1 mM. We first checked the
stability of the system. It is found that under physiological pH, no drug release is

observed. We then checked the possibility of leakage at pH ~ 6. Remarkably, drug
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release does not take place at pH = 6 for a substantial time. Interestingly, we
found that at pH = 5 the drug release starts and continues for more than 20 h
(Figure 3.5). We estimated the rate constants by fitting the release profile to a
single-exponential rate equation using first-order kinetics:

f =a(l—exp(—kt)) )
where k measured the rate constant of release and a is the pre-exponential factor

which measured the extent of the release of contents.
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Figure 3.5 (a) Drug release profile for liposome—AuC assemblies for different lipids at pH = 5.
The fitting was done following equation 2. (b) The scheme depicts the pictorial representation of

the prepared liposome—AuC assemblies.

The fitting yields rate constants were calculated to be 0.09, 0.12, and 0.20 h™" for
DPPC—-AuC, DMPC—AuC and DLPC—AuC systems. Here two observations are
important; one is that we do not see any drug release taking place in the pH range
of 7.40— 6.0 but the drug release takes place at pH = 5.0. The second and most
striking observation is that the rate of drug release takes place in the order of
DPPC = DMPC < DLPC liposomes. We explain the first observation in light of
the detachment of AuC from the liposomes under acidic pH and the subsequent
fusion of liposomes, leading to drug release [31]. The pKa of the carboxyl group
is around 5.0. As the pH of the medium is reduced to a value below the pKa of
carboxylic acid, the negatively charged AuC obtain protons and become neutral
AUCH. The detachment from the liposome takes place due to the elimination of
electrostatic interaction. This leads to fusion of the liposomes and results in the
release of drug molecules, as revealed by DLS measurement in which the size
increases to 419.7 nm (PDI= 0.276 nm) in acidic pH from 160.4 nm (PDI=0.112)
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at pH 7.4 (Figure 3.6).
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Figure 3.6 Hydrodynamic size distribution histogram from DLS measurement for DPPC-AuC

assembly at physiological and acidic pH.

The second observation that reveals that drug release takes place in the order
DPPC = DMPC < DLPC liposomes led to the conclusion that the nanoparticle-
decorated liposomes are more resistant toward pH change as compared to bare
liposomes. Further, a lipid with a higher phase transition temperature (DPPC) is
more resistant toward pH than a lipid with a lower phase transition temperature
(DLPC). The rate constant is slower by a factor of almost 2 in the case of DPPC
as compared to that of DLPC liposomes. To account for the observation, the
interaction between different liposomes and nanoparticles must be considered. We
already mentioned that the nanoparticles are adsorbed on the surface and stabilize
liposomes. DPPC being in the gel phase has a larger number of head groups
exposed toward water and thus can hold more AuC. For DPPC in the gel phase,
the area per lipid head group is around 47 A%, while DMPC in the LC phase has a
lipid area of around 64 A? [76—78]. Therefore, more head groups of DPPC are
exposed to water, which captures a larger number of AuC and stabilizes the
liposomes to a much larger extent by making them more rigid. This makes it
effective to avoid premature drug release. Moreover, DPPC is least hydrated
among all three liposomes owing to their gel phase. Therefore, the electrostatic
interaction is not screened by interfacial water molecules in the case of DPPC
offering stronger affinity toward negatively charged AuC. The interfacial region
of DPPC is less polar than DMPC and DLPC liposomes [76]. This facilitates
electrostatic interaction between AuC and DPPC liposomes. In the case of DMPC
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liposomes, addition of AuC perhaps causes phase transition at room temperature
from the fluid to gel phase. This transition brings extra stability in the case of
DMPC liposomes. Thus, we do not observe any significant differences in the
release rate constant for DPPC—AuC and DMPC—AuC assemblies. The other fact
that may be crucial in this case is that the gel state fluctuation in the head group
region of DPPC is much smaller as compared to that of DMPC and DLPC
liposomes. Therefore, the nanoparticles are held tightly in the surface of DPPC
liposomes and thus lead to slower detachment. As the detachment leads to fusion
of the liposomes among all of the liposomes, the diffusion coefficient of gold
nanoparticles should be least in DPPC owing to its SG phase. Therefore, the drug

release rate is slowest in DPPC liposomes, while it is fastest for DLPC liposomes.

3.3.4 Capsule formation, characterization and drug release: Although

liposome—AuC assemblies are fairly stable but a burst release is observed which
could be attributed to fusion of the liposomes at acidic pH. In order to further
control the drug release, we coated the liposome—AuC assembly with an
oppositely charged polymer, namely, polydiallyldimethylammonium chloride,
followed by coating with a mixture of lipids L (DMPC:DMPG) and further with
polymer to form capsule-like structures. The formation of each layer of polymer
and lipid is confirmed by the subsequent changes in DLS and zeta potential
measurements (Figure 3.7).
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Figure 3.7 (a) Hydrodynamic size distribution histogram from DLS measurement and (b) zeta
potential values for (1) bare Iliposomes (DPPC), (2) Iliposome—AuC assembly, (3)
liposome—AuC—P, (4) liposome—AuC—P—L, and (5) liposome—AuC—P—L—P capsules.
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The coating of the liposome—AuC assembly by polymer decreases the size from
150.48 + 8.94 to 137.49 £+ 15.75 nm, and the zeta potential increases from —31.31
to +22.77 mV for DPPC liposome. These observations indicate that the
liposome—AuC assembly is wrapped with the polymer. Further coating of the
capsule with negatively charged liposomes L [DMPC:DMPG (8:2)] increases the
size to 246.48 £ 27.85 nm, the zeta potential being —30.35 mV, followed by
polymer potential being +23.38 mV. The decrease in the diameter of the capsule
upon coating with polymer is probably due to more compact layer packing
occurring with an increase in the number of layers. Such behaviour is assumed to
occur at the outset of coating (for the initial layers), which is generally
characterized by an inconsiderable increase in the shell thickness [79]. DLS
measurements and the zeta potential give results following a similar pattern for
DMPC and DLPC (Table 3.2).

Table 3.2 Hydrodynamic diameter as obtained by DLS measurement and zeta potential values for

DMPC and DLPC liposomes and subsequent layered capsules.

Lipid System Average Zeta potential
size,d (nm) | (mV)
DMPC | DMPC 166.2 -4.17
DMPC-AuC 181.9 -42.09
DMPC-AuC-P 179.6 +17.33
DMPC-AuC-P-L 282.1 -34.42
DMPC-AuUC-P-L-P | 278.6 +18.32
DLPC | DLPC 158.5 -1.20
DLPC-AuC 182.6 -40.31
DLPC-AuC-P 181.3 +21.89
DLPC-AuC-P-L 305.3 -18.31
DLPC-AuC-P-L-P | 301.3 +28.31

We characterized the morphology of the obtained capsule structures with SEM
imaging (Figure 3.8), which reveals that the capsules have a uniform size of
around 150 nm. The SEM images reveal that a layer is formed upon addition of

polymer on the liposome—AuC assembly.
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Figure 3.8 FE-SEM images for the (a) liposome—AuC—P system, b) liposome—AuC—P—L—P
system, both intact even after 1 week, and (c) bare liposome (fused after 2 days from synthesis).

The arrows depict the formation of a layer over the liposome—AuC assembly.

Further confocal and bright field images confirm their ability to carry drug or dye
molecules inside them (Figure 3.9). These systems are fairly stable as the
morphology and other characterization parameters do not change for a prolonged

time.

Figure 3.9 Uptake studies for capsule systems using CLSM. (a—c) Liposome—AuC—P system;
(d—f) liposome—AuC—P—L—P system as obtained under confocal, bright field, and merged
images. All images taken after 1 week from synthesis.

The drug release profile reveals that burst release is very successfully prevented in
the capsule structures unlike liposome—AuC assemblies (Figure 3.10). The drug

release becomes significantly slower, and the fitting results for DPPC, DMPC,

76



and DLPC are summarized in Table 3.3. Therefore, it is evident that the lipid-
based capsules may significantly improve the drug release profile. We found that

the degree of drug release significantly decreases and drug release can be
continued for a longer time.
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Figure 3.10 Drug release profile for liposome—AuC assemblies followed by coating with polymer

and lipids (I) in an LBL fashion for (a) DPPC, (b) DMPC, and (c) DLPC liposomes. The fitting
was done following equation 2.

Table 3.3 Rate constants of release profile from different lipid-based systems at pH~5.

Lipid System Rate constant (h™)

1) DPPC DPPC-AuC 0.09
DPPC-AuC-P 0.065

DPPC-AuC-P-L 0.04
DPPC-AuC-P-L-P 0.032

2) DMPC DMPC-AuC 0.12
DMPC-AuC-P 0.08

DMPC-AuC-P-L 0.061
DMPC-AuUC-P-L-P 0.061

3) DLPC DLPC-AuUC 0.20
DLPC-AUC-P 0.11

DLPC-AUC-P-L 0.067
DLPC-AuC-P-L-P 0.068
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3.3 Conclusion

In conclusion, we found that carboxyl-modified gold nanoparticles (AuC) interact
strongly with liposomes depending on their fluidities. AuC cause gelation upon
contact with the lipid bilayer. This makes the liposome—nanoparticle assembly
fairly stable as compared to bare liposomes. The fusion activity of liposomes can
be effectively controlled by decoration of AuC nanoparticles on the outer surface
of phospholipid liposomes. We found that the detachment rate of AuC from the
liposome—AuC assemblies differs due to variations in the phase transition
temperatures of different liposomes and the fluidity of the systems. DPPC (gel
phase) is more effective at providing a stronger interaction with AuC as compared
to that of liposomes that remain in the LC phase (DMPC and DLPC). This is
because more head groups in DPPC are exposed to water and thus can hold more
nanoparticles. We further controlled drug release via lipid-based capsule
structures by coating the liposome—AuC assemblies with alternating layers of
oppositely charged with polymer and lipid following an LBL approach. These
capsules were found to be more compact and stable. The premature release of

drug was controlled to a large extent by the formation of capsules.
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Chapter 4

Discriminatory interaction behavior of lipid
vesicles toward diversely emissive carbon dots
synthesized from ortho, meta and para isomeric

carbon precursors

4.1 Introduction

The use of conventional membrane probes and organic dyes for the interpretation
of membrane properties offer several limitations such as inefficient insertion,
bilayer disruption and photobleaching [1-5]. Although metal nanoclusters have
been used as potential substitutes [6-7], they are often met with limitations if
excessive metal content is used. The employment of photoluminescent C-dots is
an efficient way to facilitate the study of membrane properties. They can be used
for imaging of cellular and model membranes due to their unique structural and
photophysical properties [5, 8-14]. They are photostable, biocompatible and
possess low toxicity unlike inorganic quantum dots [5, 8-18]. They are
synthesized from natural carbon precursors following top-down and bottom-up
approaches [19-22]. They offer beneficial optical properties while overcoming the
limitations of fluorescent dyes, which makes them suitable candidates for

bioimaging of model as well as cellular membranes [5, 8, 23-27].

The interaction of lipid membranes with C-dots has been studied previously by
exploiting several techniques such as FRET and bioimaging [5, 8, 25-26].
However, in most of the literature studies, C-dots used so far were synthesized
from only one isomer of any precursor. The literature lacks the information in
regard of the interaction of lipid membrane with C-dots synthesized from

different isomers of a particular carbon precursor. In this context, the selection of
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carbon dots is crucial because the wrong selection of carbon dots may have an

adverse effect on the cellular processes.

The o-, m-, or p- substitution of the isomeric groups at the surface of the C-dots
can greatly influence the surface properties of the derived C-dots [28]. Therefore,
the difference in the surface and optical properties of these C-dots could lead to
difference in the interaction phenomena with the lipid bilayer. The interaction
between C-dots and lipid vesicles depends on the type of C-dot, their functional
groups and the lipid vesicle properties. The attachment of C-dots to vesicle
structures is largely driven by the interaction between functional groups on the C-
dot surface and headgroup of lipid molecules. This interaction may alter the
photoluminescent characteristics of C-dots as well as can potentially induce

changes in vesicle morphology.

Therefore, to address this hypothesis, we used C-dots synthesized from
phenylenediamine (PDA) isomers (ortho, meta, and para) following a
hydrothermal method [29]. The selection of C-dots for this study is based on their
biological relevance and their property as efficient fluorescent probes. We studied
their interaction with the zwitterionic lipid vesicles (DMPC and DPPC) by
monitoring the intrinsic fluorescence of C-dots through steady state and time-
resolved spectroscopic techniques. To gain insight regarding the location of the C-
dots, we conducted FRET between C-dots and a membrane probe PRODAN
which is located on the interfacial region [30-37]. The effect on morphology and
size of the lipid vesicles were analyzed using confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM) and dynamic light
scattering (DLS) measurements. We interpreted our results in the light of existing

theory and structural differences of the different isomeric precursors.
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4.2 Results and Discussion

4.2.1 Characterization of C-dots: The synthesized C-dots from different

isomeric PDA precursors show yellow, brown, and wine-red colored solutions
(Figure 4.1) when dispersed in water under visible light and emit yellow, green,
and red colors, respectively, under single-wavelength UV irradiation (A = 365
nm). The absorption and emission spectra of the C-dots reveal a very large Stokes
shift in water (Figure 4.1 a—c). The time-resolved fluorescence decays (Figure 4.1
a—c inset) for all the C-dots are nonexponential, and the average lifetimes for
0oCD, mCD and pCD were found to be 1.63 ns, 5.28 ns, and 0.07 ns, respectively
(Table 4.1). Moreover, the anisotropy measurements reveal that the rotational
relaxation is slowest for pCD and fastest for mCD (Figure 4.1 e). The long
residual tail in the case of pCD indicates that it is larger in size than its analogue

C-dots.
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Figure 4.1 Spectroscopic characterization of the synthesized C-dots. Absorption, emission
spectra, and time-resolved decays (inset) of (a) oCD, (b) mCD, (c) pCD and (d) normalized
emission spectra indicating widely different emissions and corresponding visible and UV images

(Aex = 365 nm) of the C-dots, and (e) time-resolved anisotropy of C-dots.
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Table 4.1 Time-resolved decay parameters of C-dots. Lifetime components, normalized amplitudes

of lifetime components and average lifetime of C-dots recorded at T = 25 °C.

sample | © (ns) | t,(ns) [ 7, (ns) | a, a, a, Tog i
(ns)

Laser used: 405 nm, Collected at: 572 nm, T=25°C

oCD 1.63 - - 1.00 - - 1.63 1.13
Laser used: 375 nm, Collected at: 500 nm, T=25°C

mCD 1.23 7.56 - 0.36 | 0.64 | - 5.28 1.21
Laser used: 445 nm, Collected at: 635 nm, T=25°C

pCD 0.52 1.66 0.03 0.04 | 0.01 [0.95 |0.07 1.13

All the C-dots exhibit excitation wavelength dependent emission, which is a

typical signature of the C-dots (Figure 4.2).
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Figure 4.2 Fluorescence emission spectra of C-dots at different excitation wavelengths as

indicated, showing excitation dependent emission of a) oCD, b) mCD and c¢) pCD.

The spherical morphology and the mean size of the C-dots as determined by AFM

measurements reveal the average size of ~4 nm, ~2 nm, and ~6 nm for oCD,

mCD and pCD, respectively (Figure 4.3). The largest size of pCD is consistent

with the anisotropy measurements.
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b)

Figure 4.3 AFM images of synthesized C-dots for a) oCD, b) mCD and c) pCD; and height-profile

analysis along the corresponding lines (bottom).

Further, the FTIR measurements spectra of the three C-dots are similar, which
reveals the existence of a similar chemical composition of the C-dots (Figure 4.4).
The appearance of some new characteristic peaks corresponding to C—O
(1225-1234 cm ™), C—N= (1336—1384 cm ™), and C—H (2848—2920 cm %) bonds
is attributed to the occurrence of several processes involving decomposition,

intermolecular cyclization and condensation during the synthesis of C-dots [29].

a) 0CD
o / (] ]
g C-H g g
5] ] 8
£ £ b=t
£ c-! £ =3
2 2 g
[ © E
= co / = = -N=
/ 0-Ph / /
C- c-N o-Ph cN opH
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm'l) Wavenumber (cm'l) Wavenumber (cm'l)

Figure 4.4 FTIR spectra of the synthesized C-dots for a) oCD, b) mCD and c) pCD.

4.2.2 Interaction of C-dots with lipid vesicles: The interaction of C-dots with

DMPC vesicles is studied by exploiting the emissive features of C-dots. DMPC
vesicles were chosen particularly because of the biological relevance of the PC
headgroup [38-39]. While oCD exhibits a significant blue shift from 575 to 564
nm upon interaction with DMPC vesicles (Figure 4.5 a), mCD and pCD do not
show any interaction (Figure 4.5 b-c). The observation indicates that oCD
experiences a distinctly less polar chemical environment upon interaction with the
lipid vesicles. The fluorescence lifetime of oCD also increases as a result of the

interaction (Figure 4.5 d). The appearance of a long component around 3.0 ns may
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be attributed to the C-dots embedded in the lipid vesicles (Table 4.2). A similar
trend is also observed in the anisotropy measurement. The rotational relaxation
becomes slower for oCD indicating that oCD experiences more confinement in
lipid vesicles (Figure 4.5 d inset). However, we observe no change in lifetime and
anisotropy of in case of mCD or pCD (Figure 4.5 e-f). The spectroscopic results
primarily indicate that lipid vesicles display different affinity toward different C-
dots.
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Figure 4.5 Interaction of C-dots with DMPC lipid vesicles. Steady state fluorescence spectra for
(a) oCD (lex = 416 nm), (b) mCD (Jex = 372 nm), and (c) pCD (ex = 435 nm); corresponding
time-resolved decay curves (d—f) and time-resolved anisotropy (inset d—f) for C-dots dispersed in

aqueous medium and DMPC lipid vesicles.

Table 4.2 Time-resolved decay parameters of C-dots in presence of DMPC lipid vesicles. Lifetime
components, normalized amplitudes of lifetime components and average lifetime of C-dots
recorded at T = 25 °C.

sample | < (ns) | t,(ns) | t,(ns) | @, a, a, | <t,>(ns) i
Laser used: 405 nm, Collected at: 572 nm, T=25°C
oCD 1.63 - - 1.00 | - - 1.63 1.13
oCD 1.50 3.08 - 0.79 | 0.21 - 1.82 1.16
DMPC
Laser used: 375 nm, Collected at: 500 nm, T=25°C
mCD 1.23 7.56 - 0.36 | 064 |- 5.28 1.21
mCD 1.08 7.53 - 0.32 | 0.68 | - 5.45 1.21
DMPC
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Laser used: 445 nm, Collected at: 635 nm, T=25°C

pCD 0.52 1.66 0.03 | 0.04 |0.01 |0.95 |0.07 1.13
pCD 0.38 2.00 0.009 | 0.00 | 0.00 | 1.00 |0.01 1.10
DMPC

This observation is supported by confocal fluorescence microscopy images, which
depict that unlike mCD and pCD, oCD C-dots are uniformly distributed and
embedded inside the DMPC lipid vesicles (Figure 4.6). However, in case of mCD,
the fluorescence signal is observed from the interface of the lipid vesicles and
there is an increase in the size of the lipid vesicles. This observation primarily
indicates that the vesicles possibly undergo aggregation upon interaction with
mCD. However, due to the low quantum yield of pCD, we did not observe a
strong fluorescence signal. Thus, the above observations signify that oCD is much
more efficient in interacting with lipid vesicles as compared to mCD and pCD.
The molecular structures of PDA isomers have a significant effect on the
fluorescence properties of the obtained C-dots. It is known that the fluorescent
properties of C-dots obtained from m- and p-PDA are completely different from
the o-isomer [26]. C-dots synthesized from 0-PDA can be efficiently uptaken by
cancer cells and can be used as fluorescent probes for cellular imaging rather than

those obtained from its m- or p-isomers [26].
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Figure 4.6 DMPC—C-dot interaction from confocal laser scanning microscopy (CLSM) using
fluorescence emission of C-dots. Confocal, bright field and merged images for (a—c) blank DMPC
vesicles and in the presence of (d—f) oCD, (g—i) mCD, and (j—1) pCD C-dots.

One of the possible reasons for the lipid vesicles showing discriminate behavior
toward different C-dots could be due to the different location of the C-dots in the
vesicles. In order to establish this assumption, we employed FRET which may
provide an insight into the possible location of the C-dots. We tagged the lipid
vesicles with a membrane probe PRODAN which is located at the membrane
interface [30-37]. PRODAN acts as a donor while C-dots act as acceptors for
energy transfer purpose. The combination of lipid-embedded PRODAN and C-
dots is chosen because of the resultant large spectral overlap, which is a
prerequisite for FRET (Figure 4.7).
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Figure 4.7 Spectral overlap of the normalized absorbance (red) of the C-dots and normalized
fluorescence emission spectra (blue) of the DMPC-embedded PRODAN in a) oCD, b) mCD and c)
pCD.

It is observed that the emission intensity corresponding to DMPC-PRODAN
(~440 nm) decreases enormously with a concurrent increase in the emission of C-
dots (Figure 4.8 a-c). Notably, a maximum quenching (69%) of the emission
intensity of membrane-embedded PRODAN is observed upon interaction with
oCD, followed by mCD (56%) and pCD (41%) (Table 4.3). The nonexponential
fitting to the time-resolved decays reveal a drop in the fluorescence lifetime of
PRODAN from 3.25 to 1.09 ns in the presence of oCD (Figure 4.8 d, Table 4.4).
Notably, the quenching percentage in the case of 0oCD estimated from steady state
measurement (69%) is almost similar to its energy transfer efficiency (66%) as
estimated from time-resolved data. This observation clearly indicates that the
fluorescence quenching in the case of oCD is due to the energy transfer
phenomena involved. The observed quenching from the steady state measurement
correlates well with the Stern—Volmer quenching constant Kgy as estimated from
the lifetime decay data (Figure 4.8 d inset, Table 4.3). Here, it is clearly evident
that Ksy corresponds to the energy transfer process in case of oCD as the

acceptor.

97



Fl. Intensity

DMPC vs oCD

b)

Fl. Intensity

\_

DMPC vs mCD

Fl. Intensity

DMPC vs pCD

400

500

600

Wavelength (nm)

500 600
Wavelength (nm)

400

400

500 600 700

Wavelength (nm)

d) bmpc vs ocD

,_.
o
1S3
S

Log Counts
=
8

o oco-PL
s ocD - TCsPC

Log Counts

5 10
Time (ns)

15 20

N
13
S
S

N
o
=1
3

I\ ©) DMPCvs mCD Tone e

100

10

Log Counts
=
S
38

10

f) omPC vs pcD

7o pen-pL o
o pCD-TCSPC.

€, ° *
o

15

5 10
Time (ns)

20 5

10 20

Time (ns)

15

Figure 4.8 Fluorescence emission spectra of the DMPC-PRODAN upon addition of C-dots for (a)

oCD, (b) mCD, and (c) pCD; corresponding time-resolved decay curves (d—f) and Stern—Volmer

plots (insets d—f).

Table 4.3 Fluorescence emission quenching percentage and energy transfer efficiency as
calculated from time-resolved lifetime for the addition of C-dots to DMPC-PRODAN solution.

Stern-Volmer constants (Ky,) as obtained from the fluorescence emission (F,/F) vs concentration

(C) plot and time-resolved lifetime decay (z/z) vs concentration plot.

Acceptor Fluorescence Energy transfer Fo/F vs C slope T/t Vs C
C-dot quenching % efficiency (from (steady state) slope (time-
time resolved resolved)
(steady state) decay)
oCD 69 % 66 % 0.0817 0.0650
mCD 56 % 40 % 0.0443 0.0222
pCD 41 % 15 % 0.0214 0.0064

Table 4.4 Time-resolved decay parameters of DMPC-PRODAN in presence of C-dots. Lifetime

components, normalized amplitudes of lifetime components and average lifetime recorded at T =

25 °C.
Sample 1, (ns) | 1,(ns) | 7, (ns) a a a, T (ns) XZ
(Hg/mL)
DMPC 1.70 431 - 0.41 0.59 - 3.25 1.15
PRODAN
oCD 4 1.38 3.81 - 0.50 0.50 - 2.60 1.08
oCD 10 1.09 341 - 0.59 0.41 - 2.05 1.22
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oCD 15 1.64 0.55 3.74 0.44 0.36 0.20 1.68 1.20

oCD 20 1.42 0.43 3.48 0.46 0.37 0.17 1.40 1.15

oCD 30 1.22 0.33 3.25 0.46 0.42 0.12 1.09 1.25

mCD 4 1.52 4.09 - 0.48 0.52 - 2.81 1.19
mCD 10 1.39 3.95 - 0.54 0.46 - 2.56 1.13
mCD 15 1.28 3.89 - 0.57 0.43 - 241 1.15
mCD 20 1.25 3.94 - 0.58 0.42 - 2.37 1.11

mCD 30 1.90 4.71 0.59 0.47 0.18 0.35 1.93 1.22

pCD 4 1.64 4.14 - 0.43 0.57 - 3.09 1.15
pCD 10 1.63 4.22 - 0.43 0.57 - 3.05 1.11
pCD 15 1.58 4.05 - 0.45 0.55 - 2.93 1.13
pCD 20 1.64 4.24 - 0.45 0.55 - 3.06 1.06
pCD 30 1.46 3.91 - 0.48 0.52 - 2.74 1.13

Contrary to the results obtained for oCD C-dots, for mCD and pCD the decrement
in the lifetime of PRODAN takes place from 3.25 to 1.93 ns and 2.74 ns,
respectively (Figure 4.8 e-f). Following these values, the energy transfer
efficiency was estimated to be 40% and 15% for mCD and pCD, respectively.
Since the quenching efficiency in the case of mCD (56%) and pCD (41%) is
much larger than the energy transfer efficiency, we infer that the emission
quenching is not solely due to the energy transfer process. For mCD and pCD, the
Stern—Volmer plot of steady state measurement reveals a much higher slope as
compared to that of the time-resolved experiment (Figure 4.8 e-f inset). The
higher quenching mechanism for these two C-dots in steady state measurement is
attributed to the formation of a non-fluorescent ground state complex between
mCD and pCD C-dots and membrane embedded PRODAN, which results in a
static fluorescence quenching. From the above stated observations, two major
conclusions are drawn: (i) the oCD C-dots tend to penetrate deeper inside the lipid
vesicles as compared to its analogues mCD and pCD; and (ii) mCD and pCD
behave differently as they tend to bind to the interfacial region of the lipid

vesicles.
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As PRODAN is loosely anchored to the interfacial region of lipid vesicles, the
ground state complexation of membrane embedded PRODAN with mCD and
pCD clearly indicates that these two C-dots are located at the interfacial region of
the vesicles. Now the question is why lipid vesicles behave discriminatively
toward the C-dots synthesized from different isomeric precursors? One of the
possible reasons is the self surface passivation of C-dots due to o-, m- or p-
substitution of the isomeric groups at the surface of the C-dots [28]. The
differences in the molecular structures of the carbon precursors act as one of the
major factors influencing the properties of the derived C-dots. Moreover, oPDA
has the largest pKb value (9.53) among the three isomers, followed by mPDA
(9.12) and least for pPDA (7.92) [40]. In the case of 0-PDA, intramolecular
hydrogen bonding between the two amino groups makes nitrogen atoms of amino
group less available to form any further bonding with the headgroup of the lipids.
The intramolecular hydrogen bonding is further facilitated owing to the less polar
environment inside the lipid vesicles. This helps oCD to penetrate deeper and
embed inside the lipid vesicles. On the other hand, due to the ease of availability
of the electrons in the m- and p-isomers, they may form a complex by interacting
at the lipid vesicle interface. This confinement is also responsible for the static

quenching as observed in the corresponding Stern—Volmer plot.

Apart from intra- and intermolecular hydrogen bonding, other factors such as
electrostatic interaction and particularly hydrophobicity of the carbon source may
play a vital role in this aspect. The initial attachment of C-dot to lipid vesicles
surface is likely to occur by favorable electrostatic interaction between the
positively charged amine group of the C-dot and the negative surface potential of
the lipid vesicles via the PC headgroup [39, 41]. The binding of m- and p-isomers
to the interfacial region is more facile as compared to that of the o-isomer due to
more availability of electrons. Thus, mCD and pCD are preferentially bound to
the interfacial region. However, in the case of oCD, where the amino group is less
available to bind with the headgroup of the lipids, the hydrophobicity of the
precursor plays a crucial role in governing the interaction. The hydrophobic group
(i.e., phenyl) is likely to penetrate deeper into the bilayer following the initial
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attachment. The hydrophobicity of PDA isomers follow the sequence: oPDA >
pPDA > mPDA, with the reported hydrophobic coefficient (hf) largest for oPDA
(3.20), followed by pPDA (2.10), and least for mPDA (1.90) [42]. This is in
accordance with our observations indicating oCD penetrates deeper into the
vesicles whereas mCD and pCD remain on the vesicle interface. The hydrophobic
effect may also be responsible for inducing an increase in lipid ordering, due to
more efficient packing of the hydrophobic part within the membrane [41].
Moreover, hydrophobic ligands are known to be able to anchor within the

membrane [41].

We performed experiments for the interaction of PRODAN with C-dots as the
control to rule out the possibility of their interaction in the absence of lipid

vesicles (Figure 4.9).
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Figure 4.9 Control experiments for the interaction of PRODAN with C-dots for a) oCD, b) mCD
and c¢) pCD. Here, concentration of PRODAN is fixed at 2 uM while varying the concentration of
C-dots from 0 to 30 pg/mL.

Similarly, we performed the control experiment with different concentrations of
C-dots dispersed in Milli-Q water (Figure 4.10) to rule out the possibility of self
quenching of the C-dots.
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— 4 pg/mL = 4 pg/mL
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Figure 4.10 Control experiments for the increasing concentrations of C-dots dispersed in Milli-Q
water for a) oCD, b) mCD and c¢) pCD.
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We also performed similar experiments with DPPC vesicles to account for the
effect of fluidity on the binding interaction phenomena. A similar trend of
interaction is obtained in case of DPPC lipid vesicles (Figure 4.11). The order of
interaction of the lipid bilayer with different C-dots follows a similar trend in both
the DMPC and DPPC vesicles. The observation indicates the similar location of
the C-dots on both of the vesicles. However, the changes in the lifetime of
PRODAN in DPPC vesicles are much smaller as compared to that in DMPC
vesicles. This indicates a weaker energy transfer in the former vesicles. This could
be due to the the fact that the insertion of C-dots is restricted into the DPPC lipid
vesicles because of less fluidity. This may lead to formation of a strong ground
state donor-acceptor complex [5]. The modulations of energy transfer efficiency
originate from changes in the bilayer fluidity and lipid diffusion processes [5, 43].
Moreover, the membrane distortion for fully saturated gel phase lipids is more
limited than that for lipid membranes in the fluid phase. The photostability of the
quantum dots is largely dependent on the phase state (organization) of the
membrane [44]. Quantum dots may induce changes in the local microenvironment
of the lipid membrane, and the interaction may lead to the distortion of membrane
organization as well as rearrangement of the surface ligands of the quantum dots
[44].
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Figure 4.11 Fluorescence emission spectra of the DPPC-PRODAN upon addition of acceptor C-
dots for a) oCD; b) mCD and c¢) pCD; and corresponding lifetime decay curves (d-f).
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In this context, another important question is whether the impact of C-dots brings
any change in the morphology of the lipid vesicles? To investigate the influence
of C-dots on the morphology of lipid vesicles, we conducted confocal imaging
using the photoluminescence properties of the C-dots (Figure 4.12). The
fluorescent signal corresponding to the C-dots (0CD) emission appears from
inside the vesicles in the lipid vesicles—C-dot conjugates, thereby indicating the
insertion of the C-dots inside the lipid vesicles. Moreover, as a result of this
process, the vesicles are not deformed and maintain their morphology intact upon
interaction with oCD. The interaction also results in a highly uniform morphology
confirming that the embedded oCD do not adversely affect the bilayer
organization. This observation is important considering that attaining bilayer
integrity and fluorescence distribution in the membranes is considered a major
challenge. This property could also be significant from the point of view of its
usage as biomarkers for cells and model membranes because of good membrane
penetrability and excellent luminescence properties. Interestingly, we observe that
upon interaction with mCD, aggregation of the lipid vesicles is observed. We
explain this aggregation ability of mCD with different hydration levels of
isomeric precursors of the derived C-dots. The hydration features of the m-PDA
isomer are widely different from those of the o- and p-isomers of PDA [45]. The
coordinated water molecules are mainly localized near the aminic hydrogen atoms
and lone-pair sides of the nitrogen atoms for all the PDA isomers. However, in the
case of the m-isomer, the solvent localization propagates somewhat to the most
hydrophobic region, i.e., the aromatic ring. This feature is not observed in the case
of the o- and p-isomers. Thus, we propose that upon interaction of mCD with lipid
vesicles, the solvent molecules in an attempt to propagate to the hydrophobic
region of the lipid bound C-dots, distort the spherical structure of the lipid
vesicles, which results into the formation of overall aggregated structures of the
lipid vesicles. It must be noted that even during the formation of aggregated
vesicles, the C-dots retain their fluorescence properties intact and do not undergo
aggregation themselves as a result of this interaction. Moreover, given that the

quantum yield of pCD is low, we did not observe its fluorescent signal. However,
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the lipid vesicles did not undergo major aggregation like mCD, as can be seen

from the bright field images (Figure 4.12 m-p).

c)

Figure 4.12 Confocal images of DMPC-PRODAN upon interaction with C-dots using emission of
both PRODAN (410—480 nm) and C-dots (510—610 nm). Confocal, bright-field and merged
images for (a—d) DMPC-PRODAN and in the presence of (e—h) oCD, (i—1) mCD C-dots and (m-

p) pCD.

The other possibility is that being located at the interfacial region and bearing
charges on the surface, mCD and pCD may cross-link with other adjoining lipid
vesicles. The cross-linking possibility of C-dots could be facilitated by the
intermolecular hydrogen bonding ability. For mCD and pCD, the possibility of
intermolecular hydrogen boding of the precursors may bring the adjacent vesicles
closer to each other which induce instability in the lipid vesicles resulting into

their rearrangement. The aggregation of lipid vesicles is also clearly demonstrated
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in the SEM images (Figure 4.13). It is observed that the vesicles maintain their
morphology intact upon interaction with oCD. However, mCD induces overall
aggregation of the lipid vesicles that corroborates well with the confocal images.
The size of the aggregated vesicles increases up to a few microns from their
native structure which is 100—200 nm in size. On the other hand, lipid vesicles
align closer to each other resulting into a partial aggregation upon interaction with
pCD C-dots.

Figure 4.13 SEM images for the lipid vesicles composed of DMPC (a) and DMPC upon
interaction with oCD (b), mCD (c), and pCD (d).

Further, we performed DLS measurements to understand the effect of C-dots on
the size distribution of the lipid vesicles. Figure 4.14 indicates that the DMPC
vesicles show an average size of nearly 100 nm. The hydrodynamic size
distribution did not change significantly upon interaction with oCD. This is in
accordance with the findings of imaging experiments where oCD did not induce
aggregation in lipid vesicles and indeed maintained the size of the lipid vesicles
intact. We already mentioned that oCD are embedded deeper into the vesicle and

thus do not cross-link with neighboring vesicles.
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Figure 4.14 Hydrodynamic size distribution plot for the lipid vesicles composed of DMPC (with
and without the presence of PRODAN) and DMPC upon interaction with C-dots (oCD, mCD, and
pCD).

On the other hand, interaction with pCD and mCD results in an increase in the
overall hydrodynamic size distribution of the lipid vesicles. The observation
indicates the induced fusion of the lipid vesicles. Since mCD and pCD are located
on the interfacial region of the lipid vesicles, they induce aggregation in vesicles
possibly by cross-linking between the neighboring lipid vesicles and thus giving
rise to large and aggregated structures of lipid vesicles. Moreover, it is evident
that pCD induces partial aggregation whereas mCD induces total aggregation
giving rise to a larger vesicle size. These results corroborate well with the
conclusions drawn from imaging experiments. This effect is demonstrated in the

form of a pictorial representation as shown in Scheme 4.1.
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Scheme 4.1 Representation of the interaction of C-dots derived from different isomeric carbon
precursors. While ortho-C-dots (0CD) remain embedded inside the lipid vesicles and do not cause
aggregation, meta- and para-C-dots (mCD and pCD) are located on the lipid vesicles interface

and cause absolute and partial aggregation, respectively.

4.3 Conclusion

We studied the interaction of differently emissive C-dots derived from isomeric
precursors of phenylenediamine with zwitterionic lipid vesicles composed of
DMPC and DPPC lipids. We employed different spectroscopic and imaging
techniques as well as dynamic light scattering measurements to unravel this
interaction. We observe that C-dots synthesized from different isomers of the
same carbon precursor are significantly different from each other in terms of their
interaction phenomena with lipid vesicles. The oCD interacts strongly with the
lipid vesicles, while the other analogues (mCD and pCD) do not display such
interaction. The spectroscopic studies suggest that the oCD C-dots tend to
penetrate deeper inside the lipid vesicles while the mCD and pCD remain bound
to the interfacial region. The discriminatory behavior of lipid vesicles has been
explained in terms of the intra- and intermolecular hydrogen bonding of the

corresponding precursors. The ortho phenylenediamine is likely to form
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intramolecular hydrogen bonding, which helps corresponding oCD to penetrate
deeper inside the lipid vesicles. On the other hand, meta and para isomers of
phenylenediamine are capable of intermolecular hydrogen bonding which is
responsible for mCD and pCD to be bound to the interfacial region. Moreover, the
higher hydrophobicity of o-PDA isomers aids in the insertion of the oCD C-dots
inside the vesicles, while m- and p-isomers undergo electrostatic interaction with
the PC headgroup of the vesicles at the interfacial region. Interestingly, the
interfacial location of mCD and pCD induces instability in the lipid vesicles and
results in aggregation. We explain this observation in the light of the structural
differences and different hydration levels of the precursors of the C-dots and their
cross-linking tendency with nearby lipid vesicles. We conclude that among all C-
dots, only oCD is favorable for bioimaging purposes, and this study provides
insight regarding the interactions and adsorption processes of C-dots at the

interface of biological membranes.
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Chapter 5

Interaction of aliphatic amino acids with
zwitterionic and charged lipid membranes:

hydration and dehydration phenomena

5.1 Introduction

Lipid bilayer membranes are widely used as model systems to mimic cell
membranes [1-2]. They represent the complex cell membranes in simpler forms
[3]. These biological membranes are composed of an assembly of lipids and
proteins organized into several microdomains. They have diverse structures and
vital applications owing to their biocompatible and amphiphilic nature [4-9]. The
interaction of these membranes with proteins and peptides plays important roles
in a lot of membrane-associated biological functions, such as membrane potential
sensing, membrane anchoring and endocytosis [10-13]. The interaction of these
membranes may be critical for the living systems. Thus, it is important to study
their interaction with various amino acids, proteins and peptides to understand the
resultant influences on the surface properties of the membranes [14-16]. In
particular, interactions between membranes and amino acids are important to
understand as they affect the membrane protein folding, membrane protein

channels and transport of metabolites in membranes [17-20].

The literature consists of theoretical studies regarding the interaction of peptides
and amino acids with the lipid membranes [21-31]. However, the fundamental
understanding of the membrane interaction with amino acids is still a subject of
debate. Moreover, experimental investigation on the interaction of lipid
membranes of different charges and phase states with amino acids of varying
chain lengths and charges is essential to unravel the underlying mechanism
behind the interaction. In this context, artificial membranes composed of
phospholipids may serve as an important model to understand the role of amino
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acids in order to modify the topology and hydration of the membrane surface. The
interaction causes local changes in the packing of the polar head group region
either by hydration or dehydration [3, 32]. Interestingly, this interaction has been
found to be enantioselective according to previous reports [33-34]. Moreover, it
peptides composed of different amino acids behave differently in the cell [35].
Thus, it is significant to understand how the charge, polarity and hydrophobicity
of the amino acids affect the interaction phenomenon with the lipid bilayer and its
properties. The understanding of these interactions relevant to the functions in the

human body can be a complex process to study and analyze.

Keeping in view the biological interest of such systems, in the present work, we
study the interactions of different aliphatic amino acids with lipid bilayer
membranes. The structures of the amino acids and lipids used in the present study
are summarized in Table 5.1. The choice of these amino acids is based on the fact
that they have divergent nature arising from differences in their hydrophilicity,
chirality, polarity and charge. In particular, we used charged amino acids i.e.
aspartic acid, glutamic acid, arginine and lysine to gain a better insight into how
the terminal charged groups may affect the bilayer membrane. In addition to
charge, we used amino acids which are widely different in terms of their
hydrophobicity index (particularly serine, leucine and valine). As a result, these
amino acids display different interactions with lipid bilayer membranes. Thus, the
present work is directed towards the understanding of the influence of these
amino acids on the membrane properties, such as fluidity, polarity, hydration and
dehydration. We studied the impact of amino acids using zwitterionic and
differently charged lipid membranes, as well as membranes in different phase

states at experimental temperatures.
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Table 5.1 Molecular structures of the lipids, amino acids and fluorescent membrane probe used in

this study.
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5.2 Results and Discussion

5.2.1 Effect of different lipids on PRODAN: We monitored the emission
properties of PRODAN to study the interaction of amino acids with lipid

membranes. PRODAN is already known as a membrane polarity sensitive probe
and is loosely anchored to the lipid bilayer. In an agueous medium, PRODAN has
an emission band at ~520 nm wavelength. The band is assigned to the twisted
intramolecular charge transfer (TICT) state. The partition of PRODAN in a lipid
bilayer results in the rise of another band at ~440 nm wavelength. This band is
assigned to the locally excited (LE) state of PRODAN [9, 14, 36-40]. The
appearance of this band depends on the nature of the lipid bilayer. The band is
more prominent in case of the more rigid lipid membrane. As the phase transition
temperature of the lipid membrane increases, the emission band at 440 nm
becomes more prominent and the lifetime of PRODAN also increases. Thus, we
observe that among DPPC, DMPC and DOPC lipid membranes, the LE state is
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most prominent in the DPPC bilayer because of its gel state and least prominent in
the DOPC lipid bilayer owing to the completely fluid state. The lifetime was also
found to be higher in the DPPC bilayer compared to DMPC and DOPC
membranes (Figure 5.1, Table 5.2). We already reported that expulsion of water
molecules by an external moiety results in the rigidification of the lipid membrane

[9, 14, 39-40], which makes the dynamics slower.
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Figure 5.1 a) Normalized emission spectra of PRODAN in aqueous medium and in different lipid
mediums (DPPC, DMPC and DOPC lipid bilayers); (b) representative time-resolved decay of
PRODAN in different lipid bilayers collected at 440 nm.

Table 5.2 Lifetime components, normalized amplitudes of lifetime components and average
lifetime of PRODAN in different lipid mediums collected at 440 nm at 25 °C.”

Sample u(ns) | .(ns) | & A | <ty (NS) | X

PRODAN DOPC 0.76 2.37 | 0.61| 0.39 1.40 1.16

PRODAN DMPC | 1.49 433 | 0.38 | 0.62 3.25 111

PRODAN DPPC 1.36 6.39 | 0.28 | 0.72 5.00 1.07

*Experimental error is within +10%.

5.2.2 Effect of charge and polarity of the amino acids on model membranes:

To investigate the effect of charge and polarity of amino acids on the lipid bilayer,
we first chose two negatively charged amino acids, i.e. L-aspartic acid and L-
glutamic acid (Table 5.1). Along with varying the charge of the amino acids, we
varied the charge of the lipid membrane also in order to unravel the role of
surface charge on the interaction properties. We started with a negatively charged
lipid membrane composed of DMPC: DMPG followed by a zwitterionic DMPC
membrane and a positively charged membrane composed of DMPC:DMTAP. The
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steady-state fluorescence emission spectra (Figure 5.2) reveal that the intensity
corresponding to the band at ~520 nm decreases and the band at 440 nm becomes
more prominent upon interaction with amino acids (aspartic acid and glutamic
acid) in the negatively charged DMPC: DMPG lipid membrane. This observation

indicates the rigidification of the membrane surface.
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Figure 5.2 Steady state normalized emission spectra, time-resolved lifetime decay and time-
resolved anisotropy plots collected at 440 nm for negatively charged DMPC: DMPG upon
interaction with L-aspartic acid (a-c) and glutamic acid (d-f). Corresponding area fraction plots

are shown in inset.

The area fraction plots (Figure 5.2 a, d inset) also indicate the formation of a more
stable gel phase of the bilayer. The rigidification or the compactness of the
membrane is attributed to the expulsion of water molecules from the membrane
surface. This effect is also evident from the time resolved lifetime decay curves
(Figure 5.2 b, e). The decays were best fitted using a tri-exponential function
(Table 5.3). In particular, the longer lifetime component (t,) assigned to the lipid
membrane-bound PRODAN increases from 5.23 ns to 7.78 ns and 7.50 ns upon
interaction of the DMPC: DMPG lipid membrane with aspartic acid and glutamic

acid, respectively.
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Table 5.3 Lifetime components, normalized amplitudes of lifetime components, and average
lifetime of PRODAN for DMPC: DMPG vesicles upon interaction with L-aspartic acid and L-
glutamic acid collected at 440 nm at 25 °C.”

DMPC: DMPG vs L-aspartic acid @440 nm, 25 °C

Sample | 1, (ns) | t2(ns) | 13(ns) a, a, as | <tag>(nS) | %2

0 mM 1.49 5.23 0.07 0.21 | 0.21 | 0.58 1.44 1.17

10 mM 1.32 6.12 0.02 0.04 | 0.04 | 0.93 0.29 1.10

20mM 1.62 7.08 0.02 0.03 | 0.05 | 0.93 0.39 1.03

30 mM 2.59 7.78 0.01 0.01 | 0.04 | 0.95 0.36 1.06

DMPC: DMPG vs L-glutamic acid @440 nm, 25 °C

0 mM 1.49 5.23 0.07 0.21 | 0.21 | 0.58 1.44 1.17

10 mM 1.30 591 0.03 0.07 | 0.07 | 0.86 0.52 1.13

20 mM 1.54 6.67 0.03 0.06 | 0.08 | 0.86 0.63 1.09

30 mM 2.03 7.50 0.02 0.03 | 0.11 | 0.85 0.92 1.02

*Experimental error is within +10%.

The strong interaction of aspartic and glutamic acids with the negatively charged
membrane is also revealed in the time resolved anisotropy measurements. The
rotational relaxation of interfacial PRODAN molecules becomes much slower at
440 nm upon the interaction of aspartic (or glutamic) acid with the negatively
charged membrane (Figure 5.2 ¢ and f). At higher concentrations of amino acid,
the rotational relaxation decay becomes almost parallel to the X-axis. This
observation indicates that the PRODAN molecules experience much hindered
rotation due to the dehydration of the lipid membrane surface induced by
protonated aspartic (or glutamic) acid [21-22].

Interestingly, the interaction of amino acids is several folds reduced for
zwitterionic DMPC membranes (Figure 5.3) and becomes almost nil for
positively charged lipid membranes (Figure 5.4). This observation suggests that
the primary interaction between the lipid membrane and amino acids takes place
between the —NH3" group of the amino acid and phosphate group of the lipid
membrane which leads to the expulsion of water molecules from the membrane

surface. Although amino acids may interact through the —CO," group, the least
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interaction in the positively charged lipid membrane proves that the -CO;" group
does not play any crucial role in the mode of interaction between the amino acids
and lipid membrane. Had the CO," group been responsible for the interaction, the

maximum interaction would have been observed for the positively charged lipid

membrane.
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Figure 5.3 Steady state emission spectra and corresponding time-resolved lifetime decay for
DMPC-PRODAN upon interaction with L-aspartic acid (a-b) and L-glutamic acid (c-d).
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Figure 5.4 Steady state emission spectra for interaction of negatively charged amino acids with
positively charged lipid bilayer DMPC: DMTAP.

It is known that the pH at the surface of anionic (and not zwitterionic) membranes

is lower than the bulk pH [47]. The increase in the anionic lipid content in the
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membranes increases the H* ions on the surface. Therefore, aspartate or glutamate
ions will be protonated at the anionic membrane surface. This eventually results
in an increase in the hydrophobicity of the amino acid and eliminates charge
repulsion, thereby enhancing membrane affinity [47]. The protonation of
interfacial aspartates aids in overcoming the barrier that prevents the insertion of
the amino acid inside the hydrophobic region of the bilayer. This also helps to

form hydrogen bonding with the phosphate group of the lipid membrane.

The shift in pKa of the amino acids also facilitates the binding affinity of aspartic
acid and glutamic acid to the negatively charged membrane. As the pH of the
interfacial region of the lipid membrane is lower than the bulk pH, there is an
increase in the apparent pKa for binding [47]. The pKa of anionic carboxylic
acids shifts from ~1.5 to ~3.0 pH units upon membrane internalization [24]. The
large increase in their pKa values leads to the increasing desolvation of the amino
acids, resulting in the stabilization of their neutral forms inside the hydrophobic
region of the bilayer membrane. Moreover, the ionized carboxylates are

destabilized in the phosphate group region of the bilayer headgroup.

From the above discussion, it is concluded that the negatively charged amino
acids stabilize the gel phase of the bilayer (particularly negatively charged
bilayer) by bringing in rigidification of the membrane. This effect is also evident
from the first derivative of the area fraction (A4ss/Aso) VS. the temperature plot,
which clearly indicates that the phase transition temperature of the negatively
charged lipid bilayer composed of DMPC: DMPG increases from ~23.5 °C to ~25

°C upon interaction with aspartic acid (Figure 5.5).
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Figure 5.5 Plots of temperature-induced variation in the steady-state fluorescence spectra of
PRODAN in a) negatively charged DMPC: DMPG bilayer, b) upon interaction with arginine and
c) aspartic acid, d) area fraction vs temperature plot from 10 °C to 40 °C and e) first derivative of

area (dA/dT) vs temperature plot.

While the negatively charged aspartic acid and glutamic acid display significant
interaction by dehydrating the lipid membrane surface, the positively charged
arginine and lysine show some different results. We observe that lysine and
arginine offer very weak affinity towards zwitterionic DMPC (Figure 5.6) and
positively charged DMPC: DMTAP bilayer membranes (Figure 5.7). We already
mentioned that the interaction between the lipid bilayer and the amino acids takes
place through the —NHs" group of the amino acids and phosphate group of the
lipid molecules. The electrostatic interaction is primarily the governing force
which is minimum in the zwitterionic DMPC lipid and completely eliminated in

the cationic lipid membrane.
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Figure 5.6 Steady state emission spectra and corresponding time-resolved lifetime decay for
DMPC-PRODAN upon interaction with L-lysine (a-b) and L-arginine (c-d).
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Figure 5.7 Steady state fluorescence spectra for interaction of positively charged amino acids
with positively charged lipid bilayer DMPC: DMTAP.

The binding of an arginine moiety to a negatively charged bilayer is enthalpically
favorable, as opposed to interaction with neutral membranes [27]. Figure 5.8
indicates that at very low concentrations, lysine induces gelation in the lipid
bilayer. However, at relatively higher concentrations, lysine increases the fluidity
of the membrane as the intensity corresponding to the 440 nm band decreases
continuously. We observe similar phenomena for L-arginine. The initial
stabilization of the gel phase of the bilayer stems from the fact that the
electrostatic interaction takes place very instantaneously. Moreover, hydrogen
bonding between arginine (or lysine) and the lipid membrane followed by

124



subsequent removal of water may be crucial in this regard. Arginine’s
guanidinium moiety allows a hydrogen-bonding network and the positive charge
on the arginine rather supports hydrogen bonding as well as electrostatic
interactions with a potential phosphate host [48]. The electrostatic interaction
between phosphate and the guanidinium host at the surface of the bilayer
membrane is enhanced due to low polarity at the interfacial region of the lipid
membrane. The guanidinium functional group of the arginine is mainly
responsible for the binding with the phosphate group by providing a hydrogen
bonding donor for potential binding with the phosphate host [48]. Arginine also
has a stronger tendency to form multiple hydrogen bonds with the headgroup,
which results in a strong initial dehydration. The initial gelation at low
concentration, therefore, could be attributed to the simple electrostatic interaction
in which the cationic terminal group of lysine or arginine is attracted to the

phosphate group of the lipid bilayer headgroup.

a) DMPC DMPG —omM b) DMPC DMPG vs L-lysine  — IRF
vs lysine —_—2mM at 440 nm —_—0mM
> —10mM —10mM
» = 30 mM " —20mM
c
= 30 MM
2 c
C =}
- o
e) > o
I oo o000 2 1000
T o -
€
£
o
z
425 450 475 500 525 550 2 4 6 8 10 12
Wavelength (nm) Time (ns)
C) DMPC DMPG —0mM d) DMPC DMPG vs L-arginine  — IRF
vs arginine —2mM at 440 nm —0mM
> —10mM
2 —10mM
c —20mM
L 2 —30mM
c c
- =]
e) o
Q (&)
N o 1000
o o
o -
€
£
[e]
z
425 450 475 500 525 550 2 4 6 8 10 12
Wavelength (nm) Time (ns)

Figure 5.8 Steady state normalized emission spectra and time-resolved lifetime decay collected at
440 nm for negatively charged DMPC: DMPG upon interaction with L-lysine (a-b) and L-
arginine (c-d). Upward arrows in the emission spectra indicate an initial increase in the peak at
440 nm whereas downward arrows indicate a gradual decrease in the peak depicting fluidization

of the bilayer. Corresponding area fraction plots are depicted in inset.
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The most striking observation is that lysine and arginine bring in fluidization in
the lipid bilayer at a higher concentration (Figure 5.8). This observation is
opposite to that obtained for negatively charged amino acids (aspartic acid and
glutamic acid). As the positively charged amino acids (arginine or lysine) enter
the DMPC: DMPG membrane, it deforms the lipid bilayer by carrying a
significant amount of water as well as lipid headgroups into the hydrocarbon core
of the membrane [22, 35]. Our experimental result is in agreement with the earlier
theoretical prediction and implies that both lysine and arginine are able to wet the

surface and the hydrocarbon core of the lipid membrane.

Interestingly, a major finding in our results suggests that arginine is more capable
of hydrating the membrane at higher concentrations as compared to lysine (Figure
5.8). The significant difference in fluidizing the surface upon interaction with
lysine and arginine is because of the fact that arginine carries a larger number of
water molecules (~23) than lysine and also tends to pull more lipid headgroups
inside the hydrocarbon core while penetrating inside the membrane core [35]. As
a result, arginine induces pores in the lipid bilayer and causes greater membrane
deformations [35]. Arginine has a strong tendency to interact with the negatively
charged membrane by penetrating deep inside the bilayer, which results in the
rearrangement of the acyl chains and distortion of the symmetrical shape of the
bilayer [13]. In this context, the large difference in the pKa shift for arginine and
lysine needs to be noted. The theoretical studies suggest that the change in pKa of
lysine takes place from 10.5 to 1 on going from aqueous solution to the centre of
the membrane. On the other hand, the change in the pKa value for arginine
remains above 7 throughout the membrane [35]. Thus, even in the hydrocarbon
core of the bilayer, lysine may deprotonate whereas arginine efficiently carries its
charge even after suffering a little pKa shift. The guanidinium group in arginine
seeks hydration so strongly that it would rather prefer to exit the lipid bilayer than
to deprotonate [49]. This makes arginine a unique amino acid to maintain its
charge even in the hostile environment of the core of the lipid membrane [25, 35].

This property further aids arginine in carrying excess water molecules as well as
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lipid headgroups to the centre of the hydrocarbon core. This causes destabilization

of the lipid membrane.

5.2.3 Effect of hydrophobicity of the amino acids on model membranes: In

this section, we used amino acids of different hydrophobicity (serine, leucine and
valine) to study the interaction with lipid membranes of different charge states.
These amino acids are different in terms of their varying hydrophobicity index.
The hydrophobicity indices indicate that serine is a hydrophilic amino acid owing
to the presence of an —OH group on the terminal carbon atom of the side chain,
unlike leucine and valine, which are hydrophobic in nature. Our primary objective
in choosing these amino acids is to investigate if hydrogen bonding plays any
crucial role in governing the interaction between the lipid bilayer and amino
acids. It has been reported that the interaction of the lipid membrane with amino
acids or peptides is governed by both electrostatic and hydrophobic forces [13,
50].

We observe a blue shift in the steady state emission spectra of PRODAN (Figure
5.9 a—) upon interaction of amino acids with the zwitterionic DMPC bilayer.
This observation implies the stabilization of the gel phase of the bilayer. This
effect is also clearly evident from the corresponding area fraction plots (Figure
5.9 d-f). The gelation is attributed to the expulsion of water molecules from the
interfacial region of the bilayer, which makes it more hydrophobic owing to the
adsorption of amino acids on the membrane surface. The interaction between the
phospholipid membrane and amino acid side chains could be facilitated by the
replacement of water molecules, with a consequent weakening of the vibrational

force constants [51].
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Figure 5.9 Steady state normalized emission spectra (a—c) and corresponding area fraction plots
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(d—f) for DMPC-PRODAN upon interaction with amino acids.

Interestingly, the observed changes (as revealed from the normalized curves)
indicate that the maximum interaction takes place for serine (Figure 5.10). We
attributed this observation to the hydrogen bonding ability of L-serine with the
phosphate group of the lipid membrane owing to the presence of a hydroxyl group

at the terminal carbon. It is thus validated that hydrogen bonding is a key driving
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force for the binding of amino acids to lipid membranes.
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This effect is also evident from Confocal imaging (Figure 5.11), which indicates
the formation of more compact structures upon the addition of L-serine. The
CLSM imaging also indicates the encapsulation of dye without any evident
leakage and formation of uniformly sized spherical vesicles.

Figure 5.11 Binding of amino acids using confocal scanning laser microscopy (CLSM). Confocal,
bright field and merged images for DMPC vesicles (a-c), DMPC + L-serine (d-f).

We also find that the interaction is highly specific to the L-amino acids due to the
formation of stereospecific hydrogen bonds at the side chains of the L-amino
acids. As a consequence, D-amino acids do not show any interaction with the

bilayer membrane (Figure 5.12).
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Figure 5.12 Steady state emission spectra (a-c) and time-resolved lifetime decay curves (d-f) for
DMPC-PRODAN upon interaction with D-amino acids.
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In this context, surface charge on the bilayer membrane could play a significant
role in governing the binding of amino acids to the membrane surface because the
initial interaction between the amino acid and lipid membrane is governed by the
electrostatic interaction. We find that the binding affinity of all the L-amino acids
towards the negatively charged DMPC: DMPG bilayer is almost the same for all
amino acids (Figure 5.13 a-c). Moreover, amino acids show absolutely no
interaction with DMPC: DMTAP (Figure 5.13 d—f). This observation is important
and leads to the conclusion that the electrostatic interaction takes place between
the —~NH3" group of the amino acid and the phosphate group of the lipid bilayer.
As discussed earlier, had the CO, group been responsible for electrostatic
interaction, we would have obtained maximum interaction for the positively
charged membrane. As the electrostatic interaction takes place through the —NH5"
group of the amino acid, this renders DMPC: DMTAP less interacting with the
phospholipid bilayer.
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Figure 5.13 Steady state normalized emission spectra and time resolved lifetime decay curves
(inset) of L-amino acids with negatively charged lipid bilayer DMPC: DMPG (a—c) and positively
charged lipid DMPC:DMTAP (d-f). The upward arrows at 440 nm indicate the gel phase

dominance.

We next studied the effect of amino acids on the lipid bilayers having phase

transition temperatures well above and below the experimental temperature (25
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°C) and compared the result with that obtained from DMPC. In the first case, we
studied the DPPC (T, = 41 °C) lipid bilayer membrane which remains in the gel
phase under the experimental conditions. It is observed that the interaction of L-
amino acids with the DPPC bilayer also results in shifting of the emission peak
towards the blue end indicating the stabilization of the gel phase of the bilayer
(Figure 5.14). However, the interaction with the membrane in the gel phase is
much weaker as compared to that in DMPC. The lifetime decay also increases
minimally upon interaction of L-amino acids. It seems that DPPC being in rigid
gel phase at the experimental temperature does not allow amino acids to penetrate

deeper inside the bilayer.
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Figure 5.14 Steady state emission spectra (a-c), area fraction plots (d-f) and time resolved

lifetime decay curves (g-i) for DPPC-PRODAN upon interaction with L-amino acids.

We further evaluated the changes in the fluorescence spectra and lifetime decay
parameters for DOPC upon interaction with L-amino acids (Figure 5.15). It is
observed that DOPC (T, = 17 °C) upon addition of L-amino acids does not reveal

significant changes in the emission spectra and lifetime decay. This could be
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explained by the fact that since DOPC remains predominantly in the fluid phase at
the experimental temperature (25 °C), the phase state remains almost intact upon
addition of amino acids. Therefore, we conclude that the maximum effect in terms
of stabilization of the gel phase is observed for a lipid bilayer membrane near its
phase transition temperature (Tm) rather than being far above the Tm of the lipid
[52].
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Figure 5.15 Steady state normalized emission spectra (a-c) and time resolved lifetime decay
curves (d-f) of L-amino acids with DOPC.

5.2.4 Effect of amino acids on hydrodynamic size of the lipid vesicles: To

study the effect of amino acids on the size of the lipid vesicles, we conducted
DLS measurements. In the context of the effect of charge, the lipid vesicles
composed of negatively charged DMPC: DMPG show an average hydrodynamic
size of nearly 210 nm. The hydrodynamic size distribution decreases as a result of
interaction of the negatively charged aspartic acid and glutamic acid with the lipid
vesicles (Figure 5.16 a). This observation is attributed to the stabilization of the
gel phase of the vesicles leading to an overall shrinkage of the lipid vesicles. On
the other hand, interaction with positively charged amino acids, lysine and
arginine results in the increase in overall hydrodynamic size distribution. This

may be due to fluidization of lipid vesicles which results in the hydration of the

132



lipid bilayer and it may induce fusion in the vesicles. These results corroborate

well with the conclusions drawn from steady state and time-resolved experiments.
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Figure 5.16 Hydrodynamic size distribution curves obtained by DLS measurements for (a)
negatively charged DMPC: DMPG upon addition of charged amino acids and (b) zwitterionic
DMPC upon addition of L-amino acids.

Furthermore, upon considering the effect of hydrophobicity of amino acids, the
interaction with serine reduces the size of DMPC vesicles by nearly 10 nm
(Figure 5.16 b). On the other hand, the size distribution increases upon interaction
with hydrophobic leucine and valine. The possible reason for the decrease in size
upon addition of serine may be due to the stabilization of the gel phase of the lipid
vesicles. The dehydration makes the vesicles more compact, which leads to an
overall shrinkage of the vesicles as discussed above. However, interaction with
their hydrophobic analogues does not stabilize the gel phase very effectively and
results in an overall increase in hydrodynamic radius. The effect of different

amino acids is summarized in Scheme 5.1.

133



Zwitterionic PC lipid Negative PC: PG lipid

dm |
s
”yd'°”233'§y U "egii'fiﬁ?:V N amino acds
T AR | e mRae
OGN LY | L ANl

Increasing gel phase Fluid phase

Scheme 5.1 Illustration of the interaction of various amino acids on the lipid bilayer membrane
for the zwitterionic phosphatidylcholine and negatively charged lipid membrane. The shaded red
colored lipid membrane represents nearly fluid phase at room temperature, shaded blue
represents nearly gel phase, the deep blue colored lipid membrane represents highly gel and
ordered phase (stiffened acyl chains) and deep red represents completely fluid or disordered

phase (loosely packed acyl chains).

5.3 Conclusion

The interaction of lipid bilayer membranes with amino acids depends on the
properties of both the amino acids and the membrane itself. The major

observations of the present study are summarized as follows:

(a) Charge of the amino acid plays a major role in the interaction strength with the
lipid bilayer membrane. Interaction with negatively charged amino acids results in
very large dehydration. On the other hand, cationic amino acids arginine and
lysine significantly fluidize the membrane. We explain these observations by the
shift in pKa of amino acids in the vicinity of the lipid membranes as well as the

solvation and desolvation processes in the light of recent computer simulations.

(b) We observe that the aliphatic amino acids bring about gelation in the lipid

membrane. Among all the amino acids, serine is found to offer stronger
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interaction compared to other amino acids owing to the hydrogen bonding
capacity with the lipid headgroup. The maximum change in the lipid membrane
takes place near the phase transition temperature of the lipid. Thus, among all the
lipid membranes, DMPC displays maximum changes as the experimental

temperature is very close to the phase transition temperature.

(c) In the case of anionic lipid membrane, the interaction strength is similar for all
aliphatic amino acids irrespective of their hydrophobicity. The cationic lipid
membrane, on the other hand, does not induce any substantial changes in the

bilayer membrane.

In general, it is reasonable to say that L-amino acids can efficiently stabilize the

lipid vesicles, and thus they can be used for various biological applications.
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Chapter 6

Materials, methods and Instrumentation

6.1 Materials

Phospholipids (DPPC, DMPC, DLPC, DOPC, DMPG, DMTAP) and inverse
phospholipid (DOCP) were purchased from Avanti Polar lipids. Phosphate buffer
salts were purchased from Merck. HAuCl;, PRODAN, 3-mercaptopropionic acid,
trisodium citrate, cysteamine, DOX, gold nanoparticles (5 nm) and polymer
(Polydiallyldimethylammonium chloride) were purchased from Sigma- Aldrich.
Glutathione and sodium borohydride were purchased from Sisco Research
Laboratories. The phenylenediamine (PDA) isomer, oPDA, was purchased from
SDFCL, mPDA was purchased from Alfa Aesar and pPDA from Loba Chemie
Pvt. Ltd. The amino acids, L-aspartic acid and L-glutamic acid, were purchased
from Merck; L-arginine was purchased from HiMedia; L-serine, L-valine, and L-
leucine were purchased from SRL chemicals and D-serine, D-valine, D-leucine,
and L-lysine were purchased from Sigma-Aldrich. All amino acids used were of
>98% purity. All materials were used as received. In all cases, we used Milli-Q
water to prepare the solutions.

6.2 Methods

Chapter 2
6.2.1 Preparation of lipid vesicles: Lipid vesicles were prepared in phosphate-

buffered saline (pH = 7.4, | = 0.025 M) by dissolving the lipid in ethanol (0.01%
of the hydrating solution) and injecting in a preheated PRODAN solution above

the phase transition of the specific lipid. The solution was stirred at this
temperature for nearly an hour and cooled down to room temperature before
performing any further studies. The total concentration of the lipid and PRODAN
was fixed at 0.6 mM and 2 pM respectively for all of the experiments. For
confocal imaging, the vesicles were prepared by thin-film hydration method to
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yield vesicles of size ca. ~1.5 um and stained with ~20 nM rhodamine-B dye for
at least 2 h.

6.2.2 Synthesis of citrate-capped gold nanoparticles: Citrate capped AuNPs

were synthesized following the classical citrate reduction of HAuCI,, using a
previously described protocol with slight modification [1]. All glassware used for
the synthesis were cleaned in freshly prepared aqua regia solution, rinsed with
Milli-Q water, and dried in an oven. Further, trisodium citrate solution (38.8 mM,
10 mL) was rapidly injected to a boiling HAuCI4 solution (1.0 mM, 100 mL)
under vigorous stirring. The resulting wine red colloidal solution was boiled for
30 min, cooled down to room temperature, and stored at 4 °C for further use. The

obtained citrate capped AuNPs had a concentration of 13.4 nM.

6.2.3 Functionalization of gold nanoparticles: Citrate-capped AuNPs were

functionalized with MPA and GSH following a previously described protocol
with slight modification [2]. Briefly, MPA (25 mM, 10 puL) or GSH (25 mM, 10
pL) was added to citratecapped AuNPs (13.4 nM, 746 pL), incubated overnight,
and stored at 4 °C for further use. The final concentration of the obtained MPA or
GSH-functionalized AuNPs is ~13.27 nM. Freshly prepared AuNP solutions

were used for each experiment.

6.2.4 Synthesis of cationic gold nanoparticles: Cysteamine functionalized gold

nanoparticles (cys-AuNPs) were synthesized following a previously described
protocol with slight modification [3]. Briefly, 1.2 mL of 213 mM cysteamine and
1.42 mM HAuUCI, were mixed and then the mixture was blended under ambient
temperature for 20 min. Subsequently, 30 mL of 10 mM NaBH, was added to the
above solution and the mixture was stirred for another 25 min at room

temperature in the dark and stored at 4 °C for further use.

Chapter 3
6.2.5 Liposome preparation: Liposomes were prepared in phosphate buffer

saline (PBS, pH = 7.4, 1 = 0.01 M). The lipids were dissolved in a mixture of

chloroform and ethanol, and the solvents were removed completely in a rotary
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evaporator under gentle conditions (P = 180 mBar, T = 30 °C). The flask
containing a dry lipid film was placed under ultrahigh vacuum overnight to
remove any residual solvent. The film was hydrated with PBS 7.4, which was
already kept above the phase transition temperature of the lipids. The obtained
liposomes were extruded through 200 nm polycarbonate membranes to yield
small monodispersed unilamellar liposomes. For preparation of DOX loaded
liposomes, the DOX solution already prepared in ethanol was added before
placing the sample in the rotary evaporator. The total lipid concentration was
fixed at 0.6 mM for all of the PRODAN-related experiments and 1 mM for all

DOX-related experiments.

6.2.6 Functionalization of gold nanoparticles: AuC were prepared by

functionalization of gold nanoparticles [size: 5 nm, CAS number: 752568, stored
in PBS solution] by 3-mercaptopropionic acid by a previously described method
[4-5]. Briefly, an appropriate amount of gold nanoparticles was taken in a round-
bottom flask; then, the required amount of 3-mercaptopropionic acid was added to
it, and the mixture was shaken by hand for 5 min followed by incubation for 24 h
at room temperature. The mixture was dialyzed for 2 days to remove unreacted

acids. After that, we kept the prepared AuC solution at 4 °C for further use.

6.2.7 Capsule preparation: The capsules were formed by coating of

liposome—AuC assemblies with polymer and lipid following an LBL fashion [6-
7]. The liposome—AuC assembly was prepared by adding excess AuC to freshly
prepared liposome solution followed by incubation for nearly 12 hours. For the
polyelectrolyte layer, a stock solution of polymer was prepared in PBS (pH =
7.4). Then, the polyelectrolyte layer was formed by adding polymer solution (1
mg/mL) to the liposome—AuC solutions followed by stirring for 15-20 min at
room temperature. For the lipid-coated layer, the polymer coated system (i.e.,
liposome—AuC—P) solution was incubated with the negatively charged liposomes
(DMPC:DMPG, prepared in a ratio of 8:2) for 30 min above the phase transition
temperature of the negatively charged liposome [7]. The coating conditions for
each formulation were optimized beforehand. The optimal AuC, polymer, or lipid

145



to capsule ratio was obtained experimentally by zeta potential values as obtained
by titration of the respective capsules upon gradual addition of the polymer or
lipid, respectively. The drug release experiments were conducted using a Pur-
ALyzer Maxi Dialysis tube (polycarbonate membrane, MWCO 12—14 kDa)
purchased from Sigma-Aldrich. A certain amount of sample was added to the
dialysis tubes, kept in the release medium, from which a specific amount of
sample was collected atregular intervals to monitor the amount of released drug.
Throughout the drug release experiment, we maintained an ionic strength of | =
0.01 M and temperature of T = 25 °C. The pH of the systems was maintained at
the pH at which release was monitored (pH = 7.4 and 5.0).

Chapter 4
6.2.8 Synthesis of C-dots: Differently emissive C-dots were synthesized from

phenylenediamine (PDA) isomers as reported earlier with slight modification [8].
In brief, C-dots were synthesized by a bottom up approach following a
hydrothermal method by heating oPDA, mPDA, and pPDA in an ethanol solution
(0.1 g/mL) at 180 °C for 12 h in an autoclave and purified by dialysis of the
obtained product. The resulting C-dots were lyophilized followed by putting
under ultra high vacuum to remove any remaining solvent. The resultant C-dots
were dispersed in Milli-Q water for further experiments. The products were
named oCD, mCD, and pCD obtained from the precursors oPDA, mPDA and
pPDA, respectively. The concentration of the synthesized C-dots was estimated
after lyophilizing the solutions and was estimated to be 0.57 mg/mL for oCD,
0.70 mg/mL for mCD, and 4.41 mg/mL for pCD. The fluorescence quantum yield
of C-dots was estimated relative to quinine sulfate (¢f = 0.55) in 0.1 M H2SO4 at
Aex = 365 nm and a quantum yield 0.10, 0.09, and 0.028 for oCD, mCD, and
pCD, respectively, was estimated. The obtained C-dots show an absorption peak
at 416 nm, 372 nm, and 435 nm for oCD, mCD, and pCD, respectively. The
emission maxima of the C-dots were observed at 570 nm, 490 nm, and 635 nm for

oCD, mCD, and pCD, respectively.

6.2.9 Preparation of lipid vesicles: The lipid vesicles were prepared in Milli-Q

146



water by dissolving the lipid in ethanol (0.01% of the hydrating solution) and
rapidly injecting in a preheated PRODAN solution above the phase transition of
the specific lipid (T, = 24 °C for DMPC and 41 °C for DPPC). The solution was
stirred above this temperature for nearly an hour and cooled down to room
temperature before performing any further studies. The total concentration of the
lipid was fixed at 0.6 mM, while that of PRODAN was fixed at 2 uM for all of the
experiments. This technique yields vesicles with an average size of ~100—200 nm
which were employed for all the spectroscopic and DLS measurements. C-dot
solutions were added to the prepared lipid solutions in desired concentrations
(maximum concentration being 30 pg/mL) for the spectroscopic analysis. All the
solutions were prepared in Milli-Q.

However, for confocal imaging, the lipid vesicles were prepared by the thin film
hydration method to yield vesicles of ~500—700 nm size and stained with ~20
uM PRODAN for at least 2 h. The unbound PRODAN was removed by dialysis.
The final concentration of PRODAN was ~5—7 uM in the vesicles. Briefly, the
required lipid was dissolved in an organic stock solution (chloroform), followed
by preparation of a lipid thin film by evaporating the organic solvent using a
rotary evaporator. The thin film obtained was stored under ultrahigh vacuum for
at least 4 h to ensure the complete removal of the organic solvent. This was
followed by hydration of the lipid thin film in an aqueous medium above the
phase transition of the lipid to obtain multilamellar vesicles. These lipid vesicles
were extruded using an Avanti mini extruder to obtain uniformly sized vesicles

for Confocal imaging.

Chapter 5
6.2.10 Preparation of lipid bilayer: Lipid bilayer membranes were prepared in

Milli-Q water by dissolving the lipid in ethanol (0.01% of the hydrating solution)
and rapidly injecting into a preheated PRODAN solution above the phase
transition temperature of the specific lipid [9-13]. The solution was stirred at this
temperature for nearly an hour and cooled down to room temperature before
performing any further studies. The total concentration of the lipid was fixed at
0.6 mM, while that of PRODAN was fixed at 2 mM for all of the experiments.
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Amino acid solutions were added to the prepared lipid solutions in desired
concentrations for spectroscopic analysis. All the solutions were prepared in
Milli-Q water in order to avoid any effect arising as a result of salts used in the
buffer as previously reported by Ye and co-workers [14-16]. For confocal
imaging, the vesicles were prepared by the thin film hydration method to yield
vesicles of ~500-700 nm size and stained with ~5 mM Rhodamine-B dye for at
least 2 hours. Briefly, the required lipid was dissolved in an organic stock solution
(chloroform), followed by preparation of a lipid thin film by evaporating the
organic solvent using a rotary evaporator. The thin film obtained was stored under
ultra-high vacuum for at least four hours to ensure the complete removal of the
organic solvent. This was followed by hydration of the lipid thin film in an
aqueous medium above the phase transition temperature of the lipid to obtain
multilamellar vesicles. These vesicles were extruded to obtain uniformly sized

lipid vesicles for confocal imaging.

6.3 Instrumentation and techniques

Spectroscopic techniques:

Absorption spectra were recorded using a Varian UV—vis spectrophotometer
(Cary 100 Bio) in a quartz cuvette (10 x 10 mm?). Steady-state fluorescence
spectra were recorded using a FluoroMax- 4p spectrofluorometer from Horiba
Jobin Yvon (model: FM- 100). All fluorescence emission spectra were analyzed
using OriginPro 8.1 software. The area fraction curve was plotted by
deconvolution of the spectra into two peaks at 435 and 500 nm and by plotting the
fraction (A435nm/A490nm) versus experimental temperature using Origin 8.1.
The lipid vesicle-nanoparticle interaction was studied by varying the
concentration of gold nanoparticles in a fixed concentration of lipid and
PRODAN. Briefly, we prepared a set of solutions in different volumetric flasks
that contained 2 pM PRODAN, 0.6 mM lipid and different concentrations of
AuUNPs. The lipid vesicles—C-dot interaction was studied by varying the
concentration of C-dots (from 0 to 30 pg/mL) at a fixed concentration of lipid (0.6
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mM) and PRODAN (2 uM). The samples were excited at 375 nm. The
fluorescence spectra were corrected for the spectral sensitivity of the instrument.
The excitation and emission slits were 2 nm each for all of the PRODAN
emission measurements. Throughout all of the titration experiments, we
maintained pH 7.4, | = 0.025 M, and the desired experimental temperature.

For time-correlated single-photon counting (TCSPC), we used a picosecond
TCSPC machine from Horiba (FluoroCube- 01-NL). The samples were excited at
375 nm using a picosecond diode laser (model: Pico Brite-375L), and the decays
were collected at 440 and 500 nm. We used a filter on the emission side to
eliminate the scattered light. The signals were collected at magic angle (54.75°)
polarization using a photomultiplier tube (TBX-07C) as the detector. The full
width at half-maximum of the instrument response function of our setup was
~140 ps. The data analysis was performed using IBH DAS version 6 decay
analysis software. Throughout all of the titration experiments, we maintained pH
7.4, 1 = 0.025 M, and the desired experimental temperature. The decays were

fitted with a multiexponential function

D(t) = Zn: a, exp(;—j 1)

Where, D(t) denotes normalized fluorescence decay and @; are the normalized

amplitude of decay components 7; respectively. The average lifetime was

obtained from the equation:
n

(r)=> a7, @)
i=1

The quality of the fit was judged by reduced y-square (yx?) values and

corresponding residual distribution. The acceptable fit has a % near to unity.

The same setup was used for anisotropy measurements. For the anisotropy
decays, we used a motorized polarizer in the emission side. The emission

intensities at parallel and perpendicular polarizations were collected alternatively
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until a certain peak difference between parallel and perpendicular decay was
achieved. The same software was also used to analyze the anisotropy data. The
time-resolved anisotropy decay was described with the following equation:

_ I”(t)—GI_L(t)
r(®) = I (©)+2GI, () (3)

where r(t) is the rotational relaxation correlations function, I;(¢t) and I, (t) are the
parallel and perpendicular components of the fluorescence and G is the correction

factor.

DLS and ¢ potential measurements of the AuNPs were performed on a NanoPlus
{/particle size analyzer (NanoPlus-3 model). Fourier transform infrared (FTIR)
spectra were recorded using KBr pellets on a Bruker Tensor 27 FTIR

spectrophotometer.

Imaging techniques:

The FE-SEM study to reveal the morphology of the samples was conducted using
a ZEISS Supra55 field-emission scanning electron microscope. AFM images were
recorded in tapping mode using the NX-10 PARK system. The samples were
dropcasted on a freshly cleaved mica surface and dried under vacuum. The high-
resolution transmission electron microscopy (TEM) study was conducted using a
Tecnai T20 transmission electron microscope with an operating voltage of 200
keV. For the confocal imaging of samples, we used a Confocal microscope from
OLYMPUS, model no. 1X-83. A Multiline Ar laser (gas laser) with an excitation
wavelength of 488 nm was used. The observation mode was laser scanning
microscopy (LSM), the scan mode was XY, and the scan direction was one way.
The liquid samples were dropped on glass slides, spin-coated, and fixed with
coverslips before imaging. For imaging purposes, we used a concentration of 1
mg/mL of lipid and 90 pg/mL of C-dots in order to get a strong signal and clearer

visuals of images.
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Chapter 7

Conclusion and Future Aspects

7.1 Conclusion:

Research work reported in this thesis discusses the binding of various
nanoparticles and biomolecules to model lipid membranes and the huge impact
they cast on the overall membrane properties. In particular, the binding behaviour
of these entities based on different factors, such as their size, surface ligands,
isomeric precursors and hydrophobicity have been explored. For the interaction
studies, lipid bilayers of varying chain lengths, surface charges and phase
transition temperatures were explored. The properties of a fluorescent membrane
probe PRODAN were employed to study the systems with the help of different
spectroscopic, imaging and other techniques.

The modification of membrane surfaces by interfacial interactions have been used
for the development of efficient drug carriers and bio-imaging models. In
particular, the lipid-based system was employed for the controlled release of an
anticancer drug, Doxorubicin (DOX). Moreover, the suitability of C-dots for the

cellular imaging purpose was explored.

Since the lipid vesicles act as biomimetic systems, the membrane interaction
studies using model membranes account for the underlying mechanisms and the
resultant influence at the nano-bio interface in biological membranes. Thus, they
help in providing a better understanding of the interactions which can help to
bridge the gap between the lipid systems in vivo and in vitro at the membrane

interface.
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7.2 Future aspects:

The biocompatible materials obtained by the interaction of lipid membranes with
nanoparticles, carbon dots and biomolecules will provide several opportunities to
use them as efficient systems for applications in biomedical sciences. The
employment of lipid-based systems as drug carriers provides an insight into the
behaviour of drug in the presence of cell membrane-like atmosphere. Overall the
work presented in this thesis will give valuable information regarding the
development of various lipid-based systems and expected to encourage design of

biosystems in the future.

Thus as a future prospect, these developments are expected to add new
dimensions toward the potential usage of lipid membrane based assemblies for
better experimental models for drug delivery, bioimaging and other bio-inspired
applications.

154



