ﬁ Unive[sitg of
Nottingham

~
UK | CHINA | MALAYSIA

Enabling in situ protein analysis for
pharmaceutical applications

using 3D OrbiSIMS

Anna Maria Kotowska

Thesis submitted to the University of Nottingham

for the degree of Doctor of Philosophy

September 2021



Abstract

In situ characterisation of proteins at surfaces is of interest to biological,
biotechnological and pharmaceutical fields, specifically areas of research such as
tissue imaging, biomaterials discovery, biosensor development and tissue
engineering. Label-free protein characterization at surfaces is commonly achieved by
matrix assisted laser desorption ionisation (MALDI) and requires digestion and/or
matrix deposition prior to mass spectrometry, limiting the spatial resolution in two
and three dimensions. This work presents the use of secondary ion mass
spectrometry, 3D OrbiSIMS, to achieve the first matrix-, digestion- and label-free

assignment of proteins in solid three-dimensional samples.

Primary ion beam-induced fragmentation of undigested proteins resulted in spectra
containing characteristic fragment ions, which can be used for de novo sequencing
protein identification. This approach, termed ballistic sequencing, enabled amino
acid sequence assignment covering from 5 to 53% of the sequence in 16 analysed
proteins. The similarities and differences from classical proteomic methods were
established and features such as proton, ligand or cell-binding sites were detected in

the analysed proteins.

The method proved to be sensitive enough to detect highly specific protein fragments
in the 3D OrbiSIMS spectra from a protein monolayer sample, equating to 40
femtomoles of a protein per analysis. This demonstrates the unique capability of
ballistic sequencing to characterise protein surfaces, when the amount of analyte is
too small to be extracted from the surface for analysis via existing methods such as
MALDI. To further test the method, three example proteins were mapped throughout

the depth of a complex biological sample, human skin. Collagen, keratin and



corneodesmosin were detected in the dermis, epidermis and stratum corneum,

respectively, which is consistent with known distribution of these proteins in skin.

A reproducible method of manufacturing monodisperse PLGA micro- and
nanoparticles was successfully developed for subsequent incubation with biological
media and investigation of protein adsorption on the surface. A reliable size tuning in
a range between 120-250 nm and 5-20 um was achieved by the use of droplet
microfluidics and modifying parameters such as the polymer concentration and the

flow rate of continuous and dispersed phases.

The polymeric particles were incubated with serum albumin and whole serum and
analysed in situ using cryogenic capabilities of the 3D OrbiSIMS. The chemical
image of particle surface was not achieved, however the preliminary results obtained
in this work, such as detection of characteristic serum albumin peaks in the frozen
particles sample, indicate that further method development could enable use of the
3D OrbiSIMS as an emerging technique for in situ analysis of particles’ interaction

with biological media.
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1 General introduction

1.1 Classical methods of analys of proteins at surfaces

Characterisation of proteins on a surface (as opposed to analysis in liquid or gas
phase) is of interest to areas of research such as tissue imaging, biomaterials
discovery, biosensor development and tissue engineering. Particularly, in situ
analysis is invaluable in providing information about protein distribution and
conformation on the surface, which affects cellular adhesion, spreading and
differentiation®. Such spatial characterisation in situ is crucial to investigating the
structure of the interface between a material and native tissue, which makes it key to
developing medical devices. Characterising proteins in tissues is used to gain
improved understanding of molecular processes underlying diseases such as
Alzheimer’s disease?, cancers® or lung diseases®. In situ analysis of tissues enables
simultaneous detection and mapping of different proteins and other endogenous or
exogenous compounds, creating a more comprehensive image of the disease.
Assessment of the spatial distribution and orientation of proteins at surfaces is
crucial for characterising biosensors used in medical and biotechnological fields, to
ensure availability of protein active sites, region selectivity on the surface and the
functionality of the device’. These biological and pharmaceutical applications of in

situ protein analysis will be discussed in detail in sections 1.3 and 1.4.

The methods of analysing proteins at surfaces can be separated into two main
groups, the labelled and label-free methods. The labelled methods include immune
staining or the use of recombinant proteins with attached fluorescent tags (affinity

tagging)®. Immunofluorescence enables locating proteins within the cell organelles in
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a targeted way, but proteome-wide studies are not possible with this method®. This
review will focus on label-free methods of imaging proteins. These methods allow
analysis of a wide range of molecules simultaneously, enabling discovery based
research and are based on mass spectrometry, with the most widely employed being

matrix assisted laser desorption/ionisation (MALDI)®.

The schematic of MALDI imaging workflow is presented in Figure 1.1. Firstly, the
sample must be coated with a matrix, specific to type of analyte (Figure 1.1a)°,
Next, mass spectra are acquired by moving the stage under the laser beam, as shown
in Figure 1.1b. Each analysis forms a pixel in a map of the sample area (Figure 1.1c).
MALDI data is often supplemented by LC-MS/MS analysis of sample extracted

from the surface, which can improve identification of species (Figure 1.1d).

Due to soft ionisation producing singly charged ions and no intense fragmentation,
the analysis of large proteins with MALDI requires enzymatic digestion which may
modify the structure of the sample surface. The process also requires matrix
deposition, limiting the spatial distribution to 50 pm®*!. Recent non-commercial
instrument developments pushed the limits of this technique allowing MALDI
imaging of lipids and small peptides with lateral resolution of 1.4 um by the use of

laser focusing objective and specialised matrix deposition procedures®?.

Other methods used for protein characterisation at surfaces are desorption
electrospray ionisation (DESI)*2 and liquid extraction surface analysis mass
spectrometry (LESA-MS)*, which differ from MALDI by operating in ambient
conditions'*. DESI and LESA require extraction of the analyte from the surface,
therefore these techniques have limited lateral resolution of several hundred

micrometres to millimetre scalel®.
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(a) MALDI IMS Sample Preparation

m/z 5654.36 m/z5021.12 m/z 4936.52

(d) Analyte Identification

- ] Uﬁ—» )

. . Abundance (%), .

Ao
Time (min)

Current Opinion in Chemical Biology

Figure 1.1. Schematic workflow of MALDI analysis. Copied from Ryan et.al Current
Opinion in Chemical Biology, 2018.

Recently this limitation was challenged by the development of Nano-DESI, enabling
lateral resolution of 200 um for proteins up to 40 kDa'®. Both techniques can enable
direct analysis of intact proteins and complexes with a capability to detect molecules
up to 35 kDa in DESIY and 70 kDa in LESA-MS*8, While allowing in situ analysis
of proteins, MALDI, DESI and LESA-MS are limited to two-dimension analysis.
Some 3D information can be achieved from reconstruction of multiple section
images, however the depth resolution of such analysis is restricted by the capability
to create thin tissue sections®®.
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1.2 Secondary ion mass spectrometry

Classical methods of label-free analysis of proteins at surfaces described in Section
1.1 do not enable high spatial resolution mapping of proteins in three dimensional
samples. Time of flight secondary ion mass spectrometry (ToF-SIMS) is a surface
analysis technique in which the analyte is ejected from the surface and ionised by the
primary ion beam?®. Compared to MALDI or DESI, SIMS allows higher lateral
resolution (<200 nm) and 3D analysis of the sample?L. It can achieve subcellular
imaging??23 and analysis of samples with topography?*. However, in SIMS,
energetic primary ion beams, most commonly Bis", cause intense fragmentation of
the molecules ejected from the surface, which is particularly problematic in the

analysis of large biomolecules.

These characteristics make the technique more suitable for analysis of small
molecules rather than proteins. Large biomolecules are heavily fragmented by the
primary ion beams resulting in small (m/z < 200), unspecific ions being detected.
Conclusions regarding protein distribution can be drawn from imaging and profiling
of amino acid ions?®>2 in positive polarity and CN-and CNO" peaks in negative

polarity?®.

Despite typical SIMS spectra of proteins containing only single amino acid ions,
relative intensities of the peaks create patterns, encoding information about protein
identity?®3°, conformation®! or orientation®?-3. These patterns can be identified and
compared using multivariate analysis***%-8, From various multivariate statistics
methods, principal component analysis (PCA) is the most suitable for distinguishing

different protein samples®. In this type of analysis no prior information about the
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samples is given into the model. The PCA algorithm detects the biggest differences
between the samples. The first principal component (PC1) explains the most

variation in the dataset. Subsequent principal components (PC2, PC3 etc.) explain a
smaller fraction of variation within the dataset, until no variation is detected. Figure

1.2 demonstrates the possibility of distinguishing protein samples using PCA.
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Figure 1.2. Protein samples can be distinguished by first and second principal component,

which together explain 71% of differences between the samples. a) Scores plot of PCA on

single protein samples. b) Loadings plot shows amino acid intensity patterns. Copied from
Wagner M. et al. Anal.Chem. 2002.
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Recently machine learning was employed to use the patterns in amino acid ion
intensities to identify peptides®. These approaches can provide insight into simple
protein systems, however they cannot be used to differentiate proteins in more
complex samples, for example protein mixtures, as the ion intensities will be affected

by the matrix effect and the presence of salts**4?,

In a few reports, multi amino acid fragments and molecular ions of peptides up to 1.6
kDa have also been detected by using Bis™ and Auz™ small polyatomic metal primary
ion beams*?*3, However, a breakthrough in the SIMS analysis of biological samples
came with the development of polyatomic primary ion beams such as Ceo and gas
cluster ion beams (GCIB) such as Ar,**. Large cluster primary ion source analysis
beams carry less energy per atom resulting in less intense fragmentation of the
analyte and enhancing the ion yield of the higher mass ions*. Additionally, the use
of continuous or quasicontinuous primary beam enables 3D profiling of biological
samples without compromising mass resolution*®4’. This technological improvement
enabled lipid profiling at cellular level*® and detection of multi amino acid fragments
from peptides up to 3 kDa*. Figure 1.3 demonstrates fragmentation of bovine
angiotensin | in a study comparing various argon cluster sizes, which found the
20kV Arz00" primary beam to enable assignment of multiple distinct peptide

peaks®.

Recently, the detection of molecular ions of whole proteins up to 12 kDa using
Ar00t primary beam has been reported®l. Nonetheless, large proteins have yet to be
identified without pre-analysis digestion to constituent peptides in SIMS®2. Detected
ions cannot always be unambiguously assigned, especially in the case of complex
biological samples due to limited mass resolving power of the ToF analyser. The
development of hybrid instruments such as the PHI nanoTOF 11°® and the 3D
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OrbiSIMS®*, employing alternative types of detectors could allow acquisition of

more detailed macromolecular information.
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Figure 1.3. Positive polarity ToF-SIMS spectrum of a 1.2 kDa peptide obtained with 20 kV
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Ara0” primary beam. The use of a GCIB enables detection of multi amino acid peptide
fragments and the molecular ion. Copied from Yokoyama Y. et al. Anal. Chem. 2016.
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The 3D OrbiSIMS comprises of a TOF-SIMS 5 (IONTOF GmbH, Germany) and a Q
Exactive HF Orbitrap™ (Thermo Fisher Scientific, Germany) analyser, used
commonly in proteomic and metabolomic research®. The instrument combines the
high mass resolving power (> 240,000 at 200 m/z and high mass accuracy (<1 ppm)
of an Orbitrap™ and the 3D imaging capability of time of flight secondary ion mass

spectrometry (ToF-SIMS) and is presented schematically in Figure 1.4.
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Figure 1.4. Schematic of the 3D OrbiSIMS. The instrument has a dual ion beam (LMIG and
GCIB) and dual analyser (ToF and Orbitrap) capability. Copied from Passarelli M. et al.
Nature Methods 2017.

The 3D OrbiSIMS can be used in 10 different modes, which include single beam
(Bin* or Ary"), single analyser (ToF or Orbitrap), as well as single beam double
analyser and 3D imaging employing both beams and both analysers working
together in an alternate pattern. For surface analysis, which does not require time
consuming imaging, 3D OrbiSIMS can provide high-throughput metabolomic

analysis of microarrays, providing complementary information to classical
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metabolomic techniques such as gas chromatography mass spectrometry or liquid

chromatography mass spectrometry®.

The 3D OrbiSIMS enables relatively high lateral resolution high chemical specificity
imaging of cell components too fragile to be isolated from the sample. In the
example presented in Figure 1.5, different biomolecule groups, phosphocholine
(red), chlorophyl (green) and polysaccharide (blue) were detected simultaneously
during in situ analysis of algae membrane®’. Crucially, this analysis enabled for the
first time the assessment of spatial distribution of oligosaccharide, which is expected
to play a role in intercellular communication.
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Figure 1.5. 3D OrbiSIMS image overlay of algae membrane, phosphocholine headgroup
(CsH1sNO4P™, red), chlorophyll A (CsoH2sN4sOMg*, green) and polysaccharide
(C1sH30015Na™, blue). Copied from Aoyagi S. et.al Anal. Chem 2019.
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Importantly, the 3D OrbiSIMS has the capability to operate in cryogenic conditions,
which not only enables to preserve the native state of the biological material, but also
has been found to improve the detection of organic species, including peptides 5890,
In addition to improving ion yield of high mass ions through facilitating protonation,
cryogenic OrbiSIMS also allows in situ detection of volatile compounds such as
fatty acids, aldehydes and aromatic hydrocarbons®! and 3D mapping of the chemistry

of highly hydrated samples such as bacterial biofilm®?.

1.3 Biotechnological and biological applications of in situ protein

analysis

A particularly challenging and growing field in biotechnology is the area of protein
biochips. Biochips are platforms for high-throughput analysis of protein-protein,
protein-drug interactions and protein phosphorylation. Due to being surface bound,
they are useful for characterisation of highly acidic, highly alkaline or hydrophobic
proteins, which are challenging in liquid-based methods®. The paramount challenges
in the biochip development are maintaining protein activity, conformation and
adoption of a suitable orientation on the surface to ensure availability of the active
site. In addition to complicated manufacturing techniques, quality control methods
assessing the robustness and effectiveness are a bottleneck in the biochip
development®5, In-situ protein analysis methods are necessary to rapidly evaluate
the biochips during manufacturing process in order to rationally design efficient

platforms®®.
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Imaging distribution of proteins is valuable in manufacturing patterned protein
surfaces used in tissue engineering research. It has been shown that spatial
organisation of proteins guides cell attachment, spreading and differentiation®. In situ
characterisation of protein patterns is crucial for addressing the main challenges in
the field of developmental biology which are closely mimicking the native

environment®” and linking localisation to cellular behaviour®®.

In addition to biomolecule patterning in 2D, proteins are used in engineering whole
tissues. Incorporating proteins in networks and scaffolds for cartilage engineering
helps mimic native tissue®. Creating polymer-protein complexes improves the
compatibility of cells with the material and improves transport of oxygen and
signalling and nutrition compounds. Overall understanding protein role at the
interface between engineered and biological material helps integrate the material

with the native tissue.

In situ analysis of proteins at implantable materials helps predict the performance of
the device in the body. Medical devices such as catheters, stents or bone
replacements provoke an immune reaction after being implanted in the host. This
response is known as foreign body reaction (FBR) and is initiated by adsorption of
extracellular matrix proteins on the material surface, as presented in Figure 1.6".
This event activates immune cells, which produce collagens, forming a thick fibrous
layer around the material. As a result, the material is separated from the host tissue,
causing slow healing, impairing device integration and increasing the risk of
infection’2. Understanding the mechanism of protein adsorption and activation of the
immunological cascade is necessary for manufacturing of successful medical devices

by altering the chemistry of biomaterials”.
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Figure 1.6. Temporal representation of the foreign body response. Protein adsorption is the
first step of the immunological reaction to an implanted material. Copied from Granger
D.W., Nature Biotechnology, 2013.

Design of biomaterials promoting the right cell adhesion and reducing bacterial
adhesion directly links to the development of successful bone replacement implants
or catheters and drug delivery implants such as insulin pumps. For the same reason
knowledge of protein-material interaction contributes to the advancement of disease
and medicine testing. Extracellular matrix proteins play a role in the pathophysiology
of diseases affecting various organs, including heart, liver, kidneys or lungs’*. More
than 50 diseases are caused by accumulation and misfolding of proteins into
aggregates called amyloids. However, due to the heterogeneity of these fibrous
deposits, the cause or treatment of related amyloidosis or neurogenerative disorders
remains unknown’®. Investigating proteins in the diseased tissues may provide
insight into molecular background of the disease leading to the development of

effective treatments.
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1.4 Pharmaceutical applications of in situ protein analysis

1.4.1 Nanotechnology for controlled and targeted drug delivery

Nanomedicines aim to overcome challenges in drug development such as poor
solubility, availability, pharmacokinetics, efficacy, target specificity or toxicity in
vivo’®. Nanoparticle formulations can be approved to market if they are confirmed to
reduce drug toxicity or improve on-target efficacy’’ and until 2016, 51 nanoparticle
products (including the same formulation registered for different indication), had
been approved by the FDA'®. Nanoparticles can increase efficacy by targeting

specific cells in a passive and/or active way.

Passive targeting is based on size of the particle. For example in case of cancer
therapy, nanoparticles pass through tumour blood vessels, which are leaky due to
growing faster than healthy cells”®. This effect is called enhanced permeability and
retention (EPR) and is usually observed for particles of diameter smaller than 100
nm®, Active targeting of specific cells can, in theory, be achieved by immobilising
ligands®!, chemical® or biological functionalities®®2* on nanoparticle surfaces. These

ligands are devised to bind with receptors overexpressed on target cells.

Multiple materials are being studied for suitability as nanoparticle formulations, the
most prevalent being polymer, lipid, nanocrystal, micelle or protein particles. This
work will focus on polymeric particles as the most widely studied nanomaterial.
Many features of polymeric nanoparticles make them particularly advantageous for
overcoming drug delivery challenges. These are their ability to achieve sustained
drug release, encapsulation of poorly soluble drugs, multi-drug co-delivery and the

ease of surface functionalisation®®8®,
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1.4.2 Methods and materials in particle manufacturing

Established methods of polymeric particle production include different types of
polymerisations such as dispersion, precipitation, emulsion or suspension
polymerisation and emulsification methods. Solvent evaporation is one of the most
commonly used emulsification methods of producing polymeric particles. In this
method, a polymer solution is mixed with surfactant solution and either
homogenised (microparticles) or sonicated (nanoparticles), followed by evaporation
of the solvent®”#8, Droplets initially formed at the interface of the two solvents
shrink as the solvent evaporates resulting in solid polymeric particles. A
modification of these methods in which the interface between the solvents can be

accurately controlled is called microfluidics®°.

Conventional methods and microfluidics have different capabilities and limitations.
Advantages of microfluidics over microemulsion and nanoemulsion methods include
narrow size distribution with polydispersity below 5%, capability to produce
particles of non-conventional, non-spherical shapes, control over particles
composition and internal structure. Particles produced using microfluidics present
narrower particle size distribution, the production is continuous (rather than batch)

and can be scaled-up in production process®.

In microfluidic systems two or more solvents are pushed through micro-sized
channels by pumps enabling precise control over flow speed®?°3, The solvent
containing the polymer (and the active pharmaceutical ingredient (API) in the case of
drug-loaded particles) is called the dispersed phase. The solvent containing

surfactant is called the continuous phase. Depending on solvent miscibility, droplets
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or nanoemulsions are created on the intersection of two channels®. There is a variety
of shapes and sizes of microfluidic chips, each offering benefits for different
applications. Microfluidic chips are typically produced of one of two materials,
namely polydimethylsiloxane (PDMS) or glass. PDMS chips are low-cost and can
easily be produced in various shapes using lithography methods. Glass chips on the
other hand have better solvent compatibility and durability. The most popular chip
geometries used in producing polymeric microspheres and nanospheres are T-
junction and flow-focusing x-junction. An example of x-junction type chip installed

in microfluidic setup is shown on Figure 1.7.
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Figure 1.7. Schematic of the microfluidic setup. The magnified region shows droplets
formation at the interface of two liquids.

Droplets are transformed into particles by solvent evaporation. Microfluidics enables
the production of various materials such as polymeric, protein or inorganic particles
and liposomes®® The size of the droplets and resulting particles is tuned by
changing flow rates of the two solvents and manipulating the composition of the
liquids used, specifically surfactant type and concentration (1-3%) as well as
polymer concentration (0.25%-2.5%)°%"%8. The proportion between continuous phase
flow rate and dispersed phase flow rate is known as the flow ratio and drives the
character of the flow. As flow rate decreases, flow regime changes from dripping

through jetting to laminar flow. Dripping results in largest droplets, jetting produces
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smaller particles and in laminar flow two solvents are flowing next to each other and

no particles are produced®®-1%,

1.4.3 Nanoparticle interaction with biological environment

The use of polymeric nanoparticles could be particularly advantageous for
formulation of biologics such as proteins, peptides, nucleotides growing in
popularity as researched therapeutic agents. By acting at the source of the disease,
they give promise of not only treating, but curing the condition and reducing the side
effects. However, the development of such medicines is more labour- and cost-

consuming than that of small molecule drugs.

Recent success of messenger ribonucleic acid (MRNA) nanoparticle-based vaccines
demonstrates a potential of this technology to overcome the special stability and
efficacy restrictions of fragile biological drugs'®. These products were successful as
they are designed to work in the circulation and interact with the immune system. In
the case of medicines, whose target is outside of the circulation, the nanoparticles
face a range of physiological barriers that limit their delivery to the site of action. As
a result, only a small percentage of nanomedicines make it past proof-of-concept

Stage76,103—105

In 2016, Wilhelm et al. gathered results from 117 reports across last 10 years of
investigating nanoparticles delivery to tumours, which revealed that a median of only
0.7% of the dose injected to mice reached the target'®. Even in cases of formulations
being successful in animal studies, insufficient evidence of efficacy and safety often

cause many nanoparticle products to fail in phase Il clinical trials due to
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inconclusive results and patient-to-patient variability'%. There have also been reports
of formulations which have made it to the market but were subsequently withdrawn

due to safety concerns (eg. Feruglose®, Resovist®).

In the laboratory, medicines are studied in cell cultures maintained in buffers,
however in animal studies, nanoparticle formulations are being injected into the
bloodstream, a more complex environment. The initial environment the particle
interacts with is blood, consisting of blood cells suspended in plasma. Plasma is 90%
water, with 1% ions (K, Na, Ca, Mg, Cl), dissolved gases, microelements and
vitamins, and 9% organic compounds such as protein, glucose and lipids. There are
2000 different plasma proteins, of which albumin is the most abundant (about 60%).
Plasma proteins have many roles, from maintaining osmotic pressure, transport of
lipids, hormones, vitamins and minerals, to being a part of immune system and

binding foreign bodies in the circulation.

Plasma protein adsorption on the surface of nanoparticles, which happens rapidly
once they encounter the bloodstream, is one of the major reasons for largely
unpredictable behaviour of nanoparticles in vivol~1%, This layer of biomolecules,
termed the protein corona or biocorona, becomes a defining property of a
nanoparticle thereby impairing cellular uptake or increasing it!9”11%111 Despite years
of inventive designing of particles, research is still often thwarted by biology, which
leads to limited clinical translation of targeted therapeutics*'?. To overcome this, we
have to account for the fact that nanoparticles behave differently in simple media
than in tissues and take a more systematic approach of predicting and increasing in
vivo performance by investigating the basics of biological mechanisms in

nanoparticle delivery process.
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The effect of proteins adsorbing on flat surfaces of different hydrophobicity or
hydrophilicity was first described in the 1960s*3. It was then found that this effect is
especially pronounced on nanoparticles and since then notable progress has been
made in both nanoparticle development and nanoparticle-biological environment
studies!'!. Research in past decades has contributed to a fundamental understanding
in the mechanisms of the protein adsorption on nanoparticles: it has been established
that size, surface charge, material and possible targeting molecules affect protein
corona composition*#1, Illustration of nanomaterial properties affecting protein

adsorption on the surface of the particle is presented in Figure 1.8.
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Figure 1.8. Physico-chemical characteristics of nanoparticles mediating protein interaction
are particle size, charge, surface energy and roughness. Illustration copied from Docter, D.
et al. Chem. Soc. Rev. 2015.

Beyond establishing how particle properties affect the protein corona, it has been
suggested that corona composition may vary depending on nanoparticle entry site!'®,
Moreover, recently it has been found that the corona contains more than just one
type of organic molecules and this complex layer has been given the name of
‘biocorona’ or ‘biomolecule corona’'’. Proteins and other biomolecules such as
lipids, sugars and metabolites adsorbed on nanoparticles provide a new biological
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identity to the particle. The adsorbed layer affects both passive and active targeting
by altering particle size (additional layer or creating aggregates), surface energy,
solubility, charge and accessibility of targeting moieties originally attached on the

surfacels,

The change in these physical properties of the particle in turn affects its interaction
with the body. The first line effect is the rapid detection of the particle as a foreign
body and removal from the system by the immune cells, specifically the
macrophages. This recognition as a threat is guided by blood proteins, which cover
unwanted substances in a process of opsonisation. Immunoglobulins and
complement proteins improve uptake to specialised immune system cells and
activate phagocytosis'®. If the particle is not removed by the macrophages, it faces
further challenges such as delivery to the site of action, which may be affected if the
targeting moieties are hidden on the surface, and the release of the active
pharmaceutical ingredient (API), which is then affected by a layer of
macromolecules. In multiple studies, the protein coat impairs particle uptake to the

cell, therefore reducing its efficacy and toxicity*2°-123,

The mechanism of biocorona formation has been linked to the material
hydrophilicity, as the proteins adsorb on the surface to reduce the surface tension.
Due to this, nanoparticles with hydrophilic surface modification, such as poly
(ethylene glycol) (PEG) have been shown to overcome negative consequences of
protein adsorption, such as macrophagial uptake and rapid removal from the
circulation®®*'?°_ This so called stealth effect was introduced in 1995, when the first
successful nanoparticle formulation was approved by the Food and Drug
Administration (FDA)?®. This first nanoparticle drug, Doxil was a liposome
formulation with a PEG layer. This effect is powerful to the extent that all
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nanoparticle products currently available on the market are using the stealth PEG

technology’8127:128,

However, PEG is not biodegradable!?®, may trigger immune responses®3 and its
interaction with blood components is not clear'3!. For example, several recent studies
have shown that PEGylation of a surface does not decrease protein adsorption in
general, but reduces the non-specific protein attachment on the surface of PEGylated
particles’®21% and promotes adsorption of ‘don’t eat me’ proteins!®*. These findings
highlighted one of the key unanswered questions in the field, namely whether or not
the physiological response is influenced by the whole corona or by specific proteins.
Other not fully understood aspects include the dynamics of corona formation*®,
weakly and strongly bound proteins®® or presence of non-protein components in the
biocorona!®’. These questions remain unanswered due to lack of technology capable
of in situ characterisation of the particle chemistry. A fundamental understanding of
how nanoparticles interact with biological environment is needed to make these
nanomedicine-biology interactions provide a desired response such as using the
protein adsorption to increase selective cellular uptake*®1% or diagnostic

purposes¥°.

As found in many studies, size, surface charge, material and possible targeting
molecules affect protein corona composition!4%4, Some reports are conflicting,
pointing to relevance or irrelevance of protein concentration to their adsorption on
the surface of nanoparticles'#%!4, In several studies, proteins were shown to be
binding to particles in a competitive manner, which may be a reason for some study-
to-study disparities*?>122, Finally, the cell type and environment is also believed to
play a role in the process of nanoparticle recognition and in the outcome of the

144'

encounter
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1.4.4 Nanoparticle characterisation methods

Protein corona research is driven by an observation of disproportion between studied
and approved nanomedicines*4’. There is a similar imbalance between the
number of protein corona studies and their application in nanomedicine
development. The area lacks well defined protocols necessary for reproducible and
reliable results!>148.14° There is an evident variability in experimental setup: sample
preparation conditions, sample manipulation and analysis. There is also irregularity
in reporting all experimental detail, with several studies not mentioning crucial

information about sample incubation such as temperature or length of time.

A clear factor affecting protein corona composition is the incubation medium,
whether it is a single protein, a mixture of few chosen proteins, serum, plasma or
whole blood. Obtained bio-nano conjugates differ qualitatively (different proteins
adsorbed in different mixtures due to competitive character of the interactions) and
quantitatively (different amount of proteins adsorbed due to dynamic adsorbing-
desorbing on the surface). Concentration of proteins, type of buffer used in dilution
and pH of the solution also greatly affect both particle stability in solution and the

composition of the biocorona®®°.

One of the key parameters determining experimental repeatability and
reproducibility is the nanoparticle:protein ratio. This should be assured to remain
constant and is measured as particle surface area to number of protein molecules?®:.
Additional factors affecting results are temperature, length of incubation time or
agitation of the particles during incubation, which vary in reported protocols from 5

minutes do 24 hours and from 4 °C to 37 °C12153,
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In previously reported studies, there is a multitude of incubation and washing
methods. After incubation, the unbound and weakly bound proteins are removed by
centrifugation (with or without sucrose cushion, at various speed rates, different
temperatures and for different length of time) or size exclusion chromatography,
which is less disruptive and can preserve the weaker bound proteins on the surface of
the particles. Magnetic particles can be separated from incubation media using

magnetic separation'®,

With respect to characterisation of the particle coating, traditionally used methods
can be divided into direct and indirect approaches. The direct methods provide
information about protein identity in the corona. These methods include sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), often followed by
electrospray mass spectrometry (ESI-MS)*51%, These methods allow to identify
large number of proteins from plasma incubated particles. This type of analysis
requires extensive sample manipulation, separation of proteins from the particles,
protein denaturation and digestion prior to the analysis, therefore it loses information
about physical structure of the particle. Moreover, SDS-PAGE and MS focus only
on protein while it has been shown recently that the corona may contain non-protein

elements, such as lipids, sugars, nucleic acids and metabolites>”1%,

Indirect methods are used to supplement information about coat thickness and
uniformity. This includes techniques such as dynamic light scattering (DLS),
differential centrifugal sedimentation (DCS) or transmission electron microscopy
(TEM) imaging and X-ray photoelectron spectroscopy (XPS)*®°. Of these methods,
only DCS can provide information about loosely bound corona morphology as the

particle suspension can be analysed without prior washing'®. XPS and TEM can
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operate in high vacuum therefore analysed protein is denatured and has lost its native

structure.

Methods of analysing the biocorona described in section 1.1.4 provide important
information about the number and types of proteins adsorbed on the surface of the
particles, however, they require extensive sample manipulation and do not provide
information about structure and distribution of the proteins and other biomolecules
on the surface of the particles. A chemical imaging method is therefore needed to

correlate spatial and chemical information regarding the biocorona®®.,

1.5 The scope of this thesis

The aim of this project is to develop a method of 3D in situ protein analysis without
the need for matrix deposition or protein digestion. The recently developed 3D
OrbiSIMS will be used for this goal. In contrast to classically used MALDI, LESA
and DESI, SIMS enables three-dimensional analysis with minimal sample
preparation. SIMS allows analysis of samples in three dimensions with lateral
resolution < 200 nm, however previously only non-specific amino acid fragments of
proteins and multi amino acid fragments from small peptides have been assigned in
SIMS and protein fragments derived from undigested proteins have not been
assigned to date. As described in Section 1.2, the 3D OrbiSIMS combines an argon
GCIB analysis beam and Orbitrap™ analyser, which are hypothesised to enable
more detailed analysis of proteins due to reduced fragmentation and high accuracy of

the assignments.
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Further aims include testing the suitability of the method for biotechnological and
pharmaceutical analysis, specifically for studying the interaction of synthetic
materials with biology. Drug delivery particles in biological media, which currently
evade in situ characterisation by conventional analysis methods, will be
manufactured using microfluidics and studied using the 3D OrbiSIMS as an example

of a challenging pharmaceutical application.

2 Materials and methods

2.1 Materials

Proteins: lysozyme from chicken egg white, a-chymotrypsin from bovine pancreas,
insulin solution human, recombinant bovine serum albumin, horse skeletal muscle
myoglobin, L-lactate dehydrogenase from rabbit muscle, human holo-transferrin,
concanavalin A from Jack Bean, bovine plasma fibronectin, alcohol dehydrogenase
from Saccharomyces cerevisiae, porcine lipase, bovine liver catalase, human serum
albumin and cytochrome c from equine heart were purchased from Sigma Aldrich.
Porcine pepsin and porcine trypsin were purchased from Promega.

Amicon Ultra 0.5 mL Centrifugal Filters were purchased from Merck Milipore.
Human skin was purchased from Tissue Solutions (https://www.tissue-
solutions.com/). female > 40 years of age, ex vivo skin from cosmetic surgery.
Heptakis-(6-deoxy-6-thio)-B-cyclodextrin was purchased from Cyclodextrin-Shop

(Tilburg, Netherlands) to >97% purity. Hydrogen peroxide (H202) 30% w/w
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solution, sulfuric acid (H2SO4) reagent grade 95-95% and N,N-dimethylformamide
for molecular biology >99% were purchased from Sigma Aldrich.

Gold slides for protein immobilisation, polycrystalline gold with 30nm thickness on
special flat glas ( Nexterion B from Schott AG) were purchased from Georg Albert

PVD - Beschichtungen.

Poly (D,L-lactide-co-glycolide) (PLGA), lactide:glycolide (50:50), molecular weight
(MW) 30,000-60,000 and poly (vinyl alcohol) (PVA) MW 9,000-10,000, 80%

hydrolysed were purchased from Sigma Aldrich.

Microfluidic 100 um flow focusing chip and 190 um droplet junction chip were
purchased from Dolomite. All chip fittings and chip interface were purchased from

Dolomite.

2.2 Protein sample preparation

2.2.1 Protein films

100 uM protein solutions were prepared by dissolving appropriate amount of protein
in 1 mL in MiliQ water (18 MQ). Gold slides were cleaned by UV and sonication in
isopropanol for 10 minutes, subsequently rinsed with MiliQ water and dried under
Argon flow. Purified proteins were spotted and dried onto a gold slide 3 times to
obtain a thick protein film. Protein:peptide mixture was prepared by 1:1 volumetric
mixing of 100 uM insulin and 100 uM lysozyme concentrations. The mixture of
purified lysozyme and insulin was spotted and dried onto a gold slide 3 times to
obtain a thick protein film. Gold grids for electron transmission microscopy (TEM)
0f 200 mesh x 125 pum pitch were purchased from Sigma Aldrich. For the imaging
experiment, the bare gold grid was placed on top of the protein film sample. A bare

gold slide and a bare gold grid have been analysed as control samples.
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2.2.2 Protein monolayer

For the preparation of protein monolayer biochips, the gold substrates were cleaned
by immersion in piranha solution (70% H2SO4, 30% H202) at room temperature for
8 minutes, rinsed with MiliQ water and dried with an argon flow. (Caution: Piranha
solution reacts violently with organic solvents and should be handled with care).The
clean gold substrates were immersed for 24 h in 50 uM DMF solutions of heptakis-
(6-deoxy-6-thio)-p-cyclodextrin (TCD) for preparation of a self-assembled
molonayer (SAM). Subsequently, the gold substrates were rinsed with DMF and
MiliQ water and dried under an argon flow. The TCD SAMs were immersed in a
0.05 mM lysozyme in PBS solution for 2 h. Following protein immobilization, the
samples were washed with PBS buffer followed by submersion in MiliQ water for 1
min. The samples were then dried under argon and placed in the instrument for the

analysis immediately.

2.3 Micro- and nanoparticle preparation

2.3.1 Microfluidics

10%w/v PLGA solution in DCM was prepared by dissolving 1 g PLGA in 10 mL
DCM. For the tuning of the microparticle size, dilutions of 7.5%, 5%, 2.5%, 1%,
0.75%, 0.5% and 0.25% were used. For the production of the nanoparticles, 1%,
0.75%, 0.5% and 0.25% solutions of PLGA in acetone were prepared. 1%w/v PVA
solution was prepared by dissolving 2 g of PVA in 200 mL MiliQ water at 90°C for
40 minutes under constant stirring. The polymer solution was placed ina 10 mL
glass syringe purchased from Scientific Glass Engineering. Two plastic 10 mL

syringes were filled with water (nanoparticle production) or surfactant solution
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(microparticle production). The syringes were placed on the Harvard Apparatus
pumps and attached to microfluidic setup via luer lock fittings. X-junction of the
Dolomite 100 um flow focusing chip was used for the microparticle production. X-
junction of the Dolomite 190 um droplet chip was used for the nanoparticle
production. The flow ratio was calculated as ratio between 2 times the continuous
phase flow divided by the dispersed phase flow, as the continuous phase is flowing
through two channels compared to one channel of the dispersed phase. In case of
microparticle production, the droplets were collected into glass vials containing 1
mL 1%w/v PVA solution. The receiving vial was placed on a magnetic plate and a
stirring bar was placed inside the vial to enhance solvent evaporation during droplet
collection. In case of the nanoparticle production, the nanoemulsion was collected

into an empty glass vial.

2.3.2 Polymer particle functionalisation

Washed particles (1 mL) were incubated with 0.5 mL of BSA, HSA or full human
serum solution. The incubation was carried out in glass vials under constant agitation
for 2 hours at room temperature. After the incubation the particles were washed 3

times by centrifugation at 9000 g.

2.4 Analytical methods

2.4.1 Dynamic light scattering (DLS)
DLS measurements were taken using Zetasizer Nano. Refractive index (RI) of 50:50
PLGA in light scattering measurements calculations was applied as found in

literature, with sources reporting R1=1.47-1.61%% or R1=1.51-1.67 3,
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2.4.2 Laser diffraction (LD)
Laser diffraction measurements were taken with Coulter LS230. Refractive index
(R1) of 50:50 PLGA in light scattering measurements calculations was applied as

found in literature, with sources reporting RI=1.47-1.61%% or RI=1.51-1.67 163,

2.4.3 Scanning electron microscopy (SEM)

For SEM measurements, the particles suspended in water were dropped onto carbon
tape stuck to a SEM stub. The drops were allowed to dry overnight in the fumehood.
After drying, the samples were coated with platinum for 120 s. SEM measurements
were taken using Jeol-6490. The energy was set to 10 keV. Images were processed in
ImageJ in order to measure the average diameter of all particles in the field of view.
The intensity threshold was adjusted for each image separately depending on
contrast, the pixel to length was set based on the scale bar and the Particle analysis

function was used to obtain the diameter of all particles within the threshold.

2.4.4 X-ray photoelectron spectroscopy (XPS)

The self-assembled monolayer and the self-assembled monolayer with immobilised
lysozyme were measured using an Axis-Ultra XPS instrument (Kratos Analytical,
UK) with monochromated Al Ka X-ray source, based at the National Physical
Laboratory (NPL), Teddington, UK. Wide scans were acquired for analysis of
organic layer thickness on the gold slide with step size 1000 meV, pass energy 160

eV, dwell time 300 ms, in a range 1300 to -10 eV.

2.4.5 Time of flight secondary ion mass spectrometry (ToF-SIMS)
For the acquisition of LMIG ToF-SIMS image, a 30 keV Biz" primary beam was
used. LMIG current was 0.05 pA. The 256 x 256 pixel ToF image was acquired over

an area of 200 x 200 pm using random raster. The cycle time was set to 250 ms.
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Optimal target potential was set to +58 V. Three separate areas were analysed on
each sample and each measurement lasted 15 scans, the total ion dose per

measurement was 9.44 x 10'%jons/cm?.

The results were analysed in SurfaceLab 7. Calibration of positive mode spectra was
made using CHs*, C2Hs", CsHs*, C7H7* and Aus* ions. Negative mode spectra were

calibrated to CN°, CNO", Au’, Aus” and Aus'.

2.4.6 3D OrbiSIMS

3D OrbiSIMS spectra

A 20 keV Arsooo* analysis beam of 20 um diameter, was used as the primary ion
beam. The GCIB duty cycle was set to 4.4%, with current 218 pA. The depth profile
was run on the area of 200 x 200 pum using random raster mode with crater size 280
x 280 pm. The cycle time was set to 400 ps. Optimal target potential was
approximately +68 V. Argon gas flooding was in operation in order to aid charge
compensation, pressure in the main chamber was maintained at 9.0 x 107" mbar. The
spectra were collected in positive polarity, in the m/z range 150 - 2250. The injection
time was set to 500 ms. Three separate areas were analysed on each sample and each
measurement lasted 30 scans, the total ion dose per measurement was 1.63 x 10

ions/cm?. Mass resolving power was set to 240,000 at m/z = 200.
3D OrbiSIMS MS/MS

A 20 keV Arsgoo" analysis beam of 20 um diameter, was used as primary ion beam.
Arsooo” with duty cycle set to 4.4%, GCIB current was 218 pA. The depth profile was

run on the area of 200 x 200 um using random raster mode with crater size 280 x
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280 um. The cycle time was set to 400 ps. The target potential was set to +68 V.
Argon gas flooding was in operation in order to aid charge compensation, pressure in
the main chamber was maintained at 9.0 x 10" mbar. The spectra were collected in
positive polarity, in m/z range 75 - 1125. The injection time was set to 500 ms. Three
separate areas were analysed on the sample and each measurement lasted 20 scans,
the total ion dose per measurement was 1.63 x 10! ions/cm?. The mass resolving
power was set to 240,000 at m/z 200. The normalised collision energy (NCE) was set
to 35 and the isolation width was Am/z 10. The normalised collision energy is the
collision energy normalised to the collision of a singly charged precursor ion at mass
m/z = 500 and it increases the energy linearly with increasing mass of the precursor

ion, therefore the collision energy in this experiment (m/z = 620) was 43.4 eV.
3D OrbiSIMS image

20 keV Arsoo” analysis beam of 20 um diameter (imaging of the protein mixture) or
a 20 keV Arsooo* imaging beam of 5 um diameter (imaging of lysozyme film masked
with a gold grid) was used as primary ion beam. The 20 um analysis beam was
configured as described in the spectra acquisition section. The 5 um imaging beam
duty cycle set to 37.7%, GCIB current was 18 pA. The Q Exactive images were run
on the area of 200 x 200 um using random raster mode. The cycle time was set to
400 ps. Optimal target potential was set to +58 V. Argon gas flooding was in
operation in order to aid charge compensation, pressure in the main chamber was
maintained at 9.0 x 10" mbar. The images were collected in positive polarity, in m/z
range 150-2250. The injection time was set to 500 ms. Three separate areas were
analysed on each sample and each measurement lasted 1 scan, the total ion dose per
measurement was 1.11 x 102 jons/cm?. Mass resolving power was set to 240000 at
m/z = 200.
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3D OrbiSIMS depth profile of human skin

20 keV Arzoo™ analysis beam of 20 um diameter, was used as primary ion beam.
Arzoo0” with duty cycle set to 15%, GCIB current was 230 pA. The Q Exactive depth
profile was run on the area of 200 x 200 um using random raster mode with crater
size 280 x 280 um. The cycle time was set to 200 us. Optimal target potential was
approximately -384.4 V. The acquisition was run in temperature -170°C. The depth
profile was collected in negative polarity, in m/z range 75 - 1125. The injection time
was set to 500 ms. The measurement lasted 18307 scans, the total ion dose per
measurement was 2.65 x 102 jons/cm?. Mass resolving power was set to 240,000 at

m/z = 200.

2.4.7 Optical profilometry

The depth of the sputtered material was estimated by the SurfacelLab software as 10
nm per scan and confirmed by profilometry as 300 nm after acquisition of 30 scans.
Optical profilometry scans were obtained using a Zeta-20 optical microscope (Zeta
Instruments, CA, USA). The scans were acquired in a Z range of 4.6 um. The

number of steps was set to 328, allowing for step size (Z resolution) of 0.014 pum.

2.4.8 Ellipsometry

The thickness of the self-assembled monolayers and t the self-assembled monolayer
with immobilised lysozyme was measured using J.A. Woollam Co. Inc. alpha-SE™
spectroscopic ellipsometer. The CompleteEASE software was employed to
determine the thickness values and the calculations were based on a two-phase
organic/Au model, in which the organic layer was assumed to be isotropic and

assigned a refractive index of 1.50. The thickness reported is the average of three
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different measurements on SAM or SAM and protein samples, with the errors

reported as standard deviation.

2.4.9 Statistical analysis

Multivariate analysis of ToF-SIMS results was done in Matlab GUI, simsMVA117,
using Matlab R2017b. The peak list from table Al in appendix was applied to 4
regions of interest on all samples. Peak areas normalised to total ion count were
loaded into simsMVA. The data was preprocessed by Poisson scaling and mean

centring. PCA was run in algorithm mode, retaining all principal components.
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3 Development of ballistic sequencing for assignment and
identification of proteins using 3D OrbiSIMS

3.1 Chapter aims

The use of gas cluster ion beams such as Ar," in SIMS allows assignments on
peptide fragments up to 1200 Da and detection of molecular ions of peptides up to
6000 Da, as detailed in Section 1.2. However, protein fragments derived from larger
undigested proteins have not been assigned in SIMS. This chapter aims to assess the
capability of the 3D OrbiSIMS to acquire chemically specific information from
protein samples by the use of Arso* primary beam and Orbitrap™ analyser. The
additional MS/MS capability is expected to help in the understanding of the complex
datasets. Limit of detection and lateral resolution achievable with the method will

also be assessed.

Further aims of this chapter are to analyse a benchmark of 16 proteins to validate the
method and demonstrate the capabilities and limitations of this method as well as
place this emerging technology in the context of established mass spectrometry

proteomic methods.
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3.2 Methods

3.2.1 Protein films

100 uM protein solutions were prepared by dissolving appropriate amount of protein
in 1 mL in MiliQ water (18 MQ). Gold slides were cleaned by UV and sonication in
isopropanol for 10 minutes, subsequently rinsed with MiliQ water and dried under
Argon flow. Purified proteins were spotted and dried onto a gold slide 3 times to
obtain a thick protein film. Protein:peptide mixture was prepared by 1:1 volumetric
mixing of 100 uM insulin and 100 uM lysozyme concentrations. The mixture of
purified lysozyme and insulin was spotted and dried onto a gold slide 3 times to
obtain a thick protein film. Gold grids for electron transmission microscopy (TEM)
of 200 mesh x 125 pum pitch were purchased from Sigma Aldrich. For the imaging
experiment, the bare gold grid was placed on top of the protein film sample. A bare

gold slide and a bare gold grid have been analysed as control samples.

3.2.2 ToF-SIMS measurements

For the acquisition of LMIG ToF-SIMS image, a 30 keV Bis* primary beam was
used. LMIG current was 0.05 pA. The 256 x 256 pixel ToF image was acquired over
an area of 200 x 200 pm using random raster. The cycle time was set to 250 ms.
Optimal target potential was set to +58 V. Three separate areas were analysed on
each sample and each measurement lasted 15 scans, the total ion dose per
measurement was 9.44 x 10%°ions/cm?. The results were analysed in SurfaceLab 7.
Positive mode spectra were calibrated using CHs*, CoHs*, CsHs*, C7H7*™ and Aus®.

Negative mode spectra were calibrated to CN", CNO", Au’, Auz” and Aus'.
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Multivariate analysis of ToF-SIMS results was done in simsMVA, using Matlab
R2017b. The peak list normalised to total ion count was applied to 4 regions of
interest on all samples. The data was preprocessed by Poisson scaling and mean

centring. PCA was run in algorithm mode, retaining all principal components.

3.2.3 3D OrbiSIMS measurements

A 20 keV Arsooo* analysis beam of 20 um diameter, was used as the primary ion
beam. The GCIB duty cycle was set to 4.4%, with current 218 pA. The depth profile
was run on the area of 200 x 200 pm using random raster mode with crater size 280
x 280 um. The cycle time was set to 400 us. Optimal target potential was
approximately +68 V. Argon gas flooding was in operation in order to aid charge
compensation, pressure in the main chamber was maintained at 9.0 x 107" mbar. The
spectra were collected in positive polarity, in the m/z range 150 - 2250. The injection
time was set to 500 ms. Three separate areas were analysed on each sample and each
measurement lasted 30 scans, the total ion dose per measurement was 1.63 x 10

ions/cm?. Mass resolving power was set to 240,000 at m/z = 200.

For 3D OrbiSIMS MS/MS, normalised collision energy (NCE) was set to 35 and the
isolation width was Am/z 10. The normalised collision energy is the collision energy
normalised to the collision of a singly charged precursor ion at mass m/z = 500 and it
increases the energy linearly with increasing mass of the precursor ion, therefore the

collision energy in this experiment (m/z = 620) was 43.4 eV.

For the 3D OrbiSIMS imaging of lysozyme film masked with a gold grid, 20 keVV
Arsooo’ of 5 um diameter was used as primary ion beam. The 5 um imaging beam

duty cycle was set to 37.7% and the GCIB current was 18 pA.
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3.3 Results and discussion

3.3.1 Capabilities and limitations of ToF-SIMS for assignment of protein

fragments

Lateral resolution of and sensitivity of SIMS is advantageous in comparison to
classical methods of analysing proteins on the surface such as MALDI and DESI as
described in Section 1.3. Here, a lysozyme film, prepared by drop-drying a solution
of lysozyme on a gold slide, was masked by the bare gold TEM grid. Relatively
intense fragmentation by Bis"™ primary beam results in the detection of unspecific
amino acid fragment ions as shown in Figure 3.1. The peaks below m/z = 200 are
amino acid fragments assigned according to Lhoest et. al ?° and are present in all
analysed proteins. Peaks at the higher (m/z > 200) mass region were found to be
related to pure gold and gold clusters, Au-S bond or other non-specific organic

fragments as shown in Figure 3.1.
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Figure 3.1. ToF-SIMS spectrum of lysozyme film masked by a gold grid and corresponding

image (inset). The spectrum represents a region of interest consisting of the areas under the

grid (red in the image), however several gold-related peaks are still visible in the spectrum
(blue in the image).
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In addition to the intense fragmentation induced by the LMIG, the mass resolving
power of the ToF analyser does not always allow for confident assignment of the
protein fragments. Figure 3.2 presents a comparison of LMIG/ToF and
GCIB/Orbitrap™ analyses of lysozyme film dried on a gold slide, focused on the
area of the spectrum, assigned previously as a tryptophan fragment ion (C1oH11N2").
The OrbiSIMS spectrum reveals that the ToF peak includes four lower intensity non-
specific organic fragments in addition to the previously assigned amino acid

fragment.
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Figure 3.2. Comparison of ToF-SIMS and 3D OrbiSIMS spectra of chicken egg lysozyme,
the 170.0616 m/z peak area.

Despite all proteins being composed of the same units, a set of 20 amino acids, the
relative intensities of the secondary ion peaks detected by the time of flight analyser
create patterns, encoding information about protein identity®’, conformation®* or
orientation®’. These patterns can be identified and compared using multivariate
statistics. Principal component analysis (PCA) was chosen as the most suitable

method for distinguishing different protein samples using the LMIG ToF spectra.

PCA was performed on 7 different proteins immobilised on heptakis-(6-deoxy-6-
thio)-p-cyclodextrin (TCD) layers to assess whether different protein samples can be
distinguished. The amino acid peak list assigned by Lhoest et al® was used as the
series of variables. Figure 3.3 presents the scores of first principal component (PC1)

and second principal component (PC2).
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Figure 3.3. Scores of PC1 and PC2. The amino acid fragment intensity patterns are
consistent within the proteins and vary between different proteins.

The scores plot in Figure 3.3 suggests that sample chemistry varies for different
proteins, therefore the samples can be distinguished between each other by using this
statistical method. Four regions of interest were analysed on each sample and 95%
confidence intervals were added to all sample types. PC1 and PC2 together explain
73.2% variation in the dataset. The scores plot does not provide sufficient

information on its own and has to be followed by a loadings graph (Figure 3.4).
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Figure 3.4. Principal component analysis of 7 different proteins immobilised on TCD-
terminated chips. Loadings plot of first (PC1) and second (PC2) principal component.
Detailed explanation in the main text.

The loadings plot demonstrates the variables, in this case amino acid fragments peak
intensities, responsible for variation in the dataset. The main differences between the
samples are caused by peaks at m/z 30.04 (glycine), m/z 58.05 (arginine) and m/z
84.08 (leucine/isoleucine/lysine). Samples with positive scores on PC1 are
represented by positive loadings on PC1, which means that signals at m/z 30 and m/z
84 are more prevalent in lysozyme, catalase and chymotrypsin than in the other

proteins (Figure 3.3).

As previously shown by Lhoest et al. and other studies, and as illustrated using a

series of proteins in this work (Figure 3.3), single protein systems can be
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distinguished between each other by using statistical analysis. With the use of
appropriate control samples, PCA can also provide information about protein

orientation on a biochip®®

. This approach can provide important information and is
useful in comparing simple samples, however it does not provide sufficient detail for
protein identification in complex systems, especially biological samples, in which

amino acid peaks may overlap with other organic molecules.

3.3.2 Protein identification using GCIB/Orbitrap using model samples

Multivariate analysis of amino acid ion intensities acquired with LMIG and ToF
analyser provides information related to protein identity (Section 3.2.1), however it
can only be applied to single protein samples or simple (binary) mixtures. Large
cluster ion beams such as Arsoe0™ have been demonstrated to produce protein
fragments larger than single amino acids'®. There are however, issues relating to the
ability of the ToF analyser to assign relatively high mass secondary ions and resolve
similar mass species produced by such systems. The relatively high mass resolving
power of the Orbitrap™ analyser in combination with the GCIB was anticipated to
enable assignment of observed peaks with high confidence, achieving more detailed

characterization of proteins at surfaces.

For this chapter, 100 uM protein solutions were spotted and dried onto a gold slide to
obtain protein films. The spectra acquired from the protein films using Arzoo*
primary ion beam and the OrbiTrap™ analyser contain large (m/z > 300) protein
fragments compared to LMIG/ToF as shown in Figure 3.5. However, the spectra do

not match any existing protein databases such as Mascot or the National Institute of
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Standards and Technology (NIST) database. These resources are created for protein
digests and the peptidic secondary ion fragments observed in GCIB/Orbi analysis are
derived from ballistic fragmentation of the intact proteins in contrast to
enzymatically digested proteins analysed in classical LC-MS, therefore they cannot
be readily assigned using ‘peptide fingerprint’ identification. Nevertheless the
spectra contain multiple repeating neutral losses between the peaks, as highlighted in
Figure 3.5. The neutral losses belong to different amino acids and can be assigned
with accuracy due to the high mass resolving power of the Orbitrap analyser. The
presence of amino acid neutral losses allows the de novo sequencing method of

protein identification.

6 x20

1000

Intensity normalised to
total ion count [a.u.]
(]

-4 —|_> —— GCIB Orbitrap
x20 —— LMIG ToF

m/z

Figure 3.5. Inverted overlay comparison of positive polarity ToF-SIMS (red) and 3D
OrbiSIMS (blue) spectra of purified chicken egg lysozyme film. The total ion dose per LMIG
ToF measurement was 9.44 x 10'° ions/cm?, the total ion dose per GCIB Orbitrap
measurement was 1.63 x 10* ions/cm?.

In addition to the main 20 amino acid residues, neutral losses of 27.9949 u (CO) and
17.0265 u (NHz) are frequently observed in the spectra. These residues are the effect

of the different sites of the amide bond cleavage during the ballistic fragmentation,
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producing fragments known in proteomics as a, b and ¢ ions (Figure 3.6b)'¢’. The
most common types of ions in traditional mass spectrometry of proteins are the b
ions and the corresponding C-terminus y ions. These ions are achieved by the lowest
collision energy®. Higher collision energy, or use of electrons in the fragmentation

process, leads to a and ¢ ions*®°.
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Figure 3.6. Positive polarity 3D OrbiSIMS spectrum of thin (300 nm) insulin film. The first
8 amino acids of the insulin B chain (FYNQHLC) dominate the spectrum. Each peptide
fragment (FVN, FVNQ, FVYNQH etc.) is observed as a-, b- and c-type ion. (b) N-terminus
ions a, b and c are formed when different bonds related to the peptide bond are broken.

The initial hypothesis of acquiring primary structure information from spectra by de
novo sequencing was confirmed by an MS/MS experiment carried out during 3D
OrbiSIMS analysis of human insulin sample. The m/z 620.29 peak, assigned as the
FVNQHLC sequence of insulin was further fragmented with collision energy of 43
eV, using the MS/MS capability of the instrument. The resulting spectrum (Figure
3.7, red), contained the ions assigned as the FVNQHLC sequence in the full
spectrum (Figure 3.7, black). Additionally, the MS/MS experiment enabled
confirmation of the identity of the smallest fragment in the sequence (FVN) by
detection of additional neutral losses (Figure 3.7, red), which were not clearly visible

in the full survey spectrum.
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Figure 3.7. Inverted overlay comparison of full 3D OrbiSIMS spectrum of insulin (black)
and 3D OrbiSIMS MS/MS of the m/z 620.29 (red) ion, assigned as the first 5 amino acids in
the insulin chain b sequence: FVYNQH. All labelled amino acid neutral losses are present in

both the full spectrum and the MS/MS spectrum, which confirms the suggested
fragmentation. The peak at m/z 300.05 in MS/MS spectrum (red) is an instrument artefact
and should be ignored.t™®

3.3.3

with classical mass spectrometry proteomics methods

Interpretation of ballistic fragmentation spectra by comparison

In order to validate the ballistic sequencing method, 16 model protein films covering

a range of biological functions and sizes from insulin (6 kDa) to fibronectin (272

kDa) were analysed using the 3D OrbiSIMS (Figure 3.8). Amino acid sequence

coverages from 5% (33 of 679 amino acids for transferrin) to 53% (68 of 129 amino

acids for lysozyme) can be readily assigned in the positive polarity spectra (Table

3.1).
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Figure 3.8. 16 proteins of different biological functions were analysed. From 5%
(transferrin) to 53% (lysozyme) sequence coverage was achieved.

Table 3.1. List of analysed proteins from the smallest (insulin, 51 amino acid sequence) to
the largest (fibronectin, 2446 amino acid sequence). Sequence coverage achieved with the
3D OrbiSIMS is presented as number of assigned amino acids and fraction of the whole
protein sequence.

0,

Name UniPr(():to(cjigtabase prot:?rqgsgaﬁzmg assig':gcrin :r;rir?c]: sgz]gfelggg

(amino acids) acids  assigned
Insulin INS_HUMAN 51 25 49.02
Cytochrome ¢ CYC_HORSE 104 44 42.31
Lysozyme LYSC_CHICK 129 68 52.71
Myoglobin MYG_HORSE 153 40 26.14
Trypsin TRYP_PIG 223 29 13.00
Concanavalin A CONA_CANEN 237 74 31.22
Pepsin PEPA_PIG 326 40 12.27
L-lactate dehydrogenase LDHA_RABIT 331 62 18.73
Alcohol dehydrogenase =~ ADH1_YEAST 347 93 26.80
Lipase LIPL_PIG 451 52 11.53
Chymotrypsin CTRA_BOVIN 482 47 9.75
Catalase CATA _BOVIN 526 39 7.41
BSA ALBU_BOVIN 583 55 9.43
HSA ALBU_HUMAN 585 50 8.58
Transferrin TRFE_HUMAN 679 33 4.86
Fibronectin FINC_BOVIN 2446 139 5.68

The 3D OrbiSIMS spectra of proteins contain multiple types of ions, which
complicates the interpretation of the data. Additionally, apart from N- and C-
terminal ions, a large proportion of the peaks observed in the spectrum are internal
fragments of the sequence. Comparison of the ballistic sequencing spectra and the

methods classically used in proteomics was carried out to understand the rules by
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which the ions are formed and facilitate assignment of multiple amino acid

sequences in different proteins.

Similarities between the peptidic fragments observed in the GCIB/Orbitrap™ spectra
and spectra obtained by low energy collision induced ionisation (CID) MS/MS of
tryptic peptides include the presence of a, b and a-NHj3 ions¢”%8, In the
GCIB/Orbitrap™ spectra, ions representing the N-terminus (a, b, ¢, a-NH3 ions) of
the protein sequence are detected as well as the C-terminus fragments (y ions).
Similarly to CID fragmentation, cysteine residues participating in disulphide bonds
have been found to form R-S, R-SH; ions in the GCIB/Orbitrap ™ spectra, resulting
from partial side chain cleavage!’*'"2. This has been shown on examples of insulin,
lipase, lysozyme, trypsin, bovine serum albumin, human serum albumin and

fibronectin and the assignments are available in Supplementary Table 373,

In contrast to CID fragmentation, ¢ and z fragments, previously seen in electron
capture dissociation (ECD)!"* are commonly detected in the GCIB/Orbitrap™

spectra (Supplementary Tables 10-14717). The abundance of internal ions is a

similarity to high energy collision dissociation (HCD)®. Internal fragments are
formed when a y ion undergoes further fragmentation into ya, yb, yc and ya-NH3
ions. The proposed structure of the internal fragment ya for the NAWVA sequence is
presented in Figure 3.9a. At C-termini, in addition to y ions, z, z+1 and z+2 ions,
characteristic of MALDI in-source decay (ISD) 1> are observed in the GCIB
spectra. The proposed structure of a z+1 ion for the RGCRL sequence is given in

Figure 3.9b.
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Figure 3.9. Proposed structures of observed ions dissimilar to CID MS of tryptic peptides,
similar to HCD or MALDI-ISD fragmentation. (a) Internal ion ya is presented on an
example NAWVA sequence observed in the lysozyme spectrum. (b) C-terminal ion z+1 is
presented on an example RGCRL sequence observed in the lysozyme spectrum.

As the charge usually resides at the N- or C-terminus of the protein’® and only one
main chain bond needs to be broken in the formation of N- and C-terminus ions,
these types of fragments form the longest sequences in the obtained
GCIB/Orbitrap™ spectra of 16 model proteins. For proteins composed of multiple
chains, terminus sequences were observed for one or more chains, as presented on
the example of bovine chymotrypsin (Figure 3.10). In the case of a-chymotrypsin,
chain A, which consists of only 13 amino acids, was also detected as a whole peptide
(Figure 3.10, Table 3.2), which suggests an ability of complete sequence coverage

and therefore identification of peptides composed of short (m/z < 1300) chains.
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Uniprot database code Amino acid sequence

CTRA BOVINIn

[VNGEEAVPGSWPWQVSLQDKTGFHFCGGSLINENWVVT
AAHCGVTTSDVVVAGEFDQGSSSEKIQKLKIAKVFENSKY
NSLTINNDITLLKLSTAASFSQTVSAVCLPSASDDFAAGTTC
VITGWGLTRY

CTRA _BOVIN2n

ANTPDRLOOQASLPLLSNTNCKKYWGTKIKDAMICAGASG
CTRA _BOVIN3n VSSCMGDSGGPLVCKKNGAWTLVGIVSWGSSTCSTSTPGV
YARVTALVNWVOQOTLAAN

Figure 3.10. Structure and amino acid sequence of bovine a-chymotrypsin. The colours in
the structure cartoon correspond to the highlighted parts of the amino acid sequence and in
the colours of ion assignments in Supplementary Table 148-152"7%,

Table 3.2. Peak list, description of sequence, measured mass, assignment and deviation from
calculated mass for ions from positive polarity spectrum of a-chymotrypsin from bovine
liver, ions assigned as C-terminal sequence of the A chain GVPAIQPVLSGL and a full A

chain CGVPAIQPVLSGL. The colour corresponds to the presence of the observed sequence

in a-chymotrypsin presented in Figure 3.10.

Description m/z Assignment Dev. (ppm)
298.1374 C11H21N3OsNa* 0.1814
411.2216 C17H32N4OeNa* 0.3605
607.3429 Ca7H48NsOgNa* 0.4458
848.4858 CssHs7NgO11Na* 0.6353
1016.5762 CasH79N11013Na* 1.1239
1172.6668 Cs3Hg1N13015Na* 1.5263
1275.6733 CssHgsN14016SNa* -0.6437

63


https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-020-19445-x/MediaObjects/41467_2020_19445_MOESM1_ESM.pdf

Chymotrypsin was selected for detailed analysis of negative polarity spectrum as it is
a large protein, composed of multiple chains. The negative polarity spectra in
proteomics can provide additional information to complement the positive mode,
such as details of phosphorylation sites!’®8°, This work focuses on the analysis of
positive mode data in order to place this emerging technique in the context of the
widely used established CID and MALDI methods. Fragmentation patterns
analogous to positive polarity spectra were observed in the negative polarity spectra

acquired with Arsoee* GCIB and Orbitrap™ (Table 3.3).

The C-termini of proteins contain a free carboxyl group, therefore it was
hypothesised that the C-terminus sequences will dominate the negative polarity
spectra. Indeed, deprotonated C-terminus ions: y, z-H and x ions are observed in

negative polarity spectra (Supplementary Tables 148,150,15217%). Deprotonated N-

terminus fragments: a, b and ¢ are also present (Supplementary Tables 149, 151173),

These types of ions are consistent with negative polarity ions reported in previous

studies for methods such as CID*8! or ECD.174

Further analysis of the sequences assigned in the chymotrypsin sample aimed to
improve understanding of which amino acids guide formation of different types of
ions. In agreement with previous work, due to the unique structure of proline (P),
specifically its side chain being bound to the peptide backbone, N-terminus
sequences fragmented at proline result in low intensity or lack of a, b or ¢ ions
(Figure 3.11), at the same time promoting high intensity C-terminus peaks, such as 'y
ions (Figure 3.12)!8218 This effect is observed in both positive and negative polarity

3D OrbiSIMS spectra.
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Table 3.3. Peak list exported from SurfacelLab negative mode spectrum of bovine a-chymotrypsin, consisting of ions detected in the spectrum and assigned
fragments of C-terminal sequence TALVNWVQQTLAAN. The colour corresponds to the presence of the observed sequence in human insulin presented in

3.10.
y z-H X

Description m/z Assignment (ES*) m/z Assignment (ES;) m/z Assignment (ngq')
AN X 187.0726 C7H11N204 0.7264
AAN X 258.1098 C10H16N305 1.0986
LAAN X 371.1935 Ci6H27N4Os~  -0.2595
TLAAN X 472.2414 C20H34N508 0.2003
QTLAAN X 600.3005 CasHa2N7010° 1.1395
QQTLAAN 7433710  CszoHz1N100127  2.2270 728.3595 C3oHsoN9O12 1.4595 771.3654  CaiHs1N100137  1.5380
VQQTLAAN 842.4389  CssHeoN11013w  1.3952 827.4279  CszsHsoN10013” 1.2157 870.4337  CssHeoN11014~  1.1739
WVQQTLAAN 1028.5179  CasH70N13014  0.7758  1013.5070  CasHeoN12014 0.7728  1056.5129  C47H70N13015=  0.8869
NWVQQTLAAN X 1127.5506  CsoH75N14016” 1.3082  1170.5565  CsiH7NisO177  1.3377
VNWVQQTLAAN 1241.6290  CssHssNisO17m  0.4496  1226.6187  CssHgaN1sO17 0.9778  1269.6252  CssHssN1sO1s™  1.4429
LVNWVQQTLAAN 1354.7145  Ce1HosN170187 15284  1339.7028  Ce1HosN1601s” 0.8937  1382.7075  Ce2H9sN17019~  0.0865

ALVNWVQQTLAAN 1425.7515 CesH101N18O19  1.3644  1410.7400 CesH100N17019 0.9025  1453.7453 CesHi01N18O20©  0.5211
TALVNWVQQTLAAN  1526.7994 CesHi0sN19O2:~  1.3900  1511.7875 CesH107N18021" 0.7344
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Figure 3.11. Peak intensity depending on ion type and sequence composition, N-terminus
sequence in a) positive polarity and b) negative polarity. Sequences terminated by proline
are of lower intensity or absent in both positive and negative polarities.
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Figure 3.12. Peak intensity depending on ion type and sequence composition, negative
polarity, C-terminus sequence. y ions of sequences containing proline have higher intensity
than sequences not terminated with proline.

Due to the complexity of the 3D OrbiSIMS spectra of proteins, specifically the
existence of different types of ions, presence of sodium adducts and sequences

derived from chain termini as well as the middle of the chains, no other useful rules
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on peak intensity in relation to different amino acid sequences have been found so
far in this work. Statistical analysis of large dataset may be needed to uncover the

mechanism behind which sequences preferentially appear in the spectra.

Analysis of the spectra of similar structures, such as the same proteins from different
species, revealed that both common and distinct fragments can be identified in the
samples. Bovine serum albumin (BSA) and human serum albumin (HSA) have 76%
identical sequences (441 of 584 amino acids) calculated by protein BLAST®, Their
spectra contain 32% (1178 of 3709 peaks) common peaks. Common sequences and
species-specific sequences were detected in the GCIB/Orbitrap ™ spectra and are
presented in Figure 3.13. This finding demonstrates the ability of the 3D OrbiSIMS
to provide sufficiently detailed information to distinguish two spectra coming from
similar proteins, which was not possible in SIMS analysis previously, as described in

Section 1.2.
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b) Uniprot database code

ALBU_BOVINIn

Uniprot database code

ALBU_HUMANIn

Amino acid sequence

AHRFKDLGEEHFKGLVLIAFSQYLOOQCPFDEHVKLVNELTEFAKTCVADESH
AGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPD

PNTLCDEFK WGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGAC
LLPKIETMREKVLTSSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVID
LTKVHKECC CADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKD

AIPENLPPLTADFAEDKDVCENYQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEYEA

TLEECCAKDDPHACYSTVFDKLKHLVDEPONLIKQNCDQFEKLGEYGFQNALIVRYTRK
VPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVT
KCCTESLVNRRPCFSALTPDETY VPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKH
KPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTOTALA

Amino acid sequence

DAHKSEVAHRFKDLGEENFKALVLIAFAQYLOQOQCPFEDHVKLVNEVIEFAKTCVADES
AENCDKSLHTLEGDKLCTVATLRETYGEMADCCAKQEPERNECFLQHKDDNPNLPRLV
RPEVDVMCTAFHDNEETFLKKYLYEIARRHPYFYAPELLFFAKRYKAAFTECCQAADKA
ACLLPKLDELRDEGKASSAKQRLKCASLQKFGERAFKAWAVARLSQRFPKAEFAEVSKL
VIDLTKVHTECC CADDRADLAKYICENQDSISSKLKECCEKPLLEKSHCIAEVE
NDEMPADLPSLAADFVESKDVCKNYAEAKDVFLGMFLYEYARRHPDYSVVLLLRLAKT
YETTLEKCCAAADPHECYAKVFDEFKPLVEEPONLIKQNCELFEQLGEYKFQNALLVRY
TEKVPQVSTPTLVEVSRNLGKVGSKCCKHPEAKRMPCAEDYLSVVLNQLCVLHEKTPV
SDRVTKCCTESLVNRRPCFSALEVDETY VPKEFNAETFTFHADICTLSEKERQIKKQTALV
ELVKHKPKATKEQLKAVMDDFAAFVEKCCKADDKETCFAEEGKKLVAAS

Figure 3.13. Comparison of structures and amino acid sequences of bovine serum albumin and human serum albumin.
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3.3.4 Lateral resolution and sensitivity of the ballistic sequencing

Previously imaging of proteins in SIMS was limited to mapping amino acid
fragments in positive polarity?® or CN-and CNO" peaks in negative polarity?’1%. The
ability to image the proteins with high chemical specificity and relatively high lateral
resolution using the GCIB/Orbitrap™ ballistic sequencing was studied here. A
patterned protein surface was created by masking a thin (300 nm) lysozyme film
using a transmission electron microscopy grid. The images obtained with a focussed
5 um diameter Argonsoeo” primary beam and Orbitrap™ analyser achieved lateral
resolution of 10 um using the sum of 27 of the characteristic peptidic fragments of

lysozyme as illustrated in Figure 3.14.

T r T T T
120 Distance [um] 0 8 Distance [um]

Figure 3.14. 3D OrbiSIMS image of a protein film under a transmission electron
microscopy grid, obtained with a focussed 5 um diameter Argonsee” primary beam.
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The image shows a sum of lysozyme peaks KVFG ¢, KVFG+Na ¢, KVFGR a5,
KVFGR a5-NH3, KVFGR b5, KVFGR b5-NH3, KVFGR b-CN3H4, KVFGR c,
KVFGRC a, KVFGRC b, KVFGRC-S a, KVFGRC-SH2 a, KVFGRCE a,
KVFGRCE b, RLy, RL z+1, RL z-1, RG yb, IRG yb, WIRG yb, WIRG ya-NH3,
AWIRG yb, AWIRGCRL z-1, VQAWIRG yc, DVQAWIRG yb, NAWV+Na yc,
FNTQ+Na a, normalised to total ion count. Line scans 1, 2 and 3 demonstrate the
ability to obtain a high chemical specificity image with lateral resolution of
approximately 10 um. Mean of three (n=3) measurements was 10.15 pum and the

standard deviation was SD = 0.78 um.

In the reference lysozyme film samples, the amount of material removed during

sputtering is assumed to consist of pure protein. The amount of protein molecules

can be calculated by equation n = ”A;;—NA, where p is the density of the protein (1.37
w

g/mL)*, A is the analysed area, 200 x 200 pm (40000 pm?), d is the depth of
material consumed during the analysis, estimated by the SurfaceLab software and
confirmed by profilometry (Table 2.1). As calculated, the number of lysozyme
molecules that enabled the protein fragment assignment in the analysed sample was

6.9 x 10! (1 picomole), which demonstrates high sensitivity of the method.

Profilometry measurement of a crater formed during GCIB/Orbitrap™ analysis of
lysozyme film allows for calculation of the depth resolution of the instrument with
the chosen settings. In model protein samples, with 300 nm total depth after 30
scans, depth per scan was calculated as 10 nm. This demonstrates unique capability
of the 3D OrbiSIMS to map proteins in three dimensional samples with relatively

high spatial resolution.
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3.4 Conclusions

This work demonstrates the capability of the 3D OrbiSIMS to achieve the first
matrix- and label-free in situ assignment of undigested proteins (up to 272 kDa),
which can move forward a range of research areas investigating protein surfaces. A
bottom-up de novo sequencing approach allowed sequence coverage from 5 to 53%
in 16 analysed proteins. High chemical specificity of the method was demonstrated
by assignment of common and distinct peaks in the spectra of similar proteins,

bovine serum albumin and human serum albumin.

Similarities and differences between the 3D OrbiSIMS analysis and most common
proteomic analysis methods were assessed in order to aid the protein identification
by GCIB/Orbitrap™ ballistic sequencing. The GCIB induced ballistic sequencing
produced a, b, ¢ and a-NHjs ions at the N-terminus of the amino acid sequence, vy, z
and x ions at the C-terminus and ya, yb, yc and ya-NHs ions from sequences in the
middle of the protein chain. Analogous peak types were present in both positive and
negative spectra. The general types of ions have been described, however the
mechanism of ion formation mechanisms to enable high-throughput identification is

subject for extended work.

Chemical structures of selected fragments were suggested and the assignments were
confirmed using the MS/MS capability of the instrument. This method allows
characterisation of undigested proteins with unprecedented lateral resolution of 10
um and high sensitivity, as 1 picomole of lysozyme was sufficient for assignment of

peptidic sequences.
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4 Application of ballistic sequencing for in situ analysis of

biological samples

4.1 Chapter aims

The results presented in Chapter 3 described the development of ballistic sequencing
using the 3D OrbiSIMS on 16 example model proteins. This method allows, for the
first time, matrix- label- and digestion-free analysis of proteins at surfaces with 10
um resolution. It is proposed that this method can be beneficial to a range of
biological applications in medicine and medical device development. The work
described in this chapter aims to extend the ballistic sequencing beyond model
samples and assess the method’s capability to investigate challenging biological

systems.

The ballistic sequencing approach will be applied to simple mixtures (two-
component) and complex human serum which contains different chemical
components (proteins, lipids, salts). The ability to characterise these systems using
the 3D OrbiSIMS data will help to confirm the extent to which this approach can be

applied beyond model systems.

In order to assess the depth profiling and imaging capability of this approach as
applied to real samples, human skin and a biochip will be analysed. These represent
extreme examples of highly challenging samples owing to the highly biologically
complex and varied nature of skin tissue and the monolayer nature of the skin and

biochip respectively. Characterisation of skin protein profile is relevant to
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understanding skin diseases and their treatment, while detection of characteristic
protein fragments in a biochip sample could aid the development of selective

biosensors and medicines (Section 1.3).

Investigation of active sites of proteins is crucial for proteomic analyses and may
provide insight into protein identity and action. Active sites are responsible for the
protein’s function by forming chemical bonds with external substrates and their
highly specific chemical structure could be diagnostic and aid identification. One of
the aims of this chapter is to investigate whether sites such as ligand, proton or cell
binding sites can be detected in protein spectra by ballistic sequencing. Additionally,
assignment of small molecule characteristic features within the protein structure such

as heme will be explored.

4.2 Methods

4.2.1 3D OrbhiSIMS measurement of human skin

20 keV Arzoo™ analysis beam of 20 um diameter, was used as primary ion beam.
Arzoo0” with duty cycle set to 15%, GCIB current was 230 pA. The Q Exactive depth
profile was run on the area of 200 x 200 um using random raster mode with crater
size 280 x 280 um. The cycle time was set to 200 us. Optimal target potential was
approximately -384.4 V. The acquisition was run in temperature -170°C. The depth
profile was collected in negative polarity, in m/z range 75 - 1125. The injection time
was set to 500 ms. The measurement lasted 18307 scans, the total ion dose per
measurement was 2.65 x 102 jons/cm?. Mass resolving power was set to 240,000 at

m/z = 200.
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4.2.2 Preparation of the protein biochip

For the preparation of protein monolayer biochips, the gold substrates were cleaned
by immersion in piranha solution (70% H2SOa, 30% H20>) at room temperature for
8 minutes, rinsed with MiliQ water and dried with an argon flow. (Caution: Piranha
solution reacts violently with organic solvents and should be handled with care).The
clean gold substrates were immersed for 24 h in 50 uM DMF solutions of heptakis-
(6-deoxy-6-thio)-B-cyclodextrin (TCD) for preparation of a self-assembled
molonayer (SAM). Subsequently, the gold substrates were rinsed with DMF and
MiliQ water and dried under an argon flow. The TCD SAMSs were immersed in a
0.05 mM lysozyme in PBS solution for 2 h. Following protein immobilization, the
samples were washed with PBS buffer followed by submersion in MiliQ water for 1
min. The samples were then dried under argon and placed in the instrument for the

analysis immediately.

4.2.3 Measurement of layer thickness

The self-assembled monolayer and the self-assembled monolayer with immobilised
lysozyme were measured using an Axis-Ultra XPS instrument (Kratos Analytical,
UK) with monochromated Al Ka X-ray source, based at the National Physical
Laboratory (NPL), Teddington, UK. Wide scans were acquired for analysis of
organic layer thickness on the gold slide with step size 1000 meV, pass energy 160

eV, dwell time 300 ms, in a range 1300 to -10 eV.

The thickness of the self-assembled monolayers and t the self-assembled monolayer

with immobilised lysozyme was measured using J.A. Woollam Co. Inc. alpha-SE™
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spectroscopic ellipsometer. The CompleteEASE software was employed to
determine the thickness values and the calculations were based on a two-phase
organic/Au model, in which the organic layer was assumed to be isotropic and
assigned a refractive index of 1.50. The thickness reported is the average of three
different measurements on SAM or SAM and protein samples, with the errors

reported as standard deviation.

4.3 Results and discussion

4.3.1 Detection of distinct protein fragments in a simple mixture

3D OrbiSIMS can enable in situ analysis of proteins at surfaces by ballistic
sequencing and technical aspects of this method such as ion annotation, sensitivity
and lateral resolution are described using 16 model protein samples in Chapter 3. To
test the limits of practical applications of the 3D OrbiSIMS analysis of proteins, an
equimolar mixture of lysozyme and insulin was imaged using the Arsooo” primary
beam focused to 20 um. As presented in Figure 4.1, sequences from both lysozyme
and insulin can be assigned in the 3D OrbiSIMS spectrum, allowing the

unambiguous identification of both proteins in the mixture.

Segments of amino acids originating from insulin (light and dark blue) and lysozyme
(light and dark red) are presented in the spectrum (Figure 4.1a). Segments of
lysozyme and insulin observed in the spectrum are highlighted blue and red in the
respective protein structure schematics (Figure 4.1b-c). An overlay of insulin,
mixture and lysozyme samples was magnified to demonstrate lysozyme (d) and

insulin (e) specific fragments. Peaks assigned as lysozyme sequence NAWVAW
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(dark red) are detected in the mixture spectrum (black) and are absent in the insulin
spectrum (blue) (d). Peaks assigned as insulin sequence FVNQHLC (blue) are

detected in the mixture spectrum (black) and are absent in the lysozyme spectrum

(red) (e).

In order to confirm that the lysozyme : insulin sample is a homogenous mixture and
both proteins are detected simultaneously in the same area, images of assigned ions
were generated. Fragment ions originating from both lysozyme (FN, FNT, FNTQ,
FNTQA, NTQA, GlI, GIL, GILQ, KVF, KVFG, KVFGR, KVFGRC,
KVFGRCE,NA, NAW, NAWV, NAWVA, NAWVAWR, RG) and insulin (FVN,
FVNQ, FVNQH, FVNQHL, FVYNQHLC, FVNQHLCG, FVNQHLCGS,
FVNQHLCGSH, GI, GIV, GIVEQ, GIVEQC) are distributed across the whole
analysis area and are detected simultaneously from a mixture, as demonstrated in

Figure 4.2.

The intensity of the sum of insulin ions is 10 times higher than the intensity of the
sum of lysozyme ions (Figure 4.2). This result may be due to the fact that smaller
proteins (insulin at 6 kDa) and peptides offer better availability of the chain ends for
fragmentation. Additionally, during sample preparation, lysozyme is likely to be
localised closer to the bottom of the sample while insulin is closer to sample surface
due to the larger size of lysozyme and increased number of possible electrostatic
interactions and hydrogen bonds with the surface'®”8, To account for this effect, the

analysis should be carried out until the whole sample depth is sputtered.
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Figure 4.1. Spectrum of a thin film (300 nm) of 1:1 lysozyme: insulin mixture. Segments of
amino acids originating from insulin (blue) and lysozyme (red) are presented in the
spectrum (a) and highlighted blue in the insulin cartoon (b) and red in the lysozyme cartoon
(c). An overlay of insulin, mixture and lysozyme samples was magnified to demonstrate
lysozyme (d) and insulin (e) related fragments.
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Figure 4.2. GCIB Orbitrap images of the model mixture. The maps represent the total ion
image (a), sum of lysozyme fragments, normalized to total (b) and sum of insulin fragments,
normalized to total (c).

Detection and simultaneous assignment of fragment ions originating from both
lysozyme and insulin in this binary mixture suggests that the ballistic sequencing can
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enable analysis of proteins in complex samples with high chemical specificity, which
was not possible in SIMS previously. This finding suggests the possibility of
applying the 3D OrbiSIMS approach to mixed systems such as biological samples

such as materials interacting with cells or tissue sections.

4.3.2 Characterisation of human serum by 3D OrbiSIMS

This section aims to apply the 3D OrbiSIMS for the first time to analysis of proteins
in a complex, but well characterised biological sample, human serum. Serum is a
fraction of blood remaining after removal of blood cells and clotting factors. It is
composed of proteins, lipoprotein particles, electrolytes, antibodies, antigens and
hormones. Most abundant serum proteins and their concentrations are available in
the Protein Atlas®. Three abundant serum proteins, aloumin, transferrin and insulin,
were manually assigned in single protein model spectra in Section 3.2. These
assignments were applied to the 3D OrbiSIMS spectrum of human serum sample,
enabling identification of characteristic sequences from these proteins, as presented
in Figure 4.3. Intense high mass (m/z > 600) ions have been assigned as other serum
components, lipids, by searching for sodiated or protonated ions in the LipidMaps®
In-Silico Structure Database (link:

https://www.lipidmaps.org/resources/databases/Imissd/search.php). Example di- and

triglycerols have been highlighted in the 3D OrbiSIMS spectrum of human serum

shown in Figure 4.3.

78


https://www.lipidmaps.org/resources/databases/lmissd/search.php

Q inslulin H

!
diradylglycerols triradylglycerols

P transférin v

Intensity [au x 10°)

il b -

700 800 900

m/z

Figure 4.3. 3D OrbiSIMS spectrum of human serum. Sequences of abundant serum proteins,
insulin , albumin and transferrin and di- and triradylglycerols were manually assigned
based on previous model protein samples and LipidMaps®.

Manual assignment of sequences in the 3D OrbiSIMS spectra allows only targeted
search for known species. In order to detect proteins in an untargeted way, SIMS
Molecular Formula Prediction tool (SIMS-MFP) and SIMSdenovo!’ were
employed. Work described in this chapter contributed to the development of SIMS-
MFP software, which will be available on Github and described by Edney et al.
(manuscript in preparation). Briefly, the software generates possible elemental
composition assignments based on accurate masses of selected elements. The
elemental composition can be confirmed by double bond equivalent, a value
describing the level of unsaturation of a molecule, calculated from the amounts of
hydrogen, nitrogen and carbon in the molecule. SIMSdenovo was developed as a
part of the work described in Chapter 3" and is available on Github

(https://github.com/guferraz/simsdenovo/). This software detects amino acid residues

and sequences in the spectrum, followed by database matching of found sequences

and protein identification.

Combined use of both SIMS-MFP and SIMSdenovo enables automatic elemental
and amino acid assignment of characteristic fragments of known proteins in the 3D
OrbiSIMS spectrum of human serum. Example assignments of a and a-NHs type
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ions of amino acid sequences of albumin detected in human serum are presented in

Table 4.1.

Table 4.1. Assignments of C-terminus and internal sequences of human serum albumin,
assigned automatically by molecular formula prediction and SIMSdenovo.

a a-NH3

Description m/z Assignment (Fl?sf\;) Intensity m/z Assignment (Esf\;) Intensity
QA 194.0902 C7H13NsO2Na* 1.05 385964 177.0635 C7H10N202Na* 0.29 285218
QAA 265.127 CioH18N4OsNa* -0.42 436399 248.1005 CioH1sNsOsNa* -0.25 1190002
QAAL 378.2111 CisH2oNsOsNa* -0.20 396449 361.1846 CieH2sN4OsNa* -0.07 827740
QAALG 435.2324 CisHs2NeOsNa* -0.55 191754 418.2059 CigH29NsOsNa* -0.45 670771
QAALGL 548.3166 C24H43sN7OsNa* -0.19 51031 531.2899 Cz4H0NeOsNa* -0.48 96204
AAS 224.1005 CsHisN3OsNa* -0.28 31795 207.0741 CgH12N203Na* 0.42 45786
AASQ 352.1591 Ci3H23NsOsNa* -0.11 26119 335.1326 Ci3sH20N4OsNa* 0.03 61195
AASQA 423.1962 CieH28NsOsNa* -0.13 12343 406.1695 CisH2sNsOsNa* -0.50 37858

477.2068 Ci9H30NsO7Na* -0.04 19870

590.2909 CazsHa1N7OsNa* 0.03 15154
SQA 281.122 CioH18NsOsNa* -0.09 25662 264.0954 CioH1sN3OsNa* -0.29 81403
SQAA 352.1591 CisH23NsOsNa* -0.11 26119 335.1326 CizH20N4OsNa* 0.03 61195
SQAAL 465.2429 Ci19H3aNsOsNa* -0.65 26477 448.2165 Ci9H31NsOeNa* -0.35 87638
SQAALG 505.238 C21H34NsO7Na* -0.24 42735
SQAALGL 635.3499 C27H4sNsOsNa* 1.84 8793 618.3218 Cz7HasN7OsNa* -0.62 13877
NLG 279.1427 Ci1H20N4OsNa* -0.22 341594 262.1161 CiiHi17N3OsNa* -0.43 1169208
NLGK 407.2376 Ci7Hs2NeOsNa* -0.30 13181 390.2111 Ci7H29NsO4Na* -0.19 525061
NLGKV 506.3059 C22H41N7OsNa* -0.47 7986 489.2794 Cz2H3sNsOsNa* -0.39 136384
NLGKVG 563.3278 C24H44NsOsNa* 0.35 2937 546.3009 Cz4Ha1N7OeNa* -0.28 63813
NLGKVGS 633.3332 C27H4sNsOsNa* 0.19 18536
VAA 236.1369 CioH19N3O2Na* -0.20 433040 219.1103 CioH1sN202Na* -0.45 403335
VAAS 323.169 CisH24NsOsNa* 0.07 139369 306.1423 CisH21N3O4Na* -0.42 122913
VAASQ 451.2274 CigHs2NeOsNa* -0.34 36487 434.2008 CisH20NsOsNa* -0.47 83855
VAASQA 522.2677 C21H37N7O7Na* -0.23 27082  505.238 Ca1H3aNsO7Na* -0.24 42735.
VAASQAA  593.3047 C24H42NgOgNa* 0.87 15197 576.2752 C24Hz9N7OsNa* -0.06 17364
DLP 320.1581 Ci4H23N3sOsNa* 0.07 143126
DLPS 407.1897 Ca7H2sN4OeNa* -1.00 13172
DLPSL 520.2736 Ca23H3sNsO7Na* -1.10 4999
DLPSLA 591.3109 Ca26H4sNeOsNa* -0.65 5614
DLPSLAA 662.3491 Ca29H4gN7OgNa* -1.23 4557
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Importantly, three of the assigned sequences form 10-membered amino acid
sequence at the C-terminus of albumin, as highlighted in the amino acid sequence of

human serum albumin:

DAHKSEVAHRFKDLGEENFKALVLIAFAQYLQQCPFEDHVKLVNEVTEFAKTCVADESAEN
CDKSLHTLFGDKLCTVATLRETYGEMADCCAKQEPERNECFLQHKDDNPNLPRLVRPEVDV
MCTAFHDNEETFLKKYLYEIARRHPYFYAPELLFFAKRYKAAFTECCQAADKAACLLPKLDE
LRDEGKASSAKQRLKCASLQKFGERAFKAWAVARLSQRFPKAEFAEVSKLVTDLTKVHTEC
CHGDLLECADDRADLAKYICENQDSISSKLKECCEKPLLEKSHCIAEVENDEMPADLPSLAA
DFVESKDVCKNYAEAKDVFLGMFLYEYARRHPDYSVVLLLRLAKTYETTLEKCCAAADPHE
CYAKVFDEFKPLVEEPQNLIKQNCELFEQLGEYKFQNALLVRYTKKVPQVSTPTLVEVSRNL
GKVGSKCCKHPEAKRMPCAEDYLSVVLNQLCVLHEKTPVSDRVTKCCTESLVNRRPCFSAL
EVDETYVPKEFNAETFTFHADICTLSEKERQIKKQTALVELVKHKPKATKEQLKAVMDDFAA
FVEKCCKADDKETCFAEEGKKLVAASQAALGL

As described in Section 3.2, amino acid sequences generated by ballistic sequencing
may originate from N- or C-terminus of the protein chain or from the middle of the
protein chain. The fact that automatic assignment results in terminus sequences is
valuable, because protein termini often determine protein functions and contain
important information about the protein’s identity. It was shown that over 85% of all
proteins contain a unique N-terminus sequence’31901%1 Several protein
identification strategies are focusing on the assignment of this part of the
sequence!’®1%2 and implementing this fact in the SIMSdenovo software could
improve the confidence in untargeted identification of proteins in the 3D OrbiSIMS.
Additionally, since the protein termini contain motifs responsible for protein action,
they are often a target of engineered modifications for biological studies or drug
development®3 and observing these motifs in the spectra could help assess the

results of structure manipulation.

SIMS-MFP and SIMSdenovo were used to achieve untargeted assignment and

identification of proteins in human serum, the top 47 highest scoring proteins are
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listed in Table 4.2. Proteins marked green are present in the human serum according
to Protein Atlas, however the first 6 highest scoring proteins (white) are false-
positive results, which should not be detected in human serum. This demonstrates
that untargeted protein identification by our dedicated software is not yet achieved
and implementation of full elemental assignment as well as merging of overlapping
sequences based on the premise of Basic Local Alignment Search Tool (BLAST)
are currently being developed to improve the reliability of the identifying function of

SIMSdenovo.

Table 4.2. Highest-scoring proteins detected automatically in human serum sample using
SIMS-MFP and SIMSdenovo.

Number Protein Uniprot code Score 24 TENX_HUMANI1n 2890
1 MUC19_HUMANT1n 9990 25 SSPO_HUMAN1n 2873
2 OBSCN_HUMAN1n 5126 26 PRR12_HUMAN1n 2861
3 KMT2D_HUMAN1n 4874 27 CO5A3_HUMAN1n 2859
4 CO7A1_HUMAN1n 4452 28 CO1Al1_HUMAN1n 2846
5 AHNK2_HUMAN1n 4363 29 COBA2_HUMAN1n 2836
6 MUC12_HUMANI1n 4102 30 CO3A1_HUMANI1n 2815
7 HMCN2_HUMAN1n 3988 31 CO4A6_HUMAN1n 2801
8 ZN469_HUMAN1n 3936 32 CO4A4_HUMAN1n 2799
9 BSN_HUMANI1n 3737 33 TNC18_HUMAN1n 2796
10 MUC5B_HUMAN1n 3734 34 SYNE1_HUMANI1n 2762
11 NACAM_HUMANI1n 3706 35 CO5A1_HUMAN1n 2733
12 EPIPL_HUMANI1n 3665 36 CO4A3_HUMAN1n 2721
13 PKD1_HUMAN1n 3505 37 AGRV1_HUMAN2n 2716
14 AHNK_HUMAN1n 3466 38 TACC2_HUMAN1n 2711
15 MUC5A_HUMAN1n 3391 39 CO4A1_HUMAN1n 2701
16 FCGBP_HUMANI1n 3333 40 HERC2_HUMAN1n 2689
17 PCD16_HUMAN1n 3325 41 SHAN1_HUMAN1n 2672
18 APOA_HUMAN1n 3297 42 PGCA_HUMANI1n 2653
19 PCLO_HUMAN1n 3265 43 COGA1_HUMANI1n 2649
20 CO4A5 HUMAN1n 3257 44 CO1A2_HUMAN1n 2644
21 SRCAP_HUMANI1n 3201 45 EP400_HUMANI1n 2644
22 PGBM_HUMAN1n 2928 46 CO2A1_HUMAN1n 2620
23 AGRV1_HUMANI1n 2912 47 COMAl1_HUMANTI1n 2617
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SIMS-MFP search with elemental composition Ca-100, Ha-220, No-2, Oo-50, So-1, Po-5,
Nai-1 was used to screen peaks with possible lipid composition in the human serum.
Then the LIPID MAPS® database of bulk lipid species'®® was coded to
automatically match formulae in the list from MFP. The database groups major
classes of lipids based on the molecular formula and indicates general classification
of a lipid, but not specific chain positions or double bond regiochemistry and
geometry. The formulae suggested by the script were matched with the database,
resulting in 226 assigned and classified lipid peaks and the most abundant of these
are listed in Table 4.3. Additionally, phosphate salts were assigned in the serum
spectrum by searching compounds of composition: Co, Hi-10, No-o, Oo-10, So-1, Po-5,
Nao-s5, Cao-s, Clos in the list of peaks unassigned as either lipids or proteins (Table
4.4). These results demonstrate that protein and lipid fragments can be readily
assigned in the 3D OrbiSIMS spectra of a biological sample such as human serum

using the SIMS-MFP.

Table 4.3. Highest intensity lipid peaks assigned automatically in human serum 3D
OrbiSIMS spectrum, using molecular formula prediction and LipidMaps database of bulk
lipid assignments.

m/z Assignment dev. (ppm) Lipid group
303.2294 CigH3202Na* -0.17 FA18:2
459.2481 C21Ha107PNa* -0.24 LPA 18:1/LPA 0-18:2;,0
478.3290 C29HasNOsNa* -0.34 NAE 27:7;,0
487.2793 C23HasO7PNa* -0.43 LPA 20:1/LPA 0O-20:2;0/PA 0-20:1
518.3214 Ca4Hs0NO7PNa* -0.60 LPC 16:0/LPC 0O-16:1;0/LPE 19:0/LPE O-19:1;0
542.4906 CszsHesNO2Na* -0.27 Cer 34:2;0/NAE 32:2
597.4852 Cs7HesOaNa* -0.22 DG 0-34:4/MG 34:4/MG 0-34:5;0
599.5009 Cas7HesO4Na* -0.13 DG 0-34:3/MG 34:3/MG 0-34:4;0
621.4850 CagHesO4Na* -0.53 CE 12:1;02/DG 0-36:6
623.5007 CsoHesOsNa* -0.45 CE 12:0;02/DG 0-36:5
625.5163 CsoH700sNa* -0.53 DG 0-36:4
649.5164 CaiH700sNa* -0.35 CE 14:1;02/DG 0-38:6
652.6001 Ca2H7sNO2Na* -0.31 Cer42:3,0
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666.4832
671.5737
721.4777
722.4811
723.4933
725.5567
749.5087

780.5511

782.5669

804.5517
806.5670
808.5826
853.7250
855.7407
877.7251
879.7408
881.7565

CssH7oNOsPNa*
CssH7602Na*
CsoH71NoOsPNa*
CasHeaNO10Na*
CsoH7308PNa*
CsoH79N20sPNa*
Ca1H7s08PNa*

Cs2HsoNOsPNa*

Cs2Hg2NOsPNa*

C14HsoNOsPNa*
C14Hs2NOsPNa*
C14HssNOsPNa*
Cs3HgsOsNa*
Cs3H1000sNa*
CssHogOsNa*
CssH1000sNa*
CssH10206Na*

-0.14
-0.07
-0.24
-0.37
-0.31
-0.13
-0.64

-0.35

-0.16

0.40
-0.03
-0.09
-0.66
-0.60
-0.52
-0.47
-0.41

CerP 36:2;02/LPC 0-28:3/LPE 0-31:3
CE 18:2

LPG 0O-33:5/PA 36:3/PA 0-36:4;,0
HexCer 32:3;04

LPG 0-33:4/PA 36:2/PA 0-36:3;0
PE-Cer 37:1;02/SM 34:1,02

PA 38:3/PA 0-38:4;,0

CerP 42:3;04/LPC 34:3;0/PC 34:2/PC 0-34:3;0/PE 37:2/PE O-
37:3;0
CerP 42:2;04/LPC 34:2;0/PC 34:1/PC 0-34:2;0/PE 37:1/PE O-
37:2;0

CerP 44:5;04/PC 36:4/PC 0-36:5;0/PE 39:4/PE 0-39:5;0
CerP 44:4;04/PC 36:3/PC 0-36:4;0/PE 39:3/PE 0-39:4;,0
CerP 44:3;04/PC 36:2/PC 0-36:3;0/PE 39:2/PE 0-39:3;0
DG 50:3;0/DG 0-50:4;02/TG 50:2/TG 0-50:3;0

DG 50:2;0/DG 0-50:3;02/TG 50:1/TG 0-50:2;0

CE 28:1;04/DG 52:5;0/DG 0-52:6;02/TG 52:4/TG 0-52:5;0
CE 28:0;04/DG 52:4;0/DG 0-52:5;02/TG 52:3/TG 0-52:4;,0
DG 52:3;0/DG 0-52:4;02/TG 52:2/TG 0-52:3;0

Table 4.4. Example assighments of the most abundant salt peaks in the 3D OrbiSIMS
spectrum of human serum.

m/z Dev. (ppm) Intensity Assignment
158.9131 0.27 17374 POsHNaCa*
163.9222 0.13 536719 PO4Nas*

164.9301 0.58 35374622 POsHNas*
174.8780 -0.31 15440 PO4Caz*
186.9121 0.81 29309137 POsNas*
250.8916 -0.03 6897698 POsNas*

4.3.3 Detection of distinct protein fragments in human skin

Assignment of proteins in the 3D OrbiSIMS spectra of human serum sample,

described in Section 4.2.2, required knowledge of serum proteome gathered in the

Protein Atlas. This sample was a challenging biological and homogenous system
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without any characteristic features. In this section, the ballistic sequencing is applied

to detect proteins in a depth profile through human skin composed of multiple layers.

Detection of proteins and qualitative and quantitative changes in the protein
composition of skin is necessary for fundamental understanding of healthy and
pathological function of skin and is of particular interest in the context of topically
applied medicines, care products and exposure to chemicals®®%. Conventional
analysis of the skin proteome is challenging due to the tissue being rich in lipids,
insoluble proteins and proteins cross-linked with sugars, lipids or other proteins.
These factors contribute to complicated multi-step isolation and digestion of proteins

for conventional mass spectrometry identification'®,

The capability of the 3D OrbiSIMS to identify and locate proteins within complex
biological tissue, human skin, in situ without complicated sample preparation was
assessed by depth profiling in cryogenic conditions. Human skin was placed on an
ITO slide without any additional sample preparation and analysed in -170°C. Three
examples; corneodesmosin, keratin and collagen, known to be abundant in the
stratum corneum, epidermal and dermal layers respectively, were detected in the
depth profile. Sequences characteristic to these proteins were assigned in situ in the
skin layers where they are known to be present exclusively or predominantly. The
layers of the skin in the depth profile, specifically the stratum corneum, underlying
epidermis and dermis, were assigned based on the abundance of a phospholipid
marker (POs"), as described in previous analysis of skin in SIMS by Starr et al.®®
and are presented in Figure 4.4. Protein locations in the skin layers were based on the

immunochemically stained tissue sections gathered in the Protein Atlas.*®
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Hydroxyproline is an indicator of collagen, as it forms 13.5% of the collagen
sequence and is rarely found in other proteins?®. The intensity of hydroxyproline,
metoxyproline and fragments of hydroxyproline, as well as the PGE sequence all
increased with the depth of analysis, reaching a maximum in the dermis region
(Figure 4.5, Table 4.5). Similarly, the characteristic sequence QHGSG was assigned
to corneodesmosin, present in the stratum corneum (Figure 4.6, Table 4.6) and
SFGGGG sequence assigned to keratin, abundant throughout the stratum corneum
and the epidermis (Figure 4.7, Table 4.7). The method, together with the knowledge
of skin composition, allowed targeted assignment of corneodesmaosin, keratin and
collagen in situ, which indicates the capability to profile different proteins in

complex biological systems.

Stratum ) ) )
corneym  Epidermis Dermis

6 1 | |

L 1400
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— ¥
s
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=]

1E+13 2E+13
Primary ion dose [ions/cm?]

Keratin Corneodesmosin

Collagen Phospholipid marker

Figure 4.4. 3D OrbiSIMS depth profile overlay of example ions of three proteins; keratin
(stratum corneum and epidermis, blue), corneodesmosin (stratum corneum, red) and
collagen (dermis, black)in a human skin sample. The dashed lines indicate borders between
the skin layers, assigned based on the profile of phospholipid marker (PO3’)*%.
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Figure 4.5. 3D OrbiSIMS depth profile overlay of example ions representing collagen. The
sequence PGE, frequently occurring in the collagen sequence, is profiled through the skin
with hydroxyproline (130.05 m/z), metoxyproline (144.07 m/z) or hydroxyproline fragments
(75.04, 101.02, 102.03 m/z) as starting points. Each colour represents one sequence and all

ions are assigned in Table 4.5.
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Figure 4.6. 3D OrbiSIMS depth profile overlay of example ions representing QHGSG
sequence of cormenodesmosin (CDSN), abundant predominantly in the stratum corneum. All
presented ions are assigned in Table 4.5.
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Figure 4.7. 3D OrbiSIMS depth profile overlay of example ions representing keratin

sequence SFGGGG, detected throughout the stratum corneum and the underlying epidermis.

All ions are assigned in Table 4.7.
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Table 4.5. Peak list exported from SurfaceLab negative mode depth profile through human skin, consisting of ions detected in the spectrum and assigned as
sequence PGE of collagen. The m/z values represent the experimentally observed center mass of each peak. The deviation (dev.) represents the parts per
million (ppm) accuracy of the assignment. The colours represent the labelling in the depth distribution of the assigned peaks in Figure 4.5.

P PG PGE
Description m/z Assignment Dev. m/z Assignment Dev. m/z Assignment Dev.
(pPpm) (ppm) (ppm)
Metoxyproline 144.0665  CeH1oNOs -1.0039 201.0880 CsHisN204~ -0.3301 330.1306 Ci3H20N3O7 -0.1054

75.0448 CsH/Oz -5.2346 132.0665  CsHioNOs™ -0.8348 261.1094 CioH17N20s 0.8199
Hydroxyproline fragment ~ 101.0243 C4HsOs” -0.8169 158.0457 CeHsNO4 -0.9927 287.0886 CiiHisN2O7 0.4788
102.0322 C4sHeO3~ -0.5861 159.0774 CeHuiN20s -0.9402 288.1202 CiiHisN3Os  0.4506
Hydroxyproline 130.0508 CsHsNOs~ -1.0131 187.0723  C7H11N204~ -0.6061 316.1148 Ci2HisN3O7 -0.5758

Table 4.6. Peak list exported from SurfaceLab negative mode depth profile through human skin, consisting of ions detected in the spectrum and assigned as
sequence QHGSG of corneodesmosin. The m/z values represent the experimentally observed center mass of each peak. The deviation (dev.) represents the
parts per million (ppm) accuracy of the assignment. The depth distribution of the assigned peaks is presented in Figure 4.6.

a b c a-NH3
Description m/z Assignment Dev. m/z Assignment Dev. m/z  Assignment Dev. m/z Assignment Dev.
(ppm) (ppm) (ppm) (ppm)
QH 236.1153 CioH14Ns02 0.0475 264.1104 C1iH1sNsOz 0.5526 281.1369 CiiHi7NeOs™ 0.4540 219.0886 CioH1iNsO2® -0.5614
QHG 293.1370 Ci2H17NsOs 0.9411 321.1315 CisHi7NeOs4 -0.5284 338.1585 CisH20N7O4 0.8865 276.1102 Ci2H14NsOs  0.0404
QHGS 380.1689 CisH22N7O0s™ 0.3898 408.1636 CisH22N7Os -0.2528 363.1422 CisH19NeOs™  -0.0194
QHGSG 437.1901 Ci7H2sNgOe -0.4396 465.1849 CisH2sNsO7 -0.6714 420.1639 Ci7H22N7Os  0.3438
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Table 4.7. Peak list exported from SurfaceLab negative mode depth profile through human skin, consisting of ions detected in the spectrum and assigned as
sequence SFGGGG of keratin. The m/z values represent the experimentally observed center mass of each peak. The deviation (dev.) represents the parts per
million (ppm) accuracy of the assignment. The depth distribution of the assigned peaks is presented in Figure 4.7.

a b c a-NH3

Description m/z Assignment Dev. m/z Assignment Dev. (ppm) m/z  Assignment Dev. (ppm) m/z  Assignment Dev.

(pprm) ' ' (pprm)
SF 207.1138  Ci11H1sN202 -0.5626 235.1088 Ci12H15N203 -0.0630 252.1354 Ci12H18N3O3 0.3139 190.0873 CiiH12NO2~ -0.4510
SFG 264.1355  Ci13H18N3Os 0.6372 292.1304 Ci4H18N304 0.5157 309.1568 C14H21N4O4 -0.0093 247.1088 Ci3HisN20z"  0.1317
SFGG 321.1566  CisH21N4O4 -0.6429 349.1515 Ci6H2:N4Os -0.6948 366.1780 Ci6H24N50s" -0.7797 304.1302 CisHisN3Os -0.1081
SFGGG 378.1781  Ci7H24NsOs -0.5307 406.1728 Ci8H2aN506" -0.8831 423.1997 CisH27NeOs -0.0624 361.1517 Ci7H21N4Os™  -0.2364
SFGGGG 435.1995  Ci9H27NeOs -0.5562 463.1944 CooH27NeO7 -0.4827 480.2210 C2oH30N707 -0.4193 418.1728 Ci9H24NsO0s" -0.9422
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4.3.4 Detection of protein fragments in a protein biochip

The ballistic sequencing method developed in Section 3.2 allows the analysis of
proteins at surfaces without any pre-treatment which is particularly advantageous for
investigating protein distribution on materials when the amount of the protein on the
surface is in pico- or femtomolar range. The efficacy of the 3D OrbiSIMS in these
challenging biological applications was assessed by analysing a biochip produced
using a method developed by Di Palma et al.'®® consisting of a lysozyme monolayer
immobilised on a self-assembled monolayer (SAM). For the preparation of protein
biochips, the gold substrates were cleaned by immersion in piranha solution, rinsed
with MiliQ water and dried with an argon flow. The clean gold substrates were
functionalised with heptakis-(6-deoxy-6-thio)-p-cyclodextrin (TCD). Subsequently,
the gold substrates were rinsed with DMF and MiliQ water and dried under an argon
flow. The TCD SAMs were immersed in a lysozyme in PBS solution and following
protein immobilization, the samples were washed with PBS buffer followed by
submersion in MiliQ water for 1 min. The samples were then dried under argon and
placed in the instrument for the analysis immediately. The samples were confirmed
to be a monolayer of proteins by ellipsometry and X-ray photoelectron spectroscopy

(XPS) using calculations developed by Shard 2%, as illustrated in Figure 4.8.

The amount of protein molecules in the analysed volume is calculated by equation =

2 where A s the analysed area, 200 x 200 um (40000 pm?). Arcp is the area of

TCD

one molecule of thiol B-cyclodextrin (TCD) forming the self assembled monolayer.

Atcpis 1.83 nm2, as the diameter of one TCD molecule is 1.53 nm.
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Figure 4.8. Layer thickness measurements of the self assembled monolayer (SAM) and SAM
with immobilised lysozyme, derived from XPS results (red) and measured by ellipsometry
(blue). The bars represent mean of three measurements on one sample. The error bars
represent the standard deviation between three different areas at the surface of one sample.

The actual amount of protein molecules is smaller than the amount of cyclodextrin
molecules and is determined by the size of the protein. Therefore, the maximum
amount of lysozyme molecules in the analysed area is 2.18 x 10'° (40 femtomoles).
Seven diagnostic fragment ions from the N- and C- terminus of lysozyme were
detected in the samples confirming lysozyme immobilisation on the biochip, as
presented in Table 4.8. This illustrates that the sensitivity of the analytical technique

is sufficient to detect and assign monolayer protein coverage.

Table 4.8. Lysozyme fragments visible in the spectra obtained from a protein monolayer
sample. Protein monolayer was obtained by immobilisation of the protein on a self
assembled monolayer (SAM) on a gold slide. Three areas on a sample were analysed and a
SAM sample without the protein was analysed as a control. The Supplementary Table
presents average intensity (arbitrary units) of selected ions across the three measurements

per sample.
SAM + lysozyme SAM only Bare gold
m/z Assignment  Description

Run 1 Run 2 Runl Run2 Runl Run2
2141295 CsgHisNsO2* RG 46277 59307 217 0 0 0
271.1765 Ci2H2sN4Os*  RL 3421 1859 0 0 0 0
449.2864 Ca2H37NeOs*  KVFG 2058 3253 0 24 0 0
560.3665 CarHsNoO4*  KVFGR 652 1236 0 0 0 0
588.3612 CazsH46N9Os*  KVFGR 9752 6227 0 0 0 0
605.3875 Ca2sH9N100s* KVFGR 19300 14136 0 33 0 0
631.4030 CszoHs1N100s* KVFGRC-S 6798 3267 0 0 0 0
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4.3.5 Detection of functional and active sites of proteins

Section 4.2.2 discussed the importance of amino acid sequences coming from protein
chain termini for identification of proteins due to these termini coding information
about protein function. However, active sites can be found in various locations in the
protein sequence and fragments originating from the middle of the amino acid
sequence can also carry information specific to certain proteins. The sequences
identified in 16 model protein samples described in Section 3.2 include a number of
biologically important binding and active sites located at various locations within the
protein chains. Active sites such as heme-, substrate- or metal binding sites were

identified based on the details in their UniProt entries and are listed in Table 4.9.
Table 4.9. Examples of functional sites detected in the 16 analysed proteins. The location of
the functional sites is based on UniProt database.

Functional site Location in the amino acid sequence Protein

heme-binding site H18 and M80 Cytochrome ¢
NAD-binding site R99 L-lactate dehydrogenase
R341 Alcohol dehydrogenase
substrate binding site T248 L-lactate dehydrogenase
carbonate binding site T139, T471 Transferrin
H66 Alcohol dehydrogenase
T H604 Transferrin
metal binding site . .
H3, E6, D13, H67, D248 Bovine serum albumin
E8, D10 Concanavalin A
active site H74 Catalase
fibrin- and heparin binding site C53-R273, T1813-T2083, C2298-G2429 Fibronectin
collagen binding site C309-T609 Fibronectin
cell attachment site V1359-T1632 Fibronectin
C194 Trypsin

charge relay system

H57, D102, S195

Chymotrypsin

The analysis of the model protein samples resulted in identification of heme, a small
molecule (< 700 Da) within the protein, characteristic to a group of enzymes. The

heme consists of a porphyrin ring with covalently attached iron. This complex is
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present in a range of proteins: haemoglobin, myoglobin, cytochromes, peroxidases
and catalases. Figure 4.9 shows an overlay of positive polarity 3D OrbiSIMS spectra

of two proteins containing heme: cytochrome c (red) and catalase (blue).
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Figure 4.9. Overlay of 3D OrbiSIMS spectra of catalase (red) and cytochrome c (blue).

The spectrum of cytochrome c (Figure 4.9, red) and catalase (Figure 4.9, blue) both
show similar peak patterns between m/z 430 - 530. A difference between the spectra
is the presence of the heme peak at m/z 616.1 in catalase and at m/z 617.1 in the
cytochrome c spectra. In heme, iron is bound to two pyrrole rings via a coordination
bond with nitrogen. As a result, the heme containing Fe(ll) (ferrous heme) is
uncharged and requires protonation in order to be detected. Therefore a [M+H]" ion
is observed at m/z 617.1 in the cytochrome c spectrum (Figure 4.10, blue). The heme
containing Fe(I11) (ferric heme) carries positive charge without protonation and
appears at m/z 616.1 (Figure 4.10, red). This finding is in agreement with the
previous studies?2-2%4, catalase heme resting state is Fe(111)2%°, while heme in
cytochrome c prefers to be in reduced state: Fe(11)2%. The heme fragments (series of
peaks between m/z 430 - 530) can be observed in both spectra. The proposed heme

fragmentation is presented in Figure 4.11.
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Figure 4.10. Inverted overlay of 3D OrbiSIMS spectra of catalase (red) and cytochrome ¢
(blue) with corresponding structures of ferric (top) and ferrous (bottom) heme.

617.1850 m/z 557.1638 m/z 498.1503 m/z
Dev. -0.201 Dev. -0.098 Dev. -0.423

Figure 4.11. Fragmentation of heme using Arsoo” primary beam. The original structure
loses acetic acid fragment (CHsCOOH, 4 = 60 u) or two acetic acid fragments (4 = 120 u).

95



The heme [M+H]" ion loses acetic acid fragment to yield a peak at m/z 557.1. In
further fragmentation second acetic acid is lost. These fragmentation assignments are
confirmed by previously reported MALDI measurements followed by tandem MS on
heme 2072, Detection of the pattern of heme fragment peaks between m/z 430 - 530
has also been reported using ToF-SIMS?1%21! This pattern is visible in cytochrome ¢
spectra obtained with Bis" primary ion beam and ToF analyser, however the peaks

are very broad and of low intensity, therefore cannot be identified with confidence.

4.4 Conclusions

This work successfully extends the ballistic sequencing of proteins using the 3D
OrbiSIMS to broad real life applications. Abundant serum proteins, albumin,
transferrin, fibronectin and insulin were assigned in the 3D OrbiSIMS spectra by
comparison with previously acquired model protein spectra. Data collected in this
work contributed to the development of dedicated data analysis software, SIMS-
MFP and SIMSdenovo, and sequences of the most abundant serum protein, albumin,
were automatically assigned in the 3D OrbiSIMS spectrum of human serum by
combined use of this approach. The annotated sequences included C-terminus of the
protein, which is informative of protein identity and function. This finding is
expected to improve untargeted protein identification by SIMSdenovo, a function
which currently remains in progress. Other components of serum such as lipids and

salts were successfully automatically assigned in the 3D OrbiSIMS spectrum.

Importantly, characteristic features such as proton, ligand or cell-binding sites were

detected in the analysed proteins, which could improve the confidence in untargeted
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protein identification and could be applied to studying protein-ligand interactions.
Identification of small molecule (< 700 Da) ligands characteristic to a class of
proteins, e.g. heme, can be used as a confirmation of protein identity, as the heme

structure generates multiple high intensity peaks in the 3D OrbiSIMS.

The analysis of a biochip revealed that highly specific (5-membered amino acid
sequence) protein fragments can be assigned even in the 3D OrbiSIMS spectra a
protein monolayer sample, equating to 40 femtomoles of a protein per analysis. This
demonstrates the unique capability of ballistic sequencing to characterise protein
surfaces, when the amount of analyte is too small to be extracted from the surface for

classical analysis such as ESI-MS.

Human skin was analysed to demonstrate detection of proteins in a complex
biological system. Proteins known to be abundant within specific layers of human
skin were assigned in a targeted way and mapped in the tissue by 3D OrbiSIMS
depth profiling. Specifically, collagen was detected predominantly in the dermis,
keratin in the stratum corneum and throughout the epidermis and corneodesmosin

only in the stratum corneum.

The identification of protein active sites and method’s sensitivity allowing to detect
characteristic fragments from a protein monolayer shows the potential to use ballistic
sequencing for biological samples. By the analysis of human skin and a protein
biochip, this chapter demonstrated broad applications of the ballistic sequencing in

areas crucial to health, medicine and medical devices development.
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5 Manufacturing of polymeric micro- and nanoparticles
for the investigation of protein corona

5.1 Chapter aims

This chapter aims to obtain monodisperse polymeric particles in a size range from
100 nm to 100 um for subsequent study of protein adsorption on the particle surface.
A combination of three polymers will be used to manipulate the hydrophilic or
hydrophobic character of the particles as it has been found that the size and
hydrophobicity of nano- and microparticles play an important role in the protein

corona formation (Section 1.4.3).

Poly lactic co-glycolic acid (PLGA) with equal proportions of lactic and glycolic
acid will be used as a core polymer. Poly vinyl alcohol will be used as a surfactant
and a factor increasing surface hydrophilicity. Hydrophobic particles will be

produced by exchanging 50:50 PLGA with homopolymeric poly lactic acid (PVA).

The particles will be prepared by microfluidics due to its relatively easy and
reproducible manipulation of particle size by altering the flow rates and the
capability to produce particles with polydispersity lower than 5%. Additionally, the
process can be scaled up and allows the control of the amount of particles produced,

which is an important factor in protein corona studies (Section 1.4.2).
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5.2 Methods

5.2.1 Micro- and nanoparticle production

10%w/v PLGA solution in DCM was prepared by dissolving 1 g PLGA in 10 mL
DCM. For the tuning of the microparticle size, dilutions of 7.5%, 5%, 2.5%, 1%,
0.75%, 0.5% and 0.25% were used. For the production of the nanoparticles, 1%,
0.75%, 0.5% and 0.25% solutions of PLGA in acetone were prepared. 1%w/v PVA
solution was prepared by dissolving 2 g of PVA in 200 mL MiliQ water at 90°C for
40 minutes under constant stirring. The polymer solution was placed in a 10 mL
glass syringe purchased from Scientific Glass Engineering. Two plastic 10 mL
syringes were filled with water (nanoparticle production) or surfactant solution
(microparticle production). The syringes were placed on the Harvard Apparatus
pumps and attached to microfluidic setup via luer lock fittings. X-junction of the
Dolomite 100 pm flow focusing chip was used for the microparticle production. X-
junction of the Dolomite 190 um droplet chip was used for the nanoparticle
production. The flow ratio was calculated as ratio between 2 times the continuous
phase flow divided by the dispersed phase flow, as the continuous phase is flowing
through two channels compared to one channel of the dispersed phase. In case of
microparticle production, the droplets were collected into glass vials containing 1
mL 1%w/v PVA solution. The receiving vial was placed on a magnetic plate and a
stirring bar was placed inside the vial to enhance solvent evaporation during droplet
collection. In case of the nanoparticle production, the nanoemulsion was collected

into an empty glass vial.
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5.2.2 Particle size measurements
DLS measurements were taken using Zetasizer Nano. Refractive index (RI) of 50:50
PLGA in light scattering measurements calculations was applied as found in

literature, with sources reporting R1=1.47-1.61%%? or R1=1.51-1.67 1%,

Laser diffraction measurements were taken with Coulter LS230. Refractive index
(R1) of 50:50 PLGA in light scattering measurements calculations was applied as

found in literature, with sources reporting RI1=1.47-1.61%2 or RI=1.51-1.67 163,

For scanning electron microscopy (SEM) measurements, the particles suspended in
water were dropped onto carbon tape stuck to a SEM stub. The drops were allowed
to dry overnight in the fumehood. After drying, the samples were coated with
platinum for 120 s. SEM measurements were taken using Jeol-6490. The energy was
set to 10 keV. Images were processed in ImageJ in order to measure the average
diameter of all particles in the field of view. The intensity threshold was adjusted for
each image separately depending on contrast, the pixel to length was set based on the
scale bar and the Particle analysis function was used to obtain the diameter of all

particles within the threshold. Particle analysis function provides particle area as a

. . A
result and particle radius was calculated as r = \/;.
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5.3 Results and discussion

5.3.1 Particle preparation using microfluidics

For the production of micro- and nanoparticles, the polymer solution was placed in a
glass syringe and two plastic syringes were filled with water (nanoparticle
production) or surfactant solution (microparticle production). The syringes were
placed on the syringe pumps and attached to microfluidic setup. X-junction of the
100 um flow focusing chip was used for the microparticle production. X-junction of
the 190 um droplet chip was used for the nanoparticle production. The droplets were
collected into glass vials containing PVA solution (microparticles) or into an empty

glass vial (nanoparticles).

Both nano- and microparticles can be prepared using the droplet junction chip (190
um channel diameter) and the flow focusing chip (100 um channel diameter) can be
used for production of microparticles. The flow focusing chip was not successfully
used for production of nanoparticles due to extensive PLGA aggregation in the 100
um channels. The solubility of PLGA in acetone is lower than in dichloromethane

(DCM), therefore the aggregation frequently occurs in the flow focusing chip?2.

During the production of nanoparticles, the dispersed phase, PLGA dissolved in
dichloromethane, becomes focused by the continuous phase, DI water, flowing in the
outer two channels of the X-junction, as shown in Figure 5.1.a. During the
production of microparticles, droplet formation can be observed at the X-junction, as

demonstrated in Figure 5.1b.
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Figure 5.1. Droplet junction chip (190um etch depth) for production of a nanoparticles by
flow focusing and b microparticles by droplet formation. The continuous phase (water or
water with surfactant) is flowing through two outer channels, focusing the dispersed phase
(organic solvent) at the X junction. The ratio of the summed continuous phase flow and the
dispersed phase flow is altered to achieve different size particles.

5.3.2 PLGA microparticle size tuning

The diameter of obtained particles was measured by laser diffraction, using
refractive index of 50:50 PLGA RI = 1.57, a mean value of RI found in previous
studies, with sources reporting RI1=1.47-1.61'%2 or RI=1.51-1.67 63, Additionally,
scanning electron microscopy (SEM) was used for size and morphology assessment.
SEM images were processed in ImagelJ in order to measure the average diameter of

all particles in the field of view using the particle analysis function.

Monodisperse microparticles in a range of sizes from 5 um to 20 um were produced
using the flow focusing chip and the size tuning parameters are presented in Table
5.1. In this work the dispersed phase was constant and the continuous phase was
altered to investigate the impact of the flow ratio on the particle size. The flow ratio
is the ratio between 2 times the continuous phase flow divided by the dispersed
phase flow, as the continuous phase is flowing through two channels compared to
one channel of the dispersed phase. It has been found that the continuous phase flow

rate is the key factor affecting the particle size?'®. Solutions from 0.25% to 1%
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PLGA were used to produce particles in the 100 um flow focusing chip and the flow

ratios Feont/Fdisp 4 - 12 resulted in monodisperse particles of size 4 - 20 pm.

As shown in Table 5.1, the particles produced with higher flow ratios present lower
standard deviation than the particles produced with lower flow ratios. This means
that the microparticles tend to be more uniform when a higher flow rate of the
continuous phase is used, which is with agreement to previous studies by Kovalchuk
et al.”” and Seo et al.!%, At lower flow ratios, droplets are formed in a squeezing
regime, in which the droplet is larger than the channel width at the junction, due to
which the droplets may vary in size. At the optimal flow ratios of 10 pl/min : 1
pl/min or 12 pul/min : 1 ul/min, the droplets are formed in a dripping or jetting regime
and are smaller than the narrowest part of the channel, therefore nothing obstructs

droplet formation leading to more uniform particles.

Above the ratio Feont/Fdisp = 12, the flow is unstable and tends to break and reverse,
leading to a large degree of polydispersity in obtained particle batch, unreliability
and lack of reproducibility. Below a flow ratio of 4, a laminar flow is observed and
no droplets are produced®*?!4, According to Donno et al., further modification of
particle size can be achieved by using different molecular weight polymer 21216,
however the diversity of particles obtained with the 30,000 - 60,000 Da polymer is

sufficient for the further work in this project.

The particle size results obtained with laser diffraction (LD) are larger than the
diameters observed in the SEM images. This difference in size is believed to be
caused by swelling due to hydration when analysing particles in water (LD) as

opposed to dried on the surface (SEM). Additionally, the calculation of particle size
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from LD results may be inaccurate due to uncertainty regarding the refractive index

of the particles.

Table 5.1. Particle size tuning by changing parameters such as PLGA concentration and
continuous phase flow rate. Scanning electron microscopy (SEM) and laser diffraction (LD)
particle diameter measurement results are presented for each batch. Average diameter and
standard deviation were calculated for a minimum of 50 particles in case of SEM and for 3

bulk measurements in case of LD. Flow ratio is the ratio between 2 times the continuous

phase flow divided by the dispersed phase flow.

Sample PLGA Dispersed Continuous Flow Mean diameter [pm]

AMe Gk cate lalminl  rate paiminl N0 SEM LD

AMO55  1.00 10 20 4 17.73 05 236 +1.8
AMO056  1.00 10 35 7 1473 0.6 164 1.2
AMO057  1.00 10 50 10 12.04 04 134 1.7
AMO058  1.00 10 60 12 11.39 +0.3 8.6 1.4
AMO059  0.75 10 20 4 13.83 04 153 *1.9
AMO060  0.75 10 35 7 1113 05 139 3.0
AMO061  0.75 10 50 10 8.03 04 102 +0.8
AMO062  0.75 10 60 12 7.10 0.2 9.3 1.7
AMO063  0.50 10 20 4 1095 0.7 141 2.5
AMO064  0.50 10 35 7 9.51 0.6 109 0.5
AMO065  0.50 10 50 10 7.66 0.4 8.5 1.4
AMO066  0.50 10 60 12 6.65 +0.2 8.2 1.2
AMO067  0.25 10 20 4 9.33 0.6 9.3 2.4
AMO068  0.25 10 35 7 8.66 0.5 8.8 1.4
AMO069  0.25 10 50 10 6.91 0.4 7.3 3.0
AMO0O70  0.25 10 60 12 5.34 0.5 5.9 0.9

To compare size and morphology of the particles in a hydrated state, additional
measurement was carried out using light microscopy as showed in Figure 5.2.. Mean
diameter of particles in batch AMO057, calculated from light microscopy images was
12 um 0.5, which is consistent with SEM results. The particles are smaller than the
laser diffraction results suggest and the observed difference between the results is
attributed to the inaccuracy of the refractive index value (R1=1.47-1.61%2 or

RI=1.51-1.67%%) and the fact that the particles analysed using SEM are dried. The

104



average particle diameter between the three techniques for batch AM057 is 12.5 um

with standard deviation of 0.87 um.

c) 8 —— AMOS7
= 60
[0}
g 40
£ 20
0
1 10 100

Particle diameter [um]

Figure 5.2. Comparison of three particle sizing techniques, SEM (a), light microscopy (b)
and laser diffraction(c). Batch AM057 was chosen as an example. The particles have
average diameter of /2.5 um +£0.87 um between the three techniques. The circularity of the
particles was confirmed by light microscopy and high resolution SEM images

PLGA solutions were produced resulting in particles of 15 - 20, 10 - 15, 6 - 11 and 5
- 9 um diameter for 1, 0.75, 0.5 and 0.25% PLGA solutions respectively. The
relationship between the flow ratio and the particle diameter is linear between flow

ratio values of 4 - 12 and can be described by equations presented in Figure 5.3.
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Figure 5.3. Particle size tuning by manipulating polymer concentration and continuous
phase flow rate, assessed by SEM. Every data point is an average of 50 measurements in
one.

Further changes to the production parameters were tested in order to obtain
submicron particles with size increasing in regular increments. The particles of size
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approximately 50, 75, 100 and 200 um have been produced using PLGA
concentrations 2 - 5%, however these particles are highly polydisperse (data not
shown). Microfluidics allows for production of monodisperse particles, however it
requires parameter optimisation (appropriate flow rates, chip size and type) in order
to achieve monodispersity. Due to increased density of more concentrated solutions,
optimal settings for the production of the 50 - 200 um particles have not been

achieved.

5.3.3 PLA microparticle size tuning

Microparticles made with poly lactic acid (PLA) were produced as an example of
particles with a hydrophobic surface. The same chip, 1% PVA surfactant and the
same flow parameters were applied as for the PLGA particles discussed in section

5.2.2 and are shown in Table 5.2.

Table 5.2. Particle size tuning by changing parameters such as PLA concentration and
continuous phase flow rate. Average size and standard deviation were calculated for a
minimum of 50 particles in SEM images.

s Dispersed phase Continuous Mean Standard
ample PLA conc. fi Flow . -
o ow rate phase flow rate . diameter deviation
name Yow/w . . ratio

[nl/min] [nV/min] [nm] [nm]
AMO089 1.00 10 20 4 21.86 3.3
AMO090 1.00 10 35 7 16.85 4.6
AMO091 1.00 10 50 10 13.01 3.5
AMO092 1.00 10 60 12 12.70 4.1
AMO093 0.75 10 20 4 14.40 43
AMO094 0.75 10 35 7 11.56 3.4
AMO095 0.75 10 50 10 9.00 2.9
AMO096 0.75 10 60 12 7.95 0.9
AMO097 0.50 10 20 4 12.11 4.4
AMO098 0.50 10 35 7 9.90 25
AMO099 0.50 10 50 10 7.77 0.8
AM100 0.50 10 60 12 7.34 1.7
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PLA particles from 7 to 22 um were obtained using the optimised parameters
presented in Table 5.2. The polydispersity, measured as a standard deviation from
the mean size, was larger than in the case of PLGA particles. However, similarly to
PLGA particles, the polydispersity was lower in the particles produced with flow
ratios Feont/Fdisp 10 - 12. Similarly to PLGA particles, the relationship between the
flow ratio and the particle diameter is linear between flow ratio values of 4 - 12, as

shown on Figure 5.4.
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Figure 5.4. Particle size tuning by manipulating polymer concentration and continuous
phase flow rate, assessed by SEM. Every data point is an average of 50 measurements in
one.

The impact of polymer choice on the particle size on the example of 50:50 PLGA
and PLA is presented in Figure 5.5. The average diameter of PLA particles is larger
than that of the PLGA particles at each tested flow rate, however the size difference
is overall not significant (P > 0.05). The polydispersity measured as standard
deviation from the mean particle diameter is larger in the PLA samples than in

PLGA samples as shown in Figure 5.5. The increased polydispersity may negatively
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affect observation of the impact of particle size on the protein adsorption in the

further studies.
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Figure 5.5. The impact of polymer choice on the particle size. Average size and standard
deviation were calculated for a minimum of 50 particles in SEM images.

Particles produced using PLA are larger and have a rougher, more irregular surface
when compared to the comparatively smooth PLGA particles, as shown on Figure
5.6. The difference in surface roughness and particle porosity has been reported

previously?!’ and is attributed to differences in polymer-solvent interactions.

Figure 5.6. Comparison of the SEM images of the surface of a PLGA particles of 6.6 um
diameter (AM066) and b PLA particles produced with the same flow parameters (AM100),
8.4 um diameter.
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A higher concentration of PVA (2% or 5%) has been shown to result in smoother
surface of the PLA particles 2*321° however in this work, to obtain a more

hydrophobic surface of the particle, the PVA concentration was kept at 1%.

5.3.4 Nanoparticle size tuning

The nanoparticles were prepared by flow focusing of the acetone PLGA solution in
the 190 pum etch depth microfluidic chip. The parameters were optimised to obtain a
stable flow and monodisperse particles and the settings used for particle size tuning

are detailed in Table 5.3.

Table 5.3. Parameters used in PLGA nanoparticle size tuning. Concentrations of 0.25%,
0.5%, 0.75% and 1% were used and continuous phase flow rates were modified to achieve
flow ratios of 4-16.

Sample PLGA. Dispersed phase Continuous Elow
hame concentration flow rate phase floyv rate ratio
[Yow/w] [ul/min] [ul/min]

AN112 1.00 25 50

AN113 1.00 25 100 8
AN114 1.00 25 150 12
AN115 1.00 25 200 16
AN108 0.75 25 50

AN109 0.75 25 100 8
AN110 0.75 25 150 12
AN111 0.75 25 200 16
AN104 0.50 25 50

AN105 0.50 25 100 8
AN106 0.50 25 150 12
AN107 0.50 25 200 16
AN100 0.25 25 50

AN101 0.25 25 100 8
AN102 0.25 25 150 12
AN103 0.25 25 200 16
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Figure 5.7 presents the results of nanoparticle size tuning by altering the polymer
concentration and the continuous phase flow rates. The changes to continuous or
dispersed phase flow rates are statistically relevant for lower concentration PLGA
solutions, but not for 0.75% and 1% PLGA solutions (Figure 5.7), which may be
caused by higher density of the 0.75% and 1% solutions. The particle size was tuned
between 120 - 180 nm. Each incremental increase in PLGA concentration resulted in
statistically significant (P < 0.05) increase in the particle size (Figure 5.7). All
produced nanoparticles were homogenous with the polydispersity index (PDI) below

0.09 and no correlation was found between the flow ratio and the PDI value.
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Figure 5.7. Particle diameter measured by DLS, impact of PLGA concentration (0.25%-1%)
and a ratio of flow rates (4-16). Average diameter and standard deviation is calculated for 4
replicates. T-test was performed to assess significance of manufacturing parameters on
particle size. ns P> 0.05, * P <0.05, ** P <0.01, *** P <0.001.

Further increase of PLGA concentration (higher than 1%w/w) causes blockages in

the microfluidic chip, limiting the capability to produce nanoparticles larger than 180
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nm. The use of concentrations lower than 0.25% results in wide particle size
distribution. This behaviour of PLGA solutions with concentration outside 0.25-1%
range determines the limits of the size tuning possibilities, as the concentration was

found to be the determining factor in obtaining a desired particle size.

5.3.5 Impact of the surfactant on the nanoparticle size

The use of surfactant is not necessary in the production of PLGA nanoparticles from
an acetone solution, however, a surfactant can be added in order to increase particle
hydrophilicity or modify the particle size. PVA was chosen for this study, as it was
the surfactant used in the preparation of the microparticles. When PVA is used as a
surfactant, it becomes incorporated in the particle core, therefore expanding its
diameter??%?2L In agreement with previous studies???, PVA has been found to
increase the size of PLGA nanoparticles while the impact of the total flow rate was

not statistically significant (P > 0.05) as shown in Figure 5.8.

The impact of the total flow rate was also investigated, as previous studies reported

that the total flow rate in some cases has?%®

or does not have 224 an impact on the
nanoparticle size. The hypothesised impact was that increased total flow rate would
decrease the particle size due to increased pressure at the junction. The total flow
rate was increased by a factor of 2 while maintaining the flow ratios by increasing
both dispersed and continuous flow rates. In analysed particles produced with 1%
PLGA and 1% PLA solutions, the increased total flow rate did not result in

significant (P > 0.05) decrease in the particle diameter, as shown on Figure 5.8.

Further increase of total flow rate resulted in PLGA blocking the junction.
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Figure 5.8. Impact of surfactant and the total flow rate on nanoparticle size. Particle
diameter was measured by DLS, each bar represents average of 4 measurements and the
error bars are standard deviation of 4 measurements. PLGA particles were produced with
(red) and without (blue) 1% PVA in the water phase with the continuous phase flow rate of
a) 25um/ml and b) 50um/ml.

In order to test the impact of total flow rate without blocking the chip, PLGA
dissolved in DCM was investigated, specifically for settings used in batch AMO055.
The flow ratio of 4 was maintained while increasing the total flow rate 50-fold and
100-fold. Particles approximately 1 um in diameter were produced using PLGA
dissolved in DCM at high flow rates of dispersed : continuous phases 500 pl/min :
1000 pl/min and 1 ml/min : 2 ml/min (Figure 5.9). The particles produced in these
conditions have diameters on the border between the nano- and microparticle

formulations, however, they have a high polydispersity index (0.6 - 0.8).
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Figure 5.9. Size distribution of PLGA particles produced with 1% PLGA solution and high

total flow rates, measured by dynamic light scattering. Particles produced with flow rates

500 gl/min : 1000 zd/min result in particles of approximately 1300 nm (red )and with flow
rates 1 ml/min : 2 ml/min, approximately 730 nm (blue).
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5.4 Conclusions

Particles produced in this work will be used to determine the impact of two key
factors, namely size and hydrophobicity, on the adsorption of proteins on the surface
of the particle. A reproducible method of manufacturing monodisperse PLGA micro-
and nanoparticles using microfluidics was successfully developed. A reliable size
tuning in a range between 120 - 250 nm and 5 - 20 um was achieved by modifying
parameters such as the polymer concentration and the flow rate of continuous and
dispersed phases. Larger particles of diameter 50 - 200 um as well as particles on the
border between the micro and nanoscale have been produced, however they do not
have sufficient monodispersity to be used in a study of particle size impact on

protein adsorption.

The impact of the use of surfactant, 1% PVA, on the nanoparticle size was assessed
in order to produce comparable particle sizes of different hydrophilicity. As the PVA
becomes incorporated in the particle core, it enlarges the particle. A range of
nanoparticle sizes were successfully produced to provide comparable particle

diameters.

A range of microparticle sizes composed of poly lactic acid (PLA) was prepared to
test the impact of higher hydrophobicity on the protein corona formation. The PLA
particles were not significantly larger (P > 0.05) than the PLGA particles and were
more polydisperse. SEM imaging revealed that the surface of PLA particles was less
smooth than that of corresponding PLGA particles, which is caused by different
interaction of the polymer with the solvent and may affect how the particles interact

with proteins in solution.
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6 Protein-functionalised polymer particles

6.1 Chapter aims

As described in the introduction (Section 1.4.4), current methods of analysing the
chemistry of the biocorona, forming on the surface of the particles upon contact with
biological media, require extensive sample preparation and therefore do not reflect
the state of the particle in solution. This chapter aims to overcome this limitation by
employing the ballistic sequencing to achieve the first in situ characterisation of

protein-particle complexes.

Chapters 1 and 2 described the development and application of ballistic sequencing
using the 3D OrbiSIMS for label-, matrix- and digestion-free analysis of proteins at
surfaces. Chapter 5 focused on manufacturing and characterisation of monodisperse
polymeric micro- and nanoparticles in a range of sizes. This chapter aims to combine
the methods developed in sections 1 to 3 in order to characterise the microparticles

after incubation with biological media with minimal sample preparation.

Microparticles will be incubated in media of increasing complexity: phosphate buffer
saline (PBS), bovine serum albumin (BSA), human serum albumin (HSA) and full
human serum prior to analysis using the 3D OrbiSIMS. The capabilities of the GCIB
Orbitrap™ and LMIG ToF-SIMS analytical modes to provide chemical information
of the particle surface in room temperature and cryogenic conditions will be

assessed.

Experimental parameters such as duration of incubation, temperature, particle
concentration and washing protocols affect the qualitative and quantitative outcome

of the biocorona studies, as discussed in Section 1.4.4. Moreover, the proposed
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method of observing particle interactions with the biological environment is the first
attempt to characterise such complex systems in situ, different from any approach
previously employed to this field of research, therefore this chapter will focus on

method development.

6.2 Methods

6.2.1 Particle incubation

Particles produced in chapter 5 were washed 3 times by centrifugation at 9000 g,
replacing supernatant with MiliQ water after each centrifugation. Washed particles
(1 mL) were incubated with 0.5 mL of BSA, HSA or full human serum solution. The
incubation was carried out in glass vials under constant agitation for 2 hours at room
temperature. After the incubation the particles were washed 3 times by centrifugation

at 9000 g.

6.2.2 ToF-SIMS measurement of freeze dried particles

After incubation, washed particles were freeze-dried using Lablyo Freeze Drier. For
the acquisition of LMIG ToF-SIMS image, a 30 keV Bis" primary beam was used.
LMIG current was 0.05 pA. The 256 x 256 pixel ToF image was acquired over an
area of 200 x 200 um using random raster. The cycle time was set to 250 ms.
Optimal target potential was set to +58 V. Three separate areas were analysed on
each sample and each measurement lasted 15 scans, the total ion dose per

measurement was 9.44 x 10'°ions/cm?.
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The results were analysed in SurfaceLab 7. Calibration of positive mode spectra was
made using CHs*, C2Hs*, CsHs*, C7H7* and Aus* ions. Negative mode spectra were

calibrated to CN, CNO", Au’, Auz  and Aus.

6.2.3 3D OrbiSIMS measurement of frozen-hydrated particles

Particles were high-pressure frozen in 2mm freeze-fracture planchettes using Leica
EM ICE High Pressure Freezer or plunge-frozen by dipping in liquid nitrogen. Leica
transfer system was used to place the frozen samples in the instrument to prevent

collecting moisture from the air.

20 keV Arzoo™ analysis beam of 20 um diameter, was used as primary ion beam.
Arzono” with duty cycle set to 4.4%, GCIB current was 190 pA. The Q Exactive depth
profile was run on the area of 200 x 200 um using random raster mode with crater
size 280 x 280 um. The cycle time was set to 200 us. Optimal target potential was
approximately -293 V. The acquisition was run in temperature -170°C. The spectra
were collected in positive polarity, in m/z range 150 - 2250. The injection time was

set to 500 ms. Mass resolving power was set to 240,000 at m/z = 200.
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6.3 Results and discussion

The aim of this chapter was to observe the biomolecule corona on the drug delivery
particles without removing the coat from these conjugates, as a particularly
challenging pharmaceutical application of the ballistic sequencing. The PLGA
microparticles, produced by microfluidics in the work described in chapter 5 were
washed and incubated with BSA, HSA or full human serum solution. The incubation
was carried out under constant agitation for 2 hours at room temperature and after

the incubation the particles were washed 3 times by centrifugation at 9000 g.

The first experiment aimed to assess whether the protein coat can be investigated by
ToF-SIMS analysis of freeze-dried particles. Negative polarity imaging of the bare
particles, particles incubated with PBS and particles incubated with bovine serum
albumin (BSA) enabled detection of poly-lactic-co-glycolic acid (PLGA) and
polyvinyl alcohol (PVA) peaks and protein related peaks, as presented in Figure 6.1.
The overlay image of the PLGA (CsHsO2 fragment) and backbone of the protein
chain (CN" fragment) diagnostic ions are showed in Figure 6.1. The protein fragment
(green) is visible in the entire field of view and is anticorrelated with the particle ion
(red). This analysis revealed that freeze-drying is not a suitable sample preparation

method, as the protein detaches from the particles in the drying process.
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Figure 6.1. Comparison of TOF-SIMS images of freeze-dried a-d) bare particles, b-
h)particles incubated with PBS and c-I) particles incubated with bovine serum albumin.
Total ion images of (a) bare particles, (e) particles incubated with PBS and (i) particles

incubated with BSA. Example PLGA ion C3HsO;" in (b) bare particles, (f) particles

incubated with PBS and (j) particles incubated with BSA. CN™ protein marker ion in (c) bare
particles, (g) particles incubated with PBS and (k) particles incubated with BSA. Overlay of
the CsHsO. and CN”markers.
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6.3.1 Detection and assignment of diagnostic human serum albumin

fragments using cryo 3D OrbiSIMS

The aim of this chapter is to utilise the cryogenic capabilities of the 3D OrbiSIMS to
capture the particles in situ in the solution in the form in which they may be
presented to cells. However, another aspect of SIMS experiments in the presence of
frozen water is increased ionisation of the sample components. This effect is
particularly pronounced with higher molecular weight compounds and is associated
with the presence of H3O" ions capable of proton donation and reduced sample
damage during sputtering of frozen material®?®. Signal enhancement has been studied
in frozen samples containing water®?, spraying water above the sample®® and by
using water clusters as primary ion beams >°2%°, These methods have been found to
increase the [M+H]" signals and also the salt adducts such as [M+Na]" and [M+K]".
However, the amount of protein in the sputtered volume is smaller than in the case of
dry protein films due to the dilution in water or buffer. Human serum albumin at
blood concentration, 45 mg/mL, was measured in the cryogenic conditions to assess

whether highly specific protein ions are detectable using this method.

The positive polarity cryo OrbiSIMS spectrum of human serum albumin dissolved in
water contains up to 13-membered sequences originating from the N-terminus,
which stand out above the average intensity peaks as presented in Figure 6.2 and
Table 6.1. 8-membered sequences originating from the C-terminus were also present
in the spectrum, however they are left out of the figure for clarity. The sequence
assignments are listed in Table 6.1. and they are present as a, b and c ions, following

the fragmentation patterns described in Section 3.2.3. These high molecular weight
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fragments (m/z > 600) were not previously detected in the room temperature

measurement of dried human serum albumin films, as shown in Figure 6.2.
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Figure 6.2. Inverted overlay comparison of human serum albumin measured in cryogenic
conditions (black, top) and dried protein film in room temperature (red, bottom).

As described in Section 3.2.3, the negative polarity spectra can provide additional
information about the analysed protein and in the 3D OrbiSIMS negative polarity
spectra contain y, x and z ions. Similarly to the positive polarity frozen-hydrated 3D
OrbiSIMS spectrum of HSA, the terminus ions have higher intensities than average
peaks in the spectrum. Up to 10-membered sequences from the C-terminus are

present in the negative polarity, as demonstrated in Figure 6.3. and Table 6.2.
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Figure 6.3. Negative polarity spectrum of human serum albumin acquired in cryogenic
conditions.
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Table 6.1. Assignments of N-terminus ions detected in the positive polarity cryo OrbiSIMS spectrum of human serum albumin.

a b ¢

Description m/z Assignment (FI?SXW.) m/z Assignment (ES;) m/z Assignment (ng;)

ad 424.2306  CigH3oN7O5" 0.65 452.2255  Ci9H3N;O¢" 0.72 469.2523  C19H33NgOs" 118
a5 511.2626  CxHasNgO;* 0.61 539.2580  CzHasNgOg"* 141 556.2844  CzHasNgOg* 1.06
a6 640.3057  CzH42NgO1o" 1.22 668.3007  Cy7H42NgOys* 132 685.3269  CyHusN1O1r”* 071
a7’ 739.3742  CaHsiN1oOu1” 1.18 767.3694  CaHsiN1oOs2" 1.45 784.3957  CaHsaN1 012" 1.16
a8 8104111  CaHssN11 01" 0.79 838.4064  CasHssN11O1s* 1.26

a9 947.4702  CaoHesN14O15" 0.94 975.4639  CuHesN14O14" -0.39 992.4922  CsHeeN1sO14" 1.44
al0 1103.5708  CusHrsN18014" 033 11315654  Cy47H75N1gO1s" 0.00 11485922  CuHzgN1Oss” 0.21
all 1250.6391  CssHgaN19O15" 0.15  1406.7290  CgHesN21Os7" 0.18 12956613  CssHarN200O16" 0.77
al2 1378.7326  CeiHosN21O16" -0.90  1521.7571  CesH101N2202" 0.92  1423.7564  CeoHogN2017" 0.78

Table 6.2. Assignments of C-terminus ions detected in negative polarity cryo OrbiSIMS spectrum of human serum albumin.

y X z
Description m/z Assignment Dev. (ppm) m/z Assignment Dev. (ppm) m/z Assignment Dev. (ppm)
y1l 158.082 C;H1;,NOs -1.54

y2 187.1086  CgH1sN.O35 -1.23 215.1036  CgHi1sN,O4 -0.83 172.0977 CgH1sNO3z -1.22
y3 300.1924  Ci4H26N3O4 -1.45 328.1873  CisH2sN3O0s -1.45 285.1817  Ci4H2sN04 -1.05
y4 371.2293  Cy7Hz:N4Os -1.88 399.2241  CygHz:N4Og -1.91 356.2188  Cy7H30N30s -0.92
y5 442.2663  CyoH3gNsOg -1.84 470.261  CyHzsNsO7 -2.13 427.2553  CyoH3sN4Og -2.09
y6 570.3245  CysHuN7Og -2.07 598.3198  CyHuN7Og -1.36 555.3137  C2sH43NeOs -1.91
y7 657.3569  CosHagNgO10” -1.30 685.3514  CaoHagNgO11” -1.81 642.3457  CagHasN7O10° -1.79
y8 728.3939  Ca1HssNgO1y -1.27 756.3882  CaHssNgO12 -2.06 713.3829  C3HssNgOur -1.50
y9 799.4303  CasHsoN10O12 -2.03 827.4254  CgsHsoN10Os5° -1.71 784.4193  Cg3HsgNgO12 -2.25
y 10 898.4991  CgoHesN11O15° -1.40 926.4933  CyoHesN11014° -2.15 883.4872  CaoHe7rN10O13 -2.56
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6.3.2 Particle chemistry analysed in situ using cryo OrbiSIMS

In order to avoid protein detachment from the surface observed during freeze-drying
and obtain samples, in which particles are partially suspended in the solution, the
samples were prepared using a freeze-fracture cell and Leica high pressure freezing

system.

The use of Biz* primary beam and the ToF analyser enabled fast imaging of the
particles suspended in buffer, as shown on Figure 6.4. Example amino acid fragment
ions representing glycine (m/z = 30, CH4N"), alanine (m/z = 44, C2HeN™) and
methionine (m/z = 61, C2HsS™) were localised on the surface of the particles

incubated with BSA and absent in the bare particle spectra and images.

Phosphate salt ions with distribution contrasting to the distribution of amino acid
peaks in the image have been assigned, as presented in Figure 6.5a. The red colour
represents a sum of amino acid fragments and the blue colour represents a sum of
salt ions: Na,HPO4*, POsH*. This suggests that the proteins are only present on the
surface of the particles, not in the surrounding solution, however does not provide
chemically specific information about the protein identity, therefore GCIB Orbitrap
measurement was run in the same sample area. TOF-SIMS images were acquired
before and after the GCIB Orbitrap measurement and are presented in Figure 6.5(a)
and Figure 6.5(b) respectively. The GCIB sputtering removed the salts (Figure 6.5,
blue) from the solution surrounding the particles and sodium (Figure 6.5d) from the
surface of the particles. In the ToF-SIMS image acquired after the GCIB Orbitrap

analysis, the distribution of amino acid peaks follows the distribution of total ion
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image and there are no contrasting ions in the image, therefore it cannot be assured

that the protein is present only on the surface of the particles.
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Figure 6.4. Comparison of cryo ToF-SIMS spectra (a) and images of particles b) incubated
with bovine serum albumin and c) not incubated. The samples were high-pressure frozen
and freeze-fractured prior to the analysis. Amino acid fragment ions representing glycine

(m/z = 30, CH4N™), alanine (m/z = 44, C;HsN™) and methionine (m/z = 61, C,HsS™) are
detected on the surface of the particles incubated with BSA and absent in the bare particle
spectra and images.
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Figure 6.5. Cryo ToF-SIMS images of PLGA particles high-pressure frozen and freeze-
fractured after incubation with bovine serum albumin. (a) overlay of amino acid fragments
(red) and salt ions (blue) before acquisition of GCIB Orbitrap spectra. (b) Overlay of the
same amino acid fragments (red) and salt ions (blue) after the GCIB sputtering. (c) sodium
ion distribution before GCIB sputtering and (d) after sputtering. The images have been
rotated by 90° clockwise and reduced to 71% of height to counteract the image distortion
due to the beam coming from 45° to the sample.

The relatively small (2 mm diameter) area of the freeze-fracture cells, topography of
the samples and challenging charge compensation of the frozen water-based samples
resulted in poor quality (low, 10* total ion count/s, presence of characteristic noise)
of the GCIB Orbitrap spectra of all particle samples, in which characteristic ions
from neither PLGA or protein can be detected. Therefore, the presence of the protein

on the surface of the particles or in the surrounding solution cannot be confirmed.

Figure 6.6 demonstrates different available substrates and sample holders. The
increased working area of 6 mm planchettes allowed optimisation of charge

compensation and improved the quality of the acquired spectrum, as presented in
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Figure 6.7. The total ion count was increased by a factor of 100, the noise was

reduced and distinct fragments of PLGA were detected in the spectrum (Figure 6.7).

Freeze-fracture 6 mm diameter
planchette planchette

Figure 6.6. Experimental setup of the cryo sample holder (left) and the comparison of the
size of the freeze-fracture planchette and the 6 mm planchette (right).
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Figure 6.7. Inverted overlay comparison of the cryo OrbiSIMS spectra of pure PLGA
particles, obtained from samples high-pressure frozen in a freeze-fracture cell (top) and the
samples in the 6 mm planchettes, plunge-frozen by dipping in the liquid nitrogen (bottom).
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Despite improved overall ion count, only one distinct human serum albumin ion was
detected in the cryo OrbiSIMS spectra of particles incubated with HSA and particles
incubated with serum, acquired from samples in the 6 mm planchettes. The detected
ion, bg fragment of HSA sequence (CssHssN11013") was detected with similar
intensity in HSA-incubated particles and serum-incubated particles as shown in
Figure 6.8. The characteristic ion detected in the cryo OrbiSIMS spectra may
indicate the presence of the protein on the surface of the particles, however the ion
intensity was not sufficient to detect it in 3D OrbiSIMS imaging, therefore the
presence of the protein in the surrounding solution cannot be excluded. The particles
after incubation were washed by centrifugation, which may have caused protein
removal from the particle surface. To circumvent this effect, large cut-off (150 kDa)

dialysis should be used in the future to wash the particles after the incubation.
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Figure 6.8. Overlay comparison of human serum albumin bg ion, present in the positive
polarity cryo OrbiSIMS spectrum of the particles after incubation with human serum
albumin (blue) and full serum (red), acquired from samples in the 6 mm planchettes.

Cryo ToF-SIMS imaging of the pure particles, particles incubated with HSA and

particles incubated with serum was carried out to visualise the location of the
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microparticles in the sample. The microparticles are not visible in the image of the
pure particles and particles incubated with serum (Figure 6.9 a and c¢) and are only
indistinctly outlined in the image of particles incubated with HSA (Figure 6.9b).
These results suggest that during sample preparation the particles sank to the bottom
of the 6mm planchette and are buried in the depth of the sample, not exposed for the
analysis in a way they were available while using the freeze-fracture cell. Further
method development is necessary, specifically depositing a thinner layer of the

solutions on the planchettes or letting excess buffer evaporate before freezing.

Figure 6.9. Cryo ToF-SIMS total ion images of a) pure PLGA particles, b) particles
incubated with human serum albumin and c) particles incubated with human serum. The
images were acquired from samples in the 6 mm planchettes.

Due to the particles not being visible in the the acquired cryo ToF-SIMS images, it is
unclear whether the lack of protein fragments detected in the spectra is caused by not
sampling the surface of the particles, the protein being below the limit of OrbiSIMS
detection, or the protein is being removed from the surface of the particles in the

process of washing by centrifugation.

In the positive cryo OrbiSIMS spectrum of particles incubated with the human serum
acquired from samples in the 6 mm planchettes, multiple serum lipids: diglycerides,

triglycerides and ceramides were detected, as shown in Table 6.3. However, they
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may form a residue remaining in the supernatant after washing, not bound to the
particle surface. Washing the particles by dialysis could reduce this effect and
preparation of thin layer samples could provide more opportunity to image the lipid

ions in relation to the particles.

Table 6.3. Assignments of lipids detected in the the positive polarity cryo OrbiSIMS
spectrum of PLGA particles incubated with serum, acquired from samples in the 6 mm
planchettes.

m/z Assignment Dev. (ppm) Description

184.0732  CsH1sPNO.* -0.50 Phosphocholine
597.4853  CsHeOsNa' -0.10 DG 0-34:4/MG 34:4/MG 0-34:5;0
599.5011  Cs;HesOsNa* 025 DG 0-34:4/MG 34:4/MG 0-34:5;0
621.4854  CsoHgOsNa* 0.15 CE 12:1;02/DG 0-36:6
623.5009  CgoHesOsNa* -0.11 CE 12:1;02/DG 0-36:6
666.4833  C3H7oNOsPNa* 0.01 CerP 36:2;02/LPC 0O-28:3/LPE 0-31:3
6715737  CusHzO.Na* -004 CE18:2

6.4 Conclusions

This chapter aimed to visualise the chemistry of the interaction between drug
delivery particles and the biological environment in situ. Such an approach has never
been achieved before and current biocorona analysis methods require separation of
the biomolecules from the surface of the particles. To enable in situ study of such
bioconjugates, a method of observing proteins at surfaces without any sample
manipulation was developed in the previous parts of this project (Chapter 3 and 4).
With the use of this ballistic sequencing method and the monodisperse polymeric
particles described in Chapter 5, this work aimed to provide new insight into
biomolecule adsorption on the surface of particles to guide design and production of

drug delivery or diagnostic vehicles.
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Analysis of human serum albumin solution in cryogenic conditions resulted in highly
specific up to 13-membered amino acid sequences from the N-terminus of the
protein in positive polarity and up to 10-membered sequences from the C-terminus

in negative polarity. This enhancement of the informative signals by the use of cryo
OrbiSIMS demonstrates the capability to analyse proteins in native state and a

potential to observe proteins on the surface of the particles.

One characteristic human serum albumin fragment and multiple serum lipid ions
were detected in the cryo OrbiSIMS spectra of the PLGA particles incubated with
human serum. However, no particles were visible in the image of the surface of the
sample, therefore the detected fragments may originate from the surrounding

solution rather than from the surface of the microparticles.

The results obtained in this work highlight the challenges in the sample handling and
characterisation of the protein corona, specifically the reversible binding of the
proteins to the particles. Although the structure-performance relationships between
the particle size and material and the biocorona composition were not achieved, the
preliminary results obtained in this work could form a foundation for future in situ
study of material-biology interaction. Further development is needed to capture the

true in situ composition of the particle coat.
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7 Summary and future work

This work developed the first matrix- and label-free in situ assignment of undigested
proteins using 3D OrbiSIMS for applications focusing on the interface between
biology and synthesised materials. The findings represent a step change in the
capabilities for biological analysis, providing the opportunity to move forward a
range of scientific research areas including understanding the molecular mechanism
of diseases, the development of medicines and the organism reaction to implanted
medical devices. Fragmentation induced by Arsooo* primary beam resulted in spectra
containing large (m/z > 500) ions, which can be used for de novo sequencing protein
identification and this approach was termed ballistic sequencing. From 5 to 53% of

the sequence was assigned in 16 analysed proteins up to 272 kDa in size.

The chemical specificity of ions assigned by this approach allowed identification of
common and distinct peaks in the spectra of similar proteins, bovine serum albumin
and human serum albumin. The results were compared with classical proteomic
methods and 3D OrbiSIMS analysis showed similarities and differences from the
most commonly used low energy collision induced ionisation and analogous peak
types were present in both positive and negative spectra. Specifically, the ballistic
sequencing resulted in a, b, c and a-NHs ions at the N-terminus of the amino acid
sequence, Yy, z and x ions at the C-terminus as well as ions from sequences in the
middle of the protein chain. The assignments were confirmed by the MS/MS
capability of the 3D OrbiSIMS. The lateral resolution of the ballistic sequencing was
assessed by masking the protein film with a TEM grid, achieving 10 um distance

between the 16% intensity to 84% intensity of the sum of protein fragment ions.
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Characteristic features such as proton, ligand or cell-binding sites were detected in
the analysed proteins, which could improve the confidence in untargeted protein

identification and could be applied to studying protein-ligand interactions.

Fragments of abundant proteins were assigned in complex biological mixtures such
as human serum and corneodesmosin, keratin and collagen were mapped across
human skin. Additionally, the analysis of a biochip revealed that highly specific
lysozyme fragments can be assigned in the 3D OrbiSIMS spectra a protein
monolayer sample. This finding demonstrates broad applications of the ballistic
sequencing in areas crucial to health, medicine and medical devices development,

particularly samples with pico- or femtomolar amount of protein on the surface.

A reproducible method of manufacturing monodisperse PLGA micro- and
nanoparticles using microfluidics was successfully developed for subsequent in situ
investigation of protein adsorption on the surface of the particles using 3D
OrbiSIMS. A reliable size tuning was achieved in a range between 120 - 250 nm and
5 - 20 um and the impact of the surfactant and hydrophobic polymer on the size and
surface characteristics of the particles was assessed. One characteristic human serum
albumin fragment and multiple serum lipid ions were detected in the cryo OrbiSIMS
spectra of the PLGA particles incubated with human serum. The detected fragments
may originate from the surrounding solution rather than from the surface of the
microparticles and further method development is needed to capture the true in situ
composition of the particle coat. However, 3D OrbiSIMS analysis of human serum
albumin solution in cryogenic conditions resulted in enhanced detection of highly
specific protein fragments, compared to room temperature analysis. This finding
demonstrates the capability to analyse proteins in native state and a potential to
observe proteins on the surface of the particles in the future.
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Further development of the ballistic sequencing method should include investigation
of the limits of detection, lateral and spatial resolution for model samples and the
matrix effect causing suppression of protein fragments in complex mixtures.
Extension of the benchmark of proteins studied in this work together with
computational data analysis of the 3D OrbiSIMS datasets can help understand
protein fragmentation under Arsooo”, improve confidence in the automated sequence
assignment described in Section 4.2.2 and enable high throughput protein analysis.
3D OrbiSIMS analysis of peptides and employment of different argon cluster sizes is
also expected to improve understanding of ballistic fragmentation. The potential to
apply this method to other aspects of proteomics, such as analysis of insoluble
proteins, detection of post translational modification or protein-protein interactions
and biopolymer analysis (such as DNA, RNA or polysaccharides) should also be

explored.

Moreover, future studies should include considerations of the mechanism of the
increased detection of large C- and N-terminus sequences in the cryo OrbiSIMS
spectra. The mechanism may be related to the presence of water, which is known to
enhance ionisation of molecules in SIMS (Section 1.2), reduced fragmentation due to
the frozen state of the sample or the native state of the protein as opposed to dried
denatured protein films. Investigating these mechanisms would involve preparation
of a series of diluted samples as well as dry protein film and denatured protein in

cryogenic conditions.

Further work towards in situ analysis of biocorona should focus on the following
aspects: firstly, thin samples of few layers of particles should be deposited into the 6
mm planchettes and frozen by plunge-freezing in liquid nitrogen. Such preparation
would benefit from large sample area while maintaining the particles exposed close
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to the sample surface. Secondly, optimisation of particle incubation and washing.
Parameters such as temperature, time of incubation and particle concentration should
be controlled and altered to assess the impact of these changes. Post-incubation
washing procedure should be optimised to avoid harsh removal of the proteins from
the surface of the particles. Large cut-off dialysis is suggested for this purpose.
Further, the impact of particle size and chemistry, such as hydrophobic, hydrophilic
character, presence of targeting molecules or protein pre-coating on the composition
of the biocorona should be assessed. For this the different particles developed in

chapter 3 could be used.
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