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Abstract

Nanomedicine can be defined as the science and application of
therapeutic entities which have dimensions in the 10-1000 nm
range. Polymer nanomedicine involves using polymers to aid drug
delivery at the nanoscale, the research underlying this discipline
employs nanotechnology methods to prevent, diagnose and treat
diseases. In attempt to understand the biological effects of polymer
nanomedicine on living tissues, a global metabolic profiling
approach was utilised to study the impact of different polymeric
nanoparticles on various cell lines. In this project, Poly (lactic-co-
glycolic acid) (PLGA) was adopted to fabricate Nanoparticles (NPs).
This choice was made because PLGA is a versatile synthetic co-
polymer that is already widely used in pharmaceutical applications.
Cell-based metabolomics were applied to investigate the metabolic
changes in human-like macrophages and lung carcinoma cell lines
after the exposure to different types of PLGA NPs. The studies
revealed that the plain PLGA NPs perturbed metabolism of some
important amino acids, including arginine and proline and altered
membrane lipids levels in different degrees. The next phase in the
study was to evaluate the metabolic effects of drug loaded NPs.
Methotrexate (MTX) was selected as the model drug, as it is a

folate analogue antimetabolite, and has been widely used for the



treatment of rheumatoid arthritis and cancer. MTX loaded NPs were
thus prepared and tested in metabolomics assays in comparison
with free MTX. The data showed that MTX loaded NPs had less
impact on the macrophages than free MTX, and the effects of the
NPs containing MTX were Ilimited to changes of nucleotide
metabolism and suppressing the tricarboxylic acid cycle (TCA). In
comparison, MTX loaded NPs showed a higher impact on A549
cells, compared to the free drug, which was again in accord similar
to other cell lines in literature. Finally, DNA loaded NPs in the form
of polyplexes made of cationic polymers and plasmid DNA were
studied. The study revealed that the polyplexes downregulated
metabolites associated with glycolysis and the TCA cycle and
induced oxidative stress in both cell lines. The fold changes of the
metabolites indicated that the polyplexes of polyethyleneimine and
hyperbranched polylysine affected the metabolism much more than
the polyplexes of hyperbranched polylysine-co-histidine. This was
in line with transfection results, suggesting a correlation between
the toxicity and transfection efficiency of these polyplexes. These
results highlight the importance of the metabolomics approach not
just to assess the potential toxicity of polyplexes but also to
understand the molecular mechanisms underlying their actions,

which could help in designing more efficient drug delivery systems.
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Chapter one

General Introduction



1.1 Nanomedicine

Nanomedicine is a branch of medicine that applies the knowledge
and tools of nanotechnology to the prevention and treatment of
disease. Nanomedicine involves the use of nanoscale materials,
such as biocompatible nanoparticles and nanorobots, for diagnosis,
delivery, sensing or actuation purposes in a living organism (1).
Nanotechnology approaches to medicine have been considered as
repairing, constructing, observing and regulating
human biological systems at the molecular level (2). The broader
applications of nanomedicine include early disease diagnosis as
well as therapeutics which will increase our ability to treat
challenging diseases, such as cancer (1, 3-5), cardiovascular
diseases (5), neurodegenerative brain diseases (Alzheimer's and
Parkinson's Diseases) (6, 7), diabetes (6), tuberculosis (8) and
cystic fibrosis (7). The European Medicines Agency (EMA), defines
nanomedicine as “a system designed for clinical applications that
is composed of at least one nanoscale component, resulting in
specific advantageous characteristics, such as better targeting and
bioavailability of therapeutics, new modes of therapeutic action,
and nanostructured surfaces/scaffolds for engineered tissues” (9).
In this case, the nanoscale is defined as typically 1-1000 nm,
Figure 1-1 (10). The definition highlights the main aims and

advantages of nanomedicine, however, the applications of



nanomedicine are not limited to drug delivery for the purpose of
treating or managing the symptoms of a certain ailment, but also
efficient disease diagnosis and prevention (11-14). Polymer based
nanomedicine involves using polymers to aid drug delivery at the
nanoscale, this can done be either by physically entrapment,
surface adsorption or covalent linkage. The term "“Polymer
therapeutics” is a subdivision of polymer nanomedicine that
encompasses polymer-protein conjugates, drug-polymer
conjugates, and supramolecular drug-delivery systems.

/ T-Iemoglobin— 6.5nm Antibody-12 nm Inﬂuenzaovirus- 130 nm
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Figure 1-1: Schematic representation of different structures of nanomedicines
and their approximate sizes. Biological nanostructures are shown at the top of
the figure to facilitate the comparison. Adapted from reference (10).



1.1.1 Nanoparticles (NPs)

NPs are a principal component of nanomedicine, ranging in size
from 1 to 100 nm (at least one dimension). They can have different
shapes such as spheres, hemispheres, cylinders, tubes, cones, and
wires (15), and can be either solid, hollow or porous (16). They can
be made of polymers (17), lipids (18), proteins (19), nucleic acids
(20), carbon (21), inorganic materials (22, 23) or mixtures of these
materials (24). NPs are considered to be promising for cancer
treatment, owing to reports of innate tumour targeting ability. In
particular, NPs have been developed to exploit the enhanced
permeation and retention effect (EPR); a phenomenon in which the
vasculature surrounding tumours are leaky enough to allow ingress
of NPs of <200 nm size, while at the same time the poor lymphatic
drainage results in their accumulation in tumour cells (25).
Although extensively cited in literature, and demonstrated
conclusively to occur in mouse models of cancers, the EPR effect
does not occur for all cancers, and examples in humans are not
numerous in the literature (26, 27). In general, the size of NPs
gives them transitional properties between molecules and their
bulk counterparts, independent of their chemistry. For example,
the surface area to volume ratio is very high in NPs, making
surface modification or loading drugs by surface adsorption more
efficient (28), NPs can be equipped with molecular recognition

moieties to enhance retention at disease sites, which can improves
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drug dosing at the target location and reduce unwanted side effects
(29). In addition, chemistries can be installed in NPs to allow site-
mediated drug release, or activation of the NPs can be triggered
externally by certain stimuli (Heat, magnetic fields or radiation)
(30, 31). One of the main advantages of using NPs in drug delivery
over the conventional systems is improving therapeutic window of
a drug: i.e. more accumulates at its target site without increasing
the initial dose or causing toxicity or severe side effects. NPs can
be further designed and modified to overcome specific obstacles
which otherwise confound the conventional dosage formulations
(32). For instance, the blood-brain barrier (BBB) is considered as
the major obstacle facing the delivery of all large molecular weight
therapeutics, and most small molecular weight drugs to the central
nervous system (CNS) (33). For example, enzymes are unable to
cross the BBB (34), which makes enzyme replacement therapy for
CNS diseases very hard, however, 7-aminoacid glycopeptide
modified PLGA NPs were able to deliver FITC-albumin as a model
drug to mice brain (35). Polymers are versatile and have various
applications in all aspects of life, they have tunable chemistry,
topology, dimensions and physical properties which makes them
widely applicable in nanomedicine (36), Figure 1-2. Nanoparticles
fabricated from polymers (polymeric NPs) demonstrate efficient
drug encapsulation and provide protection from the dynamic extra

and intracellular environments (e.g. peptidases, nucleases) (37).



Polymeric NPs can modify drug pharmacokinetics by providing
sustained drug release to decrease the dosing frequency and
maintain therapeutic blood levels (38). Most importantly, polymeric
NPs can be fabricated from biocompatible and biodegradable
materials, which is advantageous from the safety and regulatory
viewpoint (39-41). Many polymer nanomedicines have found their
way to the market (42) (see Table 1-1). The safety and efficacy of
polymeric NPs have been extensively studied, hence, polymeric NPs
are widely used in nanomedicines. One of the most widely used
biodegradable polymers is poly lactic-co-glycolic acid (PLGA, Figure
1-3). PLGA biodegradability can be controlled by altering the
relative composition of lactic acid and glycolic acid (43). PLGA has
been used to form NPs loaded with chemotherapeutics (44-47),
and related polymers such as polylactic acid and polycaprolactone
are employed in nanomedicine technologies as well (48, 49). In
order for a polymer to be of use in nanomedicine preparation, it
must be bio compatable and readily eliminated from the body,
some polymers such as PLGA, poly lactic acid and poly glutamic
acid are biodegradable, and some polymers such as PEG can be
eliminated by te kidneis. In addition, the polymer rate of
degradation can be optimised by changing either the polymer’s
molecular weight or size of the fabricated nanomedicne, in order to

make the release either imidiate or sustained.
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Table 1-1: FDA approved polymer nanomedicine.

Trade Name Polymer
Generic Name Indication(s)* .
(Manufacturer) ! ication(s) involved

Antihemophilic

Adynovate (Shire) factorpegylated

Hemophilia PEG

Crohn’s disease,

Cimzia (UCB) Certolizumab pegol rheu.m:?\tmd ar.tr.]rltls, PEG
psoriatic arthritis,

ankylosing spondylitis

Leuprolide acetate

Eligard (Tolmar) Prostate cancer

and polymer ATRIGEL
Krystexxa (Horizon) Pegloticase Chronic gout PEG
M B h and
acugen (Bausch an Pegaptinib Neovascular AMD PEG
Lomb)
Methoxy . .
. . Anemia associated
Mircera (Vifor) polyet'hylene glycol- with CKD PEG
epoetin beta
Chemotherapy-

Neulasta (Amgen) Pegfilgrastim PEG

induced neutropenia
Pegylated IFN alpha-
2a

Pegintron (Merck) Pegylated IFN alpha- Hepatitis C PEG

Pegasys (Genentech) Hepatitis B, hepatitisC  PEG



2b
Plegridy (Biogen) Pegylated IFN beta-1a  Multiple sclerosis PEG

Rebinyn (Novo Nordisk) Coagulation factor IX

i hilia B PEG
(available in 2018) (recombinant), Hemophilia
glycopegylated
Somavert (Pfizer) Pegvisomant Acromegaly PEG
. . Triamcinolone .
Zilretta (FI§X|on acetonide ER Os.teoarthrltls knee PLGA
Therapeutics) pain

injectable suspension

ALL = acute lymphoblastic leukemia; AMD = age-related macular degeneration;
CKD = chronic kidney disease; ER = extended release;
HCI = hydrochloride; IFN = interferon;

SCID = severe combined immunodeficiency disease.

O
HO—C —CH,—OH

o Glycolic acid
o— C CH O C CH,

CH3 HO— c CH—OH

CH;

Lactic acid

Figure 1-3: The structures of PLGA and its monomers glycolic acid and lactic
acid.

1.1.2 Biodistribution and processing of nanomaterials

The mononuclear phagocyte system (MPS), which includes the
circulating monocytes and the tissue resident macrophages, are the
main cells responsible for NPs clearance by phagocytosis (51, 52).
The distribution and clearance of the NPs are highly dependent on

the adsorption of plasma proteins to their surfaces once they are in



the blood circulation (53); these adsorbed plasma proteins have

been described as protein coronae (Figure 1-4) (54).

+ HumanPlasma —— a

Uncoated nanoparticle Many proteins bound

Figure 1-4: The adsorption of protein corona onto the surface of the
nanoparticles upon the contact with the bloodstream. Adapted from reference
(55).

NPs coated with protein coronae complexes can be recognised and
cleared by the MPS, and eventually accumulate in the liver (56). If
the protein coronae enhances the uptake of the nanoparticles by
the phagocytes they are called opsonins, but if the contrary
happens and the adsorption of the protein coronae minimizes their
uptake they are called dysopsonins (57). The nature of the
nanoparticles determines the type and the amount of the adsorbed
proteins; neutrally charged and hydrophilic nanoparticles usually
have lower opsonisation rates than the charged and hydrophobic
ones resulting in longer circulation times (58). Coating NPs with
certain materials affects their biodistribution and clearance. Coating
is usually done either by chemical bonding or physical adsorption,
one common example is grafting or coating the NPs with
polyethylene glycol (PEG). It was reported that coating NPs with

PEG reduces the adsorption of plasma proteins to their surfaces



(Figure 1-5) by steric hindrance which in turn leads to increased

circulation times (56).

+ Human Plasma ——>

PEGylated nanoparticle Few proteins bound

Figure 1-5: Coating the surface of the particle with PEG prevents the adsorption
of protein corona onto the surface of the particle. Adapted from reference (55).

Coating the NPs with non-ionic surfactants, such as pluronics, was
reported to overcome multidrug resistance mechanisms by
inhibiting the excretion of NPs by efflux pumps, especially P-
glycoproteins (59). Pluronics are triblock copolymers in structure
composed of central hydrophobic polypropylene glycol (PPG) block
flanked by two hydrophilic PEG blocks (60). Coating with pluronics
is expected to inhibit the opsonisation of NPs as they have PEG
blocks (61). Lipids can also be utilised as coatings specifically to
improve the biocompatibility of some NPs, Quantum dots are
semiconductor NPs made of metals or metal oxides (62). Lipid
coated QDs have shown better applicability and improved
pharmacokinetics than bare QDs in mice, especially the higher

circulation time and lower aggregation in blood capillaries (63).
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1.1.3 Toxicity of nanomedicines

Even though nanomedicines might provide advantages over
traditional drug delivery systems, the potential toxicity associated
with nanomaterials is still a growing concern (64, 65). NPs may
have the ability to adversely affect the physiology or directly
interrupt the normal structure of human tissue or organs (66).
Toxicity of NPs is highly dependent on their physiochemical
properties, especially particle size, surface charge, shape,
composition, chemistry, and their stability (67). It is widely
accepted that the mechanisms of their interaction with the
biological system can be either physical or chemical (68). The
physical mechanisms of the NPs result mainly from their specific
surface properties and size (69). This covers changing protein
conformation/folding which leads to loss of function (70), protein
aggregation and precipitation (71), disruption of cell membranes
and cellular activity (72, 73), and blocking of transport processes
(74). Chemical mechanisms of NPs toxicity include electrolyte
imbalance resulting from their dissolution and releasing toxic ions
which leads to disturbance of the cellular membrane transport
activity (75) and the formation of free radicals which directly
impacts cell integrity (76). However, increasing the oxidative stress
by producing reactive oxygen species (ROS) is considered the main
cause of nanotoxicity among the other chemical processes (77); as

it has consequences that could cause further damage and lead to
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cell death (78). However, the specific proteins and metabolic
pathways that are involved in the toxicity and oxidative stress
mediated by NPs are not fully known (79). The responses of
biological systems after exposure to NPs have been studied
thoroughly, however owing to the enormous variety of
nanomaterials and consequently the impossibility of defining a
‘'nano’ effect, there is much research work needed (67). While
conventional in vitro cytotoxicity assays are used to assess the
activity of different compounds, however, it has been reported by
many researchers that it is difficult to use these assays to study
NPs cytotoxicity (80). The health risks of long-term exposure of
NPs require further research and this is considered one of the

major concerns surrounding nanomedicines in general (79).

1.2 Metabolomics

Metabolomics is an emerging field in ‘omics’ studies as first defined
in 1998 (81). Since then this field has expanded rapidly (82),
Figure 1-6. It differs from other omics studies (genomics,
transcriptomics and proteomics) as it can evaluate a biochemical
activity by measuring the starting substrates and the end products
during the metabolic process, which makes it easier to correlate
the metabolic and phenotypic changes (83). Moreover,

metabolomics can measure hundreds or thousands of metabolites
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which are the end products of gene expression or cellular metabolic
activities (35). A metabolome is the set of all small metabolites
that have a molecular weight of 1500 Daltons or lower (84), this
includes the amino acids, peptides, organic acids, alkaloids,
vitamins, carbohydrates and inorganic species that are present in a
biological specimen (85). Metabolomic analysis is usually conducted
to examine the changes in these small metabolites either during
development, upon certain treatment with a drug, modifying a
gene or resulting from changing the environment (35, 86). The
complete measurement of biological sample low molecular weight
metabolites is defined as global metabolic profiling (87).

5k

4k

3k

Documents

2k

1k

0
1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019

Year

Figure 1-6: The graph was extracted from the online analysis tool of Scopus
searching platform. The search is performed on the term metabolomics or
metabonomics and the publication year is from 1999 to 2018 (88).
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1.2.1 Targeted and untargeted metabolomics

There are two main paths for metabolomic analysis. The first
method is global metabolic profiling, measuring all the metabolites
that can be quantified in the sample, which also known as the
untargeted metabolomics approach (89). The second method
involves identifying and measuring preselected metabolites (tens to
hundreds of metabolites) that are expected to change under
certain circumstances, considered as biomarkers, involved in a
particular metabolic pathway or belong to the same class of
compounds, this is also known as the targeted metabolomics
approach (90). The advanced analytical techniques that are
available now are making it possible for untargeted metabolomics
to be performed with higher accuracy and sensitivity even for

biological samples which are very complicated in nature (91, 92).

1.2.2 Instrumentation

The analytical instruments that are most commonly used in
metabolomics are mass spectrometry (MS) and nuclear magnetic
resonance spectroscopy (NMR) (93). NMR has many advantages
that attract the scientists to employ it in metabolomics research; it
is quantitative, reproducible, non-destructive, non-invasive and
simple such that it does not need complicated sample preparation.
However, the sensitivity of NMR is a major drawback, despite that

there are some promising emerging sensitivity enhancements that
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use; higher field strength, cryo and microprobes and dynamic
nuclear polarisation (94, 95). Mass spectrometry analytical
platform is more commonly used; it can detect metabolites in the
nanomolar, picomolar and recently femtomolar concentrations,
while NMR is limited to the micromolar level (96, 97). Table 1-2
summarises the advantages and disadvantages of using LC-MS and

NMR in metabolomics.

1.2.2.1 Liquid chromatography

Usually, an effective chromatographic separation technique such as
gas chromatography GC (mainly for volatile metabolites) or high-
performance liquid chromatography (HPLC) is coupled with MS to
make the spectra less complex (93). In liquid chromatography
(LC)-MS approach, the choice of column chromatography depends
mainly on the chemical properties of the metabolites of interest;
hydrophilic interaction liquid chromatography (HILIC) is used
widely for polar metabolites and reversed phase (C-18) is used for

the nonpolar ones (98).

Table 1-2: Summary of the advantages and limitations of LC-MS spectrometry in
comparison with NMR spectroscopy as analytical tools for metabolomics
research.

Parameter LC-MS NMR

Sensitivity High Low

Reproducibility Moderate Very high

Experimental time More than 10 min for 5 min for 1D proton NMR
typical LC-MS run

Sample recovery Destructive Non-destructive

Sample Needs extraction and Need minimal sample

preparation purification preparation

Sample Needs different columns The entire sample analysed
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measurement depending on metabolites in one measurement
partition coefficient

Tissue samples No, requires tissue Yes

extraction,
Number of More than 400 40-100 depending on
detectable spectral resolution
metabolites (urine
sample)
In-vivo studies No Yes

1.2.2.2 Ionisation sourses

MS operates by ionising uncharged molecules to produce negatively
and positively charged ions, then it analyses the formed mass ions
on the basis of mass to charge ratio (m/z) (99). There are quite a
few technologies for ionisation and analysis, and different
combinations of these processes are available for different
applications. Ionisation sources including atmospheric pressure
chemical ionisation, atmospheric pressure matrix-assisted laser
desorption atmospheric pressure photo-ionisation and electrospray
ionisation (ESI), are widely used in LC-MS systems, however, ESI
is the most commonly used ionisation source in metabolomics
application. ESI is a soft ionisation technique, it results in minimal
insource fragmentation compared to other ionisation techniques, it
is suitable for organic and inorganic compounds and covers wide
mass range, by changing the polarity of the ionisation the number
of detected metabolites can be raised (99). ESI is performed by
applying high voltage to a liquid passing through a capillary tube,
which produces highly charged fine droplets. Due to coulombic

repulsion, the charges tend to go to the surface of the droplets,
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after that a hot nitrogen gas desolvates the droplets, and as the
droplets shrink in size the surface charge density increases which
increase the repulsion until the droplets explode producing charged
mass ions (100). ESI is prone to pronounced ion suppression,
which results in loss of detector linear response and lower number
of detected mass ions, ion suppression is usually caused by either
endogenous component e.g. co-elution, high concentration and
high mass, (matrix effect) or exogenous material that can get
introduced throughout sample preparation e.g. plasticisers, ion

pairing reagents and polymers (101).

1.2.2.3 Mass analysers

The final step in LC-MS analysis is analysing the ionised analytes
on bases of m/z, high sensitivity and resolution metabolite
detection is generally required. There are different mass analysers
suitable for different metabolomics approaches, for instance,
tandem triple quadrupole and tandem Q-Trap are most commonly
used for targeted metabolomics (102-105) because they provide
the desired sensitivity and accuracy in quantification of preselected
metabolites (106). On the other hand, the resolving power is very
important for untargeted metabolomics approach, due to the
complexity of the samples and the high humber of detected mass
ions, therefore high-resolution mass analysers such as quadrupole-
time of flight (Q-Tof) and Orbitrap are more commonly used (107-

109). Orbitrap was introduced commercially by Thermo scientific in
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2005. It can be briefly described as follows, it consists of three
electrodes, two outer electrodes in the shape of two cups facing
each other and a centre spindle shaped electrode, Figure 1-7,
voltage difference between the outer and the central electrodes
generates a linear electric field along the axis. Mass ions enter to
the space between the inner and outer electrodes through a slot
with a compensation electrode, mass ions will be electrically
attracted to the central electrode, but their tangential velocity
induces centrifugal force that opposes the electric field. Due to the
conical shapes the electrodes, the mass ions remain in a
continuous helical movement inside the trap generating three
oscillation frequencies: axial, radial and rotational. Unlike the other
frequencies, the frequency of the axial oscillations depends only on
m/z, the outer electrodes record this frequency and then it gets

Fourier-transformed to m/z (110).
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Figure 1-7: Cross section of Orbitrap mass analyser. 1) central electrode and
2,3) two halves of the outer, Adapted from reference (111).

1.2.3 Metabolomics and effects of NPs

A large number of polymeric nanomaterials have been designed
and investigated to develop efficient drug delivery systems in the
last few decades, one of the most important steps is to assess the
biocompatibility of these materials. However, the toxicity of these
nanomaterials has been routinely evaluated in in vitro cell culture
based on simple cell viability assays, such as MTT and LDH (112-
118). Although these conventional tools give insights on toxicity,
they have several limitations and do not provide sufficient

information on potential mechanisms of cell toxicity to inform the
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design of new polymeric materials (119). These assays also give
indications of the crude toxicity of materials but not the safety of
these materials at subtoxic concentrations. The need to understand
the potential toxicity of nanomedicine has urged the scientist to
look for other analytical approaches that can describe
nanotoxicology comprehensively at the cellular and molecular
levels. Cellular metabolites involved in various metabolic pathways
and biological processes have been playing important roles in
explaining the metabolic biochemistry of organisms in response to
various stimuli (120). The assembly of cellular metabolites typically
termed as metabolome offer a snapshot of cellular state (121).
Development in mass spectrometry makes it possible to rapidly
detect thousands of small molecules simultaneously from minimal
amounts of biological samples. Recent innovations in
instrumentation, bioinformatics and software allow unbiased
profiling of diverse small molecules (e.g., amino acids, lipids,
sugars and organic acids). By comprehensively tracking the altered
expression patterns of small molecules, metabolomics offers a
systems approach to better understanding global metabolism of
living things and has been widely accepted to deal with various
biological questions such as toxicity assessment, preclinical
screening and mechanistic exploration (122-124). Compared with
other ‘omics’ technologies (genomics, transcriptomics, proteomics),

metabolomics holds certain advantages in nanotoxicity research.
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First, the number of reported small molecule metabolites is far less
than genes, transcripts and proteins (123). Second, metabolomics
could qualitatively and quantitatively describe the net results of
genomic, transcriptomic and proteomic variability, and changes in
metabolome could be regarded as the best indicator of an
organism’s phenotype (125). Third, information obtained from
metabolomics is more generic, as a given metabolite, unlike a
gene, a transcript or a protein, is the same for every organism that
possesses it (126). The above characteristics make metabolomics
an ideal choice for investigating nanoparticle-organism interaction
at different molecular levels. Therefore, in the last few years, there
has been an increasing interest in utilising metabolomics to study
nanotoxicology. Figure 1-8 shows a schematic representation of the
workflow for metabolomics study of NPs toxicity. The recent
developments in metabolomics and bioinformatics analysis
platforms made the application of metabolomics in studying

nanotoxicology efficient.
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Figure 1-8: Workflow of metabolomics study of NPs toxicity.

At the beginning of this project, there were very limited number
metabolomics studies regarding nanotoxicology; the available
studies were mostly concerned in eco-toxicological effects of
metallic NPs. For example, it was reported that cerium oxide NPs
altered the energy metabolism of Chlamydomonas reinhardtii (a
freshwater alga) by downregulating photosynthesis (127). Silver
NPs (AgNPs) have increased the anaerobic metabolism and
oxidative stress in Daphnia Magna (128). AgNPs are widely used in
cosmetics and medical products for their anti-bacterial activity,
studying their effects on humane keratinocytes, although AgNPs
didn’t affect the keratinocytes viability, changes in the membrane
components, increased oxidative stress, downregulation in

tricarboxylic acid cycle activity and ATP depletion were detected



(129). Titanium dioxide NPs (TiO> NPs) are incorporated into the
dental cement to enhance their antibacterial and mechanical
properties. It has been shown that these NPs can enhance gingival
inflammatory reactions as they increase the production of
prostaglandins and COX-1, COX-2 proteins expression (130).
Metabolomics techniques for nanotoxicity investigations were
thoroughly reviewed by Lv et al (126).

In late 2015, metabolomics methods were used to assess the
biological effects of PEG-PLGA NPs, PEG-PLGA NPs loaded with
doxorubicin (DOX) and paclitaxel (TAX) and free DOX/TAX on a
mice model. The results showed that the PEG-PLGA NPs induced
slight and temporary metabolic changes to the host, and decreased
the toxic side effects for the chemotherapeutics (131), however, in
this study, serum and tissue samples were collected after seven
days of administering the NPs, this might have omitted the acute
toxic effects of NPs and the loaded chemotherapeutics which are
expected to manifest in the first few hours or days of exposure,
nevertheless, if the chronic toxic effects of the NPs and the loaded
chemotherapeutics where under investigation, multiple dosing for
long periods would be needed. Saborano et al (132) studied
macrophages metabolic reprogramming upon exposure to silk,
PLGA and silica NPs, the macrophages reacted in the same manner
to all of the NPs groups despite the different chemistries, however

silica NPs had the strongest impact on the basis of metabolite fold
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change. In this study, high concentrations of NPs (500ug/ml) were
used because smaller doses (10ug/ml) did not induce metabolic
changes. 500ug/ml of NPs is higher than the expected doses of
nanomedicine, it is mostly used for potent drugs due to the low
loading capacity. Armifan et al (133), studied the biochemical
alterations caused by free and polymer conjugated doxorubicin in
vitro and in vivo. The results of in vitro experiment MCF7 cells
revealed the effect of cell entry pathways on the activities of both
free and polymer conjugated doxorubicin and the in vivo
experiment suggested that the polymer conjugated
chemotherapeutics had better pharmacokinetics and biodistribution
profiles. Despite the fact that this study was well planned and
involved in vitro cell culture and in vivo mice experiments, using ‘H
NMR which has limited sensitivity in comparison to MS makes
detecting and identifying metabolites very hard, as a result only 35
and 45 metabolites were identified in cell culture and tissue
samples respectively, the small numbers of identified metabolites
makes assessing the NPs biocompatibility and inferring their
possible toxic effects very hard, and suggests that there might be
many important metabolites and metabolic pathways that are not
investigated.

The ever-increasing research, production and application of
nanomaterials in biomedical and other fields, and the absences of a

standardised safety and biocompatibility assessment have resulted
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in a gap between nanotechnology and nanotoxicology. Using
metabolomics to discover the uncertainties surrounding
nanomaterials should reduce this gap which attracted many
researchers in the last five years Figure 1-9, these numbers are
expected to rise in the next few years, especially with the advances

in NMR and MS analytical platforms.
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Figure 1-9: The graph was extracted from the online analysis tool of Scopus
searching platform. The search is performed on the term metabolomics and
nanoparticles and the publication year is from 2014 to 2018 (88).

1.3 Aim of the study

The aim of this PhD project involves development and optimisation
of a high throughput, robust and comprehensive cell based global
metabolic profiling approach to study the effects of polymer

nanomedicine at the cellular and molecular level using advanced
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metabolomics. Poly lactic-co-glycolic acid (PLGA) will be the main

studied polymer and the LC-MS analysis will be following the

previously described method (134, 135).

The main objectives of the work:

X/
L X4

Synthesis and characterisation of fluorescently labelled PLGA
copolymer in order to use it for NPs fabrication. Studying the
cellular uptake of the fabricated NPs (Chapter 2).

Developing an efficient cellular metabolite extraction protocol
that covers metabolites related to amino acids metabolism,
redox homeostasis, glycolysis, tricarboxylic acid (TCA) cycle,
nucleotide metabolism and different lipid classes and using
the optimised protocol to study the impact of coating PLGA
NPs on their biocompatibility (Chapter 3).

Discrimination of the molecular effects of free and
nanoparticle loaded methotrexate on proliferative and non-
proliferative cancer cells (Chapter 4).

Investigating the intracellular effects of hyperbranched

polycation—-DNA complexes on lung cancer cells using LC-MS-
based metabolite profiling (Chapter 5).
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Chapter two

A Facile Dye-Initiated
Polymerisation of Lactide-
Glycolide Generates Highly

Fluorescent PLGA for Enhanced
Characterisation of Cellular

Delivery
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2.1 Introduction

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic biocompatible
copolymer, approved by the United States Food and Drug
Administration (US FDA) and widely used for biomedical
applications (37, 136-138). PLGA particulate carriers have been
used to deliver therapeutics ranging from low molecular weight
drugs, peptides and proteins, through to nucleic acids, vaccines
and cells (136, 139-143). In addition, PLGA-based scaffolds based
on colloidal particles, hydrogels and fibres have been extensively
explored for regenerative medicine (144-146).

Recently, the desire to develop biodegradable polymers with
imaging capabilities has increased, especially to study
biomolecules, analyze biological processes, and track diseases and
therapeutic efficacy (147, 148). In particular, real-time monitoring
of biodegradable materials, assessment of targeted drug delivery
are emerging fields that demand biodegradable fluorescent
polymers. Till now, huge efforts have been made to conjugate or
mix semiconducting quantum dots or organic dyes with
biodegradable polymers to create photoluminescent biodegradable
materials (149). However, the toxicity of quantam dost which are
usually made of heavy metals and the unavoidable photobleaching
and poor dye-to-polymer labeling ratios of organic dyes render

their practical use in vivo very hard (150). One common alternative
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is Green fluorescent protein (GFP), it has intrinsic
photoluminescence, however, it induces cell toxicity either by
causing protein aggregation or due to over-expression (151). Thus,
the development of brightly fluorescent, biocompatible and
biodegradable polymers for imaging supported drug delivery
systems still considered a major challenge (152). For therapeutic
applications, it is essential to monitor the kinetics of tissue and
cellular drug uptake, specific organ accumulation after systemic
administration, in vivo bio-distribution and intracellular fate of
these therapeutics (153). For in vitro studies, the most common
strategy used is to load PLGA nanoparticles with fluorophores,
which can then be imaged with widefield or confocal fluorescence
microscopy to determine polymer biodistribution (154). However,
the major drawback associated with this approach has been the
separation and leakage of the fluorophore from the PLGA
nanoparticles, which can result in measurement and experimental
artefacts. This is because it is extremely challenging to distinguish
between the signal from the loaded nanoparticles and unbound
leaking fluorophores (155), which can lead to an overestimation of
the nanoparticle uptake (136). Furthermore, free fluorophores may
interact with biological systems and can induce unwanted
biochemical processes and toxicity (156). To enhance fluorescence
imaging of PLGA nanoparticle biodistribution and to overcome the

challenges associated with fluorophore leaching, PLGA can be
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covalently linked to fluorophores (157). However, PLGA itself has a
limited number of easily modifiable functional groups, i.e. the
hydroxyl and carboxyl termini, which restricts the efficacy of
fluorophore labelling. In a typical example, a labelling efficiency of
65% was achieved when 5-aminofluorescein was reacted with
PLGA (158). Other routes to functionalised PLGA have required
multiple steps and were performed in organic solvents, which in
turn renders scale-up challenging and uneconomical (159).

The free-living soil nematode Caenorhabditis elegans, which
typically feeds on Escherichia coli in a laboratory setting (160), was
first introduced into laboratory practices as model organism to
study complex biochemical process by Brenner et al in the earlier
1960s (161). Due to its low cost of cultivation, short generation
time, transparent body and a completed genetic and neuronal
maps, C. elegans has been exploited to sophisticated processes
such as genetics, neurology and toxicology as well as validation of
pharmacologically active compounds (161, 162). More recently, it
has been described as an ideal model for drug delivery studies and
finding potential targets for new therapeutics (163). In this chapter
with the aim of utilising C. elegans as a model organism for drug
delivery, fluorescent NPs made from a fluorescent labelled PLGA
were synthesised and successfully compared to dye loaded NPs.
The effect of loaded and unloaded nanoparticles on organism

viability was investigated, in order to use a sub-lethal treatment
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concentration for the study. Unloaded and Rhodamine-B base
loaded nanoparticles were successfully delivered to the nematode,
and the release of the model drug from the cargo drug carrier and
its internal distribution was confirmed microscopically.

In this chapter I aim to synthesis a brightly fluorescent PLGA
polymers that are suitable for drug delivery applications, the
biocompatibility of all synthesised polymers will be tested using
typical cell viability assays and will be compared to the
commertially available PLGA, the synthesised polymers will be used
to fabricate NPs and their utility will be evaluated in terms of their
visibility under fluorescent microscopy inside cells and nematodes
gastric lumen, and their ability to deliver active pharmaceutical

agents to cells.

2.2 Materials and methods

2.2.1 Materials

Lactide (LA), glycolide (GA) 99%, 5-aminofluorescein (AF),
rhodamine 6G (R6G), 2-aminoanthracene (AA), tin(II) 2-
ethylhexanoate (Sn(Oct);) 92.5-100.0%, deuterated chloroform
(CDCl3), deuterated dimethyl sulfoxide (DMSO-d6), Roswell Park
Memorial Institute (RPMI) 1640 medium, heat-inactivated fetal
bovine serum (FBS), penicillin, streptomycin, L-glutamine, phorbol
12-myristate 13-acetate, paraformaldehyde and Resomer® RG 502,

poly(D,L-lactide-co-glycolide) lactide:glycolide  50:50, ester
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terminated (7,000-17,000 MW) were purchased from Sigma-
Aldrich (Gillingham, UK). Ammonium carbonate was purchased
from Fluka (Bucharest, Romania). Alexa Fluor™ 488 Phalloidin
(AF488) and Alexa Fluor™ 647 Phalloidin (AF647) were purchased
from Thermo Fisher Scientific (Loughborough, UK).
Dichloromethane (DCM), methanol, diethyl ether and acetone were
HPLC grade provided by Fisher Scientific (Loughborough, UK). All
the materials and solvents were used as received unless stated

otherwise.

2.2.2 Polymer synthesis

PLGA-2-aminoanthracene (PLGA-2AA, blue), PLGA-5-
aminofluorescein (PLGA-5AF, green) and PLGA-rhodamine-6G
(PLGA-R6G, red) were synthesised by ROP of LA and GA as shown
in Figure 2-1A, where 2-aminoanthracene, 5-aminofluorescein and
rhodamine-6G and were used as initiators.

2-Aminoanthracence labelled PLGA (PLGA-AA)

The synthesis was carried out by melting LA (30 mmol, 4.323 g, 30
eq), GA (20 mmol, 2.32 g, 20 eq) and 2-aminoanthracence (1
mmol, 0.193 g, 1eq) at 130°C under a nitrogen atmosphere. Sn
(Oct)2 (0.5% wt/wt) was added and the reaction continued for 3
hrs. Sn (Oct), is one of the most widely used catalysts for ROP
reactions, it provides high reaction rate, high conversion rate, and
high molecular weights, even under rather mild polymerization

conditions(164), in addition, Sn(Oct), has been approved by the US
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FDA as to be used as a food additive(165). Hereafter, the reaction
mixture was cooled to room temperature. The synthesised
copolymer was dissolved in acetone and precipitated in methanol
four times to remove remaining unreacted monomers, free dye and
short polymer chains. The filtered precipitate was dried under
reduced pressure to produce a grey solid (4 g, 60% vyield).

'H NMR (400 MHz, CDCl3) & 7.4-8.5 (ArC-H, 9H), 5.25 (m, 1H,
OCO-CH(CH3)-C0O0), 4.91 (m, 2H OCO-CH,-COO0), 1.61 (g, 3H,
OCO-CH(CH3)-C00).

5-Aminofluorescein labelled PLGA (PLGA-5AF)

The synthesis was carried out by melting LA (30 mmol, 4.323 g, 30
eq), GA (20 mmol, 2.32 g, 20 eq) and 5-aminofluorescein (1 mmol,
0.347 g, leq) at 130°C under a nitrogen atmosphere. Sn(Oct),
(0.5% wt/wt) was added and the reaction was proceeded for 3 hrs
after which, the reaction mixture was cooled to room temperature.
The synthesised co-polymer was dissolved in acetone and
precipitated in cold methanol four times to remove remaining
unreacted monomers, free dye and short polymer chains. The
filtered precipitate was dried under reduced pressure to generate of
a deep orange product (4.3 g, 64% yield).

'H NMR (400 MHz, CDCls) & 6.5-7.25 (ArC-H, 9H), 5.25 (m, 1H,
OCO-CH(CH3)-CO0), 4.91 (m, 2H OCO-CH,-COO0), 1.61 (g, 3H,
OCO-CH(CH3)-C00).

Rhodamine 6 G labelled PLGA (PLGA-R6G)
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The synthesis was carried out by melting LA (30 mmol, 4.323 g, 30
eq), GA (20 mmol, 2.32 g, 20 eq) and rhodamine-6G (1 mmol,
0.479 g, leq) at 130°C under a nitrogen atmosphere. Sn(Oct);
(0.5% wt/wt) was added and the reaction continued for 3 hrs after
which, the reaction mixture was cooled to room temperature. The
synthesised copolymer was dissolved in acetone and precipitated in
methanol four times to remove the unreacted monomers, free dye
and short polymer chains. The filtered precipitate was dried under
reduced pressure to generate of a light red product (1.7 g, 26%
yield).

'H NMR (400 MHz, DMS0-d6) & (m, 1H, OCO-CH(CH3)-C00), 4.91
(m, 2H OCO-CH,-C0OO0), 1.61 (g, 3H, OCO-CH(CH3)-COO0), 1.3 (q,

3H, CH-C(CH3)-C).

2.2.3 NPs formation and characterisation

Green and blue fluorescent PLGA NPs were prepared using PLGA-AF
and PLGA-AA respectively by nanoprecipitation (166). Briefly, a
solution of each labelled PLGA (25 mg) in 10 ml of acetone was
added to 10 ml of the anti-solvent (Milli-Q deionised water, 18.2
mQ,) using a syringe pump (0.7 mL/min). The mixture was stirred
at room temperature overnight, to ensure the complete
evaporation of acetone. Whereas, PLGA-R6G NPs were prepared
using a solution of PLGA-R6G (25 mg) in 10 ml of DMSO, which
was added to 10 ml of the anti-solvent (deionised water) using a

syringe pump (0.7 mL/min). DMSO was removed with dialysis
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against 1 L of deionised water for 24 hrs. The NPs suspensions
were filtered using 0.45 pm syringe filters to remove any
aggregates and maintain system sterility.

Nanoparticles loaded with 5-aminofluorescein

A solution of PLGA (25 mg) and AF (2mg) in 10 ml of acetone was
added to 10 ml of the anti-solvent (Milli-Q water) using a syringe
connected to a pump (rate of addition 0.7 mL/min). The mixture
was stirred at room temperature, overnight, to ensure the
complete evaporation of acetone.

Nanoparticles loaded with doxorubicin

Nanoparticles were synthesised using a double emulsion-solvent
evaporation method. Solutions of PLGA-AF (1 mL, 10 mg/ml, DCM)
and doxorubicin (100 ul, 1mg/ml, DI water) were prepared. The
aqueous doxorubicin (0.1 mL) phase was added to the organic
PLGA-AF phase (1 mL) and sonicated for (1min, 3W, Sonicator
3000, Misonix, USA) by a microtip probe to produce an emulsion.
This emulsion was added to a PVA solution (0.5% w/v, deionised
water) and sonicated (5min, 3W). The organic solvent was
eliminated via mechanical stirring (4 hrs) and purified using PD10
columns. The production process yield was evaluated by weighing
the solid residue after freeze-drying known volumes of nanoparticle
suspension.

Particle size and zeta potential measurement
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Mean NP hydrodynamic diameters were obtained by measuring the
light scattering at 173° angle to incident radiation at 25 °C after
diluting the samples with DI water using Malvern (TM) Zetasizer
equipped with 10 mW He-Ne laser operating at a wavelength of
633 nm. The zeta potential for the NPs was measured in water
using the same Malvern (TM) Zetasizer. Transmission electron
microscopy (TEM) - NPs morphology was evaluated by using a
Tecnai G2 (FEI, Oregon, USA) Transmission Electron Microscopy
(TEM). 17ul of 2m/ml NPs suspended in water were pipetted onto a
copper grid and wicked off after 10 minutes, subsequently, the grid

was treated with 3% w/v of uranyl acetate.

2.2.4 Impact of NPs on cells viability

The AlamarBlue® metabolic activity assay was used to assess the
effects of the green, red and blue PLGA NPs on the cells. Activated
cells were incubated with media containing 50, 100, 250 and 500
Hg/ml of NPs for 24 hrs. Hereafter, the media was removed, and
the cells were washed with phosphate buffered saline (PBS) and
incubated in fresh media containing 10% AlamarBlue® for 3 hrs.
Supernatants (100uL) were transferred to 96 opaque black well
plates and the fluorescence was recorded (Optima FLUOstar®) at
excitation/emission of 540/580 nm. The results were plotted as

mean % viability vs control £ standard error of the mean (SEM).
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2.2.5 Cellular uptake of NPs

Cells were seeded on 8 well chambered (37 °C, 5% CO,, 24 hrs).
The media was then changed with fresh media or media containing
100 pg/mL of green, red and blue NPs (37 °C, 5% CO;, 3 hrs).
Following treatment, cells were washed twice with PBS and then
exposed to 5 uM DRAQ5™ (blue NPs) or 1uM Hoechst® (green NPs
& red NPs) for 15 min in the dark at 37 °C to stain the nucleus.
After nucleic acid staining, cells were washed twice with PBS and
then exposed to AF488 (blue NPs) or AF647 (green & red NPs) for
30 min in the dark at 37 °C to stain the cytoskeleton. The cells
were washed twice with PBS and fixed in paraformaldehyde (4%
v/v, PBS, 300 pL) for 15 min in the dark at room temperature. The
plates were finally washed twice with PBS and stored with
mounting media (Fluoromount™ Aqueous, Sigma-Aldrich, 4 °C)
ready for imaging. Cells were imaged using an inverted Nikon
Eclipse T1 and QIMAGING optiMOS camera equipped with CoolLED
pE-4000 fluorescence illumination and pE-100 brightfield
illumination and Nikon Plan Fluor 10 x (0.30 NA) objective and 40 x
(0.75 NA). Fluorescence was captured through excitation at 405,
490, 550, 635 nm collecting at emission at 410-500, 500-550,
550-650, and 650-750 nm, using an exposure time of 100 ms.
Brightfield was captured at an exposure time of 10 ms. Blank
sample of deionised water was imaged for control. All fluorescence

and bright field images were corrected to a 12-bit image (0-4095).
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2.2.6 In vitro release

Freeze-dried doxorubicin loaded NPs were resuspended in PBS
(5mg, 0.5 mL) and placed in a dialysis tube (Slide-A-Lyzer™ MINI
Dialysis Devices, 3.5K membrane MWCO, Thermo Scientific) and
dialysed against 14 mL of PBS at 37 °C for 24 hrs. Samples from
the release media were collected after 3 and 24 hrs. The amount of
doxorubicin release was calculated using fluorimeter (Aex 480 nm,

Aem 590 nm) using a calibration curve of doxorubicin in PBS.

2.2.7 Caenorhabditis elegans growth

C. elegans nematodes (Bristol N2) were maintained on nematode
growth medium (NGM) agar and Escherichia coli (OP50) at 20
°C(167). Synchronised growth cycles of C. elegans were prepared
by harvesting eggs from gravid females, which were collected by
rinsing an NGM growth plate with sterile deionised water (3.5 mL).
Sodium hydroxide (5 M, 0.5 mL) and sodium hypochlorite (5%, 1
mL) were added to the worm suspension and vortexed (10 min) to
separate nematodes from the eggs. The eggs were initially
collected using centrifugation (1500 rpm, 1 min), and subsequently
washed once with 5 mL of sterile deionised water and collected
with centrifugation (1500 rpm, 1 min). The centrifuged egg
suspension was aspirated to 0.1 mL and plated onto a fresh plate
of NGM agar, seeded overnight with an E. coli lawn. The generation

time of C. elegans using these conditions was 4 to 5 days.
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2.2.8 Caenorhabditis elegans NPs uptake

NGM agar plates containing synchronised cycles of C. elegans (Ls-
young adult stages) were harvested using sterile ultra-pure
deionised water (18.2 MQ). The nematodes were washed with
sterile deionised water (1 mL, 3 times) and collected using
centrifugation (2500 rpm, 1 min). C. elegans (~300 nematodes)
were dosed with PLGA nanoparticles at 100 pg/mL (n = 3) for 3 hrs
and washed prior to imaging (3 times, 5 mL of sterile deionised
water, centrifugation 1500 rpm, 1 min). Regions of interest
containing C. elegans that had ingested fluorescent nanoparticles
were imaged using a Nikon Eclipse TS100, Nikon 4x 0.10 NA (air)

objective.

2.3 Results and discussion

2.3.1 Polymer synthesis

Our motivation was to overcome fluorophore leakage and the low
efficiency of PLGA labelling through a simple, solvent free, one-step
reaction to prepare fluorescent polymers with a label on each
chain. This was achieved using fluorophores with active nucleophilic
moieties as initiators in a solvent-free ring opening polymerisation
(ROP) reaction of lactide (LA) and glycolide (GA) monomers. We
used this method to synthesise three different fluorescently
labelled PLGA copolymers, by ring-opening LA and GA in the

presence of 2-aminoanthracene (AA, blue), 5-aminofluorescein (AF,
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green) and Rhodamine-6G (R6G, red). The newly-synthesised
polymers were then used to fabricate nanoparticles via a solvent
displacement method.

The effects of these PLGA nanoparticles on cell metabolism were
evaluated through AlamarBlue assays and the intracellular location
of internalised particles further investigated with wide field
fluorescence microscopy in human T-helper-precursor-1 (THP-1)
macrophages. The practical value of the polymers as tracers during
drug delivery was demonstrated via fluorescence microscopy
assays in which the anti-cancer therapeutic doxorubicin was
encapsulated in the nanoparticles and the intracellular locations of
both drug and delivery system in sub-cellular spaces was
determined. The initial one-step synthesis used a conventional
(Sn(Oct),) catalysed ring opening polymerisation route (168) and
fluorophores (AA, AF and R6G) with pendant amines were used as
the nucleophiles. The mechanism of this reaction occurs through
anionic ROP, in which the initial dye amine attacks a carbonyl
group in the LA or GA ring. This frees a nucleophilic hydroxyl group
which opens further LA and GA rings, such that the reaction
continues until all the LA and GA are consumed (Figure 2-1A). The
resulting polymers were denoted as PLGA-AA, PLGA-5AF and PLGA-
R6G (Figure 2-1B) and their structures were confirmed using H!
NMR spectroscopy (Figures 2-S1, 2-S2 and 2-S3, respectively). The

unoptimised yields of purified polymers for PLGA-AA, PLGA-5AF and
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PLGA-R6G, were 60% (grey solid), 64% (deep orange solid) and
26% (light pink solid), respectively (Table 2-1). The low yield of
PLGA-R6G can be explained by the low solubility in acetone, which
was the solvent used to eliminate unreacted reagents.
Characterisation of PLGA-5AF (1.22 D) and PLGA-R6G (1.41 D)
after purification showed narrower polydispersity indices (D) when
compared to PLGA-2AA (1.75 D). This may in part be attributed to
the comparatively higher hydrophobicity of 2AA (LogP 3.69), such
that it exhibited higher affinity for the stationary phases during gel
permeation chromatography (GPC) with THF and CHCI3, which were
used as eluants. The broader GPC traces for this polymer is shown

in (Figure 2-S4).
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Figure 2-1. (A) Mechanism of lactide and glycolide ring opening upon nucleophilic
attack by fluorophores with arylamine functionality. (B) Schematic
representation of PLGA-5AF, PLGA-R6G and PLGA-2AA synthesis using ROP. All
reactions were conducted at 140 °C under Nitrogen (N2), catalysed by tin (II) 2-
ethylhexanoate (Sn (Oct)2).

2.3.2 NPs formation and characterisation

Following synthesis, PLGA nanoparticles were produced via a
controlled flow solvent/anti-solvent nanoprecipitation methodology.
Both fluorescent and unlabelled PLGA NPs had comparable
hydrodynamic diameters, centred at 100 nm, and with zeta

potentials of -40 mV (Table 2-S1).
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Table 2-1. Labelled PLGA (Blue, green and red) synthesis, composition
(monomer ratio), molecular weight (g.mol-1) and yield. NMR calculated molar
mass (M Cal), and determined molar masses (Mn, Mw GPC) and polydispersity
Index (D).

Feed ratio Product ratio Molecular weight (g
(mol %) (mol %) mol™') Yield
Polymer b
M (%)
LA GA Dye LA GA Dye M, M.,
(calc)

PLGA-AA 59 39 2 65 33 2 11,179 7,236 12,650 1.8 60%
PLGA-AF 59 39 2 59 39 2 10,190 7,243 8805 1.2 64%
PLGA-

59 39 2 55 43 2 6,365 6,284 8,828 1.4 26%
R6G

TEM imaging confirmed that the fluorescent nanoparticles were of
low size dispersity and that there were no obvious differences
between the polymers used to manufacture the nanoparticles
(Figure 2-S5), which is in accord with previously reported literature
(169). To compare the relative emission intensities of newly
prepared fluorescent-dye-initiated PLGA nanoparticles versus
unlabelled PLGA nanoparticles loaded with the analogous dye (5-
AF), fluorescence spectroscopy was conducted. PLGA-5AF
nanoparticles were found to be ~ 12.5x brighter than PLGA
nanoparticles loaded with 5-AF (p<0.0001). Furthermore, 24 hrs
after initial preparation, the fluorescence of PLGA-5AF
nanoparticles had decreased by ~3 % whereas for PLGA
nanoparticles loaded with 5-AF, the fluorescence intensity reduced

by 45% (Figure 2-S6A). These results indicated PLGA nanoparticles
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prepared using fluorophore linked PLGA are significantly brighter
(p<0.0001) and demonstrate enhanced stability after 24 hrs of
storage, thus suggesting their promise for medium and long-term

experimentation.

2.3.3 NPs cellular uptake

To determine the utility of newly formed fluorescent nanoparticles,
their internalisation and effects on metabolic activity were assessed
in THP-1 cells, a model cell line for determining in vitro
biocompatibility and particle uptake (170). These assays directly
compared PLGA NPs (PLGA-AA, PLGA-AF and PLGA-R6G), with
commercially produced unlabelled PLGA (PLGA), fluorophore loaded
PLGA (AF loaded NPs) and fluorescently labelled PLGA loaded with
doxorubicin hydrochloride (PLGA-AF-Dox). Cells were challenged
with increasing nanoparticle concentrations (50-500 pg/mL) for 24
hrs. Fluorescently labelled PLGA NPs were well-tolerated by the
cells, as more than 75% of cells were shown to be actively
metabolising at 500 pg/mL (Figure 2-S6B). More importantly, no
significant difference was observed in cell viability between PLGA-
AA, PLGA-AF, PLGA-R6G, PLGA (commercial), AF loaded PLGA NPs
and PLGA-Doxorubicin at all experimental concentrations (p<0.01).
Therefore, a concentration of 100 pg/mL was used for subsequent
experiments. To investigate the subcellular localisation of
fluorescently labelled PLGA NPs (100 pg/mL), THP-1 cells were

dosed with particles for 3 hrs and imaged using super-resolution
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confocal microscopy. All fluorescent PLGA NPs were internalised as
demonstrated by the orthogonal cross-sections (Figure 2-2Ai-Ci).
As apparent from Figure 2-2A-D, dye-initiated PLGA nanoparticles
(PLGA-AF) demonstrated rather different fluorescence responses,
when compared to fluorophore loaded PLGA nanoparticles. Images
A, B and C show the dye-initiated nanoparticles localised in bright
fluorescent regions, whereas Figure 2-2Di indicated that the dye-
loaded particles were less bright and more diffuse in the cells. For
Figures 2-2Di and 2-2Dii the same regions of interest are shown;
however, Figure 2-2Di was acquired under the same experimental
laser power as Figure 2-2Bi, whereas Figure 2Dii was acquired at 8
times the laser power in order to excite the same level of
fluorescence as occurred from the dye-initiated nanoparticles in Bii.
In addition, the images shown in Figures 2-2Aii, 2-2Bii and 2-2Cii
indicated that the dye-initiated nanoparticles were present in
discrete sub-cellular vesicles. This suggested that the dyes were
retained with the polymers in nanoparticles which were stable to
endocytic pathways and intracellular transport processes. In
contrast, close analysis of Figures 2-2Dii and 2-2Diii revealed no
clear punctate regions, implying that the PLGA NPs loaded with AF
released their contents into a diffuse intracellular space and that
dye and nanoparticles were most probably no longer co-localised.
In order to demonstrate the advantages of the single chain

fluorescently labelled PLGA (PLGA-AF) for tracing the intracellular
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fate of nanomaterials in a representative drug delivery experiment,
the polymers were formed into nanoparticles in the presence of

doxorubicin hydrochloride.

Figure 2-2. Super-resolution microscopy images of fluorescent (A) blue, (B)
green and (C) red PLGA nanoparticles (100 pg/mL, 3 hrs) in activated THP-1
macrophages. Cells were fixed and stained for cytoskeleton ((A) Alexafluor 488,
green and (B&C) Alexafluor 647, magenta) and nucleus ((A) Drag 5 nucleus,
magenta and (B&C) Hoechst nucleus, blue). Images Aii, Bii and Cii are zoomed
regions of interest, highlighted in Ai, Bi and Ci, respectively. Scale bar for Ai, Bi
& Ci = 20 pm and Aii, Bii & Cii = 10 ym. (D) Fluorescence images of PLGA
loaded with 5AF (100 pg/mL)) treated THP-1. Cells were fixed and stained for
cytoskeleton (Alexafluor 647, magenta) and nucleus (Hoechst, blue). Image (Di)
and (Dii) show the same region of interest, however, (Di) was acquired under
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the same experimental laser power as (Bi), whereas Figure (Dii) was acquired at
8 times the laser power required to excite green fluorescence. (Dii) Orthogonal
cross section of THP-1 cells showing internalisation of 5AF fluorophore. Scale bar
= 20 pym.

This DNA intercalating anticancer drug exhibits red fluorescence
(Aex 480 nm, Aey 590 Nnm) and has been very widely used both in
laboratory studies and in the clinic (171-174). We selected THP-1
cells for these experiments because they are non-proliferative,
which makes them tolerant to doxorubicin and therefore a good
model to study its cellular delivery. Accordingly, doxorubicin loaded
PLGA-AF NPs were fabricated and dosed to activated THP-1 cells at
subtoxic concentrations (100 pg/ml, 3 hrs). Figure 2-3 shows
doxorubicin fluorescence was distributed in regions of interest away
from PLGA-AF when imaged after 3 hrs Figure 2-4A) and after 24
hrs (Figure 2-3A). These data suggested that the drug was able to
permeate away from the labelled polymers, and that the dye
remained attached to the polymers over these time periods.
However, the extent of any degradation of the PLGA chains during
the cell assays could not be ascertained other than that no
fragments were able to diffuse away at the same rate as the small
molecule drug. The release of doxorubicin from PLGA-AF
nanoparticles was confirmed in parallel release assays in aqueous
media: after 24 hrs the fluorescence intensity of PLGA
nanoparticles loaded with doxorubicin by nanoprecipitation had

dropped by 44 % (Figure 2-3C). These results highlighted the
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advantages of dye-initiated PLGA during the monitoring of

therapeutic delivery to show the subcellular distribution of both

drug and carriers in vitro.
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Figure 2-3. The uptake of doxorubicin loaded PLGA NPs by activated THP-1 cells.
Cells were treated with RPMI complete medium containing (100 pg/mL) of
doxorubicin loaded NPs for 3 hrs and imaged after (A) 3 hrs and (B) 24 hrs.
Following exposure cells were fixed and stained for the cytoskeleton (magenta)
and nucleus (blue). (C) Comparison of fluorescence intensity of doxorubicin in
PLGA-5AF loaded nanoparticles after 0, 3 and 24 hrs. (A&B) Scale bar = 20 pm
and (C) error bars represent standard deviation (n=3).

2.3.4 Caenorhabditis elegans NPs uptake

The culminating experiments aimed to demonstrate the advantages
of the single-chain labelled PLGA in vivo. The nematode C. elegans
was chosen as an accessible model to study in vivo biodistribution
of the labelled nanoparticles (Figure 2-4). Synchronised cycles of C.
elegans (L4-young adult stages) were washed with sterile deionised
water prior to dosing, and ~300 nematodes were the exposed to
PLGA nanoparticles at 100 pg/mL (n = 3) for 3 hrs. The nematodes
were washed again before examination and collected for
fluorescence microscopy imaging. The images in Figure 2-4 clearly
show the internalisation of the nanoparticles and their localisation
in the digestive tracts of the nematodes. Bright fluorescence was
apparent in discrete regions of the nematodes and this was
retained throughout the experiment without any obvious changes
in the behaviour or viability of the worms. These experiments
indicated good tolerability of the nanoparticles in addition to the
retention of their bright fluorescence in vivo. Furthermore, as a
final proof-of-concept, the methods described to label PLGA chains

with fluorescent dyes were readily adapted to produce fluorescent
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polycaprolactone (Figure 2-S7), as an example of another polymer

that is generally y regarded as safe (GRAS) by FDA.

Brightfield Fluorescence Merged

Blue

Green

Figure 2-4. Fluorescence images of C. elegans challenged PLGA nanoparticles
with blue, green and red fluorescence. Particles (100 pg/mL) were incubated
with nematodes for 3 hrs, after which they were washed and imaged. Scale bar
blue = 100pm, green = 200 um red = 200 um.
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2.4 Conclusion

This study described the synthesis of fully fluorescently labelled
PLGA using three different fluorophores via a single step ROP
reaction under solvent-free conditions. The resultant PLGA
polymers were able to self-assemble into well-defined nanoparticles
which were extremely bright in fluorescence microscopy when
compared to dye-encapsulated analogues. The nanoparticles were
readily internalised by activated THP-1 macrophages and exhibited
a comparable cytocompatibility profile to commercially available
PLGA in vitro. In addition, the stability of the fluorescent dye-
polymer link was demonstrated by retention of the label in
punctate regions of the THP1 cells, again in contrast to PLGA which
contained entrapped dye. In turn, this property was exploited in a
model drug delivery experiment in which the separate intracellular
locations of a released drug, doxorubicin, and the carrier polymers
were shown. The preliminary in vivo study in C. elegans further
exemplified the use of these bright and stable nanoparticles. We
believe this synthetic strategy may be further used to prepare a
range of intrinsically labelled biodegradable polymers which could
greatly facilitate the tracking of delivery systems in sub-cellular
locations in the presence of multiple therapeutic constructs. In

turn, these materials will allow better characterisation of delivery
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pathways and cellular transport kinetics to accelerate clinical

translation.

2.5 Supporting information
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Figure 2-S1. 'H NMR spectrum of PLGA-2AA in CDCls;, prepared by ROP with
Sn(Oct), as catalyst and 2-AA as initiator.
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Figure 2-S3. 'H NMR spectrum of PLGA-R6G in DMSO-ds, prepared by ROP with
Sn(Oct), as catalyst and R6G as initiator.
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Figure 2-S4. GPC traces of (A) PLGA-AA, (B) PLGA-AF and (C) PLGA-R6G in
CHCI; (poly polyester calibration).
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27

Figure 2-S5. Transmission electron micrographs of a) PLGA-2AA NPs, b) PLGA-
5AF and ¢) PLGA-R6G.
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Figure 2-S6. (A) Comparison of fluorescence intensity of PLGA-5AF vs PLGA
loaded with 5-AF immediately after synthesis and purification and after 24 hrs of
storage. Error bars represent standard deviation (n=3). (B) Viability of activated
THP-1 macrophages following exposure to PLGA NPs (50-500 pg/mL), fabricated
from newly synthesised fluorescent polymers and commercially available PLGA.
Cells were exposed to NPs for 24 h, cell viability was assessed via AlamarBlue
assay. Data are expressed as the average percentage of cell viability £ SEM (nh =
3).
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Figure 2-S7: 400 MHz 'H NMR spectrum (in CDCI3) of PCL-5AF at room
temperature prepared by ROP of g-Caprolactone ring with 5-AF as initiator and
Sn(Oct), as catalyst at 130°C under a nitrogen atmosphere. & 7.9-8.4 (ArC-H,
2H), 6.4-7.4 (ArC-H, 7H), 5.08 (t, 2H, CH,-CH,-0), 2.33 (t, 2H NCO-CH,-CH,),
1.67 (m, 4H, CO-CH,-CH,-CH,-CH,-CH,-CH,0), (p, 2H, CO-CH;,-CH,-CH,-CH>-
CH,-CH,0). NMR calculated molecular weight (M Cal)= 8,200 Da, GPC calculated
number (Mn)= 6300 Da and intensity molecular weight (MW)= 7,300 Da, and
polydispersity Index (PDI)= 1.16.

Table 2-S1. Size and zeta potential of the prepared NPs (n=3).

Polymer Mean Diameter (nm) Zeta potential (mv) % Loading
(£SD) (£SD)
PLGA-2AA 101 5 -43 + 3 N/A
PLGA-5AF 103 £ 6 -40 £ 4 N/A
PLGA-R6G 98 £ 5 -45 + 4 N/A
PLGA 89 £ 2 -48 £ 5 N/A
AF loaded NPs 112+ 6 -37+ 3 3%
PLGA-Dox 108 £ 5 -35+6 2%
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Chapter three

Studying the impact of PLGA
nanoparticles on activated THP-1
cells at the molecular level using LC-

MS-based metabolomics
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3.1 Introduction

In recent vyears, polymer therapeutics have been studied
thoroughly for drug delivery, and polymeric nanoparticles (PNPs) in
particular have been considered to be promising drug delivery
systems to treat a variety of diseases such as cancer (175, 176).
Some PNPs based drug delivery systems are in clinical use, and
many more are being investigated in clinical trials for cancer
treatment (177). Poly lactic-co-glycolic acid (PLGA) materials are
fabricated from biodegradable/biocompatible polymers making
them the most commonly used nanocarriers (178, 179). PLGA is an
FDA-approved biodegradable polymer, which has been extensively
employed in drug, nucleic acid (DNA and RNA) and protein delivery
(180-182). However, since the properties of drug delivery particles
scale non-linearly with size, and specifically PNPs have different
physicochemical properties (smaller size and higher surface area)
compared to more-conventionally-used PLGA implants materials,
their biological effects are not fully understood and need to be
furtherly studied (183).

Various in vitro cell assays have been employed to assess
nanomaterials for their role in oxidative stress, inflammation,
mitochondrial injury, DNA and cell membrane damage, usually by
measuring the end-point of the NPs’ triggered toxicity (184-186).

Nevertheless, the information gained from such single effect assays

59



is far from a comprehensive description of the more subtle
biological responses or highlight of the affected biochemical
pathways after the exposure to NPs (187). Additionally, most of
these conventional assays are colourimetric, and some
nanomaterials can interfere with assay components. This can be
via interaction either with an enzyme or a dye molecule (188) or
through scattering or absorbing light which prevents accurate
quantitation (189). Undoubtedly there is a pressing need to
establish new robust methods to assess the biological effects of
nanomaterials comprehensively before moving on towards clinical
applications (188, 190).

The field of metabolomics aims for the qualitative and quantitative
measurement of all the metabolites present in a biological system
(125). Hundreds to thousands of metabolites, which are the end
products of gene expression or cellular metabolic activities, can be
studied using metabolomics (35), allowing the characterisation of
metabolic phenotype (83). The abundant information provided by
metabolomics, cell based metabolomics particularly, can, therefore,
describe the molecular impact of polymeric nanomaterials on
biological systems most comprehensively. Some studies have
already been denoted for different metallic NPs using several cell
lines (191-196). Metallic NPs are widely used for diagnostic and
therapeutic applications (197), however, PNPs are still favoured for

drug delivery purposes (198), that is because they are able to
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control the drug release, they can be easily functionalised with
targeting moieties, and most importantly can be fabricated from
biocompatible biodegradable materials (36-41). Until a recent
study in 2017, the toxicity of PNPs was solely assessed by
conventional methods (132), Saborano et al, studied the metabolic
alterations in macrophages after exposure to PLGA, silica and silk
NPs, the macrophages were exposed to two doses of NPs, 10 and
500ug/ml. At low dose, PLGA NPs seemed not to affect the cellular
metabolism, however, at high concentration, PLGA NPs increased
glucose consumption and lactate production which indicates
upregulated glycolytic activity, in addition, PLGA NPs altered the
tricarboxylic acid cycle (TCA) cycle, whereas the levels of succinate
and itaconate were high, these molecules were found in the pro-
inflammatory type (M1) macrophages (199). Despite the fact that
PLGA NPs made significant metabolic changes in the macrophages,
the used concentration was very high, in order to get similar blood
concentrations of NPs, approximately an IV dose of 3 grams which
is very high in comparison to doses of FDA approved
nanomedicines. The impact of PNPs, when administered at clinically
relevant doses, is still need to be furtherly studied. The innate
tendency of macrophages to phagocytose foreign particles makes
these cells a good model for studying the effects of PNPs. For

example, macrophages of the reticuloendothelial system take up
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NPs wupon IV administration, and after inhalation, alveolar
macrophages respond to NPs (200).

While transcriptomic and proteomic studies could provide valuable
information about cell phenotype, such studies typically do not
capture potential post transcriptional or translational modifications
which are critical in determining cell function. In this work, LC-MS-
based metabolite profiling was selected for to assess the cellular
metabolic responses in human macrophages (differentiated THP-1
cells) after treating with five types of PLGA NPs with different
surface functionalities. LC-MS can detect a wider range of
metabolites compared to GC-MS and NMR. In addition, LC-MS has
higher sensitivity than NMR and doesn’t require tedious sample
derivatisation like GC-MS. Usually most NPs are subjected to
opsonisation once in the bloodstream, followed by subsequent
recognition and uptake by tissue resident macrophages in the
organs or blood circulating monocytes of the mononuclear
phagocytic system, eventually resulting in the elimination from the
blood stream the model used for this work was the monocytic
leukemia THP-1 cells, which are differentiated into macrophages by
treatment with PMA, upon differentiation, they show enhanced
adherence and phagocytosis. In addition, the major role of
macrophage in the innate defense of the body, especially their

strong phagocytic capacity, and their presence in many tissues and
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organs make it a model of choice for many in vitro studies for
toxicological impacts of NPs (201).

Pluronics™ are triblock copolymers in structure composed of
central hydrophobic polypropylene glycol (PPG) block flanked by
two hydrophilic PEG blocks. Three types of Pluronics™ were used to
coat PLGA NPs, including F127, F68 and P85. Coating the NPs with
non-ionic surfactants, such as pluronics, was reported to overcome
tumer multidrug resistance mechanisms by inhibiting the excretion
of NPs by efflux pumps, especially P-glycoproteins (202); leading
to an enhanced sensitization of tumor cells to the used anti-cancer.
In addition, Pluronics™ are considerably safe; they show low
toxicity and immunogenicity (203).

In this chapter, a global metabolic profiling approach will be used
to assess the biological impact of several types of PLGA NPs on
human like macrophages, in order to do that, PLGA NPs with
different surface chemistries will be fabricated according to
published protocols, a control vs treatment study design using
controls will be adopted assess the effects of these NPs and a high-
throughput data analysis protocol will be established to identify the
significantly altered metabolites which will be mapped to study the

most important affected metabolic pathways.

63



3.2 Materials and methods

3.2.1 Materials

Lactide, glycolide 99%, benzyl alcohol, poly(ethylene glycol)
methyl ether (Mn=5000 g/mol), 5-aminofluorescein, tin(II) 2-
ethylhexanoate (Sn(Oct)2) 92.5-100.0%, deuterated chloroform
CDCl;, RPMI 1640 medium, heat-inactivated FBS, penicillin,
streptomycin, |-glutamine, phorbol 12-myristate 13-acetate and
formaldehyde were purchased from Sigma-Aldrich. Ammonium
carbonate was purchased from Fluka. Isopropanol and acetonitrile
were LC-MS grade and dichloromethane, methanol, diethyl ether

and acetone were HPLC grade provided by Fisher Scientific.

3.2.2 Polymer synthesis

Poly (lactic-co-glycolic acid) (PLGA), PLGA-poly (ethylene glycol)
(PLGA-PEG) and PLGA-5-aminofluorescein (PLGA-5AF) were
synthesised by ring-opening polymerisation of lactide and glycolide
shown in Figure 3-1, whereas benzyl alcohol, 5-aminofluorescein

and poly (ethylene glycol) were used as initiators respectively.
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Figure 3-1: Schematic representation of PLGA, PLGA-5AF and PEG-PLGA
Synthesis using ring-opening polymerisation.

PLGA synthesis

The synthesis was performed by melting 30 mmol (4.323 g, 30 eq)
of D,L-lactide, 20 mmol (2.32 g, 20 eq) glycolide 130 °C under a
nitrogen atmosphere. 1 mmol (104 ul, 1eq) of benzyl alcohol was
added and left mixing for 1 minute after which 5% wt/wt Sn(Oct)»
was added and the reaction continued for 3 hrs after which, the
reaction mixture was cooled to room temperature. The synthesised
polymer was dissolved in dichloromethane and precipitated in
diethyl ether three times to remove unreacted monomers and
other impurities. The filtered precipitate was dried under reduced
pressure to generate 5.45 grams of a colourless product in 81%

yield. Spectral data were in accord with prior literature (204).
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'H NMR (400 MHz, CDCl5) & 7.35 (ArC-H, 5H), 5.23 (m, 1H, OCO-
CH(CH5)-C00), 4.87 (m, 2H OCO-CH,-COO0), 1.59 (g, 3H, OCO-

CH(CH3)-COO0).

PEG-PLGA synthesis

The polymer was synthesised by melting 21 mmol (3.3 g, 30 eq) of
D,L-lactide, 14 mmol (1.62 g, 20 eq) glycolide and 0.695 (3.5 g,
leq) MPEO at 130°C under a nitrogen atmosphere. Then 0.5%
wt/wt Sn(Oct), was added and the reaction continued for 3 hrs
after which, the reaction mixture was cooled to room temperature.
The synthesised copolymer was dissolved in dichloromethane and
precipitated in ice-cold diethyl ether to remove unreacted
monomers and other impurities, the filtered precipitate was dried
under reduced pressure to generate 6 grams of a colourless
product in 88% vyield. Spectral data were in accord with prior
literature (205).

'H NMR (400 MHz, CDCI3) & 5.23 (m, 1H, OCO-CH(CHs)-COO),
4.87 (m, 2H OCO-CH>-C0OO0), 3.8 (m, 4H, O-CH2-CH»-0), 3.41 (s,

3H, OCH3).

5-Aminofluorescein labelled PLGA (PLGA-5AF)

PLGA-5AF was prepared as discribed in chapter two, section 2.2.2.

3.2.3 NPs synthesis
Plain, Pluronic™ coated and PEG PLGA NPs were prepared by

standard nanoprecipitation with some amendments (166). A
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solution of PLGA (20 mg) and PLGA-5AF (5 mg) in 10 ml of acetone
was added to 10 ml of the anti-solvent (Milli-Q water) using a
syringe pump (rate of addition 0.7 ml/min) to prepare PLGA NPs.
By an analogous procedure, PLGA-PEG NPs were prepared using
12.5 mg of PLGA-PEG, 7.5 mg of PLGA and 5 mg of PLGA-5AF
mixture. The stirring of the NP suspensions was continued at room
temperature to ensure the complete evaporation of acetone. The
suspensions were filtered using 0.45 pm syringe filters to ensure
sterility.

Three Pluronic™ poly(ethyleneglycol)-co-poly(propyleneglycol)-co-
poly(ethyleneglycol) (PEG-PPG-PEG) block copolymers were used
for NP coating, namely F127 (12200 g-mol™!), F68 (8400 g-mol™?)
andP85 (4600 g-mol™!). The prepared NPs were suspended in 0.1%
wt/v Pluronic™ water solutions for 24 hrs to ensure coating. Free
Pluronics were removed by dialysing against 1lliter of deionised

water for 24hrs using 50 kDa membrane.

3.2.4 Cell culture, activation and treatment

THP-1 cells were cultured in T75 tissue culture flasks at 37 °C, 5%
CO; and 95% relative humidity using RPMI media supplemented
with 2 mmol/L |-glutamine, 100 pg/mL streptomycin, 100 U/mL
penicillin and 10% vol/vol heat-inactivated FBS. Cell activation was
done using phorbol 12-myristate 13-acetate (PMA) as previously
described with some amendments (206) and THP-1 cells were then

seeded in T25 flasks (6 million cells/flask) in RPMI media
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containing 50 ng/ml PMA for 24 hrs under the previously described
conditions. After the initial incubation, PMA containing media was
replaced with fresh media containing 100 ug/ml of NPs. The cells
were treated with the NPs for 24 hrs followed by metabolite

extraction.

3.2.5 Metabolic activity (AlamarBlue®) assay.

The AlamarBlue® metabolic activity assay was used to assess the
effects of the plain, Pluronic coated and PEG PLGA NPs on the cells.
Activated cells in 24 well plates were incubated with media
containing 50, 100, 250 and 500 pg/ml of NPs for 24 hrs, after
which the media was removed, and the cells were washed with
PBS, then the cells were incubated in fresh media containing 10%
AlamarBlue for 3 hrs. 100uL of supernatants were transferred to 96
black well plates and the fluorescence was measured on Optima
FLUOstar® plate reader at excitation/emission of 540/580 nm. The
results are plotted as mean % viability vs control £ standard error

of the mean (SEM).
3.2.6 Cellular uptake of NPs by activated THP-1 cells

Confocal microscopy

THP-1 cells were activated on 8 well chambered coverslip at 37 °C
and 5% CO2 for 24 h. The media was then changed with fresh
media or media containing 100 pg/mL of plain, Pluronic coated and

PEGylated NPs for one hr at 37 °C and 5% CO2. Following
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treatment, cells were washed twice with PBS and fixed in 4%
formaldehyde (in PBS, 300 pL) for 15 min in the dark at room
temperature. Subsequently, the plates were washed twice with PBS
and stored with mounting media at 4 °C. Cells were imaged using a
Zeiss LSM 700 Confocal Laser Scanning Microscope using the Zen

program for data analyses.

Flow cytometry

THP-1 cells were activated in 24 well plates at a seeding rate of
(500,000 cells/well) for 24 h at the previously described conditions.
The media was then changed with fresh media or media containing
100 pg/mL of plain, pluronic coated and PEGylated NPs for three
hrs. After treatment, cells were washed twice with PBS and
detached using tryple express enzyme for 30 min at 37 °C and 5%
CO2 with occasional gentle rocking, after which tryple express was
deactivated by adding fresh media. The cells were then centrifuged
and resuspended in fresh media before analysis in an FC 500 Flow
Cytometer (Beckman Coulter). 10,000 live cells were gated for
each analysis. Data were analysed using Weasel software (Walter

and Eliza Hall Institute for Medical Research, Melbourne, Australia).

3.2.7 Metabolite extraction
After removing the media, the cells were washed briefly once with
pre-warmed PBS at 37 °C. The cellular metabolism was quenched,

and the metabolites were extracted simultaneously by adding
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0.5 mL of ice cold methanol (—48 °C). Cell handling after
quenching was performed on ice. The cells were then scraped and
transferred to pre-cooled fresh tubes at 4 °C. Cell solution was
vortexed vigorously for 1 h at 4 °C and centrifuged at 17000 x g
for 10 min at 4 °C. After the centrifugation, the supernatant was
removed and dried under vacuum at room temperature. The
metabolite extract was reconstituted using 70 ul of pre-cooled
methanol (4 °C). 10 uL aliquots were taken from all samples to
make a pooled quality control (QC) in order to assess instrument

performance (207).

3.2.8 Liquid chromatography-mass spectrometry (LC-MS)
LC was performed on a ZIC-pHILIC 5um, 4.6 x 150mm column
(Merck Sequant, Darmstadt, Germany), using Accela high speed
system with a mobile phase consisted of A: 20 mM ammonium
carbonate and B: 100% acetonitrile as previously described (134,
135). Compounds were separated by the following linear gradient:
20% A (0 min) to 95% A at 15 min to 20% A at 17 min and held to
24 min. The flow rate was 300 ul/min and the injection volume was
10 pl. Samples were maintained at 4 °C, and the column was
maintained at 45 °C.

MS was performed on an Orbitrap Exactive MS (Thermo Fisher
Scientific, USA) with ESI running in positive and negative ionisation
modes. Briefly, spectra were acquired in full MS scan in the range

of m/z 70-1400 and the resolution was 50,000 in both modes. The
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capillary and probe temperatures were maintained at 275 and 150
°C, respectively. The instrument calibration was performed by
modified Thermo calibration mixture masses with inclusion of
C,HgNO, (m/z 76.0393) for positive ion electrospray ionisation and
CsHs03 (m/z 89.0244) for negative ion electrospray ionisation in

order to extend the calibration mass range to small metabolites.

3.2.9 Data analysis and metabolite identification

Raw LC-MS data from the control group (untreated cells), the
treatments groups (cells exposed to the different NPs), and reagent
blanks were acquired using Xcalibur v2.1 software (Thermo
Scientific, Hemel Hemstead UK), and processed with XCMS for
untargeted peak-picking (208). Peak matching and related peaks
annotation were performed using mzMatch (209) and noise filtering
and putative metabolite identification were then carried out using
IDEOM with the default parameters (210). Metabolites that were
matched with accurate masses and retention times of authentic
standards were identified with Level 1 metabolite identification
according to the metabolomics standards initiative (211, 212), but
when standards were not available, metabolites were identified by
employing predicted retention times considered as putative (Level
2 identification). The pooled QC samples were used to validate
system suitability and stability (207). Multivariate data analysis
was employed to assess changes in the cell metabolome between

the control and each treatment group using orthogonal partial least
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squares discriminant analysis (OPLS-DA) by SIMCA-P v13.0.2
(Umetrics, Umea, Sweden) (213). Mass ions with variable
importance in projection scores (VIP) greater than one were
selected as potential biomarkers. The results from the multivariate
analysis were confirmed by carrying out one-way ANOVA using
Metaboanalyst 3.0 (214) to investigate the significant differences
between the control and the NPs-treated groups. The lists of
significantly altered metabolites were imported to KEGG database
to perform pathway analysis and to visualise the affected metabolic

pathways (215).

3.3 Results and discussion

3.3.1 Polymer synthesis

Polymer synthesis and structures are shown in Figure 3-1. All the
prepared polymers  were synthesised by ring-opening
polymerisation of lactide and glycolide using benzyl alcohol, 5-
aminoflourescin and PEG as initiators to produce PLGA,
fluorescently labelled PLGA-5AF and PEG-PLGA diblock copolymer
respectively as appeared in H! NMR spectra Figures 3-S2, 3-S3 and
3-S4. The purified polymers physical state was either white powder
for PLGA and PEG-PLGA or orange powder for labelled PLGA-5AF.
The final yields of PLGA and PEG-PLGA were around 80%, and
PLGA-5AF was lower (~50%) as a result of more extensive washing

cycles needed to remove the last traces of free dye. Number
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average molecular weights (Mn) for PLGA, PEG-PLGA, PLGA-5AF
were 9.951 x 10° 1.146 x 10% and 8.599 x 10° g mol™* as
determined by gel permeation chromatography compared to
polyester standards. The polydispersity index for PEG-PLGA was
1.06, however, it was higher for PLGA and PLGA-5AF, this might be
attributed to the fact that the hydroxyl and amine groups of benzyl
alcohol and 5-AF respectively are less nucleophilic than the
hydroxyl of PEG because they are either close or directly linked to

aromatic rings respectively (Figure 3-1).

3.3.2 NPs formation and characterisation

Plain and Pluronic™ coated NPs were fabricated from PLGA and
PLGA-5AF (4:1), and PEG-PLGA NPs were prepared from PEG-
PLGA, PLGA and PLGA-5AF (5:3:2). Only 20% of PLGA-5AF was
needed to make NPs fluorescent. Size and zeta potential of the
prepared NPs are given in Table 3-S1.

The prepared NPs had a similar range of size around 100 nm in
diameter, The high negative Zeta potential of the plain PLGA NPs is
attributed to the free carboxylic acid group at the end of PLGA
chains (169). However, the zeta potential of the NPs decreased
significantly after the coating because these non-ionic coats
shielded the negative surface charge of the NPs (216). All the used
Pluronics were uncharged, however, F-127 decreased the
magnitude of the negative zeta potential more than the other two

because it has a higher molecular weight which makes it able to
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cover the NPs surface charge more efficiently. TEM showed that all
the NPs were spherical with smooth surfaces as apparent in Figure

3-S5.

3.3.3 Metabolic activity (AlamarBlue®) assay

The differentiated macrophages were grown in 24-well plates and
exposed to different concentrations (50-500 ug/ml) of each type of
NPs for 24 hrs, then AlamarBlue was added to the media to final
10% concentration and the plates were wrapped in aluminium foil
and incubated for three hrs at 37 °C. A 100 ul sample was taken
from each well and put into black 96-well plates and then the
fluorescence was measured by the plate reader, each sample was
done in triplicate. Figure 3-2 shows that all the synthesised NPs
were well-tolerated by the cells even at the highest concentration
as they caused less than 25% reduction in the number of actively

metabolising cells.

3.3.4 NPs cellular uptake

Confocal microscopy revealed that all the prepared NPs were
readily uptaken by the cells after one hr of exposure (Figure 3-3A).
Flow cytometry results showed that all the PLGA NPs with the
different surface functionalities were uptaken by at least 64-83% of

the cells after one hr of exposure (Figure 3-3B).
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Figure 3-2 Viability of activated THP-1macrophages following exposure to Plain,
F-127, F68 and P-85 coated and PEGylated PLGA NPs. Cells were exposed to NPs
for 24 h, cell viability was assessed via Alamar Blue assays. Data are expressed
as the average percentage of cell viability £ SEM (n = 3).

3.3.5 Multivariate analysis of LC-MS profiling data

In order to study the metabolic changes in activated THP-1 cells
after 24 hrs exposure to PLGA NPs with different surface
functionality, extracts from activated THP-1 cells exposed and
unexposed to NPs were analysed by LC-MS. The obtained 3D data
(m/z, retention time and peak intensity) were transformed into 2D
XY output data (peak table) by mzMatch to assign each mass ion
with the corresponding exact mass and retention time. OPLS-DA
was implemented to visualise metabolic changes caused by the
different NPs and to select potential biomarkers based on VIP
values calculated based on the model. The six biological replicates
for each sample group were clustered clearly in the OPLS-DA

scores plots, indicating that sample clustering shows similar
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biochemical composition. OPLS-DA scores plots revealed that LC-
MS-based metabolic profiling was capable of investigating different
molecular effects of each group of NPs on the cell metabolomes.
Furthermore, Pluronic™ coated PLGA NPs groups were clustered
more closely to each other than the other groups (Figure 3-4A).
This convergence indicates that these groups of NPs affected the
cells in a similar manner which was expected as Pluronics are
structurally related. However, this resulted in low model
predictability (small Q2 value). To identify the most significantly
changed mass ions after the exposure to each type of NPs, 2-way
orthogonal comparisons based on OPLS-DA models were performed
between the untreated control group and each NPs’ treated group
individually as shown in, Figure 3-4B.

523 metabolites have been putatively identified using IDEOM
including essential and nonessential amino acids, glutathione
reduced and oxidised forms, glycolysis, TCA cycle and urea cycle
intermediates nucleotides and different lipid classes including
phosphatidylcholines (PC), phosphatidylethanolamines (PE),
phosphatidylserines (PS), phosphatidylinositols (PI) and
phosphatidylglycerols (PG), Figure 3-5.

Mass ions of VIP score greater than one were selected as potential
biomarkers. In addition to the multivariate analysis results,
univariate ANOVA was performed to identify significantly changed

compounds and mass ions with the false discovery rate < 0.05
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were selected as significant variables (217). The combined multi
and univariate analyses revealed that 83 metabolites were altered
significantly after the exposure to the five different NPs, Table 3-

S3.

3.3.6 Metabolic pathway analysis

A significant number of the perturbed metabolites were linked to
amino acid metabolism as shown in Figure 3-6. Amino acids are
involved in many cellular metabolic pathways, providing a source
purine and pyrimidine which are needed for nucleotide and nucleic
acid synthesis, and a source of carbon after oxidation.
Furthermore, some amino acids are precursors for other amino

acids synthesis (218, 219).

Cells up taken NPs
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R2X=0.802, Q2=0.727 R2X=0.499, Q2=0.866 R2X=0.425, Q2=0.824
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Figure 3-4: OPLS-DA scores plots of THP-1 cells samples after 24 h treatment
with the different NPs and the control group without any treatment. (A)
Combined control and NPs treated groups (R2X=0.685, Q2=0.359). (B) 2-way
orthogonal comparisons of control group and each NPs treated group alone.
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Figure 3-5 Putatively identified 613 metabolites categorised based on their
biological function.

In order to fully understand the impact of the NPs on the cellular
amino acid metabolism, metabolic pathways analysis was carried
out using the KEGG database. KEGG is a combined database, that
can provide biological interpretation of metabolomics data (215).
Arginine is a semi-essential amino acid with vital intracellular roles
in addition to being a building block of proteins, it is involved in
urea cycle (KEGG PATHWAY: KO00220), aiding in detoxifying the
ammonia resulted from amino acid deamination by converting it
into urea (220), and in the production of nitric oxide (221, 222).

Arginine metabolism pathway was affected significantly after the
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treatment with all the same NPs, whereas the levels of N-(omega)-
hydroxyarginine, N2-(D-1-carboxyethyl)-arginine, D-proline and
N4-acetylaminobutanal have significantly increased. Since N-
(omega)-hydroxyarginine is the first intermediate in NO synthesis
through the oxidation of arginine, its accumulation indicates
increased activity of nitric oxide synthase (NOS). A similar effect
was seen upon treating macrophages with gold NPs (223). Figure
3-6 shows that PEG coated PLGA NPs did not increase the levels of
N-(omega)-hydroxyarginine as much as plain or Pluronic™ coated
PLGA NPs did. N-(omega)-hydroxyarginine is known to inhibit
arginase that catalyses the final step in urea cycle (Figure 3-6)
(224, 225) which indicates that prolonged exposure and/or
exposure to high concentrations of PLGA NPs might interfere with
urea cycle, which in turn will lead to accumulation of the toxic
ammonia. Similarly, arginine metabolism pathway was affected in
HepG2 human liver carcinoma cells after the exposure to graphene
nanosheets (190), suggesting that this effect could result from the
nanomaterial physicochemical properties rather than chemistry.
Additionally, the NPs that affected arginine metabolism most
significantly were the plain NPs which share the hydrophobic
surface properties with graphene nanosheets.

Since 3-acetaminopropanal (3-AAP) is produced from the oxidation
of N-acetylspermidine and N-acetylspermine, its accumulation

(Figure 3-7)along with other reactive aldehydes has been
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considered as the sign of oxidative stress (226). Furthermore,
2,5,7,8-tetramethyl-2-(2'-carboxyethyl)-6-hydroxychroman (alpha-
CEHC) is a major vitamin E metabolite and it is naturally occurring
compound with good antioxidant activity (227). Therefore, the
decrease in alpha-CEHC (Figure 3-7) could be another sign of
oxidative stress. These findings suggest that plain and Pluronic™
coated PLGA NPs might induce oxidative stress by enhancing the
activity of NO synthase, which eventually will result in over
production of NO.

To date such studies rely mainly on reporting the significantly
changing metabolites, specifically the ones that are previously
reported to be biomarkers for certain toxicities rather than trying to
understand the mechanism of toxicities, that's because most of
time analytical scientists lead such investigations and this way of

reporting the data is satisfactory for them.
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Glycerophospholipids are considered main components of the cell
membrane (228). Exposure to Pluronic™ coated and PEGylated NPs
resulted in decreased levels of PC and PE and such effect could
indicate membrane compositional alteration and/or growth arrest
as these lipids are essential components of the cell membrane
(229), Figure 3-7. Similar lipid-level variations in macrophages
were reported after treatment with peptide-coated silver, silk and
silica NPs (132, 230) and in human keratinocytes after treatment
with silver NPs (229). This could indicate that the impact of NPs on
cell membrane does not result from the nature of their bulk
counterparts but is caused by their unique physiochemical
properties. Although PLGA NPs at 500 pg/ml concentration were
reported to alter glycolysis and TCA cycle (132), however, in order
to get similar plasma concentration, approximately a dose of 3
grams of NPs should by administered though IV route, which is not
clinically relevant. This study showed that PLGA NPs with different
surface modification at clinically relevant concentration (100ug/ml)
did not induce any significant changes in energy metabolism
(glycolytic activities, TCA cycle and fatty acid oxidation) or in
nucleotide metabolism. This suggests that all the NPs with or
without surface modification were well tolerated by the cells, which

agrees with the cell viability assay.
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3.4 Conclusion

In this study, cell-based metabolomics approach was applied to
investigate the biological impact of PLGA NPs with different surface
functionalities on THP-1 derived macrophages using LC-MS. The
metabolomics method revealed that plain PLGA NPs and surface
modified ones were well tolerated by the cell, nevertheless there
were several metabolic changes that are comparable to what was
caused by some metal oxide NPs and other nanomaterials (190-
196); exposure to plain and Pluronic™ coated PLGA NPs has led to
alterations in amino acid metabolism, which could tamper with urea
cycle and induce signs of oxidative stress. Pluronic coated and
PEGylated NPs have altered some glycerophospholipids lipids,
which are core membrane component, such effects are could lead
to growth arrest and membrane integrity alterations. PEGylated
NPs had the least impact on the cellular metabolism in terms of
metabolite levels fold changes, which agrees with the fact that

PEGylation improves NPs biocompatibility (231, 232).
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Figure 3-S1: 'H NMR spectrum of PLGA in CDCls.
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Figure 3-S2: 1H NMR spectrum of PEG-PLGA in CDCls.



JEX

N\:! “ o o {
|
CHZ%O—CHJ%{O—CHZH— :
2 2
|

T T T T T T T r -
&0 75 70 65 60 55 5.0 45 40 35 3.0
1 {ppm)

25

T
2.0

Figure 3-S3: 'H NMR spectrum of PLGA-5AF in CDCls.

Table 3-S1: Size and zeta potential of the prepared NPs.

Type of NPs Mean Diameter Zeta potential (mv)

(nm) (£SD) (£SD)
Plain PLGA NPs 101 £ 5 -43 £ 3
F-127 coated NPs 109 £ 6 -22 4
F-68 coated NPs 105 £+ 6 -33+4
P85 coated NPs 102 £ 5 -36 £ 3

PEG-PLGA NPs 98 £ 7 -30 £ 5




Figure 3-S4: Transmission electron micrographs of a) PLGA NPs, b) F-127 coated
PLGA NPs, c) F-68 coated PLGA NPs, d) P85 coated PLGA NPs and e) PLGA PEG-
PLGA NPs.

Table 33-S2: MS source parameters.

MS conditions with +/-ve switching:

Spray Voltage (+)
Capillary Voltage (+)
Tube Lens Voltage (+)
Skimmer Voltage (+)
Spray Voltage (-)
Capillary Voltage (-)
Tube Lens Voltage (-)
Skimmer Voltage (-)
Capillary Temperature
Sheath Gas
Desolvation

Sweep gas

Heater temperature
Calibration:

(+)

>1ppm

4500.00
40
70
20
3500.00
30
70
18
275.00 °C
40.00 units
5.00 units
1.00 units
150.00 °C

up to 1400 to accuracy



()
>2ppm

up to 1400 to accuracy



Table 3-S3: The metabolites that were changed significantly in THP-1 derived macrophages after exposure to the five different PLGA NPs,
IDC: metabolite identification level according to the metabolomics standards initiative L1 - Level 1, L2 - Level 2. Colours in the table
represent changes in metabolite levels with blue indicating a decrease and red denoting an increase.

Mass Polarity 2:?:: RT FORMULA Putative metabolite IDC  Map Control  F-127 F-68 P-85 PEG PLGA
(PPM)
278.1518 - -1.3771 4.18 C16H2204 Alpha-CEHC L2 - 1.00 0.67 0.86 0.65 0.87 0.57
723.5202 + -0.21484  4.56 C41H74NO7P PE(P-36:4) L2 Lipids: Glycerophospholipids 1.00 0.45 0.51 0.36 0.53 0.80
773.6299 + 0.255985  4.87 C44H88NO7P PC(P-36:0) L2 Lipids: Glycerophospholipids 1.00 0.74 0.77 0.69 0.74 0.86
773.5356 + -1.38686  4.44 C45H76NO7P PE(P-18:7) L2 Lipids: Glycerophospholipids 1.00 0.39 0.39 0.40 0.50 0.80
439.3064 + -1.2289 7.29 C21H46NO6P PC methyl(12:2) L2 Lipids: Glycerophospholipids 1.00 0.80 1.17 0.83 1.57 0.72
749.5361 + -1.14058  4.58 C43H76NO7P PE(P-38:5) L2 Lipids: Glycerophospholipids 1.00 0.44 0.46 0.40 0.57 0.82
747.5202 + -1.21877 4.51 C43H74NO7P PE(38:7) L2 Lipids: Glycerophospholipids 1.00 0.39 0.38 0.30 0.52 0.81
689.4996 + -0.87497  4.61 C37H72NO8P PE(32:1) L2 Lipids: Glycerophospholipids 1.00 0.59 0.57 0.50 0.56 0.88
729.5311 + -0.25095 4.62 C40H76NO8P PC(32:2) L2 Lipids: Glycerophospholipids 1.00 0.63 0.83 0.64 0.69 0.89
691.5153 + -0.74645 4.71 C37H74NO8P PE(32:0) L2 Lipids: Glycerophospholipids 1.00 0.69 0.85 0.64 0.70 0.88
677.4995 + -0.3733 4.69 C36H72NO8P PC(28:0) L2 Lipids: Glycerophospholipids 1.00 0.64 0.81 0.56 0.76 0.87
743.547 + -0.59104  4.67 C41H78NO8P PE(36:2) L2 Lipids: Glycerophospholipids 1.00 0.69 0.82 0.64 0.74 0.91
7855935 + 0.070969 4.83 C44HB84NO8P PC(36:2) L2 Lipids: Glycerophospholipids 1.00 0.71 0.75 0.64 0.77 0.88
146.0215 + -0.12885 11.86 C5H605 Methyloxaloacetate L2 Carbohydrate Metabolism 1.00 1.18 0.79 1.04 0.79 0.89
243.147 + -0.02003  7.59 C12H21NO4 Tiglylcarnitine L2 - 1.00 0.73 0.93 0.60 0.78 0.62
7455985 + -0.26758  4.88 C42H84NO7P PC(P-34:0) L2 Lipids: Glycerophospholipids 1.00 0.74 0.81 0.66 0.80 0.91
773.5938 + -0.3789 4.86 C43H84NO8P PE(38:1) L2 Lipids: Glycerophospholipids 1.00 0.74 0.78 0.72 0.78 0.87
759.5777 + -0.27196  4.88 C42H82NO8P PC(34:1) L2 Lipids: Glycerophospholipids 1.00 0.74 0.81 0.69 0.82 0.88

245.1627 + -1.42099  7.45 C12H23NO4 N-(octanoyl)-L-homoserine L2 - 1.00 0.66 0.77 0.34 0.67 0.49



731.5465

763.5159

222.0892

757.5621

793.5985

180.0423

232.1171

161.0688

217.1313

158.0579

133.0739

703.5152

813.6251

791.5469

781.5612

717.5309

204.1111

484.2801

141.0191

218.1266

791.5828

115.0633

771.5779

-1.006

-0.98624

0.030782

-1.15017

-0.13159

-0.08998

0.015966

-1.29398

0.095994

0.267556

-1.49548

-0.99182

-0.41402

-1.3361

0.539981

0.733486

0.200347

-1.51391

0.233628

0.580239

0.325346

0.174626

0.470485

4.62

4.55

4.43

4.63

4.67

7.34

11.12

8.84

8.21

7.34

4.64

4.86

4.64

4.69

4.64

11.05

4.16

10.88

10.51

4.62

5.38

4.68

C40H78NO8P

C43H74N0O8P

C12H1404

C42H8ONOSP

C46H84NO7P

C9H804

C8H16N404

C6H11INO4

C10H19NO4

C7H1004

C5H11INO3

C38H74N0O8P

C46H88NO8P

C45H78NO8P

C44H8ONO8P

C39H76NO8P

C8H16N204

C22H4509P

C2H8NO4P

C9H18N204

C46H82NO7P

C5HI9NO2

C43H82NO8P

PC(32:1)
PE(38:6)
FA (14:4)
PC(34:2)

PC (38:5)

2-Hydroxy-3-(4-
hydroxyphenyl)propenoate

(3R)-hydroxy-N-acetyl-arginine
O-Acetyl-L-homoserine
O-Propanoylcarnitine
2-Isopropylmaleate
N-hydroxyvaline

PC(30:1)

PC(38:2)

PE(40:6)

PC(36:4)

PE(34:1)
N6-Acetyl-N6-hydroxy-L-lysine
PG (16:0)

Ethanolamine phosphate
N2-(D-1-Carboxyethyl)-L-lysine
PC(38:5)

3-acetamidopropanal

PE(38:2)

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Fatty Acyls

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids

Amino Acid Metabolism

Amino Acid Metabolism
Lipids: Fatty Acyls

Amino Acid Metabolism
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Amino Acid Metabolism
Lipids: Glycerophospholipids
Amino Acid Metabolism
Amino Acid Metabolism
Lipids: Glycerophospholipids

Lipids: Glycerophospholipids

1.00

1.00

1.00

1.00

1.24

1.55

0.90

1.54

0.89

1.78

0.84

1.80

0.83

0.86

0.92

1.44




719.584

691.5517

379.105

246.133

787.6094

223.0845

129.079

774.541

831.578

115.0633

129.079

807.5775

163.0481

306.076

705.5309

162.0528

817.599

161.0688

741.5679

145.0375

809.5935

719.5479

689.5361

+

0.207208

1.906199

1.018606

0.168293

-0.44479

0.035972

-0.28081

0.1744

0.196876

0.471352

-1.07167

0.274708

-0.11857

0.379488

0.429292

-0.28668

0.483243

-0.5006

2.255547

1.107826

1.072295

0.319905

0.337488

4.87

4.77

8.8

10.52

4.84

7.07

7.33

4.03

4.64

7.33

5.41

4.61

8.83

11.07

4.67

7.44

4.58

10.35

4.68

7.34

4.71

4.76

4.73

C40H82NO7P

C38H78NO7P

C13H21N308S

C9H18N404

C44H86NO8P

C11H13NO4

C6H11NO2

C42H79010P

C48H82NO8P

C5H9NO2

C6H11INO2

C46H82NO8P

C5H9NO5

C20H32N6012S2

C38H76NO8P

C6H1005

C48H84NO7P

C6H11INO4

C42H80NO7P

C5H7NO4

C46H84NO8P

C39H78NO8P

C38H76NO7P

PC (32:2)
PC (32:2)

S-Lactoylglutathione

N2-(D-1-Carboxyethyl)-L-arginine

PC(36:1)
N-Acetyl-L-tyrosine
L-Pipecolate

PG(36:2)

PC(40:7)

D-Proline
N4-Acetylaminobutanal
PC(38:5)
3-Hydroxy-L-glutamate
Glutathione disulfide
PC(30:0)

2-Ethylmalate

PC (40:7)
N-Methyl-L-glutamate
PC (34:3)
2-Oxoglutaramate
PC(38:4)

PE(34:0)

PC(P-30:0)

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L1

L2

L2

L2

L2

L2

L2

L2

L2

L2

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Carbohydrate Metabolism
Amino Acid Metabolism
Lipids: Glycerophospholipids
Amino Acid Metabolism
Amino Acid Metabolism
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Amino Acid Metabolism
Amino Acid Metabolism
Lipids: Glycerophospholipids
Amino Acid Metabolism
Lipids: Glycerophospholipids
Carbohydrate Metabolism
Lipids: Glycerophospholipids
Energy Metabolism

Lipids: Glycerophospholipids
Amino Acid Metabolism
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids

Lipids: Glycerophospholipids

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.38

1.04

1.04




771.6145

302.2247

833.5935

820.5254

783.5785

745.5625

227.0907

787.6095

805.562

+

0.260504

0.577009

0.652803

0.924623

0.655405

0.59015

0.621439

0.013965

0.699987

4.88

4.46

4.65

4.01

4.67

4.74

5.78

5.98

4.56

C44H86NO7P

C20H3002

C48H84NO8P

C46H77010P

C44H82NO8P

C41H8ONOS8P

C9H13N304

C44H86NO8P

C46H80NO8P

PC (36:1)
FA (20:5)
PC(40:6)
PG(40:7)
PC(36:3)
PE(36:1)
Deoxycytidine
PC (36:1)

PC(38:6)

L2

L2

L2

L2

L2

L2

L2

L2

L2

Lipids: Glycerophospholipids
Lipids: Fatty Acyls

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Nucleotide Metabolism
Lipids: Glycerophospholipids

Lipids: Glycerophospholipids

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.77

1.61

0.66

0.69

0.70

2.70

0.72

0.83

2.25

0.82

1.08

0.82

0.85

2.16

1.84

0.84

0.66

1.99

0.68

1.46

0.70

0.65

2.56

1.60

0.71

0.82

2.18

0.69

0.92

0.65

0.75

1.26

0.58

2.05

1.02

1.06

0.94

0.95

2.76

1.06
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Chapter four

LC-MS metabolomics comparisons of
cancer cell and macrophage responses
to polymer-encapsulated methotrexate

and free drug
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4.1 Introduction

The folate antagonist methotrexate (MTX), is used widely as an
antiproliferative agent in cancer treatments and as an anti-
inflammatory, particularly for rheumatoid arthritis. The mechanism
of action is not completely understood for MTX yet, despite the
drug first being introduced ~ 70 years ago as a cancer treatment
(233). MTX is known to inhibit the enzyme dihydrofolate reductase
(DHFR) irreversibly (234), thus blocking the catalytic conversion of
dihydrofolate to the active form tetrahydrofolate (THF). In turn,
THF is essential for de novo purine, pyrimidine and neocluside
thymidine synthesis which are required for DNA, RNA and
thymidylates synthesis, MTX stops cell proliferation in the S phase,
during which DNA replication takes place, by inhibiting nucleic acid
and protein synthesis (235). High-dose MTX has been used to treat
malignancies (e.g., acute lymphoblastic leukaemia (236), non-
Hodgkin lymphoma (237), osteosarcoma (238), and colon cancer
(239)), and to manage the symptoms of autoimmune diseases
such as rheumatoid arthritis (RA) (240) at a lower dose. RA is a
systemic chronic inflammatory joint disease, which is characterised
by persistent synovitis, where macrophages are abundant and play
a pivotal role (241). Inhibition of DHFR is not enough to manage
RA; therefore, MTX is assumed to have other mechanisms including
inhibition of purine metabolism by inhibiting certain enzymes that
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are involved in that process. These include selective suppression of
B cells, preventing T cell activation, downregulation of
methyltransferase activity and inhibiting interleukin 1-beta binding
to its receptor on the cell surface (242-244).

Malignant cells are highly proliferative, and DNA replication is
essential for their survival, therefore these cells express high de
novo nucleotide synthesis (245). MTX is capable of stopping the
growth of cancer cells by inhibiting nucleobase synthesis, however,
this effect of MTX can be counteracted by administration of folic
acid. In contrast, although macrophages are not proliferative cells,
the effects of MTX on macrophages are not modified by folic acid.
These findings suggest that the mechanism of action of MTX is not
limited to the inhibition of DNA replication and is cell-line
dependent.

The mechanism by which MTX enters cells affects its activity,
kinetics and fate. MTX is structurally similar to folic acid, it binds to
folate receptors and is known to enter cells through active carrier-
mediated transport (reduced folate carrier RFC) which makes it
readily available in the cytoplasm (246, 247). Once MTX is free in
the cytosol, folylpolyglutamate synthase catalyses conversion of
MTX to MTX-polyglutamate (FPGS), rendering MTX no longer
subject to the folate efflux pathway and prolonging retention inside
the cells. In addition, polyglutamation increases the affinity of

methotrexate for thymidylate synthetase, phosphoribosyl
14



aminoimidazole carboxamide formyltransferase and phosphoribosyl
glycinamide formyltransferase (244, 248). The loading of MTX in
nanoparticle carriers has been reported to enhance its activity in
cell culture assays (49, 249), which may be related to a change in
the mechanism by which MTX enters cells when encapsulated. This
is because many nanoparticles enter cells by passive endocytosis,
which is not a saturable process, unlike the active transport of free
MTX entry by reduced folate receptors (247).

Metabolomics methods potentially allow all the end products of
every cellular process to be measured, and any alterations in
metabolite levels might act as signals which can describe the
effects of certain stimuli on cells very comprehensively (250, 251).
We therefore chose LC-MS based metabolite profiling to investigate
the effects of free MTX and MTX loaded NPs on selected cancer
cells and macrophages. The resultant global metabolic profile data
provide an explanation for the differences in cellular processing
between fast proliferative cancer cells and non-proliferative human-
like macrophages when challenged with MTX in free drug form and

when encapsulated in polymeric nanoparticles.
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4.2 Materials and methods

4.2.1 Materials

RPMI 1640 medium, heat-inactivated FBS, penicillin, streptomycin,
L-glutamine, phorbol 12-myristate 13-acetate and formaldehyde
were purchased from Sigma-Aldrich. Ammonium carbonate was
purchased from Fluka. Isopropanol and acetonitrile were LC-MS
grade and dichloromethane, methanol, diethyl ether and acetone
were HPLC grade provided by Fisher Scientific. Fisher Scientific

provided Trypan blue 0.4% and all HPLC/LC-MS grade solvents.

4.2.2 Cell culture

THP-1 (human monocyte from acute monocytic leukaemia, ATCC®
TIB-202™) and A549 (human adenocarcinoma alveolar basal
epithelial, ATCC® CCL-185™) cells were cultured in RPMI and
DMEM media respectively, supplemented with 10% FBS, 2 mM L-
glutamine, 100 pg/mL streptomycin and 100 U/mL penicillin, in a
humidified atmosphere containing 5% CO,. The cells were used at

passage number between 5-15.

4.2.3 Metabolic activity (AlamarBlue®) assay.

In 250 pl of fully supplemented medium, THP-1 and A549 cells
were seeded on 48-well plates at density of 250 x 103 cell/cm? and
25 x 10> cell/cm? respectively. After 24 hrs, the cells were washed

with PBS and treated with fee MTX and MTX loaded PLGA NPs, for
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24 hrs. Thereafter, the cells were washed with PBS and the culture
media were replaced with fresh fully supplemented media
containing 10% AlamarBlue® reagent for 4 hrs. Finally, 100 pL
were taken from each well and transferred to 96 black well plates
and the fluorescence was measured on a TECAN plate reader at
excitation/emission of 540/580 nm. The results are plotted as

mean % viability vs control £ standard error of the mean (SEM).

4.2.4 Cellular uptake study

Nanoparticles were prepared using fluorescein amine labelled PLGA
(chapter 2) to follow the cellular uptake. For confocal microscopy,
THP-1 and A549 cells were seeded into 8-well chamber slides
(obtained from Ibidi) at a seeding density of 3 x 10> cell/cm? and
1x 10* cell/cm? respectively in 300 pl of fully supplemented
medium. After 24 hrs, the cells were treated with MTX loaded PLGA
NPs for 3 hrs. Then, the cells were washed with PBS three times,
fixed with 4% paraformaldehyde for 15 minutes, stained with
Hoechst (20 uM in PBS for 10 minutes) for the nucleus, stained
with phalloidin Alexafluor 647 for cytoskeleton and covered with

mounting medium.
4.2.5 Metabolomic analysis

MTX treatment and metabolite extraction

THP-1 and A549 cells were seeded on T25 flasks (6 replicate for

each condition) at a density of 2 x 10° cell/cm? and 25 x 10°
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cell/cm? in 50ng/ml fully supplemented RPMI 1640 media and
DMEM media respectively. After 24 hrs, the cells were treated with
free MTX, MTX loaded PLGA NPs and blank PLGA NPs for 24 hrs.
Then, after removing the medium, the cells were washed briefly
once with pre-warmed PBS at 37 °C. The cellular metabolism was
quenched, and the metabolites were extracted simultaneously by
adding 0.5 mL of methanol (—48 °C), and cell handling after
qguenching was performed on ice. The cells were then scraped and
transferred to precooled fresh tubes at 4 °C. Cell solution was
vortexed vigorously for 1 h at 4 °C and centrifuged at 17000 x g
for 10 min at 4 °C. After the centrifugation, the supernatant was
removed and dried under vacuum at room temperature. The
metabolite extract was reconstituted using 70 pl of pre-cooled
methanol (4 °C). 10 pL aliquots were taken from each sample to
make a pooled QC in order to assess instrument performance

(207).

Liquid chromatography-mass spectrometry (LC-MS)

LC was performed on a ZIC-pHILIC 5um, 4.6 x 150mm column
from Merck Sequant (Watford, UK), using Accela LC system with a
mobile phase consisted of A: 20 mM ammonium carbonate and B:
100% acetonitrile as previously described in (134, 135).
Compounds were separated by the following linear gradient: 20%

A (0 min) to 95% A at 15 min to 20% A at 17 min and held to 24
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min. A flow rate was 300 ul/min and an injection volume was 10
M. Samples were maintained at 4 °C, and the column was
maintained at 45 °C.

MS was performed on an Orbitrap Exactive MS (Thermo Fisher
Scientific, Hemel Hempstead, UK) with ESI running in positive and
negative ionisation modes. Briefly, spectra were acquired in full MS
scan in the range of m/z 70-1400 and the resolution was 50,000 in
both modes. The capillary and probe temperatures were
maintained at 275 and 150 ©°C, respectively. The instrument
calibration was performed by modified Thermo calibration mixture
masses with inclusion of C,HgNO, (m/z 76.0393) for positive ion
electrospray ionisation and CsHsOs; (m/z 89.0244) for negative ion
electrospray ionisation in order to extend the calibration mass

range to small metabolites.

Data analysis and metabolite identification

Raw LC-MS data from the control group (untreated cells), the
treatments groups (cells exposed to the different NPs), and reagent
blanks were acquired using Xcalibur v2.1 software (Thermo
Scientific, Hemel Hemstead UK), and processed with XCMS for
untargeted peak-picking (208). Peak matching and related peaks
annotation were performed using mzMatch (209) and noise filtering
and putative metabolite identification were then carried out using

IDEOM with the default parameters (210). Metabolites that were
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matched with accurate masses and retention times of authentic
standards were identified with Level 1 metabolite identification
according to the metabolomics standards initiative (211, 212), but
when standards were not available, metabolites were identified by
employing predicted retention times considered as putative (Level
2 identification). Pooled QC samples were used to validate system
suitability and stability (207). Multivariate data analysis was
employed to assess changes in the cell metabolome between the
control and each treatment group using orthogonal partial least
squares discriminant analysis (OPLS-DA) using SIMCA-P v13.0.2
(Umetrics, Umea, Sweden) (213). In addition to the multivariate
analysis, univariate one-way ANOVA was carried out using
Metaboanalyst 3.0 (214). Mass ions with false discovery rate (FDR)
less than 5 % and variable importance in projection scores (VIP)
greater than one were selected as potential biomarkers. The lists of
significantly altered metabolites were imported to Metaboanalyst

3.0 to visualise the affected metabolic pathways (215).

4.3 Results and discussion

A global LC-MS metabolic profiling approach was employed to
study the effects of MTX and nanoparticles (NPs) with entrapped
MTX on THP-1 derived macrophages and A549 cells respectively.

Subtoxic concentrations of MTX (2ug/ml) and MTX loaded NPs with
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equivalent amount of MTX, 92ug/ml), Figures 4-S1 and 4-S2. The
NPs were readily uptaken by the cells, Figure 4-S3.

Using highly sensitive Orbitrap coupled LC-MS, a total of 408 and
773 different metabolites were identified in THP-1 and A549 cells
respectively. These included amino acids, lipids, carbohydrates,
nucleotides, cofactors and energy metabolism metabolites.
Metabolic alterations were assessed primarily by OPLS-DA where a
clear separation between the tested groups was observed, and the
two cell lines showed different responses to free MTX, MTX loaded
NPs and unloaded ‘blank” PLGA NPs. The OPLS-DA plot for THP-1
cells (Figure 4-1A) shows that the cells were sensitive to the
treatment groups with NPs more than to free MTX, whereas MTX
loaded NPs and blank PLGA NPs treated groups clustered close to
each other. This implies that both MTX loaded and blank NPs
affected the cells in a similar manner, even though MTX is a potent
drug. This can be interpreted as a consequence of the phagocytic
nature of THP-1 cells. The presence of NPs, which were of similar
dimensions and charges to viral particles, might be expected to
have activated strongly any phagocytosis processes and their
accompanying metabolic changes (132) in ways that may have
been analogous to those in processing exogenous small molecule
components.

As expected, the proliferative A549 cells were more sensitive to

MTX, where MTX treated groups were not separable (see Figure 4-
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1B), despite the fact that one group was treated with free MTX and
the other was exposed to MTX loaded PLGA NPs. This indicated that
MTX loaded NPs caused similar metabolic alterations in A549 cells
to those caused by free MTX.

Two-stage statistical analysis combining multivariate and univariate
analysis was adopted to study further the key metabolites upon the
different treatments to both cell lines. Metabolites responsible for
the separation in the OPLS-DA models having VIP values greater
than 1 were selected as changing metabolites. In addition, one way
ANOVA was employed to enhance the statistical power of this study
and the metabolites with FDR of <0.05 were further studied. Non-
proliferative activated THP-1 macrophages were expected to
tolerate MTX well because THP-1 cells lose their proliferative ability
once activated into macrophages, and MTX exerts its effect during
the S phase in cellular proliferation (252). Surprisingly free MTX
resulted in a decrease in TCA cycle (2-oxoglutarate, citrate and cis-
aconitate) and glycolytic activities (phosphoenolpyruvate, 3-
phospho-D-glycerate and D-gluconic acid), as shown in Table 4-1.
Energy metabolism has a main role in macrophage polarisation,
which results in either M1 macrophages that encourage

inflammation, or in M2 macrophages that suppress inflammation.
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Figure 4-1: (A) OPLS-DA scores plots of THP-1 cells samples (R2X=0.616,
R2Y=0.99 Q2=0.68, CV-ANOVA p-value 0.0083). (B) A549 cells samples
(R2X=0.84, R2Y=0.98, Q2=0.82, CV-ANOVA p-value 1.7e®) after 24 hrs
treatment with free MTX, MTX loaded PLGA NPs and blank PLGA NPs. (the
control group without any treatment).

It is well known that M1 polarisation depends on glycolysis and M2
polarisation relies on fatty acid oxidation (FAO) (253, 254). The
drop in glycolysis and the absence of any signs of FAO
hyperactivity (no significant decrease in carnitine or increase in
acylcarnitine) suggest that the macrophage were not extensively
polarised in these assays. In addition, downregulation of the TCA
cycle results in depletion of ATP, which is essential for macrophage
activation. These results suggest that impairing cellular energy
production could be an important mechanism by which MTX
controls the symptoms of RA by preventing macrophages
polarisation to the inflammatory type M1. The pentose phosphate
pathway is the main source of NADPH in the cell, and cellular redox
homeostasis is maintained via NADPH which is used to recycle

glutathione from its oxidised form.
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Table 4-1:

The most biologically relevant metabolites that were changed

significantly in THP-1 and A549 cells after the treatment with free MTX and MTX
loaded NPs, IDC: metabolite identification level according to the metabolomics
standards initiative L1 - Level 1, L2 - Level 2. Colours in the table represent
changes in metabolite levels, with blue indicating a decrease and red denoting
and increase.

THP-1 cells
IDC MTX Free
Mass RT FORMULA Putative metabolite NPs MTX
Redox homeostasis
307.0838 9.80 C10H17N306S Glutathione L1 1.01 0.65
612.1523 11.00 C20H32N6012S2 Glutathione disulfide L1 0.80 0.97
Energy metabolism
146.0215 10.32 C5H605 2-Oxoglutarate L2 0.71 0.59
192.0270 11.72 C6H807 Citrate L2 0.70 0.43
174.0164 11.29 C6H606 cis-Aconitate L2 0.71 0.39
167.9823 11.42 C3H506P Phosphoenolpyruvate L1 1.02 0.43
Nucleotide Metabolism
286.0567 10.72 C7H15N208P GAR L2 17.12 8.20
308.0411 9.41  C9H13N208P dumMp L1 1017 705
228.0747 7.84  C9H12N205 Deoxyuridine L2 7.88 9.20
A549 Cells
IDC MTX Free
Mass RT FORMULA Putative metabolite NPs MTX
Redox homeostasis and apoptotic markers
307.0837 9.77 C10H17N306S Glutathione L1 0.72 0.74
306.0759 10.83 C20H32N6012S2 Glutathione disulfide L1 0.93 0.84
183.0661 10.15 C5H14NO4P Choline phosphate L1 0.64 0.84
103.0997 10.43 C5H13NO Choline L2 0.47 0.59
Energy metabolism
260.0297 10.46 C6H1309P Fructose 6-phosphate L1 0.66 0.64
359.2670 5.51 C19H37NO5 2-Hydroxylauroylcarnitine L2 2.29 2.03
259.1784 5.72 C13H25N0O4 Hexanoylcarnitine L2 2.09 2.17
397.3190 5.19 C23H43N0O4 Hexadecenoylcarnitine L2 1.96 2.32
425.3503 5.08 C25H47N0O4 Elaidiccarnitine L2 1.69 1.82
387.2983 5.49 C21H41NO5 Hydroxymyristoylcarnitine L2 1.66 1.87
371.3034 5.28 C21H41NO4 Tetradecanoylcarnitine L2 1.60 1.79
Nucleotide Metabolism
136.0384 8.89 C5H4N40 Hypoxanthine L1 0.81 1.42
267.0967 8.22 C10H13N504 Adenosine L1 0.74 1.74
135.0545 8.64  C5H5N5S Adenine L1 0.79 1.10
347.0630 9.46 C10H14N507P AMP L1 0.64 0.65
286.0565 10.56 C7H15N208P GAR L2 11.46 9.78

The results showed that administration of free MTX decreased the

intracellular glutathione levels, this could be attributed to the drop

in glucose metabolism, characterised by the depletion of gluconic
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acid. Unexpectedly MTX loaded NPs did not affect the glycolytic
activity, nor were the glutathione levels decreased.

Another distinct fingerprint difference between the two types of
macrophages (M1 and M2) is arginine metabolism, whereby the
first type converts arginine to nitric oxide, which endows
macrophages with  cytostatic or cytotoxic activity against
microorganisms, and the second type converts arginine to ornithine
which is an anabolic promoter of cell proliferation. Cells treated
with free MTX showed higher levels of ornithine, potentially
indicating an enhanced polarisation to an M2 anti-inflammatory
macrophage phenotype. Metabolic profiling results also showed
that free MTX had a greater impact on the metabolism of THP-1
cells in comparison to NPs loaded with MTX. In this case MTX
suppressed glycolytic activity, disturbed redox homeostasis,
decreased TCA cycle activity and altered nucleotide metabolism
(see Table 4-1), while MTX loaded NPs changed only TCA cycle
activity and nucleotide metabolism. The variations in effects on the
cell lines likely arose due to the differences between the
concentrations of MTX in the cytoplasm. In the case of the drug
alone, MTX would have been rapidly available following
internalisation, whereas the NPs loaded MTX would have been
trapped in phagosomes and inaccessible during the initial stages in
the cytoplasm, which is where all glycolytic activities take place.

Over time, the phagosomes in macrophages fuse with lysosomes to
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produce phagolysosomes which are rich in hydrolytic enzymes and
reactive oxygen species. MTX in free drug form is susceptible to
oxidative degradation (255) whereas MTX entrapped in a
nanoparticle core would have been less accessible to oxidants. In
addition, drug release kinetics have a grate impact on its activity,
for instance, the release of physically entrapped drug inside
carriers as best described as a burst release followed by slower
release depending on drug diffusion or carrier degradation. In the
present work, MTX release from PLGA NPs depends on both
mechanisms, nevertheless, the burst release from MTX loaded
PLGA NPs makes some of the MTX available in the free form which
might makes the comparison between the two cases hard. Further
effects on cell processes were apparent in terms of nucleotide
metabolism, which was altered both by free MTX and MTX loaded
NPs. Thymidine synthesis, which starts by reduction of uridine to
deoxyuridine, followed by phosphorylation to produce dUMP and
methylation by thymidylate synthase to produce thymidine
monophosphate was reduced. This occurred via suppression of
thymidylate synthase by MTX, and as a result, the levels of
deoxyuridine and dUMP were higher in MTX and MTX loaded NPs
treated groups in comparison to the control groups. Secondly, de
novo purine synthesis was also suppressed by both treatments, in
particular, the third step where the enzyme

phosphoribosylglycinamide formyltransferase (GART) catalyses the
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formation of 5'-phosphoribosyl-N-formylglycinamide (FGAR) from
5'-phosphoribosyl-glycinamide (GAR) resulting in accumulation of
GAR, (see Figure 4-2).

A549 cells showed early signs of apoptosis upon treatment with
free MTX and MTX Iloaded NPs. The levels of choline,
phosphocholine, and glutathione were lower compared to the
untreated groups. Similar changes have been reported in apoptotic
cells (256-258), accompanied by increased fatty acid oxidation
(FAO). The levels of several acylcarnitines i.e. hexadecanoyl-
carnitine, O-hexanoyl-carnitine, palmitoyl-carnitine and 2-
hydroxylauroylcarnitine, were higher in the MTX treated groups
(see Table 4-1). A shift toward FAO can occur during energy crisis,
when cells cannot produce enough ATP from glucose metabolism,
or to survive oxidative stress (259). Cancer cells generally prefer
glucose metabolism to harness energy rapidly, in a process known
as the Warburg Effect (260) but also recycle glutathione from its
oxidised form in order to retain cellular redox homeostasis. Free
MTX and MTX loaded NPs treated groups showed a decrease in
glutathione, suggestive of oxidative stress mechanisms. Indeed,
MTX has previously been reported to exert a cytotoxic effect by
inducing oxidative stress (261) and this could explain the
upregulation of FAO observed. In contrast to the effects in THP-1
cells, treating the cancer cells with MTX-loaded NPs induced more

metabolic changes than when free MTX was administered. A549
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cells treated with MTX-loaded NPs showed depletion in
hypoxanthine, adenine, adenosine and AMP, which are four
consecutive metabolites in the purine metabolism pathway. In
addition, an increased GAR level indicated suppression in purine
metabolism. On the other hand, free MTX resulted in depletion of
AMP only, and an increase in GAR. The degree of purine synthesis
inhibition could thus be considered as a measure for the potency of
MTX inside the cells. The increased activity of the MTX-loaded NPs
could, as noted earlier, be attributed to the fact that the NPs
entered the cells via passive endocytosis, allowing higher uptake

compared to the RFC-mediated transport of MTX alone (49).
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Figure 4-2: Overview of the affected pathways in the THP-1 cells after treatment with the free MTX and MTX loaded NPs. Red arrow =
increased, blue arrow = decreased, Methotrexate enters the cell mainly via reduced folate carrier (RFC). Folylpolyglutamyl synthetase (FPGS)
catalyses the polyglutamation of MTX to produce MTX polyglutamates (MTX-PGs). MTX-PGs are better retained intracellularly than MTX
because they are not susceptible to the ATP-binding cassette (ABC) that is responsible for MTX efflux. MTX-PGs have higher affinity than MTX
to thymidylate synthetase (TS) and phosphoribosylglycinamide formyltransferase (GART). Deoxyuridine-5-monophosphate (dUMP),
deoxythymidine monophosphate (dTMP), 5'-phosphoribosyl-glycinamide (GAR), 5'-phosphoribosyl-N-formylglycinamide (FGAR) and nitric ngide



4.4 Conclusion

In this study, THP-1 derived macrophages and A549 Ilung
carcinoma cells were exposed to subtoxic concentrations of free
MTX and MTX loaded NPs, and global metabolic profiling was
performed. The results showed that free MTX had higher impacts
on the metabolome than MTX-loaded NPs in THP-1 derived
macrophages. In these cells, MTX induced oxidative stress, a drop
in glycolytic activity, reduction in the TCA cycle, and inhibition of
nucleotide metabolism. In contrast, the effects of MTX-loaded NPs
were limited to alteration of nucleotide metabolism and inhibition of
TCA cycle. In comparison, A549 cancer cells were more susceptible
to MTX-loaded NPs than to the free drug, in terms of purine
synthesis suppression, which we suggest was linked to the different
entry mechanisms for nanoparticles compared to free MTX, and
lack of efflux pumps for the NPs. We believe the presented work
shows that metabolomics is a valuable analytical technique that
can be used to understand mechanisms of action of drugs and

formulations in various clinically important cell lines.
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4.5 Supporting information

Table 4-S1: Size and zeta potential of the blank and MTX loaded NPs.

Type of NPs Mean Diameter (nm) Zeta potential (mv)

Blank NPs 120+ 1.4 -46.7 £ 2.5
MTX NPs 129 + 2.0 -27.1 £ 3.3
MTX
100 ! 3 - PLGA-M
o —@
D [
%
; 50 1
2
0 T T 1
1.5 2.0 2.5 3.0

Log MTX dose (mgg/ml)

Figure 4-S1: Viability of activated THP-1 macrophages following exposure to free

and polymer encapculated methotrexate for 24 hrs.
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Figure 4-S2: Viability of A549 cells following exposure to free and polymer
encapculated methotrexate for 24 hrs.
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Figure 4-S4-3: Super-resolution microscopy images of methotrexate loaded
PLGA nanoparticles (green) (92 pg/mL, 3 hrs) in A) THP-1 derived macrophages
and B) A549 cells. Cells were fixed and stained for cytoskeleton (Alexafluor 647,
magenta) and nucleus (Hoechst nucleus, blue). Scale bar = 20 pm.
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Table 4-S1: The metabolites that were changed significantly in THP-1 derived macrophages after the treatment with free and polymer-
encapsulated methotrexate, IDC: metabolite identification level according to the metabolomics standards initiative L1 - Level 1, L2 -
Level 2. Colours in the table represent changes in metabolite levels with blue indicating a decrease and red denoting an increase.

Mass Polarity 2/:'::: RT FORMULA Putative metabolite IDC Map Control MTX m;rsx
(ppm)
109.0198  + 0.467 11.13 C2H7NO2S Hypotaurine L2 Amino Acid Metabolism 1.00 067 0.86
118.0267 - 0.806 10.12 C4H604 Succinate L1 Carbohydrate Metabolism 1.00 127 143
125.0589  + -0.37 11.71 C5H7N30 5-Methylcytosine L2 Nucleotide Metabolism 1.00 105 113
131.0046  + -0.44 9.31 C6H13NO2 Leucine L1 Amino Acid Metabolism 1.00 0.77  0.81
132.0534  + -0.75 8.85 CAH8N203 N-Carbamoylsarcosine L2 Amino Acid Metabolism 1.00 158 126
132.0899  + -0.26 16.12 C5H12N202 Ornithine L1 Amino Acid Metabolism 1.00 159 1.05
136.0384  + -0.93 8.98 C5H4AN4O Hypoxanthine L1 Nucleotide Metabolism 1.00 2.65 062
141.0191 - 0.373 10.88 C2H8NO4P Ethanolamine phosphate L1 Amino Acid Metabolism 1.00 095 125
1450851  + -0.45 11.32 C5H11N302 4-Guanidinobutanoate L2 Amino Acid Metabolism 1.00 0.81  1.00
146.0691  + -0.67 10.94 C5H10N203 Glutamine L1 Amino Acid Metabolism 1.00 0.95  0.94
148.0372 - 0.589 10.1 C5H805 2-Hydroxyglutarate L1 Amino Acid Metabolism 1.00 061 082
149.051  + -0.8 9.43 C5H11NO2S Methionine L1 Amino Acid Metabolism 1.00 0.82 086
155.0695  + -0.23 11.18 C6HIN302 Histidine L2 Amino Acid Metabolism 1.00 0.84  0.85
158.0439 - -0.12 10.86 C4H6N403 Allantoin L1 Nucleotide Metabolism 1.00 0.87 085
159.126 + 0.076 5.65 C8H17NO2 FA amino(8:0) L2 Lipids: Fatty Acyls 1.00 154 129
161.0687 + -0.65 9.04 C6H11NO4 O-Acetyl-L-homoserine L2 Amino Acid Metabolism 1.00 0.46 0.73
163.0481 - 0.456 8.67 C5HINO5 L-erythro-4-Hydroxyglutamate L2 Amino Acid Metabolism _ 1179
165.079 + -0.29 8.64 C9H11NO2 Phenylalanine L2 Amino Acid Metabolism 1.00 0.83 0.78
169.0044 - 0.063 10.91 C3H7NOS5S L-Cysteate L1 Amino Acid Metabolism 1.00 0.73 082
174.0791 + -1.34 7.25 C10H10N20 Indole-3-acetamide L2 Amino Acid Metabolism 1.00 0.32 0.52
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175.0633
175.0957
181.074
188.1273
189.1
203.1157
208.0848
215.0559
231.1471
257.103
259.1784
264.1045
278.1519
299.2824
324.0361
384.1217
425.3505
427.3662
479.3011
523.291
593.575
619.59
673.5045
729.5309
733.5628
759.5774

-0.47
-0.53
0.473
-0.33
0.228
-0.56
-0.5
0.649
-0.47
0.06
-0.56
-0.4
0.989
-0.67
1.312
-0.2
-0.37
-0.32
-0.39
1.192
1.884
-0.32
0.019
0.136
0.978
-0.58

4.49
11.4
10.21
18.52
5.43
8.95
9.22
11.08
7.92
10.51
7.29
18.46
4.26
6.21
10.05
10.15
5.14

5.04
4.39
4.57
4.53
4.56
4.73
4.72
4.7

C10HSNO2
C6H13N303
C9H11INO3
C7H16N402
C8H15NO4
C9H17NO4
C10H12N203
C5H14NO6P
C11H21NO4
C8H20NO6P
C13H25NO4
C12H16N40S
C16H2204
C18H37NO2
C9H13N209P
C14H20N605S
C25H47NO4
C25H49N0O4
C23H46NO7P
C24H46NO9P
C38H75N0O3
CA0H77NO3
C37H72NO7P
C40H76NO8P
CA0H8ONOS8P
C42H82NO8P

5-Hydroxyindoleacetaldehyde
Citrulline

Tyrosine

Homoarginine

2 -(Butylamido)-4-hydroxybutanoic acid
O-Acetylcarnitine

Kynurenine
sn-glycero-3-Phosphoethanolamine
O-Butanoylcarnitine
sn-glycero-3-Phosphocholine
O-hexanoyl-R-carnitine
Thiamin

Alpha-CEHC

FA (16:2)

Uump
Adenosyl-L-homocysteine
Elaidiccarnitine
Stearoylcarnitine

PE (18:1)

PS (18:1)

SP (20:0)

Cer(d-40:2)

PE(P-32:1)

PC(32:2)

PC(32:0)

PC(34:1)

L2
L1
L1
L2
L2
L1
L1
L2
L1
L1
L2
L2
L2
L2
L1
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2

Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Lipid Metabolism
Lipids: Fatty Acyls

Lipid Metabolism
Lipids: Fatty Acyls
Metabolism of Cofactors and Vitamins
Lipids: Fatty Acyls
Nucleotide Metabolism

Amino Acid Metabolism

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Sphingolipids

Lipids: Sphingolipids

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids
Lipids: Glycerophospholipids

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.90
0.88
0.88
1.19

0.40
0.86
0.70
0.55
0.87
0.47
0.92
0.77
0.94
1.07
1.16
0.49
0.51
1.30
141
1.87
1.26
0.77
0.78
0.93
0.85

0.58
0.94
0.82
0.93
81.74
0.44
0.81
0.81
0.69
0.79
0.45
0.79
0.86

1.11
1.29
0.49
0.61

1.06
1.46
1.04
0.98
1.00
1.19
1.03

35



776.5571
787.609

820.5258
879.5838

883.535

1.592
-0.23
1.093
-0.06

-1.65

4.22
4.7

4.07
4.17

4.07

C42H81010P
C44H86NO8P
C46H77010P
C45H86NO13P

C50H78NO10P

PG(36:1)
PC(36:1)
PG(40:7)
PI (36:0)

PS(44:10)

L2
L2
L2
L2

L2

Lipids
Lipids
Lipids
Lipids

Lipids

: Glycerophospholipids
: Glycerophospholipids
: Glycerophospholipids
: Glycerophospholipids

: Glycerophospholipids

1.00
1.00
1.00
1.00

1.00

0.70
0.85
0.78
1.02

0.90

1.18
0.99
0.83
0.87

1.00

Table 4-S2: The metabolites that were changed significantly in A549 cells after the treatment with free and polymer-encapsulated
methotrexate, IDC: metabolite identification level according to the metabolomics standards initiative L1 - Level 1, L2 - Level 2. Colours in
the table represent changes in metabolite levels with blue indicating a decrease and red denoting an increase.

Mass Polarity :\:;;sl)error RT FORMULA Putative metabolite IDC Map Control MTX MTX NPs
89.0477 + -1.619 11.19 C3H7NO2 Alanine L1 Amino Acid Metabolism 1 1.06 1.03
103.0633 + -2.095 11.18 C4HONO2 4-Aminobutanoate L2 Amino Acid Metabolism 1 0.68 0.62
105.0426 + -1.48 6.03 C3H7NO3 2-Amino-3-hydroxypropanoic acid L2 Lipids: Fatty Acyls 1 1.16 1.03
105.079 + -1.534 1528  C4H11INO2 Diethanolamine 12 Lipid Metabolism 1 027 019
109.0198 + -1.41 11.04 C2H7NO2S Hypotaurine L2 Amino Acid Metabolism 1 0.9 0.97
113.0589 + -1.32 8.59 C4H7N30 Creatinine L2 Amino Acid Metabolism 1 1.14 1.11
117.0538 + -1.97 11.64 C3H7N302 Guanidinoacetate L1 Amino Acid Metabolism 1 1.13 1.03
127.0382  + -1.162 912 C4HSN302 5-Amino-4-imidazole carboxylate L2 Nucleotide Metabolism  [IONMMII 94.12 103.21
129.079 + -1.539 7.22 C6H11NO2 N4-Acetylaminobutanal L2 Amino Acid Metabolism 1 0.79 0.77
131.0583 + -1.449 10.75 C5HINO3 L-Glutamate 5-semialdehyde L2 Amino Acid Metabolism 1 0.71 0.69
131.0583 + -1.424 5.57 C5HINO3 N-Acetyl-beta-alanine L2 Amino Acid Metabolism 1 1.12 1.23
131.0695 + -1.542 10.94 C4HIN302 Creatine L1 Amino Acid Metabolism 1 1.01 0.9
132.0899 + -1.856 16.19 C5H12N202 L-Ornithine L1 Amino Acid Metabolism 1 1.46 1.28
145.0739 + -1.792 5.64 C6H11INO3 4-Acetamidobutanoate L2 Amino Acid Metabolism 1 0.44 0.37
145.0851 + -2.031 11.25 C5H11N302 4-Guanidinobutanoate L2 Amino Acid Metabolism 1 1.02 0.92
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146.0691
146.1054
147.0531
161.0688
169.0504
174.1117
175.0634
179.0795
181.074

183.0661
193.0741
203.1157
204.0899
211.0357
217.1313
257.1028

262.0888

264.1044

297.0895
304.2401
307.0837
371.3034
397.319

399.3347
425.3503

437.2903

467.301

479.301

481.3531

+ + + + + + 4+ + + + + + + + o+ o+

+

-2.163
-2.359
-1.988
-1.865
-2.021
-1.571
-1.673
-1.268
-1.151
-1.574
-0.91

-1.933
-1.895
-2.163
-2.242
-2.086

-2.115

-2.209

-2.202
-2.723
-2.296
-2.105
-1.963
-2.01

-1.936

-2.645

-1.636

-1.707

-1.439

10.85
17.25
9.99
8.95
9.73
18.34
4.37
10.39
10.19
10.15
5.04
8.85
9.68
10
8.28
10.43

7.43

18.82

7.24
4.12
9.77
5.28
5.19
5.15
5.08

4.99

531

4.97

5.23

C5H10N203
C6H14N202
C5H9NO4
C6H11INO4
C4H12NO4P
C6H14N402
C10H9NO2
C6H13NOS
C9H11INO3
C5H14N0O4P
C10H11NO3
CO9H17NO4
C11H12N202
C4H10N305P
C10H19NO4
C8H20NO6P

C12H14N40S

C12H16N40S

C11H15N503S
C20H3202
C10H17N306S
C21H41NO4
C23H43NO4
C23H45N04
C25H47N0O4

C21H44NO6P

C22H46NO7P

C23H46NO7P

C24H52NO6P

Glutamine

Lysine

Glutamate
O-Acetyl-L-homoserine
Phosphodimethylethanolamine
Arginine
5-Hydroxyindoleacetaldehyde
Glucosamine

Tyrosine

Choline phosphate
Phenylacetylglycine
O-Acetylcarnitine

Tryptophan

Phosphocreatine
O-Propanoylcarnitine
sn-glycero-3-Phosphocholine

Thiamine aldehyde

Thiamin
5'-Methylthioadenosine
FA (20:4)

Glutathione
Tetradecanoylcarnitine
Hexadec-2-enoylcarnitine
O-Palmitoyl-R-carnitine
Elaidiccarnitine

PE (16:1)
PC (14:0)
PE (18:1)

PC(16:2)

L1
L2
L2
L2
L2
L1
L2
L2
L1
L1
L2
L1
L1
L2
L2
L1

L2

L2

L1
L2
L2
L2
L2
L2
L2

L2

L2

L2

L2

Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Lipid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Carbohydrate Metabolism
Amino Acid Metabolism
Lipid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Lipids: Fatty Acyls

Lipid Metabolism
Metabolism of Cofactors
and Vitamins
Metabolism of Cofactors
and Vitamins

Amino Acid Metabolism
Lipids: Fatty Acyls
Amino Acid Metabolism

Lipids: Fatty Acyls

Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids

R R R R R R R R R R R R R R R

2.06 2.22
1.39 1.25
1.77 1.54
0.79 0.71
1.41 1.21
1.74 1.66
1.46 1.49
1.38 1.24
0.84 0.64
1.36 1.31
0.68 0.72
0.86 0.78
0.89 0.68
0.72 0.6

0.66 0.5

2.17 211
0.86 0.98
1.24 1.14
2.26 1.07
0.74 0.72
1.79 1.6

2.32 1.96
2.14 1.84
1.82 1.69
1.57 1.24
2.07 1.57
1.7 1.32
1.55 1.1
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493.3165

495.3322

507.3687

519.3328
537.5117

721.5042

723.5199

743.5464

747.5199

765.5308

767.5464

771.6139

787.5359

787.6085

807.5776

809.5936

883.536

+

-1.818

-1.689

-1.439

-0.408
-2.498

-1.725

-1.616

-1.349

-1.714

-1.376

-1.525

-1.712

-2.214

-2.266

-1.793

-1.318

-2.269

5.15
4.5

4.43

4.44

4.51

4.42

4.43

4.44

4.66

4.09

4.73

4.57

4.58

3.95

C24H48NO7P

C24H50NO7P

C26H54N0O6P

C26H50NO7P
C34H67NO3

C41H72NO7P

C41H74NO7P

C41H78NOS8P

C43H74NO7P

C43H76NO8P

C43H78NO8P

C44H86NO7P

C42H78NO10P

C44H86NOS8P

C46H82NO8P

C46H84NO8P

C50H78NO10P

PC (16:1)
PC (16:0)
PC (18:1)

PC (18:2)
SP (16:0)
PE(P-36:4)

PE(P-36:4)
PE(36:2)
PE (38:7)
PE(38:5)
PE(38:4)
PC (36:1)
PS(36:2)
PC(36:1)
PC(38:5)
PC(38:4)

PS(44:10)

L2

L2

L2

L2
L2
L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

L2

Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids: Sphingolipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids

2.13

2.05

2.95
1.47

13

1.48

1.09

2.17

1.29

1.29

1.26

1.25

0.98

0.9

1.09

1.27

1.18

1.19
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Chapter five

Investigating the molecular effects
of hyperbranched polycation-DNA
complexes on lung cancer cells using

LC-MS-based metabolite profiling
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5.1 Introduction

Gene therapy is a promising approach for addressing both
hereditary and acquired diseases. However, the clinical
applications of this approach are still limited because of the
difficulties in delivery of therapeutic nucleic acids (262-265).
Viral vectors, although they are efficient, have serious safety
issues and technical drawbacks, which have focused more
attention to non-viral carriers (263, 266-268). In this context,
cationic polymers have emerged as attractive gene delivery
systems; they are easy to functionalise and cheap to scale up,
however many of them are cytotoxic (269-273).

Over the last two decades, a large number of cationic
polymers have been designed and investigated to develop
efficient gene vectors with special emphasis on toxicity issue
(274-276). However, the toxicity of these polymers has been
routinely evaluated in in vitro cell culture based on simple cell
viability assays, such as MTT and LDH (113, 114). These
methods, although they are fast and appropriate for routine
toxicity assessment, have several limitations and do not
provide sufficient information on potential mechanisms of cell
toxicity to inform the design of new polymeric materials (119).
Also, these assays give indications of the crude toxicity of
materials but not the safety of these materials at subtoxic
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concentrations. In some cases, mechanistic studies have
been applied to understand the toxic effects of cationic
polymers and their complexes with nucleic acids (277-279),
however, these studies have generally relied on limited
conventional toxicity assays which are expensive and time-
consuming. Hence, there is a practical incentive to establish
comprehensive and reliable toxicity assessment methods that
can be applied to evaluate safety of drug delivery materials in
general (280). In this regard, metabolomics can be considered
as a promising tool that could fulfil the requirements for in
depth nanotoxicology investigations. This approach traces the
changes in metabolites levels present in biological samples in
response to external stimuli and can afford deep
understanding of the molecular mechanisms of toxicity (280,
281). Metabolomics provides qualitative and quantitative
measurements of small biomolecules like sugars, amino acids,
nucleotides, etc., which are the end products of genetic
translation processes. The very large number of detected
metabolites in these types of analysis provides a
comprehensive view about the intracellular functions and can
create a chemical map of the affected pathways in the cells,
which reflects the impact of a xenobiotic, such as an applied

cationic polymer, and its potential toxicity (282, 283).
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Polylysine, PEI and their derivatives are among the most
studied cationic polymers for gene delivery. Apart from the
variation in their transfection efficiency, several studies
indicated that they share some similar manifestations of
cytotoxicity (277, 278). They interact with, and induce plasma
membrane damage in, the early stage of exposure, and can
provoke programmed cellular death (apoptosis) through
destabilisation of mitochondrial membranes and release of
cytochrome C, as a late stage of toxicity (284). Furthermore,
it has been reported that the cytotoxicity of these polycations
is highly related to their architectures (279, 285). Considering
that the branched forms of polylysine and PEI showed a better
transfection efficiency in comparison with the linear forms,
they would be interesting candidates for metabolomics
studies. Also, thermally polymerised hyperbranched polymers
have attracted our interest for their advantages over dendritic
polymers in terms of applicability and feasibility for
manufacturing and scale up, and because the impact of these
polymers and their polyplexes at the cellular and molecular
level is not fully understood (24, 285). In the present work, a
global metabolic profiling approach was employed to study the
effect of hyperbranched polylysine (hb-polyK), hyperbranched
polylysine-co-histidine (hb-polyKH2) and branched

polyethyleneimine (PEI) polyplexes with plasmid DNA on two
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lung carcinoma cell lines (A549 and H1299). These two cell
lines were chosen as they are initial targets for local
administration and inhalation in cancer therapy. In addition,
these cell lines showed unexpected variations in their
responses to gene delivery complexes in terms of uptake and
transfection (24), thus an evaluation of their metabolomics
profiles was expected to enhance our understanding of the
intracellular behaviour of the polyplexes and their potential

toxicity at sub-toxic concentrations.

5.2 Materials and methods

5.2.1 Materials

Hyperbranched polylysine, hyperbranched polylysine-co-
histidine, and their FITC-labelled forms were prepared and
characterised as described previously (24). Branched
polyethyleneimine (25 kDa), methylthiazolyldiphenyl-
tetrazolium bromide (MTT), annexin V-FITC/PI apoptosis
detection kit, N-acetylcysteine (NAC) and all buffers were
purchased from Sigma-Aldrich. Cytotoxicity Detection Kit™V®
(for LDH) was obtained from Roche. Luciferase reporter
plasmid (gWiz-Luc) from Aldevron and Luciferase assay kit
were purchased from Promega Corporation. Label IT® Ccy™3

Labeling Kit was abtained from Mirus. All routine cell culture
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materials were purchased from Sigma-Aldrich. Fisher Scientific
provided Trypan blue 0.4% and all HPLC/LC-MS grade

solvents.

5.2.2 Preparation of polyplexes

The complexes of the polymers with plasmid DNA were
prepared in 10 mM HEPES buffer of pH 7.4. Aliquots of similar
volumes and required concentrations, to prepare the desired
N/P ratios, of polymers and plasmid DNA solutions were mixed
and vortexed for 10 sec. Then, the polyplexes were left for 30
min before used in the experiments. The N/P ratios, the
charge ratio, were calculated based on the results of
fluorescamine assay and all the physicochemical

characterisations were as previously described (24).

5.2.3 Cell culture

A549 (human adenocarcinomic alveolar basal epithelial,
ATCC® CCL-185™) and H1299 (human non-small cell lung
carcinoma, ATCC® CRL-5803™) cells were cultured in DMEM
and RPMI media respectively, supplemented with 10% FBS
and 1% L-glutamic acid, in a humidified atmosphere
containing 5% CO,. The cells were used at passage number

between 30-40.
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5.2.4 Metabolic activity (MTT) assay.

In 100 pl of fully supplemented medium, A549 and H1299
cells were seeded on 96-well plates at density of 25 x 103
cell/cm?. After 24 hrs, the cells were washed with PBS and
treated with polyplexes (at different N/P ratios) suspended in
100 pl of FBS free medium to a concentration of plasmid of 2
Mg/ml for 4 hrs. Then, the culture media were replaced with
fresh fully supplemented media and the cells were incubated
for additional 24 hrs. 25 pl/well of MTT reagent (5mg/ml in
PBS) was directly added to the cells and incubated for 3 hrs.
Thereafter, the cells were washed with PBS, 150 ul of DMSO
was added and the metabolic activity was determined by
measuring the absorbance at 570 nm using cells treated with
FBS free media and Triton 0.2% as a positive and negative
control respectively. The following equation was used to
calculate the percentage of metabolic activity:

Metabolic activity (%)= S-T / C-T x 100

Where S is the absorbance obtained with the tested samples,
T is the absorbance observed with Triton, and C is the

absorbance observed with the FBS free media treated cells.

5.2.5 Lactate dehydrogenase (LDH) detection assay
On 96-well plates, A549 and H1299 cells were seeded at

density of 25 x 10> cell/cm? and cultured in 100 pl of media
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for 24 hrs. Then, the cells were washed, treated with
polyplexes at different N/P ratios (final concentration of
plasmid DNA was 2 pg/ml in FBS-free media) and incubated
for 4 hrs. After that, 50 ul aliquots of the treatment media
were taken, mixed with 50 pl LDH reagent and allowed the
reaction to conduct at room temperature for 20-30 minutes
before adding the stop solution, 5 ul. The released LDH was
detected by measuring the absorbance at 490 nm using cells
treated with Triton 0.2% and FBS free medium as controls.
The percentage of released LDH was calculated using the
following equation:

Released LDH (%)= S-C/ T-C x 100

Where S is the absorbance obtained with the tested samples,
T is the absorbance observed with Triton, and C is the

absorbance observed with the FBS free media treated cells.

5.2.6 Annexin-V/PI apoptosis assay

On 24-well plates, A549 and H1299 cells were seeded at
density of 25 x 103 cell/cm? and cultured in 500 pl of fully
supplemented medium for 24 hrs. Then, the cells were
washed, incubated for 4 hrs in FBS-free medium with the
polyplexes at N/P ratios of 10 and concentration equivalent to
2 pg/ml of plasmid DNA. After the incubation period, the

treatment medium was replaced with fully supplemented
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medium and the cells were incubated for further 24 hrs.
Thereafter, the culture medium was collected into labelled
FACS tubes on ice (4 °C), the cells were detached (using
trypsin/EDTA solution for 5 min) and collected together with
their corresponding culture medium. The cells were
centrifuged, re-suspended in 100 pL of 1X annexin V binding
buffer, treated with 2.5 pL annexin-V FITC and 1 pL of 100
Mg/mL PI solutions (from ThermoFisher), and incubated in the
dark for 15 min. Then, the samples were diluted with 1X
binding buffer to 500 pl and analysed using a Beckman
Coulter FC-500 flow cytometer. The data were processed

using Kaluza 1.5 software.

5.2.7 In vitro Transfection study

Both cell lines were seeded on 24-well plates at a density of
25 x 10° cell/cm? and incubated in 500 pl of fully
supplemented medium for 24 hrs. Then, the cells were
washed with PBS, covered with 500 ul of FBS-free media, and
treated with gWiz-Luc polyplexes of N/P ratio of 10 at
concentration of 2 pg/ml of plasmid. After 4 hrs, the
transfection medium was replaced with fully supplemented
medium and the cells incubated for further 24 hrs. After that,
the cell washed with PBS and the expression of luciferase was

detected by luciferase assay kit. The effect of NAC on the
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transfection efficiency was studied by adding NAC at a
concentration of 5 mM into the culture medium before for 1 hr
and after the treatment with the polyplexes for 24 hrs with

keep the period of treatment with polyplexes free from NAC.

5.2.8 Cellular uptake study

Polyplexes were prepared using FITC-labelled polymers and
Cy3-labelled plasmid DNA for study the cellular uptake and
internalisation. For confocal microscopy, A549 and H1299 cells
were seeded into 8-well chamber slides (obtained from Ibidi)
at a seeding density of 1 x 10* cell/cm? in 300 pl of fully
supplemented medium. After 24 hrs, the cells were washed
with PBS, covered with 300 ul of FBS-free media, and treated
with labelled polyplexes of N/P ratio of 10 at concentration of
2 pg/ml of DNA for 4 hrs. Then, the cells were washed with
PBS three times, fixed with 4% paraformaldehyde for 15
minutes, stained with DRAQ5 (20 pM in PBS for 5 minutes),
and covered with mounting medium. In the case of flow
cytometry, the cells were prepared in conditions similar to the
transfection experiment. After incubation of cells with labelled
polyplexes for 4 hrs, the cells were washed with PBS three
times and detached from the plates using trypsin solution for 5
minutes at 37C. Then, the cells were collected, centrifuged,

and re-suspended in 0.3ml of PBS in FACS tubes. Thereafter,
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the samples mixed with 150 pl of 0.4% trypan blue and
measured using Astrios flow cytometer from Beckman Coulter

Life Sciences.

5.2.9 Metabolomic analysis

Incubation of polyplexes with cells and metabolite extraction

The assay times and cell treatments with the polyplexes were
based on those shown to be efficient for transgene expression
in our previous experiments with polymer/DNA complexes in
A54 and H1299 cells. Both cell lines were seeded on T25
flasks (6 replicate for each condition) at a density of 25 x 10°
cell/cm? and incubated in 5 ml of fully supplemented medium
for 24 hrs. Then, the cells were washed with PBS, covered
with 5 ml of serum free medium, and treated with polyplexes
of N/P ratio of 10 at a concentration of 2 pg/ml of plasmid
DNA. After 4 hrs, aliquots were taken from the transfection
medium and the medium replaced with fully supplemented
medium. The cells were incubated for a further 24 hrs and
aliquots from the medium were taken. Then, after removing
the medium, the cells were washed briefly once with pre-
warmed PBS at 37 °C. The cellular metabolism was quenched,
and the metabolites were extracted simultaneously by adding
0.5 mL of methanol (—48 °C), cell handling after quenching

was performed on ice. The cells were then scraped and
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transferred to precooled fresh tubes at 4 °C. Cell solution was
vortexed vigorously for 1 h at 4 °C and centrifuged at 17000 x
g for 10 min at 4 °C. After the centrifugation, the supernatant
was removed and dried under vacuum at room temperature.
The metabolite extract was reconstituted using 70 ul of pre-
cooled methanol (4 °C). 10 uL aliquots were taken from each
sample to make a pooled QC in order to assess instrument

performance (207).

Liquid chromatography-mass spectrometry (LC-MS)

LC was performed on a ZIC-pHILIC 5um, 4.6 x 150mm
column from Merck Sequant (Watford, UK), using Accela LC
system with a mobile phase consisted of A: 20 mM ammonium
carbonate and B: 100% acetonitrile as previously described in
(134, 135). Compounds were separated by the following linear
gradient: 20% A (0 min) to 95% A at 15 min to 20% A at 17
min and held to 24 min. A flow rate was 300 pl/min and an
injection volume was 10 pl. Samples were maintained at 4 °C,
and the column was maintained at 45 °C.

MS was performed on an Orbitrap Exactive MS (Thermo Fisher
Scientific, Hemel Hempstead, UK) with ESI running in positive
and negative ionisation modes. Briefly, spectra were acquired
in full MS scan in the range of m/z 70-1400 and the resolution

was 50,000 in both modes. The capillary and probe

50



temperatures were maintained at 275 and 150 °C,
respectively. The instrument calibration was performed by
modified Thermo calibration mixture masses with inclusion of
CoHgNO, (m/z 76.0393) for positive ion electrospray ionisation
and CsHsO3 (m/z 89.0244) for negative ion electrospray
ionisation in order to extend the calibration mass range to

small metabolites.

Data analysis and metabolite identification

Raw LC-MS data from the control group (untreated cells), the
treatments groups (cells exposed to the different NPs), and
reagent blanks were acquired using Xcalibur v2.1 software
(Thermo Scientific, Hemel Hemstead UK), and processed with
XCMS for untargeted peak-picking (208). Peak matching and
related peaks annotation were performed using mzMatch
(209) and noise filtering and putative metabolite identification
were then carried out using IDEOM with the default
parameters (210). Metabolites that were matched with
accurate masses and retention times of authentic standards
were identified with Level 1 metabolite identification according
to the metabolomics standards initiative (211, 212), but when
standards were not available, metabolites were identified by
employing predicted retention times considered as putative

(Level 2 identification). Pooled QC samples were injected
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randomly in between every 5-6 samples to validate system
suitability and stability (207). Multivariate data analysis was
employed to assess changes in the cell metabolome between
the control and each treatment group using orthogonal partial
least squares discriminant analysis (OPLS-DA) using SIMCA-P
v13.0.2 (Umetrics, Umea, Sweden) (213). In addition to the
multivariate analysis, univariate one-way ANOVA was carried
out using Metaboanalyst 3.0 (214). Mass ions with false
discovery rate (FDR) less than 5 % and variable importance in
projection scores (VIP) greater than one were selected as
potential biomarkers. The lists of significantly altered
metabolites were imported to Metaboanalyst 3.0 to visualise

the affected metabolic pathways (215).
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Figure 5-1: The uptake data in A549 cells (A) and in H1299 cells (B); presented
by confocal images (more images in Figure 5-S2) and flowcytometry data, where
the flowcytometry reported as a percentage of positive cells and median of the
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florescence intensity of signal of Cy3 labelled plasmid. (C) The transfection
efficiency of the polyplexes with gWiz-Luc in A549 cells and in H1299 cells. The
results represent mean and SD values (n= 4). The significance represents the
difference in comparison with the controls, where ns=insignificant, *= significant
(p < 0.05), **= very significant (p < 0.01), ***= extremely significant (p <
0.001) and ****= extremely significant (p < 0.0001).

5.3 Results and discussion

In this study, a metabolomics approach was adopted as a
comprehensive and reliable method to assess the impact of
the polyplexes of hb-polyK, hb-polyKH> and PEI, and their
potential toxicity at sub-toxic concentration, on A549 and
H1299 cell lines. We chose chromatographic separation of
metabolites followed by mass spectrometric analysis, as this is
the most frequently used approach in metabolomics,
especially via GC-MS and LC-MS systems. NMR spectroscopic
analysis has also been widely used in metabolomics as it is
quantitative, reproducible, selective and more importantly
does not need complicated sample preparation (133, 286).
However, current levels of sensitivity remain a limitation in
comparison to mass spectrometric techniques. In addition, MS
metabolic approaches have the advantage of high throughput
and wide metabolite coverage (287). For example, GS-MS has

high resolution and is able to retain small molecules that elute
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with the solvent front in LC approaches, nevertheless sample
derivatisation is needed for GS-MS and it is only applicable for
thermally stable stationary phases and samples. Although LC-
MS approach is less reproducible than GS-MS and NMR (288),
its high sensitivity and the wide range of compounds that can
be analysed by LC-MS in addition to the non-destructive soft
ionisation techniques in both polarities has made LC-MS one
of the most attractive approaches for metabolic profiling in
recent years, hence our adoption of this method.

The polyplexes were prepared at N/P ratio of 10, where they
showed the best transfection efficiency as previously
described (24). The size and zeta potential measurements
indicated that the polymers efficiently condensed plasmid DNA
into positively charged nanoparticles of around 150 nm in
diameter and the AFM images confirmed the results (Figure 5-
S1). Regarding the uptake, confocal microscopy images
showed that the polyplexes were efficiently internalised in
both cell lines. Flow cytometry revealed that there was no
statistically significant difference between the uptakes of all
polyplexes in H1299 cells. Also, the extent of internalisation of
hb-polyK and PEI polyplexes in A549 cells was similar, but the
histidine-containing polymer hb-polyKH, complexes with DNA
were present in significantly fewer A549 cells. However, the

median of fluorescence intensity was comparable for all the
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polyplexes in A549 cells (Figures 5-1A and 5-1B). Conversely,
the transfection experiments revealed that PEI achieved the
best transfection efficiency in both cell lines in comparison
with hb-polyK and hb-polyKH,. Also, in A549 cells, hb-polyK
showed greater transfection efficiency than hb-polyKH>, while
in H1299 the difference between them was not statistically
significant (Figure 5-1C). Considering the results of the uptake
studies, it can be suggested that the variation of transfection,
at least in case of PEI, may have been related to the different
intracellular processing of these polymers and their
polyplexes. Accordingly, we aimed to investigate the
metabolomics profiles for these polyplexes in the selected cell
lines, as a means to understand better the pathways by which
the cells processed the polyplexes during the transfection
experiments.

In metabolomics studies, it is important to work at the sub-
toxic level as the differences in viability between the control
and treated cells would affect the reliability of the results.
Therefore, MTT and LDH assays were used to investigate any
toxicity resulting from the polyplexes (Figure 5-2). These data
show that the polyplexes of all the polymers were well
tolerated by both cell lines at the selected concentration and
N/P ratio. Signs of toxicity were seen, especial for PEI, at high

N/P ratios (>20). It was previously reported that these
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polymers could provoke apoptosis as a late stage of toxicity
(277, 289); therefore the cells were further assessed using
Annexin-V/PI apoptosis assays to check if there were any
apoptotic features on treatment with the polyplexes at the
concentrations used in this study. The results (Figure 5-S3)
did not show any significant shift in the cells toward apoptosis
and/or necrosis and confirmed that the selected
concentrations of polyplexes were suitable for metabolomics
study. The N/P ratio used in this study is the charge ratio and
reflects the effective concentration of each polymer which
achieved the best DNA condensation and delivery in previous
work (24), the 2 pug/ml of plasmid DNA, used to treat the cells
at N/P ratio of 10, was corresponding to 0.012, 0.016 and
0.002 mg/ml of hb-polyK, hb-polyKH> and PEI respectively. As
expected, PEI was a more potent transfection agent than hb-
polyK and hb-polyKH,, but it was also more cytotoxic.

A total of 482 and 421 metabolites were putatively identified
in A549 and H1299 cells respectively, including amino acids,
carbohydrates, nucleotides and lipids (Figure 5-3A). In order
to study the metabolic changes in A549 and H1299 cells after
treatment with polyplexes of hb-polyK, hb-polyKH> and PEI,
extracts from treated and control cells from both cell lines

were analysed by LC-MS.
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Figure 5-2: (A) LDH and (B) MTT assay of hb-polyK, hb-polyKH2 and PEI
polyplexes at different N/P ratios in A549 and H1299 cell lines. The polyplexes
were prepared in HEPES (10mM, pH 7.4), diluted with FBS-free medium, and
applied on the cells at a final concentration of 2 ug/ml of siRNA for 4 hrs. The
results are shown as mean and SE values of triplicate experiments (n=4).

The six biological replicates for each sample group were
clustered clearly in the OPLS-DA scores plots (Figure 5-3B),
indicating reproducible data sets. OPLS-DA scores plots also
showed distinct separations between the different sample
groups revealing that LC-MS-based metabolic profiling was
capable of investigating different molecular effects of each
group of polyplexes on the cell metabolomes. Mass ions of VIP
score greater than 1 were selected as potential biomarkers. In

addition to the multivariate analysis results, univariate ANOVA

was performed to identify significantly changed compounds;
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mass ions with the false discovery rate < 0.05 were selected
as significant variables (217). Combining multi and univariate
analyses revealed that 98 and 86 metabolites were altered
significantly in A549 and H1299 cells respectively after the
exposure to the different polyplexes, Tables 5-S1 and 5-S2.
Disturbed metabolic pathways

The metabolomics approach revealed that the polyplexes
affected several pathways in A549 and H1299 cells, including
amino acids and nucleotides metabolism, citric acid cycle, and
redox state; as shown in Figure 5-3C. Although we cannot rule
out effects of the delivered plasmid on all the metabolic
changes detected, we specifically focused on metabolites
previously linked to toxicity mechanisms of polymers as
reported in the literature (277, 284). Accordingly, we show
the significantly changed and biologically relevant metabolites
summarised in Table 5-1.

First of all, the fold changes in metabolite levels (as presented
in the ‘heat map’ of Table 1) show that hb-polyKH, had the
least impact on cellular metabolism, which in turn may
indicate reduced toxicity of this polymer in comparison to PEI
and hb-polyK. Although the metabolic changes could, in
principle, be connected to the lower uptake of hb-polyKH; in
A549 cells, they were more likely attributed to the different

intracellular behaviour of this polymer in H1299 cells, as the
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cellular uptake results were comparable for all polyplexes.
This is possibly due to the low ability of hb-polyKH> to interact
and permeabilise the cellular membrane as it is less flexible
and has lower charge density in comparison with hb-polyK and
PEI, an effect which is more pronounced in the H1299 cell
line, as reported in our previous study (24). The reduced
membrane disruption activity of the hb-polyKH2 can be noted
in the LDH assay as well (Figure 5-2). In this regard, several
studies have suggested that there is a correlation between the
toxicity of cationic polymers and their transfection efficiency,
particularly PEI. These studies have considered the ability of
cationic polymers to interact, destabilise, and permeabilise the
biological membrane as a mechanism for transfection and

toxicity as well.
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Figure 5-3: (A) Classification of the identified metabolites according to their
biological role. (B) OPLS-DA scores plots of A549 cells samples (R2X=0.89,
R2Y=0.99, Q2=0.72, CV ANOVA p value=3.1e*) and H1299 cells samples
(R2X=0.71, R2Y=0.83 Q2=0.56 p value=9.4e7) after four hrs treatment with
polyplexes of hb-polyK, hb-polyKH2 and PEI (the control group with FBS-free
medium), and then 20 hrs of incubation without fully supplemented medium. (C)
Summary of pathway analysis with MetaboAnalyst 4.0. The node colour is based
on its p-value and the node radius is determined based on their pathway impact
values.
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Table 5-1: The most biologically relevant metabolites that were changed significantly in THP-1 and A549 cells after the treatment with

free MTX and MTX loaded NPs, IDC: metabolite identification level according to the metabolomics standards initiative L1 - Level 1, L2 -

Level 2. Colours in the table represent changes in metabolite levels with blue indicating a decrease and red denoting an inc rease.

A549 H1299

Mass RT FORMULA Putative metabolite IDC PEI hb- hb- PET hb- hb-
polyK polyKH> polyK polyKH>

TCA cycle
146.0215 10.29 C5H605 2-Oxoglutarate L1 0.42 0.68 0.88 0.43 0.45 0.61
192.0270 11.56 C6H807 Citrate L2 0.60 0.60 0.93 0.76 0.60 0.97
134.0216 10.44 C4H605 (S)-Malate L1 0.69 0.92 1.00 0.63 0.53 0.79
174.0164 11.55 C6H606 cis-Aconitate L2 0.63 0.70 1.08 0.67 0.52 0.83
118.0267 10.35 C4H604 Succinate L1 0.72 1.13 1.10 1.30 0.81 0.98
Glycolysis
88.0161 7.30 C3H403 Pyruvate L1 0.30 0.57 0.63 0.49 0.86 0.78
167.9823 11.28 C3H506P Phosphoenolpyruvate L1 0.63 0.73 1.05 0 0 0
185.9928 11.01 C3H707P 3-Phospho-D-glycerate L2 0.39 0.59 1.05 0.67 0.87 0.90
Carnitine shuttle
425.3505 5.23 C25H47N0O4 Elaidiccarnitine L2 1.36 1.09 1.34 3.99 3.41 1.62
427.3662 5.18 C25H49N0O4 Stearoylcamitine L2 1.38 1.40 1.03 3.83 5.58 2.07
399.3349 5.3 C23H45N04 Palmitoylcarnitine L2 0 0 0 3.25 3.05 1.67
161.1052 9.84 C7H15NO3 L-Carnitine L1 0.63 0.94 1.01 0.68 0.66 0.73
Redox homeostasis and apoptosis
147.0532 7.44 C5H9NO4 O-Acetyl-L-serine L2 0.47 0.84 1.16 0 0 0
161.0688 7.41 C6H11NO4 O-Acetyl-L-homoserine L2 0.41 0.73 0.90 0.50 0.44 0.70
219.0742 9.4 C8H13NO6 ﬁéﬁw%cscép%léL_ L2 0.27 0.54 0.59 0.55 0.38 0.66
183.0661 10.09 C5H14NO4P Choline phosphate L1 0.77 0.93 0.97 0.64 0.85 0.87
103.0997 10.23 C5H13NO Choline L2 0.74 0.83 0.76 2.88 1.77 1.81
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125.0147 10.70 C2H7NO3S Taurine L1 0.87 0.88

307.0838 9.82 C10H17N306S Glutathione L1 0.79 1.04

147.0532 5.54 C11H12N202 L-Glutamate L1 0.86 0.89

Kynurenine metabolism

204.0899 9.56 C10H12N203 L-Tryptophan L1 1.25 1.27
208.0848 9.05 C11H12N204 L-Kynurenine L1 0.91 1.04
236.0797 8.38 C8H7NO3 L-Formylkynurenine L2 0 0
165.0426 4.89 C7H7NO2 Formylanthranilate L2 0 0
137.0476 7.35 C7H7NO2 Anthranilate L2 0 0
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It has been suggested that the interactions with cellular
membranes can enhance the uptake, endosomal escape and
nuclear entry of polyplexes but also induce apoptotic events;
mainly by interacting with mitochondrial membrane (290-
292). The early findings of metabolomics are in agreement
with this suggestion, in that PEI, which achieved the best
transfection, had the highest impact on the cellular
metabolism. Furthermore, the metabolomics data suggest that
the PEI and hb-polyK polyplexes altered the cellular energy
metabolism of A549 and H1299 cells through glycolysis and
the tricarboxylic acid (TCA) cycle. Usually, cancer -cells
predominantly use glycolysis for energy production rather
than TCA cycle, a phenomenon known as the Warburg Effect
(293). The metabolic changes, observed in this study, indicate
that PEI and hb-polyK polyplexes inhibited glycolysis; the
levels of three main glycolysis metabolites (pyruvate,
phosphoenolpyruvate and 3-phospho-D-glycerate in A549
cells and only pyruvate and 3-phospho-D-glycerate in H1299
cells) were decreased. Similarly, PEI and hb-polyK polyplexes
showed a down-regulated TCA cycle activity in both cell lines,
which was manifest as a decrease in four main TCA cycle
intermediates: 2-oxoglutarate, citrate, malate and cis-
aconitate as shown in Table 1. PEI and hb-polyK have been

reported previously to cause mitochondrial impairment by
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either directly interacting with the mitochondrial membrane or
by inducing oxidative stress (289, 294); in addition, it is
known that mitochondrial impairment can result in TCA cycle
dysfunction (295). The inhibition of glycolysis could have been
a consequence of ATP decreases resulting from TCA
dysfunction because the early steps of glycolysis are ATP
dependent. PEI and hb-polyK have been reported previously
(284) to interfere with cell membrane permeability/integrity
and to induce LDH release outside the cell. This might be a
detrimental factor because LDH is essential for glycolysis
(294), however, in this study, concentrations of the
polyplexes applied were below those causing a significant
release of LDH, Figure 5-2.

Interestingly, energy metabolism of H1299 cells was shifted
towards fatty acid oxidation, whereas a decrease in carnitine
and increase in several acylcarnitines were noticed (296), as
shown in Table 5-1. Upregulated fatty acid oxidation results in
the accumulation of acetyl CoA, especially when the TCA cycle
is malfunctioning because there is not enough oxaloacetate to
convert acetyl CoA to citrate. This will lead to increased
production of acetoacetate and decreased intracellular pH,
until ketoacidosis is reached (297), which might explain the
higher susceptibility of H1299 cells towards the polyplexes in

our study in comparison to A549 cells.
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Cellular redox homeostasis is directly linked to energy
metabolism, where glycolysis and TCA cycle are two of the
main sources of nicotinamide adenine dinucleotide reduced
form (NADH). NADH is utilised inside the mitochondria to
produce nicotinamide adenine dinucleotide phosphate
(NADPH) (298), which can restore any oxidised glutathione
(GSSG) to its reduced state (GSH) through the action of
glutathione reductase as the electron donor (299), thus
affecting the redox homeostasis directly (300). The observed
changes in metabolites also indicated that the amino acid
metabolism and redox state of A549 and H1299 cells were
altered. In particular, cysteine metabolism was one of the
perturbed pathways reported by these experiments. Cysteine,
alongside glutamic acid and glycine, is used to form GSH,
which plays a key role in cellular redox balance. PEI and hb-
polyK polyplexes resulted in a decrease in GSH and at least
two of three cysteine precursors in both cell lines (Table 5-1).
These changes might indicate that the cells altered their
synthesis pathways for GSH from amino acids due to a defect
in GSH recycling from its oxidised form (301). A summarised
metabolic pathway diagram of disturbed pathways in A549
and H1299 cells after the treatment with the different

polyplexes is shown in Figure 5-4, revealing alterations in
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energy metabolism and their consequences on redox
homeostasis.

Several studies have reported oxidative stress in cells
following treatment with similar materials (294, 302, 303).
For example, Moghimi et al. found that intracellular ROS was
increased on treatment with branched PEI, suggesting that
the mitochondrial destruction and glycolytic collapse caused
by PEI treatment led to the impaired ability of cells to
maintain the level of GSH and in turn the oxidative
haemostasis. This study also reported that the presence of N-
acetylcysteine (NAC), a precursor of GSH, improved the
transfection of PEI polyplexes significantly (279). Therefore, in
order to investigate the effect of oxidative stress on the
transfection efficiency of the polyplexes, further transfection
experiments were performed in the presence of NAC.
However, as shown in Figure 5-5, the transfection efficiency
for all the polyplexes and in both cell lines was significantly
decreased in the presence of NAC, these data implied that
oxidative stress improved the transfection efficiency, in
contrast with the results reported by Moghimi et al. However,
it should be noted that in the prior study, the enhancement of
transfection was in part due to an increase in cell viability in
the presence of NAC due to a decrease in the toxic effect of

ROS (279).
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Figure 5-5: The transfection efficiency of polyplexes in the presence of 5 mM
NAC in A549 and H1299. The results represent mean and SD value (n= 4). The
significance represents the difference in comparison with the controls, where *=
significant (p < 0.05), **= very significant (p < 0.01), and ****= extremely
significant (p < 0.0001).

In our work, sub-toxic concentrations of polyplexes/polymers
were used and thus no improvement in cell viability would be
expected in the presence of NAC. In addition, the transfection
data in our case were normalised based on total protein
measurement of the cells, which cancelled any differences
related to the number of cells. Although a high level of ROS is
toxic for cells, a sub-toxic level can act as a key modulator for
the expression of several transcription factors, growth factors
and cytokines (304), which in turn can either directly or
indirectly affect transfection and transgene expression.
Collectively our results alongside those from Moghimi et al.
suggest that NAC either (a) improves the transfection when
toxic levels of polyplexes (i.e. ROS) are used by improving cell

viability or (b) decreases the transfection efficiency when sub-
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toxic concentrations of polyplexes are used, probably by
counteracting the effects of sub-toxic levels of ROS.

It has been reported also that the reduction of choline, taurine
and GSH metabolites is associated with apoptosis (305, 306).
In this study, the levels of choline, taurine and GSH were
significantly decreased in A549 cells upon treatment with PEI
polyplexes, whereas all the other polyplexes caused decreases
in GSH and taurine in H1299 cells. Choline increased in H1299
cells, due most probably to the increase in lipid metabolism in
this cell line. These metabolites suggest that the polyplexes
may promote apoptosis, which is in line with the reported
toxicity for PEI and hb-polyK polyplexes (277, 289).
Interestingly, the changes in levels of choline, taurine and
GSH metabolites were the least in A549 cells for hb-polyK and
hb-polyKH; polyplexes, indicating that this effect was more
tolerated in A549 cells. This agrees with the results of
metabolic activity assays of the cells (MTT), which showed
that increasing the N/P ratio increased the toxicity of PEI
polyplexes only in A549 but increased the toxicity of all the
polyplexes in H1299 cells (Figure 5-2).

Tryptophan metabolism was affected in A549 cells by the
polyplexes. The level of tryptophan decreased overall, while
four intermediates of the kynurenine pathway, L-

formylkynurenine, formylanthranilate, L-kynurenine and
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anthranilate were increased. This implied that the tryptophan
metabolism via indoleamine 2,3 dioxygenase (IDO), a first
and rate-limiting step in the tryptophan catabolism along the
kynurenine pathway, had been upregulated, most likely by
pro-inflammatory cytokines including TNF a and interferon y
(307). This pathway is involved in different
immune/inflammatory activities that are associated with
several pathological conditions such as infection (308, 309),
which may have been in indicator that this effect had been
caused in part by the delivered plasmid. However, Matz et al.
reported a similar inflammatory response upon transfection
with PEI polyplexes and found that this effect was unrelated to
the origin of promoter in the plasmid, whether
cytomegalovirus or elongation factor-1 alpha (310).
Interestingly, this inflammatory response was not detected in
H1299 cells, an effect which can be correlated with the
greater transgene expression observed in this cell line for all

polyplexes in comparison with A549 cells (Figure 5-1C).

5.4 Conclusion

In this study, branched polycationic polymers (hyperbranched
polylysine (hb-polyK), hyperbranched polylysine-co-histidine
(hb-polyKH;) and branched polyethyleneimine (PEI), were

used polyplexes with DNA were administered to A549 and
70



H1299 cells and global metabolic profiling was performed.
Subtoxic concentrations of the polyplexes were used, as
determined by MTT and LDH assays. Metabolic profiling
revealed that PEI and hb-polyK polyplexes down regulated
metabolites associated with glycolysis and the TCA cycle and
induced oxidative stress in A549 cells. The suggested markers
for apoptosis were reported only with PEI polyplexes in this
cell line. On the other hand, analogous metabolic profiling in
H1299 cells showed that PEI and hb-polyK polyplexes down
regulated metabolites associated with glycolysis and the TCA
cycle, and all the polyplexes shifted the energy metabolism
toward fatty acid oxidation and induced markers of oxidative
stress and apoptosis. The lower extent of changes in
metabolites suggest that the hb-polyKH; polyplexes were the
most tolerated polyplexes in this study, which might be due to
the reduced ability of hb-polyKH; to interact and destabilise
the cellular membrane, particularly in H1299 cells. The results
also indicated that there was a correlation between the
toxicity of these polyplexes and their transfection efficiency.

Finally, this study suggests that the metabolomics approach is
a powerful safety assessment tool, as these assays were able
to detect potential toxicity markers at sub-toxic
concentrations where the traditional methods are insensitive.

Also, this method provided insight into the molecular
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mechanism of toxicity and therapeutic effect alike, which
might accelerate design of more efficient and applicable
delivery systems. Although metabolomics studies of delivery
systems are still in their infancy, we believe this approach is
highly promising and, in the future, can enhance our
understanding of the efficacy and safety of drug delivery

materials.

5.5 Supporting information
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Figure 5-S1: The physicochemical characterisation of the polyplexes prepared in
HEPES buffer (0.1 mM, pH 7.4) at N/P of 10, the size and zeta potential
measurements (A) and the AFM images (B).
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Figure 5-S52: Confocal images show the uptake of hb-polyK and histidine
containing hb-polyKH, complexes in A549 and H1299 cells. Areas in green are
FITC-labelled polymers, area in red are Cy3-labelled plasmid, regions in yellow
are assigned to overlaid Cy3-labelled plasmid and FITC-labelled polymers, and
areas in purple correspond to DRAQ5 stained nuclei.
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Figure 5-S3: Flow cytometry analysis of Annexin-V/PI apoptosis assays to
measure the apoptotic and dead cells in A549 and H1299 cells after four hrs
treatment with polyplexes of hb-polyK, hb-polyKH2 and PEI (the control group
with FBS-free medium), and then 20 hrs of incubation without fully
supplemented medium. The percentages of live, apoptotic, and dead cells were
calculated from FL1/FL3. Annexin-V-FITC was used to detect apoptotic cells, and
propidium iodide (PI) was used to detect dead cells. J1~ necrotic cells, J2 ~
dead cells, 13 ~ live cells, and J4 ~ apoptotic cell.
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Table 5-S1: The metabolites that were changed significantly in A549 cells after the treatment with polyplexes, IDC: metabolite identification
level according to the metabolomics standards initiative L1 - Level 1, L2 - Level 2. Colours in the table represent changes in metabolite levels
with blue indicating a decrease and red denoting an increase.

Mass Mass error RT FORMULA Putative metabolite IDC  Pathway Poly Poly Poly

Polarity (PPM) Control PEI K KH
89.0477 + 0.247308 11.01 C3H7NO2 L-Alanine L1 Amino Acid Metabolism 1.00 0.70 1.00 1.00
90.0317 - 0.417857 7.42 C3H603 Lactate L1 Carbohydrate Metabolism 1.00 0.52 0.78 0.90
103.0633 + -0.17921 11.02 C4H9NO2 4-Amino-butanoate L2 Amino Acid Metabolism 1.00 0.49 0.61 0.86
103.0997 + -0.18211 10.23 C5H13NO Choline L2 Amino Acid Metabolism 1.00 0.74 0.83 0.76
104.0474 - 0.090649 7.42 C4H803 3-Hydroxy-butanoate L2 Lipid Metabolism 1.00 0.75 1.17 1.02
113.0589 + 0.111963 8.47 C4H7N30 Creatinine L1 Amino Acid Metabolism 1.00 0.61 0.97 0.86
117.0426 - 0.260081 7.44 C4H7NO3 2-Amino-3-oxobutanoic acid L2 Amino Acid Metabolism 1.00 0.51 0.89 1.06
117.0789 + -0.42807 9.67 C5H11NO2 Valine L1 Amino Acid Metabolism 1.00 0.62 0.89 0.88
125.0147 + 0.021564 10.7 C2H7NO3S Taurine L1 Lipid Metabolism 1.00 0.62 0.87 0.88
126.0429 - -0.37997 7.49 C5H6N202 Thymine L1 Nucleotide Metabolism 1.00 6.09 7.59 1.88
126.043 + 0.318535 8.67 C5H6N202 Imidazole-4-acetate L1 Amino Acid Metabolism 1.00 0.41 0.76 1.10
130.1106 + 0.1079 16.69 C6H14N20 N-Acetylputrescine L2 Amino Acid Metabolism 1.00 0.43 0.60 0.81
131.0582 - -0.09926 5.3 C5HI9NO3 4-Amino-5-oxopentanoate L2 Metabolism of Cofactors and Vitamins 1.00 0.49 0.71 0.86
131.0583 + 0.81444 10.58 C5H9NO3 Glutamate 5-semialdehyde L2 Amino Acid Metabolism 1.00 0.65 0.80 0.90
131.0695 + 0.181322 10.77 C4H9N302 Creatine L1 Amino Acid Metabolism 1.00 0.59 0.85 1.03
131.0946 + 0.113021 9.05 C6H13NO2 Leucine L2 Amino Acid Metabolism 1.00 0.60 0.84 0.85
134.0216 + -0.1023 10.44 C4H605 Malate L1 Carbohydrate Metabolism 1.00 0.69 0.92 1.00
135.0545 + -0.32059 8.53 C5H5N5 Adenine L1 Nucleotide Metabolism 1.00 0.74 0.56 0.78
136.0524 - 0.096993 5.15 C8H802 Phenylacetic acid L2 Amino Acid Metabolism 1.00 0.68 0.78 0.82
137.0476 - -0.38995 7.35 C7H7NO2 Anthranilate L2 Amino Acid Metabolism 1.00 6.11 6.55 1.54
141.0193 + 1.080585 10.68 C2H8NO4P Ethanolamine phosphate L1 Amino Acid Metabolism 1.00 1.47 159 1.22
145.0375 - -0.3444 7.42 C5H7NO4 4-Oxoglutaramate L2 Amino Acid Metabolism 1.00 0.53 0.68 1.05
145.0851 + -0.23836 11.07 C5H11N302 4-Guanidinobutanoate L2 Amino Acid Metabolism 1.00 0.58 0.88 0.92
145.1102 + -0.31882 9.85 C7H15NO2 4-Trimethylammoniobutanoate L1 Amino Acid Metabolism 1.00 0.64 096 1.08
146.0215 - -0.36396 10.29 C5H605 2-Oxoglutarate L1 Carbohydrate Metabolism 1.00 0.42 0.68 0.88
146.0691 + -0.5994 10.71 C5H10N203 Glutamine L1 Amino Acid Metabolism 1.00 1.26 1.12 0.93
147.0532 - -0.00964 7.44 C5HINO4 O-Acetyl-L-serine L2 Amino Acid Metabolism 1.00 0.47 0.84 1.16
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158.0439
159.0531
160.1211
161.0688
161.1052
163.0666
165.0426
165.079

169.0044
172.0137
173.0688
174.0164
175.048

176.0432
183.0661
185.9928
189.0637
190.059

204.0899
208.0848
211.0358
218.1266
219.0742
220.0848
222.0674
227.0906
231.147

236.0797
246.0504
246.1329
247.142

257.1028
260.0296
275.1733
307.0838
369.2877
612.152

663.1091
703.515

704.5844
719.5836
731.5462

+ o+ o+ o+

+ o+ A+ F o+ o+ o+ o+ o+

-0.48709
-0.39978
-0.33452
-0.20004
-0.24637
-0.40217
0.257381
0.148487
-0.34971
-0.1157
-0.03571
-0.28792
-0.17279
-0.44438
0.490828
-0.51588
-0.11107
0.240851
0.10895
-0.01681
0.131998
-0.14451
-0.61579
0.154061
-0.24604
0.068625
-0.33596
-0.12813
-0.35348
0.169951
0.122203
0.02419%4
-0.4651
0.207346
-0.01621
-0.58459
0.050963
-0.00434
-0.26307
1.648575
0.01342
-0.38157

10.65
5.3
16.28
8.87
9.84
5.88
4.89
8.49
10.69
9.97
5.3
11.2
9.72
10.8
10.09
11.02
9.47
10.58
9.56
9.05
9.98
10.42
9.4
7.52
11.33
7.56
7.77
8.38
9.07
10.44
8.86
10.26
10.46
8.25
9.82
5.2
10.86
9.62
4.64
4.74
4.84
4.63

C4H6N403
C6HONO4
C7H16N202
C6H11NO4
C7H15NO3
C6H13NO2S
C8H7NO3
CO9H11NO2
C3H7NO5S
C3H906P
C7H11NOA4
C6H606
C6HINOS
C5H8N205
C5H14NO4P
C3H707P
C7H11NO5
C6H10N205
C11H12N202
C10H12N203
C4H10N305P
CO9H18N204
C8H13NO6
C11H12N203
C7H14N204S
C9H13N304
C11H21NO4
C11H12N204
C6H1508P
CO9H18N404
C11H21NOS
C8H20NO6P
C6H1309P
C13H25NO5
C10H17N306S
C21H39NO4
C20H32N6012S2
C21H27N7014P2
C38H74NO8P
C39H81N206P
C40H82NO7P
C40H78NO8P

Allantoin
N-Methyl-2-oxoglutaramate
N6-Methyl-L-lysine
O-Acetyl-L-homoserine
Carnitine

Homomethionine
Formylanthranilate
Phenylalanine

Cysteate

Glycerol 3-phosphate

N-Acetyl-L-glutamate 5-semialdehyde

cis-Aconitate
N-Acetyaspartate
N-Carbamoyaspartate
Choline phosphate
3-Phospho-D-glycerate
N-Acetyglutamate
N-Carbamyglutamate
Tryptophan

Kynurenine
Phosphocreatine
N2-(D-1-Carboxyethyl)-L-lysine
O-Succinyhomoserine
5-Hydroxy-tryptophan
Cystathionine
Deoxycytidine
O-Butanoylcamitine
Formylkynurenine
Glycerophosphoglycerol
N2-(D-1-Carboxyethyl)-arginine
Hydroxybutyrylcarnitine
glycero-3-Phosphocholine
Glucose 6-phosphate
N-(3S-hydroxydecanoyl)-L-serine
Glutathione
5-Tetradecenoylcarnitine
Glutathione disulfide
NAD+

PC(32:1)

SP (16:0)

PC(32:2)

PC(32:1)

L2
L2
L2
L2
L1
L2
L2
L2
L1
L1
L2
L2
L2
L2
L1
L2
L1
L2
L1
L1
L2
L2
L2
L2
L1
L2
L2
L2
L2
L2
L2
L1
L1
L2
L1
L2
L1
L2
L2
L2
L2
L2

Nucleotide Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Lipid Metabolism

Amino Acid Metabolism

Carbohydrate Metabolism

Amino Acid Metabolism
Nucleotide Metabolism
Lipid Metabolism

Carbohydrate Metabolism

Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Nucleotide Metabolism
Lipids: Fatty Acyls

Amino Acid Metabolism

Amino Acid Metabolism

Lipid Metabolism

Carbohydrate Metabolism

Lipids: Fatty Acyls
Amino Acid Metabolism
Amino Acid Metabolism
Energy Metabolism

Lipids: Glycerophospholipids

Lipids: Sphingolipids

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

76.4
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.59
0.47
0.59
0.37
0.63
0.52
54.7
0.61
0.64
0.56
0.57
0.63
0.66
0.44
0.77
0.39
0.31
0.39
0.50
8.25
0.30
0.45

6.45
0.63
0.51
0.50

0.41
0.61
0.74
0.58

0.65
0.57
0.51
0.46
0.77
1.78
0.70
0.80

0.92
0.59
0.77
0.80
0.94
0.60
33.7
0.84
0.87
0.92
0.74
0.70
0.94
0.81
0.93
0.59
0.65
0.49
0.73
7.76
0.69
0.63
0.54
5.02
0.57
0.66
0.81
48.1
0.62
0.55
0.82
0.78
0.72
0.44
0.79
0.68
0.58
0.45
0.83
1.64
0.61
0.85

0.70
0.68
0.78
0.85
1.01
0.81
1.18
0.92
0.95
0.79
1.02
1.08
0.88
0.96
0.97
1.05
0.58
0.92
0.83
0.74
0.90
0.97
0.59
0.78
1.07
0.96
0.99

0.90
0.83
1.14
0.74
1.34
1.27
1.04
1.31
0.81
1.04
0.94
1.26
0.79
0.96

76



748.5254
774.5412

0.001225
0.145202

4.03
4.02

C40H77010P
C42H79010P

PG(34:1)
PG(36:2)

L2
L2

Lipids: Glycerophospholipids
Lipids: Glycerophospholipids

1.00
1.00

0.62
0.73

0.78
0.78

0.85
1.09
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Table 5-S2: The metabolites that were changed significantly in H1299 cells after the treatment with polyplexes, IDC: metabolite
identification level according to the metabolomics standards initiative L1 - Level 1, L2 - Level 2. Colours in the table represent
changes in metabolite levels with blue indicating a decrease and red denoting an increase.

Mass Polarity :\'/)I:'s;)error RT FORMULA Putative metabolite IDC  Pathway Control Eglly EOW E:'Y
88.016 - -0.00068 5.69 C3H403 3-Oxopropanoate L2 Carbohydrate Metabolism 1.00 0.49 0.86 0.78
89.0477 - -0.01326 10.06 C3H7NO2 beta-Alanine L2 Nucleotide Metabolism 1.00 0.67 0.63 0.74
89.0477 + 0.20821 11.15 C3H7NO2 Alanine L1 Amino Acid Metabolism 1.00 0.61 0.55 0.70
103.0997 + -0.06347 17.54 C5H13NO Choline L2 Amino Acid Metabolism 1.00 2.88 1.77 1.81
105.0426 + 0.396434 11.52 C3H7NO3 Serine L1 Amino Acid Metabolism 1.00 2.25 1.44 1.43
109.0198 + 0.074003 11.25 C2H7NO2S Hypotaurine L2 Amino Acid Metabolism 1.00 0.48 0.55 0.72
113.0477 - 0.283662 10.37 C5H7NO2 1-Pyrroline-5-carboxylate L2 Amino Acid Metabolism 1.00 3.00 1.16 1.79
117.0538 + -0.44225 11.86 C3H7N302 Guanidinoacetate L1 Amino Acid Metabolism 1.00 1.62 1.00 1.02
119.0582 + 0.05021 10.76 C4HI9NO3 Threonine L1 Amino Acid Metabolism 1.00 1.67 1.00 1.13
125.0147 + -0.05618 11.03 C2H7NO3S Taurine L1 Lipid Metabolism 1.00 0.39 0.49 0.63
130.1106 + -0.1578 17.36 C6H14N20 N-Acetylputrescine L2 Amino Acid Metabolism 1.00 0.53 0.72  0.75
131.0582 + -0.37712 7.41 C5HINO3 5-Amino-2-oxopentanoicacid L2 Amino Acid Metabolism 1.00 0.65 0.56 0.66
131.0582 + -0.15717 5.66 C5HINO3 N-Acetyl-beta-alanine L2 Amino Acid Metabolism 1.00 0.63 0.42 0.63
131.0694 + -0.3973 11.15 C4HI9N302 Creatine L1 Amino Acid Metabolism 1.00 0.44 0.46 0.60
131.0946 + -0.26989 9.17 C6H13NO2 Leucine L2 Amino Acid Metabolism 1.00 1.95 1.17 1.24
132.0535 - 0.062907 11.12 C4H8N203 Asparagine L1 Amino Acid Metabolism 1.00 1.06 0.77 0.93
134.0215 - 0.085993 10.78 C4H605 Malate L1 Carbohydrate Metabolism 1.00 0.63 0.53 0.79
145.0851 + -0.46629 11.45 C5H11N302 4-Guanidinobutanoate L2 Amino Acid Metabolism 1.00 0.73 0.72 0.83
145.1102 + -0.34575 10.21 C7H15NO2 4-Trimethylammoniobutanoate L1 Amino Acid Metabolism 1.00 0.90 0.71 0.76
146.0215 - -0.23147 10.58 C5H605 2-Oxoglutarate L1 Carbohydrate Metabolism 1.00 0.43 0.45 0.61
147.0531 + -0.69791 7.99 C5HI9NO4 Glutamate L2 Amino Acid Metabolism 1.00 0.60 0.39 0.65
149.0511 - 0.039816 9.54 C5H11NO2S Methionine L1 Amino Acid Metabolism 1.00 1.77 1.26 1.34
151.0494 + -0.27461 10.39 C5H5N50 Guanine L1  Nucleotide Metabolism [000 1163 0.00 0.00 |
161.0687 + -0.42558 9.1 C6H11NO4 O-Acetyl-L-homoserine L2 Amino Acid Metabolism 1.00 0.50 0.44 0.70
161.1052 + -0.11743 10.2 C7H15N0O3 Carnitine L1 Amino Acid Metabolism 1.00 0.68 0.66 0.73
165.079 + 0.015858 8.74 C9H11NO2 Phenylalanine L2 Amino Acid Metabolism 1.00 2.20 1.33 1.36
169.0504 + -0.15903 9.93 C4H12NO4P Phosphodimethylethanolamine L2 Lipid Metabolism 1.00 0.73 0.76 0.94
172.0137 - -0.08564 10.61 C3H906P Glycerol 3-phosphate L1 Lipid Metabolism 1.00 1.57 1.55 1.22
174.0164 - -0.49691 11.55 C6H606 cis-Aconitate L2 Carbohydrate Metabolism 1.00 0.67 0.52 0.83
175.0481 + 0.069856 10.04 C6HINOS N-Acetyl-L-aspartate L2 Amino Acid Metabolism 1.00 0.66 0.64 0.78
175.0957 + 0.019941 11.54 C6H13N303 Citrulline L1 Amino Acid Metabolism 1.00 1.50 0.91 1.12
177.046 + -0.06226 5.58 C6H11NO3S N-Formymethionine L2 Amino Acid Metabolism 1.00 0.88 0.65 0.70

179.0582 - -0.05216 7.42 CO9HIONO3 N-Acetylanthranilate L2 - 1.00 0.69 0.59 0.72



181.0739
183.0661
189.0637
191.0616
195.0897
203.1158
204.0899
231.147

243.0854
245.1626
245.1626
246.0504
246.1329
257.1029
267.0967
281.1124
307.0838
347.063

371.3036
397.3192
399.3349
425.3505
427.3662
466.3115
467.3012
481.3534
523.2909
525.3067
537.5121
598.3119
600.3277
674.4886
689.4995
705.5306
717.5309
719.5833
731.5464
733.4892
748.5256
761.5206
819.6153
820.5258

+ 4+ F F A+ F o+ F A+ A+ +

+ + + + + + + + + + 4

+ +

0.112349
0.429736
-0.05389
0.116175
0.709481
0.26164
0.051584
-0.114
-0.34119
-0.26101
-0.25621
-0.17565
0.467084
0.15967
-0.19584
-0.13102
-0.15933
-0.20359
0.200741
-0.05176
0.08556
-0.00153
0.097364
-0.29258
-0.05581
0.347655
-0.18379
-0.03636
0.029172
0.09071
0.454354
-0.03932
-0.0279
-0.33223
0.061038
0.539418
-0.10583
-0.20987
0.220898
-0.06133
1.358911
0.496579

10.4
10.42
9.77
5.32
5.65
9.08
9.88
8.05
9.91
7.71
6.35
9.37
10.81
10.62
8.45
12.23
10.1
9.66
5.44
5.34
5.3
5.23
5.18
4.09
5.48
5.38
4.42
4.4
458
4.44
4.42
4.11
458
4.8
4.57
4.78
4.78
4.16
4.06
4.17
4.7
4.02

CO9H11NO3
C5H14NO4P
C7H11NO5
C7H13NO3S
C10H13NO3
CO9H17NO4
C11H12N202
C11H21NO4
C9H13N305
C12H23NO4
C12H23NO4
C6H1508P
CO9H18N404
C8H20NO6P
C10H13N504
C11H15N504
C10H17N306S
C10H14N507P
C21H41NO4
C23H43NO4
C23H45N0O4
C25H47NO4
C25H49N0O4
C27H4604S
C22H46NO7P
C24H52NO0O6P
C24H46NO0O9P
C24H48NO9P
C34H67NO3
C27H51012P
C27H53012P
C37H7108P
C37H72NO8P
C38H76NO8P
C39H76NO0O8P
C40H82NO7P
C40H78NO8P
C38H72NO10P
C40H77010P
C40H76NO10P
C48H86NO7P
C46H77010P

Tyrosine

Choline phosphate
N-Acetyl-L-glutamate
N-Acetylmethionine
Tyrosine methyl ester
O-Acetylcarnitine
Tryptophan
O-Butanoylcamitine
Glutamyl-beta-cyanoalanine
N-(octanoyl)-L-homoserine
2-Methylbutyroylcarnitine
Glycerophosphoglycerol
N2-(D-1-Carboxyethyl)-L-arginine
sn-glycero-3-Phosphocholine
Adenosine
1-Methyladenosine
Glutathione

AMP
Tetradecanoylcamitine
Hexadec-2-enoylcamitine
O-Palmitoyl-R-carnitine
Elaidiccarnitine
Stearoylcarnitine
Cholesterolsulfate
PC(14:0)

PC(16:2)

PS(18:1)

PS (18:0)

SP (16:0)

PI(18:1)

PI(18:0)

PA(34:1)

PE(32:1)

PC(30:0)

PE(34:1)

PC(32:2)

PC(32:1)

PS(32:1)

PG(34:1)

PS(34:1)

PC(40:5)

PG(40:7)

L1
L1
L1
L2
L2
L1
L1
L2
L2
L2
L2
L2

L1
L1
L2
L1
L1
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2
L2

Amino Acid Metabolism
Lipid Metabolism

Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Amino Acid Metabolism
Lipids: Fatty Acyls

Amino Acid Metabolism

Amino Acid Metabolism
Lipid Metabolism

Nucleotide Metabolism
Amino Acid Metabolism
Nucleotide Metabolism

Lipids:

Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:
Lipids:

Fatty Acyls

Sterol lipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.72
0.64
0.80
0.72
0.75
0.63
2.03
0.56
3.28
0.77
0.69
0.31
0.87
1.41
1.66
1.93
0.55
0.79
2.12
2.48
3.25
3.99
3.83
0.87
1.43
0.76
1.72
1.71
1.17
1.57
1.34
0.64
0.73
0.82
0.74
0.80
0.81
0.67
0.69
0.76
1.46
1.86

0.94
0.85
0.60
0.44
0.66
0.48
1.25
0.58
0.82
0.75
0.63
0.36
0.54
1.41
1.40
0.88
0.64
0.58
2.20
1.87
3.05
3.41
5.58
0.61
0.68
0.67
0.73
0.71
0.81
0.69
0.80
0.38
0.58
0.72
0.61
0.63
0.73
0.47
0.48
0.50
1.03
1.48

1.32
0.87
0.70
0.65
0.86
0.64
1.27
0.70
1.08
0.85
0.70
0.54
0.71
1.19
1.15
0.96
0.81
0.82
1.01
1.02
1.67
1.62
2.07
0.64
0.81
0.68
0.78
0.73
0.74
0.79
0.78
0.49
0.63
0.85
0.66
0.71
0.81
0.66
0.68
0.58
1.05
1.41

79



879.5841

+

0.4514

4.17

C45H86N013P

PI(36:0)

L2

Lipids: Glycerophospholipids

1.00

0.86

0.55

0.70

80



Chapter six

Conclusion and future work
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6.1 Conclusion

The use of nanotechnology in medicine, espedcially in drug delivery,
is already developing rapidly. Polymeric materials are widely
adopted to serve as investigational nanomedicines. Even though
the most frequently used polymers are usually biocompatible and
degradable, their fabrication/formulation into nanomaterials can
alter their physicochemical properties which may, in turn, alter
their safety profiles. In attempts to understand the impact of these
nanomaterials on living tissue, many biocompatibility assays have
been previously developed, but none of them can fully describe the
impact of nanomaterials comprehensively. As a consequence of the
latest advances in NMR spectroscopy and MS spectrometry, the
field of metabolomics is now enhancing the understanding of the
impact of nanomaterials at the cellularand molecular level.

In this work, global metabolic profiling was used to assess the
effects of plain NPs, drug loaded NPs and cationic polymer
polyplexes on human cells. PLGA was selected to fabricate the
nanomaterials because it is the most frequently used polymer in
nanomedicine development, it is an FDA approved, biocompatible
and biodegradable polymer.

In order to be able to follow the cellular uptake of the fabricated

NPs, fully fluorescently labelled PLGA was synthesised. Three
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different fluorophores were used as initiators in a single step ROP
under solvent-free conditions. The synthesised PLGA polymers
were able to self-assemble into highly bright NPs upon controlled
nanoprecipitation. The cytotoxicity study showed that the
fluorescently labelled polymers demonstrated a comparable toxicity
profile to commercially available PLGA in vitro. The cellular uptake
of NPs was observed using confocal microscopy and they were
readily internalised by the THP-1 derived macrophages. The results
of the aforementioned assays conclude that the synthesized
polymers can be utilised to fabricate NPs for drug delivery
purposes, with the ability to track them intracellularly. NPs’
intestinal delivery in C. elegans nematodes was observed using
fluorescent microscopy, the NPs were accumulating in the gastro-
intestinal tract of the nematodes (Chapter 2).

Cell-based metabolomics approach was applied to investigate the
biological impact of blank PLGA NPs which are repeatedly reported
as safe. In addition, different coatings were applied to the NPs.
THP-1 derived macrophages were used as a cell model because
macrophages are the main responsible for NPs clearance from the
body. The metabolomics method revealed that plain PLGA NPs and

surface modified ones were well tolerated by the cell, nevertheless

there were several metabolic changes that are comparable to what
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was caused by some metal oxide NPs and other nanomaterials;
exposure to plain and Pluronic coated PLGA NPs caused alterations
in amino acid metabolism, which could tamper with urea cycle and
induce signs of oxidative stress. Pluronic coated and PEGylated NPs
have altered some glycerophospholipids lipids, which are core
membrane component, such effects are could lead to growth arrest
and membrane integrity alterations. PEGylated NPs had the least
impact on the cellular metabolism in terms of metabolite levels fold
changes, which agrees with the fact that PEGylation improves NPs
biocompatibility. These findings are in alignment with the previous
reports about PLGA NPs biocompatibility, nevertheless, the ability
of the fabricated PLGA NPs with different surface functionalities to
alter some main metabolic pathways including amino acid
metabolism and glycerophospholipids synthesis indicate that these
implications results from the physicochemical properties of the NPs
themselves rather than their bulk counterparts, in other words, the
biocompatibility of certain material does not mean that it will still
be biocompatible once fabricated in the Nano range (Chapter 3).

Global metabolic profiling was used to compare the cellular
responses of cancer cells and macrophages to free and polymer-
encapsulated methotrexate. THP-1 derived macrophages and A549

lung carcinoma cells were exposed to subtoxic concentrations of
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free MTX and MTX loaded NPs. The results showed that free MTX
had higher impacts on the metabolome than MTX-loaded NPs in
THP-1 derived macrophages. In these cells, MTX induced oxidative
stress, a drop in glycolytic activity, reduction in the TCA cycle, and
inhibition of nucleotide metabolism. In contrast, the effects of MTX-
loaded NPs were limited to alteration of nucleotide metabolism and
inhibition of TCA cycle. In comparison, A549 cancer cells were
more susceptible to MTX-loaded NPs than to the free drug, in terms
of purine synthesis suppression, which we suggest was linked to
the different entry mechanisms for nanoparticles compared to free
MTX, and lack of efflux pumps for the NPs. The results showed that
administering the drug in the free form is more efficient if the
target cells were phagocytic such as microphages, in case of
administering a vaccine or a chemotherapeutic targeting a cancer
in the immune system, loading the vaccine/drug into NPs might
enhance uptake but decrease the activity. The presented work
shows that metabolomics is a valuable analytical technique that
can be used to understand mechanisms of action of drugs and
formulations in various clinically important cell lines. (Chapter 4).

The global metabolic profiling approach was also applied to
evaluate the impact of three cationic polymer plasmid DNA

polyplexes hyperbranched poly lysine, poly lysine co histidine and
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polyethyleneimine. Two lung cancer cell lines (A549 and H1299)
were exposed to subtoxic concentrations of the polyplexes with
equal polymer nitrogen to DNA phosphate ratio. Polyplexes made
of hb-polyKH were the better tolerated than the other two
polyplexes, whereas hb-polyK and PEI polyplexes tampered with
energy metabolism and caused oxidative stress on both cell types,
in addition, signs indicating apoptosis were detected in H1299 cells
after the exposure to these two polyplexes. The results indicated a
relation with the transfection efficiency of the polyplexes and their
toxicities. (Chapter 5).

Finally, this work suggests that the metabolomics approach is a
powerful safety assessment tool, as these assays were able to
detect potential toxicity markers at sub-toxic concentrations where
the traditional methods are insensitive. Also, this method provided
insight into the molecular mechanism of toxicity and therapeutic
effect alike, which might accelerate the design of more efficient
and applicable delivery systems. Although metabolomics studies of
delivery systems are still in their infancy, we believe that this
approach is highly promising and in the future can enhance our

understanding of the efficacy and safety of drug delivery materials.
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6.2 Future work

This work showed the ability of cell-based metabolomics to assess
the safety and up to certain extent the efficiency of polymer
nanomedicine at the molecular level. This was done by mainly
monitoring the changes in the hydrophilic metabolites. Despite the
success of the used approach, adding global lipidomics to the
analysis would make the assessment more comprehensive. That is
because lipids functions are not limited to energy storage and
membrane structure, but also have very important rules in
signalling, metabolism and are precursor of several dasses of
hormones.

In vitro cell lines based assays are very important tools for
toxicological studies, however, biological reaction to nanomaterials
involves systemic effects that can be only assessed by animal
testing. Applying the developed global metabolic profiling approach
to test the impact of nanomaterials on both blood plasma and
various tissues metabolomes is very important step before starting
clinical trials. So, repeating the experiments on animal models
would be a good next step to assess the safety and biocompatibility
of the developed nanomaterials.

The results from chapter five indicated that the cationic polymer

polyplexes have induced oxidative stress and inflammatory
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response, and this effect was noted solely in A549 cells, in order to
suppress the inflammatory response, both cell lines were treated
with Aspirin, the treatment did not affect the transfection results of
A549 cells significantly, however, the transfection efficiency in
H1299 cells has increased 3-4 folds with the different polyplexes
formulation, Figure 6-1, taking into account that H1299 cells did
not show any inflammatory response, Aspirin seems to enhance
the transfection efficiency by other means than its anti-
inflammatory activity. In the future this effect will be thoroughly
studied by a control vs treatment experiment whereas some cells
will be treated with Aspirin alone and different transfection agents
will be put into test. Since the major challenges facing gene
delivery systems and limiting their FDA approval have been
delivery of DNA to the target cells and duration of expression,

Aspirin gene transfection enhancement will be worth assessing
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Figure 6-1: The effect of 5mM Aspirin treatment on the transfection efficiency of
polycationic polymer polyplexes loaded with lecuferase coding plasmid DNA on
H1299 cells. The cells were treated with the predetermied concentration of
Aspirin for 1 hour prior to the transfection assay, the trasfection assay was
curried out as dicribed in chapter 5.

5-Aaminofluorescein-PLGA (PLGA-5AF) was one of the synthesised
fluorescently labelled polymers. FA-PLGA showed a pH-dependent
linear increase in fluorescence intensity (Figure 6-1), this
characteristic can be used to develop PLGA nanoparticles that can
simultaneously deliver drugs to subcellular spaces and quantify
changes in pH microenvironments, which is a critical biochemical

marker that affects the success of a pharmaceutical formulations.
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Figure 6-2: Increasing the fluorescence intensity of PLGA-FA NPs with increasing
the pH from 4 to 9 left to right.
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Appendix

General methods

Proton nuclear magnetic resonance (1H-NMR) spectroscopy
'H-NMR spectroscopy was performed at 400 MHz using a Briiker
DPX400 Ultrashield spectrometer and deuterated chloroform
(CDClI3) as a solvent. All the chemical shifts were recorded in ppm
with reference to CDCls. The spectra were analysed using

MestRENova (6.0.2, Mestrelab Research S.L., 2009).

Particle size and Zeta potential measurement

Mean hydrodynamic diameters of NPs were obtained by measuring
the light scattering at 173° angle to incident radiation at 25 °C
after diluting the samples with water using Malvern (TM) Zetasizer
equipped with 10 mW He-Ne laser operating at a wavelength of
633 nm. The zeta potential for the NPs was measured in water

using the same Malvern (TM) Zetasizer.

Transmission electron microscopy (TEM)
NPs’ morphological was evaluated using a Tecnai G2 (FEI, Oregon,
USA) Transmission Electron Microscopy (TEM). 17 pl of NPs

suspension in water were added onto a copper grid and wicked off

122



after 10 minutes, and then 3% wt/v uranyl acetate was used as

negative stain prior to imaging.
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