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“When things are large, they are what they are.  
When they are small, it’s a different game:  

they are what our measurements make them.” 
 

– George M. Whitesides,  
No Small Matter. Science on the Nanoscale (2009) 
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Nanoparticles administered into the body are rapidly covered by biomolecules and assume 
a biological identity that mediates their biological interactions. Methodological constraints 
have limited our ability to study the formation of this “protein corona”. To increase our 
understanding of its formation and evolution in different biological environments, and 
hence improve the safety and efficacy of nanomedicines, there is a need for non-invasive and 
label-free methods that better mimic the conditions inside the human body. This thesis 
describes the development of a novel label-free workflow to determine the structure and 
composition of the hard and soft corona on liposomes. Multi-parametric surface plasmon 
resonance is adapted to probe corona structure without interference, including the soft 
corona of loosely bound proteins. Microfluidics is used to elute the corona subsections for 
proteomics analysis of their compositions by nanoliquid chromatography tandem mass 
spectrometry. The in vivo relevance of the method is improved by the use of undiluted 
biological fluids under dynamic flow conditions.  

The workflow was applied to the preclinical development of pH-responsive and light-
activated liposomes intended for tumour targeting and ocular drug delivery. A novel 
hyaluronic acid (HA)-coated liposome was also synthesized. The results indicate that thin 
and sparse monolayer hard coronas form on the liposomes in plasma and vitreous. It is 
covered by a soft corona of monolayer thickness in plasma, but in vitreous, the soft corona 
is less defined. Formulation-dependent differences in corona structure and relative protein 
composition were observed in plasma, and the liposomes clustered based on their surface 
charge. In vitreous, corona composition was independent of formulation properties. In both 
environments, there is a high overlap in hard and soft corona compositions, and the most 
abundant proteins are predominantly hydrophilic and negatively charged irrespective of 
liposome properties. A common set of surfactant and immune system associated proteins 
adsorbs in both plasma and vitreous, possibly in response to the high surface free energy of 
lipid bilayers, labelling them “non-self” lipid particles.  

However, liposomal lipids induced the enrichment of stealth-mediating proteins in 
the plasma hard coronas regardless of pegylation. These also enriched in the soft coronas of 
most other formulations, suggesting that the soft corona is part of the biological identity and 
modulated by liposome surface properties. Protein-specific, rather than formulation-
specific factors, are drivers of protein adsorption in the vitreous, possibly due to the 
molecular crowding activity of structural HA. Although the HA-coated liposome bound more 
proteins in vitreous, which may interact with its structural meshwork, corona formation did 
not significantly influence the vitreal mobility of HA or PEG-coated anionic liposomes. The 
HA-coating yielded improved plasma stability of the light-activated liposomes with 
otherwise comparable properties, making it a promising coating for both intravenous and 
ocular drug delivery applications.  

The workflow addresses significant methodological gaps in the research field by 
providing information on truly complementary hard and soft corona compositions together 
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with their in situ structural properties. This is achieved with undiluted biofluids and under 
dynamic conditions without the use of interfering labels. The first description of vitreal 
corona formation on drug delivery systems contributes to our understanding of ocular 
pharmacokinetics. The method was also applied to determine the kinetics of opsonin 
binding directly on liposomes for the first time. The convenient and easily reproducible 
workflow is well-suited for the preclinical development of liposomes, and it can be combined 
with other omics methodologies and adapted to accelerate the preclinical development of 
different types of nanomedicines. 
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Nanomedicine is the use of nanotechnology in human disease-related applications, founded 
on our developing understanding and control over matter with at least one dimension below 
100 nm [1,2]. These include efforts to develop novel systems for drug delivery, diagnostics, 
and from imaging to vaccines and antibacterials, making use of a vast variety different 
nanoparticle (NP) chemistries [3]. Most nanomedical applications are designed to interact 
with biological processes or studied with methods that operate on the nanoscale, up to 1000 
nm, and commonly exceed the 30 nm upper limit for the emergence of quantum phenomena 
[3,4]. The defining feature of nanoscale objects is their ability to demonstrate new properties 
that emerge during the transition of the same material from molecular to bulk dimensions, 
which can be exploited for therapeutic effect and improving patient outcomes [3,5]. 

For instance, drug delivery systems (DDS) can be used to address formulation and 
delivery challenges that result from poor drug solubility, drug or excipient toxicity, 
sensitivity to degradation, and short half-lives [1,6]. This makes DDS an attractive approach 
to improve therapeutic indices by changing drug biodistribution [7]. Their appeal has 
increased in response to the “curse of attrition” facing the pharmaceutical industry, where 
pharmacokinetic and toxicity issues associated with the inherent physicochemical 
properties of small molecule drugs rank among the top causes of failure for investigational 
new drugs [8,9]. Biological drugs that are highly potent, but often poorly permeable and 
sensitive to degradation, also benefit from “re-engineering” with DDS [9]. They can be 
engineered to allow spatio-temporal control over drug accumulation and release at the 
target site in response to internal (e.g. enzyme, microbe, ionic strength, pH) or external 
triggers (e.g. ultrasound, magnetic field, light) [10,11]. Nanomedicines may also differ 
significantly in their fundamental approach to solving delivery or formulation challenges: 
some emphasize simplicity over complexity, such as passively-targeted liposomes compared 
to multistage delivery systems, for instance. Others choose to leverage biological barriers for 
therapeutic benefit instead of attempting to overcome them – cancer immunotherapy in 
comparison to “stealth” nanoparticle technologies being the prime example [5]. Not 
surprisingly, the number of publications covering these developments has soared, with 1600 
publications annually on DDS alone (Fig. 1A). While many publications highlight the 
complex applications that advance the state-of-the-art, it is noteworthy that liposomes are 
still the most common type of DDS entering clinical trials [12]. Reasons for their enduring 
popularity include high biocompatibility, versatility, accumulated clinical experience, and 
advantageous manufacturing economics due to their robust production with a limited 
number of components, which is easy to scale up to industrial-level manufacturing. 
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Figure 1. Annual number of publications on PubMed based on the indicated keywords between 
2007 and 2018 (*) and drug delivery; **) and nanoparticle). Accessed 10 Oct 2019. 
 
Age-related macular degeneration (AMD) is one of the leading causes of blindness in the 
Western hemisphere and its prevalence is estimated to increase from 50 to 300 million by 
2040 [13]. Other diseases that may cause blindness include glaucoma [14], choroidopathy 
[15], retinopathy [16], and retinoblastoma [17]. However, drug delivery to the posterior 
segment of the eye is difficult and intravitreal injections are commonly needed to treat 
diseases of the retina [18]. For instance, in the treatment of AMD, the anti-VEGF 
monoclonal antibodies ranibizumab (Lucentis�, Novartis/Genentech) and bevacizumab 
(Avastin�, Genentech/Roche) require administration every four weeks, which is 
uncomfortable for the patient [19]. By allowing controlled drug release over extended 
periods, biologicals and other DDS-formulated ocular drugs can be administered less 
frequently, and research efforts to this end are increasing steadily (Fig. 1B). Light-triggered 
DDS are particularly useful in ocular applications, since the natural accessibility of the retina 
to light allows spatio-temporal control over drug release from intravitreally or intravenously 
(i.v.) administered systems using external light sources [20,21]. Lasers are routinely used to 
treat many ophthalmological diseases of the retina and choroid, and therefore the DDS can 
be administered and triggered during a visit to the ophthalmologist. While the i.v. route 
further improves patient compliance and decreases the risk of ocular infection, it may result 
in immune system activation, and increased clearance and safety concerns alongside 
[18,22]. Immunotoxicity reactions such as anaphylaxis, allergies, and hypersensitivity 
reactions are a common reason for drug withdrawals that affected ~20% of clinically-used 
drugs between 1969 and 2005 [22]. Since commonly used DDS resemble the invading 
pathogens that our immune system has evolved to deter, pre-clinical studies to assess their 
immunogenicity are of paramount importance (Fig. 2) [23]. Nanotoxicology has emerged as 
a discipline that strives to understand nanomaterial-associated toxicities and to develop 
approaches for their prediction during preclinical development [24–26]. 
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Figure 2. Cryo-TEM images of the a) first clinically-approved drug delivery system Doxil� (Caelyx�) 
and b) human immunodeficiency virus 1 virions. Reproduced with permission from [23]. 
 
Although several DDS have been successfully translated to the clinic, the advantage they 
provide over the free drug is often insignificant due to a number of biological delivery 
barriers. For instance, in drug delivery to solid tumours, a meta-study of 117 publications 
reported that only 0.7% (median) of the dose reaches the target site of drug action [27]. 
Others soon noted that this is 10-100 times more than the accumulation of the free drug, 
and many novel DDS have displayed better performance in clinical trials (~2%) [28]. 
Perhaps this is the reason why one argument in the original paper received less attention – 
that to improve the clinical translation of nanomedicines, the delivery efficiencies should be 
at least ~10% [27]. One delivery barrier that is receiving increasing attention, and may hold 
the keys to overcome the order of magnitude gap, are the events occurring at the “nano-bio” 
interface of NPs [29–31]. Following administration, NPs adsorb biomolecules on their 
surface, which forms a biological identity that governs their interactions in biological 
systems [27,32,33]. It expands the traditional concept of opsonisation, the labeling of NPs 
as “non-self” by immune system proteins to facilitate phagocytosis [34], towards a plethora 
of other and possibly more complex biological pathways. This spurred the need to develop 
novel methods to study the acquired biological identity non-invasively and with high detail, 
in an effort to understand the connection between the synthetic NP properties and the 
ensuing biological responses [30,31]. Nanotoxicologists, in particular, have voiced the need 
for preclinical in vitro methods that are label-free and replicate the in vivo environment in 
humans to a sufficient degree to allow the prediction of potentially hazardous biological 
responses [35]. In regards to ocular drug delivery, protein corona formation on DDS has not 
been studied in the ocular environment.    

The overview of the literature covers the relevant research until 2017, prior to 
publications I and II that describe the development of a novel workflow to study this 
acquired biological identity, which addresses significant methodological gaps and is 
designed to accelerate the preclinical development of nanomedicines. Publications III and 
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IV cover its direct application to the development of DDS. These contain the first 
descriptions of corona structure and protein composition on drug delivery systems in an 
ocular environment. The findings are discussed against the backdrop of a comprehensive 
review on ocular drug delivery and especially the chapter on the immunological properties 
of the eye, which is included as publication V. 
 
 
!���	���	������	�
��	�����	�
 

2.1 Liposomes

 

Liposomes were first described in the 1960s by Alec Bangham, R.W. Horne, and Gerald 
Weissmann [36,37]. They are spherical vesicles with diameters ranging from 20 nm to 
several micrometres, composed of amphiphilic phospholipids, commonly 
phosphatidylcholine or phosphatidylethanolamine with one or two alkyl substituents 
[6,38,39]. As a result of hydrophilic interactions between the polar phosphate headgroups 
and van der Waals interactions between the alkyl chains, the lipids spontaneously assemble 
to form 4–7 nm bilayers that separate an internal aqueous space from the external solvent 
(Fig. 3). Hydrophobic and hydrophilic cargo can be loaded into the bilayer and the inner 
compartment, respectively. Retention of highly hydrophobic drugs (e.g. paclitaxel) inside 
the liposomes is difficult, although drugs that precipitate at high concentrations have shown 
improved retention (e.g. doxorubicin) [6]. Liposomes are classified based on the number of 
concentric bilayer spheres into small unilamellar vesicles (SUV), large unilamellar vesicles 
(LUV), and multilamellar vesicles (MLV) based on their size and number of bilayers 
(lamellarity) [6]. 
 

 
Figure 3. Structure of unilamellar liposomes used in drug delivery. PEG: polyethylene glycol. From 
Kari [40], originally published by Frontiers under CC-BY 4.0 [41]. 
 
Liposomal drug delivery systems are typically SUVs with diameters under 100 nm, 
composed of zwitterionic lipids that provide a neutral surface charge [42]. Their advantages 
include high biocompatibility, stability, and drug loading capacity [42]. Liposome efficacy 



   

 18 

depends on the loading capacity and release of the drug, which is primarily dependent on its 
physico-chemical properties: hydrophobic drugs release more easily than hydrophilic drugs 
[6,11]. Since drug release is a function of membrane permeability or “leakage” through the 
bilayer, it can be tuned by modifying its lipid composition and properties [6]. The lipid phase 
transition temperature (T�), where the rigid gel-phase changes to the more permeable liquid 
crystalline phase, increases with higher alkyl length and saturation [43]. High T� 
phospholipids consisting of long saturated hydrocarbon chains are generally used for drug 
delivery applications (e.g. stearoyl phosphocholines and phosphoethanolamines). The net 
charge can be changed by the addition of cationic or anionic lipids, and the formulations 
commonly contain cholesterol to reduce leakage and polyethylene glycol (PEG)-
functionalized phospholipids to prolong blood circulation times [42,44]. Alternatives to 
PEG include the hydrophilic polymers hyaluronic acid (HA), sialic acid, and starch [45]. 
Liposomes can also be functionalized with targeting ligands to improve their accumulation 
to the target site or selective uptake into target cells (e.g. folate, transferrin) [46]. 
 Liposome production is robust: phospholipids are mixed with a volatile organic 
solvent (e.g. chloroform and methanol), followed by solvent evaporation and rehydration of 
the lipid film with buffer [42]. The MLVs formed are extruded through a polycarbonate filter 
at a temperature above Tm to produce SUVs of the desired diameter. In addition to the thin 
film hydration technique, SUVs can also be obtained using reverse phase evaporation or 
microfluidic mixing, and sonication can be used to control liposome size [47,48]. Extrusion 
was a significant advancement, since it improved the drug loading efficiency and 
monodispersity of the SUVs [6,49]. The number of passages through the filter and the 
applied pressure influence the size distribution [6]. 
 
2.1.1 Liposomes as drug delivery systems 
 
The first successful example of drug delivery in patients was obtained in the 1970s, when 
liposomes were shown to improve the delivery of cytotoxic agents to metastatic cancer cells 
[50]. Responsive DDS, which release their cargo in response to changes in temperature, pH, 
or ionic strength were introduced in the 1980s [51]. The pegylated liposomal formulation of 
doxorubicin, Doxil� or Caelyx�, was the first nanomedicine to receive regulatory approval 
from the Food and Drug Administration (FDA) in 1995 and the European Medicines Agency 
(EMA) in 1996 for the treatment of Kaposi’s sarcoma [52,53]. A list of clinically approved 
liposomal formulations is provided in Table 1. The additional details highlight the simplicity 
of the lipid composition of the industrially produced formulations and the benefits of 
encapsulation with toxic drugs. However, there are also concerns with liposomal DDS that 
relate to their stability, sterilization, batch-to-batch variation and other production 
irregularities such as drug loading or accurate control over their size [7]. 
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Table 1. Liposomal drug formulations in clinical use in the order of regulatory approval by 2016. API: active 
pharmaceutical ingredient; DMPC: dimyristoyl phosphatidylcholine; Egg PC; egg phosphatidylcholine; Egg 
PG: Egg phosphatidylglycerol; Egg SM: Egg sphingomyelin; HSPC: hydrogenated soy phosphatidylcholine; 
DOPC: 1,2-Dioleoyl-sn-glycero-3-phosphocholine; DPPG: 1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-(1-
glycerol); DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE-PEG2000: 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000; DSPG: 1,2-distearoyl-sn-glycero-3-
phosphoglycerol. Modified from [54].  
Year Product API Formulation Indications 

1995 
 

Doxil�/Caelyx�, 
Johnson & 
Johnson 

Doxorubicin HSPC, DSPE-PEG-
2000, cholesterol  

Kaposi's sarcoma, breast and 
ovarian cancer, multiple 
myeloma (+ bortezomib)  

AmBisome®, 
Gilead  

Amphotericin 
B 

HSPC, DSPG, 
cholesterol 

Leishmaniasis and fungal 
infections 

Abelcet�,  
Enzon 

Amphotericin 
B 

Sodium cholesteryl 
sulfate 

Aspergillosis 

1996 
 

DaunoXome�,  
Galen 

Daunorubicin DSPC, cholesterol Kaposi's sarcoma 

Amphotec�, 
Intermune 

Amphotericin 
B 

Sodium cholesteryl 
sulfate 

Aspergillosis 

1999 
DepoCyt�,  
Pacira 

Cytosine 
arabinoside 

DOPC, DPPG, 
cholesterol, triolein 

Lymphomatous meningitis 

2000 
 

Myocet�,  
Cephalon 

Doxorubicin Egg PC, cholesterol Breat cancer  
(+ cyclophosphamide) 

Visudyne�,  
QLT 

Verteporfin Egg PG, DMPC Wet AMD 

2001 
Lipo-Dox�, 
Taiwan Liposome 

Doxorubicin DSPC, DSPE-PEG-
2000, cholesterol 

Kaposi's sarcoma, breast and 
ovarian cancer 

2004 
DepoDur�,  
Pacira 

Morphine 
sulfate 

DOPC, DPPG, 
cholesterol, triolein, 
tricaprylin 

Post-surgical pain 

2012 
Marqibo�,  
Talon 

Vincristine Egg SM, cholesterol Acute lymphoblastic leukemia 

 

2.1.2 Light-activated liposomes  
 
Since passive drug release from liposomes can be insufficient and unpredictable, more 
complex liposomal DDS that change their properties in response to laser irradiation have 
been introduced to permit enhanced release [11,21,46,55–57]. Activation of drug release can 
result from the conversion of light to heat or a photochemical reaction such as cleavage, 
isomerization, polymerization, or oxidation [56]. The reacting molecule can be a 
photoreactive structural phospholipid (e.g. azobenzene-modified), a small-molecule light 
sensitizer (e.g. cyanine dye, chlorophyll), or a metal nanoparticle [11,56]. Gold NPs are 
commonly used due to their availability in different sizes and shapes, but small gold NPs 
(<<30 nm) absorb light at wavelengths under 400 nm that penetrate tissues poorly and may 
damage the DNA [11,58]. In thermosensitive liposomes, this results in a localized increase 
in temperature that destabilizes the lipid bilayer [57,58]. These reactions can be controlled 
by modulating the intensity, wavelength, and size of the laser beam together with exposure 
time [11].  

Near-infrared (NIR) lasers (780-2500 nm) show high tissue penetration due to low 
molar absorptivity [11,56]. Due to their safety, they can be used to activate drug release in 
superficial organs (e.g. muscle, skin, eye) as well as in deeper tissues with light guides. If the 
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reaction is irreversible, the DDS is considered “single-use”, while “multi-switchable” 
systems have been developed to permit intermittent burst-release over time [56]. 
Indocyanine green (ICG) is a fluorescent NIR contrast agent approved by EMA and FDA for 
use in angiography and lymphangiography, with a molecular weight of 775 Da [59]. In blood, 
ICG is 98% bound to proteins, has a tendency to aggregate, and is rapidly degraded as a 
result of oxidation or eliminated by the liver (t� < 4 min), but its stability can be improved 
by liposome encapsulation [60,61]. Since ICG is amphiphilic, it can loaded into the bilayer 
or complexed with the hydrophilic polymers on the liposome surface to convert light to heat 
for the release of small (4 kDa) or large molecules (10 kDa) [20]. A 800 nm NIR laser can be 
used for light activation, since the absorption maximum of ICG is 785 nm in monomeric and 
690 nm in aggregate state [62,63]. The concept of spatio-temporally controlled ocular drug 
delivery with liposomes is depicted in Fig. 4.  

 

 
Figure 4. Concept of ocular drug delivery using light-activated liposomes that permits spatio-
temporal control over drug release and higher drug concentrations at the target site. 
 
2.2 The protein corona 

 
In a biological environment, NPs adsorb biomolecules to form the protein corona (PC) that 
is composed of proteins and peptides [29,64–68], lipids [69,70], glycosyl moieties [71], 
metabolites [70,72], and possibly nucleic acids [72]. First reports on protein film formation 
emerged already in 1925 and experiments conducted in the late 1950s had noted the 
tendency of blood proteins to adsorb on artificial surfaces [73,74]. These observations 
formed the basis for the first description of the dynamics of protein adsorption on artificial 
surfaces by Leo Vroman in 1962 [75]. The connection between protein adsorption on 
liposomes and their blood clearance was established in the early 1990s [76], which led to the 
first report on protein adsorption patterns obtained using two-dimensional poly-acrylamide 
gel electrophoresis (2D-PAGE) [77]. Diederichs et al. also proposed in 1996 that adsorbed 
proteins could be used to target DDS to specific tissues [77]. Significant landmarks in the 
evolution of the decades old observations into a research discipline were, firstly, the 
systematic efforts by Prof. Kenneth Dawson’s laboratory in 2007-2008 to introduce the 
concept of the “protein corona” along with methods to quantify these interactions [32,78], 
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followed by the seminal publication by Nel et al. [29] that shifted the focus from NP-
biomolecule interactions towards understanding the biological implications of corona 
formation (Fig. 5). In 2010, Walzcyk et al. [66] remarked that the NP-PC complex is actually 
“what the cell sees” [79] and Monopoli et al. coined the term “biological identity” two years 
later [68]. It has become clear that PC formation concerns all nanomaterials intended for 
biological applications [25,29]. 

 
Figure 5. Number of annual publications on the protein corona (PC) in PubMed and the seminal 
publications in the field. Accessed 5 Dec 2017. Reproduced from Kari [40]. 
 
The influence of the “bio-nano-interface” [35,80] on the biological fate of NPs has been 
clearly demonstrated [65,66,81,82]. Biodistribution is influenced by several mechanisms, 
including changes in NP size, charge, and aggregation properties, by masking of surface 
targeting moieties, and through interactions with biological pathways [29,30,72]. The PC 
mediates the cellular interactions and uptake of NPs [66]. Notably, the same corona 
composition may induce different responses in different cells [79]. Controlled or externally-
triggered release may also be influenced by the PC [83], in particular in liposomes with 
hydrophilic drugs, and the adsorbed proteins may accelerate NP dissolution depending on 
the chemistry (e.g. metal oxides) [29]. The PC influences nanoparticle accumulation in 
different biological compartments, their biodegradation, clearance, direct cytotoxicity, and 
immunogenicity [72]. However, most of the experimental evidence is based on individual 
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proteins or coronas produced by simple protein mixtures that do not replicate the biological 
responses observed in vivo [84–86]. Also, our understanding on the role of the “non-
proteins” in the corona is currently lacking and it is too early to estimate the relative 
contribution of different biomolecules in the ensuing biological interactions [86]. Thus, the 
discussion henceforth is limited to the protein components of the corona. 
 
2.2.1 The emergence of a biological identity 
 
PC mediates biological interactions as a result of the spatial repetition of the same protein 
species, which leads to avidity effects [31,32]. However, since adsorption is a stochastic 
process, most proteins of the same species appear on the surface randomly and may not be 
present in the correct orientation [87]. Also, protein conformation may be altered as a result 
of adsorption to the nanomaterial surface. Typically, these conformational alterations are 
irreversible (denaturation) and occur on proteins that lack strong internal stabilizing forces 
(e.g. salt bridges) that come into contact with charged or hydrophobic surfaces [31]. To 
release free energy, proteins in the corona may also change conformation or arrange into 
multiprotein structures as a result of nucleation, crowding, or fibrillation [29]. As a result, 
cryptic epitopes may become exposed, causing unforeseen immune responses. Deng et al. 
[84] were first to demonstrate that the adsorption of fibrinogen to anionic poly(acrylic acid)-
conjugated gold nanoparticles induced its unfolding, which in turn promoted an interaction 
with the integrin receptor Mac-1 on human monocytes that resulted in inflammatory 
cytokine release. Most of the PC is retained following cellular uptake [88,89], and it may 
therefore participate in intracellular interactions [90]. It is still unclear to what extent the 
corona influences intracellular trafficking and how it may change as a result of processing 
by organelles. For instance, Wang et al. [88] reported that the PC is degraded inside 
lysosomes, which may either unmask the properties of the nascent NP (e.g. charge exposure) 
or result in a modified “lysosomal corona”. If no processing by cellular organelles takes place 
during the passage through different intracellular compartments, the extracellular PC may 
be retained [30]. Considering that some proteins are tightly bound to the NP surface and are 
not removed by washing steps, it is reasonable to assume that at least some of the proteins 
that have bound upon administration are retained until the NP-PC complex is fully degraded 
or excreted depending on NP chemistry. 
 
2.2.2 The relational approach to study the biological identity 
 
The biological identity conveyed by the PC therefore differs from the synthetic identity of 
the nascent NP [31,87]. Even with detailed knowledge of the physicochemical properties and 
the biological environment, it is currently not possible to predict the nature of the corona or 
the behaviour of NP in a biological system; the NP-PC is therefore a highly complex entity 
that emerges as a result of the interacting components (i.e. the nature of the nanomaterial 
and the biomolecules) and the reaction conditions (i.e. influence of pH or temperature). A 



   

 23 

relational approach is therefore required to understand NP behaviour following 
administration, which connects the NP synthetic properties to the biological identities 
acquired under different conditions, and these to the ensuing biological responses post hoc 
[31,87,91]. Since the synthetic properties may remain biologically accessible and also 
directly influence biological behaviour, it is important to note that the NP-PC, rather than 
the PC alone, is the epitome of the biological identity.   
 
2.2.3 Dynamics of protein corona formation 
 
The adsorption of proteins to NPs is a dynamic process that is driven by diffusion and the 
high surface free energy of nascent nanomaterial surfaces, since “coronation” reduces the 
surface free energy of the solid-liquid interface [29,31]. The mechanism of interaction 
depends on the physicochemical properties and the relative amount of the binding species. 
It can be characterized by the time-dependent adsorption (k��) and desorption (k���) process 
parameters, the ratio of which is the dissociation constant KD that describes the affinity of 
the molecule for the nanomaterial surface (Eq. 1) [30]. With more than one interacting 
species, biomolecules compete for the available binding sites by means of their K� [30]. 
Typically, highly abundant and mobile proteins have high k�� values, and high affinity 
proteins have low k��� values. The binding affinities towards nanomaterial surfaces 
determined for isolated proteins in equilibrium are in the range of antibody-antigen binding 
(K�s ≈ 10�� to 10�	 M), which is a highly selective process [30,31]. Water molecules and ions 
occupy most of the volume in the PC and have a substantive role in protein adsorption 
processes [92]. Thermodynamic stabilization mechanisms, such as crowding and 
conformational changes, eventually “harden” the adsorbed proteins into a minimum energy 
state where binding becomes irreversible [29,93,94]. 
 
Equation 1: �� � ������� 

 
The Vroman effect postulates that the highly abundant and mobile proteins are the first to 
bind an artificial surface, but they can be replaced at any time by a higher affinity protein, 
regardless of its abundance, that is then retained for a longer time [75,95]. The main 
descriptors that influence this continuous exchange process are the protein diffusion 
coefficients (D) and the protein concentrations relative to the active surface area available 
for binding. This suggests that the PC is highly dynamic, first composed of weakly interacting 
but highly mobile smaller proteins with a high-abundance in the biological medium. Over 
time, the composition would gradually shift towards high-affinity, but low-abundance and 
low-mobility proteins with higher diameters, without inducing a significant change in the 
total amount of adsorbed proteins. The Vroman effect is arguably the most well-known 
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description of plasma protein dynamics, and has been used as the foundation for many of 
the earlier dynamic models of PC evolution by Monopoli et al. [68] or Walkey and Chan [31], 
for instance. However, since the Vroman effect model is based on only a limited number of 
interacting proteins, it does not accurately predict protein adsorption in more complex 
environments such as plasma [30,75]. Tenzer et al. [81] demonstrated in their influential 
2013 paper that the corona composition on 20 nm, 30 nm, and 100 nm silica nanoparticles 
after a 30 sec incubation is retained qualitatively and only changes quantitatively over time. 
The rapid formation of a “protein fingerprint” is a sensible proposition, since physiological 
systems are highly dynamic and have evolved to “react instantly” to preserve homeostasis 
[30,81]. They also demonstrated the complexity of the NP and time-specific coronas, 
composed of nearly 300 different proteins with distinctly different adsorption profiles [81] 
– in disagreement with Vroman’s early observations. The Vroman effect model and the new 
model on PC formation and evolution are compared in Fig. 6.  
 

 
Figure 6. The new model and the old Vroman effect model on the formation and evolution of the 
PC. The approximate protein monolayer thickness is indicated by the dashed line. Early phase (0 
to 30 sec): According to the new model, a complex corona with multiple shell structures forms 
rapidly, whereas the old model postulated a slowly evolving corona with low complexity. Late phase 
(hours to days): According to the new model, the corona is stable and changes mainly 
quantitatively over time with Vroman-dependent and independent kinetics. The old model assumed 
a highly dynamic PC that changed significantly over time with Vroman-dependent processes. 
Modified from [30]. 
 
According to the “distinction hypothesis”, the PC can be divided in the hard (HC) and soft 
corona (SC) subsections based on binding affinities and exchange rates [30,72] (Fig. 7). The 
HC forms immediately and evolves slowly over time, composed of a limited number of 
proteins that display high affinities for the NP surface [32,81]. HC exchange times are on the 
scale of hours, longer than it takes for the first cells to internalize the coronated NPs [96]. 
The SC is more dynamic, formed by loosely-interacting proteins with exchange rates on the 
scale of seconds to minutes, which interact with either the NP surface or the HC with weak 
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protein-protein interactions [30,78,96]. Since the SC is characterized by constant exchange, 
its composition may change during transit from one compartment to another depending on 
the medium and enzymatic activity. Alternatively, the distinction can be made based on a 
spatial definition, where HC is the inner layer and the SC as the outer layer, which is 
compatible with imaging-based studies [30]. Instead of a distinct layer of proteins, the SC is 
better described as a “protein cloud” surrounding the NP [30]. While some earlier reports 
also made the distinction based on maturity, where the SC formed within minutes evolves 
into a stable HC over the course of hours [97,98], it has become clear that this description 
oversimplifies the dynamics of corona formation. For clarity, it should be noted that the 
related concepts of “hard” proteins, which retain shape and function, and ”soft” proteins 
that lose them following adsorption are used in associated literature [99].  
 

 
Figure 7. The distinction hypothesis divides the PC into the inner HC composed of slowly 
exchanging and high-affinity proteins, surrounded by a rapidly exchanging SC of low-affinity 
proteins that interact with the nascent NP or the HC. Modified from Corbo et al. [72]. 
 
Most conjectures on PC dynamics are based on in vitro studies, where the HC is the 
“analytically accessible” part of the corona, whatever remains on the NPs after sample 
processing [30]. The distinction hypothesis is considered controversial by some researchers, 
possibly as a result of the analytical inaccessibility and diffuse definition of the SC [30]. A 
2012 review of literature by Walkey and Chan [31] established the range of reported ex vivo 
HC thicknesses from 21 nm on 30 nm gold nanoparticles to 35.3 nm on hydrophobic 200 
nm polystyrene nanoparticles. Since the size range of plasma proteins is 3-18 nm [100], this 
suggests the HC is multi-layered or clustered. Although the morphological properties of the 
PC are to a large extent unknown [30,101], it has been demonstrated that the PC 
composition and morphology is different in vivo and in vitro [101].  
 
2.2.4 Factors that influence protein corona formation  
 
Several NP and experimental factors that influence corona formation have been identified 
(Table 2). For instance, it is not surprising that subtle changes in temperature influence PC 
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composition [102], since the process is driven by favourable thermodynamics [31]. However, 
it has been established that none of the properties listed below is able to control PC 
formation on its own [30,81]. The effect of these factors on corona morphology has received 
less attention. 
 

Table 2. NP properties and experimental factors that influence PC composition. 
Factors References 

NP properties 
Shape, size, and curvature [32,66,78,81,103–109] 
Surface topology  [110,111] 
Surface charge (zeta potential) [32,81,108,112–114] 
Surface hydrophobicity [32,97,105] 
Surface chemistry or functionalization [78,81,108,115] 
Aggregation state [112] 
Experimental setup 
Protein concentration of biological medium or concentration ratio with NPs [97,116,117] 
Source of the biological medium and donor properties (species, blood fraction, 
gender, age, and health status) [118] 

Composition of biological medium [65] 
Medium pH (effect on protein conformation) [119] 
Exposure time [32,66,81] 
Temperature [102] 
Method of NP-PC separation and washing steps [107,120] 
Flow [106] 
In vitro versus in vivo [106] 

 
 
2.3 Protein corona formation on liposomes 

 
2.3.1 Morphology 
 
Hadjidemetriou et al. [101] studied corona formation on bare, pegylated, and antibody-
targeted pegylated Doxil® replica liposomes in vivo and in vitro in mice. The PC influenced 
their targeting capability and biological performance. Mean diameters of 119.5 ± 5.3 nm 
were reported for the pegylated liposome in buffer, versus 114.0 ± 1.2 nm after PC formation 
in vitro and 101.0 ± 2.4 nm in vivo (Fig. 8). The diameters of all three different liposomes 
therefore decreased as a result of PC formation compared to bulk measurements using 
dynamic light scattering (DLS). While these may be related to the limitations of DLS [121], 
it has been proposed that this decrease in pegylated liposome diameter could result from an 
osmolarity difference between the hypotonic inner liposome compartment and the 
surrounding biological medium [122]. The “shrinking” of the liposomes was also shown to 
release their cargo by the means of an osmotic process.  
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Figure 8. Transmission electron microscopy images demonstrate the differences in PC morphology 
on bare, pegylated, and antibody-targeted pegylated liposomes isolated after (in vivo) or incubated 
(in vitro) for 10 minutes in mouse plasma. Adapted with permission from Hadjidemetriou et al. 
[101], © 2015 American Chemical Society. 
 
2.3.2 Composition 
 
The in vivo circulating whole blood composition of the PC was molecularly significantly 
more rich compared to its in vitro counterpart incubated for the same duration (10 min) in 
mouse plasma [101]. Table 3 displays the top 20 identified corona proteins on the Doxil� 
replica liposomes in both conditions. Overall, 502 proteins were identified with 47% overlap 
between in vivo and in vitro [101]. However, there was a 10-fold difference (241 vs 24) in 
the abundance of in vivo-specific proteins compared to those observed only in vitro [101]. 
The IgG antibody-targeted pegylated liposomes formed coronas with 542 different proteins, 
which compromised their targeting ability. While the results highlight a clear need for more 
in vivo studies, it is also necessary to develop improved in vitro study setups to facilitate the 
preclinical development of nanomedicines, in line with the 3R principles for animal testing 
(replace, reduce, and refine) [123]. This can be achieved by incorporating the factors listed 
in Table 2 into in vitro setups to improve their “in vivo relevance” [35].   

For example, Palchetti et al. [106] examined the influence of the incubation 
conditions on pegylated liposome coronas, where flow was introduced to mimic blood 
circulation. Following incubation in foetal bovine serum (FBS) under both static (mixing) 
and dynamic (flow) conditions for 90 minutes, they identified 217 proteins in the HCs. Out 
of the total, 108 proteins were common to both conditions, while static resulted in 10 and 
dynamic in 99 unique proteins. The dynamic conditions therefore produced a richer corona 
that was significantly different from its static counterpart, although it did not replicate 
corona formation in whole blood in vivo [101,106]. Most of the adsorbed proteins were low 
molecular weight and anionic species. Interestingly, a more detailed analysis by Tenzer et 
al. [81] had already demonstrated that regardless of the NP zeta potential, the corona is 
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dominated by proteins with a negative charge at pH 7.4, which results in an overall negative 
zeta potential for the coronated NPs. Although the mechanisms are not known, these 
observations question attempts to control PC composition by surface charge. As can be seen 
in Table 3, immunoglobulins and complement system proteins are commonly found in PCs 
(RPA 2-35%), where they act as opsonins to facilitate their elimination [81,106]. 
 

Table 3. Top 20 corona proteins based on their relative protein abundance (RPA) on Doxil� replica 
pegylated liposomes subjected to mouse plasma for 10 minutes in vitro under static incubation conditions 
(orbital shaker) or in vivo. Modified from Hadjidemetriou et al. [101]. Ig: immunoglobulin. 
 In vitro In vivo 

1 Apolipoprotein E 5.74 ± 0.83% Apolipoprotein C-III 4.53 ± 1.67% 

2 Fibrinogen β-chain 4.86 ± 0.45% Apolipoprotein E 3.46 ± 0.81% 

3 α-2-macroglobulin 3.75 ± 0.91% Haemoglobin β-1-subunit 2.89 ± 0.95% 

4 Fibrinogen γ -chai 3.38 ± 1.17% α-globin 1 2.24±0.20% 

5 Protein Fga 3.27 ± 0.44% α-2-macroglobulin 2.15 ± 0.20% 

6 Ig κ chain C-region 2.67 ± 0.38% Haemoglobin β-2-subunit 2.05 ± 0.72% 

7 Apolipoprotein B-100 2.37 ± 0.42% Ig μ chain C-region 1.86 ± 0.19% 

8 Apolipoprotein C-III 2.13 ± 0.18% β-globin 1.64 ± 0.98% 

9 Ig μ chain C-region 2.04 ± 0.43% Apolipoprotein C-IV 1.53 ± 0.61% 

10 Serum albumin Ig μ chain C-
region 

1.75 ± 0.45% Ig κ chain C-region 1.11 ± 0.13% 

11 Haemoglobin β-1-subunit 1.69 ± 0.29% Ig heavy chain V-III region 1.08 ± 0.19% 

12 Haemoglobin β-2-subunit 1.54 ± 0.31% Apolipoprotein A-I 1.04 ± 0.09% 

13 Thrombospondin-1 1.34 ± 0.21% Ig heavy chain V region 0.98 ± 0.11% 

14 β-globin 1.33 ± 0.82% Apolipoprotein B-100 0.97 ± 0.13% 

15 Ig heavy chain V-III region 1.28 ± 0.45% Complement C3 0.92 ± 0.09% 

16 Actin, cytoplasmic 1 1.22 ± 0.18% Serum albumin 0.84 ± 0.09% 

17 Complement C3 1.21 ± 0.15% Apolipoprotein M 0.82 ± 0.14% 

18 Complement C1q subcomponent, 
subunit B 

1.17 ± 0.15% Fibrinogen β-chain 0.77 ± 0.22% 

19 Ig heavy chain V region 1.16 ± 0.28% Vitronectin 0.76 ± 0.11% 

20 α-globin  1.13 ± 0.19% Actin, cytoplasmic 1 0.76 ± 0.11% 
 
2.3.3 Complement-mediated opsonisation and immunogenicity  
 
The complement system is a part of the innate immune system that conducts immune 
surveillance and plays a role in different regenerative and developmental processes 
[34,124,125]. It includes ~35 soluble and membrane-bound proteins that protect the body 
from pathogens by distinguishing between “self” and “non-self”. It therefore complements 
adaptive cellular immunity by priming non-self surfaces with opsonins and by initiating 
inflammatory reactions that facilitate phagocytosis by the mononuclear phagocyte system 
(MPS) [34,125]. Despite its name, this ancient and evolutionally well-conserved cascade also 
guides adaptive immune responses [34]. Complement proteins opsonise NPs by binding 
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their nascent surface or some HC proteins such as albumin [126,127]. The complement 
system has three activation pathways – the classical, lectin, and alternative pathway –   that 
converge at complement protein C3 (Fig. 9). The complement and coagulation cascades are 
interlinked [128]. C3 cleavage is a self-amplifying process, which produces more opsonin 
C3b and anaphylatoxin C3a that activates cellular immune responses effectively [34,125]. 
The formation of convertase enzymes and progression of activation requires the 
participation of several complement proteins (e.g. C2 and C4), factors (e.g. B, D, and P), 
some of which act as complement inhibitors (e.g. I and H), and the co-ions Ca
� and Mg
� 
[34,125]. C3b(H
O) is constantly present in low levels as a result of spontaneous C3 
hydrolysis (“tick-over”). Enzymatic or “tick-over” cleavage exposes an internal thioester on 
C3b, which binds covalently to accessible hydroxyl or amine groups. Although NPs can 
activate the innate and adaptive immune system also in the absence of opsonins [129], the 
covalent surface deposition of C3b and other opsonins increases their clearance rate by the 
MPS [130]. Since co-ions are needed for complement activation, the system is inactive in 
chelator-anticoagulated plasma (e.g. K
-EDTA, citrate, and citrate-phosphate-dextrose), 
while serum or plasma anticoagulated with hirudin and its derivatives such as lepirudin 
contain a functional complement system [131]. Uninhibited complement activation 
culminates in the formation of the terminal cascade complex (TCC; C5b678(9)�), which is 
also referred to as the membrane attack complex (MAC). Since MAC is known to induce 
bacterial lysis by forming membrane pores, it has been proposed that liposomes may also be 
“punctured” by MAC, causing cargo leakage [23,132]. 
 

 
Figure 9. The complement system has three activation pathways that recognize “non-self” surfaces. 
The sequential convertase formation as a result of opsonization is displayed for C3b, which amplify 
the production opsonins and inflammatory mediators (e.g. C3a and C5a). Activation culminates in 
the formation of the terminal cascade complex (TCC) and its soluble form sC5b-9. Reproduced from 
Kari [40]. 
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The idiosyncratic hypersensitivity reactions first reported following pegylated liposomal 
doxorubicin Doxil� administration were found to be non-IgE-mediated and linked to 
complement activation, prompting the moniker complement activation-related 
pseudoallergy (CARPA) [23,133]. Mild to severe symptoms of CARPA were observed in 45% 
of the patients receiving Doxil® for the first time [133]. Binding of the opsonin C3b therefore 
signals that the NP is immunogenic, having a tendency to activate an innate immune 
response [82,125,134]. To extend NP blood circulation times, their surfaces should therefore 
be engineered to repel C3b and other complement components [23,124,125]. For instance, 
while pegylated liposomes can activate the complement system without antibodies against 
PEG [124], this tendency can be suppressed by methylation: methoxy polyethylene glycol 
(mPEG) extends liposomes blood circulation times by reducing the number of hydroxyl 
groups [135]. Complement activation by NPs is commonly assessed based on the soluble 
activation products (e.g. C3a, C5a, and sC5b-9), which can be quantified with commercial 
enzyme-linked immunosorbent assay (ELISA) kits following incubation in human or animal 
sera [136]. However, the kinetics of opsonin binding to NPs have not been determined, 
although potentially useful in predicting immunogenicity. 

Oja et al. [137] found a correlation between the total protein amount on the liposome 
surface and their blood clearance. This may be due to a high amount of iC3b and other C3 
breakdown fragments in the PC following complement activation [127,130]. Nilsson et al. 
[127] have demonstrated that a ~25% increase in thickness is observed as a result of 
complement activation on a polystyrene surface. This estimate was based on a quartz crystal 
microbalance (QCM) measurement, where a deposited protein surface concentration of 970 
ng/cm3 was translated using a density of 1200 kg/m, between water (1000 kg/m) and 
protein (1400 kg/m). Methods that can determine the kinetics of opsonin binding and the 
amount of adsorbed protein or its derivative properties, such as the density and thickness of 
the PC, could therefore be used to predict blood clearance. 
 

2.4 Comparison of methods to study the protein corona 

 

Since the inception of the PC concept, at least 25 different methods (excluding variations) 
and their combinations have been used to either study the phenomenon, which are displayed 
in Table 4 along with the perceived advantages and disadvantages. They allow the 
determination of one or more of the biologically relevant corona parameters: the thickness 
and density of the corona layers, the identity and quantity of proteins in these layers, and 
the arrangement, orientation, conformation, and affinity of individual proteins [31]. None 
of these methods has been exclusively developed for the study of the PC. Rather, they 
represent adaptations of standard tools available at most well-equipped biomedical research 
institutions. Most are benchtop devices that can be operated with limited training. Several 
of these methods, such as analytical ultracentrifugation or differential sedimentation 
centrifugation, are needed to separate the proteins in the corona for analysis by other means. 
Their use largely explains the experimental focus on the HC, as previously discussed, and 
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the inability to study the loosely associated SC. Also, any sample preparation method is 
bound to disrupt the corona, complicating the interpretation of results [30]. In many cases, 
the NPs are incubated with dilute complex media before separation, mainly serum or 
plasma, e.g. [81,96,112,138–143]. Dilution of complex protein solutions does not accurately 
replicate the biological conditions and may thus complicate attempts in in vivo translation, 
for instance by increasing the amount of bound proteins or changing the surface charge 
[116,144]. It has been proposed that the differences between undiluted and diluted solutions 
result from the absence of the “protein crowding” that influences protein diffusion [145] and 
therefore the dynamics of PC formation. 

Biophysical analysis methods that permit non-invasive characterization of the corona 
in situ, namely surface plasmon resonance (SPR), QCM, and Raman spectroscopy (i.e. 
SERS) have been used to study PC formation [30,79], starting with the seminal article by 
Cedervall et al. on the protein exchange rates and affinities on NPs [32]. A notable downside 
of these studies was their use of individual proteins (e.g. [32,105,146,147]) and the in vivo 
relevance of the setup was not addressed in the early experiments [66,126,148]. The same 
limitations apply for fluorescence correlation spectroscopy (FCS) that is capable of sub-
nanometre precision in protein-NP interactions (e.g. [149]), in addition to its dependence 
on labels that complicate measurements and may influence PC structure and composition 
[35]. The only previously published in situ method to study the corona in complex media 
relied on the combination of fluorescent labels and light scattering measurements in a flow 
cytometer-based setup, which is only compatible with diluted media and allows limited 
control over flow or temperature [150]. However, in addition to the common availability of 
flow cytometers and low sample requirements, its notable advantage is the possibility for 
epitope mapping to identify PC proteins that can be recognized by cell receptors. This is 
required to form the link between the corona and ensuing cellular responses, since only a 
minority of the PC proteins may be oriented correctly or hold a functional conformation that 
permits receptor interactions [151]. While in silico-based approaches were not included in 
Table 4, they have already demonstrated their usefulness in modelling the protein-NP 
interactions with a limited number of proteins [31]. 
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Table 4. Analytical methods suitable for nanoparticle-protein interaction studies published by 2017 with a 
comparison of the associated advantages and disadvantages (alphabetical order). NP-PC: nanoparticle-
protein corona complex. 
Method Advantages Disadvantages Refs 
Analytical 
ultracentrifugation  
(UC) 

−� Suitable for isolation of cell 
components and exploration 
of protein thermodynamics 

−� Density gradient UC is 
suitable for NP-PC 
purification and isolation 

−� High resolution of separation 
compared to conventional 
centrifugation  

−� Low impact on complex 
structure 

−� Complexes can be analysed 
with other methods 

−� Suitable for ultra-small NPs 
−� Provides information on 

particle core and effective 
density of components 

−� Only a separation method for 
NP-PCs 

−� Other analytical methods are 
required to study protein 
interactions 

 

[152–156] 
 

Atomic force 
microscopy 
(AFM) 

−� Surface profile of the NP-PC 
in 3D 

−� Scanning area is limited 
−� Isolation and purification 

steps change the PC 

[109,155,157
] 
 

Capillary 
electrophoresis 

−� Quantitative 
−� Does not require desorption 

of bound proteins 

−� Detection sensitivity is poor 
−� Not suitable for complex 

protein mixtures 
−� Proteins may bind the inner 

surface of the capillary  

[158–160] 
 

Circular dichroism  
(CD)  

−� Possible to analyse 
conformational changes at 
single-protein resolution 

−� Resolution of protein 
secondary structure 

−� Provides an average of the 
molecular population 

−� Determination of absolute 
secondary structure is 
problematic 

−� Does not provide information 
on structural alterations at 
amino acid or single-residue 
level 

−� Not suitable for complex 
biological solutions 

[91,103,156,1
61–166] 
 
 

Differential 
sedimentation 
centrifugation  
(DCS) 

−� Suitable for isolation of NP-
PC 

−� Reliability and 
reproducibility 

−� Requires multiple 
purification steps  

−� Isolation and purification 
steps change the PC 

−� Poor separation of unbound 
proteins and NP-PC with 
hard corona 

−� Residual corona is influenced 
by experimental protocol 
(e.g. number and duration of 
washing steps)   

[66,97] 
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Dynamic light 
scattering  
(DLS) 

−� Hydrodynamic size 
distribution of NP-PC in 
physiological conditions 

−� Fast measurement 

−� Difficult to characterize 
heterogeneous biological 
samples due to interference 

−� Not suitable for highly 
polydisperse or non-spherical 
samples  

−� Typically overestimates sizes 
compared to electron 
microscopy  

−� Not possible to analyse 
individual components 

[96,103,109,
112,122,164,1
67–169] 
 
 
 

Electron 
microscopy 
Scanning electron 
microscopy (SEM) 
Transmission electron 
microscopy (TEM) 
Environmental 
scanning electron 
microscopy (ESEM) 

−� Commonly used to study the 
size and morphology of 
colloidal samples in dry state 

−� Visualization of NP-PC 

−� Risk of severe artefacts 
produced by drying at room 
temperature  

−� Analysis of a large number of 
particles is needed for 
reliable statistics 

−� Interference from high 
biomolecule and ion 
concentrations 

−� Suitable only for high 
electron density elements  

[66,101,109,
120,166,170] 
 

Flow cytometry −� Compatible with complex 
biological media 

−� Protein interactions with NPs 
−� Protein motifs can be studied 

using multiplexing individual 
proteins with different labels 

−� Instruments are available in 
most laboratories 

−� Qualitative analysis  
−� Small detection volumes 
−� Suitable for high-throughput 

screening experiments 

−� Semi-quantitative 
−� Requires fluorescent labeling, 

which may influence the PC 
−� Requires high concentrations 

of NPs 
−� Light scattering for size 

determination is less 
sensitive than fluorescence 
detection, single-NP 
resolution detection size 
threshold typically >200 nm 

−� Multiple small NPs are 
captures as a single event 

−� Does not permit true in situ 
characterization, since 
detection takes place in 
buffer 

[171] 
 

Fluorescence 
correlation 
spectroscopy  
(FCS) 

−� Suitable for low particle 
concentrations 

−� Hydrodynamic radius at sub-
nanometre precision 

−� Protein kinetics and 
equilibrium properties 
(association and dissociation) 

−� Binding sites, binding 
constants and degree of 
cooperativity (Hill constant) 

−� Requires fluorescent labelling 
or intrinsic fluorescence 

−� Sensitive to aggregates 
−� Suitable for samples with a 

good colloidal stability 

[98,111,172,1
73] 
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Fluorescence 
microscopy 

−� Analysis of corona protein 
lifetimes and degradation 
over long time frames 

−� Visualization of the PC 
−� Qualitative or semi-

quantitative  
−� Compatible with undiluted 

media, complex protein 
mixtures and individual 
proteins 

−� Suitable for biological studies 
with tracking and labeling of 
cell organelles (e.g. cell 
uptake, intracellular 
processing) 

−� Instruments available at most 
laboratories 

−� Simple to use 
−� Compatible with different 

types of NPs 

−� Requires labeling, which may 
interfere with PC and 
biological processes 

−� NP incubated with highly 
diluted fluorescently labelled 
protein solution 

−� Low resolution 

[120,174] 
 

Fourier-transform 
and surface-
enhanced infrared 
spectroscopy (FTIR, 
SEIRAS) 

−� Low cost 
−� Functional groups can be 

identified with relative ease 
−� Protein amide bands 
−� Sensitive to protein 

conformation 
−� No size or material 

constraints 

−� Not suitable for 
measurements in complex 
media 

−� Time consuming 
−� Destroys sample 
−� Sample drying may cause 

artefacts 

[175–177] 
  

Gel electrophoresis 
methods (1-
DE/SDS-PAGE and 
2-DE/2-D PAGE) 
 

−� Allows separation of protein 
mixtures 

−� Two-dimensional (2-DE) 
provides better separation 
based on pI (isoelectric 
focusing) and molecular 
weight (SDS polyacrylamide 
gel electrophoresis) 

−� Qualitative and quantitative  
−� Easy and reproducible 
−� Low cost 
−� Widely used 
−� Interlaboratory comparisons 

possible 
−� Compatible with other 

methods (e.g. N-terminal 
microsequencing, LC-
MS/MS) 

−� Low detection sensitivity 
−� Requires pre-elution of 

proteins from NP-PC and 
strong buffers  

−� Does not provide information 
on the PC composition as a 
whole 

−� Propensity for artefact 
formation 

−� Although 2D offers better 
separation than 1D, it is less 
repeatable 

[78,81,89,96
,97,104,107,1
09,113,155,1
66,178] 
 

Isothermal 
titration 
calorimetry  
(ITC) 

−� Allows the quantitative 
determination of binding 
affinity and dissociation 
constant (KD), binding 
stoichiometry, changes in 
enthalpy, and calculation of 
surface coverage 

−� Not limited by protein size 
−� Optical properties of the 

sample do not influence the 
measurement 

−� Requires a high sample 
concentration 

−� Interpretation of data can be 
difficult 

 

[32,96,105,1
46,164,179] 
 



   

 35 

Liquid 
chromatography 
tandem mass 
spectrometry  
(LC-MS/MS) 

−� High resolution 
−� Unique method for obtaining 

protein identities 
−� Qualitative and quantitative 
−� Low sample requirement  
−� Reduced user-introduced 

bias 
−� Suitable for natural organic 

materials 

−� Expensive 
−� Time consuming 
−� Requires extensive 

experimental and theoretical 
expertise 

[78,81,101,1
04,106,109,1
12,169,170] 
 

Magnetic 
separation 

−� Very high particle recovery 
−� Less time consuming than 

centrifugation 
−� Comparative separation from 

bulk plasma and influence on 
residual corona composition 
with centrifugation 

−� Only suitable for magnetic 
nanoparticles with a highly 
inducible magnetic moment 
and superparamagnetic 
behaviour (e.g. 
superparamagnetic iron 
oxide NPs) 

−� Difficult with particles <50 
nm due to the dependence of 
magnetic properties on core 
size 

−� NPs must be stably 
suspended in washing 
medium  

[180] 
 

N-terminal 
microsequencing 

−� Identification of bound 
proteins (amino acid 
sequences) 

 

−� Restricted to N-terminal 
amino acids 

−� Excludes chemically modified 
or concealed terminal 
residues 

−� Semi-quantitative 
−� High purity requires use in 

combination with 2-DE 

[181,182] 
 

Nuclear magnetic 
resonance 
spectroscopy (NMR) 

−� Provides information on 
protein structural properties 
and changes at high 
resolution 

−� Qualitative and quantitative  
−� Can be used to map protein 

binding sites 
−� Suitable for organic and 

inorganic materials 
−� Versatility 

−� Expensive 
−� Time consuming 
−� Requires extensive 

experimental and theoretical 
expertise  

−� Protein binding causes 
spectrum line broadening 

[156,183] 

Protein assays (e.g. 
BCA, 660 nm) 

−� Amount and surface density 
of adsorbed protein 

−� Low sensitivity [96,115,169,1
78] 

Quartz crystal 
microbalance 
(QCM) 

−� Suitable for determination of 
protein kinetics and the 
viscoelastic properties of 
bound proteins on surface 

−� Real-time measurement 
−� Label-free 
−� Quantitative 
−� Sensitive 
−� Low cost and easy to operate 

−� Requires preparation of a 
sensor chip and the 
immobilization of protein or 
NP on sensor 

[184–186] 
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Size exclusion 
chromatography 
(SEC) 

−� Suitable for isolation of NP-
PC complexes and NP-
associated proteins 

−� Protein kinetics and 
equilibrium binding 
properties can be determined 
from elution rates 

−� Less perturbance on residual 
corona compared to 
centrifugation 

−� Requires method 
optimization, since elution is 
dependent on both protein 
properties (dissociation rate), 
NP properties (e.g. 
hydrophobicity), 
experimental properties (e.g. 
flow rate, column gradient 
time) 

[32,170,187] 
 

Surface-enhanced 
Raman 
spectroscopy (SERS) 

−� Suitable for solid and liquid 
samples 

−� Suitable for small volumes 
−� Sample preparation is not 

required 
−� Fast measurement  
−� Water does not cause 

interference 

−� Raman effect is weak 
−� The Raman spectrum of 

interest may be masked by 
impurities 

−� Noise from fluorescence and 
Rayleigh scattering 

−� Sensitive and highly 
optimized instruments 
require special expertise  

−� Not suitable for metals or 
alloys 

−� Sample may be destroyed by 
laser heating 

[160,162,165
,188] 
 

Surface plasmon 
resonance  
(SPR) 

−� Suitable for determination of 
protein binding kinetics with 
NP surfaces 

−� Label-free 
−� Quantitative 
−� Sensitive to changes in 

refractive index near the 
sensor 

−� Low cost and easy to operate 

−� Low detection limit of 
traditional SPR instruments 

−� Requires preparation of a 
sensor chip and the 
immobilization of protein or 
NP on sensor 

[32,65,105,1
46,147] 
 
 

UV/Vis-
spectroscopy 

−� Quantitative 
−� Low cost 
−� Fast measurement 
−� Simple method 
−� Requires a small amount of 

sample 

−� Solution properties cause 
spectral interference (i.e. pH, 
electrolyte content, 
interfering substances) 

−� Different types of NP have 
different spectral properties 

−� Requires control over 
variables such as the effective 
bandwidth 

−� Quantitative results can be 
difficult to achieve for PC 
samples 

−� Requires complementary 
methods (e.g. spectroscopy) 

[147,156,162,
166–168] 
 

X-ray 
crystallography 

−� Possible to obtain a 3D 
structure of the NP-PC 
complex 

−� Crystallization of the NP-PC 
is challenging 

−� Instruments require special 
expertise 

[189] 
 

Zeta-potential 
measurement 

−� Provides information on NP 
dispersion stability 

−� Suitable for measurements in 
different biological media 

−� Suitable only for relatively 
monodisperse samples 

−� pH-dependence 

[96,109,112,1
22,167,169,1
79] 
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2.5 Surface plasmon resonance spectroscopy 

 
Surface plasmon resonance (SPR) spectroscopy is a label-free measurement technique that 
is commonly used to study molecular interactions based on their inherent physical 
properties [190]. It is based on three fundamental physical phenomena related to 
electromagnetic transduction: the total internal reflection of light, the formation of surface 
plasmons that can be detected as a reduction in the intensity of the reflected light, and the 
responsiveness of an evanescent electric field to its surroundings [191,192]. Fluorescent or 
radiochemical labels can also be incorporated with SPR to further improve its sensitivity, 
which may have benefits especially for some small molecule interaction studies [193]. 
 
2.5.1 The resonance coupling condition and the refractive index 
 
Snell’s law that derives from Fermat’s “least time” principle and the Huygens-Fresnel 
principle on electromagnetic wave propagation describes the refraction of light at the 
interface of two isotropic and non-absorbing materials with different optical properties (e.g. 
air and glass) [194]. Light that enters an optically denser medium with a higher refractive 
index (n
 > n�) is refracted towards the normal line, and vice versa. However, for light to 
pass from an optically denser medium to a less dense medium, the incidence angle must not 
exceed the critical angle (θ�) [194]. When θ� > θ�, light is reflected back towards the original 
medium, known as total internal reflection (TIR). When TIR occurs at the interface of an 
optically denser medium (glass), a fraction of the light penetrates the optically less dense 
medium (air) as an evanescent wave (k�) that propagates parallel to the interface [195,196]. 
Its vector is equal to the parallel component of incident light (k�). This, in turn, is dependent 
on the propagation vector of incident light (k) and the incident angle (θ) as described by Eq. 
2, where 	 is the angular frequency, c is the velocity of light in a vacuum, and 
�is the 
dielectric constant of the optically denser medium. 
 
Equation 2: �� � �� � 	� �
� ��� � 

 
When the optically denser medium, such as the glass prism, is coated with a thin layer of 
metal, the p-polarized component of the evanescent wave penetrates the metal layer and 
interacts with its free electrons [195,197]. If the frequency of incident photons matches that 
of the electrons, a surface plasmon wave (SP) forms at the interface of the metal and the 
prism. When the surface plasmon coupling or resonance condition occurs, �� � ���, where ���  is the vector of the SP. The resonance condition for the Kretschmann configuration 
(where the prism is coupled to the metal layer), can therefore be expressed as Eq. 3, where 
� is the permittivity of the metal, 
� is the permittivity of its adjacent medium, and θ is the 
resonance angle of the p-polarized incident light [198,199]. 
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Equation 3: 

��� � 	� �
� ��� � � 	� � 
�
�
� � 
� 

 
A minimum in reflectance (intensity of reflected light) is observed at the incident angle 
corresponding to the surface plasmon coupling condition, since incident light energy is 
absorbed by the metal and transferred to its electrons [199–201]. In the SPR instrument, 
this is detected as a shift in the peak minimum angular position of the SPR curve (θ���). 
When the optically denser medium, in this case the prism (
�), the metal film (
�) and 
incident light wavelength are constant, θ��� is only dependent on the dielectric constant 
�. 
Since �� � �
�, changes in the refractive index of the medium in contact with the metal layer 
can be detected as shifts in θ���. Fig. 10 summarizes the surface plasmon phenomenon when 
the resonance coupling condition is met. 
 

 
Figure 10. Schematic illustration of SPR with the Kretschmann configuration.
�, 
�, 
� are the 
permittivities of the glass prism, the metal layer, and its adjacent medium, respectively. θ is the 
resonance angle, I� and I� are the incident and the refracted light rays, and k� is the component of the 
incident light vector k�� that is parallel to the interface of the glass prism and the metal layer. When 
the coupling condition is met, a surface plasmon wave (SP) with the vector k�� that is equal to k� 
forms and propagates along the interface. Reproduced from Kari [40]. 
 
2.5.2 Instrument configurations for biosensing applications 
 
Generally, the adsorption of biomolecules (mass) on the sensor shifts θ��� towards larger 
angle values by increasing n in the near vicinity of the metal surface [196]. It has become 
common practice to refer to θ��� shifts as the SPR response, which is reported in degree units. 
For real-time monitoring of molecular interactions, it is often more convenient to display 
∆θ��� as a function of time, which is known as the SPR sensogram (Fig. 2c). The typical 
phases of interaction include a baseline phase (I in Fig. 2a and 2c) where no interactions are 
taking place; an association phase (II-III) when molecules adsorb to the surface; and a 
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dissociation phase (IV) when some of the molecules dissociate. Surface rejuvenation, 
commonly with surfactants or specialised buffers, returns the signal to baseline level. When 
the concentrations of the interacting molecules are known, different kinetic parameters can 
be calculated from the sensograms [197].   
 

 
Figure 11. Traditional SPR measurement of a biomolecule binding experiment with a) the phases 
of interaction, b) the SPR angular reflectance spectrum or SPR curve, and c) the SPR sensogram. 
Reflectance is monitored over an angular range, where the shift in the peak minimum, ∆θ���, is the 
SPR response. Monitoring ∆θ��� over time produces the sensogram, where a baseline phase (I), an 
association phase (II-III), and a dissociation phase (IV) following a wash with buffer can be 
observed. The corresponding change in reflectance, ∆R, between phases I and IV is displayed in 
panels b and c. Reproduced with permission from Arima et al. [148], © 2011 Elsevier B.V.  
 
For instance, the surface mass densities (�) of individual biomolecules can be calculated 
using the de Feijter’s formula displayed in Eq. 4, which has been derived from the 
dependence of n on the concentration increment of adsorbing molecules [202,203]. 
However, the n concentration increments (����) have only been defined for individual 
proteins. Since their particle n results from local polarizability as a result of electron 
reconfiguration around the nuclei of atoms and functional groups, it can be estimated based 
on protein amino acid sequences [204].  Zhao et al. [202] noted that the conversion factors 
for 3000 known or predicted human proteins differed  by more than two standard deviations 
comparing to the mean (0.173–0.215 cm/g). This shows that using a consensus value to 
represent the biomolecular group “proteins” would produce a 10% error, and it is not 
possible to determine the � accurately for complex mixtures of proteins. They proposed a 
mean ����  of 0.190 cm/g ± 0.003 cm/g [202], which is in reasonable agreement with the 

common consensus value 0.185 cm/g [205]. Similarly, for lipids, 0.135 cm/g is used [206].      
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Equation 4: � �  ! " #$ �  ! �! % �&' � ()  

 
Most commercial SPR instruments employ the Kretschmann attenuated total reflection 
(ATR) configuration to excite surface plasmons (Figure 10) [195–197]. In ATR, a thin gold 
layer (45-50 nm) is irradiated with a monochromatic laser that is directed through a prism 
and a p-polarizer at an incident angle that exceeds the critical angle for TIR, inducing SPR. 
ATR instruments can typically be operated in either angular scanning (ASM) or fixed angle 
(FAM) mode. In ASM, changes in reflectivity detected as SPR signal intensity in arbitrary 
units are monitored as a function of the angle of the incident laser(s) over an angular range 
to produce the SPR angular reflectance spectrum, or SPR curve. The resonance angle can be 
detected as the peak minimum (θ���), as described earlier (Fig. 11). In FAM, changes in 
reflectivity are monitored at a fixed incident angle where the decrease in light intensity has 
the steepest slope, typically ~1° to the left of θ���. The coupling between the metal layer 
serving as the recognition element and the glass prism are critical for the resonance 
condition, and high n optical glass is used to increase detection range [195,196]. 

In the MP-SPR Navi� instruments manufactured by BioNavis Ltd., a gold-coated 
glass slide is used as the sensor chip, with the gold-side facing the flow cell and the glass-
side coupled to the prism using optically-matched gel with the same n [207]. The 
instruments cover a n range of 1.000-1.400 at a sensitivity of 1 μRIU (micro-refractive index 
unit). The flow cell has a volume of 1 μl and a 24 mm
 surface area for detection (total surface 
area ~240 mm
), and the gold surface can be conveniently functionalized with chemical 
functionalities, molecules of interest, or even NPs [67,148,199,200]. Traditional ASM 
measurements monitor the incident angle of minimum reflectance over a narrow angular 
range of ~10° around θ���. However, the multi-parametric surface plasmon resonance (MP-
SPR) technique records a full SPR curve as a function of time by scanning over a wider 
angular range (38°–78°) with two or more lasers (e.g. 670 nm and 785 nm incident 
wavelengths). Multiple parameters can be acquired simultaneously and monitored in real-
time with wide ASM, such as the TIR and θ��� angular positions, the half-width of the peak 
of the main SPR curve, or the SPR intensity change at θ��� [207]. As a result, the refractive 
indices (n), layer thicknesses (d), and surface mass densities (�) of biomolecular layers can 
be determined with MP-SPR in wide ASM mode, in addition to measuring kinetic 
association and dissociation events that are commonly determined with traditional SPR 
[191,195,208,209]. 
 
2.5.3 The two-wavelength approach to determine organic layer thicknesses 
 
Although the SP contains information on the n and d of a biomolecular layer, these 
parameters are interdependent (k�� * � " +), and it is not possible to determine n and d in 
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a single one-wavelength SPR measurement [210]. However, since n is dependent on the 
wavelength, two n values can theoretically be obtained for the same time point by using two 
incident laser wavelengths, and hence it is possible to determine unique values for n and d 
in one experiment [191,198,210,211]. Peterlinz and Georgiadis et al. first reported the “two-
color approach” for the determination of an average d and 
� using SPR with an ATR 
configuration for a single-monolayer thin organic layer in a liquid environment [210]. They 
used a layer-by-layer approach to determine the reflectance at the interface of the metal 
sensor and for each sensor-deposited layer using Fresnel equations, which can be used to 
describe SPR curves mathematically [208]. By using two wavelengths, two dielectric 
constant values – 
�,-�. and 
�,-�. – were obtained for the same thickness d�, and 
dispersion relations that described the wavelength-dependence of the dielectric constants 
could be obtained from literature and used to simplify the Fresnel equation. In other terms, 
since �� � �
� as previously discussed, a unique d� and n� could be obtained from the 
intersection of two continuum solutions for the function of thickness and refractive index 
(dielectric constant) at different wavelengths. The Fresnel equation for p-polarized light, 
which describes the reflection of incident light at the interface of two media with different 
optical properties, is presented in Eq. 5 (derived using Snell’s law) [208]. 
 
Equation 5: 

/� �  0�� (1��� %��(1����� (1��� ���(1���0� �  22�� 34 % '���� ��� ��)� %��(1���
�� 34 % '���� ��� ��)� ���(1���22

�
 

 
The two-wavelength method has been found particularly effective in the characterization of 
thin biomolecular layers up to a few nanometres [210,212]. Multi-wavelength approaches 
have also been employed successfully in several studies for the characterization of thin layers 
[193,209,213,214]. Organic layers with thicknesses up to a few micrometres have also been 
characterized using wave-guide assisted MP-SPR in our laboratory [191,195], but these were 
ex situ deposited mono or multilayers of either stearic acid or hydrogenated soy 
phosphatidylcholine (HSPC), or layer-by-layer deposited polyelectrolytes, all with a limited 
number of organic components with well-defined geometric properties. However, the two-
wavelength MP-SPR could possibly be applied to the optical characterization of PC structure 
non-invasively in situ, since the “optical density” (n) and thickness (d) are considered 
biologically relevant properties of the PC “layers” [31,137]. Using the two-wavelength 
approach to characterize PC formation on liposomes would also require that: 

a) unique values for these interdependent parameters could be extracted from the 
SPR signal in complex media (e.g. plasma); 
b) the measurement is theoretically possible within the sensing depth of MP-SPR; 
c) the bulk effect of a complex protein solution in the SPR signal can be compensated 
internally or using a parallel calibration measurement; 
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d) and the liposomes can be immobilized on the sensor. 
 
Since the sensing depth is limited by the exponential decay of the evanescent field, the 
second feasibility requirement can be estimated by Eq. 6, where l is the decay length [195]. 
 
Equation 6: 5 �  6�7�,�89:; <.=>�, when � ?�� 

 
Thus, the sensing depth of MP-SPR is ~50% of the lower incident wavelength in multi-
wavelength setups, or ~335 nm from the sensor with 670 nm and 785 nm [195,196]. 
Considering that liposomes commonly have diameters of 80-100 nm, this allows ~200 nm 
of sensing depth for monitoring the formation of a PC (with reported thicknesses from ~20 
to ~35 nm on different nanoparticles [31]). This is more than sufficient, even in the presence 
of sensor functionalization (some tens of nanometres). In regard to the third feasibility 
requirement, the TIR angle shift, displayed in the full SPR angular spectrum obtained with 
MP-SPR, can be used to compensate for the bulk effect by subtraction with a wavelength-
dependent gain factor, which is compatible with up to 5% DMSO [207]. 
 
2.5.4 Immobilization of liposomes on sensors  
 
In the seminal work by Cedervall et al. [67], N-isopropylacrylamide (NIPAM): N-tert-
butylacrylamide (BAM) copolymer NPs were thiol-tethered to gold sensors for traditional 
SPR interaction studies with human serum albumin (HSA) and fibrinogen, both diluted 60-
fold compared to physiological concentrations. Crielaard et al. [215] measured the 
interaction of five common plasma proteins (HSA, apolipoprotein E, α2-macroglobulin, β2-
glycoprotein I, and fibronectin) with DPPC-PEG2000 and DPPC-PEG5000  liposomes using 
SPR, and established a correlation with the protein binding and liposome clearance in mice 
in vivo. The reverse “protein-on-chip” approach to immobilize the proteins on a commercial 
carboxymethyl dextran (CMD) sensor (Biacore� CM5) and inject the liposomes was 
selected, since immobilization of liposomes on the sensor was considered time-consuming 
and artefact-prone. Both studies made use of the BIAcore3000 SPR instrument by GE 
Healthcare, which detects ∆θ��� over a narrow angular range. Cooper et al. [216] were the 
first to demonstrate the capture of cell membrane vesicles from the inflow using an SPR 
instrument with the Biacore� L1 sensor that contains lipophilic anchors covalently linked to 
the CMD hydrogel matrix. Beseničar et al. [217] reviewed different approaches to 
immobilize liposomes using commercially available sensors, which are illustrated in Fig. 12. 
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Figure 12. Options for liposome immobilization, adapted from a review by Beseničar et al. [217] 
and reproduced from Kari [40]. A) Biotinylated liposomes captured using an avidin-functionalized 
carboxymethyl dextran sensor chip (Biacore CM5�). B) Liposomes with lipopolysaccharide (LPS) 
captured with anti-LPS-antibodies covalently linked to the sensor. C) DNA-functionalized liposomes 
captured using DNA tethers (avidin-biotin linker is not displayed). D) Unmodified liposomes 
captured on a sensor using lipid anchors (Biacore L1�). 
 

 

2.6 Proteomics  

 
The building instructions for proteins, the main biological effector molecules, are contained 
in the genome and are accessible by genomics analyses [218]. Changes in the state of a 
biological organisms arise from changes in cellular state. These are reflected by gene 
expression, which can be quantified based on mRNA with transcriptomics microarrays 
[218,219]. Since protein abundance is also dependent on post-translational modifications 
(PTMs) as well as host translational control and degradation regulation mechanism, 
genomics and transcriptomics are not sufficient for a comprehensive characterization of the 
state of a biological system – the ultimate goal of reductionist biology [218,220–222]. 
Proteomics analyses are therefore required for comprehensive characterization of biological 
systems [218,220,221]. Studies of the proteome, “the PROtein complement expressed by a 
genOME” [223], consider the overall protein content of the cell, including their structure, 
PTMs, functions, localization, turnover, and protein interactions at any given time and stage 
[218,220,221,223]. This is an enormous task: taking the ~20 000 protein-encoding genes, 
we can estimate that an equal number of non-modified or canonical proteins are produced 
[224]. But when alternative splicing, single amino acid or nucleotide polymorphisms and 
PTMs are also taken into account, one gene can produce ~100 different protein species 
[224]. Therefore, the theoretical protein width, the number of different species, exceeds 2 
million [224]! This is likely an underestimation: if all variants of immunoglobulins are 
considered, the number in plasma alone would reach 10 million [222]. Their amount in 
tissues, the protein depth, is challenging due to their large variety and dynamic 
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concentration range, which is over ten orders of magnitude in plasma and seven orders of 
magnitude in tissues and cells [222,224,225]. More recently, studies on the effects of aging 
and external stimuli, such as disease, injury, or other physiological events, on parts of the 
proteome have become commonplace, e.g. [226–229]. Proteomics as a field of study thus 
requires combining several technical disciplines, ranging from microscopy to different array 
and chip technologies, in addition to cellular and genomic studies [220]. 

Methodologically, proteomics has achieved the comprehensiveness of 
transcriptomics [218], which is why Aebersold and Mann summarized it as the “large-scale 
determination of gene and cellular function directly at the protein level” [220]. While this is 
accurate, it is necessary to point out that only 3% of the genes encode proteins, but 80% of 
the genome is transcribed into RNA with a known biochemical function [219,230]. Other 
biomolecules such as lipids, sugars, and small molecules also play important roles in 
biological interactions, and have also been associated with their respective omics 
technologies to imply a comprehensive or “global” assessment of a set of these molecules 
and their interrelations [219,231]. Due to the rapid advance in high-throughput technologies 
and computational power – along with a decrease in the associated costs – epigenomics, 
lipidomics, glycomics, and microbiomics approaches have become routine for researchers 
in the biomedical fields, complementing earlier omics technologies [219,231]. Integration of 
these technologies by multi-omics or integrative biology will certainly help us understand 
the flow of information, starting from the original cause of disease all the way to its 
functional expression on the level of protein interactions [219]. 
 
2.6.1 Emergence of mass spectrometry-based proteomics 
 
Mass spectrometry (MS) was behind many of the significant scientific advances in the fields 
of chemistry and physics in the 20th century [232]. The introduction of the electrospray 
ionization (ESI) in the late 1980s, which allowed online coupling of tandem mass 
spectrometers (MS/MS) with liquid-phase chromatographic separation (LC), permitted the 
robust characterization of large and polar molecules, such as peptide and protein sequences, 
from complex mixtures with high sensitivity [232,233]. These technological advances turned 
MS into a mainstream tool in biological research and the method of choice in unbiased 
protein identification, especially on a large scale [218,220,221,232]. However, the dynamic 
range of protein abundance in human tissues and cells is very broad, from 4-10 orders of 
magnitude [224,234,235]. These factors together with the variation in protein isoelectric 
points (pI), hydrophobicity/hydrophilicity, and their molecular size makes identification 
and quantitation challenging. Unlike in genomics, where the polymerase chain reaction 
(PCR) can be used to multiply DNA or RNA to a detectable and quantifiable range, no such 
high-throughput technology exists for proteins [224]. Shortcuts in the form of experimental 
strategies are therefore needed, depending on the goals of the study. 
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Figure 13. Bottom-up and top-down experimental approaches in proteomics research. From Chait 
et al. [236]. Reprinted with permission from AAAS.
 

The two general experimental approaches for proteomics analysis are top-down and 
bottom-up (Fig. 13) [236]. The top-down approach introduces intact protein ions into the 
MS, which measures the mass of the protein ions together with their fragment ions, 
providing a complete description of the protein primary structure and its modifications, 
such as the single-nucleotide polymorphisms and PTMs [236]. However, the solubilization 
and chromatographic separation of intact proteins and their gas-phase fragmentation into 
intact proteins ions in sufficient numbers is difficult, limiting these analyses to small subsets 
of the proteome [236]. The bottom-up approach, commonly referred to as the “shotgun” or 
“peptide-centric shotgun” approach, relies on the enzymatic digestion of the proteins into 
peptides during sample preparation [235,237,238]. The ensuing “tryptic peptides” are more 
easily separated and solubilized, which has made shotgun the most commonly applied
proteomics approach [236,238]. The measurements to identify proteins in complex 
mixtures in large-scale are typically conducted label-free, which means that the peptides are 
analysed without covalently attached heavy non-radioactive isotopes, and quantitation 
requires comparing MS data from different samples [218,239]. It is therefore well-suited for 
protein discovery studies, whereas targeted proteomics approaches such as multiple 
reaction monitoring (MRM), which focuses the quantitative analysis on selected peptides, 
may be used for subsequent validation with higher specificity [225].  
 
2.6.2 Shotgun proteomics 
 
In a typical shotgun analysis with label-free LC-MS/MS, the proteins of interest are 
solubilized using a surfactant and processed for in-solution digestion with trypsin, a 
protease that cleaves the arginine and lysine C-termini peptide bonds with high specificity 
[234,238,240]. After additional cleaning steps to remove salts and debris, the tryptic 
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peptides suspended in MS-compatible buffer are separated by reverse-phase LC, which uses 
a hydrophilic mobile phase with a hydrophobic stationary phase, commonly silica particles 
with octadecyl (C18) alkyl chains packed inside the column. Molecules with increasing 
hydrophobicity elute as the ratio of organic solvent (e.g. acetonitrile to deionized water) is 
increased over the gradient time (typically 2 h). Alternative ESI-compatible separation 
methods often complement the reverse-phase hydrophobic retention by introducing a 
second dimension, for instance size-exclusion or anion and cation exchange, to increase the 
number of peaks separated within the gradient time [241,242]. 

The online-coupled ESI ionizes the tryptic peptides that elute in droplets out of 
solution [233]. The voltage difference between the emitter (LC column opening) and the MS 
inlet causes evaporation, concentrating positively charged peptides until coulombic 
repulsion forces overcome the surface tension and charged peptides burst into gas-phase 
inside the MS instrument [233]. Commonly used alternative ionization methods include 
matrix-assisted laser desorption ionization (MALDI) and surface enhanced laser 
desorption/ionization (SELDI) [232]. 

Tandem mass spectrometers (MS/MS) employ two mass analysers that can be used 
to detect and filter ions based on their mass-to-charge ratios (m/z) using electric and 
magnetic fields [232,240]. The MS1 scan is used to determine the number of ions, followed 
by sequencing of their primary amino acid structure that is needed to provide the 
identifications by the second mass analyser, MS2 [220,232]. The m/z value is matched with 
the sequence spectrum based on the retention times. The MS2 spectra for peptide 
identification are available in online data repositories, such as the Universal Protein 
Resource UniProt (http://uniprot.org/). Theoretical spectra can also be created from any 
protein-encoding genes and therefore proteomics analysis strategies are often simplified by 
the fact that all possible protein primary structures can be deduced for matching with 
measured candidate peptides. However, since proteins may be alternative splicing products 
of the same gene or contain PTMs, the tryptic peptides with the same sequence may originate 
from slightly different proteins. Since tryptic peptide fragments are relatively small (0.5–3 
kDa), the method requires the examination of the fragments from over a billion of copies of 
the protein, some with the same structure and others with modifications [237,239]. Since 
~106 possible tryptic peptides are generated from the ~20 000 canonical human proteins, 
they cannot be separated based on their intact masses alone, and the peptide ions are 
collided with nitrogen gas inside the instrument to produce fragments to facilitate 
identification. Correlating these to the protein primary structure is challenging, which 
complicates data analysis and biological interpretation [237,239]. Chait [236] described 
bottom-up data analysis as a “jigsaw puzzle, where many of the pieces are missing”. 
 
2.6.3 Relative quantitation with bottom-up analysis 
 
MS is inherently non-quantitative, since the number of ions measured is not directly 
indicative of their amount in the original sample [239]. Therefore, several replicates of the 
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same sample have to be run consecutively, and for relative quantitation between samples, 
the MS1 ion counts or the area under the curve of the peptide peaks with similar ionization 
efficiencies are compared to each other, and the peptide data is integrated to yield the ratios 
of the respective proteins [239]. Relative protein amounts can also be interpolated across 
samples [243]. Most label-free and other quantitative proteomics approaches utilize data-
dependent acquisition (DDA) of MS2 spectra, where the largest peaks obtained in the MS1 
scan are selected for sequencing [244]. DDA is a stochastic process, since there are more 
peaks available than can be processed, and the elution profile of the peptides differs between 
runs, influencing the retentions times that are used to match MS1 and MS2 spectra 
[239,245]. 

The resolving power, sensitivity, and analysis speed can be improved by optimizing 
LC column lengths and diameters, temperature, pressure, solvent velocity, particle size, and 
to lesser extent with ESI, flow rates, and solvents [241]. But since common LC-MS/MS-
enabled bottom-up proteomics approaches conduct chromatographic separation of peptides 
in only one dimension (1D), the resolving power is largely limited by the sensitivity of the 
MS instrument [221]. Only a limited number of peptides can be identified in the short 
timespan they are available for MS analysis, and the coelution of peptides causes 
interference and peak suppression that complicates identification and quantitation [242]. 
The ionization efficiency of different peptides can vary by several orders of magnitude, in 
addition to differences in their solubility and protein digestion efficiency [239]. Since MS1 
and MS2 data acquisition also varies from run to run and DDA is inherently a stochastic 
process, a large fraction of the peptides is not detected in all replicate runs of the same 
sample [239,245]. These factors lead to low precision and poor reproducibility across runs 
with ~20% coefficients of variation, especially with the less-abundant proteins that show 
larger variability [243]. Focusing the analysis on peptides or proteins identified across all 
samples significantly reduces the total number of identifications, causing a quantitation bias 
towards the most abundant proteins in these samples [245]. This is known as the “missing 
value problem” and statistical methods have been developed to deal with this issue by the 
means of imputation [239,243,245]. 

The key parameter in online-coupled MS instruments is therefore high mass 
accuracy, since the possibility to specify low mass tolerances in MS2 spectra database 
searches for peptide identification against theoretical spectra leads to fewer sequences that 
need to be considered as possible matches [246,247]. As a result, the rise of proteomics and 
other omics approaches has driven the demand for high-resolution and mass accuracy MS 
instruments with low cost and high convenience in terms of their size and power 
requirements [248]. The Orbitrap instruments introduced in 2005 evolved from early 20�� 
century Kingdon traps [249] and Fourier transform cyclotron resonance (FT-ICR) 
instruments [248]. They are able to achieve high mass accuracy by using DC electric fields 
to trap ions, instead of magnetic or dynamic electric fields, which lowers instrument power 
consumption and production costs [246–248]. The improved sensitivity of MS instruments 
alongside the development of ultrahigh pressure LC systems with high-resolution 
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chromatographic columns have made it possible to identify and quantitate up to a few 
thousand proteins in a single run [221,235,238]. This has led to the introduction of “single-
shot” proteomics that relies on LC separation without the need for prefractionation 
approaches [238]. It is sufficient for most proteomics studies and beneficial with limited 
sample amounts [238]. 

An alternative data acquisition method is data-independent acquisition (DIA), where 
MS2 scans are performed continuously to cover the entire MS1 spectrum [244]. With DIA, 
it is possible to use either MS1 or MS2 for quantitation. MS2 quantitation is preferred, since 
it is less influenced by the “chemical noise” from the LC, non-reliance on the poorer MS1 
resolution, and the availability of multiple fragment ions [244]. In DIA, the missing value 
problem is reduced by the fact that every peptide is fragmented multiple times, and it 
therefore achieves high proteome coverage [244]. However, continuous MS2 scans are 
limited by instrument scanning speeds, which currently cannot reach the one Dalton per 
elemental charge isolation window (1 Th) of DDA. As a result, wider isolation windows are 
required, which leads to more complex MS2 spectra due to the presence of fragments that 
originate from different precursor peptides. This makes analysis more difficult and 
computationally demanding. It has been projected that the DDA and DIA methods will 
merge once scanning speeds reach 1 Th [244]. 

As mentioned earlier, multidimensional peptide separation techniques are being 
developed [241,242]. Using prefractionation techniques, the tryptic peptides can be 
separated into subsamples based on their size, charge, polarity, or hydrophobicity to achieve 
deeper proteome coverage [234]. Due to issues with incomplete trypsin digestion, and to 
develop sample preparation towards improved proteome coverage and detection of PTMs, 
alternative proteases as well as multi-protease and protease-free digestion approaches are 
being developed [238]. Offline coupling of other ionization methods such as MALDI to the 
MS instrument can also be used to evade to detection window limitation associated with 
online ESI [242]. However, the heterogeneity of peptides obtained in tryptic digestion of 
plasma and other biological media is larger than the current dynamic range of the MS 
instruments even after fractionation [234,242]. As a result of this and the inherent stochastic 
nature of MS, different methods or sets of measurements that probe the same proteome will 
never fully overlap in terms of their identifications and will only cover a fraction of the 
species in the proteome of interest (Fig. 14). Regardless, this underlines the importance of 
careful sample preparation and selection of the most suitable experimental strategy, the two 
most fundamental factors that influence the quality of the final results in shotgun 
proteomics. 
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Figure 14. Venn diagrams are commonly used to compare protein or peptide identifications 
obtained using different methods (A-D). Identifications only cover a fraction or “snapshot” of the 
proteome of interest and do not fully overlap due to method-dependent variables and the inherent 
stochasticity of MS/MS analysis. Concept adapted from Manadas et al. [234]. 
 
2.6.4 Functional and relative enrichment data analysis approaches  
 

In addition to instrument limitations and the complexities related to data acquisition with 
proteomics samples, the biological interpretation of proteomics data is challenging [250]. 
Single-shot proteomics approaches that can identify thousands of proteins in a sample are 
high-throughput methods, and as a result, lists of proteins with differential abundance – 
rather than changes in the amounts of individual proteins – need to be compared between 
samples [250]. But more importantly, these measurements produce only a “snapshot” of the 
proteome of interest at any given time. Since an average human protein has physical 
interactions with 20 other biomolecules, may belong to dozens of biological pathways, and 
different forms of the protein can be altered in different diseases or conditions, biological 
interpretation of this data is too complex for standard statistical analysis approaches [250]. 
Instead, experimental data on the protein functionality in the format of commonly agreed 
ontologies is obtained from available literature and combined with data on proteomic 
abundance to permit meaningful analysis [250]. 

Another option, adopted from the field of transcriptomics and RNA sequencing, is 
gene set enrichment analysis (GSEA). Instead of choosing the top and bottom genes of 
ranking lists based on a priori knowledge such as ontology information on pathways, GSEA 
focuses on the differential enrichment of genes in these rankings and evaluates the 
likelihood of those genes to occur towards the top or bottom of the rankings [251]. It was 
originally developed to deal with issues of high-throughput methods that produce large 
datasets, such as low overlap between different experiments and user bias [251,252]. In 
proteomics, the method can be used to identify proteins that are enriched or depleted with 
a desired level of statistical significance compared to other samples or in the source 
biological medium. Results are commonly reported as fold-change relative enrichment and 
are often log2 transformed to facilitate reporting and intuitive comparisons between values. 
Fold-change relative enrichment may also be compared across different studies without the 
need for raw data [253]. Many open-source web-based analysis tools such as Enrichr [254] 
(https://amp.pharm.mssm.edu/Enrichr/) and FunRich (http://funrich.org) combine gene 
ontology analysis with GSEA. The main advantage is that the biological significance of the 
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protein and its interactions with other proteins can be assessed, which in turn can be used 
to identify the biological pathways or cellular processes which are enriched (upregulated) or 
depleted (downregulated) in the sample set [252]. This is referred to as pathway analysis. It 
is noteworthy that while LC-MS/MS provides information on the relative abundance of 
proteins in the samples, relative enrichment analysis can be used to add meaning to these 
results by statistically comparing the presence of these proteins to their abundance in the 
source biological medium. As a result, proteins with a low abundance in plasma but high 
abundance in the corona can be identified, for example; unspecific binding of a protein to 
NPs would reflect its abundance in plasma due to stochasticity, while a high relative 
enrichment suggests a preference for the NP surface.   
 

2.6.5 Proteomics of the nanoparticle protein corona 
 
As Kelly et al. noted [87], LC-MS/MS methods can be used to provide a  “macroscopically 
averaged composition of the biomolecules on the particles”. Nanoparticle-specific “protein 
fingerprints” have been successfully identified using proteomics methods, e.g. 
[68,72,78,81,255]. Many of these studies employed single-shot proteomics and found the 
Vroman effect model of corona formation and evolution applicable (Fig. 6). However, both 
Docter et al. [30] and Tenzer et al. [81] have noted that the limitations of LC-MS/MS 
discussed above may have influenced our understanding of the dynamics of PC formation: 
since many of the earlier studies did not employ sufficiently sensitive LC-MS/MS methods, 
low-abundance proteins under the limit of detection were regarded as absent or as having 
disappeared, which supported conclusions on a highly dynamic PC. The findings by Tenzer 
et al. [81] on the rapidly forming corona could therefore be explained by the use of high-
resolution methods and the unorthodoxly short incubation times. PCs have been 
characterized by quantitative LC-MS/MS approaches in different complex and high-protein 
biological media, mainly human plasma (e.g. [81,96,112,138–143]) and more recently also 
whole blood-extracted NPs from in vivo animal models (e.g. [101,170]). This is not 
surprising, since many NPs are designed for i.v. administration. Comparative studies have 
also been conducted in human plasma with different anticoagulants [256], in different 
disease states [257], and in plasma obtained from experimental animals such as mice [258]. 
Human serum (e.g. [256]) and even foetal bovine serum (e.g. [259]) are also commonly used 
as blood or plasma substitutes, or to mimic cell culture conditions. Studies have also been 
conducted in extracellular fluid [260], lymph [260], cytosolic fluid [89], cell lysate [144], 
saliva [70], and urine [70]. Jo et al. [261] studied HC formation on gold and silica NPs 
designed for VEGF receptor-scavenging in 50% diluted dog vitreous under static incubation 
conditions, which is the only report on PC formation in an ocular environment. The only 
previous report on the complementary analysis of the HC and SC by Winzen et al. [96] 
employed SDS-PAGE for protein identification and the 660 nm protein assay for 
quantitation in the human plasma HCs of hydroxyethyl starch NPs, while ITC and DLS was 
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used to study the SC. Advances in the mapping the plasma and vitreous proteomes are 
discussed in the next chapter. 

Sample preparation for a typical in vitro PC experiment on liposomes using single-
shot proteomics involves the following stages (e.g. [143,259,262]). First, liposomes 
suspended in buffer are incubated 1:1 (v/v) at 37 ºC under mixing with EDTA human plasma 
or another biological medium for 1 hour. Although convenient, these static conditions in 
diluted biological fluids do not replicate the protein complexity observed in dynamic or in 
vivo settings [101,106]. After incubation, the samples are centrifuged 15 min at 14 000 rpm, 
and the pellets are washed three times by resuspending with buffer to remove loosely bound 
proteins. Evidently, this approach does not permit studying the soft corona. This isolation 
step is also challenging and requires careful optimization, since slight variations in the 
protocol may influence the residual hard corona composition [66]. The HC proteins are 
resuspended directly in denaturing buffer, such as ammonium bicarbonate (AMBIC). 
Following a 1-hour incubation at 37 ºC, the proteins are enzymatically digested with trypsin 
overnight at 37 ºC. The reaction is stopped using formic acid, and salt is removed from the 
peptide samples using C18 spin columns or tips. Several technical replicates with a known 
amount of peptide (sample loading) are injected into the LC-MS/MS for protein 
identification and relative quantitation between samples. Since DDA approaches do not 
measure the total ion counts in the sample, they cannot provide accurate results for relative 
protein abundance per sample. Regardless, since the protein abundance ratios are intuitive 
to the reader and useful for estimating biological responses, software-calculated estimates 
based on spectral counting are commonly reported in the literature (e.g. [101,170]). This 
limitation will subside once DIA approaches become the norm [244]. 
 
2.7 Properties of the biological media 

 

2.7.1 Vitreous  
 

The vitreous cavity between the retina and the lens is filled by vitreous humour [263–265]. 
With a volume of 4-5 ml in human adults, it accounts for ~80% of the volume of the eye (Fig. 
15) [263–265]. Its physiological roles include resisting changes in fluid flows, decreasing 
lens exposure to oxygen by regulating gas tension, and protecting the eye from mechanical 
damage [266,267]. While the vitreous is not physiologically essential – it can be completely 
removed and replaced with inorganic substitutes in vitrectomy – its alterations as a result 
of disease or ageing may cause blindness [267,268]. It is structurally relatively stagnant and 
does not reform, unlike the constantly regenerating aqueous humour of the anterior 
compartment [266,267]. Structurally, it is an acellular gel-like matrix composed of mainly 
hyaluronan and collagen (0.1%), 0.9% of salts, and 98-99% of water (w/w) with a neutral 
pH (7.0-7.4) [267]. The collagen II, IX, and V/XI fibrils, fibrillin, and cartilage oligomeric 
matrix protein orientate from the lens to the retina and provide the rigid scaffolding for 
mechanical strength [264,265,267,269]. Hyaluronan is a high-molecular weight (2-4 x 10� 
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Da), highly anionic glycosaminoglycan that provides the swelling pressure and impact-
absorbing capacity in the eye [263–265,270]. Together with heparan and chondroitin 
sulphates, it contributes the overall anionic net charge of the vitreous humour. 

 

Figure 15. The eye and the microstructure structure of the vitreous. Reprinted with permission 
from Laude et al. [271] and Le Goff and Bishop [263]. 
 
Hyaluronan and collagen (mainly type II) concentrations in human vitreous are 100-400 
μg/ml and 40-120 μg/ml, respectively [265]. However, vitreous composition and volume are 
subject to interspecies differences [268,272]. For instance, porcine vitreous has a similar 
concentration of hyaluronan (~160 μg/ml), but a lower collagen content (~150 μg/ml) [273]. 
Human vitreous has a very low lipid concentration (~2 μg/ml), unlike rabbits with 
significantly higher amounts of lipid (~56 μg/ml) [272]. The composition of bovine and 
rabbit vitreous, both of which are used extensively in ocular research, is similar [272]. These 
differences may impact the barrier properties of the vitreous and therefore complicate 
interspecies comparisons, including animal-to-human extrapolation. As a result of ageing, 
the concentration of the less-adhesive collagen IX is reduced, which leads to the thickening 
of type II collagen fibres and the progressive liquefaction of the vitreous [266,267]. As a 
result of the collapse of the collagen network, hyaluronan and water are expulsed [266,267]. 
Once the eye reaches adult size, 20% of the vitreous is already liquefied [263]. Diseases, such 
as the diabetes-induced glycation of collagen that promotes its cross-linking, may also 
induce liquefaction [274]. As a result, the vitreous changes from a gel to a phase-separated 
liquid and its barrier properties decrease [274]. 

The density of vitreous is 1.0053–1.0089 g/cm and its refractive index is 1.3345-
1.3348 [274]. Thus, the optical properties of vitreous are close to water (1.3325 at 25 °C 
[272]) [275]. Vitreous is a non-Newtonian fluid that displays both gel or solid-like and 
liquid-like behaviour [274]. The kinematic viscosity (μ/ρ) of vitreous is 300–2000 cSt [276] 
and hydraulic resistivity 1.725 x 1013 M�
 [277]. Although rabbit eyes are a good model for 
intravitreal pharmacokinetics [278], porcine vitreous is the best substitute for human 
vitreous in terms of its viscoelastic properties and vitreal structure [268]. The porosity, or 
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mesh size, of the vitreous varies depending on the collagen and glycosaminoglycan 
concentrations [268,279]. The mesh size of the vitreous is 500-1000 nm in the central 
vitreous in a non-liquefied state [279,280]. Based on a single particle tracking study by Xu 
et al. [279], anionic and neutral NPs with diameters <<500 nm diffused freely in ex vivo 
bovine vitreous, while the diffusion of larger or ≥ +20 mV cationic particles was hindered. 
The reported diffusivity in central vitreous is D������/D !� = ~1.5–3.2 for neutral and ~2.2–3.5 
for anionic NPs [279]. Based on measurements with fluorescein in rabbit eyes, there is also 
slow convective flow in the vitreous from the ciliary body next to the lens towards the retina 
(2 x 10�� cm/min) [281]. Missel et al. [281] used an indirect approach to estimate convection 
to arrive at a rough estimate value. Therefore, their pharmacokinetic modelling results may 
underestimate the role of convection in the distribution of NPs or other intravitreal drugs, 
and more studies are needed to elucidate the relative contribution of convection versus 
diffusion. 

The healthy human vitreous has a total protein concentration of  0.5-1.5 mg/ml [282], 
and it is generally reported to contain more protein than other species [272]. For instance, 
porcine vitreous has a 700 ± 29 μg/ml protein concentration that includes 150 ± 8 μg/ml of 
structural collagen [273]. However, there is variation in the human values reported in 
literature. Loukovaara et al. [227] report that the healthy human vitreous contains 4.7 ± 1.2 
mg/ml of protein based on the BCA assay, with sample concentrations ranging from 2.11 to 
17.09 mg/ml in proliferative diabetic retinopathy patients in the event of vitreous 
haemorrhage. While heterogenicity between individual samples of biological fluids is 
common [283], these values are significantly higher than earlier reports: Swan et al. [284] 
placed the vitreous protein concentration between 200-1400 μg/ml and Bishop [285] at 0.5-
1 mg/ml. Using the same Lowry method as Noulas et al. [273], a total protein concentration 
of 1200 ± 50 μg/ml (with 180 ± 18.1 μg/ml of collagen) was obtained for the human vitreous 
of post mortem eyes in 35-45-year-old males and females by Theocharis et al. [286]. It is 
therefore important to characterize the protein concentration of the vitreous used for PC 
experiments using a commonly accepted method such as the BCA assay. 

Several studies have mapped the vitreous proteome in humans and different species, 
expedited by the launch of the Human Eye Proteome Project (HEPP) by the Human 
Proteome Organization (HUPO) in 2012 [287]. In their first review, they reported 4842 non-
redundant proteins in the eye and 545 in the vitreous [287]. Soon after, Aretz et al. [283] 
increased the vitreous total to 1111 with high-resolution nanoLC-ESI-MS/MS by employing 
extensive prefractionation. The total included mainly enzymes and signalling proteins, as 
well as proteases, protease inhibitors, complement and coagulation cascade proteins, 
peptide hormones, growth factors, cytokines, receptors, and proteins related to visual 
perception or apoptosis regulation [283]. The human vitreous is therefore more complex 
than previously thought and contains significant biological activity. There was considerable 
heterogeneity between samples, since only 262 proteins were present in the samples from 
all three patients. Vitreous composition was different from plasma, with 27% overlap overall 
and 50% overlap in terms of constitutive proteins, but Angi et al. [282] estimated that 60-
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70% of total vitreal protein is albumin. Proteome mapping studies have also been conducted 
on mice [288] and young and old rabbits [229]. 

Due to ethical issues, most of the studies in humans have been conducted on samples 
obtained during vitrectomy from patients with macular holes or diabetic retinopathies of 
different severities, or post mortem. In 2015, Skeie et al. [289] studied the localization of 
proteins in four distinct anatomical regions of the vitreous that was obtained from healthy 
volunteers donors within five hours of death. They identified on average 2062 non-
redundant proteins in these subsections with nanoLC-ESI-MS/MS after prefractionation, 
with 2079 in the anterior hyaloid, 2442 in the vitreous cortex, 2117 in the vitreous base, and 
1612 in the vitreous core. Based on these “molecular signatures”, the anatomical regions had 
functional differences to the extent that they could be described as distinct tissues [289]. 
Notably, the complement system and a full membrane attack complex (sC5b-9) were present 
in all of these regions, demonstrating that the soluble innate immune system is present and 
functional in the eye despite the ocular immune privilege [290]. The overlap between the 
different proteome mapping studies has not been extensively studied. The number of 
vitreous proteins is likely to increase as LC-MS/MS method sensitivity improves and 
different prefractionation and separation techniques are applied. It is worthwhile to note 
that as a result of the enrichment effect, studies conducted on NPs may contribute novel 
constitutive proteins not previously detected in the vitreous due to their low abundance. 
 

2.7.2 Plasma and serum 
 
Plasma is the acellular fraction of blood that accounts for 55–58% of its volume, or ~3 litres 
in adults [82,291,292]. Mostly water (90–95%), it contains 6–8% proteins in addition to 
ions and metabolites, and has a pH 7.35–7.45. Blood serum lacks the clotting factors and it 
is prepared by letting the collected blood clot, while plasma collection requires the use of 
anticoagulants such as ethylenediaminetetraacetic acid (EDTA) during phlebotomy. Plasma 
transports cells, oxygen, carbon dioxide, nutrients, and hormones and maintains the 
osmotic pressure by balancing electrolytes. Its proteins also participate in the transport of 
insoluble molecules and drugs (namely albumin, alpha-1-acid glycoprotein, lipoproteins, 
and globulins). Fresh-frozen plasma (FFP) is a medicinal product used to treat 
coagulopathies and protein deficiencies that is frozen within 8–24 hours of collection [293]. 

The refractive index of plasma in the 600-700 nm wavelength range is 1.3473-1.3438 
[292]. The density of plasma is 1.025 g/cm, the dynamic viscosity (μ) is 1.10–1.30 mPa·s at 
37 °C or 1.50–1.72 mPa·s at 25 °C with EDTA [294]. Variation in a healthy individual within 
this range is ~2%. Blood flow is pulsatile and the hemodynamic factors facing vessels and 
cells include pressure, cyclic strain, and shear stress [295]. Blood flow velocities in the 
periphery human index finger are 4.9–19 cm/s in arteries and 1.5–7.1 cm/s in veins, which 
translate to flow rates of 3.0–26 ml/min and 1.2–4.8 ml/min, respectively, in 0.8-1.8 mm 
diameter vessels [296]. Flow rates in the abdominal aorta are significantly higher and can 
reach 7.2 ± 1.4 l/min during physical activity [295]. The corresponding shear stresses on the 
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aortic wall can reach 6.2 ± 0.5 dyne/cm
. Fisher et al. [297] showed using intravital 
microscopy that 53% of human tumour blood vessels may be unfunctional. The tumour 
blood flow velocity was on average 28.6 ± 0.23 cm/s, although there was heterogeneity in 
results. This corresponds to a calculated flow rate of 0.013 ml/min (�@ ABC+�) and a shear 

stress of 1.7 ± 0.1 dyne/cm
 with an average vessel diameter of 31 ± 3 μm. The large variation 
in the hemodynamic conditions faced by i.v. administered NPs complicates the definition of 
“dynamic incubation conditions” for PC studies. 

However, the more challenging aspect of studies involving human plasma is its 
complex proteome with a dynamic range of protein concentrations over 10 orders of 
magnitude – ranging from IL-6 at 0-5 pg/ml to human serum albumin at 35-50 mg/ml 
[222,225]. Anderson and Anderson [222] compared finding one molecule of IL-6 among 
albumin to trying to find one human being by searching through the entire world 
population! The approximate molecular weight range is from ~20 kDa to the ~900 kDa 
pentameric immunoglobulin M [222]. However, 99% of the 60-80 mg/dl plasma protein 
concentration is accounted for by only 22 proteins with a very high abundance [225]. These 
include albumin (35-50 mg/ml, 55%), globulins such as the immunoglobulins and alpha-2-
macroglobulin, complement proteins, haptoglobulin, transferrin (2.0-2.5 g/dl, 38%), and 
fibrinogen (0.2-0.45 g/dl, 7%) [222]. Due to the large amount of albumin, the vast 
heterogeneity of protein species and their dynamic concentration range, it is the most 
difficult protein-containing sample to characterize [222]. In 2015-2016, over 16 518 plasma 
proteins had been identified according to Human Plasma Proteome Project (HPPP) 
guidelines by HUPO [298]. But only 1278 of these had also been quantitated, which is less 
than 10% of the 20 043 canonical proteins [224]. By then it had become clear that a “divide 
and conquer approach,” where samples are separated into smaller subsets before analysis 
(prefractionation) or depleted from the highly abundant proteins, would be needed to tackle 
the protein complexity in human plasma [225]. 
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The primary objective of this thesis was to develop a non-invasive method for the in situ 
characterization of PC formation on liposomes. The specific aims were to: 
1.� Develop a two-wavelength MP-SPR method to study PC formation in complex biological 

fluids under dynamic conditions (I-II). 
2.� Compare the kinetics of opsonin binding to pegylated and non-pegylated liposomes (I, 

V).  
3.� Explore MP-SPR coupling with high-resolution nanoLC-MS/MS for complementary 

proteomics analysis of the hard and soft corona composition (II). 
4.� Assess the validity of the distinction hypothesis based on structure and composition of 

the hard and soft corona (I-II). 
5.� Adapt the method combination to study PC formation on liposomes in vitreous and in 

relation to their vitreal mobility (III). 
6.� Compare PCs formed on polyethylene glycol and hyaluronic acid coated liposomes in 

plasma and vitreous, and estimate the influence on light-activated drug release, stability, 
and vitreal mobility (IV). 
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The methods used in I-IV are summarised in Table 5. Where relevant, an original reference 
is provided for clarification. Additional details can be found in the publications. The chapter 
in V does not contain experimental data. 
 

Table 5. List of methods relevant for the PC experiments. 
Pub. Method Instrument or material 

source 
A. Biological media 
I Phlebotomy and serum pooling in-house Vacutainer glass tubes without clot 

activator, BD 
II, IV Human plasma with citrate-phosphate-dextrose (CPD) 

anticoagulation  
FFP24 (research use only), Finnish 
Red Cross Blood Service 

III, IV Porcine vitreous preparation by surgical extraction, 
homogenization and filtration  

HKScan Finland Oyj 
Glass homogenizer 

B. Liposome preparation and conjugations 
I-IV Liposome production by film re-hydration method and 

extrusion [61,299,300] 
Büchi R-114, Büchi Labortechnik 
Syringe mini extruder, Avanti 
Polar Lipids 
Nuclepore� polycarbonate 
membranes, Maidstone 

II-IV ICG loading and gel filtration [61] Sephadex G-50, Sigma-Aldrich 
 

I Liposome coating with polyanionic-PEG block-
copolymer in situ on biosensor  [300] 

 

IV DSPE-HA conjugation using 8-15 kDa HA sodium salt by 
reductive amination, protocol modified from [301] 

Avanti Polar Lipids (DSPE), 
Sigma-Aldrich 

C. Liposome characterization  
I-II Endotoxin detection with Limulus Amoebocyte Lysate 

(LAL) assay, end-point measurement [302] 
 

Pierce LAL chromogenic 
endotoxin quantitation kit, 
Thermo Fisher Scientific Pyrogent 
Plus Gel Clot LAL, 0.06 EU/ml, 
Lonza 
Spectrostar Nano plate reader and 
MARS software v. 2.40, BMG 
Labtech 

I-IV Hydrodynamic diameter with DLS using 1:10 v/v diluted 
samples in buffer, reported as size distributions by 
particle number and polydispersity index from triplicate 
measurements at room temperature 

Zetasizer APS (DTS v 7.01) and 
NanoZS Zetasizer (v7.1.1), Malvern 
Instruments   

I-IV Zeta potential using 1:10 v/v diluted samples in buffer and 
triplicate measurements at room temperature 

Zetasizer ZS and DTS1070 
cuvette, Malvern Instruments   

II ELISA for complement anaphylatoxin C3a and soluble 
terminal complex sC5b-9 

ELISA C3a Plus and sC5b9, Quidel 

IV Differential scanning calorimetry DSC 823e, Mettler Toledo 
IV DSPE-HA conjugation analysis by NMR and FTIR AVANCE-III HD, Bruker 

Vertex 70 FT-IR spectrometer, 
Bruker 

D. Biosensors 
I CMD biosensor (6 kDa carboxymethyl dextran hydrogel 

layer functionalized with dodecyl lipid anchors) [303] 
SPR102-AU, Bionavis 

II Custom N-[tris(hydroxymethyl)methyl]acrylamide 
(pTHMMAA) [304] and decylamine lipid anchor 
biosensor design and functionalization in sequential 
synthesis by EDC-NHS chemistry 

SPR102-AU, Bionavis 
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II Custom biosensor characterization using PM-IRRAS KSV NIMA PM-IRRAS infrared 
spectrometer, Biolin Scientific 

II Custom biosensor characterization using impedance 
based QCM 

KSV QCM-Z500, Biolin Scientific  

II-IV Production of custom biosensors See above. 
II Sensor quality control over replicate measurements  SPR Navi� Data Viewer v. 4.2, 

Bionavis 
GraphPad Prism 

E. Surface plasmon resonance measurement and biophysical analysis 
I-IV Multiparametric surface plasmon resonance instruments 

with external peristaltic pump 
MP-SPR Navi™ 200 or 220A, 
Bionavis 
ISM596D, Ismatec   

II-IV Custom polyether ether ketone (PEEK) flow cell and 
biocompatible PEEK tubing for undiluted biofluids 

Bionavis 
IDEX 

I Interaction kinetics of C3b opsonin binding to liposomes 
with serial injections (one binding site model) 

Human native C3b, Merck 
Protein LoBind tubes, Eppendorf 
TraceDrawer v. 1.6, Ridgeview 
Instruments 

I Surface mass density reported for adsorbed C3b (single 
protein) 

Spreadsheet software 

II Surface mass density reported for adsorbed protein in HC 
and SC 

Spreadsheet software 
Matlab 2018, The MathWorks  

I-II Liposome truncated diameter on biosensor reported Spreadsheet software 
Matlab 2018, The MathWorks 

I-IV Layer thickness (d) reported Spreadsheet software 
Matlab 2018, The MathWorks 

I Corona thicknesses by two-wavelength method using 
layer-by-layer numerical iteration (input variables) 

LayerSolver v. 1.2.1, Bionavis  

I Refractive index reported for hard and soft corona, 
serum, and buffer 

LayerSolver v. 1.2.1, Bionavis 

II Use of ICG absorption to account for liposome amount on 
biosensor 

Spreadsheet software 

II Layer solving to compensate for ICG contribution to SPR 
response 

LayerSolver v. 1.2.1, Bionavis 

III-IV Modified Jung model for protein corona shell thicknesses  Spreadsheet software 
II Protein-to-lipid ratio reported (normalization for 

liposome amount on sensor) 
Spreadsheet software 

IV Size determination by large angle light scattering (LALS) 
before and after plasma or vitreous incubation 

Universal Flow Cytometer, Apogee 
Flow Systems 

F. Protein corona separation and proteomics 
II-IV Corona subsection separation using MS-compatible 

surfactant 
Rapigest SF, Waters 
Protein LoBind tubes, Eppendorf 

II-IV Proteomics sample preparation and in-solution digestion 
protocol for plasma and vitreous 

In-solution tryptic digestion and 
guanidination kit, Thermo Fisher 
Scientific 
Concentrator Plus, Eppendorf 

II-IV Protein concentration for sample loading BCA protein assay, Thermo Fisher 
Scientific  
Spectrostar Nano plate reader and 
MARS v. 2.40, BMG Labtech 

II-IV Proteomics data acquisition using nLC-MS/MS  Easy-nLC 1200, Thermo Fisher 
Scientific 
Acclaim PepMap C18 column, 
Thermo Fisher Scientific   
Orbitrap Fusion, Thermo Fisher 
Scientific 

II-IV Proteomics spectral sequencing MaxQuant v. 1.6.1.0 [243] 
II-IV Proteomics data analysis (PCA, hierarchical clustering, 

and differential abundance analysis) 
Perseus v. 1.5.6.0 [305] 
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II-IV Relative enriched proteins in hard and soft corona 
reported (fold-changes) 

Perseus v. 1.5.6.0 [305] 
Spreadsheet software 

II-IV Average effective protein thickness and molecular weight 
based on proteomics reported 

Spreadsheet software 

III Isoelectric point (pI), molecular weight (MW), grand 
average of hydropathicity (GRAVY) reported for relatively 
enriched proteins in corona 

ExPASy ProtParam tool [306] 

III Comparative analysis based on literature search for 
constitutive vitreous proteins in human, dog, rabbit, 
mouse [261,283,287–289,307] 

Venn software 

II-III Additional pathway and bioinformatics analysis  EnrichR, FunRichR, Genemania, 
and Venn software 

G. Vitreal mobility studies 
III, IV Single particle tracking analysis in intact porcine vitreous 

samples, adapted from [279] 
Liss Rhod-PE label, Avanti Polar 
Lipids 
Imaris, Oxford Instruments 

III Calculations of vitreal diffusion constants, the theoretical 
diffusivity of water, and nanoparticle mobility based on 
diffusion and convection 

MSD Analyzer  
Spreadsheet software 

H. Liposome stability and drug release 
IV Liposome stability assay up to one week at 35-37 °C under 

constant mixing with calcein fluorescence analysis (1:4 
liposome to biofluid) 

Varioskan LUX, Thermo Fisher 
Scientific 

IV Laser-triggered photothermal contents release from PEG 
and HA-coated liposomes with calcein fluorescence 
analysis 

Single-mode laser module 
ML6700, Modulight Inc. 
Varioskan LUX, Thermo Fisher 
Scientific 

I. Additional analysis and reporting 
I-IV Statistical analysis (e.g. replicate statistics) GraphPad Prism 
II Minimum Information Reporting in Bio–Nano 

Experimental Literature (MINBE) 
[308,309] 
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5.1 Properties of the liposomes used as model systems 

 
Altogether 10 different liposome formulations were used for protein corona experiments in 
studies I-IV. These covered a range of different surface charges and coatings with 
hydrodynamic diameters from 50-250 nm. Seven formulations contained ICG as a light-
sensitizer for triggered contents release in response to NIR laser irradiation (800 nm). These 
included anionic 50 nm and neutral or anionic 100 nm formulations coated with PEG or HA, 
as well as uncoated and non-ICG containing formulations as controls (II-IV). The PC 
composition was determined in addition to structural properties for these seven liposomes 
in undiluted human plasma, but only for the functional ICG-containing liposomes in 
vitreous (II-IV). The corona composition was not determined for the oligoguanidyl-
derivative liposome (OGD), since the sensor used in I was not compatible with proteomics. 
The detailed properties of the liposomes used are listed in Table 6. 

The details of the OGD and its pegylated (OGD+PEG) formulations were published 
after their use in study I. The OGD liposome is cationic (+24 mV) due its decoration with a 
TAT-derived cell penetration enhancer with four arginines and a diacyl glycerol unit, 3-
(1,2,3-triazol)propane-1,2-distearate (Arg�-DAG) [300]. On the liposome surface, it adopts 
a 1st generation dendritic structure with improved biocompatibility and resistance to 
proteases. Before administration, the OGD liposomes are coated by charge-to-charge 
association with the mPEG-(poly methacryloyl-sulfadimethoxine) block copolymer (mPEG� 
kDa-SDM�), yielding OGD+PEG.  

The rationale for the acid-sensitive coating is to prevent uptake into healthy cells, 
since the stealth coating dissociates and exposes the cell penetration enhancer only in the 
acidic environment of cancer cells (pH 6.5). The authors report hydrodynamic diameters of 
178 ± 15 nm and 180 ± 13 nm (PDI 0.06) for OGD and bulk complexed OGD+PEG, 
respectively [300]. The higher diameters and polydispersity for the OGD and OGD+PEG 
liposomes obtained in our bulk DLS measurements suggest that the liposomes had 
aggregated during transit or storage (Table 1). DOX liposomes had similar high 
polydispersity, unlike their pegylated counterpart DOX+PEG (PDI 0.017). These and most 
of the other liposome formulations in this study are neutral, with the exception of the 
cationic OGD (I) and the anionic 50 nm ICG liposomes intended for ocular drug delivery 
(III: AL1-PEG and AL2). While the intention was not to conduct mechanistic studies on 
corona formation, some observations can be made regarding the influence of liposome size 
or surface charge. 
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Table 6. Liposome formulations used in the protein corona experiments, their properties and interacting 
biofluids. 
Pub. Liposome Lipid composition Molar 

ratio 
d� (nm) PdI ζ-pot. 

(mV) 
Fluid 

I DOX HSPC:Chol:DSPE 55:40:5 98.12  
± 14.80 

0.324 -1.42  
± 0.16 

S 

I DOX+PEG HSPC:Chol:DSPE-
PEG2000 

55:40:5 105.07  
± 2.64 

0.017 -1.90  
± 0.17 

S 

I OGD HSPC:Chol:Arg�-DAG 2:1:3 227.03  
± 19.28  
(178 nm�) 

0.254 
(0.06�) 

+20.10  
± 0.40 
(+281)   

S 

I OGD+PEG HSPC:Chol:Arg�-DAG 
(1:1  mPEG� kDa-
SDM�/Arg�-DAG) 

2:1:3:5 248.43  
± 30.40  
(180 nm�) 

0.328  
(0.06�) 

-1.84  
 

S 

II, IV F1  DPPC:DSPC:(18:0)Lyso 
PC:DSPE 
(ICG in the lipid bilayer) 

75:15:10:4 120  
± 27 

0.134 -1.42  
± 0.16 

P, V 

II, IV F2  DPPC:DSPC:(18:0)LysoPC:
DSPE-PEG   
(ICG clustered with PEG) 

75:15:10:4 121  
± 25 

0.053 -1.90  
± 0.17 

P, V 

II, IV F3 DPPC:DSPC:(18:0)Lyso 
PC:DSPE-PEG 
(control with PEG but 
without ICG) 

75:15:10:4 110  
± 20 

0.050 -1.10  
± 0.44 

P, V 

III, IV AL1-PEG 
(F7) 

DPPC:DSPG:(18:0)Lyso-
PC:DSPC:DSPE-PEG 
(ICG clustered with PEG) 

75:10:10:5:4
:2 

51.0  
± 7.5 

0.144 -28.1 V 

III, IV AL2 
(F6) 

DPPC:DSPG:(18:0)Lyso-
PC:DSPC:DSPE 
 (ICG in the lipid bilayer) 

75:10:10:5 46.7 
 ± 4 

0.219 -38.0 V 

IV, II Uncoated 
(F1) 

DPPC:DSPC:(18:0)LysoPC:
DSPE 
(ICG in the lipid bilayer) 

75:15:10:4 102  
± 24 

0.087 -0.44  
± 1.32 

P, V 

IV, II pegylated 
(F2) 

DPPC:DSPC:(18:0)LysoPC:
DSPE-PEG 
(ICG clustered with PEG) 

75:15:10:4 119  
± 30 

0.071 -2.94  
± 0.69 

P, V 

IV F4 DPPC:DSPC:(18:0)LysoPC:
DSPE-HA 
(ICG clustered with HA) 

75:15:10:1 104  
± 25 

0.044 -11.27  
± 0.21 

P, V 

IV F5 DPPC:DSPC:(18:0)LysoPC:
DSPE-HA 

75:15:10:1 116 0.008 - P 

1Reference: [310] 
 
Arg4-DAG: diacyl glycerol unit, 3-(1,2,3-triazol)propane-1,2-distearate with four arginine residue coated 
liposomes [310]. 
OCG+PEG: in situ functionalization with  mPEG� kDa-SDM�: acid-sensitive mPEG-(polymethacryloyl-
sulfadimethoxine) stealthing block copolymer (0.1085 mg/ml) and 0.2 mg/ml total lipid concentration in 
HEPES 10 mM and NaCl 150 mM (pH 7.4) [310] 
F1-F2, F4-F7: ICG 0.322 mg/ml , ICG Mw = 774.96 g/mol  (10 μmol lipid) 
Fluids: S: human serum, P: human plasma, and V: porcine vitreous 
Lipids: fully hydrogenated soy phosphatidylcholine (HSPC), cholesterol (Chol) and N-(carbonyl-
methoxypolyethylene glycol 2000)- 1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt (DSPE-
PEG2000) or 1,2-distearoyl-sn-glycero-3- phosphoethanolamine (DSPE) 
 
NB: CMD sensor used in I, whereas II-IV used the pTHMMAA-BDA sensor developed in II. 
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5.2 Properties of the experimental setup  

 
5.2.1 Instrument configurations 
 
The experimental setup used for the MP-SPR measurements that allows coupling with 
proteomics is shown in Fig. 16. Bionavis MP-SPR Navi"# 200 and 220A instruments 
equipped with 670 and 785 nm incident lasers and two flow channels were used for the 
measurements.  
 

 
Figure 16. The experimental setup on MP-SPR Navi� 220A for biofluid injection and corona 
sample collection (A and B from II: Fig. 2). A) Liposomes are injected to the flow channels using an 
external peristaltic pump and the dodecyl (C�
) or decylamine (C��) lipid chains capture the 
liposomes on the sensor. In I, different liposomes were injected into channels 1 (Ch 1) and 2 (Ch 2) 
for parallel measurements, while in II-IV, both channels were used for the same formulations to 
increase the eluted protein amounts for proteomics measurements. B. The schematic of the two 
main measurement stages for the liposome (L), the soft corona (SC) during biofluid injection, and 
the hard corona (HC) after the buffer wash on the pTHMMAA-coated lipid anchor sensor. C. Picture 
of the proof-of-concept setup, including the collection of PC fractions using timed elution based on 
additional optimization measurements. 
 
In I, the standard 1 μl polydimethylsiloxane (PDMS) flow cells were connected to silicon 
inlet and Tygon LMT-55 inlet and outlet tubing using an external digital peristaltic pump, 
bypassing the autosampler system, which is not compatible with undiluted biofluids. For II, 
the flow cell was replaced with a custom 1 μl polyether ether ketone (PEEK) with 0.51 mm
Tygon LMT-55 inlet tubing and PEEK outlet tubing. The internal volume was minimized 
and the flow-through times were calibrated by mass measurements to enable the timed 
elution of corona fractions based on events observed in the real-time sensogram. In I, the 
liposome immobilization flow rate was 50 μl/min, followed by human serum interaction at 
100 μl/min. Liposomes were immobilized by injecting for ~10 min, which was sufficient for 
saturation of the SPR response with all tested formulations on a sensor composed of a 6 kDa 
CMD hydrogel matrix and dodecyl lipid anchors [311]. In II, the flow rate of the human 
plasma was reduced from 100 μl/min to 50 μl/min to allow continuous measurements 
without issues caused by pressure changes between the liposome immobilization and 

�
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protein interaction steps. Fig. 17 displays the final workflow used in II-IV that also permits 
the separation of the HC and SC fractions for high-resolution proteomics analysis. This 
required the development of a custom biosensor due to the chemical leaching observed with 
CMD and 3-aminopropyltriethoxysilane (APTES) sensors. To reduce unspecific protein 
binding directly on the sensor gold surface but allow compatibility with different pH ranges 
and surfactants, the custom sensor was functionalized with poly-N-[tris(hydroxy- 
methyl)methyl]acrylamide (pTHMMAA), a highly protein-repellent hydrophilic polymer 
[304,312] (II: Fig. S1 and S2). 
 

 
Figure 17. The workflow of MP-SPR coupled to quantitative proteomics for liposomes (II: Fig 1.). 
HC: hard corona; SC: soft corona, PCA: primary component analysis; RPA: relative protein 
abundance. 
 

The simple technique to eliminate temperature gradients by vortexing the biofluid 
before injection, as evidenced by forward-looking infrared (FLIR) thermal camera 
measurements, eliminated the risk of gas bubble formation in the flow cell at 20 °C. 
However, measurements at 35-37 °C in serum, plasma, vitreous, and other biofluids were 
difficult to replicate due to occasional gas formation even with counterpressure adapters 
(results not shown). After unsuccessful attempts, the temperature was set to 20.0 °C and the 
injected biofluids were kept on ice. This was especially important with human serum to avoid 
the premature activation of the complement system, which is inhibited at +4 °C. Before 
injection, the biofluid aliquots were thawed until ~90%. All measurements were performed 
in triplicate (“biological replicates”) and flow channels were interchanged between runs to 
exclude the effect of possible differences in the microfluidic channels. The biological 
replicates were not independent, since liposomes and biofluids from the same stocks were 
used to avoid introducing additional confounding variables. Both the CMD and pTHMMAA-
coated lipid anchor sensors were used three times and rejuvenated with surfactant, and a 
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stronger surfactant was used to minimize carry-over between replicates. The Orbitrap 
Fusion MS/MS used for proteomics data acquisition is a high-resolution instrument suitable 
for single-shot proteomics experiments and the compatible nanoLC system reduced sample 
consumption to ~7 μl per run with ~100 ng of tryptic peptides. The detection sensitivity is 
sufficient for the analysis of individual replicates from parallel measurements on the MP-
SPR, although this may reduce the number of identifications. 
 
5.2.2 Consideration of factors affecting corona formation 
 
Most of the experimental factors that influence PC formation (Table 2) have been taken into 
consideration and are controlled in the workflow. Notably, the issue with NP-PC separation 
and washing, which have been difficult to control and optimize [313], was eliminated by the 
in situ design. The issues identified with the use of human serum in I for the study of the 
corona were addressed by using human plasma in II and IV. The exposure times used in I-

IV are short comparing to most published literature, where one-hour incubations are 
commonly used with the assumption that this ensures an established equilibrium [313,314]. 
However, this is significantly longer than the circulation time of many NPs [314] and 
corresponds to 15 passages through the entire circulatory system of the typical 70-kg male. 
The 15-20 min exposure times used for plasma in the SC phase correspond to 3.75-5 
passages, which should be sufficient for the externally triggered liposomes to reach their 
target site – albeit not necessarily for extravasation and cell uptake in poorly perfused tissues 
such as tumours [315]. These were determined based on the saturation of the plasma 
association phase as observed in the real-time sensogram, hence the slight variation. 
Accordingly, incubation until NP surface saturation is a commonly used alternative 
approach (e.g. [87,150]) and in vivo studies with pegylated liposomes had previously 
employed 10-minute time-points (e.g. [101,170]). However, it is noteworthy that it may take 
days for intravitreally injected liposomes to reach the retina (III) and the five-minute 
exposure used in III-IV certainly does not reflect the mature SC at the target site but rather 
the central vitreous composition following injection. It is necessary to note that since the 
objective in I-II was to demonstrate proof-of-concept, and different applications were 
expected to require additional modifications to the setup (e.g. ocular vs systemic drug 
delivery) and full optimization was not attempted. However, the mathematical estimates for 
transit times published in III also challenged some of our previous hypotheses, which we 
held at the time of experimental design. 

While the concentration ratio is more difficult to define in the MP-SPR setup, the use 
of undiluted biofluids partially avoids this issue. However, assuming the entire sensor 
surface (24 mm
/channel) is available for binding and maximally covered at 54% [316], the 
2D surface available for liposomes is 12.96 mm
 per channel or 25.92 mm
 per run with both 
channels. With 50-100 nm liposomes (A$!�$%�= πr
), the 2D coverage of 48 mm
 corresponds 
to 3.3-13.2 x 10	 particles on the sensor with roughly 52 mm
 of active surface area 
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(A&�'!������= 2πr
) available for binding in a single run. Therefore, the uncovered sensor area 
is 22 mm
/run and the mean interparticle distance is 43-85 nm assuming equal dense 
packing. The particle concentrations for the 100 nm and 50 nm ICG liposome solutions were 
8.2-33 x 10�
 particles/ml, calculated based on mean hydrodynamic diameter as described 
in [317]. Since the average injected volumes were ~500 μl, approximately 4-16 x 10�
 
particles are injected per replicate run depending on liposome size, suggesting that at best 
only ~0.1% of the liposomes are immobilized on the sensor. 

It is therefore clear that all plasma and vitreous proteins have access to the sensor 
surface, in which case the demisphere surface underestimates the active surface area. 
However, these are very rough approximations and most likely these values overestimate 
the overall situation by not accounting for reductions in binding, for instance due to the 
influence of flow patterns on immobilization or sensor degradation over repeated runs. In 
any case, surface saturation could be confirmed from the sensogram in real time, which is a 
clear advantage of the method. Based on the measured human plasma concentration of 78.5 
mg/ml, the 15-20 min exposures at 50 μl/min (II) correspond to 0.75-1 ml with 59-79 mg 
protein, or 57-75 pg/nm
/min with the assumptions listed above. This picogram range is a 
high ratio of biofluid volume to NP surface area, over 1000-fold more than in some other 
studies (e.g. 5 x 10��mm
�exposed to 1 ml of human serum [120]). This holds even if the entire 
spherical surface of the liposome is considered available for binding in our setup. 

The measured protein concentration in porcine vitreous was 1.5 mg/ml. Therefore, 5 
min at 50 μl/min is 0.25 ml of vitreous with 375 μg of protein per replicate run, or 1.4 
pg/nm2/min for both the 50 nm and 100 nm liposomes (III-IV). In the only prior study of 
corona formation in an “ocular environment”, Jo et al. (2016) subjected 1 x 1011 particles to 
200 μl of 50% diluted canine vitreous with 170 μg protein for 6 h under static incubation 
conditions. This corresponds to a protein concentration of 0.85 mg/ml, which is 56% of the 
concentration used in the MP-SPR setup. With 20 nm and 100 nm gold and silica NPs 
employed in their study, this corresponds to 2.5 x 10(�mm
 and 6.3 x 10� mm
 per 1 ml, or 34 
zg/nm
 and 0.14 zg/nm
, respectively. For a somewhat artificial comparison, this translates 
to only 0.04 to 0.94 zg/nm
/min, which is 10� to 10�� -fold less protein available per area per 
unit time. 

The dynamic conditions of the MP-SPR setup ensure a constant supply of proteins at 
natural relative concentrations and the removal of unbound species under controlled 
temperature and flow. These meet the main goals of dynamic incubation conditions [314], 
since especially the protein concentration is known to significantly influence PC formation 
[97,116,117]. Palchetti et al. [106,318] proposed that shear stress in combination with 
exposure time and surface chemistry contributes to the differences in liposome and lipid-
NP corona composition, and therefore the differences observed between static and dynamic 
settings. The shear stress (D) generated by a Newtonian fluid in the flow cell of an SPR system 

can be approximated by D,E. � F GHG� , where μ is the dynamic viscosity, u is the fluid velocity 
in the direction of the boundary, and y is the height above the boundary [319]. For EDTA 
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human plasma injected at 50 μl/min in a flow cell that is assumed rectangular with 
dimensions of 6.3 mm x 3.5 mm x 0.3 mm [319], the corresponding velocity is ~0.79 mm/s 
and the shear stress at the boundary is ~0.27 dyne/cm
 at 25 °C or ~0.21 dyne/cm
 at 37 °C. 
This is only 0.3% of the lower end of the blood flow velocity and 12-16% of the shear stress 
in a tumour environment [297], and 5.3% of the lowest peripheral venous flow velocity at 
the tip of the index finger [296]. The flow is laminar, which is obviously not always the case 
in the bloodstream [296,319]. However, the 21 ml/min maximum flow rate permitted by the 
tube diameters of the current setup would correspond to a ~33 cm/s velocity and a ~87 
dyne/cm
 shear stress (EDTA plasma, 37 °C), which exceed the conditions in a tumour 
environment [297]. Also, the ~40 cm/s velocity used by Pozzi et al. [259] that mimic the 
flow conditions in the abdominal aorta can be achieved with minor changes to the 
microfluidic system – although with higher sample requirements and pending the risk of 
flushing out sensor-immobilized liposomes. Convection is also present in the vitreous, and 
although it is difficult to describe the flow conditions due to its non-Newtonian nature [276], 
the advantage of providing a constant source of proteins is likely to be relevant in most 
physiological environments. 
 
5.2.3 Evolution of structural analysis 
 
In I, software-assisted layer solving was applied to determine the SC and HC thicknesses, 
which is adapted from the two-wavelength method [210–212]. Numerical iteration based on 
refractive index (n) and thickness (d) values (I: Table 3) was used to find theoretical SPR 
spectra that showed the best alignment with the multiple measured spectra for the same 
time point. This was done in a stepwise manner – hence “layer-by-layer” – for the metal, 
liposome, and both corona layers, interspaced by intermediate layers to permit modelling 
using Fresnel equations alone, along with a consistent range of initiation values for n and d 
to launch the iteration (depicted schematically in I: Fig. 1). Moreover, the d variable was 
fixed for the two measurement wavelengths, since both lasers can be assumed to probe a 
layer with the same structural properties. Since n is wavelength-dependent, it was defined 
as an independent variable. The SC was considered to contain a denser corona layer, the 
embedded HC that is covered by a more diffuse layer of weakly-interacting species. The 
Fresnel equations assume linear, homogenous, and isotropic layers, which is a very rough 
approximation of biomolecular layers formed in complex mixtures. Although relatively good 
alignment was achieved between measured and theoretical spectra, results were presented 
in the form of high and low values to account for some of the resulting error. Nevertheless, 
based on I, it became evident that: 

a) full SPR spectra are required for modelling by the layer-by-layer method, since 
corona formation caused changes in the SPR minimum peak widths and intensities, 
in addition to the θ��� and TIR peak shifts; 
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b) as a result, thickness and density cannot be estimated visually from the real-time 
sensograms even when TIR-shifts are compensated in θ��� as a function of time, 
although it can be used to estimate the phase of the association-dissociation process; 
c) large differences in liposome immobilization influence the subsequent modelling 
steps, compounding error; 
d) and the same time-point (“maturity”), rather than a visually estimated plateau that 
reflects the association-dissociation process (“phase”), should be used in replicate 
measurements to allow more accurate comparisons between measurements and 
other studies. 
 
Later, it became evident that human error was also a factor due to a mistake with the 

initiation values. The d range of 45-70 nm clearly underestimated the thickness of the 
truncated OGD liposome layer, resulting in liposome layer thicknesses between 40-56 nm, 
which is very low for liposomes (or aggregates) with 164-246 nm hydrodynamic diameters 
in bulk (Table 6, I: Table 1). This may also explain the large margin observed for the 
corresponding SC thicknesses. However, while DOX and DOX+PEG liposome layer 
modelling was initiated with 80-120 nm expected thickness, the resulting thickness of the 
latter was 37-49 nm. Therefore, while the numerical iteration was strongly influenced by the 
initiation values, the measurements and modelling also reflected the actual structural 
properties of the liposomes on the sensor (e.g. surface coverage, penetration depth). 
Considering these sources of error, the “black box” nature of the method due to the use of 
proprietary modelling software is a clear limitation in method development. To reiterate, 
the SPR signal is an average of the entire sensor surface and assumes isotropic layers, and 
gaps in the liposome layer or non-homogeneous and multi-layered placement have influence 
on both d and n [320]. Aggregates that influenced the sensor immobilization of the OGD 
liposomes would then also increase the error in layer solving. Also, since the OGD liposomes 
were functionalized with PEG in situ on the sensor, uniform coating of the entire liposome 
or aggregate is not achieved. The surface-immobilized liposomes are truncated, but even 
with ~250 nm liposomes or aggregates the ~335 nm sensing depth is sufficient. However, 
the gradual decay of field may influence the accuracy of measurements at high distances 
from the sensor, inducing additional error into the measurement [196,321]. 

To avoid dependence on proprietary software and to facilitate potential adoption by 
the research community, alternatives to layer solving were explored. Also, with the exception 
of the metal layer, it is evident that the spherical form of liposomes and especially the HC 
are better described as “shells” than layers, and their sensor surface coverage and amount 
should be factored into the calculations. In a paper published after I,  Rupert et al. [322] 
explored the applicability of the same two-wavelength SPR instrument in determining the 
concentration of antibody-immobilized extracellular vesicle subpopulations. Building on 
earlier work by Jung et al. [321], they introduced a shape-dependent parameter to account 
for the spherical shape in SPR detection. This approach formed the basis of the calculations 
in II, which we further amended with a protein-to-lipid ratio (P/L) to account for the 
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different amounts of liposomes on the sensor (between replicates and samples) by 
comparing SPR responses obtained during immobilization to those during the SC and HC 
phases (II: Fig. 4). The effective density value for the protein layer was corrected to account 
for 54% surface coverage, which is the geometric maximum for liposomes and proteins that 
are assumed to be equal spheres following random sequential adsorption [316]. We derived 
our method from the biophysical understanding of the binding of individual proteins to 
nanomaterials, where protein monolayer formation of approximately effective protein 
diameter thickness is followed only after saturation by secondary, and possibly, tertiary 
layers [98,173,323,324]. These assumptions served to better define the HC based on known 
biophysical constraints and thus increased the reliability of the measurements; the nano-
bio interface can be expected to become coated similarly with simple and complex solutions, 
where the difference is in the means of the competition between molecules rather than the 
nascent surface. Multi-shell structures (>2) would therefore also depend more on molecule 
properties rather than the reduced available NP surface area, although zeta potential and 
Stern layer formation may have to be factored in at longer distances from the surface [121]. 
Protein-protein interactions are also typically highly specific, such as the enzyme-forming 
cascades associated with the complement and coagulation systems, which also depend on 
particular surface arrangements of proteins. From a biological perspective, the HC can 
therefore be restricted to approximately double-monolayer thicknesses, which would then 
form a boundary with the loosely associated molecules that is reflected in the density (n) 
parameter of the measurement. 

Independence on proprietary software was partially achieved in II, where the raw 
data-based calculations were done using Matlab or spreadsheet software. The exception was 
the use of software-assisted layer solving to account for the presence of ICG in the liposome 
formulations F1 and F2, since an increase that exceeded 0.1 arbitrary units was consistently 
observed in SPR peak minimum intensity at the 785 nm incident wavelengths during 
immobilization with the ICG-containing formulations (Fig. 18). Although not further 
explored in this study, these can be attributed to the presence of ICG in the formulation, 
since the maximum absorption spectrum of ICG varies from 785 nm in monomeric state to 
690 nm in aggregate state [62,63]. In our calculations, this could also be used to determine 
the P/L ratio with ICG containing liposomes, an example of label-enhanced SPR. Additional 
applications of the presented modelling method may therefore include the detection of the 
aggregation state of ICG in the formulation, which has implications for the light activation 
mechanism. In III and IV, separate thickness values were not reported for immobilized 
liposomes due to the integrated compensation method, and the shift caused by ICG was 
found to be insignificant in the presence of the corona. Study IV also combined thickness 
data from II and III to compare corona formation in undiluted plasma and vitreous on 
liposome formulations with different sizes, surface charges, and coatings (IV: Fig. 4). 
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Figure 18. Top: Full SPR spectra at 670 nm and 785 nm incident wavelength before (solid line) 
and after (dashed line) liposome immobilization for the 60°-78° measurement angular range. 
Bottom: Comparison of 785 nm SPR peak minima between 65°-67°. A characteristic and 
reproducible change in peak minimum angle intensity can be observed at 785 nm as a result ICG-
containing liposome immobilization of F1 and F2, which is not observed with F3 without ICG. 
 
5.3 Advantages and limitations of the workflow 

 
The first main advantage of the workflow is the possibility to obtain information on both the 
in situ structure and composition of the corona in a single workflow, which had not been 
possible previously. This “holisticity” is an advantage, since the increasing complexity of 
drug delivery technologies has made extrapolation based on model-NPs difficult and batch-
to-batch variation remains an issue [12,314]. Although direct assessment of morphology is 
not possible, the packing density of the corona layers can also be assessed by combining 
information obtained from label-free structural analysis and proteomics (Fig. 17). Since 
different formulations can be compared directly in parallel measurements without 
additional modifications such as linkers or labels, the current setup is directly applicable to 
the surface optimization of lipid-based DDS with varying surface densities of stealth 
coatings, for example [325]. This applies at least in high-protein conditions where the LC-
MS/MS detection limit is not as issue, such as in plasmas and sera. Novel sensor 
technologies can be developed for different organic and inorganic NPs, although some 
setups may require the use of linkers for immobilization. The same multi-parametric SPR 
technology has also been used successfully with metallic NPs [326]. Overall, the workflow 
had a low cost and time expenditure, especially in relation to its data output. 

The second main advantage is the elimination of isolation steps, although the 
separation of the SC from HC using buffer flow inside the MP-SPR setup may be subject to 
interexperimental variation. Obviously, the semantics related to the distinction hypothesis 
leave space for criticism, but the clear advantages of the system are that: 

a) an embedded monolayer of HC is assumed to reside within the SC, each defined 
by distinct d and n pairs; 
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b) the SC fraction is collected together with the source biofluid;  
c) and proteomics analysis focuses on the relative enrichment and it is conducted 
without pre-assigned groups to identify differentially enriched proteins between the 
HC, SC, and the source biofluid. 
 
One could therefore argue that the question of “what constitutes a SC” can also be 

avoided entirely, since it is defined in an unbiased manner based on measured parameters 
such as the density with an associated thickness, or the reproducibly enriching proteins that 
show specificity for the NPs or the HC proteins. However, the aim behind the integration of 
a long wash period between the SC and HC structural analysis and sample collection was to 
simulate the effect of the typical washing steps used in the literature. Thus, the HC is 
intentionally the “analytically accessible” part of the corona that remains on the surface of 
the liposomes after extensive washing. However, as discussed previously, the definition of 
the SC also depends on the perspective; our definition of the SC and HC would best be 
described as a spatial definition of the corona, since it derives from structural properties 
rather than the affinities or other properties of the interacting species. However, it is clear 
that the decision on the exposure time can significantly influence both corona structure and 
composition in our setup, and basing it on in vivo pharmacokinetic considerations would 
provide for better relevance and easier translation of the results. 

Other notable in situ structure characterization methods include fluorescence 
correlation spectroscopy (FCS) [149], which has been extensively used in single-protein 
experiments (e.g. [98,173,323,324]), and �	F diffusion-ordered nuclear magnetic resonance 
(NMR) spectroscopy [327]. Although both methods require the use of labels, they are 
capable of very high spatial resolution and can also provide information on protein surface 
conformation. Recently, other separation methods that permit the study of the SC and HC 
composition have been presented, most notably asymmetrical flow-field flow fractionation 
(AF4) alone [328,329] and in combination with ultracentrifugation [313,330]. The AF4, 
which was introduced already in the late 1980s, is based on laminar cross-flow in a partially 
permeable channel. However, it is expensive and requires extensive method development, 
as well as highly monodisperse NPs with stable coronas, since the shear flow may cause 
protein dissociation from the HC [313,330,331]. The notable advantage of AF4 compared to 
our setup is its compatibility with a wide range of NP dimensions (1 nm to 100 μm) and 
chemistries, including metallic [331]. It has also been used successfully to determine 
liposome size distributions [331], but to our knowledge no studies have used AF4 to separate 
liposomal PCs. Centrifugation remains the most commonly used separation method [313]. 
However, Böhmert et al. [313] noted that centrifugation steps are often not optimized for 
the NP-PC complex and method controls are missing. A recent interlaboratory comparison 
of DLS and DCS methods found significant issues in their reproducibility, especially for the 
latter [332]. While DLS is poorly suited for the study of corona formation especially in 
concentrated biofluids [121], it remains one of the cornerstones in the physicochemical 
characterization of NPs that is required for our developing understanding of PC formation 
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[314]. While our setup permits definition of liposome “diameters”, it does not replace DLS 
as a pre-characterization tool, although establishing correlations between these 
measurement modalities might have benefits such as evaluation of the aggregation or 
placement of liposomes on the sensor. 

The third advantage is the increased in vivo relevance of the method, most notably 
due to the possibility to use undiluted biofluids under flow conditions, albeit currently only 
under low shear conditions. Although room temperatures (20-25 °C) have also been used in 
other studies to retain protein structures (e.g. [333]), the use of physiological temperatures 
would significantly increase in vivo relevance. This was not achieved in I-IV due to technical 
complications, as discussed earlier. Additionally, studies with individual proteins and 
complex biofluid solutions can be conducted under the same experimental conditions. As 
described in I, this can be applied to study opsonin binding directly on liposome surfaces to 
assess immunogenicity. Although recent reports have questioned the role of complement 
components in direct assessment of elimination by MPS [325], the possibility to address any 
potential to induce CARPA already in preclinical research certainly remains an advantage. 
The role of other specific proteins in corona formation could also be assessed in a single 
experiment together with complex biofluids, which has been difficult with the previously 
presented methods. Since protein-depleted, disease state-associated, and patient-derived 
biofluids may also be used with the current setup, it can be readily adapted to study 
“personalised coronas” [141,257,334]. Obviously, the current method does not accurately 
display the full complexity of the biomolecular corona, but integration with other omics 
technologies is feasible and will be explored in future studies. Additional coupling options 
include QCM, where the possibility to use the same sensor technology is an advantage. The 
QCM method can provide additional information on the viscoelastic properties and water 
content of the corona layers for more accurate modelling [319]. Alternatively, the excess 
liposomes could be analysed by other means: recently, Gianneli et al. [335] applied QCM 
with sensor-immobilized antibodies for label-free mapping of recognition motifs on NPs 
under flow conditions. While a similar setup could be achieved with SPR, QCM coupling 
with a similar setup would provide additional information on corona formation. 
Alternatively, valve systems may be integrated to permit recirculation of liposome solutions 
for lower sample consumption during immobilization. In hindsight, the single use of the 
pTHMMAA lipid anchor sensors would have simplified both MP-SPR and proteomics 
analysis, and should therefore be recommended with the workflow. 
 
5.4 Liposomal hard and soft protein corona formation in plasma and serum  

 

5.4.1 Structural properties  
 
The thickness and surface mass density values determined for HC and SC in undiluted 
human EDTA plasma and serum in I-II and IV are summarized in Fig. 19 and 20. The 
duration of interaction in these studies was comparable (~15-20 min). It should be noted 
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that the structural parameters were recalculated for F1 to F3, but these are consistent with 
the earlier values (II: Table 1; IV: Fig. 4). 

 
Figure 19. Summary of hard (HC) and soft corona (SC) thickness values in undiluted human plasma 
at flow rate 50 μl/min for ~15-20 min and (*) serum at 100 μl/min for ~20 min (N=3 with results at 
two wavelengths). For comparability, recalculated values from IV that assume a protein shell per 
liposome are used for F1-F5 instead of the original II results. In human serum, the values were 
determined by layer-by-layer modelling on liposomes immobilized to CMD hydrogel sensors with 
lipid anchors. F1-F5 are anionic 100 nm liposomes, including an uncoated control (F1) or coated with 
PEG (F2-F3) or HA (F4-F5). The 50 nm liposomes F6 and F7 were excluded as outliers (data in Table 
7). OGD is a cationic liposome with a TAT-derived cell penetration enhancer Arg�-DAG [300], which 
assumes a neutral charge upon charge-to-charge association of the acid-responsive PEG coating 
(OGD+PEG). DOX+PEG is a replica of Doxil� and DOX its uncoated control. 
 

 
Figure 20. Summary of hard (HC) and soft corona (SC) surface mass density (�) values in undiluted 
human plasma at flow rate 50 μl/min and (*) serum at 100 μl/min (N=3 with results at two 
wavelengths). For comparability, recalculated values from IV are used for F1-F5. F1-F5 are anionic 
100 nm liposomes, including an uncoated control (F1) or coated with PEG (F2-F3) or HA (F4-F5). 
The 50 nm liposomes F6 and F7 were excluded as outliers. 
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In serum, the SC thicknesses range from 62 ± 30 nm on DOX and 43 ± 22 nm on DOX+PEG, 
to 70 ± 41 nm on OGD and 43 ± 44 nm on OGD+PEG. The SCs based on a constant density 
are therefore 22.2-106.0 nm, which may result from the larger number of light-refracting 
species that are in continuous exchange [29]. The measured SC refractive indices range from 
1.37730 (DOX+PEG) to 1.42930 (DOX). The HC thicknesses are 5.0 ± 2.2 nm for DOX, 10.3 
± 3.1 nm for DOX+PEG, 13.0 ± 3.8 nm for OGD, and 6.6 ± 4.9 nm for OGD+PEG. The HC 
value range is from 3.4 nm (DOX) to 16.4 nm (OGD). Refractive indices range from 1.37531 
(OGD+PEG) to 1.44627 (OGD). The refractive indices determined for flowing bulk serum 
and Hepes-NaCl buffer were 1.34960 and 1.33535, respectively. This is slightly higher than 
the 1.3473-1.3438 reported for serum for the 600-700 nm range [292], or the 1.3350 
approximated by the Cauchy equation based on continuous complex refractive index 
dispersion spectrometric measurements, which used Fresnel equations to determine the 
real parts of the refractive indices between 450-700 nm [336]. This difference can be 
accounted for by the natural variation in the composition of the pooled plasma [336]. MP-
SPR is therefore also a simple method to determine the refractive indices of flowing 
undiluted complex biological solutions. 

While the OGD+PEG liposome formed a thinner corona in human serum, this may 
partly result from the larger variation of liposome size and polydispersity on the sensor as 
discussed earlier, since variance increased with liposome size (I: Fig. 20). OGD 
demonstrated a tendency to form the thickest HC and SC out of all formulations studied in 
this thesis, which is possibly explained by the surface charge (+24 mV); cationic liposomes 
tend to form thicker HCs compared to their anionic or pegylated cationic counterparts (e.g. 
[112]), and thickness is further increased by dynamic incubation conditions [106]. It is also 
noteworthy that the DOX and DOX+PEG liposomes are endotoxin free (<0.1 EU/ml), while 
the OGD liposomes contained significant levels of endotoxin (>1.0 EU/ml). The serum 
contains a functional complement system, confirmed by ELISA (II: S17), and its activation 
may increase protein binding by ~25% [127], resulting in a thicker corona. 

Although pegylated liposomes are generally reported to form thinner coronas [169], 
the non-pegylated DOX liposomes formed thinner coronas than DOX+PEG. In I, we 
hypothesized that this may have resulted from a) repelling effect of PEG that reduced 
capture by lipid anchors and lowered penetration into the CMD hydrogel, b) higher number 
of loosely-bound liposomes in the flow channel with DOX and therefore significantly higher 
SPR response during immobilization, or c) restructuring or other transformations taking 
place in the biomolecular layers [29]. As a result, future measurements should incorporate 
steps to compensate for sensor “saturation”, the relative number of immobilized liposomes 
that are available to interact. Complement activation is influenced by the density and 
orientation of PEG [12–14], which may have also contributed to the differences between 
OGD+PEG and DOX+PEG. However, we observed the same trend with the other liposomes 
in subsequent studies in human plasma with CPD-anticoagulation, which blocks the 
complement system. Overall, the polydispersity of the liposomes used in I was >0.3 for all 
samples except DOX+PEG (Table 6). These are considered moderately polydisperse 
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populations in DLS measurements, which also reduces confidence in the reported data for 
bulk size [121]. To avoid the potential effect of aggregation or agglomeration and reduce 
variation in future SPR measurements, the injected samples should be highly monodisperse 
(<0.1). This was the case with the subsequent publications for the 100 nm liposomes, with 
the exception of one uncoated and moderately monodisperse formulation F1 (PdI 0.134; 
Table 6) used as a control, which was expected in the absence of steric stabilization. 

In II and IV, liposomes containing the light-sensitizer indocyanine green (ICG) with 
and without pegylation were compared to a pegylated liposome with the same formulations 
apart from ICG (Table 7). As can be seen in IV: Fig. 4, the ICG-containing liposome without 
pegylation formed the thinnest HC and SC. However, the HA-coated liposomes formed 
coronas that had thicknesses and surface mass densities in the mid-range, showing less 
variation than the pegylated ICG liposomes. This may due to the anionic charge and a thicker 
hydration layer due to the HA-coating, which may limit protein adsorption in plasma. In 
these measurements, additional steps were introduced in the calculations to adjust for the 
number of liposomes on the sensor, which was also necessary due to the decrease in 
liposome capture upon pTHMMAA lipid anchor sensor reuse (II: Fig S6). The results 
demonstrated that the less liposome was retained on the sensor, the higher the thickness 
and variation in the results (II: Fig 5, S6 and S10). However, the sensor immobilization of 
F3 was very reproducible between measurements, while F1 decreased ~50% between the 
first and third measurement run (II: Fig S6). Since the maximum sensor coverage is ~54% 
with spherical particles due to their geometric shape, biomolecules may access the gaps 
between liposomes and the exposed sensor surface particularly in the SC phase, contributing 
to the SPR response. Regardless, density could be used to distinguish between a SC (with an 
embedded denser HC) and a HC after washing with buffer, which supports the distinction 
hypothesis. Comparing to the 3-18 nm [100] size range of proteins in plasma, the results 
suggest that the HC contains more than one protein layer, with the exception of the non-
pegylated ICG liposome F1 and the HA-coated liposome F5, which are likely to be sparse 
monolayers. In Table 7, the results obtained for the 50 nm anionic liposomes F6 and F7 show 
significant differences between the pegylated and unpegylated liposome in plasma; the 
thickness would correspond to multilayers of proteins that do not seem physically feasible. 
These results are excluded from further discussion. It is more likely that the current setup is 
not compatible with small liposomes, possibly due to challenges in capturing or retaining 
the liposomes on the sensor in undiluted plasma with the lipid anchors. These samples were 
also moderately polydisperse in bulk as measured by DLS (0.144 and 0.219 for PEG-coated 
and uncoated, respectively; Table 6). It should be noted that these issues were not observed 
in measurements with undiluted vitreous, which is mainly composed of water and has a 
significantly lower protein concentration. 
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Table 7. Summary of results for human plasma and serum (*) studies at 20 °C. Values are presented as 
mean of 3-4 biological replicates ± S.D (corresponding to Fig. 19 and Fig. 20). 

 

Hard corona (HC) Soft corona (SC) 
Thickness 

(nm) 
Mass density 

(ng/cm�) 
Thickness 

(nm) 
Mass density 

(ng/cm�) 
F1: (+)ICG (-)PEG 1.4 ± 1.4 102.5 ± 100.5 3.2 ± 1.8 233.3 ± 135.0 
F2: (+)ICG (+)PEG 4.9 ± 1.8 358.3 ± 130.3 10.6 ± 3.9 783.8 ± 290.4 
F3: (-)ICG (+)PEG 7.0 ± 5.7 516.9 ± 423.7 17.3 ± 12.0 1277.2 ± 883.2 
F4: (+)ICG (+)HA 5.5 ± 2.8 401.7 ± 209.8 9.4 ± 3.9 689.9 ± 287.1 
F5: (-)ICG (+)HA 1.2 ± 1.1 90.3 ± 83.9 7.7 ± 3.1 570.5 ± 228.1 
F6: (+)ICG (-)PEG 50 nm 0.0 ± 0.1 - 0.3 ± 0.5 - 
F7: (+)ICG (+)PEG 50 nm 25.9 ± 12.4 - 34.1 ± 15.9 - 
OGD* 13.0 ± 3.8 - 70.1 ± 40.9 - 
OGD+PEG* 6.6 ± 4.9 - 42.7 ± 43.6 - 
DOX* 5.0 ± 2.3 - 62.1 ± 29.7 - 
DOX+PEG* 10.3 ± 3.1 - 42.9 ± 22.2 - 

 
5.4.2 Protein composition  
 
A summary of the relative protein composition for the HC and SC in studies II-IV is 
provided as a heatmap in Fig. 21, where the analysis was restricted to at least three 
identifications across all samples and the top 60 most abundant proteins. The data was 
median normalized to identify proteins that enrich with high abundances in individual 
biological replicates. It is clear that despite the use of the same workflow and plasma pool, 
there are two distinct groups of liposomes in terms of composition: the neutral ICG 
liposomes F1-F3 (II) and F4-F7, which includes the neutral PEG and anionic HA-coated 100 
nm or 50 nm ICG liposomes (III-IV). Since surface charge is an important factor in PC 
formation [32,81,108,112–114] and liposomes with different diameters cluster together, the 
differential enrichment most likely reflects the surface charge. 
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Figure 21. Heatmap of the top 60 most abundant proteins in at least three samples in human 
plasma after median-normalization (total 178 proteins). N=3 for biological replicates in SPR and 
N=2 for technical replicates in LC-MS/MS. F1-F5 are anionic 100 nm liposomes, including an 
uncoated control (F1) or coated with PEG (F2-F3) or HA (F4-F5). F6-F7 are uncoated and PEG 
coated 50 nm ICG liposomes, see Table 7 for details. Distinct clusters are observed for the HC, SC, 
and plasma source (including 1x and 7x diluted, SPR instrument flow-through, and untreated). The 
HC subsections of the tested formulations cluster based on their anionic (light red box) or neutral 
(light blue box) surface charge. The corresponding significantly enriched proteins have been 
highlighted with black boxes (A-C). The dashed boxes indicate the enrichment of hyaluronic acid-
binding proteins (ITIH2, ITIH4) and fibronectin (FN1). The range for relative enrichment (red) and 
depletion (blue) is two standard deviations from the mean on the log
 scale (IV: Fig. 5). 
 

Notable proteins that were extensively discussed in II include clusterin (CLU) and 
apolipoprotein E (APOE), which enriched significantly in the F1-F3 series HCs but were 
relatively depleted in F4-F7 HCs. On the opposite side, F4-F7 HCs tend to enrich fibrinogen 
alpha (FGA) and beta (FGB), several immunoglobulins. APOL1, C1S, and apolipoprotein(a) 
(LPA) were also the only proteins in the study that were found in only the HC, but not the 
SC. C1S is typically present in all HCs regardless of the formulation, but in F1-F3 it co-
enriched with the plasma protease C1 inhibitor (SERPING1), which may influence the 
immunogenicity of the formulations. Both the HA-coated formulation with ICG (F4) and the 
50 nm PEG-liposome (F7) had a very low number of 17 enriched proteins in plasma. 

As expected, some hyaladherins (hyaluronic acid-binding proteins) were identified in 
the HCs of the HA-coated liposomes, including inter-alpha-trypsin inhibitor heavy chains 1, 
2, and 4 (ITIH1, 2, and 4), with ITIH4 exceptionally enriched in the HC and SC of the HA-
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coated liposome with ICG along with immunoglobulins (F4; Fig. 21C). Similarly, fibronectin 
(FN1) is known to bind glycosaminoglycans and HA in the extracellular matrix [337]. 
Although both are also among the top 60 most abundant HC proteins on F1-F3, FN1 
differentiated between the HCs of the HA-coated 100 nm liposomes (F4-F5) and the 50 nm 
anionic liposomes (F6 and F7). Interestingly, there were significant differences in protein 
enrichment between the HA-coated liposomes with (F4) and without ICG (F5) and in 
plasma, they bound a set of proteins associated with extracellular matrix and collagen 
binding (IV: Table S3 and Fig. S8). Based on the compiled results, whereas F2SC repeatedly 
produced a different protein pattern in II-IV (also visible in Fig. 21), F4SC is significantly 
different across all the samples in the compiled results of study IV. No significant batch 
effects were observed between runs, as demonstrated by the clustering of all the samples 
regardless of the LC-MS/MS run and the 70% commonality of the human plasma sources 
between the analyses. 
 
5.4.3 Opsonin C3b binding to pegylated and non-pegylated liposomes 
 

The equilibrium dissociation constant (K�) and estimated surface mass density for opsonin 
C3b were determined in I (Fig. 22). The non-pegylated cationic surface of the OGD liposome 
formulation showed a higher stepwise growth than its pegylated counterpart. The 
equilibrium dissociation constants (K�) were in the range observed for antibody binding, 3.8 
x 10�� M for OGD, 7.2 x 10�� M for OGD+PEG. Both suggest a specificity for the liposome 
surfaces, but at 1.9-fold higher affinity for the non-pegylated formulation. Based on surface 
mass densities, the non-pegylated surface also bound 2-5-fold more molecules. In addition 
to being cationic, the OGD liposomes contained endotoxins, unlike the PEG-solution tested 
separately (I: Table S1). Although lipopolysaccharides (LPS) can activate the innate immune 
system directly via Toll-like receptors [34], C3b also binds LPS directly [338] and it is likely 
that the endotoxin contributed to these findings. The results correlate with the layer 
modelling results, suggesting that complement activation may explain the higher layer 
thicknesses obtained for the non-pegylated formulation. Opsonin binding can therefore be 
used as a surrogate for immunogenicity, although in vitro determinations of the soluble 
terminal component sC5b-9 has shown better predictive potential in vivo [339]. Similarly, 
the enrichment of IgM (IGHM) in the HC of liposomes F1-F3, but not the HA-coated 
liposomes, may be an indication of immunogenicity (IV: Supplementary File 1). However, 
reports also suggest that C3 binding alone is not sufficient to explain increased elimination 
of NPs from the blood circulation [325,340]. While these factors limit the potential of the 
method for screening purposes, the possibility to assess the contribution of individual 
molecules in the same setup in conjunction with complex undiluted biofluids can be used to 
explore the factors that may contribute to the differences in corona formation observed 
between formulations. More definitive studies should employ physiological temperatures. 
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Figure 22.  SPR response following OGD and OGD+PEG liposome interaction with a complement 
C3b concentration series in a parallel measurement (N=3) and the associated equilibrium 
dissociation constant (K�) and estimated surface mass density (Γ) values (adapted from I: Fig. 7). 
 
5.5 Liposomal hard and soft protein corona formation in vitreous 

 

5.5.1 Structural properties
 
The HC and SC thicknesses of the 50 nm anionic light-activated liposomes were ~2.2 nm 
and 2.5-3.1 nm, respectively (Fig. 23). The neutral 100 nm liposomes have slightly thinner 
coronas, 1.1-1.6 nm for the HC and 1.6-2.7 nm for the SC, with the HA-coated liposome 
forming the thicker corona. However, the results show that pegylation or other coatings do 
not significantly influence corona thickness in porcine vitreous. This is consistent with II, 
where pegylation had no significant effect on corona thickness on 100 nm neutral liposomes 
with the same composition. A comparison of formulations F2 and F4 in Fig. 19 and Fig. 23 
demonstrates that a thinner HC forms in porcine vitreous compared to human plasma, and 
with the SC this trend is even more pronounced. 

Based on the proteomics analysis conducted in III, the calculated effective protein 
diameter is ~4.6 nm for the HC and ~5.0 nm for the SC. This suggests that the vitreal PC on 
liposomes is sparse and only contributes to a 10-12% increase in liposome diameter. A recent 
study on pegylated liposomes in serum and plasma also demonstrated that the HC was 
sparse and that the surface protein coverage was small [341], which is consistent with our 
findings. A similar observation can be made for IV based on the results (IV: Fig. 4). It is 
necessary to note that the surface mass density in III corresponds to the protein shell for 
the specific corona subsection, whereas in II it referred to the protein density visible on the 
sensor (i.e. between liposomes or unbound protein in the vicinity of the sensor). Regardless, 
the same trend can be observed for the corona thicknesses and the surface mass densities in 
Fig. 24, where the HC is between 80-165 ng/cm
 and SC between 116-217 ng/cm
. 
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Jo et al. [261] reported an increase of 5-8 nm on anionic gold and silica NPs with 20 
nm and 100 nm diameters using DLS, corresponding to one or two layers of proteins, as a 
result of incubation in 50% dog vitreous. This is consistent with our findings, although 
corona thicknesses on liposomes were closer to the lower end reported in the study. The 
incubation temperature used was not reported and it is therefore possible that both studies 
were conducted at room temperature. The results from III and IV are summarized in Table 
8. 

 
Figure 23. Summary of hard (HC) and soft corona (SC) thickness values in undiluted porcine 
vitreous at flow rate 50 μl/min for ~5 min (N=3 with results at two wavelengths, except for F7 with 
N=4). F1-F5 are anionic 100 nm liposomes, including an uncoated control (F1), and coated with PEG 
(F2-F3) or HA (F4-F5). F6-F7 are uncoated and PEG coated 50 nm ICG liposomes, respectively, see 
Table 7 for details. 

 
Figure 24. Summary of hard (HC) and soft corona (SC) surface mass density values in undiluted 
porcine vitreous at flow rate 50 μl/min for ~5 min (N=3 with results at two wavelengths, except for 
F7 with N=4). 
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Table 8. Summary of results in porcine vitreous at 20 °C presented as mean of 3-4 biological replicates ± 
S.D. 

 

Hard corona (HC) Soft corona (SC) 

Thickness (nm) 
Mass density 

(ng/cm�) 
Thickness (nm) 

Mass density 
(ng/cm�) 

F2: (+)ICG (+)PEG 
100 nm, neutral 

1.1 ± 0.5 80.3 ± 35.3 1.6 ± 0.7 116.4 ± 53.2 

F4: (+)ICG (+)HA 
100 nm, neutral 

1.6 ± 0.7 115.6 ± 48.9 2.7 ± 1.1 197.4 ± 82.6 

F6: (+)ICG (-)PEG 
50 nm, anionic 

2.2 ± 1.0 165.0 ± 66.2 2.4 ± 1.0 178.5 ± 76.1 

F7: (+)ICG (+)PEG 
50 nm, anionic 

2.2 ± 0.9 163.9 ± 66.8 2.9 ± 1.2 216.6 ± 85.9 

 
5.5.2 Protein composition 

  

 
Figure 25. Heatmap of the top 60 most abundant proteins in porcine vitreous in at least three 
samples after median-normalization (total 728 proteins). N=3-4 for biological replicates in SPR (F7 
tested four times, but one F7 HC replicate removed as an outlier) and N=2 for technical replicates in 
LC-MS/MS. F1-F5 are anionic 100 nm liposomes, including an uncoated control (F1) and coated 
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with PEG (F2-F3) or HA (F4-F5). F6-F7 are uncoated and PEG-coated 50 nm ICG liposomes, 
respectively, see Table 7 for details. Distinct clusters are observed for the HC, SC and plasma source. 
The HC subsections of the tested formulations do not cluster based on their anionic (red box) or 
neutral (blue box) surface charge. The range for relative enrichment (red) and depletion (blue) is two 
standard deviations from the mean on the log
 scale (IV: Fig. 6). 
 

The relative protein composition of the top 60 most abundant vitreous proteins is 
displayed in Fig. 25 (IV: Fig. 6). Unlike in plasma, the liposomes do not cluster based on 
their surface charge in vitreous. The 100 nm HA-coated liposome with ICG (F4) formed a 
distinct HC enrichment pattern compared to the pegylated formulation of the same size 
(F2). While GAPDH was depleted along with tubulin alpha 1 beta chain, F4 preferably 
enriched the “testis-specific” variant GAPDHS and tubulin alpha 1 beta chain TUBA1A (Fig. 
25d). Clusterin (CLU) and haemoglobin subunit zeta (HBZ) were also depleted in the HC of 
F4 compared the small anionic liposomes (F6-F7) and F2 with PEG (Fig. 25A-B vs C). 
Overall, there is a significant overlap in identifications between HC and SC (IV: Fig. 9), and 
the proteins in both corona subsections are predominantly hydrophilic and carry an anionic 
charge at the physiological pH (IV: Fig. 7, Fig. S7). 

According to the HEPP update 2018, the vitreous proteome consists of 6538 protein 
species, more than the proteins in the entire eye at the time of V (545 proteins in vitreous 
out of 4842 in the eye based on HEPP update 2013) [342]. Notably, 101 proteins identified 
in the study have not been previously reported in human vitreal proteomes [283,289,307], 
or 88 novel proteins when mouse, rabbit, and dog vitreal proteomes are also included 
[229,261,288] (III: Fig. S2). These new identifications are most likely due to the enrichment 
of low abundance proteins on the liposomes, which were not detected despite the 
fractionation in the earlier studies (although some of the studies included in HEPP 2018 that 
reported on disease conditions were excluded from the comparison due to the possibility of 
plasma protein extravasation). The vitreous is therefore much more complex and 
biologically active than previously reported. Vitreous has since been shown to contain a full 
complement system with a high abundance of C3, C4A, and C4b, and C1q in lower 
abundance in the vitreous core, which is targeted by intravitreal injections [289]. This 
challenges the 1993 reports on the immunological privilege of the vitreous cavity and the 
subretinal space [343,344], implying that liposomes can be opsonised by complement 
proteins. Accordingly, both opsonins C3 and C4A were enriched in the liposome SC and 
among the top 60 proteins on 20 nm and 100 nm gold and silica NPs [261]. Notably, all of 
the proteins that comprise the MAC/sC5b-9 were also found in the vitreous and the complex 
may thus be a factor that influences liposome stability, but these proteins were not 
significantly enriched in the liposome HC. While albumin was also found in the vitreous in 
our study, it was depleted in the liposome coronas as a result of the relative enrichment 
analysis, which is not surprising considering its high abundance in the vitreous [261,283]. 
Studies on the effects of aging showed the differential expression of several proteins [229], 
some of which were also identified in the vitreous coronas (14-3-3 protein zeta/delta, 
YWHAZ). This suggests that the coronas vary in patients of different ages, as expected based 
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on the research on personalized coronas [345,346]. Interestingly, pathway analysis 
demonstrated that many HC and SC proteins had known physical interactions with 
glyceraldehyde-3-phosphate dehydrogenase (GADPH), which was highly enriched in the 
liposome HCs (III: S4). This demonstrates that since protein binding in the vitreous is 
independent of NP properties, naturally occurring interactions between proteins and 
association with soluble protein complexes [347] may explain the enrichment in addition to 
the physico-chemical properties of vitreal proteins. 

Overall, the overlap between the liposome HC and SC in porcine vitreous and gold 
and silica NPs in dog vitreous was significant at 75% [261]. This difference can be explained 
by the differences in method sensitivity, the stochastic nature of LC-MS/MS, and 
interspecies differences. Similar to us, Jo et al. [261] did not find a correlation with NP 
properties and properties of the corona proteins, suggesting that corona formation is driven 
by protein-specific rather than NP-related factors. Similar findings have also been reported 
with engineered nanomaterials in human plasma regarding opsonins [144]. It may therefore 
be that this is a general finding that is applicable to proteins involved in accelerating 
phagocytosis, regardless of the biological medium. 
 
5.6 Influence of corona formation on vitreal mobility, targeting, and ocular 

immunity 

 
In V our first assumption was that the increase in NP size as a result of PC formation may 
influence distribution and elimination kinetics. However, no differences in vitreal mobility 
were observed despite the 10-12% increase in liposome diameter of 50 nm anionic pegylated 
and non-pegylated liposomes – which is not surprising since the coronated diameters fall 
significantly below the 500 nm vitreous mesh size [279] (III: Fig. 2). Comparing the results 
from III and IV, the HA-coating did not hinder mobility in the vitreous as a result of the 
anionic charge, and it stabilized the ICG on the surface of liposomes similar to PEG. 
Although the HA-coated liposome bound more proteins in vitreous, corona formation did 
not significantly influence the vitreal mobility of HA or PEG-coated anionic liposomes. 
However, the extracellular matrix and collagen-binding proteins may lead to interactions 
with the structural HA-collagen meshwork of the vitreous, which may explain the slightly 
lower mean track speed and higher variation. The results obtained with LALS for the 
liposome diameters before and after exposure to the biological media were consistent with 
the MP-SPR results (IV: Fig. 4B). However, the two-fold size difference following plasma 
incubation suggests aggregation, which was not observed in the presence of vitreous. 

While corona formation may also mask the NP charge, based on an analysis of the 
isoelectric points of the proteins identified in the HC or SC, the anionic liposomes are likely 
to retain an overall negative charge and the masking of surface charge by vitreal proteins 
was not evident (III: Table 2). A comprehensive analysis of HC and SC protein properties 
demonstrated that the 20 most abundant proteins are predominantly hydrophilic and 
negatively charged in both plasma and vitreous, irrespective of liposome properties (IV: Fig. 
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7). While it is possible that some masking of charges occurred with cationic liposomes, and 
studies have suggested that protein binding in low concentration solutions may even “flip” 
the charge [348], this was not evident based on their very low mobility in the vitreous (III: 
Fig. 2). This may explain why the elimination of cationic NPs by the MPS is higher than that 
of their neutral or anionic counterparts [349]. Although the corona composition of cationic 
particles was not studied in III and IV, the ubiquitous presence of immune system 
components in the anionic and neutral liposome coronas suggests that opsonization may 
also contribute significantly to the elimination of NPs from the vitreous. Although the 
findings by Barza et al. [350] suggested that the relative contribution of MPS to the ocular 
elimination is low, this theory should be revisited with cell uptake studies on NPs with vitreal 
coronas to understand the contribution of the PC. This is pertinent in light of the findings in 
IV, where a common subset of 28 proteins was found among the HC enriched proteins of 
light-activated liposome formulations, including complement opsonin C3, but also 
inhibitors and potential dysopsonins such as clusterin and apolipoprotein E (IV: Fig. 8). 

We speculated in V that the vitreal protein corona may also interfere with targeting 
moieties. Literature on the influence of protein corona formation on active targeting has 
produced conflicting results, from complete loss of activity [85], or at least significantly 
reduced [351], to a lack of interference at least in diluted protein solution on single NP-level 
analysis [352]. Tripathi et al. [353] demonstrated that an IgG-coating on a gold NP increases 
its hydrodynamic diameter by 12.5 ± 1.6 nm, suggesting that the HC thickness should be 
over 6 nm and densely packed to interfere with targeting. Although only passively targeted 
liposomes were included in II-IV, our results on the monolayer-thin and sparse plasma 
coronas, and even thinner vitreal coronas, would suggest that antibodies or other targeting 
moieties on the surface would be available to interact with cells – unless the proteins bind 
and block a functional part of the targeting ligand. Recently, Kristensen et al. [341] echoed 
our observations by demonstrating that the plasma hard corona of liposomes is sparse and 
demonstrated that HC proteins only cover a low fraction of the available surface. As a result, 
the HC did not interfere with the targeting capability of antibody-functionalised liposomes 
recovered after in vitro or in vivo incubation [341]. This is probably the case also in vitreous. 

Our unpublished results in vivo show that liposomes may be removed quickly despite 
pegylation, which may be due to the presence of trace endotoxins. As discussed above, the 
common subset of HC demonstrates that all particles regardless of size, charge or coating 
were labelled as “non-self” lipid particles in plasma and vitreous, possibly in response to the 
abnormally high surface free energy levels of the liposomal bilayers (IV: Fig. 8). The 
enrichment of immunoglobulin variable regions may reflect the specific epitope reservoir of 
the plasma donors (Fig. 21). In addition to C3b discussed earlier, heat shock proteins 70 and 
90 that were found in the vitreal protein coronas in III are associated with LPS recognition 
by Toll-like receptor 4 (TLR4) [354]. As we noted in V, TLR4 is expressed on photoreceptors, 
RPE, and many other ocular tissues [355], and the liposome coronas may induce an innate 
immune response in the eye – either subject to inhibition mechanisms particular to the eye 
[129] or bypassing them to initiate a normal immune response [356]. In addition to the 
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ocular phagocytes listed in V, the vitreal cortex and inner limiting membrane also contain 
hyalocytes, “wandering macrophages” with demonstrated phagocytotic activity on IgG and 
opsonised particles that also secrete cytokines [357–359]. These, in addition to antigen-
presenting RPE cells [360] and the Müller cells that are the main phagocytotic cells in the 
retina [361], may contribute to the elimination of NPs to a higher extent than previously 
known. The response of Müller cells in response to pathogens has also been shown to induce 
plasma protein extravasation that can overcome ocular immune privilege [361], which may 
be the case in exudative diseases. While extensive complement-mediated reactions observed 
with liposomes are likely prevented by the ocular immune privilege in the healthy eye, these 
may be thus possible in exudative states and diseases. It is unclear if the susceptibility to 
CARPA observed in some individuals also applies to ocular drug delivery [23,339]. As 
discussed above, the vitreous has been shown to contain a functional complement system in 
the healthy state along with signs of significant biological activity, and endophthalmitis in 
response to NPs in the absence of endotoxins cannot be ruled out entirely. Zhang et al. [362] 
reported that HA-coated liposomes show less complement activation and immunoglobulin 
binding that their pegylated counterparts in repeated administration, including signs of 
hypersensitivity. The evidence from carefully designed experiments by Dong et al. [363] also 
suggests that the earlier reports on the tendency of small molecular weight HA (<400 kDa) 
to activate the immune system are actually related to the presence of endotoxins. HA-coated 
liposomes, such as the ones employed in study IV, may therefore provide a safer alternative 
for ocular drug delivery. However, this requires the in-house preparation of an endotoxin-
free DSPE-HA conjugate, since it is currently not available commercially. 

The more extensive results of IV supported the findings in III, confirming that 
protein-specific factors drive protein adsorption in the vitreous. This is possibly due to the 
molecular crowding activity of structural HA, which influences protein behaviour and 
conformation in multiple ways [364,365]. Thus, the role of molecular crowding and the 
possible role of changes in the conformation of proteins as a result of NP adsorption in the 
vitreous should be explored in future studies, since these may further influence the 
biological outcomes and may directly activate cellular immunity via cell receptors. 
Comparative studies on vitreal corona formation should be conducted in commonly used 
animal models, such as rats and rabbits, and in relevant disease-states, where the availability 
of human vitreal samples is also more feasible than for healthy vitreous. 
 
5.7 Influence of corona formation on stability and drug release   

 
In IV, the stability of liposomes in storage up to one week was studied in bovine vitreous at 
35 °C and human plasma at 37 °C. The leakage of encapsulated calcein was faster and more 
significant in plasma for both formulations, where all the contents had released in one day, 
whereas this occurred at day 4 in vitreous (IV: Fig. 2). PEGylated formulations released their 
contents faster than the HA-coated formulation. Light-activated contents release studies 
conducted for the HA-coated liposome F4 in plasma and vitreous showed significant 
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differences between the exposure times studied (Fig. 26). The longer 15-second laser 
exposure released 90% of the contents after only 3 hours in plasma, whereas similar release 
behaviour was only observed after a 24-hour incubation in vitreous. The biological medium 
and its protein composition therefore influences liposome stability and light-activated drug 
release. 
 

 
Figure 26. Light-activated release from HA-coated liposome (F4) with 5 s and 15 s laser exposures 
(800 nm laser at 3.2 W/cm
) and passive contents release (leakage) following a 3 h or 24 h incubation 
of the liposomes in 75% porcine vitreous (35 °C) and human plasma (37 °C) (N=3). Significant 
differences in calcein release were observed between different exposure times (*p<0.05) (IV: Fig 3). 
 
The same human plasma was used for all the experiments, but the bovine vitreous used in 
the stability studies was replaced with porcine vitreous to allow comparisons with previously 
measured PC samples. It is also necessary to point out that the experimental time-points are 
in the range of minutes in the PC experiments, but several hours in the stability and release 
studies. The presence of ICG has an influence on lipid bilayer stability, as evidenced by the 
experiments with double ICG amounts that resulted in significant stability issues (IV: Fig. 
S3). Regardless, some observations can be made, especially in light of the assumption that 
the HC composition does not change significantly. First, the much larger variability in 
plasma release at short laser exposures in Fig. 26 points to the effect of the corona, since this 
was not observed in buffer (IV: Fig. S3-4). Al-Ahmady et al. [366] studied that the effect of 
the PC on drug release from temperature-sensitive liposomes with higher Tm (42-45 °C) in 
mice plasma in vivo, showing that it influenced the rate and extent of drug release. The PC 
changed its conformation as a result of heating, leading to a “shielding” effect that depended 
on liposome composition. Temperature also influenced the HC protein composition. It has 
been demonstrated that corona formation may influence controlled drug delivery and 
release through a multitude of mechanisms [367]. These include direct interactions with the 
released drug and its potential precipitation; changing bilayer properties to change diffusion 
behaviour and the formation of an additional diffusion layer; acting as a drug reservoir by 
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binding the drug; increasing the size of the particles to change extravasation properties; 
modulating the cell uptake pathway; and sacrificing the integrity of the NP [367]. Most 
importantly, for stimulus-responsive systems, corona formation can be expected to reduce 
sensitivity to the release signal, whether endogenous (e.g. pH) or external (e.g. light). 

This is consistent with our findings, where longer laser exposure times were needed 
for complete release from both formulations. The coating did not significantly influence the 
release profiles, but the smaller differences in the drug release profiles in vitreous could 
result from the thinner and sparser corona. The effect of corona formation on drug release 
from temperature-sensitive liposomes can therefore be expected to be more significant in 
plasma. Although the exact mechanism is not known, the complement components in the 
liposome coronas may have further destabilized the lipid bilayer, facilitating light-activated 
drug release as well as the passive leakage that was relatively consistent in plasma and 
vitreous (~20%). However, the presence of MAC in the HCs was not established by the 
proteomics analysis and the 100 nm PEG and HA-coated liposomes were stable in vitreous 
for 24 h (IV: Fig. 2). 

Future studies should explore the effect of laser irradiation on PC formation on PEG 
and HA-coated ICG liposomes to optimize the laser exposure patterns. This is especially 
important in light of the clinical trials of ThermoDOX�, a temperature-sensitive liposome 
formulation of doxorubicin that is sensitive to radiofrequency ablation, which suffered from 
a poorly optimized release-activation protocol that did not account for differences in corona 
formation in blood circulation and the tumour environment [366]. 
 
 
K�(�(�'�L��$L'1�$�
 
Building on nearly a century of research on protein adsorption to man-made surfaces, the 
“protein corona” became an established concept in the field of nanotechnology during the 
last decade [33]. The corona, or more accurately the NP-PC complex, is now understood to 
be a dynamic entity that determines the biological fate of nanomaterials [368]. This is largely 
due to the development of sufficiently sensitive and descriptive methods to study the 
phenomenon in complex biological media and physiologically-relevant conditions, as well 
as to a lesser extent in vivo in animals (e.g. [101]) and humans [369]. These few studies have 
already demonstrated that both the morphology and composition in vivo is different from 
the in vitro counterpart [368]. While in vivo studies remain necessary, especially for 
increasing our mechanistic understanding of PC formation and evolution in the most 
realistic conditions, these are not feasible for the purposes of early-stage preclinical research 
with a large number of NP candidate technologies. 

Accordingly, the need for the development of in vitro methods with increased in vivo 
relevance that are able to link the synthetic properties of the NP to the ensuing biological 
responses remains [35]. This is obviously important from the perspective of nanotoxicology, 
which seeks to reduce the hazards of novel nanotechnologies and to prevent the adverse 
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reactions in first-in-human trials [24]. Considering the increasing complexity of NP 
technologies [370], these methods need to be compatible with a wide range of chemistries, 
sizes, functionalities etc. – or alternatively, the clinical realities will result in more simplified 
formulations entering the market and the slower adoption of some of the published 
“bleeding edge” technological advances, as before. While the discussion on nano-specific 
toxicities is certain to continue [26,371,372], from the practical safety perspective, some 
form of protein adsorption assay will be required for nanomaterials [144]. However, most of 
the current toxicological tests should be adaptable for use with nanomaterials (discussion 
with Dr. Watze de Wolf). Therefore, the novel preclinical methods that are intended to 
accelerate nanomedical development should rather help address the balance of efficacy and 
safety at an earlier stage than attempt to replace validated toxicity tests. For instance, 
correlating the “synthetic structure” of the NP to the PC properties connected to short 
elimination in vivo half-lives in the literature will hopefully result in more surface-optimized 
formulations entering animal studies, and eventually more comprehensive toxicological 
studies. 

Due to its biological significance, protocols to characterize the PC can be expected to 
become routine in drug delivery research groups, similar to the commonly employed 
methods for physicochemical characterization. Novel methods should therefore be easy to 
adopt, which require at least the qualities of accessibility, convenience, and low cost and 
time expenditure. While the requirement for special expertise is more difficult to determine, 
providing blueprints for implementation by specialized core laboratories with minimal 
method development is a viable option in most modern research settings, especially with 
omics technologies. As can be seen in Table 4 that compared methods to study corona 
formation, the most used workflows are built on commonly available instruments. The 
workflow presented in II, which widens the scope of SPR detection from single-protein 
studies to complex biological media in combination with easily reproduced single-shot 
shotgun proteomics, meets the abovementioned criteria. Following open publication of the 
method, it is easy to adopt by the research community to complement other advances in the 
field. 

Considering the similarity between many nanomaterials and viruses and the 
proposed evolutionary origin for the complement-mediated hypersensitivity to liposomes 
[23], it is likely that the corona phenomenon extends beyond man-made materials. 
Accordingly, Pitek et al. demonstrated that protein coronas formed on Tobacco mosaic 
viruses (TMV) engineered for therapeutic purposes, although at six-fold lower protein 
amounts than on silica NPs [373]. We demonstrated recently together with a group of 
researchers that the coronas formed in different biological media influenced the 
pathogenicity of the respiratory syncytial virus (RSV) and the Herpes simplex virus 1 (HSV-
1) [374]. Again, protein adsorption on viruses was significantly lower than on liposomes with 
different surface charges. In a recent series of publications, Berardi et al. have demonstrated 
that viral nanoparticles (VNPs) based on the Cowpea mosaic (CPMV) or Bluetongue virus 
(BTV) may be engineered to overcome corona formation to a large extent [375,376]. VNPs 
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have a number of benefits as “bioinspired” DDS, which include their highly organized 
structure, convenient production, and the surface charge patterns that seem to explain the 
near-complete abrogation of protein adsorption. However, this requires engineering around 
the paradox of corona formation, where hydrophilic surfaces with low protein adsorbing 
properties also display a tendency for immunogenicity [33]. Viral corona formation remains 
difficult to detect with current methods. Based on preliminary experiments, the MP-SPR 
workflow presented in II is sufficiently sensitive and directly applicable to the study of 
corona formation on enveloped viruses at physiological temperatures (unpublished results). 
Pending additional optimization, it could be applied to accelerate the development of VNP 
technologies in addition to their synthetic counterparts. On an alternative development 
path, parts of the workflow have already been applied to the development of novel cancer 
immunotherapy platforms that combine viruses or silica nanoparticles with tumour 
components [377,378], where the induction of a specific immune response is a desired 
property. Macrophages are also important regulators of the tumour microenvironment, and 
solid tumour-associated macrophages could be targeted using PC pre-coated liposomes 
[379]. Recently, our data on liposomal coronas from II was used to demonstrate that 
extracellular vesicles also acquire a protein corona, which showed a 65% commonality with 
nanoparticles [380]. These and the other additional related publications not included in the 
thesis serve to demonstrate the versatility of the platform, which was designed with 
simplicity, modularity, and scalability in mind, in particular for use in preclinical 
laboratories, and open important avenues for future research on bioinspired systems. 

The analytical advances in defining the “biomolecular identity” cover a vast variety of 
NPs and biological media, but have been methodologically limited mainly to proteomics 
[368]. This is understandable due to its accessibility and technological maturity. However, 
to increase our understanding of corona formation and its biological roles, it is obviously 
necessary to broaden the scope and integrate more biomolecular variety in future analyses 
(e.g. sugars, lipids, nucleic acids, hormones, metabolites, and small molecules). The effect 
of protein modifications may also provide insight into differences observed between 
formulations or alternative coating materials to PEG. For instance, Sund et al. [144] found 
that all of the NP-adsorbed HC proteins were glycosylated, whereas the lack of adsorption 
of cell proteins could be attributed to their lower degrees of glycosylation. While this thesis 
preferred to use the term PC due to proteomics-coupling and the state-of-affairs at the time 
inception, the terms “biomolecular corona” or “biocorona” are more appropriate [33]. 
Integrative or multi-omics approaches combined with systems biology approaches are 
especially important for increasing our understanding on the personalised and disease-
specific biocoronas [64,141,257]. Since this is the relevant “biological context” for DDS, 
comparative analyses in biological media in both healthy and the appropriate disease 
contexts will have to become more common and expand to cover the different biological 
compartments encountered by the NPs during biodistribution. Due to the specific 
enrichment of low molecular weight and low abundance proteins on liposomes, also 
demonstrated in humans in vivo [369], these studies will also improve our understanding 
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of the associated proteomes. While the coupling with other omics technologies was not 
explored, the presented MP-SPR setup that permits separating HC and SC fractions with 
limited sample loss should be easy to combine with other sensitive analytical systems. 

The significant methodological limitation in the field, identified as the “grand 
challenge” by Cedervall et al. [32] already in 2007, is the analytical inaccessibility of the 
loosely-associated proteins and perturbation of the remaining corona in the separation 
process. In other words, determining the biological relevance of the SC and validating the 
distinction hypothesis has lacked suitable methods. EM-based visualizations of the corona 
have demonstrated that there is a network of loosely NP-associated proteins that surrounds 
the tightly-bound HC [120]. However, the extent of this network is difficult to define, since 
it eventually morphs into the “unassociated” biological medium. In addition to supporting 
the existence of the SC, the advantage of the workflow presented in this thesis is that the 
reported SC thickness is associated with an “optical density”, a spatial feature that is both 
physiologically feasible and intuitively accessible. While the densities of NPs [313] and 
proteins [381] are difficult to determine accurately – which plagues the accuracy of many 
separation techniques and analytical methods to study the corona [313] – this combination 
of experimentally determined physical values permits accurate interexperimental 
comparisons when the mathematical assumptions remain the same. In the future, reports 
on the thickness of the corona subsections should therefore be amended with additional 
structural details. As a result, the advent of “SC-capable” methods will also complement 
microscopy-based and other methods to improve our understanding of corona morphology 
under different conditions. e.g. [382,383]. These have already demonstrated that weak 
interactions between proteins and NPs may stabilize the conformation of the proteins in 
their unfolded states, with potential biological consequences [383]. 

Mahmoudi [314] discussed some of the limitations in the existing biocorona 
literature, focusing on reasons that have contributed to the failure of investigational 
nanomedicines in clinical trials. The argument is clear: since most of the DDS undergoing 
clinical trials are targeted systems, and both the surface ligands and the subsequent drug 
release are affected by corona formation, our poor understanding of the phenomenon is a 
factor behind the “lack of success”. However, similar observations have not been made with 
DDS intended for ocular applications, which may be explained by the formation of very thin 
and sparse HCs and almost non-existent SCs in the ocular environment, as we have 
demonstrated (III-IV). While the physicochemical characterization of NPs before 
experiments has become more commonplace, the characterization of biological components 
and the nano-bio interface is often lacking [314]. Many of the inconsistent and conflicting 
findings originate from poorly controlled experiments, including overlooked factors (e.g. 
lack of dynamic incubation conditions), and most notably, the use of different sources of 
plasma. Issues such as the gender, health spectrum, and fasting state of the donors 
significantly influence the properties of the donated blood products, which are further 
perturbed by differences in blood collection, processing, transit, and storage conditions. 
Often these are not comprehensively reported or even known to the researchers conducting 



   

 90 

the experiments. For instance, in study IV, the high abundance of immunoglobulin variable 
regions on the HA-coated liposomes may be due to the specific epitope repertoires of 
individual plasma donors, but information that may explain this was not available due to 
anonymization of the donor information by the supplier. In addition to standardized plasma, 
Mahmoudi proposes the use of agreed-upon method controls and standard checklists to 
support harmonization, such as the minimum reporting guidelines for bio-nano 
experimental literature used in II [308,309]. In hindsight, the lack of “dosimetrics” was a 
significant weakness that was only addressed in the thesis discussion and study IV. Future 
studies should also pay attention to determining and reporting NP dosage in a similar way 
or at least in relation to surface area [314]. 

While we can agree based on the literature that corona composition plays a role in 
biological interactions, it is still unclear what is the role of spatial features. Epitope mapping 
studies (e.g. [151,384,385]) suggests that factors such as protein organisation and 
orientation may significantly influence the biological outcome, and earlier studies have 
proposed a correlation between protein amounts and liposome clearance [137]. With the 
integration of parameters provided by these mechanistic studies (e.g. ratio of functionally-
orientated proteins), it is also worth exploring the in vivo correlation using more simple 
parameters, such as the corona thickness with an associated density, a derivative property 
of adsorbed protein amounts and their properties on the surface. Interspecies correlation 
studies using plasma, the most relevant biological medium for most nanomedical 
approaches, is necessary to improve clinical translation and further our understanding of 
corona formation due to the necessity of animal models in drug development [314]. 
Interestingly, there is also experimental evidence that dilute plasma may also better 
replicate the in vivo situation, at least in regard to interactions with macrophages [379], 
which suggests that the desired properties of the bio component may depend on the 
application and experimental setup. As a result of these complexities, the field will inevitably 
gravitate towards computational tools with increasing predictive potential, including 
quantitative structure-activity relationship models and different machine learning 
approaches [33,314]. This is increasingly evident in light of the recent findings by Lazarovits 
et al. [340], which suggested that changes to NP biodistribution due to corona formation 
could not be attributed to individual proteins or their combinations using machine learning 
approaches. In the ocular environment, the role of lipids in PC should be studied due to their 
large differences in commonly employed pharmacokinetic animal models. The spatio-
temporal control that is associated with light-activated or other externally-triggered 
temperature-sensitive liposomes, which is retained in the presence of PC, makes them less 
susceptible to changes in biodistribution caused by the corona formation. As a result, they 
remain promising systems for targeting drugs to tissues that are difficult to reach by other 
means in a wide variety of diseases. They may be further functionalized with ligands to target 
cell surface or intracellular receptors [386]. However, it should be noted that corona 
formation and therefore the associated targeting approaches cannot overcome the 
anatomical restrictions that influence pharmacokinetics (e.g. size restrictions caused by 
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fenestrations). However, as discussed previously, studies on the effect of light activation on 
the PC structure and composition in different biological compartments, preferably as 
comparisons of healthy and disease-specific settings, would improve our ability to improve 
safety and efficacy of these DDS. 
�
 
M���.1/($��.$�
 
The primary objective of this thesis was to develop a non-invasive method to study the 
protein corona formation in situ on sensor-immobilized liposomes. This was achieved in I-

IV using two-wavelength multi-parametric surface plasmon resonance and microfluidics. 
Moreover, this was achieved in undiluted complex biofluids under dynamic conditions for 
increased in vivo relevance, in accordance with Aim 1. The low velocity and shear stress 
flow and room temperature conditions were identified as the main limitations. Aim 2 was 
also achieved in I, where the kinetics of opsonin C3b with equilibrium dissociation constants 
were determined for the first time directly on liposome surfaces. The results indicated a 
specificity for the surface. The opsonin showed preference for the pegylated formulation, 
which was not consistent with the corona thicknesses obtained by layer modelling in 
undiluted human serum. The findings suggest that the setup can be used to study opsonin 
binding as an indicator of immunogenicity, which was also discussed in V in the context of 
ocular delivery. 

Aim 3 was achieved in II with the off-line coupling of MP-SPR to nanoLC-MS/MS 
for the separation and complementary analysis of the soft and hard corona subsections. This 
was made possible by a custom biosensor for liposome capture with lipid anchors and a 
highly protein-repellent surface. The outputs of the workflow included the thickness, surface 
mass density, and composition of complementary hard and soft coronas based on relative 
protein enrichment analysis. Combining information from MP-SPR and proteomics analysis 
made it possible to assess the packing density of corona molecules on the liposome surface. 
The results demonstrated that the hard corona formed on liposomes is sparse and 
dependent on formulation properties, with the non-pegylated formulation forming the 
thinnest corona. Most importantly, the results on the distinct structures and compositions 
of the hard and soft coronas confirmed the distinction hypothesis, which was Aim 4 of this 
thesis. Formulation-based differences were also observed in the soft corona composition, 
including the enrichment of “dysopsonins” previously reported in the hard corona, 
suggesting a possible role in mediating biological interactions. While a method to 
compensate for differences in liposome immobilization efficiency was introduced, further 
development is needed to optimize the liposome arrangement and density on the surface, as 
well as normalize the method for the number of liposomes in replicate runs to further 
increase method sensitivity, accuracy, and reproducibility. In III, the workflow was adapted 
to use with porcine vitreous in accordance with Aim 5. The smaller anionic light-activated 
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liposomes were able to move freely in the vitreous, despite the formation of a vitreal corona, 
which contributed a one-tenth increase in diameter and most likely retained the overall 
negative surface charge. Interestingly, the soft and hard corona fractions did not differ 
significantly in terms of structure, although their compositions were significantly different. 
There were no significant differences in the enrichment of proteins based on formulation 
properties, suggesting that protein adsorption in vitreous is driven by nanoparticle-
independent factors, as previously reported. The study IV confirmed that protein-specific 
factors drive of protein adsorption in the vitreous, influenced by the molecular crowding 
activity of structural HA. As an endogenous molecule, HA may induce the enrichment of 
corona proteins that may interact with the structural meshwork if the vitreous. 

Finally, Aim 6 was achieved in IV, where the liposomes from previous studies were 
compared in plasma and vitreous to hyaluronic acid-coated larger liposomes, which were 
prepared using an in-house synthesized HA-lipid conjugate. The HA-coated liposome shows 
promise due to its comparative stability and light-activated drug release properties but 
potentially lower immunogenicity than its PEG-coated counterpart. As seen in III with 50 
nm liposomes, corona formation did not significantly influence the vitreal mobility of 100 
nm HA or PEG-coated anionic or neutral liposomes. While formulation-dependent 
differences in corona structure and relative protein composition were observed in plasma, 
and the liposomes clustered based on their surface charge, the vitreal corona compositions 
did not correlate with liposome properties. Further, a comprehensive analysis of the top 20 
most abundant proteins on the light-activated liposomes confirmed that both the HC and 
SC are composed of predominantly hydrophilic proteins with an anionic charge. The 
liposome hard coronas in plasma and vitreous also share a common set of proteins that 
labelling them “non-self” lipid particles. The summary analysis conducted in IV also 
demonstrated that the hard coronas formed in both plasma and vitreous are thin and sparse 
monolayers. It is covered by a soft corona of approximately monolayer thickness in plasma, 
whereas in the vitreous, the soft corona is less defined and composed of only few additional 
molecules. Since the influence in vitreal mobility was also negligible on coated liposomes, 
pending additional experiments, it is possible that corona formation is less consequential 
for intravitreal drug delivery. 

In summary, the presented workflow meets the main requirements for dynamic 
incubation conditions described in the literature, absent the use of physiological 
temperatures and control over the liposome amounts on the sensor in replicate 
measurements. The workflow has been shown to be compatible with anionic, neutral, and 
cationic liposomes within a size range of 50-200 nm, although the sample set was not 
comprehensive and systematic enough for mechanistic studies. Its non-invasive and in situ 
nature for structure determination provides a solution to the “grand challenge” by avoiding 
the need for nanoparticle-protein corona complex separation and isolation. By providing 
information on truly complementary hard and soft coronas on the same liposome sample, it 
also avoids the common pitfalls in nanomedical development such as batch-to-batch 
variation and the interference from labels and other modifications. As a result, it has been 
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able to increase our understanding on the factors influencing corona formation in human 
plasma and porcine vitreous. In the latter, it was used to provide the first description of 
vitreal corona formation on drug delivery systems, which is highly relevant for the 
development of treatments for posterior segment eye diseases. Due to enrichment effect, it 
also increased the number of known constitutive vitreous proteins. The observations 
regarding protein corona formation in plasma and vitreous on light-activated liposomes are 
summarized in the context of corona dynamics and evolution in Fig. 27. However, the lack 
of information on the donors of the blood service-supplied human plasma is a limitation 
that complicates interstudy comparisons, although the standardized processing and ability 
to control donation time and storage duration and conditions can be considered advances. 
Coupling the MP-SPR setup with other omics technologies and optimizing the sensor 
immobilization of liposomes will further increase the “holistic” nature of the method 
workflow. Sample requirements and high sensitivity make the workflow compatible with 
patient-derived samples, which is necessary to increase our mechanistic understanding of 
corona formation in the biologically relevant conditions for nanomedicines. Parts of the 
method were also applied in a number of other studies, demonstrating its versatility. 
Pending the successful correlation of the in situ data with in vivo results, the method 
platform has the potential to accelerate preclinical nanomedical research. It should be noted, 
however, that the primary focus of this thesis was to describe the significant technological 
preclinical advances along with some of the novel observations made during method 
development, paving the way for more ambitious and systematic studies on the mechanisms 
of corona formation. 

 
 
Figure 27. Schematic of protein corona formation on liposomes in human plasma and porcine 
vitreous in terms of soft (SC) and hard corona (HC) thickness, packing density and protein diversity. 
The approximate effective thickness for a monolayer of proteins is shown with a dashed line. The 
plasma liposome corona is more complex and evolves over time in thickness and protein amount, 
although significant differences can be observed between formulations in both composition and 
thickness. The vitreal corona is sparse, less complex than its plasma counterpart, and does not show 
formulation-dependent differences. The HC and SC are significantly different in terms of 
composition, but differ only marginally in thickness. 
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We can therefore conclude that while protein corona formation on nanomaterials is 
a stable property that cannot be entirely abrogated, its composition and structure are 
emergent properties that depend on the synthetic properties, such as the surface 
modifications and the formulation, but also the biological milieu and conditions. However, 
the deposition of opsonins may be independent from nanoparticle properties or the milieu, 
and the common enriched proteins in different biological milieus may reflect the combined 
immune system and surfactant functions in response to high surface free energy of the 
liposome bilayers that label them “non-self”. Our findings support the spatial distinction 
into a soft and hard corona, which we define based on thicknesses that are associated with 
an unbiased density requirement. We propose that structure is a potential contributor to 
biological interactions, since the subsections may enrich proteins with different biological 
roles, influence each other in terms of composition, and it reflects the presentation of these 
proteins on the nanomaterial surface. Since the soft corona may be what the cell sees first, 
it is necessary to characterize the complementary structures and compositions of these 
subsections for a better understanding of cellular interactions. However, it should be noted 
that these characteristically loose interactions may not be sufficiently strong to facilitate all 
biological interactions, such as the receptor-mediated cell uptake of the nanoparticle. To 
capture the complexity of potential biological interactions, the omics measurements should 
also account for the full biomolecular diversity in their composition. To achieve this, the 
discordance in the results of many proteomics studies, such as differences in the biocorona 
composition on identical liposomes, issues with the sourcing of the biological component, 
and harmonization of experimental setups should be addressed first. Finally, the corona 
should not be seen to evolve only as a result of time, but also over the course of transit 
through different compartments. To understand the phenomenon, future studies should 
focus on elucidating the structure and composition of the biocorona in different biological 
compartments and in disease-relevant settings. In addition to providing a viable setup for 
these mechanistic studies, following in situ-in vivo correlation and the normalization of 
liposome amounts on the sensor between replicate measurements, the method platform 
described in this thesis has the potential to accelerate the clinical translation of novel 
nanomedicines by facilitating studies on one of their most significant translational barriers. 
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