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Chapter 1: Introduction

1-1 Nanoparticles and their biomedical applications

Nanoparticles (NPs) are defined as ‘the small particles having at least one dimension on the
nanoscale (1-100 nm)’ [1]. Over the last decades, a broad range of NPs with diverse compositions,
shapes and surface chemistries have been developed as shown in Figure 1-1. NPs can be made from
various materials including inorganic materials such as nanocarbons and metal oxides, and organic
polymers and biopolymers such as dendrimers and liposomes [2]. Although most of the NPs have a
spherical shape, non-spherical NPs such as nanorods, nanotubes and nanosheets with suitable aspect
ratios are emerging in recent years [3]. More importantly, the colloidal stability of NPs can be improved

by tailoring their surface chemistries such as charge and hydrophilicity [4].
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Figure 1-1. General description of NP in terms of its characteristics; size, composition, shape and

surface chemistry.

Surface-functionalized NPs are promising platforms for biomedical applications especially in



cancer theranostics, as they offer many advantages over small molecules and bulk materials [5]. NPs
within the size range of 10-100 nm are most likely to be accumulated in neoplastic regions through the
mechanism known as the enhanced permeability and retention (EPR) effect [6]. It results from the
hyperpermeable vasculature and dynamic openings on the vessel walls of tumor cells as well as the
impaired lymphatic drainage from tumor tissues [7] (Figure 1-2a). In addition to the proper size for
EPR eftect, the amenability for further surface functionalization is another important merit of NPs. For
example, a couple of targeting ligands such as RGD peptide, folic acid, biotins, and antibodies can be
conjugated to NP [8] (Figure 1-2b), which allow NPs to preferentially interact with specific receptors
overexpressed on the cancer cells. This leads to accurate delivery of NPs to desired sites. Moreover, a
myriad of additional functions such as imaging [9] and hyperthermia treatment [10] can be

incorporated into NPs (Figure 1-2¢) to improve their biological performances.
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Figure 1-2. Advantages of NPs for biomedical applications. (a) Accumulation of NPs in tumor regions

through EPR effect, (b) targeting moieties on NP surface for site specific delivery, and (c) functional

groups which can be incorporated into NPs.

1-2 Protein corona formation alters the biological fate of NPs
Although NPs have demonstrated great potential in cancer therapy, few of them have reached
clinical practice. The wide gap between discoveries at benches and applications at beds is mainly due

to insufficient knowledge of the interactions between NPs and the biological systems [11]. In biofluids,



NPs absorb proteins to form a coating layer known as protein corona due to their high surface energy
[12]. After NPs are covered with protein corona, their pristine identities are buried. On the other hand,
the proteins in the corona layer give NP the biological identity which is ‘seen’ by cells [13] (Figure 1-
3). Therefore, the biological fate of NPs such as cellular uptake, biodistribution, biotransformation and

clearance are affected by the corona proteins [14].

> Protein corona

Cell

NPs in bloodstream NP-protein

Figure 1-3. Protein corona reflects the biological identity of NPs and alters their interaction with cells.

To date, a couple of undesired effects resulting from protein corona formation have been reported
as shown in Figure 1-4a. For instance, the opsonizing proteins such as [gG and complement proteins
facilitate the uptake of NPs by macrophage of the mononuclear phagocyte system (MPS), thereby
initiating the rapid removal of NPs from bloodstream and diminishing the amounts of NPs to reach
their destination in the body [15]. Besides the accelerated clearance of NPs by the MPS, protein corona
is also proved to be detrimental to active-targeting strategies, since the targeting moieties engineered
on NP surface are masked by protein corona and become inaccessible to their receptors. Salvati et al.
found that the targeting ability of transferrin-conjugated NPs to A549 cells was decreased when the
NPs were coated by serum proteins [16]. On the other hand, the ‘sweet side’ of protein corona has been
revealed as shown in Figure 1-4b; Lesniak et al. reported that the protein corona lowered toxicity of
NPs by reducing the uptake efficiency of NPs, probably because the adhesion affinity of NPs to cell
membranes as well as the non-specific interaction between NPs and cell membranes were reduced [17].

More interestingly, some research groups have attempted to use the protein corona to target specific
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cells and/or disease lesion. Kreuter et al. demonstrated that apolipoprotein coating enhanced delivery

efficacy of NPs, rendering NPs to cross over the blood-brain barrier [18].
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al. Reduced blood circulation

Macrophage uptake

a2. Reduced targeting abilities

NP-targeting moieties Targeting moieties are inaccessible to receptors

b. Advantages of protein corona

)

J‘l ; i s . ) .
High affinity \ ;7 Low affinity / Specific interaction
Ceceeceoeososecceccecess eoe oee)
Lowering the affinity of NPs to CM Use protein corona for targeted delivery

Figure 1-4. The formation of protein corona can be either (a) harmful or (b) beneficial for medical

application of NPs.
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1-3 NP surface functionality and protein corona formation

In order to control the behavior of NPs in physiological environment, it is necessary to gain deep
insights into the formation processes of protein corona, because the biological fate of NPs is more
related to the protein coronas. Although many interactions such as hydrophobic, electrostatic and van
der Waals ones, and hydrogen bonding are contributing to protein attachment, hydrophobic and
electrostatic interactions are demonstrated to be the driving forces for protein corona formation [19]
(Figure 1-5). Consequently, the protein corona formation is found to be closely related to the surface

properties.

Hydrophobic interaction Electrostatic interaction

Hydrogen bonding yj,”,r" 2" van der Waals forces

Figure 1-5. Interactions between NP surface and proteins.

In order to minimize the negative effects of protein corona, NPs are typically functionalized with
hydrophilic and neutral polymers to repel proteins from adsorbing onto NP surface (Figure 1-6a).
Polyethylene glycol (PEG) is the current gold standard to suppress protein corona formation (Figure
1-6b), and has been used to increase the circulation time of a variety of NPs including gold NPs,
polymeric NPs and liposomes [20]. Despite the widespread application of PEG, it was reported that
PEG cannot fully prevent protein corona formation [21]. Moreover, the development of PEG

antibodies as well as the accelerated blood clearance (ABC) after repeated injection of PEGylated
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nano-formulations were also reported [22]. To circumvent the PEG dilemma, zwitterionic molecules
(Figure 1-6b) such as polybetaines (PB) or polysaccharides have been discussed as PEG alternatives
[23]. However, a comparison study made clear the lower ability of PB compared to that of PEG to
resist protein adsorption, cellular uptake, and in vivo excretion [24, 25]. On the other hand, we have
established the facile methodology to functionalize NP surfaces densely with polyglycerol (PG) [26,
27] (Figure 1-6b) and demonstrated very low nonspecific cellular uptake [28] as well as the extremely

long blood half-life [9] of NP-PG, implying that PG grafting might be a promising alternative to PEG.
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Figure 1-6. Surface functionalization of hydrophilic neutral polymers is the typical approach to
prevent protein corona formation. (a) Schematic representation, and (b) structures of PEG, zwitterionic

molecules and PG.

In addition to prevention of protein adsorption, there is a growing interest to study how the NP
surface functionality affects protein corona formation and the subsequent cellular uptake of NPs [29].
The surface charge has been one of the main focuses in this regard. Charge has long been the most
important parameter in NP design to regulate their uptake, and it is generally accepted that the
positively charged NPs exhibit a higher affinity to cell membrane than the negative ones to give a
higher uptake possibility (Figure 1-7a) [30]. In fact, after protein corona formation, the NP-protein
complexes are all negatively charged, regardless of the zeta potentials of the pristine NPs [31]. Hence,

the cellular uptake of charged NPs relates more to the adsorbed proteins rather than their original
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charges. However, the cascade effects of NP surface charge on protein corona formation and cell uptake
have not been well documented (Figure 1-7b). For instance, some studies reported that both negatively
and positively charged NPs interact similarly with serum proteins which leads to no difference in their
uptake behavior [32, 33]. On the other hand, the preferential association of specific proteins with
charged functional groups to result an enhanced cellular uptake of NPs was also reported by other
groups [34]. These inconsistent conclusions imply that the non-charged interactions exist at nano-bio
interfaces to make the charge effect unclear and that a corona-free interface is required to reach reliable

conclusion.
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Figure 1-7. Schematic representation of the interaction of charged NPs with cells. (a) Pristine NPs and

(b) the NP-protein complexes.

1-4 Aim of this thesis

The aim of this PhD thesis is to advance protein corona study. In the first project, the potential of
PG was fully explored as an alternative to PEG in terms of resistivity to protein adsorption and
macrophage uptake. Through a series of quantitative comparisons, the author revealed clearly that PG
resisted the protein adsorption and the macrophage uptake much more efficiently than did PEG. In
particular, only a little protein was adsorbed on the NP surface coated with densely PG, leading to
almost no macrophage uptake. Based on this “corona-free” PG interface, in the second project, the net

interaction between proteins and charged functional groups were investigated in a quantitative manner.
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In the third project, the net interactions among charged functional groups, serum proteins and cells
were clarified; that is, the cellular uptake efficacy and mechanism of charged NPs were found to be
dictated by their affinity to proteins and the distinct protein corona compositions formed on their
surface, respectively. In the fourth project, the effect of protein corona on the targeting ability was
studied at a subcellular level. The author revealed that a thinner proteins corona layer on the surface
of NP did not affect its targeting ability, whereas a thicker protein corona layer diminished its targeting

specificity.
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Chapter 2: Polyglycerol grafting shields nanoparticle from protein corona

formation to avoid macrophage uptake

2-1 Introduction

To reduce NP clearance by MPS, various hydrophilic and electrically neutral polymer coatings
including polyether, PB and polyol [20] have been investigated for anti-biofouling. Although PEG is
the most widely used non-fouling material, it has been revealed that PEG cannot completely shield
protein adsorption, and accordingly induces immune response such as ABC and pseudo-anaphylaxis
[22, 35-37]. Due to these limitations of hydrophilic polymer coating, the research direction has
changed to protein pre-adsorption [38, 39]; NPs precoated with clusterin or plasma proteins showed
macrophage evading abilities [40]. However, proteins with higher affinity to NP surface can replace
the precoated proteins through VVroman effect [41], implying that the fundamental solution should be

complete shielding of protein corona formation.

PG, which consists of a large number of hydroxyl groups on the PEG backbone (Scheme 2-1), is
expected to have a higher potential to prevent protein adsorption due to its non-ionic and more
hydrophilic nature [9, 28, 42]. Actually, PG on a gold substrate was reported to exhibit similar or even
higher protein resistance than PEG to the proteins such as fibrinogen, lysozyme, albumin and pepsin
[43-45]. On the other hand, we established the methodology to functionalize NP surfaces more facilely
and densely with PG [26, 46, 47] and demonstrated their very low non-specific cellular uptake [27,

28].

In this work, in order to fully explore the potential of PG as alternative to PEG, the author here
quantitatively compared the PG- and PEG-functionalized NPs in protein corona formation and

macrophage uptake. It is clearly revealed that PG resists to the protein adsorption and the macrophage
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uptake much more efficiently than PEG, in particular, only a little protein is adsorbed on the NP surface

coated with PG at 30 wt%, leading to almost no macrophage uptake.

2-2 Results and discussion
2-2-1 Synthesis and characterization of NP-PG and NP-PEG

Nanodiamod (ND) with 30, 50 and 100 nm (NDso, NDso and NDiqo, respectively) and super
paramagnetic iron oxide nanoparticle (SPION) with 22 nm (Table 2-1) were functionalized with PG
at I (low), m (medium) and h (high) contents, and PEG at | and/or m contents as shown in Scheme 2-1
(see details in Methods). NP-PG-I, -m and -h were prepared by “grafting from” method via ring
opening polymerization of glycidol (Route A in Scheme 2-1) according to the procedure we reported
previously [26]. In the PG functionalization, we tried to control the degree of polymerization either by
reaction temperature or reaction time, and realized precise control of the PG contents at I, m and h
corresponding to 10, 20 and 30 wt%, respectively, by tuning the reaction temperature rather than
reaction time. Since we also found that the PG content did not change so much after 4 h, the reaction
time was fixed to be 4 h in all the PG functionalization. The reaction temperatures optimized for I, m
and h PG contents are summarized in Table 2-1. The higher reaction temperatures are required for
higher PG contents in each NP to facilitate the polymerization. Actual weight increase from NP-PG-I
to NP-PG-h in one particle is shown in Table 2-3. At the same PG content (I, m or h), the higher
reaction temperature is needed for larger diameter, because specific surface area becomes smaller and
actual weight in PG layer becomes larger, as the size becomes larger (Table 2-3). However, the reaction
temperatures of SPION with 22 nm in diameter are higher than those of ND3zo with 30 nm in diameter
(Table 2-1), although the specific surface area of SPION is slightly less than that of ND3o (Table 2-3).
This is probably due to difference in the density of the functional groups such as carboxyl and hydroxyl
groups, which can initiate the ring opening polymerization. The above oxygen-containing functional

groups are considered to be denser on the surface of ND3zg than SPION.
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Scheme 2-1. Surface functionalization of NPs with PG and PEG at low (/), medium (m) and high (%)

contents.

PG "
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Table 2-1. Core size of NP-PG-/ and reaction temperatures in the PG functionalization of NPs to

control the PG contents at /, m and 4.

core size of reaction temperature (°C)

NP NP-PG-h(hm)® NP-PG-l NP-PG-m  NP-PG-h

ND3o 29 +13 rt? 45 60
NDso 52 + 20 70 105 140
ND100 102 + 32 80 120 140
SPION 22+5 50 100 140

#Mean diameter * standard deviation determined by more than 50 particles in STEM images shown in

Figure 2-1. PRoom temperature.

NP-PEG-/ and -m were synthesized by “grafting to” method via amidation of NP by PEG with 5
kDa (PEGsk) as shown in Scheme 2-1 (see details in Methods). PEGsi was selected in comparison with

the shorter PEG including PEG1 sk, PEGak and PEGsk in terms of the specific surface area in one ND1oo
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particle (Table 2-2). Although the number of the PEG chain is larger in the shorter PEG, the specific
surface area is larger in the longer PEG. Therefore, we chose PEGsk among the PEG with various
lengths. The ND-PEG-/ was prepared in an aqueous solution (N, N-dimethylformamide (DMF)/H>0)
in the presence of water soluble carbodiimide hydrochloride (WSCD-HCI) and N-hydroxysuccinimide
(Route B in Scheme 2-1). A similar method using N,N'-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) was applied to PEGylation of SPION in an organic solvent, giving
SPION-PEG-m (Route C in Scheme 2-1). To increase PEG content from / to m in ND-PEG, the amide
linkage between PEG and ND3p was constructed via acyl chloride on the ND surface prepared by
oxalyl chloride (Route D in Scheme 2-1) [48]. Although we tried many times, NP-PEG-/ was not able
to be obtained. This implies that the linear PEG cannot cover the NP surface as densely as the branched

PG, which will be quantitatively discussed below.
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Table 2-2. Comparison among ND10o-PEG with 1.5 - 5 kDa in one NDo particle.

PEG molecular PEG

weight (MWpeg) Content?  Weight Number of rpec’ Spec’ Total Specific

(kDa) (Wt%) (ag) PEG chain (nm) (nm?)  Surfacearea  surface area
(nm?) (m?g)
1.5 8.4 174.2 7.0 x 10* 1.2 17.3 30x10° 17x10
2 11.1 2372 71x10* 14 238 42x10° 1.8x10°
3 12.2 2640 53x10* 1.7 373  49x10° 1.9x10°
5 9.0 186.8 2.2 x 10* 2.3 65.9 37x10° 20x10°

aBased on TGA. PDefined in eq. 2-1. °Defined in eq. 2-2.

The hydrodynamic radius of PEG (rpgg) is calculated by eq. 2-1 based on the linear

relationship between rpg; and PEG molecular weight (MW pg¢) [49].

Yprg = 0.0201 x MWPE(;O'556 (eq 2'1)

The surface area of PEG (Spg¢) is calculated by eq. 2-2 on the assumption of spherical shape of

PEG.

Spec = 47""PEG2 (eq. 2-2)
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Table 2-3. Quantitative data of NP, NP-PG and NP-PEG at /, m and /4 contents in one particle.

NP PG or PEG?
NP,
Density of
NP-PG or Surface Number PG Density of
Weight? area®®  Weight! Weight  Degree of PG of PEG monomere PEG chain®
NP-PEG (ag) (nm?) (Wt%) (ag) polymerization chains (nm?) (nm-2)
NDazo - - - - - -
ND30-PG-I 10.2 51 4.2 x 104 - 15(1.1) -
NDso-PG-m 20 % 193 11 8.8 x 10* - 32 (2.4) -
45 10
-PG- 5 _ _
NDszo-PG-h (60) 33.0 22 1.8 x 10 67 (4.9)
ND30-PEG-I 11.9 6.1 - 73x10%2 - 0.27 (1.4)
ND30-PEG-m 195 11 - 1.3x108 - 0.49 (2.4)
NDso - - - - - -
NDso-PG-| 10.5 31 2.5 x 10° - 30 (2.2) _
84 x
-PG- 3 5 _ _
NDso-PG-m 26102 10 224 75 6.1x 10 73 (5.4)
NDso-PG-h G2 g7 o 12x108 - 150 (11) -
NDso-PEG-I 12.3 36 - 44 %108 - 0.52 (2.6)
ND100 — - - — _ _
NDioo-PG-I 8.6 e s - 44 (33) -
33 x
49 120 (9.0)
_PG- 4 6 _ _
ND100-PG-m 1.9 x 103 10 20.6 102 4.0 x 10
(€))
NDioo-PG-h 341 20 % Box10° - 240 (18) -
ND10o-PEG-| 9.0 - 2.3 x 10¢ 069 (3.4)
SPION - - - - - -
SPION-PG-I 15 11.2 4.1 3.3 x 10* - 22 (1.6) -
. X
3
SPION-PG-m 28 10 222 9.5 7.7 x 104 - 51 (3.8) -
SPION-PG-h (54) 32.8 17 1.4 x 10° - 91 (6.7) —
SPION-PEG-m 25.6 12 - 1.4x108 - 0.93 (4.6)

“Molecular weights of one unit of PG and one chain of PEG are 74 and 5000 Da, respectively. *Calculated on the assumption

of spherical shape with the diameters shown in Figure 2-1 and density of 3.5 and 5.1 g cm™ for ND and SPION, respectively.

“Specific surface area (m? g!) is indicated in parentheses. “Based on TGA (Figure 2-4). “Density of PG or PEG MW (kD

nm~) is indicated in parentheses.
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All the NP-PG-/ synthesized in the Route A (Scheme 2-1) were analyzed by scanning
transmission electron microscopy (STEM) as shown in Figure 2-1. In these images, the core sizes are
almost the same as those before functionalization and the cores seem to be individualized without

aggregation.

NDi10o-PG SPION-PG

Figure 2-1. STEM images (scale bar: 100 nm) of NP-PG-h (NP = NDzo, NDso, ND1oo and SPION).
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The dynamic light scattering (DLS) median size of NDioo-PG-# was confirmed to be stable

around 130 nm in water and PBS at least over 72 h (Figure 2-2).
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Figure 2-2. DLS median sizes (a and f) and profiles (b-e and g-j) of ND1go-PG-h in H20 (a-€) and

PBS (f-j) over 72 h.
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In addition, the surface polymers in NP-PG and NP-PEG were characterized by the C-H and

C-O-C stretching at 2900 and 1100 cm™, respectively, in the infrared (IR) spectroscopy (Figure 2-3).
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Figure 2-3. IR spectra of NP (black traces), NP-PEG (blue traces) and NP-PG (red traces). (a - d) are

the spectra of ND3o (a), NDso (b), ND1oo (c) and SPION (d) before and after polymer coating,

respectively.
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NP-PG and NP-PEG were also characterized quantitatively by thermogravimetric analysis

(TGA) as shown in Figure 2-4.
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Figure 2-4. TGA profiles of ND3o (a), NDso (b), NDioo (c) and SPION (d) before and after polymer

functionalization. TGA profiles of NP, NP-PEG and NP-PG are indicated in black, blue and red traces.

The weight loss (%) in the range from 200 to 450 °C is indicated in parentheses and 10, 20 and 30%
weight loss is corresponding to /, m, and A, respectively.

The summary of the TGA results shown in Table 2-3 indicates that /, m and 4 polymer contents
are corresponding to ~10, 20 and 30 wt%. The weights of the surface polymer in one particle are

derived from the weights of one core NP and wt% of polymer in TGA. This leads to degree of PG

polymerization and number of PEG chains in one particle, which are converted to the densities of PG
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monomer and PEG chain by dividing them with the surface area (nm™2) and further to the densities of
PG and PEG MW on NP surface (kD nm™2) by use of the MWs of PG monomer unit and PEG chain
(74 and 5000 Da, respectively). At the same kind of core NP (ND3o, NDso, NDigo or SPION), the
weights of PG and PEG, the degree of PG polymerization, number of PEG chains, and the densities of
PG monomer and PEG chains and their MW densities are proportional to the wt% of PG and PEG in
TGA, respectively. At the same content (/, m or k), the weights of PG and PEG, the degree of PG
polymerization and number of PEG chains are almost proportional to the weights of NPs. In the
densities of PG monomer and PEG chain, and their MW densities, the order is ND3o < SPION < NDsg
<NDioo in all three kinds of densities at /, m and 4, respectively. When the PG and PEG MW densities
are compared, they are similar at the same content on the same core NP. For example, almost the same
PG and PEG MW densities are given at ND3o-m and NDigo-/. However, the MW densities in NP-PG-
h are higher than those in NP-PG- and -PEG-/ and -m with the same core NP, indicating that PG-A
covers the NP surface more densely than the other NP-PG and NP-PEG. Since NP-PEG-/ cannot be
obtained as mentioned above, the dense coating on NP with PG-4 is attributable to the branched
structure of PG. In the previous papers, on the other hand, the density of PEGsx chain was determined
to be 0.08 and 0.20 nm2 by fluorescence and proton nuclear magnetic resonance ('H-NMR)
spectroscopies, respectively [50, 51]. Although their methods are different from our TGA-based
method, the PEG chain density in the range of 0.27 - 0.93 nm 2 shown in Table 2-3 is much higher

than those in these previous papers.

2-2-2 Comparison of NP-PG, NP-PEG and bare NP in protein corona formation
For the protein corona formation, the NP-PG and NP-PEG as well as bare NP were incubated in
10% fetal bovine serum (FBS) or 55% human plasma. The amounts of these NPs are determined to be
0.12 - 0.52 mg (Table 2-4, Experimental section), so that the total surface area of NP cores is

normalized to be 66 cm?. After the corona proteins were detached with 10% sodium dodecyl sulfate
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(SDS), the resulting SDS solution was subjected to polyacrylamide gel electrophoresis (PAGE),
bicinchoninic acid (BCA) assay and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(see details in Methods).

In SDS-PAGE (Figure 2-5a — 2-5d for ND, and Figure 2-5¢ — 2-5f for SPION), the amount of
corona proteins is estimated from the number and intensity of the bands. The amounts of both FBS and
plasma corona proteins are determined to be in the following order; bare NP > NP-PEG > NP-PG,
regardless of the core size and core material as shown in the SDS-PAGE images. Although the amount
of corona protein is significantly reduced by PEG coating for SPION (Figure 2-5¢ — 2-5f), the
resistivity of ND-PEG to protein corona formation is similar to that of bare ND (Figure 2-5a — 2-5d).
This phenomena observed in ND-PEG is consistent with those of mesoporous silica nanoparticles [52].
In contrast to PEG modification, the protein bands become faint, as the content of the PG increases,

and disappear mostly in NP-PG-/.
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Figure 2-5. SDS-PAGE images of proteins detached from bare NP, NP-PEG and NP-PG after their
incubation with 10 % FBS or 55 % plasma proteins; NP = ND in 10% FBS (a, b) and 55% plasma (c,
d), and NP = SPION (e, f). The protein amounts in the lane of FBS and plasma were adjusted to those

attached on bare NDs quantified by BCA.

These results of SDS-PAGE are in line with those of BCA for the corona proteins detached from
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the NP surfaces (Figure 2-6a — 2-6d) and those of DLS size and zeta potential for the NDs with the
corona proteins (Figure 2-6e — 2-6f). Little or no proteins are detected at ND-PG-m and -4 in BCA
(Figure 2-6a — 2-6d) as in the case of SDS-PAGE (Figure 2-5), which is consistent with the fact that
almost no change is observed in DLS sizes and zeta potentials at ND-PG-m and -4 before and after the
protein corona formation (Figure 2-6e — 2-6f). In contrast, bare ND and ND-PEG-/ adsorbed larger
amounts of proteins as shown in BCA (Figure 2-6a — 2-6d), which may cause significant differences
in DLS sizes and zeta potentials. Small amounts of corona proteins on ND-PG-/ detected in BCA give
almost no difference in DLS sizes, but significant difference in zeta potentials. In these analyses, we
conclude that 1) NP-PG-m and -4 are highly resistive to protein corona formation, 2) bare NP, NP-
PEG and ND-PG-/ adsorbed proteins to form corona layer, and 3) NP-PG-/ are less adsorptive than
bare NP and NP-PEG. Although the PG and PEG MW densities of ND3o-PG- and -PEG-m, and ND19o-
PG- and PEG-/ are almost the same as discussed above (Table 2-3), ND3o-PG-m and ND10o-PG-/ are
much more resistive to the protein corona formation than ND3o-PEG-m and ND10o-PEG-/, respectively,
as shown in Figure 2-5a — 2-5d. Since more hydrophilic PG including many hydroxyl and ether groups
can bind water molecules more stably through hydrogen bonding than PEG including many ether
groups (Scheme 2-1), protein adsorption on PG should be thermodynamically less favored than that
on PEG. In addition, the high PG content with its branched structure can coat the surface more densely

as discussed above (Table 2-3) to sterically hinder the protein corona formation more efficiently.
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Figure 2-6. BCA quantification of proteins detached from each NP surface (mg/m?); NP = NDzo (a),
NDso (b), ND1oo (c) and SPION (d). The data are presented as mean value * standard deviation of three
independent replicates. DLS size (e) and zeta potential (f) of ND1oo before and after 10% FBS or 55%
plasma incubation. The data of DLS size and zeta potential are presented as mean value + standard

deviation of five and twenty measurements, respectively.

Since the difference between ND-PG-/ and ND-PEG in the above conclusion 3) is most
significant in ND1o, the plasma protein corona formed on bare ND1oo, ND10o-PEG-/, ND10o-PG-/ and
ND10o-PG-/ as well as the plasma proteins were further analyzed by LC-MS/MS coupled with label-
free quantification. Relative abundances of the 124 proteins identified with high confidence were
determined in each sample based on MS1 signal intensities (see details in Methods). As compared to
the protein abundance on bare NDjoo, those on ND19o-PEG-/, ND10o-PG-/ and ND1¢o-PG-/ decreased
to 70, 21 and 3%, respectively (Figure 2-7a), supporting the above conclusions more quantitatively.
These phenomena can be interpreted by more hydrophilic nature and branched structure of PG as
discussed above.

The MW distribution of the identified proteins in Figure 2-7b illustrates that the proteins with <
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30, 30 - 60 and 90 - 120 kDa were enriched in their contents on bare ND1go and ND0o-PEG-/, whereas
these with 60 - 90 kDa as a major component in plasma constituted smaller fraction on the NDs. These
are consistent with SDS-PAGE shown in Figure 2-5c and 2-5d where bare NDigo had higher intensity
and/or more numbers of the bands in the regions of 9 - 48 and 90 - 120 kDa, underlying the reliability
of our analysis. As for isolated point (p/) (Figure 2-7¢), the content of the basic proteins (p/ = 8.0 -
10.3) increased on bare NDigo, ND10o-PEG-/ and ND10o-PG-/ due to the negative zeta potentials of
NDioo (Figure 2-6f), though their relative abundance decreased significantly as shown in Figure 2-7a.

The biological function of proteins is found to govern their behavior on the protein corona
formation. Serum albumin as a major component in plasma decreased its content from more than 50%
in plasma to less than 10% on the NDjoo surfaces (Figure 2-7d). Its relative abundance (log10 of the
signal intensity) also decreased from 6.2 in plasma to 3.9 - 5.5 on the NDjo surfaces in the heat map
(Figure 2-7e). Since serum albumin works as a carrier of the water-insoluble molecules such as fatty
acid and steroid, it should have hydrophobic pockets as well as hydrophilic periphery like surfactant
to well solubilize them [53]. Therefore, serum albumin is considered to be stabilized more in water
than on the ND surface, giving much less content of serum albumin on bare NDoo than in plasma. The
minor components, lipoproteins and acute phase proteins, behaved similarly to serum albumin as
shown in Figure 2-7e. In contrast, coagulation proteins increased their contents from 6% in plasma to
43% and 47% on bare NDioo and NDioo-PEG-/, respectively (Figure 2-7d), and their relative
abundances from 3.6 - 4.7 in plasma to 4.2 - 5.5 on bare ND1oo and ND19o-PEG-/ (Figure 2-7¢). Since
coagulation including fibrinogen as major components is prone to aggregate in its biological role, it
may be enriched on the surface of bare NDioo and ND1oo-PEG-/. However, more hydrophilic PG
coating significantly reduced the content of coagulation to 17% on ND10o-PG-/ (Figure 2-7d) and the
relative abundances to 2.4 - 3.4 on ND1oo-PG-/ (Figure 2-7¢). Similar behavior was also observed in
the minor components, tissue leakage and complement proteins; their small contents of 1 - 2% in

plasma increased to 6 - 7% on bare NDioo and 7 - 8% on ND1o0-PEG-/, and decreased to 3 - 6% on
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NDi0o-PG-/ (Figure 2-7d). On the other hand, immunoglobulin proteins exhibited good affinity not
only to the surface of bare NDioo and NDioo-PEG-/, but also NDioo-PG-/ (Figure 2-7d), which is
supported by the results of the relative abundances (Figure 2-7¢). However, the relative abundances of
immunoglobulin diminished significantly on ND19o-PG-/ (Figure 2-7¢). Since immunoglobulin on the
PEG-coated liposome is known to induce various adverse immune response such as opsonization, ABC
and even pseudo-anaphylaxis as mentioned above [35, 36], these results show promise of ND-PG-/
for in vivo applications in terms of both safety and efficacy [9]. Actually, it was reported that ABC

phenomenon was not observed in the PG coated liposomes [54].
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ND100-

PEG-I, ND10o-PG-I and ND10o-PG-h by LC-MS/MS. (a) Comparison of total relative abundances of

proteins detached from each ND1oo to those on bare ND1go. b - d) Proteins in plasma itself and on the

surface of each ND1go are classified according to MW (b), pl (c) and biological functions (d). The

protein content (%) is corresponding to the protein relative abundance of the total proteins based on

the signal intensity. Protein content of ND1oo-PG-h is omitted because of the low relative abundance

shown in (a). () Heat map representation of 30 most abundant plasma proteins identified from bare

ND1oo surface. Proteins were classified according to their biological functions, and compared in their

relative abundances which are shown in colors (blue - red) and numerical values (2.0 - 6.2)

corresponding to the log10 of these signal intensities. The full list of the 124 proteins identified by LC-

MS/MS can be found at https://pubs.acs.org/doi/10.1021/ acsnano.0c02289.
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2-2-3 Comparison of NP-PG, NP-PEG and bare NP in macrophage uptake

In view of targeted theranostics in nanomedicine [7], the macrophage-evading ability was

evaluated by applying NP-PG and NP-PEG to U937 macrophage cells (see details in Methods). Human

U937 cells were selected as MPS macrophage model cells in our study, because it is a well-documented

macrophage cell line to phagocytize foreign materials efficiently [55]. The NP uptake was assayed by

transmission electron microscopy (TEM) and extinction spectroscopy for ND and by inductively

coupled plasma-mass spectrometry (ICP-MS) for SPION. Fluorescence detection could be used to

confirm cellular uptake, if a fluorescence tag is conjugated onto the NP-PG and NP-PEG. However,

we did not take such a convenient way to avoid any influence by the surface moiety other than PG and

PEG.

In the TEM images shown in Figure 2-8a — 2-8c, many ND aggregates, which appeared as black

dots, were observed in the macrophage in the presence of ND1oo (Figure 2-8a-1 and 2-8b-1), while they

were not seen in the control (Figure 2-8c). These results indicate that bare NDjgo without polymer

coating was extensively taken up by macrophage cells. The number of the aggregates decreased in

ND100-PEG-/ (Figure 2-8a-11 and 2-8b-ii), but was still in high quantities. This is in agreement with the

previous studies [40, 56], where PEG coating is not sufficient to inhibit macrophage uptake of NPs. In

contrast to PEG modification, PG-/ grafting induced a distinct reduction in U937 uptake (Figure 2-8a-

111 and 2-8b-iii), and only a few and no aggregates were found in ND1oo-PG-/ (Figure 2-8a-iii and 2-
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8b-iii) and NDioo-PG-/# (Figure 2-8a- iv and 2-8b-iv), respectively. More TEM images with

magnification ranging from cell population to sub-organelle scale are given in Appendix Figure 1-1 —

1-3.
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Figure 2-8. U937 macrophage uptake of bare ND1oo, ND10o-PEG-/, ND10o-PG-/ and ND10o-PG-4. a -

¢) TEM images of macrophages after incubation in 10% FBS in the presence of ND1¢o (1), ND10o-PEG-
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[ (i1), ND10o-PG-/ (iii) and ND100o-PG-/ (iv) without (a) and with (b) 55% plasma pretreatment, and in

the absence of NDs (c). Pairs of the images are corresponding to low magnification (left, scale bar: 2

um) and high magnification (right, scale bar: 500 nm) of the same macrophage. More images are

shown in Appendix Figure 1-1 — 1-3. (d) Quantification of NDs extracted from the above samples in

(a) and (b) by extinction spectroscopy. The data are presented as mean value + standard deviation of

three independent replicates.

To evaluate the NDs in the macrophage more quantitatively, the NDs extracted from the

macrophage were subjected to extinction spectroscopy (Figure 2-9 and 2-10 for cell samples and

standard curves, respectively). The results shown in Figure 2-8d are in accordance with TEM

observations mentioned above; the abundance of ND decreased in the order of NDigo > ND10o-PEG-

[ > ND100-PG-/> ND100-PG-/ both with and without plasma precoating, and PG-/ grafting completely

inhibited the ND1oo uptake.
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Figure 2-9. Extinction spectra of ND1oo, ND10o-PEG-/, ND10o-PG-/ and ND100-PG-# after macrophage

uptake. NDs without (a) or with (b) 55% plasma protein pretreatment were incubated with

macrophages in culture medium containing 10% FBS, results are obtained from three independent

experiments.
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Figure 2-10. Calibration curves of standard ND samples. Extinction spectra of ND1go (a), ND10o-PEG-

[ (b) and ND100-PG-I (c) after their co-digest with cell pellets. For each sample, concentrations of 5, 10

and 20 mg L' were analyzed in two independent experiments. Calibration curves of ND1o (d), ND1o-

PEG-I (e) and ND100-PG-/ (f) based on the intensity of the standard samples at 400 nm.
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On the other hand, the amounts of SPION taken up by macrophage were determined by ICP-MS

(Figure 2-11). The uptake tendency of SPION is similar to that of ND. While 13, 11 and 1 wt% of iron

were detected in the extracts from the macrophages incubated with SPION, SPION-PEG-m and

SPION-PG-/, respectively, the iron concentration in SPION-PG-4 was below the detection limit of

ICP-MS.

15

-
n

Cellular uptake (%)

I h
Bare PEG-m |

SPION

Figure 2-11. ICP-MS measurement of SPION, SPION-PEG-m, SPION-PG-/ and SPION-PG-/ uptake

by U937 macrophage. The data are presented as mean value + standard deviation of three independent

replicates.

The order of macrophage uptake is the same as that of the protein corona formation mentioned

above, indicating that efficient shielding of the protein corona formation realized effective reduction

in macrophage uptake and that almost complete shielding resulted in no macrophage uptake in NP-

PG-h. Since the macrophage uptake or clearance by MPS stands a significant barrier for NP
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theranostics [57], the effectiveness of PG grafting in passivating macrophage uptake has demonstrated

its promise for developing stealth nano-formulations in view of in vivo applications. In fact, we have

realized tumor-targeted fluorescence imaging by use of ND-PG functionalized with near infrared

fluorescence dye (ND-PG-Cy7), which has been reported quite recently [9]. ND-PG-Cy7 exhibited

long blood circulation in mice, resulting in its preferential accumulation in tumor without being trapped

in liver and spleen owing to the high stealth efficiency of PG.
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2-3 Conclusions

Our results demonstrate that PG outperforms PEG in terms of the resistivity to protein corona

formation and the resulting evasion of macrophage uptake. In addition to more hydrophilic nature of

PG, the hyperbranched structure of PG through the “grafting from” process is another advantage over

PEG due to dense surface coverage of NP [58], which should improve the protein resistivity.

Furthermore, biocompatibility [59], facility [26], applicability and extensibility make PG more

attractive; that is, PG functionalization is a simple one-pot process which can be applied to various

nanomaterials not only NP, but also porous NP, one-dimensional nanotube and two-dimensional

nanosheet [46, 47, 60, 61]. A number of hydroxyl groups on PG can be derivatized to add more

functions such as targeted cancer imaging and drug delivery by conjugating with fluorescence dye

(Cy7), active targeting moiety (RGD motif) and anticancer drugs (cisplatin and doxorubicin) [9, 28,

62] . The outstanding anti-biofouling property of PG presented here may bring about a paradigm shift

in nanomedicine to change the design of the NPs for in vivo theranostic applications and even the

coating of the film for ex vivo biosensor applications.
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2-4 Materials and methods

2-4-1 Chemicals and materials

Powders of ND3zg, NDsp and ND1oo were kindly provided by Tomei Diamond Co., Ltd. Japan. The

following reagents were purchased from Wako Pure Chemicals, Japan; iron (1I) sulfate heptahydrate,

iron (111) citrate n-hydrate, N-hydroxysuccinimide, oxalyl chloride, 4-dimethylaminopyridine (DMAP),

N,N-dimethylformamide (DMF), anhydrous tetrahydrofuran (THF), triethylamine, sodium dodecyl

sulfate (SDS), phorbol 12-myristate 13-acetate (PMA), 20% glutaraldehyde, paraformaldehyde,

sulfuric acid, nitric acid, LC-MS grade water, acetonitrile, and formic acid. The following reagents

were purchased from Nacalai Chemicals, Japan; N,N'-Dicyclohexylcarbodiimide (DCC), sodium

hydroxide, pre-stained protein markers (02525-35), running buffer (30329-61), hydrochloric acid, and

iron standard solution. PEG (HO-PEGsk-NH2, HE002005-5k) was supplied by Funakoshi, Co, Ltd.,

Japan. Protein loading buffer (AE-1430) and 5-20% precast polyacrylamide gel (E-R520L) were

purchased from ATTO, Japan. BCA protein assay kit (T9300A) and Fetal bovine serum (FBS) were

supplied by Takara, Bio., Inc., Japan and Biosera, Inc., France, respectively. Roswell park memorial

institute 1640 medium  (RPMI-1640), 0.25%  trypsin-EDTA  solution,  antibiotics

penicillin/streptomycin (100 U/mL), pierce silver stain kit (24600) and in-gel tryptic digestion kit were

supplied by Thermo Fisher Scientific. Sodium L-ascorbate, water soluble carbodiimide hydrochloride

(WSCD-HCI) and glycidol were purchased from Tokyo Chemical Industry, Japan, Peptide Institute
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Inc., Japan and Kanto Chemical Co. Inc., respectively. Human leukemic monocyte lymphoma cells

(U937 (JCRB9021) prepared from CRL1593) was purchased from Japanese Collection of Research

Bioresources Cell Bank.

2-4-2 Synthesis of NP-PG and NP-PEG

SPION was synthesized according to the reported method with slight modification [63] and

characterized by X-ray diffraction (XRD) (Figure 2-12). The preparation of SPION was described as

follows. The mixture of iron (II) sulfate heptahydrate (0.41 g, 1.5 mmol) and iron (III) citrate (0.74 g,

3.0 mmol) in water (40 mL) was sonicated for 10 min (Branson-2800 sonication bath). After L-

ascorbate (0.10 g, 0.50 mmol) was added, the pH of the suspension was made to be 10 by using 1 M

NaOH solution, was transferred into a Teflon-lined autoclave with a 50 mL capacity, and heated at

160 °C overnight. The product was purified by dialysis against Milli-Q water and washed with

ultracentrifugation, and kept at room temperature until. XRD patterns of SPION were recorded on a

RINT 2200U X-ray diffractometer (Rigaku) using Cu-Ka radiation (A = 1.5418 nm) at an operating

voltage of 40 kV and a current of 40 mA, with a speed of 2° per min in the range from 20° to 80°. The

diffraction pattern of the SPION we synthesized is consistent with the reported one [64].
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Figure 2-12. XRD patterns of as-synthesized SPION.

ND3o was oxidized by a mixture of nitric and sulfuric acids prior to use, and NDso and NDjoo were
used as received. NP-PG-/, -m and -h were obtained by “grafting from” method we reported previously.
NP-PEG was synthesized by “grafting to” method to conjugate PEG with 5 kDa (PEGsk) onto NP
surface via amide linkage as follows.

For ND-PG, after being bath-sonicated for 30 min, ND (10 mg) in glycidol was stirred at the
temperature shown in Table 2-1 for 4 h. The resulting mixture was post-treated in the same procedure
as that in our previous report.

For ND-PEG-/, the suspension of NP (10 mg), water soluble carbodiimide hydrochloride

(WSCD-HCI, 10 mg) and N-hydroxysuccinimide (3 mg) in DMF/H>O (1/2 v/v, 3 mL) was stirred at
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30 °C for 30 min to activate the carboxylic groups on NP. After an aqueous solution of PEGsi (30 mg)

in water (1 mL) was added, the suspension was stirred at 30 °C overnight. The PEG-functionalized NP

was collected by centrifugation at 50,400g for 1 h and washed with Milli-Q water by repeated

redispersion/centrifugation cycles. For ND3o-PEG-m, ND3o was refluxed with oxalyl chloride (1 mL)

in anhydrous THF (1.2 mL) for 2 h to convert the carboxylic groups on ND3 surface to acyl chloride.

After complete removal of oxalyl chloride on a rotary evaporator, PEGsk (30 mg) in THF (1.5 mL) and

trimethylamine (0.2 mL) were added to the THF suspension (2 mL) of the residual brownish solid, and

the suspension was stirred at 70 °C under N for 24 h. The functionalized NP was collected by

centrifugation and washed with methanol and Milli-Q water in a manner similar to those of ND-PEG-

! mentioned above. For SPION-PEG-m, the DMF solution (2 mL) of PEGsk (30 mg), NN

dicyclohexylcarbodiimide (DCC, 10 mg) and 4-dimethylaminopyridine (DMAP, 3 mg) was stirred at

30 °C for 10 min. After the suspension of SPION (10 mg) in DMF (1 mL) was added, the suspension

was stirred at 30 °C overnight. The PEG-functionalized SPION was collected by centrifugation at

50,400¢g for 1 h and washed with methanol and Milli-Q water by repeated redispersion/centrifugation

cycles.

The NP-PG and NP-PEG concentration in the aqueous dispersion was determined by the weight

of the residue after drying up the aqueous dispersion (100 puL) in an oven at 80 °C overnight.
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2-4-3 Characterization of NP-PG and NP-PEG
All the NP-PG-h samples were observed by STEM (Figure 2-1), where the core size of each NP
was measured by ImageJ software. STEM was performed at 25 kV accelerating voltage on a JSM-
7500F field emission scanning electron microscope (JEOL). IR measurements were conducted on an
IR Prestige-21 (Shimadzu Co. Ltd.), and 16 scans of the spectra were collected with a resolution of 4
cm’! in the wavenumber range of 4000 to 500 cm™ for each sample (Figure 2-3). All the TGA analysis
was run from room temperature to 1000 °C at a heating rate of 20 °C/min under air on a Q-50 analyzer
(TA instruments), and all the TGA profiles were shown in Figure 2-4.
2-4-4 Adsorption of proteins from plasma and serum, and desorption of the corona
proteins
Human blood was taken from three healthy authors (YZ, FY and NK) in accordance with the
Declaration of Helsinki. The plasma samples were prepared according to the method reported
previously [65]. The human blood sample was collected into the tubes containing EDTA 2K to prevent
blood clotting, followed by two rounds of centrifugation to pellet the red and white blood cells (1,500g
for 15 min and 2,000g for 15 min, respectively). The yellowish supernatant was divided into several
tubes and stored at -80 °C. Just before the protein corona preparation, an equal aliquot of plasma sample
from each donor was well mixed and centrifuged at 134,000g for 20 min to remove protein aggregates.

The protein concentration of the plasma mixture was determined to be around 74 mg/mL, which is in
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good agreement with that in the literature [11].

The SDS solution of the corona proteins detached from NP surface, designated as protein corona
solution, was prepared in the following procedure (Figure 2-13). First, all the NP-PG, NP-PEG and
bare NP were incubated with 10% fetal bovine serum (FBS) or 55% plasma proteins at 37 °C for 1 h.
These concentrations were determined in view of the in vitro cellular incubation and in vivo biological
conditions, respectively. The weight of NP used in each experiment was adjusted to have the same total
core surface area of 66 cm? (Table 2-4). After incubation, the free proteins unattached to the NP surface
were completely washed out by centrifugation at 434,000¢ for 20 min three times. The proteins in the
corona layer were detached from NP surface by adding 10% SDS (100 uL). After centrifugation at
108,000g for 20 min, the protein corona solution was obtained as a supernatant and used for further

protein identification and quantification.
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Figure 2-13. Schematic representation of the preparation of protein corona.

Table 2-4. Weights of NP, NP-PEG and NP-PG used for the protein corona formation.

Weight (ug)
NP PEG PG
Bare
| m | m h
ND3o 116 130 139 128 138 154
NDso 194 218 - 214 237 266
ND1oo 387 422 - 420 467 519
SPION 126 - 158 140 154 167
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2-4-5 SDS-PAGE

An aliquot (15 pL) of the protein corona solution was mixed with an equal volume of protein

loading buffer (2x), and the solution was boiled at 100 °C for 5 min to denature the proteins. After

collecting the droplets on the wall by centrifugation at 5,000g for 3 min, the mixture was loaded into

a precast polyacrylamide gel. The electrophoresis was run at a constant voltage of 100 V until the blue

indicator was approached to the bottom. Then, the gels were stained with pierce silver stain kit and

scanned on a fluorescence scanner (GT-X900, EPSON, Japan) with a resolution of 600 dpi. The

experiment results are shown in Figure 2-5.

2-4-6 Bicinchoninic acid (BCA)

An aliquot (20 pL) of the protein corona solution was mixed with PBS (80 pL) in a clean 96-well

plate. After freshly prepared BCA working reagent (100 uL) was added to each well, the plate was

incubated at 37 °C for 1 h. The absorbance was recorded at 570 nm on a microtiter plate reader (MTD-

310, Corona Electric Co., Japan). The protein concentrations were determined based on the calibration

curve drawn by use of the BCA solutions of known concentrations. The experiment was repeated three

times (Figure 2-6 a-d).

2-4-7 DLS and zeta potential measurements

The hydrodynamic diameters and the surface charges of bare ND, ND-PEG and ND-PG without

and with treatment of 10% FBS and 55% plasma were analyzed by DLS and zeta potential
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measurements (Figure 2-6 e and f). DLS analysis was performed five times for each sample on a
Nanotrac UPA-UT151 system (Microtrac, Inc.). The zeta potential was recorded twenty times for each
sample on a zeta Sizer Nano Series (Malvern Instruments, UK) at 25 °C.
2-4-8 LC-MS/MS analysis

Prior to LC-MS/MS analysis, in-gel digestion was performed for the plasma protein corona
solutions from ND1go, ND10o-PEG-/, ND10o-PG-/ and ND1oo-PG-#, and the plasma protein solution.
The procedure of the in-gel digestion (protein band preparation) was similar to that of SDS-PAGE
mentioned above. After the gels at the protein-containing areas were excised out, proteins were
recovered using in-gel tryptic digestion kit according to the manufacturer’s instruction. The recovered
protein digests were resuspended in 0.1% formic acid and separated using Nano-LC-Ultra 2D-plus
equipped with cHiPLC Nanoflex (Eksigent, Dublin, CA, USA) in trap-and-elute mode, with trap
column (200 pm x 0.5 mm ChromXP C18-CL 3 um 120 A (Eksigent)) and analytical column (75 um
x 15 cm ChromXP C18-CL 3 um 120 A (Eksigent)). The separation was carried out using a binary
gradient in which 0.1% formic acid/water and 0.1% formic acid/acetonitrile were used as solvent A
and B, respectively. The gradient program was as follows; 2 to 33.2% B for 125 min, 33.2 to 98% B
in 2 min, 98% B for 5 min, 98 to 2% B in 0.1 min, and 2% B for 17.9 min. The flow rate was 300
nL/min, and the analytical column temperature was set to 40 °C. The eluates were infused on-line to a

mass spectrometer (TripleTOF 5600 + System with NanoSpray III source and heated interface (SCIEX,
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Framingham, MA, USA)) and ionized in an electrospray ionization-positive mode. Data acquisition

was carried out with an information-dependent acquisition method. The acquired datasets were

analyzed using ProteinPilot software version 5.0.1 (SCIEX) with the UniProtKB/Swiss-Prot database

for human (May 2018) appended with known common contaminants (SCIEX). The quality of the

database search was confirmed by the false discovery rate analysis in which the reversed amino acid

sequences were used as decoy. The reliabilities of protein identifications were evaluated by the

numbers of identified peptides with confidence at least 95%, and Unused ProtScores that were

calculated by the Pro Group algorithm (SCIEX). Relative abundances of the identified proteins were

estimated on the platform of Progenesis QI for Proteomics software version 4.1 (Nonlinear Dynamics,

Newcastle upon Tyne, UK). All raw data files with wiff format (SCIEX) were imported to generate

aggregate, and the peptide identification results by ProteinPilot, with confidence at least 95%, were

used for assignment. Label-free quantification of proteins was performed using relative quantitation

using Hi-N (3) method (Nonlinear Dynamics), proteins with at least two unique peptides matched were

used for data interpretation (Figure 2-7).

2-4-9 Macrophage uptake

U937 cells were maintained in RPMI-1640 culture medium supplemented with 10% FBS and 1%

antibiotics penicillin/streptomycin, and the cells were grown in a humidified incubator (MCO-

SACUV-PJ, Panasonic) supplied with 5% CO, at 37 °C. Phorbol 12-myristate 13-acetate (PMA) was
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used to differentiate U937 cells into macrophages according to our previous method with slight
modification [28]. U937 cells were harvested from ~80% confluent culture dishes and adjusted to a
concentration of 5 x 10° cells/mL with culture media containing PMA at a concentration of 100 ng/mL.
After the cell suspension (3 mL) was transferred to each well of a 6-well plate and incubated overnight,
PMA -treated U937 cells were washed with PBS twice to remove non-adherent cells, and the adherent
cell monolayers, which are referred to as the U937 macrophages, were used for uptake analysis. NDs
(NDi0o, ND10o-PEG-/, ND100-PG-/ and ND10o-PG-%) with and without 55% plasma pretreatment and
SPIONSs (SPION, SPION-PEG-m, SPION-PG-/ and SPION-PG-%) without plasma pretreatment were
applied to the U937 macrophages in culture medium containing 10% FBS. The amounts of ND and
SPION in each well were 200 pg and 100 pg, respectively. After 12 h incubation, the uptake of ND
was confirmed by TEM observation (Figure 2-8a — 2-8c¢ and Appendix I) and quantified by extinction
spectroscopy (Figure 2-8d, Figure 2-9 and 2-10), and SPION uptake was assayed by ICP-MS (Figure
2-11).
2-4-10 Preparation of TEM samples

Each cell pellet was pre-fixed with 2% glutaraldehyde and 4% paraformaldehyde in 100 mM PBS
buffer (1 mL) for 1 h, and post-fixed with 1% osmium tetroxide for 2 h. The cells were dehydrated in
ethanol (50%, 60%, 70%, 80%, 90%, 99% and 100%) and in propylene oxide, passed through

propylene oxide/epoxy resin (1/1 and 1/3) mixtures, and embedded in epoxy resin. After baking at
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60 °C for 72 h, the frontal ultrathin sections (60 - 80 nm) were cut by an ultra-microtome (EM UCS6,

Leica, Germany), and stained with uranyl acetate and lead citrate. The slices were observed by a H-

7650 TEM (Hitachi, Japan).

2-4-11 Preparation of the ND samples for extinction spectroscopy

The NDs taken up by macrophage were quantified with extinction spectroscopy (UV-3600,

Shimadzu Co. Ltd.) according to the reported procedure [66]. In brief, the cell pellets from each 6-well

plate were collected after 12 h incubation and digested by nitric acid (100 pL). After the cell

components were removed by washing with 2% SDS, the NDs were resuspended in Milli-Q H>O (8

mL). The concentration of NDs was determined by the extinction at 400 nm based on the calibration

curves drawn by use of NDigo, ND10o-PEG-/ and ND1o-PG-/ co-digested with control cell pellets

(Figure 2-9 and 2-10, respectively).

2-4-12 Preparation of the SPION samples for ICP-MS

The samples for ICP-MS to determine the iron concentration were prepared in a similar procedure

to those for extinction spectroscopy to determine the ND concentration mentioned above. The nitric

acid solutions after digestion were submitted to ICP-MS measurement (Agilent, 7700a, USA).
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Chapter 3: Quantitative investigation of the interaction between proteins and

charged functional groups on the polyglycerol-grafted nanodiamond surface

3-1 Introduction

Since the behavior of NPs in biological milieu is critically affected by the protein corona, it is
important to control its formation and constitution, and hence to understand the interaction between
the NP surface and the proteins [7, 67, 68]. Among the interactions, electrostatic one plays the most
important role [69, 70], when charged groups exist both in the NP surface and the proteins [71-73].
However, we have not yet fully understood the charge-charge interaction at the interface between
protein and NP surface. In fact, some reports demonstrated adsorption of proteins on the NP surface
regardless of their charges [74-78], while NP has been reported to attract proteins with the opposite
charges preferentially [79-82]. These discrepancies may be caused by the insufficient exclusion of the
protein interaction with non-charged functional groups on the NP surface. Although some neutral
polymers such as PEG have been believed to evade protein corona formation, it is revealed that they
are not enough to give a protein-free surface to NPs [36, 83]. This means that it is difficult to evaluate
the net charge effect quantitatively without “transparent” background behind the charged functional
groups on the NP surface.

Quite recently, PG has been proved to resist protein corona formation completely [84]. In order

to clarify the charge effect, we selectively introduced carboxyl and amino groups, exhibiting negative
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and positive charges, respectively, in phosphate buffer saline (PBS, pH: 7.4), in a quantitative manner
on the surface of PG-coated nanodiamond (ND-PG). These negatively and positively charged ND-PG
showed the exclusive attraction to the protein of opposite charges. Thanks to the “transparent”
background of PG, we successfully determined the association constants (K) between bovine serum
albumin (BSA) and the ammonium group on ND-PG at the densities of low (I), medium (m), high (h)
and extra-high (xh), found linear relationship between K and the ammonium group density, and
proposed the slope (K divided by the density) as an index to demonstrate the affinity between a specific
functional group and a protein.
3-2 Results
3-2-1 Synthesis and characterization of ND-PG-COOH and ND-PG-NH:
ND with 50 nm size was analyzed before and after PG functionalization by STEM as shown in

Figure 3-1.

a ND b ND-PG

- % IQ“:. ¢

Figure 3-1. STEM images (scale bar: 100 nm) of ND (a) and ND-PG (b).

56



ND-PG-COOH and ND-PG-NH2 were prepared through organic transformations of ND-PG as
shown in Scheme 3-1. The carboxyl groups were introduced through ring-opening of succinic
anhydride by nucleophilic attack of the hydroxyl groups on ND-PG, and the hydroxyl groups on ND-

PG were converted to the amino groups via tosylates and azides [27].

Scheme 3-1. Surface functionalization of ND-PG for substituting hydroxyl groups with carboxyl

(ND-PG-COOH) and amino (ND-PG-NH>) groups, respectively.
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The numbers of the carboxyl and amino groups were controlled at I, m, h and xh by changing the
duration of the ring-opening and tosylation reactions, respectively. The chemical structures of these

materials with various densities of the functional groups are depicted in Figure 3-2.

O]
I

-CO0

ND-PG-COOH ND-PG-COOH-/ ND-PG-COOH- ND-PG-COOH-h  ND-PG-COOH-xh

)
l
NH,*

ND-PG-NHz-h ND-PG-NHz-xh

Figure 3-2. Chemical structures of ND-PG, ND-PG-COOH and ND-PG-NH> at various densities (ND-

PG-COOH-I, -m, -h, -xh and ND-PG-NHa-1, -m, -h, -xh).

All the ND-PG-COOH, ND-PG-OTs, ND-PG-N3 and ND-PG-NH» with various densities of the
functional groups (/, m, h and xh) were characterized by IR spectroscopy (Figure 3-3). In order to
compare the relative abundance of the function groups, all the IR spectra were normalized at the band
around 1110 cm™ due to the C-O-C stretching in the PG, which constitutes a constant component

throughout the organic transformation processes. As shown in Figure 3-3a, the absorption bands at

58



around 1730 cm™ are assigned to C=0 stretching of the carboxyl groups in ND-PG-COOH, and the
intensity of these bands should be proportional to the number of COOH groups (1.0 : 3.0 : 4.8 : 6.6 for
[ :m: h:xh). The absorptions corresponding to S—O bonds in ND-PG-OTs at 1350 and 1176 cm™!
and azido group in ND-PG-N3 at 2100 cm™! are also correlated with the numbers of these functional
groups (Figure 3-3b and Figure 3-3c, respectively). However, such correlation is not clear in the amino

groups in ND-PG-NH>, although azido groups are disappeared in the spectra (Figure 3-3d).
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Figure 3-3. IR spectra of ND-PG-COOH with /, m, h and xh densities of carboxyl groups.
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In order to know the number of amino groups on ND-PG-NH>, elemental analysis (EA) was
performed by combustion method for ND-PG-NHa. Since the average number of carbon atoms in one
ND-PG particle was determined to be 1.5 x 107 (eq. 3-2) [62], the nitrogen contents were converted to
the average number of amino groups on one particle and density of amino groups (Table 3-1), which

will be correlated with the protein amount below.

Table 3-1. Content of C and N, the average number of amino groups on one particle and the density

of amino groups in ND-PG-NH>.

Content (wt%) Average number of amino Density of amino

Entry Particle”
C N groups on one particle groups (/ nm?)
1 ND-PG-NH>-/ 80.5 0.19  3.2x10* 2.0
2 ND-PG-NH;-m  81.37 0.3 4.8 x 10* 3.0
3 ND-PG-NHx-2  78.92 0.85 1.4 x10° 9.0
4 ND-PG-NHx-x2  79.58 1.55 2.6x10° 16

“ Number of carbon atoms in one particle are calculated to be 1.5 x 107 in all the particles (eq. 3-2).

Calculation of the number of amino groups in one ND-PG-NH: particle.

(a) The number of oxygen atoms consisted in one ND particle (Ng_yp) was calculated from eq. 3-1.
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The number of carbon atoms included in one ND particle N¢_yp is 1.2 X 107 [62]. Wo_yp (2.93%)
and W¢_yp (95.95%) are the weight ratio of oxygen and carbon in bare ND, and My and M, are

the molar mass of oxygen and carbon.

No-np _ Wo_np/Mo
Nc-np We-np/Mc

(eq. 3-1)

NO—ND = 275 X 105

(b) The degree of PG polymerization (C3HeO2) n in ND-PG was calculated from eq. 3-2. Ng_np—_pg
and N._yp_p¢ are the number of oxygen atoms consisting one ND-PG particle, and Wy_yp_p¢

(17.34%) and W_np_pe (77.56%) are the weight ratio of oxygen and carbon in ND-PG.

No_np-PG _ No_np+2n _ Wo-np-p6/Mo (eq. 3-2)
Nc-np-p¢  Nc¢-npt3n Wc-np-p6/Mc

n=12 X 106 NC—ND—PG= 1.5 % 107

(c) The number of amino groups in ND-PG-NH> (Ny_np_pg—nu2) Were calculated from eq. 3-3.
Wxn_np-pc—nH2 and We_np_pe_nu2 are the weight ratio of nitrogen and carbon in ND-PG-NH,

and My is the molar mass of nitrogen.

Nn-nNp-PG-NH2 _ WN-ND-PG-NH2/MN (eq 3-3)

Nc-ND-pPG Wc-np-pPe-NH2/Mc

The zeta potentials of both ND-PG-COOH and ND-PG-NH; were measured in PBS. As
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shown in Figure 3-4, they are proportional to the density of the functional groups from / to x4, verifying
the validity in the determination of the density of carboxyl and amino groups with IR and EA analysis,
respectively. The zeta potentials will also correlate with the amounts of corona proteins in the

Discussion.

IND-PG

Zeta potential (mV)
o

|
|
[ [ [
] ND-PG-NH: ‘

Figure 3-4. Zeta potentials of ND-PG, ND-PG-COOH-/, -m, -h and -xh, and ND-PG-NH;-/, -m, -h and

-xh in PBS.

3-2-2 Adsorption of single proteins on ND-PG-COOH and ND-PG-NH:z

To probe net charge effect of these functional groups, a positively charged protein (lysozyme
(LYS), pI: 11) and negatively charged ones (bovine serum albumin (BSA), p/: 4.8 and y-globulin (y-
GLO), pl: 6.9) were applied to the dispersions of ND-PG, ND-PG-COOH and ND-PG-NH» with
various functional group densities in PBS. The protein mixtures such as LYS/BSA and LYS/y-GLO
were also applied to make clear the selectivity toward the protein with opposite charge. The images of
these NDs before and after incubation with these proteins and their mixture are shown in Figure 3-5.

Although ND-PG dispersion in PBS was quite stable even in the presence of proteins, most of the ND-
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PG-COOH and ND-PG-NH:> dispersions exhibited precipitates in the presence of the proteins with

opposite charge.

No protein
LYS

BSA

LYS/BSA PEE

GLO

LysicLo

Just mixed After 1 h incubation

Figure 3-5. Images of ND-PG, ND-PG-COOH and ND-PG-NH: in PBS and those with proteins

(LYS, BSA, GLO, LYS/BSA or LYS/GLO) just after mixing (a) and after 1 h incubation (b).

After the incubation, the corona proteins were recovered and subjected to SDS-PAGE for
identification and semi-quantification, and BCA for quantification. In the SDS-PAGE, LYS and BSA
protein bands appear only in the lanes of ND-PG-COOH and ND-PG-NHa, respectively, as shown in
Figure 3-6a and 3-6b at the protein concentration of 2.0 mg/mL, and Figure 3-7a and 3-7b at the protein
concentration of 24.0 mg/mL. The thickness of these bands is proportional to the density of the
functional groups. No protein bands are observed in the ND-PG-NH: lanes in Figure 3-6a and Figure
3-7a and in the ND-PG-COOH lanes in Figure 3-6b and Figure 3-7b regardless of the density of these
functional groups, the amount of the corona proteins for SDS-PAGE and concentration of the proteins
at the incubation. In addition, ND-PG formed protein corona with neither of the proteins, as we
reported previously [84]. When a mixture of LYS and BSA was applied to ND-PG-COOH and ND-

PG-NH; at the 1:1 weight and molar ratios (Figure 3-6¢ and 3-7c, respectively), only one of these

63



proteins were selectively adsorbed on the surface of ND-PG with the opposite charge in the amounts
proportional to the density of the functional group. Since almost all the carboxyl and amino groups are
carboxylate and ammonium ions in PBS which will be demonstrated in the Discussion, these results
clearly indicate that the electrostatic, or charge-charge, interaction between the ND-PG surface and the

protein is dominant and the charge density dictates the protein affinity.
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Figure 3-6. Characterization and quantification of LY'S and BSA adsorbed on ND-PG, ND-PG-COOH
and ND-PG-NH; surfaces. (a-c) SDS-PAGE images of proteins detached from ND-PG, ND-PG-
COOH and ND-PG-NH after their incubation with (a) LYS (2.0 mg/mL), (b) BSA (2.0 mg/mL) and
(c) LYS/BSA mixture (2.0/2.0 mg/mL). (d) BCA quantification of proteins (ng) detached from ND-
PG, ND-PG-COOH and ND-PG-NHo. The results are presented as mean value + standard deviation of

three independent replicates.
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Figure 3-7. Characterization and quantification of LY'S and BSA adsorbed on ND-PG, ND-PG-COOH

and ND-PG-NH; surfaces. (a-c) SDS-PAGE images of proteins detached from ND-PG, ND-PG-

COOH and ND-PG-NH: after their incubation with (a) LYS (24.0 mg/mL), (b) BSA (24.0 mg/mL)

and (¢) LYS/BSA mixture (2.0 and 9.2 mg/mL of LYS and BSA, respectively, to adjust the mole ratio

of LYS and BSA to 1:1). (d) BCA quantification of proteins (ug) detached from ND-PG, ND-PG-

COOH and ND-PG-NH,. The results are presented as mean value + standard deviation of three

independent replicates.
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The result of BCA shown in Figure 3-6d and Figure 3-7d support the conclusion of SDS-PAGE
shown in Figure 3-6a — 3-6¢ and Figure 3-7a — 3-7c more quantitatively. While almost no proteins
were attached on the surface of ND-PG, LYS and BSA were exclusively adsorbed on ND-PG-COOH
and ND-PG-NH,, respectively. The amounts of the proteins linearly increase according to the density
of the functional groups from / to x4, although the proportionality is different clearly between LYS —
ND-PG-COOH, and BSA — ND-PG-NH_, which will be quantitatively discussed below. In addition, a
similar adsorption behavior was observed both in the SDS-PAGE (Figure 3-8a and Figure 3-8b) and
BCA (Figure 3-8c), when the y-GLO and LYS/y-GLO were applied in place of BSA and LYS/BSA.
This strengthens the above qualitative conclusion of the exclusive affinity of the protein to the

oppositely charged functional groups.
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Figure 3-8. Characterization of y-GLO and LYS / y-GLO adsorption onto ND-PG, ND-PG-COOH

and ND-PG-NH: surface. (a-b) SDS-PAGE images of proteins detached from ND-PG, ND-PG-COOH

and ND-PG-NH: after their incubation with (a) y-GLO (21.7 mg/mL) and (b) LYS/y-GLO (2.0 and

21.7 mg/mL for LYS and y-GLO, respectively, to have 1:1 mole ratio of LYS and GLO). (¢c) BCA

quantification of proteins (ng) detached from ND-PG, ND-PG-COOH and ND-PG-NHa». The results

are presented as mean value + standard deviation of three independent replicates. Note: y-GLO is a Y-

shaped protein comprising of two heavy chains (55-60 kDa) and two light chains (25-28 kDa).
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3-3 Discussion

Before discussing the interaction with proteins, the ionic state of the functional groups on the ND-
PG surface in PBS (pH: 7.4) is considered. Since the typical pK, values of the ammonium and carboxyl
compounds are about 10.6 and 4.8, respectively, the ion contents are calculated to be more than 99%

by Henderson - Hasselbach equation as follows. Similarly, these proteins, BSA (p/: 4.8) and LYS (p/:

11), are ionized negatively and positively in PBS (pH: 7.4), respectively.

_ +
5] = 1032 (eq. 3-4)

[-NHp] _ -
log[_NH;] =pH -pKa= —32 [N, ]

[-CO0™] _ _ [-CO07] _ .26 _
log—coom = PH ~PKa=26 coon) — 1077 (eq.3-5)

Since the charge of the ND-PG-COOH and ND-PG-NH; in PBS is reflected by zeta potential as

shown in Figure 3-4, we correlate zeta potential with the amount of the proteins in the corona layer

measured by BCA (Fig. 3-6, 3-7 and 3-9).
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Figure 3-9. BCA quantification of BSA (ug) detached from ND-PG-NHz after their incubation with

BSA at the concentrations of 1.0, 4.0 and 8.0 mg/mL, respectively. The results are presented as mean

value =+ standard deviation of three independent replicates.

The amounts of BSA adsorbed on ND-PG-NHj is strictly proportional to the zeta potentials of

ND-PG-NH;-/, -m, -h and -xh at the correlation coefficients of 0.99 in the BSA concentrations of 1.0

and 2.0 mg/mL (Figure 3-10a). When we add one more result of almost no protein adsorption on ND-

PG with the zeta potential of —1.6 mV, the correlation coefficients even increase, improving the

reliability of the linear relationship. On the other hand, the y-intercepts increase significantly, when

the BSA concentrations increased to 4.0, 8.0 and 24.0 mg/mL (Figure 3-10a). This implies interaction

between BSA molecules other than the electrostatic interaction between BSA and the ammonium

groups; that is, a BSA molecule in PBS may be attracted not only by the ammonium groups, but also

another BSA adsorbed on the ND-PG-NH; surface probably due to saturation at the adsorptive cites

especially at the lower zeta potential corresponding to the lower amino group density. In this sense,
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the conditions at lower concentration of BSA should give more reliable relationship between BSA and

the ammonium groups on the ND-PG-NH: surface. The amounts of LYS are also proportional to the

zeta potentials of ND-PG-COOH (Figure 3-10b), although the correlation coefficient is not so high as

that between BSA at lower concentrations (1.0 and 2.0 mg/mL) and the ND-PG-NH> surface. A large

difference can be found in the slopes of these linear plots; the absolute value of the slope in Figure 3-

10b is about three times larger than that in Figure 3-10a, implying the difference in the interactions of

BSA — ND-PG-NH; and LYS — ND-PG-COOH.

80 -

e 1 mg/mL

®2mg/mL T
= ®4 mg/mL T I 300 -
= 60 - 8 mg/mL 5
§ 24 mg/mL 5: 250 1
g 2
2 3 200
g 40+ e
g g
“5 ay= 2 g 50 A
— 1 = —
3 =23+15 ¢
g 20 - Y Ri099 5 100
< £

< 50 -
0 T | 0 : | : :
0 5 10 15 20 0 -5 -10 -15 -20 -25 -30
Zeta potential (mV) Zeta potential (mV)

Figure 3-10. Linear relationship of the amounts of BSA and LY in corona layer with zeta potentials

of ND-PG-NH> (a) and ND-PG-COOH (b), respectively.

If the affinity of the specific functional group to the certain protein is provided quantitatively

by association constant, it should be very helpful in quantitative interpretation of the protein corona
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formation on NPs with various surface coatings. As shown in Table 3-2, we determined association
constants (K) of the ammonium group (-NH3") on the surface of ND-PG at various densities with BSA
at the concentrations of 1.0 and 2.0 mg/mL in PBS by Langmiur equation. The K from 1.0 and 2.0
mg/mL BSA concentrations are similar at the same NH> density, giving validity to the K determined
by the following Langmiur equation. This can be attributed to the exclusive interaction of the
ammonium groups on the ND-PG surface with BSA at the concentrations of 1.0 and 2.0 mg/mL as
described in the linear relationship between zeta potential and the adsorbed BSA amount (Figure 3-
10a). The Gibbs free energy (AG) was also drawn from the K. This is realized by virtue of no protein
adsorption property of PG coating on ND as shown in Figure 3-6, 3-7 and 3-8 and selective
introduction of the specific functional groups on PG in a quantitative manner as mentioned above. In
addition, single BSA layer formed on the ND surface was reported, while LYS is adsorbed on the ND
surface to form multilayer, to which Langmiur equation cannot be applied [85]. The association

constants shown in Table 3-2 were determined by the following equations;

0
(1-0)c

(eq. 3-6)

g = Skrotein (oq 3.7)

SND-PG

where C, Sprotein and Snp-pg are the concentration (mol / L) of the unbound protein in PBS, total
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surface area of proteins adsorbed on one ND-PG-NH; particle (eq. 3-8) and the whole surface area of
one ND-PG particle (eq. 3-10), respectively. Herein, it is assumed that BSA can be adsorbed on the
whole surface of ND-PG-NH; at the same saturated adsorption amounts irrespective of the ammonium
group density. Since the surface of ND-PG-NH: is acidic due to a number of ammonium groups (-
NH;"), BSA is supposed to change the conformation from an equilateral triangular “N form” (size: 8
x 3 nm) under neutral conditions to ellipsoidal “F form” (size: 4 X 13 nm) under acidic conditions [86].
In addition, ellipsoidal BSA is reported to attach to the ND surface in the “end-on” form [85]. Based
on the electrostatic BSA corona model shown in Fig. 3-11a, we assume that BSA occupies 13 nm? per
molecule on the ND-PG surface, which is corresponding to the area of the round slice at the center of

the ellipsoid.
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Table 3-2. Association constant (K) and Gibbs free energy (AG) of the corona formation between

ND-PG-NH; and BSA.

BSA ND-PG-NH» C (x10°mol/L)  Sprotein/Snp-pc K AG

(mg/mL) in PBS ) (x 10* L/mol)  (kJ/mol)

1.0 ND-PG-NH,-/ 1.5 0.075 0.56 22
ND-PG-NH,-m 1.4 0.14 1.1 24
ND-PG-NH»-h# 1.3 0.29 3.2 27
ND-PG-NHp-x2 1.2 0.38 5.0 28

2.0 ND-PG-NH,-/ 2.9 0.11 0.42 21
ND-PG-NH,-m 2.9 0.21 0.90 23
ND-PG-NH»-h 2.7 0.41 2.5 26
ND-PG-NH,-x2 2.6 0.55 4.7 28
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The total surface area of the adsorbed BSA (Spyotein) On 0ne ND-PG particle is calculated by eq. 3-8.

Sprotein = Nprotein X 13 nm? (eq. 3-8)

The number of adsorbed BSA (Npyotein) On one ND-PG particle is calculated from eq. 3-9. Ny,
Wprotein a0d Mp,orein are the Avogadro’s constant (6.02 x 10?3 mol™), the weight of absorbed BSA
by BCA quantification and the molecular weight of BSA (66 kDa), respectively. The number of ND-
PG particles (Nyp_pg, 7.77 % 10'") used for BSA adsorption is determined according to our recent
work [84].

Werotein/NND—PE (o0 3.9)

Nprotein = N4 I; -
Protein

When the K shown in Table 3-2 is correlated with the density of amino group shown in Table
3-1, good linearity at the correlation coefficients of 0.98 and 0.99 is found at the BSA concentrations
of 1.0 and 2.0 mg/mL, respectively (Figure 3-11b). Both linear lines direct to the origin (0, 0), which
is consistent with the experimental fact of no protein adsorption on ND-PG. These similar slopes (0.12
and 0.10 L mol"! nm™?) obtained at relatively low protein concentrations should be indices to represent

the affinity of the protein (BSA) to the functional group (-NH3") on NP surface upon corona formation.
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Figure 3-11. Adsorption pattern of BSA on ND-PG-NH;3" (a) and the linear relationship between

density of amino groups on ND-PG (Table 3-1) and the association constants of ND-PG-NH3" with

BSA (Table 3-2) (b).

3-4 Conclusions

The net interaction at the interface between protein and ND-PG surface was quantitatively
assessed by introducing carboxyl and amino groups onto the periphery of corona-free ND-PG surface
at various densities. Both carboxylate (-COO") and ammonium (-NH3") groups exclusively interacted
with proteins of opposite charge in a charge-density dependent manner. The association constants (K)
between BSA and the ammonium group on ND-PG at various densities were successfully determined
and found to be proportional to the amino group density, which is applicable generally to the

quantitative comparison of the protein affinity on NPs with various surface coatings.
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3-5 Materials and methods
3-5-1 Materials and chemicals
ND of 50 nm size was kindly provided by Tomei Diamond Co., Ltd., Japan. The following
reagents or kits were purchased from Wako Pure Chemicals, Japan; N,N-dimethylformamide (DMF),
albumin (from bovine serum, BSA), lysozyme (from egg white, LY'S), y-globulin (from human plasma,
v-GLO), sodium dodecyl sulfate (SDS) and Coomassie blue G-250. The following reagents were
purchased from Nacalai Chemicals, Japan; 4-dimethylaminopyridine (DMAP), pyridine, succinic
anhydride, p-toluenesulfonyl chloride (TsCl), sodium azide, triphenylphosphine, pre-stained protein
markers (02525-35), and running buffer (30329-61). Protein loading buffer (AE-1430) and 5-20%
precast polyacrylamide gel (E-R520) were purchased from ATTO, Japan. Bicinchoninic acid assay
(BCA) protein assay kit (T9300A) was supplied by Takara, Co., Ltd., Japan.
3-5-2 Equipment
Scanning transmission electron microscopy (STEM) observation was performed on a JSM-7500F
field emission scanning electron microscope (JEOL) at 25 kV accelerating voltage. IR characterization
was performed on an IR Prestige-21 (Shimadzu Co. Ltd.) with 16 scans and a 4 cm™! resolution in the
wavenumber range of 4000 to 500 cm™. EA of C, N and O content was performed at Organic Elemental
Microanalysis Center of Kyoto University. The zeta potential and the DLS was recorded on a Zeta

Sizer Nano Series (Malvern Instruments, U.K.) and a Nanotrac UPA-UT151 system (Microtrac, Inc.,
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USA), respectively. Centrifugation was carried out on a Himac CS 150GXII (Hitachi, Japan) at

434,000g - 108,000g and a MRX-152 (Tomy, Japan) at 5,000g. The PAGE gel was scanned by a GT-

X900 (Epson, Japan) scanner, and the fluorescent intensity of BCA quantification was recorded on a

MTD-310 (Corona Electric, Japan) microtiter plate reader.

3-5-3 Preparation of ND-PG-COOH-/, -m, -h, -xh and ND-PG-NH2-I, -m, -h, -xh

The ND-PG, ND-PG-COOH and ND-PG-NH2 was prepared according to our previous methods

[26, 27], and the I, m, h and xh densities of charge groups were obtained by controlling the reaction

time. ND-PG-COOH-I, -m, -h and -xh were obtained by stopping the ring-opening reaction of succinic

anhydride at 3, 5, 8 and 24 h, respectively. On the other hand, ND-PG-OTs- I, -m, -h and -xh were

obtained by stopping tosylation reactions at 3, 5, 8 and 24 h, respectively. Then, each of the resulting

tosylates was transformed to ND-PG-NH2-I, -m, -h and -xh through OTs — Nz — NH:

transformations.

3-5-4 Protein corona formation

The protein corona formation was performed according to our previous methods [84]. ND-PG,

ND-PG-COOH and ND-PG-NH: of I, m, h and xh densities were incubated with LYS (2.0 and 24.0

mg/mL), BSA (1.0, 2.0, 4.0, 8.0 and 24.0 mg/mL), y-GLO (21.7 mg/mL), LYS/BSA (2.0 and 9.2

mg/mL of LYS and BSA, respectively), and LYS/y-GLO (2.0 and 21.7 mg/mL of LYS and y-GLO,

respectively) in a PBS solution (200 pL) at 37 °C for 1 h. The weights (~300 pg) of ND-PG-COOH
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and ND-PG-NH; used in each incubation was adjusted to have an equal total surface area of 125 cm?
for ND-PG (Table 3-3). After the incubation, the free unbound proteins were fully removed by
centrifugation at 434,000g for 20 min three times. Then, the corona proteins were extracted by 10%
SDS solution (150 pL) and separated from ND by centrifugation at 108,000g for 20 min. The
supernatant containing the corona proteins designated as protein corona solution was used for further

analysis.

Table 3-3. DLS measurement of ND-PG.

Measurement DLS size (nm)
1# 73.32
24 66.12
3 68.64
44 74.28
5# 75.12
AVG 71.50
SD 3.91
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The surface area of one ND-PG particle (Syp_pc) is calculated to be 1.61 x 10* nm? based on eq. 3-

10, where r is the radius of ND-PG determined by DLS measurement.

SND—PG = 4mr? (eq. 3-10)

3-5-5 SDS-PAGE
An aliquot of protein corona solution (5 pL) was mixed with an equal volume of protein loading
buffer (2 x) in a new Eppendorf tube and boiled at 100 °C for 5 min. After collecting the droplets on
the wall of Eppendorf tube by centrifugation (5,000g for 3 min), the mixtures were loaded into a precast
polyacrylamide gel along with pre-stained protein markers. The electrophoresis was run at a constant
voltage of 100 V until the blue indicator reached the bottom. The gels were stained by Coomassie blue
G-250 and scanned on a scanner with a resolution of 600 dpi to visualize the protein bands. All the
experiments were conducted at least for three times to ensure reproducibility of the results.
3-5-6 BCA
The amount of each protein corona samples was quantified by a BCA protein assay kit according
to the manufacturer’s instruction. In brief, an aliquot of protein corona solution (20 pL) was mixed
with PBS (80 uL) and freshly prepared BCA working reagent (100 uL) in a clean 96-well plate and
then incubated at 37 °C for 1 h. Meanwhile, standard BCA solutions in the concentration ranges of 25,

50, 100, 150 and 200 pg/mL were assayed to prepare the calibration curves. After incubation, the
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absorbance was recorded on a microtiter plate reader at 570 nm. The absorbance of 10% SDS (20 uL)

was also measured as blank control and subtracted during the calculation. All the experiments were

performed in triplicates.
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Chapter 4: Probing the role of charged functional groups on corona-free

polyglycerol-functionalized nanoparticle in protein absorption and cellular uptake

4-1 Introduction

Charged functional groups on NP surface are the key parameters to modulate the affinity of NPs
to cellular membranes and hence their uptake [87]. However, in biofluids, the charged functional
groups associated with serum proteins and the resulting NP-protein complexes are known to be slightly
negative regardless the initial charges of NPs [31]. This eliminates the affinity difference of original
charge groups to cell membranes and emphasizes the role of absorbed proteins in NP uptake.

In order to gain insights into NP design for improved theranostic performance, extensive efforts
have been made for comprehensive understanding of the relationship among charged functional groups,
absorbed proteins and cellular uptake [19]. However, inconsistent results have been reported so far.
While the anionic and cationic liposomal NPs were revealed to attract the proteins with specific p/
range [80], many investigations showed that the protein binding were independent of the charged
functional groups and the p/ of proteins [32, 33]. Noteworthy is that Tenzer et al. reported rapid
absorption of anionic plasma proteins onto both carboxylate and ammonium functionalized NP
surfaces [76]. The contradictory findings extended from protein absorption to subsequent cellular
response. Although some studies reported that positively charged NPs had a higher uptake efficacy

than negatively charged ones in the presence of protein corona [34], opposite trends were revealed by
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Melby et al. [88] and Kokkinopoulou et al [89]. They reported that the serum proteins on the surface
of anionic NPs induced a higher uptake ratio or a stronger affinity to the supported lipid bilayers, as
compared to the cationic ones. The discrepant results reported so far can be interpreted by participation
of the other surface chemical groups than the charged functional ones to attract proteins [69]. Therefore,
the charged functional groups were introduced at the terminals of the protein-resistant polymers such
as PEG [90] and amphiphilic ones [75, 91]. However, the net charge effect remains elusive, because
these polymers cannot completely suppress the protein adsorption.

Quite recently, we have demonstrated that PG grafting prevented protein corona formation almost
completely [84], which renders PG layer is a suitable interface to study the net charge effects. Herein,
the carboxyl, sulfate and amino groups were introduced on the NP-PG surface in a quantitative manner.
Thanks to this corona-free PG layer, we demonstrated that uptake efficiency of NPs was correlated
with the protein affinity of charged functional groups. That is, the carboxylate (—-COQO") and sulfate (—
0SO;5™ up to 4.1 groups / nm?) exhibited no affinity to the proteins in FBS induced negligible or no
cellular uptake. In contrast, -OSOs3™ (25 groups / nm?) and ammonium (—NH3") provoked substantial
cellular uptake through association with the serum proteins. In addition, the distinct protein corona
profiles on NP-PG-OSOs™ and NP-PG-NH3" were revealed to suppress or enhance uptake through the

regulation of specific uptake pathways.

&3



4-2 Results and discussion

4-2-1 Functionalization of NP-PG with carboxyl, sulfate and amino groups and their

characterization

NDs of 50 nm in diameter and SPIONs with 8 nm in diameter were grafted with PG, a corona-

free interface, at 33 and 41 wt%, respectively, which were determined by TGA (Figure 4-1).

a b
100 _— 100 +—
\_'\—-_ ¥
80 80
3 ——ND (2.0%) & —— SPION (8.0%)
E ND-PG (34.4%) E SPION-PG (45
% 60 % 60
= =
40 40 |
20 ; . . . ; . 20 4 . . ; : . .
50 150 250 350 450 550 650 50 150 250 350 450 550 650
Temperature (°C) Temperatur_e Q)
(4
NP or NP-PG NP core Organic component Weight loss il: PG (wt%)
(wt%) on NP surface (wt%)? 200-450 °C (wt%)
ND 97.4 2.0
ND-PG 64.9 1.4 34.4 33.0
SPION 90.0 8.0
SPION-PG 51.0 4.5 45.1 40.6

#The organic component refers to the hydroxyl and carboxyl groups on ND or TREG on SPION surface, respectively.

Figure 4-1. TGA of NP-PG. (a-b) TGA profiles of ND (a) and SPION (b) before and after PG

functionalization, the weight loss (wt%) in the range from 200 to 450 °C is indicated in parentheses.

(c) PG content (wt%) in NP-PG is derived from the difference of its weight loss (wt%) in the range

from 200 to 450 “C and the weight of organic component on NP surface.
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The resulting ND-PG and SPION-PG were analyzed by TEM and DLS to determine their core

sizes (Figure 4-2a — 4-2b for ND-PG and Figure S4-2d — 4-2e for SPION-PG) and hydrodynamic

diameters (Figure S4-2c¢ for ND-PG and Figure S4-2f for SPION-PQG), respectively. The PG coating

was evidenced by the gray area at the periphery of NP core in TEM images (Figure S4-2a for ND-PG

and Figure S4-2d for SPION-PQG). The thickness of the PG layers was estimated to be 6.9 and 8.6 nm

for ND-PG and SPION-PG, respectively, from the difference between the hydrodynamic diameters by

DLS and core sizes by TEM (Table 4-1).
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Figure 4-2. TEM and DLS measurements of NP-PG. TEM images of ND-PG (a, b) and SPION-PG

(d, e), DLS profiles of ND-PG (c) and SPION-PG (f) in PBS.
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Table 4-1. Thickness of PG layer.

Hydrodynamic diameter Thickness of
NP-PG NP core size (hm)@
of NP-PG (nm)® PG layer (nm)
ND-PG 50.245.1 64.0+1.7 6.9
SPION-PG 7.9+0.9 25.0+1.3 8.6

#Mean diameter + standard deviation determined by particles in TEM images (Figure S2a - 2b for ND-
PG and Figure S2d - 2e for SPION-PQ).
b Hydrodynamic diameter determined from DLS measurement (Figure S2¢ for ND-PG and Figure S2f

for SPION-PQG).

In the next step, a number of hydroxyl groups in NP-PG were further converted to carboxyl,
sulfate and amino groups through organic transformations (Scheme 4-1, see details in Methods),
yielding NP-PG-Y (Y = COOCH>CH>COOH, OSO3Na and NHy, respectively) at low (/) and high (%)
contents of the functional groups. NP-PG-COOH and NP-PG-NH; were prepared according to our
previous methods [92] with slight modification (routes A and C in Scheme 4-1, respectively). The
sulfate groups were introduced in a quantitative manner by choosing appropriate solvent, based on the
procedures reported by Tiirk et al. [93] (route B in Scheme 4-1). The introduction of these functional

groups was demonstrated by their zeta-potentials (Figure 4-4d). That is, the carboxylate (—COQO~) and
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sulfate (—OSO;3") anions made the potentials more negative (-25 — -30 mV) than those of NP-PG (-5

mV), whereas the potentials turned into positive (5 — 15 mV) in the NP-PG-NH3".

Scheme 4-1. Functionalization of NP-PG with carboxyl, sulfate and amino groups at low (/) and high

(h) contents.

Route A for NP-PG-COOH

; DMAP

YT
/ o
m OH Route B for NP-PG-OSO:Na Wﬂi v
\040 | ‘Wi” 0 U L OH
| ,,( \ ‘O/{ - 2: NaOH fi
>—OOOL\/ O/;11 N o0 O_oﬁ /Lo m( Y 1 OSOsNa
é *O //‘OH 0. )‘rOH
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/fo NP-PG W{D NH,
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2: NaN: 3: PPha

All the NP-PG-Y as well as NP-PG were characterized by IR spectroscopy (Figure 4-3). In order
to compare the relative content (/ and /) of the functional groups, the IR spectra were normalized at
the absorbance around 1110 cm™ corresponding to C—O—C stretching in PG. As expected, all the
absorption bands attributed to C=0 stretching at 1730 cm™ in NP-PG-COOH (Figure 4-3a and 4-3b),
0O-S—O0 bending at 1200 cm™! in NP-PG-OSOsNa (Figure 4-3¢ and 4-3d) and N—H bending in NP-PG-

NH: at 1670 cm™! (Figure 4-3e and 4-3f) exhibit higher intensities at / content than / one.
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Figure 4-3. IR spectra of NP-PG-COOH (blue traces), NP-PG-OSOs;Na (brown traces) and NP-PG-

NH: (red traces). (a-b) ND-PG (a) and SPION-PG (b) before and after carboxyl groups

functionalization;

(c-d) ND-PG (c¢) and SPION-PG (d) before and after sulfate groups

functionalization; (e-f) ND-PG (e) and SPION-PG (f) before and after amino groups functionalization.
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The NP-PG-Y were quantitatively analyzed by EA, and/or ICP. The results of EA and ICP are

shown in table 4-2 and 4-3, respectively.

Table 4-2. Elemental analysis of NP-PG, NP-PG-COOH, NP-PG-OSO3Na and NP-PG-NH,.

NP-PG or Element analysis (wt%o)

NP-PG-Y H C o S N
ND-PG 2.79 77.53 16.99

ND-PG-COOH-I 3.05 73.96 21.71

ND-PG-COOH-h 2.84 71.51 23.34

ND-PG-OSOsNa-I 2.82 76.50 0.69
ND-PG-OSOsNa-h 1.76 68.06 4.26
ND-PG-NH2-I 2.87 79.34 0.35
ND-PG-NH2-h 2.98 79.20 1.32
SPION-PG 2.90 17.41

SPION-PG-OSOsNa-I 1.54
SPION-PG-0OS0OsNa-h 4.55
SPION-PG-NH2-I 3.19 19.93 0.39
SPION-PG-NH2-h 3.34 16.52 1.57
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Table 4-3. ICP analysis of Fe and the calculation of carboxyl group content in SPION-PG-COOH.

Content of each component (wt%o) P

SPIONs Fe (ug) @
SPION TREG PG (C4Hs03) n
SPION-PG-COOH-I 21.7 (61.8) 49.7 4.4 39.6 6.3
SPION-PG-COOH-h  24.8 (87.5) 40.0 3.6 31.8 24.6

“ The mass of Fe was calculated based on ICP analysis, and mass of assayed SPION-PG-COOH is
indicated in parentheses.

> The content of SPION is derived from the mass ratio of Fe;O4 in SPION-PG-COOH, and the contents
of TREG and PG were calculated based on SPION content and the ratio of SPION and TREG

determined from TGA in Figure 4-1b.

For ND-PG-Y, the number of carboxyl, sulfate and amino groups (Table 4-4) was calculated
according to eq 4-1, eq 4-2 and our previous paper [92], respectively, based on the results of EA (Table
4-2). The degree of PG polymerization (C3HsO2) n in ND-PG was calculated to be 1.13 x 10°according
to our previous report [62], and the number of C and O in one ND-PG particle was determined to be
1.54 x 107 and 2.53 x 10, respectively. The degree of succinic anhydride polymerization (C4H503) n
or the number of COOH groups in ND-PG-COOH was calculated in a similar way as that of PG
polymerization in ND-PG via eq 4-1. Wo_np—re—coon and Wc_np_pre—coon are the weight ratio

of oxygen and carbon in ND-PG-COOH, M, and M, are the molar mass of oxygen and carbon.
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No-np-PG-cooH __ No-np-pct3n _ Wo_np-pG-cooH/Mo (eq 4-1)
Nc-ND-PG-COOH Nc-NDp-pgt4n Wc-ND-PG-cooH/Mc

The number of sulfate groups in ND-PG-OSO3Na (Ng_yp-pc-o0so3na) Were calculated from eq 4-2.
W _np—r6-0so3na and We_np_pc—oso3na are the weight ratio of sulfur and carbon in ND-PG-

OSOsNa, and My is the molar mass of sulfur.

Ns_ND-PG-0503Na _ Ws—-ND-PG-0S03Na/Ms (eq 4-2)
Nc-ND-PG Wc-ND-PG-0503Na/Mc

For the SPION-PG-Y, the number of carboxyl groups in one SPION-PG-COOH particle (Table
4-4) was calculated based on the results of ICP (Table 4-3) and TGA (Figure 4-1b). The number of
sulfate and amino groups was determined by the sulfur and nitrogen contents (wt%) in EA and the
weight of SPION core (Table 4-2). The densities of functional groups on NP-PG surface are given by
dividing the number of functional groups by the surface area based on their hydrodynamic sizes (Table
4-1). As shown in Table 4-4, the NP-PG-Y-4 have 4-6 folds larger number of functional groups than
their / analogues. However, the number and density of functional groups on ND-PG surface were much
higher than those on SPION-PG, despite a similar content. This is due to the larger surface area of PG
coating and higher degree of PG polymerization on NPs with larger core sizes [84], thus leading to

more numbers of functional groups in higher densities.
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Table 4-4. The quantitative data of carboxyl, sulfate and amino groups on NP-PG surface at / and 4

contents.
Number of functional groups Density of functional group ®
NP-PG-Y in one NP-PG-Y particle? (nm2)
[ h [ h
ND-PG-COOH 1.2x10°% 6.5 x 10° 8.9 51
SPION-PG-COOH 1.5x 103 5.6 x 103 0.75 2.9
ND-PG-OSO:zNa 5.1 x10* 3.6 x 10° 4.0 28
SPION-PG-
7.9 x 102 2.6 x 103 0.40 1.3

OSO:zNa
ND-PG-NH 5.7 x 10* 2.2 x10° 4.5 17
SPION-PG-NH: 4.6 x 102 1.8 x 103 0.23 0.92

¢ Calculation based on the results of EA (Table 4-2), ICP (Table 4-3) and TGA (Figure 4-1).
b Calculation based on the assumption of spherical shape of NP-PG with a diameter of 64.0 and 25.0

nm for ND-PG and SPION-PG (Table 4-1), respectively.
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4-2-2 Protein corona formation of NP-PG-COOH, NP-PG-OSO3Na and NP-PG-NH:

To probe the role of charged functional groups in protein corona formation, the dispersions of
NP-PG-COOH, NP-PG-OSOsNa and NP-PG-NH: as well as NP-PG were incubated with 10 and
55% FBS in PBS buffer. The weights of NP-PG-Y were adjusted (Table 4-5, see details in Methods),
so that the total number of functional groups were in the same range at | and h contents. Since the
typical pKa values of the carboxylic acid, sulfuric acid and ammonium are around 5, -3, and 11,
respectively, these functional groups on NP-PG surface are expected to be fully ionized as
carboxylate (-COQ), sulfate (-OSO3") and ammonium (-NHz") in PBS to associate with proteins.
After incubation, the NP-protein complexes were pelleted and washed by centrifugation, giving NP-
PG-Y with hard corona. The corona proteins were detached by 10% SDS solution and subjected to
PAGE, BCA and LC-MS/MS (see details in Methods). The zeta potentials and DLS sizes of NP-PG
and NP-PG-Y were also recorded in the presence and absence of FBS proteins.

In the SDS-PAGE of both 10 and 55% FBS coronas (Figure 4-4a and 4-4b, respectively), no
noticeable protein band was observed in the lanes of ND-PG and SPION-PG, as we reported
previously [84, 92], demonstrating that PG coating effectively prevented protein corona formation
onto NP surfaces. Based on this corona-free PG interface, we clearly show that both the species and
densities of charged functional groups affect the protein corona formation. For the positively charged

ammonium groups, many protein bands are observed in all the lanes of NP-PG-NH3". In contrast,
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protein bands appear only in the lane of ND-PG-OSOs™-h among NP-PG-OSOs™ and NP-PG-COO™.
As marked with red stars, the protein band profile of ND-PG-OSOs-h is different from those of NP-
PG-NHs" (Figure 4-4a and 4-4b), indicating that the protein corona composition on ND-PG-OSO3"
-h and NP-PG-NH3" is different. In addition, their difference signifies, as the density of amino group
and concentration of FBS increase. The different composition of the corona proteins will be
discussed in detail based on LC-MS/MS results.

The BCA results (Figure 4-4c) quantitatively support those of SDS-PAGE. While corona
proteins are detected on NP-PG-NH3" and ND-PG-OSOs-h surfaces in the following order of
abundance for both 10 and 55% FBS: NP-PG-NH3s*-h > NP-PG-NH3*-I > ND-PG-0OSO3 -h; there
was almost no detectable protein on the surfaces of NP-PG-COO™. The high affinity of positively
charged NP-PG-NHjs" to serum proteins is consistent with previous studies, because most of the FBS
proteins are negatively charged under physiological conditions which could facilitate their
complexation through electrostatic force [19, 69]. On the other hand, relatively low protein affinity
of NP-PG-COO™ was revealed in our study. The high affinity of carboxyl groups to serum proteins
has been observed so far on bare and functionalized NP surfaces [88, 90]. In some extreme cases,
for example, the carboxyl groups even acquired a denser corona layer than ammonium groups on
the surface of polystyrene NPs [89, 94]. In this study, we show unambiguously that the carboxylate

has no affinity to FBS at the density up to 18 groups / nm?. This is probably due to the “transparent
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background” of PG layer in contrast to the protein attracting backbone in the previous papers.

Similarly, the NP-PG-OSO3™ also exhibited almost no affinity to FBS proteins except ND-PG-OSO3~

-h (Figure 4-4a — 4-4c). Actually, a similar phenomenon was reported by Dernedde et al. [95]. They

claimed that a certain density of sulfate groups in the dendritic PG was required for high affinity

binding to proteins. In our results, the corona proteins were below the detection limit in the case of

SPION-PG-0OSO3™-h as opposed to ND-PG-OSOs-h (Figure 4-4a — 4-4c), although SPION-PG-

OSO3™-h was controlled to have almost the same total number of sulfate groups as that of ND-PG-

OSOs3™-h (Table 4-5). Therefore, the higher affinity of ND-PG-OSOsNa-h to FBS proteins is

attributable to the higher density of sulfate groups (Table 4-4).
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Figure 4-4. Characterization of FBS corona formed on NP-PG, NP-PG-COOH, NP-PG-OSO3Na and
NP-PG-NH; surfaces. (a-b) SDS-PAGE images of protein coronas detached from NP-PG, NP-PG-
COOH, NP-PG-OS0O;Na and NP-PG-NH; after their incubation with 10% (a) or 55% (b) FBS in 2 mL
PBS (10 mM). (c¢) BCA quantification of proteins detached from NPs after their incubation with 10 or
55% FBS, the data are presented as mean value + standard deviation of three measurements. (d) Zeta
potentials of NP-PG, NP-PG-COOH, NP-PG-OSO3Na and NP-PG-NH after their incubation with 10
or 55 % FBS, the data are presented as mean value + standard deviation of 20 measurements. In all

cases, NP=ND or SPION.

97



It is well recognized that protein corona alters not only biological identity, but also physical

properties of NPs [12]. In our study, the protein corona on the surface of NP-PG-NH3* changed the

zeta potentials from positive to negative (Figure 4-4d), and increased the DLS median sizes (Figure

4-5a and 4-5b) and the size distribution (Figure 4-5¢ — 4-5f). As for ND-PG-OSOs-h, however, no

change was observed in zeta potentials and DLS sizes before and after the protein corona formation

(Figure 4-4d and Figure 4-5a). These difference in their physical properties might be due to the

difference in the amount and composition of corona proteins as shown in the SDS-PAGE and BCA

(Figure 4-4a — 4-4c).
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Figure 4-5. DLS measurements of NPs before and after FBS incubation. (a-b) DLS median sizes of
NDs (a) and SPIONs (b) before and after FBS incubation. (c-f) DLS profiles of ND-PG-NH>-1 (c),

SPION-PG-NH2-1 (d), ND-PG-NH2-h (e) and SPION-PG-NH>-h (f) after their incubation with FBS.
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To investigate the protein corona composition in detail, corona proteins from10% FBS on the
surface of ND-PG-OSOs-h, ND-PG-NH3*-1 and ND-PG-NH3"-h together with FBS proteins were
analyzed by LC-MS/MS. A full list of the identified proteins with high confidence (unique peptides >
2) and their relative raw abundance are shown in AppendixIV. The total relative raw abundance of the
corona proteins detected by LC-MS/MS increased in the order of ND-PG-OSO3 -h, ND-PG-NH3z*-I
and ND-PG-NHs"-h (Figure 4-6) in a similar manner to the protein amounts quantified by BCA (Figure

4-4c¢).
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Figure 4-6. Raw abundances of proteins detected on the surface of ND-PG-OSO3 -4, ND-PG-NH3"-

/ and ND-PG-NH3"-A.
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As illustrated in Figure 4-7a, the MW distribution of FBS proteins was altered after their
absorption onto the surfaces of ND-PG-OSO3-h and ND-PG-NH3*. Moreover, the MW distribution
of corona proteins on ND-PG-OSOs-h is different from those on ND-PG-NHs*. For example,
proteins of 50-60, 80-90, 120-150, and >200 kDa were enriched 4-30 folds in their contents on the
surface of ND-PG-OSOs-h as compared to those of FBS. In addition, their contents are much higher
than those of ND-PG-NH3*. On the other hand, proteins with 30-40 and 90-120 kDa are more
abundant on ND-PG-NH3" than ND-PG-OSOs -h.

The different composition of the corona proteins is also verified by the pl distribution (Figure
4-7b) and their relative abundance on ND-PG-OSOz-h and ND-PG-NH3" as compared to the ones
in FBS (Figure 4-7c). As shown in Figure 4-7b, the FBS proteins in the pl range of 4-8 and 8-10,
which exhibit negative and positive charge under physiological conditions, respectively, are
determined to be 99.45% and 0.55% in their abundance. The proteins with pl = 8-10 were enriched
from 0.55% in FBS to 9.78% on the surface of ND-PG-OSOs™-h, but remained to be minor
components on ND-PG-NHz* (0.76% and 0.71% for ND-PG -NHs™-l and ND-PG-NHs"-h,
respectively). Similarly, the proteins with pl = 4-5 increased their content from 0.12% in FBS to
2.42% on ND-PG-0S03-h, but exhibited almost no change on ND-PG-NHjs". In contrast, the major
proteins with pl = 5-8 decreased their contents from 99.4% to 87.8% on ND-PG-OSOz™-h, but

remained to be 98.9% for both ND-PG-NH3*-I and ND-PG-NHs*-h.
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These variations are further demonstrated by the raw abundance of top 5 FBS proteins (log 10

of the signal intensity) from each pl range as shown in Figure 4-7c. The basic proteins (pl = 8-10)

including plasma serine protease inhibitor, beta-2-glycoprotein 1 and cationic trypsin enriched their

contents on ND-PG-0OSOs-h (1.9-3.6) as compared to the ones in FBS (1.3-2.6). Moreover, the

abundance of these basic proteins is much higher on ND-PG-OSOsz-h than those on ND-PG-NH3*

(1.0-3.1). In contrast, the abundance of acidic proteins (pl=4-8) such as albumin, alpha-2-HS-

glycoprotein and inter-alpha-trypsin inhibitor heavy chain proteins on ND-PG-NH3" (1.8-5.1) are

higher than those on ND-PG-OSO3-h (1.0-4.4). The enrichment of basic proteins (pl1=8-10) and

acidic proteins (pl=4-8) on the surface of negatively charged ND-PG-OSOs™-h and positively

charged ND-PG-NH3*, respectively, is in agreement with our previous study [92], implying that

charged functional groups prefer to interact with proteins of opposite charge. However, the higher

abundance of Thrombospondin-1 (TSP-1, pl=4.7) on ND-PG-OSOs™-h (3.4) as compared to those

on ND-PG-NHzs" (2.6-2.8) is unexpected, which indicated that other than the bulk isoelectric point

of proteins, the surface charge of amino acid residues at specific regions may account for protein

corona formation [96]. TSP-1 is a calcium-binding protein that participates in cellular responses to

extracellular proteases and growth factors [97]. The N-terminal domain of human TSP-1 was

identified to be rich in basic residues including Arg29, Arg42, and Arg77, which can specifically

associate with the sulfate groups in heparin [98]. This may also be the case of high affinity of bovine
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TSP-1 to the sulfate groups in ND-PG-OSOz™-h, since dendritic polyglycerol sulfate has already

been demonstrated as an excellent heparin analogue [99].
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Figure 4-7. Identification and semi-quantification of 10% FBS protein corona detached from ND-PG-
0OSO3 -h, ND-PG-NH3"-/ and ND-PG-NH3"-4, as well as FBS proteins by LC-MS/MS. (a-b) Identified
proteins are classified according to their MW (a) and p/ (b). The content of identified proteins (%) is
calculated from their relative abundance shown in AppendixIV. (¢) Heat map representation of the raw
abundance of top 5 proteins in FBS from the p/ ranges of 4-5, 5-6, 6-7, 7-8, 8-9, and 9-10, respectively.
The log10 values of the protein abundance are shown in colors (blue - red) and numerical values (0.8

-5.3).
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4-2-3 Cellular uptake of NP-PG-COOH, NP-PG-OSOs3Na and NP-PG-NH: in the

presence of FBS proteins

After clarifying the protein corona profiles, we investigated the cellular uptake of NP-PG-Y in

the presence of FBS proteins. The dispersions of NP-PG-COOH, NP-PG-OSOs;Na, NP-PG-NH; and

NP-PG were applied to human cervix epithelium HeLa cells and human lung epithelial carcinoma

A549 cells in the culture medium containing 10% FBS. After 12 h incubation, the cellular uptake of

NDs and SPIONs were measured by TEM and ICP, respectively.

As shown in TEM images (Figure 4-8, Appendix Figure 2-1 and Appendix Figure 2-2), no ND

particles were found in the ND-PG treated HelLa (Figure 4-8b, Appendix Figure 2-1b) and A549

(Appendix Figure 2-2b) cells, which exhibited similar morphologies to those of control cells (Figure

4-8a, Appendix Figure 2-1a and Appendix Figure 2-2a). This gives the conclusions consistent with our

previous studies that corona-free PG grafting shields NPs from non-specific uptake almost completely

[28, 62, 84]. Based on this transparent NP-PG background, we found that the cellular uptake of ND-

PG-Y is correlated with their affinity to serum proteins. That is, the ND-PG-OSO; -4 and ND-PG-

NH3" with higher protein affinities (Figure 4-4 and 4-7) showed a substantial number of internalized

NDs (Figure 4-8f-h, Appendix Figure 2-1f-h and Appendix Figure 2-2f-h). In contrast, ND-PG-COO~

and ND-PG-OSO;™-/ (Figure 4-4) with almost no protein affinities induced negligible or no uptake

(Figure 4-8c-e, Appendix Figure 2-1c-e and Appendix Figure 2-2c-e). A similar uptake trend was
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observed in the case of SPION-PG-Y (Figure 4-9).

Control
ND-PG

(2]
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ND-PG-COO—~/
ND-PG-COO~-h
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ND-PG-0S0./
ND-PG-0S0.+h
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Figure 4-8. TEM images of HeLa cells (a) and after their incubation with ND-PG (b), ND-PG-COOH

(c-d), ND-PG-OSOsNa (e-f) and ND-PG-NH; (g-h) in 10% FBS. Pairs of the images are corresponding

to low magnification (left, scale bar: 2 um) and high magnification (right, scale bar: 500 nm) of the

same cell. More images of NDs uptake by HeLLa and A549 cells are shown in Appendix Figure 2-1 and

2-2, respectively.
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Figure 4-9. The uptake of SPION-PG-Y by HeLa and A549 cells in the presence of FBS.

In the TEM images of cells treated by ND-PG-COO™-/ (Figure 4-8c, Appendix Figure 2-1¢ and

Appendix Figure 2-2¢) and ND-PG-OSOs -/ (Figure 4-8e, Appendix Figure 2-1e and Appendix Figure

2-2e) in the presence of FBS, a relatively small amount of NDs was detected as indicated by red dash

circles in these images. In serum-free culture medium, however, there were no and fewer dots in the

cells treated by ND-PG-COO -/ (Appendix Figure 2-3a) and ND-PG-OSOs -/ (Appendix Figure 2-3c¢),

respectively. Therefore, the small amount of ND-PG-COO™-/ and ND-PG-OSO3 -/ uptake in the

presence of FBS might be facilitated by the soft protein coronas [100], which are hard to access via

current analytical approaches [101]. As for the cells treated by ND-PG-COO -/, no NDs were observed

in the TEM 1images with (Figure 4-8d, Appendix Figure 2-1d and Appendix Figure 2-2d) and without

FBS (Appendix Figure 2-3b). This indicates that the effect of soft corona might be suppressed by high

density of carboxyl groups. Although the substantial cellular uptake of carboxylate functionalized NPs
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has been reported in the literatures [88, 90], we clearly demonstrated that dense coverage with
carboxylate groups did not induce cell uptake. The carboxylate groups on NP surface are not only
serving as a charge modulation group, but also acting as a key reactive group for further conjugating
with target moieties, drug molecules and other functional groups in nanomedicine. The non-specific
uptake of NP-PG-COO -4 (Figure 4-8d, Appendix Figure 2-1d and Appendix Figure 2-2d) coupled
with its protein-resistance property (Figure 4-4) suggests the potential of NPs with carboxylate anions
in biomedical applications in terms of safety and efficiency.

The effect of protein corona on the uptake of charged NPs becomes more distinct, as the amount
of adsorbed protein increased. While the treatment of ND-PG-OSOs -4 leads to an extensive uptake
(Figure 4-8f, Appendix Figure 2-1f and Appendix Figure 2-2f), more amount of NDs were found in
the cells exposed to ND-PG-NH3" (Figure 4-8g-h, Appendix Figure 2-1g-h and Appendix Figure 2-2g-
h). The significant uptake of ND-PG-NH3", despite their negative zeta potentials after the protein
corona formation (Figure 4-4d), firmly indicated that the surface of the corona layer rather than that of
the pristine nanoparticle was the decisive factor for NP uptake. The higher magnification TEM images
showed that a large number of NDs are clustered in cellular vesicles in ND-PG-NH3" treated cells
(Figure 4-8g-h, Appendix Figure 2-1g-h and Appendix Figure 2-2g-h), while the NDs in cells exposed
to ND-PG-OSOs -/ is less aggregated and a small portion of NDs seem to be free in the cytosol (Figure

4-8f, Appendix Figure 2-1f and Appendix Figure 2-2f). This implies a different uptake mechanism of
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ND-PG-OSO; -k and ND-PG-NH3", which may arise from distinct protein corona profiles formed on

their surfaces [102].

4-2-4 Effect of FBS corona on the uptake mechanism of sulfate and amino group
functionalization
In order to investigate the uptake mechanism, fluorescent nanodiamonds (fNDs, Figure 4-10a)
with 54.5 nm in diameter (Figure 4-10b) were used as a starting material to prepare fND-PG-OSO3Na
and fND-PG-NH: in procedures similar to those of NP-PG-OSO3;Na-4 and NP-PG-NH:-/, respectively
(Scheme 4-1). The fND was grafted with 38.3 wt% of PG as shown in the TGA of fND-PG in Figure
4-10c. In IR spectra of fND-PG-Y (Figure 4-10d), the absorbance of O—S—0O in fND-PG-OSO3;Na and
N-H in fND-PG-NH; are comparable to those of ND-PG-OSOs;Na-4 (Figure 4-3¢) and ND-PG-NH>

(Figure 4-3e), respectively.
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Figure 4-10. Characterization of fNDs. (a-b) microscopy image (a) and DLS size distribution (b) of

fND, the scale bar in (a) is 100 pm. (c¢) TGA weight loss curve of fND-PG. (d) IR spectra of fND-PG,

The corona protein compositions of fND-PG-OSO; and fND-PG-NH3" in 10% FBS (Figure 4-
11a for SDS-PAGE, Figure 4-11c for MW and 4-11d for p/) were similar to those of ND-PG-OSO; -/
and ND-PG-NH3"-/ (Figure 4-4a and Figure 4-7). The raw abundance of top 10 proteins associated

with fND-PG-OSOs™ and fND-PG-NH3" are shown in Figure 4-11b.

110



a g |Q |NDPFG | b | Albumin 45
-E [ = - ) )
s 2| 3|2 Vitronectin 4.0
kDa = €| 0| % . B
' ; Plasma serine protease inhibitor 3.9
‘ ’ 8 Inter-alpha-trypsin inhibitor heavy chain H2 3.8
200 = Q Gelsolin isoform a 3.8
e — g Thrombospondin-1 3.8
O Keratin, type Il cytoskeletal 59 kDa, component IV 3.7
120 G— € :
; ! Keratin, type | cytoskeletal 14 3.7
© W E = Antithrombin-lll 3.7
| Complement C4 3.6
64 = | Albumin 4.9
48 prm—) Alpha-2-HS-glycoprotein 4.7
36 . Inter-alpha-trypsin inhibitor heavy chain H2 4.6
o Protein AMBP 4.2
- S)'_ Alpha-2-macroglobulin 4.2
A Inter-alpha-trypsin inhibitor heavy chain H3 4.1
€ Alpha-1-antiproteinase 4.1
20 Apolipoprotein A-I preproprotein 4.1
9 TPA: adiponectinD 3.9
Complement C3 3.9
c MW (kDa) 100 -
100 1 <30 30-40
80 +
_. 801 40-50 #50-60
2 < m 4.5
ot < 60 A
g 60 - 60-70 = 70-80 g
8 =
£ 404 i =80-90 %90-120 g 401 " 67
o -
N :
20 | ®=120-150 ®150-200 & 20 . 80
=>200 0 —
De—
0 -0S0; -NH,* -0S05- ’ -NH,*
fND-PG | fND-PG

p/

5-6

u7-8

u 9-10

Figure 4-11. FBS coronas of fND-PG-OSOs™ and fND-PG-NH;3". (a) SDS-PAGE image and (b) top10

proteins identified on the surfaces of fND-PG-OSOs™ and fND-PG-NH3", respectively. (¢) MW and

(d) p/ distribution of proteins identified on the surfaces of fND-PG-OSO;  and fND-PG-NH;",

respectively.
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Firstly, we examined the cellular uptake of fND-PG-OSOs3™ and fND-PG-NH;3" in the presence
and absence of FBS corona (FBS corona (+) and FBS corona (-), respectively). As for the FBS corona
(+), two kinds of protein corona formation conditions were investigated. Cells were exposed to 1) fND-
PG-Y in the culture medium including 10% FBS (in situ), and 2) fND-PG-Y coated with 10% FBS
corona in a serum-free culture medium (precoat). In the case of 2), 10% FBS coating of fND-PG-Y
was prepared in a manner similar to that of the protein corona formation mentioned above. On the
other hand, for FBS corona (—), cells were incubated with fND-PG-Y in a serum-free culture medium.
The fluorescence intensity (FI) of fND-PG-Y treated cells was determined by fluorescence-activated
cell sorting (FACS) analysis. The results for HeLa and A549 cells were shown in Figure 4-12, after
subtracting the background FI from control cells treated by PBS only. As for fND-PG-OSO;™ treated
HeLa cells (Figure 4-12a), the presence of FBS proteins in the cell culture medium (in siti) and on the
surface of the nanomaterial (precoat) reduced the relative abundance of fNDs in HeLa cells to 40%
and 59%, respectively, as compared to that of FBS corona (—). A similar trend was observed in A549
cells (Figure 4-12b). These results are in agreement with previous studies reporting that the protein
corona lowered the uptake efficiency by weakening the interaction of NPs with the cell membrane [17,
103]. On the other hand, the relative abundance of fNDs in HeLa cells was enhanced at IND-PG-NH;3"
FBS corona (+) in situ and precoat by 3.2 and 1.6 folds (Figure 4-12a), respectively, as compared to

that of FBS (-). Similar trend was observed in the case of SPION-PG-NH;" treated HeLa cells (Figure
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4-12¢). In A549 cells, FBS corona (+) in situ enhanced the uptake of fND-PG-NH3" by 2.5 folds as
compared to that of FBS (-), while the FBS corona (+) precoat showed no influence on uptake (Figure
4-12b). These results supporting that the FBS corona on NP-PG-NH3" surface especially the in situ
one accelerates their uptake. The protein corona is known to retard the cellular uptake of NPs;
particularly, the FBS protein corona has been demonstrated to reduce the uptake of ammonium
functionalized polymeric NPs [104]. In this study, we make clear that the cellular uptake efficiency of
NP-PG-NH3" can be enhanced by the absorbed proteins. As the major proteins on fND-PG-NH3"
surface including the inter-alpha trypsin inhibitor heavy chains H2 and H3, and alpha-2-macroglobulin
are belonging to hyaluronan binding protein family, they may act as ‘bridges’ between fND-PG-NH;"

and the hyaluronan on cell surface to facilitate uptake [34].
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Figure 4-12. Effects of FBS coronas on cell uptake. (a) HeLa and (b) A549 cell uptake of fND-PG-
0OSOs™ and fND-PG-NH3" in the presence and absence of FBS corona. (¢) HeLa cell uptake of SPION-

PG-NH3" in the presence and absence of FBS corona.

Secondly, we investigated how the protein corona alters the uptake mechanisms of fND-PG-
0OSO;™ and fND-PG-NH3". Here, we adopted the in situ condition, because the in situ induced more

decrement and increment for fND-PG-OSO;~ and fND-PG-NHj3", respectively, than precoat as shown
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in Figure 4-12. The cells were subjected to low temperature incubation (4 °C) to evaluate the effect of

receptor-mediated internalization [104], and treated by pharmacological inhibitors such as

cytochalasin D (CytoD), chlorpromazine hydrochloride (CPZ) and genistein (GEN) for

macropinocytosis, clathrin- and caveolae-mediated endocytosis [105], respectively. The FI (%) in

Figure 4-13a — 4-13d is defined to be the FI under inhibition conditions divided by the FI observed

without inhibition. As mentioned above, FI from the background was subtracted in both of these FI

before calculating FI (%).

As for the HeLa cell uptake of fND-PG-OSO;™ (Figure 4-13a), the actual FI of fND-PG-OSO3~

in situ and FBS (-) at 4°C were almost similar to the background, making these FI (%) around 0%.

Since the low temperature is known to suppress the activity of cell membrane receptors to hinder the

endocytic pathway, the significant decrease in the uptake of fND-PG-OSO3™ at 4°C indicates that fND-

PG-OSOs;™ with and without protein corona were internalized into cells mainly via receptor-mediated

pathway. This is consistent with previous study about sulfate group functionalized graphene

nanosheets [106]. Upon the treatments of CytoD and CPZ, more amount of fND-PG-OSOs~ were taken

up under FBS corona (+) in situ than FBS corona (-), meaning that macropinocytosis and clathrin-

mediated pathways are less inhibited in the presence of FBS corona. These results coupled with the

lower uptake of fND-PG-OSO;™ in the presence of FBS (Figure 4-12a) imply that FBS corona

suppressed the uptake of fND-PG-OSO;™ mainly by blocking the macropinocytosis and clathrin-
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mediated entry routes. On the other hand, the slightly lower uptake of fND-PG-OSO3;™ FBS corona (+)
in situ as compared to fND-PG-OSO;~ FBS () after the treatment of GEN, suggesting that the FBS
corona on the surface of fND-PG-OSO3™ may facilitate their internalization through caveolae-mediated
endocytosis.

As opposed to the results in IND-PG-OSOs -, the fND-PG-NH3" FBS (-) had higher FI (%) at 4°C
(62%, Figure 4-13b), indicating that most of fND-PG-NH3" enter HeLa cells through receptor-
independent pathway or passive defusing mechanism. However, the FI (%) of IND-PG-NH;3" at 4°C
was decreased to 23% in the presence of protein corona, implying that higher ratio of fND-PG-NH3"
FBS corona (+) in situ was internalized through receptor-mediated pathway. These results together
with the enhanced uptake of fND-PG-NH3" in the presence of FBS (Figure 4-12a) indicate that FBS
corona promoted the uptake of fND-PG-NH;" via energy-dependent pathway. In detail, the lower FI
(%) of IND-PG-NH;3" FBS corona (+) in situ after the treatments of CytoD and GEN, as compared to
those of IND-PG-NH3" FBS (-), suggests that the FBS corona increased the uptake of fND-PG-NH3"
mainly through the macropinocytosis and caveolae-mediated internalization. The enhanced uptake of
fND-PG-NH3" FBS corona (+) in sifu by macropinocytosis pathway might be due to the aggregation
of fND-PG-NHj3" after FBS corona formation (Figure 4-14), since this pathway favors the larger size
NPs [30]. The enhanced uptake of caveolin-mediated pathways might be mediated by albumin which

has a high abundance on the surface of fND-PG-NH;" (Figure 4-11b), since it is reported that the
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albumin can bind to the glycoprotein 60 in caveolae of endothelial cells to facilitate the NP uptake
[107]. A similar trend was observed in HeLa cells treated by SPION-PG-NH3" FBS corona (+) in situ
and SPION-PG-NH3" FBS (-) (Figure 4-13¢), supporting the role of FBS corona on NP-PG-NH;3" in
their uptake mechanism.

The effects of FBS corona on uptake mechanisms of fND-PG-OSOs™ and fND-PG-NH3" by A549
cells were shown in Figure 4-13c and 4-13d, respectively. The uptake trends of fND-PG-Y FBS corona
(+) in situ and FBS (—) by A549 cells were similar to those of HeLa cells under 4°C, CytoD and CPZ
treatment conditions, expected for GEN treatment. The difference in caveolae-mediated internalization
may arise from the cell line difference. However, the consistent results observed from both HeLa and
A549 cells give conclusions that FBS corona suppressed the uptake of fND-PG-OSO;~ through
blocking the macropinocytosis and clathrin-mediated entry routes, and increased the uptake of fND-

PG-NH;3" mainly through the macropinocytosis internalization.
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Figure 4-13. Effects of FBS coronas on cell uptake mechanism. (a-b) HeLa cell uptake mechanism of
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Figure 4-14. DLS size distribution of fND-PG-NH3" (a) and fND-PG-NH3"-10%FBS (b).

4-3 Conclusions

The cascade effects of charged functional groups on protein corona formation and subsequent
cellular uptake were clarified thanks to the corona-free PG interface. We demonstrated that uptake
efficiency of NPs was correlated with the protein affinity of charged functional groups. The NP-PG-
COO and NP-PG-OSOs -/ (<4.1 groups / nm?) exhibited no affinity to FBS proteins induced negligible
or no cellular uptake. In contrast, NP-PG-OSOs -4 (25 groups / nm?) and NP-PG-NH3" provoked
substantial cellular uptake through association with proteins. In addition, we revealed that the uptake
of NP-PG-0OSO;™ and NP-PG-NH3" were suppressed or enhanced by their distinct protein corona
profiles. Taking the cellular uptake pathways into consideration, the corona proteins on the fND-PG-
OSOs™ are considered to down-regulate the macropinocytosis and clathrin-mediated endocytosis,

whereas the ones on NP-PG-NHj3" surface up-regulated the macropinocytosis. Our results present here
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not only clarified the role of charged functional groups in protein absorption and cellular uptake, but

also shed light on NP design for programmed uptake.
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4-4 Materials and methods

4-4-1 Chemicals and materials

The powder of ND was kindly provided by Tomei Diamond Co., Ltd., Japan. The suspension of

fND (1.0 mg/mL) was purchased from FND Biotech, INC. The following reagents were supplied by

Wako Pure Chemicals, Japan; pyridine sulfur trioxide complex (SOs-Py), pyridine, N,N-

dimethylformamide (DMF), nitric acid, sodium dodecyl sulfate (SDS), LC-MS grade water,

acetonitrile, formic acid, Dulbecco's modified eagle medium (DMEM), 0.25% trypsin-EDTA solution,

antibiotics penicillin/streptomycin (100 U/mL), 20% glutaraldehyde, paraformaldehyde, cytochalasin

D and genistein. The following reagents were purchased from Nacalai Chemicals, Japan; iron (I11)

acetylacetonate, thioglycerol, succinic anhydride, 4-dimethylaminopyridine (DMAP), p-

toluenesulfonyl chloride (TsCl), sodium azide (NaNs3), triphenylphosphine (PPhs), sodium hydroxide

(NaOH), SDS-PAGE running buffer (30329-61), prestained protein markers (02525-35) and iron

standard solution. FBS (556-33865) and BCA protein assay kit (T9300A) were supplied by Biosera,

Inc., France and Takara, Bio., Inc., Japan, respectively. 5-20% precast polyacrylamide gel (E-R520L)

and protein loading buffer (AE-1430) were purchased from ATTO, Japan. Pierce silver stain kit

(24612) and in-gel tryptic digestion kit were supplied by Thermo Fisher Scientific. Chlorpromazine

hydrochloride and glycidol were purchased from Tokyo Chemical Industry, Japan and Kanto Chemical

Co. Inc., Japan, respectively. Dimethyl sulfoxide (D8418) and Kaighn’s modification of Ham’s F12
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medium (F-12K medium) were supplied by Sigma-Aldrich and American Type Culture C, respectively.
Human cervix epithelium HelLa cells were received as a gift from Prof. Amano from Shiga University
of Medical Science, and human lung epithelial carcinoma A549 cells (IFO50153) were purchased from
Japanese Collection of Research Bioresources Cell Bank.
4-4-2 Equipment

TGA was run from room temperature to 1000 °C at a heating rate of 20 °C/min under N> on a Q-
50 analyzer (TA Instruments). TEM observation of NPs and cell samples was performed on a field
emission transmission electron microscope (JEOL, JEM-2200FS) and a H-7650 TEM (Hitachi, Japan),
respectively. The DLS sizes and zeta potentials were measured on a Nanotrac UPA-UT151 system
(Microtrac, Inc., USA) and a zeta Sizer Nano Series (Malvern Instruments, UK), respectively. The IR
spectra was recorded on an IR Prestige-21 (Shimadzu Co. Ltd.) in the wavenumber range of 4000 to
500 cm™! with a resolution of 4 cm™! for 16 scans. The EA was performed via a combustion method at
Organic Elemental Microanalysis Center of Kyoto University. The SDS-PAGE gels were scanned on
a fluorescence scanner (GT-X900, EPSON, Japan) at a resolution of 600 dpi. FACS and ICP analysis
were carried out on FACSArea II Cell Sorter (BD, USA) and ICPS-8100 (Shimadzu, Japan),

respectively.
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4-4-3 Preparation of NP-PG-COOH, NP-PG-OSOsNa and NP-PG-NH:

The SPION, NP-PG, as well as NP-PG-COOH and NP-PG-NH: containing | and h densities of

charge groups were synthesized according to our previous methods [92]. NP-PG-COOH-I and -h were

obtained by stopping the ring-opening reaction of succinic anhydride at 1 and 24 h, respectively. On

the other hand, NP-PG-OTs- | and -h were obtained by stopping tosylation reactions at 1 and 24 h,

respectively. Then, the resulting tosylates was transformed to NP-PG-NH2-I and h through OTs — N3

— NH_ transformations.

NP-PG-OSO3Na was prepared according to the reported procedure [93] with slight modification.

For NP-PG-OSOzNa-I, a DMF solution (2.5 mL) of SOs-Py (40 mg) was added dropwise to the DMF

suspension (2.5 mL) of NP-PG (15 mg), then the mixture was stirred at 60 °C for 5h and room

temperature overnight. After that, the pH of the reaction suspension was brought to 11 by adding NaOH

solution (1M), giving the desired product. The NP-PG-OSOsNa-I was collected by centrifugation at

50,4009 for 1 h and washed with Milli-Q water by repeated redispersion/centrifugation cycles. The

NP-PG-OSOsNa-h was prepared from a procedure similar to that of NP-PG-OSOsNa-1 by using

pyridine/DMF (1/2 viv) suspended NP-PG as starting material.

4-4-4 Protein corona formation

The suspensions of NP-PG-COOH, NP-PG-OSO3Na and NP-PG-NH: as well as NP-PG were

incubated with 10 or 55 % FBS in 10 mM PBS (2 mL) at 37 °C for 1 h. The weights of NPs used in
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each experiment were adjusted (Table 4-5), so that the total number of functional groups in each density

and each NP was almost the same. To remove protein aggregates in FBS, the freshly thawed FBS

solution was centrifuged at 134,000g for 20 min just before use. After incubation, the NP-protein

complexes were pelleted by centrifugation at 108,000g for 20 min and the pellets were subjected to

three redispersion/centrifugation washing cycles in Milli-Q water (1.0 mL) to fully remove the free

unbound proteins. Subsequently, the proteins adsorbed onto NP surface were detached by 10% SDS

(100 pL) and separated from NPs by centrifugation at 108,000g for 20 min. The SDS solution

containing the corona proteins isolated from the NP surface, designated as protein corona solution, was

used for further analyses.

Table 4-5. The weights of NP-PG, NP-PG-COOH, NP-PG-OSO3Na and NP-PG-NH> used in protein

corona formation experiment.

Weight (ng) Total number of functional groups (X 10%)
NPs
NDs SPIONSs NDs SPIONSs

NP-PG 308 196 / /

NP-PG-COOH-I 328 145 8.9 7.4
NP-PG-COOH-h 423 330 50 52
NP-PG-OSOzNa-I 317 145 4.0 3.7
NP-PG-OSOsNa-h 369 340 27 32
NP-PG-NH2-I 308 264 4.4 4.4
NP-PG-NH2-h 308 252 17 17
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4-4-5 Protein corona analysis

The protein corona was analyzed according to our previous procedure. For SDS-PAGE, an aliquot
(5 pL) of the protein corona solution was mixed with an equal volume of protein loading buffer (2x)
for sample loading. The protein mixtures were separated by a 5-20% precast polyacrylamide gel and
stained with Pierce silver stain kit for visualization. The total protein amount was determined via BCA
by using an aliquot (20 pL) of the protein corona solution, according to the manufacture’s instruction.
For the LC-MS/MS identification, an in-gel digestion protocol was performed for the protein corona
solution detached from ND-PG-OSO; -4, ND-PG-NH3"-/ and ND-PG-NH;3"-4, and fND-PG-OSO3~
and fND-PG-NH3", as well as the FBS protein solution prior to the analysis. The analysis procedure
was performed in a manner similar to our previous study [84]. NCBI protein library for Bostaurus
(September 2020) appended with known contaminants database (SCIEX) were used for the peptide
and protein identification by ProteinPilot software (SCIEX). The relative abundances of the identified
proteins were estimated on the platform of Progenesis QI for Proteomics software version 4.2
(Nonlinear Dynamics, Newcastle upon Tyne, UK). All raw data files with wiff format (SCIEX) were
imported to generate aggregate, and the peptide identification results by ProteinPilot, with confidence
at least 95%, were used for assignment. Label-free quantification of proteins was performed using
relative quantitation using Hi-N (3) method (Nonlinear Dynamics), proteins with at least two unique

peptides matched were used for data interpretation.
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4-4-6 Cell culture
HeLa and A549 cells were maintained in DMEM and F-12K culture medium, respectively,
supplemented with 10% FBS and 1% antibiotics penicillin/streptomycin. All the cells were grown in
a humidified incubator (MCO-5ACUV-PJ, Panasonic) supplied with 5% CO> at 37 °C, and passaged
until 70 -80% confluent reached.
4-4-7 TEM observation of ND-PG, ND-PG-COOH, ND-PG-OSO3Na and ND-PG-NH:
uptake
HeLa and A549 cells were seeded into a ¢ 60mm cell culture dish at a density of 5 x 10° cells per
dish and incubated overnight to allow cell adhesion. On the following day, the culture medium was
aspirated and replaced with fresh medium (4 mL) containing ND-PG, ND-PG-COOH, ND-PG-
OSOsNa or ND-PG-NHaz. The concentration of NDs in each dish was adjusted to be 100 pg/ mL. After
2 or 24 h incubation, cells were washed with 10 mM PBS (4 mL) three times and collected into a
microcentrifuge tube. The cell pellet was prefixed with 2% glutaraldehyde/4% paraformaldehyde in
100 mM PBS buffer (1 mL) overnight, and post-fixed with 1% osmium tetroxide for 2 h. The pellet
was dehydrated in ethanol series and propylene oxide, passed through propylene oxide/epoxy resin
(1/1 and 1/3) mixtures, and embedded in epoxy resin. After being baked at 60 °C to reach
polymerization, the frontal sections (60 - 80 nm) were cut by an ultramicrotome (EM UC6, Leica,

Germany). The slices were stained with uranyl acetate and lead citrate, and observed by a H-7650
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TEM (Hitachi, Japan).
4-4-8 Cellular uptake mechanisms of fND-PG-OSOsNa and fND-PG-NH:

HeLa cells were seeded into a 6-well plate at a density of 2.0 x 10° cells per well and incubated
overnight prior to experiment. After confirming cell confluency and morphology, the cells were
preincubated at 4 °C for 30 min or pretreated by inhibitors including CytoD (2 ug/mL), CPZ (75
ug/mL) and GEN (7.5 pg/mL) for 10 min. Then, the culture medium was discarded and replaced with
fresh medium (2 mL) without or with the aforementioned inhibitors. Subsequently, fND-PG-OSO3;Na
and fND-PG-NH» were directly applied to culture medium containing 10% FBS or serum-free medium,
and those with 10% FBS pretreatment were also added to serum-free medium. These fNDs were further
incubated with cells at 4 or 37 °C, respectively, for 2 h. In all case, the fNDs were adjusted to have a
core weight of 200 pg. The concentrations of the inhibitors and treatment time was optimized based
on cell viability and cell uptake efficiency, respectively. After incubation, the treatment solution was
discarded, and the cells were washed by 10 mM PBS and collected in a procedure similar to that of
TEM observation. The cellular uptake was assayed by FACS for fNDs at excitation of 532 nm and
emission of 645-695 nm, and the results are presented as the averaged mean of the cell fluorescence
intensity. The cells treated with fNDs only or without any treatment were served as positive and
negative controls, respectively. Error bars are obtained by measuring the standard deviation among the

replicates (n = 3).
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4-4-9 Cellular uptake efficacy and mechanisms of SPIONs

The cellular uptake efficacy and mechanisms of SPIONs were performed in a manner similar to

that of fNDs. The different points are described as follows. (1) The concentration of SPION was

adjusted to 50 pg/mL per dish/well, and (2) the uptake was estimated based on Fe content determined

from ICP measurements.
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Chapter 5: Effect of protein corona on mitochondrial targeting ability and
cytotoxicity of triphenylphosphonium conjugated with polyglycerol-functionalized
nanodiamond

5-1 Introduction

The efficiency of targeting moieties on NP surface is known to be altered by the as formed protein
corona [12, 108, 109]. For example, NPs with covalently attached bio-functional proteins such as
transferrin [16] and anti-CD63 antibody [32], and aptamer such as RGD peptide [110] are reported to
decrease or even lose their specificity to the corresponding receptors in a protein rich medium. These
studies demonstrated that protein corona compromised the targeting ability of NPs at cellular level.
However, little is known about the influence of protein corona on the subcellular targeting ability of
NPs. Such knowledge is imperative for development of precision nanomedicine, because treatment at
subcellular organelles maximizes the therapeutic efficacy of various cancer therapies [111].

In this chapter, triphenylphosphonium (TPP), a most widely used mitochondrial targeting ligand
[112, 113], was adopted as a typical example to demonstrate the effect of protein corona on subcellular
targeting ability. In addition, the effect of protein corona on the cytotoxicity of TPP was investigated,
because the toxicity of TPP is another concern in its practical use [114]. In order to make them clear,
TPP was introduced on the surface of ND grafted with PG, a corona-free interface we demonstrated
recently [84, 92], in low (/) and high (%) densities in a quantitative manner. The resulting ND-PG-TPP

is found to adsorb proteins to form a corona layer, the amount of which is strictly proportional to the
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TPP density. The effects of protein corona on the mitochondrial targeting and cytotoxicity of ND-PG-

TPP were examined on HelLa and A549 cells. It was revealed that 1) the protein corona mitigated the

cytotoxicity of both ND-PG-TPP-/ and -4, 2) ND-PG-TPP-/ with a thinner protein corona layer

maintained its targeting ability to mitochondria, though the ND-PG-TPP-# with a thicker protein

corona layer lost its specificity to mitochondria.

5-2 Results and discussion

5-2-1 Synthesis and characterization of ND-PG-TPP

As a core of the platform, ND is chosen because we have mainly used it so far in view of its high

biocompatibility and rich chemistry for further functionalization as well as its potentials in translational

nanomedicine [115, 116]. According to our previous method [26], ND with 50 nm size (Figure 5-1a

and 5-1b) was grafted with PG to give ND-PG (Figure 5-1c and 5-1d) at the PG content of 34 wt%

determined by TGA (Figure 5-2). The ND-PG was further functionalized with TPP through

esterification between the hydroxy groups in the PG layer and the carboxy groups in TPP-COOH, as

shown in Scheme 5-1. The ND-PG-TPP-/ and -4 were obtained by adjusting the amounts of TPP-

COOH in these reactions (see details in Methods). While the shape and size of ND-PG-TPP (Figure 5-

le — 5-11) were confirmed to be similar to those of ND and ND-PG by TEM analysis (Figure 5-1a — 5-

1d), the introduction of TPP groups was confirmed by their zeta-potentials; the negative zeta potential

of ND-PG (4.6 mV) was brought to the positive ones (0.8 and 22.6 mV) in ND-PG-TPP-/ and -A,
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respectively (Figure 5-3e). The zeta potential differences before and after TPP functionalization (5.4

and 27.2 mV) are considered to reflect the differences in the TPP densities (/ and /) on the ND-PG

surfaces, which will be discussed below more quantitatively.
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Figure 5-1. TEM images of ND, ND-PG and ND-PG-TPP; (a)-(b), (c)-(d), (e)-(f) and (h)-(i) are
images of ND, ND-PG, ND-PG-TPP-/ and ND-PG-TPP-#, respectively. The scale bar is indicated in

each image.
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Figure 5-2. TGA profiles of ND (black trace) and ND-PG (red trace). The weight losses (wt%) of ND

and ND-PG in the range from 200 to 450°C are indicated in parentheses.

Scheme 5-1. Functionalization of ND-PG with TPP at low (/) and high (%) densities.
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The ND-PG-TPP, along with TPP-COOH and ND-PG, was further characterized by IR and ‘H
NMR spectroscopies as shown in Figure 5-3 and 5-4, respectively. In the IR spectra of ND-PG-TPP
(Figure 5-3), the peaks around 1716, 1435 and 740-690 cm™ are attributed to the stretching vibrations
of C=0, aromatic C=C and aromatic C—H in TPP, respectively [117, 118], indicating the conjugation
of TPP onto ND-PG. The peak of the C=0 is shifted from 1705 cm™in TPP-COOH to 1716 cm™ in
ND-PG-TPP, supporting that TPP and ND-PG are connected by ester linkage (Scheme 5-1). Since the
IR spectra of ND-PG and ND-PG-TPP are normalized at the absorption of C—O—C stretching in the
PG around 1110 cm?, the higher intensities at the peaks corresponding to TPP in ND-PG-TPP-h

indicates a higher density of TPP in ND-PG-TPP-h than ND-PG-TPP-I.

c=0 c=c_ C-H
\ (a?matlc) (aromatic)

Abs.

ND-PG

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

Figure 5-3. IR spectra of ND-PG, TPP-COOH and ND-PG-TPP with / and / densities.
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The '"H NMR characterization is consistent with and more quantitative than that of IR spectra. As
shown in Figure 5-4, the PG layer in ND-PG is characterized by the broad signal around 3.7 ppm
corresponding to OCH> and OCH. The rest of the characteristic peaks in ND-PG-TPP are attributed to
the TPP at 0 7.9-7.6 (m, 15H, Ph), 3.31 (t, 2H, PCH>), 2.14 (t, 2H, COCH>), 1.74 (m, 2H, CH>) and
1.55 (m, 4H, CHz) [119, 120]. The ester linkage in the ND-PG-TPP is verified by the upper field shift
of COCH; from 2.29 ppm to 2.14 ppm. The number of TPP moieties at ND-PG-TPP-# is determined
to be nine times larger than that at ND-PG-TPP-/ through the calculation based on the integrals of the

signals at 7.7-7.9 and 3.0—4.5 ppm (Table 5-1).
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Table 5-1. Ratio in the number of TPP groups at ND-PG-TPP-/4 and -/ based on the NMR integrals.

Ph group PCH:at PG hydrogens and PG Ph group

hydrogensat7.7- 3.3ppm PCH. at 3.0 - 45 hydrogens hydrogens / PG

7.9 ppm ppm (calcd.) hydrogens

TPP-

15.0 2.0 2.0 - -
COOH
ND-PG-

15.0 2.0% 133.1 131.1 0.11
TPP-I
ND-PG-

15.0 2.0% 17.4 154 0.97
TPP-h

? The same integral values are assumed as that of TPP-COOH.

The absolute number of TPP groups in one ND-PG-TPP particle is calculated based on the content
of phosphorus and the weight ratio between ND core and PG layer determined by the elemental
analysis (Table 5-2) and the TGA (Figure 5-2), respectively. As a result, TPP groups are found to be
included at 1.2 X 10° and 9.3 X 10° on one ND-PG-TPP-4 and ND-PG-TPP-/ particle, respectively.
Validity of these calculated TPP numbers is confirmed by the fact that the ratio in these absolute

numbers (Table 5-2) is roughly comparable to that in integrals of "H NMR mentioned above (Table 5-

1.
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Table 5-2. Elemental analysis of phosphorus contents in ND-PG-TPP and the calculated number of

TPP groups in one ND-PG-TPP particle.

TPP in one ND-PG-
Content of each component (wt%)

TPP
ND-PG-TPP
Weight?  Number®
phosphorus®  TPPP® PG® ND ¢
(ag)
I 0.12 14 33.5 65.1 5.6 9.3x 103
h 1.32 15.3 28.8 55.9 71.3 1.2 x 10°

“ The contents of phosphorus was determined from elemental analysis.

>The calculation of TPP content is based on the content of phosphorus and the mass ratio of phosphorus
in TPP moiety (31:360).

¢ The contents of PG and ND in ND-PG-TPP were calculated based on the ND-PG content in ND-PG-
TPP and the ratio of ND and PG in ND-PG determined from TGA in Figure 5-2.

4 The weights of TPP in one ND-PG-TPP particle were calculated based on the weight ratio of TPP
and ND as well as the weight of one ND core with 50 nm size (260 ag) reported previously [84].

¢ The number of TPP in one ND-PG-TPP particle was derived from its weight and molecule weight

(360 Da).

137



5-2-2 Protein corona formation on ND-PG-TPP

To examine the effect of TPP moiety on protein corona formation, the dispersions of ND-PG-

TPP-I, ND-PG-TPP-h and ND-PG were incubated in 10% FBS and 55% human plasma (HP) solutions

at 37°C for 1 h (see details in Methods). After washing out the free unbound proteins, the corona

proteins were detached by 10% SDS solution and the resulting protein corona solutions were subjected

to SDS-PAGE and BCA assays. Since the amounts of corona proteins in 10% FBS are found to be

saturated in both ND-PG-TPP-l and -h at 1 h (Figure 5-5a and 5-5b for SDS-PAGE and BCA assays,

respectively), we determined the incubation time to be 1 h, which is consistent with that reported in

the previous study [65]. The zeta potentials and DLS sizes of NDs with and without protein corona

were also measured.
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Figure 5-5. Analysis of proteins adsorbed on ND-PG-TPP in 10% FBS at different incubation time.

(a) SDS-PAGE identification and (b) BCA quantification of 10% FBS corona formed on ND-PG-

TPP-/ and -4 at 0.5, 1, 4, 12 and 24 h.

In the SDS-PAGE of the corona proteins from 10% FBS and 55% HP shown in Figure 5-6a and

5-6b, respectively, no observable protein band appears in the lanes of ND-PG. This is in line with our

previous studies demonstrating that PG grafting resists protein corona formation onto NP surfaces [84,

92]. Based on this corona-free PG layer, we found that TPP moiety induced protein corona formation

in a density-dependent manner in both 10% FBS and 55% HP solutions. That is, the number and

intensity of protein bands in the lanes of ND-PG-TPP increased significantly as the density of TPP

increased from / to 4 (Figure 5-6a and 5-6b). The SDS-PAGE results are quantitatively supported by

those of BCA (Figure 5-6¢). While almost no proteins (< 0.05 ug) were detected on the surface of ND-
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PG without TPP moieties, 7.1 and 58.0 pug of FBS proteins, and 7.2 and 74.4 pg of HP proteins were

adsorbed on the surfaces of ND-PG-TPP-/ and ND-PG-TPP-#, respectively. As shown in the three-

point plots of these protein amounts against the TPP densities (Table 5-2) in Figure 5-6d, strict linearity

is observed at the correlation coefficients of 0.998 and 1.000 for 10% FBS and 55% HP, respectively.

The protein attraction of ND-PG-TPP is attributable to its positive zeta potential (Figure 5-6¢)

and hydrophobicity, which arise from the phosphonium cation and the phenyl rings at TPP, respectively.

Since most of proteins are negatively charged under physiological conditions, they are prone to be

adsorbed onto the positively charged ND-PG-TPP through electrostatic interaction [19]. In addition,

the complex of ND-PG-TPP and proteins can be stabilized through hydrophobic interaction between

the phenyl rings at TPP and the hydrophobic parts in proteins [31].

In the zeta potential and DLS measurements, ND-PG exhibits similar zeta potentials (Figure 5-

6e) and DLS sizes (Figure 5-6f) before and after the treatment with FBS and HP proteins, supporting

almost no corona proteins on the surface as mentioned above (Figure 5-6a — 5-6¢). However,

significant decrement in zeta potential (Figure 5-6e) and increment in DLS size (Figure 5-6f) are

considered to be caused by the large amounts of proteins on ND-PG-TPP-h surface. Although

smaller amount of corona proteins on ND-PG-TPP-I may decrease its zeta potential to a much lesser

extent (Figure 5-6e), DLS sizes did not change after the protein treatment (Figure 5-6f). The zeta

potentials of ND-PG-TPP complexes with proteins are in the range of —5 to —10 mV, which are
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comparable to those of gold, silica and polystyrene NPs after their incubation with serum proteins

[34, 76].
a b c b W 10% FBS W 55% HP
5 | © | ND-PG-TPP o> 80
§ | Q |NDPGTPP| ¢ £ x £ 2 I
5| d e ka |[=[Z] 11" £ 60 |
kDa = % ! h 2
! ot 3
- 5
2 ©
200 5
| ~ - - 200 ‘ }9 20 -
- T — -
120 - - 0 —/ | h
B ND-PG
o . ; 0 . ND-PG-TPP
64 al | s . o A10% FBS 55% HP
48 ! 8 - -H
- b4 % 80 o
36 ! 36 - = i\
° 60
e, 9
. - . =
28 e 28 — § 40 -
g =0.47x + 1.34
20 4 a ] y=0.47X X
4 _— < 20 R? = 0.998
9 - 240 —
0 & ‘ T : : : ‘
0 20 40 60 80 100 120 140
Number of TPP in ND-PG-TPP (x10°)
e f 140, ENDs B NDs-10% FBS  NDs-55% HP
- ENDs M NDs-10% FBS © NDs-55% HP 120
£ 100 I
—~ 20 (=
S < g0l
E | g %
g 10 o 601 - &
g ND-PG 5 )
5 —
o
© - - 1 20
3 - i
S 10 5 1 || ||
’ i N [ ]
- ND-PG | ‘
ND-PG-TPP ND-PG-TPP

Figure 5-6. Analysis of protein corona formed on ND-PG and ND-PG-TPP surfaces in 10% FBS and
55% HP solutions. (a, b) SDS-PAGE identification of 10% FBS (a) and 55% HP (b) as well as BCA
quantification (c) of proteins detached from ND-PG and ND-PG-TPP. The BCA results in (c) are
presented as mean value + standard deviation of three repeats. (d) Linear relationship between the

amounts of corona proteins (c) and numbers of TPP on one ND-PG-TPP particle (Table 5-2). (e, f)
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Zeta potentials (e) and DLS mean sizes (f) of ND-PG and ND-PG-TPP before and after their incubation
with 10% FBS and 55% HP. The data for zeta potentials and DLS sizes are presented as mean value +

standard deviation of 20 and five measurements, respectively.

5-2-3 Effect of protein corona on cytotoxicity of ND-PG-TPP
The clinical applications of TPP functionalized NPs are limited by its toxicity [121, 122]. If the
toxicity of TPP moiety is attributed to its positive charge, the toxicity of ND-PG-TPP should be
mitigated due to their negative zeta potentials after protein corona formation (Figure 5-6¢). Based on
this hypothesis, we examined the viability of the cells incubated with ND-PG-TPP in the presence and
absence of FBS proteins. Briefly, HeLa cells were exposed to various concentrations of ND-PG-TPP-
[ and -h in a culture medium supplemented with and without 10% FBS (FBS (+) and FBS (—),

respectively), and their viability was assayed at 4, 12 and 24 h (Table 5-3).
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Table 5-3. Experimental conditions for cytotoxicity assay shown in Figure 5-8 and 5-9. ¢

Abbreviation  Precoat with Incubation with  Cell line  Concentration of Figure
protein mixture  protein mixture ND-PG-TPP
(ng/mL)
FBS () X % HelLa 25, 50, 100 5-8
HelLa 50 5-9a, b
Protein (—)° X X
A549 50 5-9c, d
HelLa 50 5-9a, b
FBS (p+) O (10% FBS) X
A549 50 5-9c, d
HelLa 50 5-9a, b
HP (p+) O (55% HP) X
A549 50 5-9c, d

¢ Incubation time is 4, 12 and 24 h.
b The conditions of Protein (—) for HeLa cells are exactly the same as those of FBS (—) at concentration

of 50 pug/mL.

In addition, we confirmed that HeLa cells grew similarly in the presence and absence of FBS in
culture medium without NPs (Figure 5-7a) and with ND-PG (Figure 5-7b) for 24 h. Therefore, the
results in Figure 5-8 should reflect the net effect of FBS corona on the toxicity caused by the TPP

moiety.
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Figure 5-7. Comparison of HeLa cell growth in the presence and absence of FBS (FBS (+) and FBS

(-), respectively) without NP (a) and with ND-PG (b) at 24 h.

Under FBS (—) conditions as shown in Figure 5-8, the treatment of ND-PG-TPP-/ (Figure 5-8a)

and ND-PG-TPP-/ (Figure 5-8b) decreased the cell viability depending on the TPP density, ND

concentration and incubation time. The lowest cell viability with the ND-PG-TPP-/ and ND-PG-TPP-

h treatment was around 59% and 9%, respectively. In sharp contrast, both ND-PG-TPP-/ and ND-PG-

TPP-/ showed almost no cytotoxicity at 25 and 50 pg/mL concentrations for all the time points (4, 12

and 24 h) under FBS (+) conditions. Even at the highest concentration (100 pg/mL) for the longest

incubation time (24 h), the cell viability was around 89% and 30% for ND-PG-TPP-/ and ND-PG-

TPP-h, respectively. In general, the cell viabilities in the presence of FBS are higher than those in the

absence of FBS at all the ND concentrations and all the incubation times for both ND-PG-TPP-/ and

ND-PG-TPP-A. Particularly, statistical differences between the cell viabilities of FBS (+) and FBS (—)

were seen at ND of 100 pg/mL at 12 h and all the ND concentrations at 24 h for ND-PG-TPP-/ as well
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as all the concentrations and incubation times for ND-PG-TPP-4.
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Figure 5-8. Cytotoxicity of ND-PG-TPP to HeLa cells in the presence and absence of FBS corona.
Cells were exposed to 25, 50 and 100 pg/mL of ND-PG-TPP-/ (a) and ND-PG-TPP-# (b) in the culture
medium supplemented with and without 10% FBS (FBS (+) and FBS (-), respectively) for 4, 12 and
24 h (Table 5-3). Statistical analysis was performed by two-tailed Student's t-test. **p < 0.01, ***p <

0.001 (n = 5).
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For further confirmation, we investigated the cytotoxicity of ND-PG-TPP-/ and ND-PG-TPP-# to

HeLa and A549 cells at the ND concentrations of 50 pug/mL, after these ND-PG-TPP were precoated

with 10% FBS and 55% HP designated as FBS (p+) and HP (p+), respectively (Table 5-3). In

comparison of FBS (p+) for HeLa cells (Figure 5-9a and 5-9b) with FBS (+) (Figure 5-8), the precoated

corona is also revealed to alleviate the cytotoxicity of TPP as efficiently as the corona formed in situ,

though some toxicity was observed under the hardest conditions (ND-PG-TPP-/ for 24 h). However,

the protein corona from 55% HP is found to remove the TPP cytotoxicity much more efficiently than

that from 10% FBS for not only HeLa (Figure 5-9a and 5-9b), but also A549 cells (Figure 5-9¢ and 5-

9d). Taken together, we conclude that the protein corona significantly alleviates the cytotoxicity of

ND-PG-TPP irrespective of its concentration (25 - 100 pg/mL), TPP density (/ and #4), cell line and

gender (HeLa and A549), kind of protein mixture and its source (FBS and HP), and way of corona

formation (precoat and in situ).
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Figure 5-9. Cytotoxicity of HeLa cells (a, b) and A549 cells (c, d) in the presence of ND-PG-TPP (50
ug/mL) precoated with FBS (FBS (p+)) and HP (HP (p+)), and without protein treatment (Protein (-))
in a serum-free culture medium for 4, 12 and 24 h (Table 5-3). The conditions of Protein (—) for HeLa
cells are exactly the same as those of FBS (—) at concentration of 50 pug/mL in Figure 5-8. Statistical

analysis was performed by two-tailed Student s t-test. **p < 0.01, ***p < 0.001 (n = 5).

The mitigation of the cytotoxicity can be interpreted as effects of the protein corona formed on
the ND-PG-TPP surface 1) to suppress cell membrane disruption and 2) to lower the cellular uptake

efficiency. As for 1), the cationic TPP moieties are known to elicit adverse cytotoxic effects by
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depolarizing the cell membrane [112]. Since the surface charge of ND-PG-TPP was turned to be
negative after the protein corona formation (Figure 5-6¢), the disruptive nature of cationic TPP to cell
membrane may be mitigated by this negative protein corona layer. As for 2), the cytotoxicity of TPP
functionalized NPs is also correlated with their uptake efficiency, because excessive accumulation of
the TPP cations within cells induces non-specific toxicity [114]. However, the negatively charged
protein corona layer on the surface of ND-PG-TPP can reduce their association with the cells and thus
cause a concomitant decrease in their uptake efficiency. Actually, a similar trend was reported by
Lesniak, A. et al.; they concluded that the protein corona reduced the acute cytotoxicity of silica NPs

by decreasing their cellular uptake [103].

5-2-4 Effect of protein corona on mitochondrial targeting ability of ND-PG-TPP
To investigate the effect of protein corona on the mitochondrial targeting ability of ND-PG-TPP,
HeLa cells were exposed to 50 pug/mL of ND-PG-TPP-/ and ND-PG-TPP-/ for 12 h under FBS (+)
and FBS (—) conditions in a similar manner to that of the cytotoxicity assay. The ND dose and exposure
time were determined based on the cytotoxicity results (Figure 5-8). The ND-PG-TPP-4 FBS (—) was
omitted due to its high cytotoxicity. After the treatment, the intracellular localization of ND-PG-TPP
was observed by TEM.

The TEM image of control cell in Figure 5-10a represents the typical structural characteristics of
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a HeLa cell [123]; a round shape nucleus surrounded by numerous oval or round mitochondria in the

cytoplasm. In the ND-PG treated cell (Figure 5-10b), no ND is observed in the mitochondria and the

other organelles, which is the same as the control cell (Figure 5-10a). This is due to the protein-

resistance property of PG coating (Figure 5-6), leading to the complete shielding of ND uptake [84].

In ND-PG-TPP-/ treated cells, only single ND dot is found in a mitochondrion for both FBS (+)

and FBS (—) conditions as shown in Figure 5-10c and 5-10d, respectively, demonstrating the targeting

ability of TPP. The number of targeted mitochondria in ND-PG-TPP-/ FBS (+) is comparable to that

of ND-PG-TPP-/ FBS (-), indicating that small amounts of proteins on the surface of ND-PG-TPP-/

did not compromise the targeting ability of TPP. Moreover, in the cells treated by both ND-PG-TPP-/

FBS (+) and FBS (-), the ND dots are specifically localized in mitochondria without being trapped in

other organelles. This implies that both ND-PG-TPP-/ with and without protein corona may pass

through cellular membrane and accumulate in the mitochondrial matrix owing to the positive charge

and the lipophilicity of TPP moiety [112, 113]. Although the protein corona imparts a slightly negative

zeta potential to ND-PG-TPP-/ (Figure 5-6e), it did not affect the targeting efficiency and uptake

behavior of ND-PG-TPP-/. This is probably because the TPP moieties on the surface of ND-PG-TPP-

[ cannot be fully covered by small amounts of adsorbed proteins and the uncovered ones exert the

targeting ability comparable to that of ND-PG-TPP-/ FBS (-).

As for ND-PG-TPP-4 FBS (+) treated cells (Figure 5-10¢), more ND dots are observed in the
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mitochondria (Figure 5-10el), indicating a higher targeting efficiency of ND-PG-TPP-/4 as compared

to that of ND-PG-TPP-/. However, relatively large number of NDs are trapped in the vesicles or

accumulated in lysosome as shown in Figure 5-10e2. This implies that ND-PG-TPP-/4 with thicker

protein corona coating may enter the cells via endocytosis to be trapped in endosomes [102], though

caveolae mediated endocytosis is known to preserve the mitochondrial targeting ability of TPP

functionalized NPs [124]. For more efficient mitochondrial targeting by NPs, quick escape from

endosome may be required [125], but the dense protein corona layer on ND-PG-TPP-4 surface (Figure

5-6) is considered to decrease the membrane disruption ability of the TPP moiety. Therefore, the

protein corona on ND-PG-TPP-4 may diminish its targeting specificity by restricting the ND inside

the endosome and lysosome compartments. However, taking into consideration the high mortality rate

with ND-PG-TPP-/ in the absence of FBS corona as shown in Figure 5-8b, we can conclude that the

protein corona is required when the high density of TPP is used as a targeting moiety.
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ND-PG-TPP-/ FBS (+)

[}

ND-PG-TPP-/ FBS (-)

(]

ND-PG-TPP-h FBS (+)

Figure 5-10. TEM images of HeLa cells (a) and after their incubation with ND-PG (b), ND-PG-TPP-

[ FBS (+) (¢), ND-PG-TPP-/ FBS (-) (d) and ND-PG-TPP-% FBS (+) (e). The scale bars in low and
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high magnification images are 2 pum and 500 nm, respectively. Red arrows indicate the NDs targeted

to mitochondria.

In order to generalize the phenomena, we further investigated the mitochondrial targeting ability

of ND-PG-TPP-/ and -/ precoated with 55% HP (HP (p+)) in HeLa cells (Figure 5-11) and A549 cells

(Figure 5-12e and 5-12g) as well as ND-PG-TPP-/ and -4 under FBS (+) conditions in A549 cells

(Figure 5-12d and 5-12f). In accordance with the results obtained from FBS (+) in HeLa cells (Figure

5-10), the ND-PG-TPP-/ with a thinner HP corona (Figure 5-6) specifically targeted to mitochondria

in small quantities (Figure 5-11a and 5-11b), whereas ND-PG-TPP-/ with a thicker HP corona (Figure

5-6) lost its specificity to mitochondria despite larger numbers of ND dots accumulated in

mitochondria (Figure 5-11c and 5-11d). A similar trend in the mitochondrial targeting ability of ND-

PG-TPP-/ and -4 was observed in A549 cells under FBS (+) and HP (p+) conditions (Figure 5-12).

Taken together, we conclude that a small amount of corona proteins on ND-PG-TPP-/ did not affect

its mitochondrial targeting ability and specificity, while the mitochondrial specificity of TPP was lost

by formation of a thick protein corona layer on ND-PG-TPP-4.
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ND-PG-TPP-/ HP (p+)

ND-PG-TPP-h HP (p+)

Figure 5-11. TEM images of HeLa cells treated by ND-PG-TPP-/ HP (p+) (a-b) and ND-PG-TPP-/
HP (p+) (c-d). The scale bars of low and high magnification ones are 2 um and 500 nm, respectively.

Red arrows indicate the NDs targeted to mitochondria.
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ND-PG-TPP-h FBS (+)

ND-PG-TPP-h HP (p+)

Figure 5-12. TEM images of A549 cells (a) and after their incubation with ND-PG (b), ND-PG-TPP-
[ Protein (—) (¢), ND-PG-TPP-/ FBS (+) (d), ND-PG-TPP-/ HP (p+) (e), ND-PG-TPP-4 FBS (+) (f),
and ND-PG-TPP-/ HP (p+) (g). The scale bars of low and high magnification ones are 2 pm and 500

nm, respectively. Red arrows indicate the NDs targeted to mitochondria.

In view of target therapy in nanomedicine, NPs are needed to enter the subcellular organelle of
their target cells in vivo to elicit a therapeutic effect [111]. Although ND-PG-TPP-4 was accumulated
in mitochondria in larger amount than ND-PG-TPP-/ in the presence of protein coronas in vitro (Figure

5-10 — 5-12), its targeting efficiency in vivo may be hampered by the larger amounts of absorbed
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proteins, which is known to diminish the NPs from blood circulation by activating the macrophage in

MPS to uptake NPs [15]. Therefore, the ND-PG-TPP-4 with a high protein affinity may be rapidly

removed from blood circulation during their in vivo transport and cannot reach their target site to fulfill

their task. In contrast, the ND-PG-TPP-/ with a low protein affinity may have a longer retention time

in blood, rendering them to reach the mitochondria of their target cells.

5-3 Conclusions

The effect of protein corona on the cytotoxicity and mitochondrial targeting ability of TPP was

clarified by functionalizing ND-PG with TPP at / and % densities. Thanks to the “transparent

background” of PG, we demonstrated that the protein adsorption by ND-PG-TPP is proportional to the

TPP density. The resulting protein coronas were found to alleviate the cytotoxicity of both ND-PG-

TPP-/ and -A. The thinner protein corona layer on ND-PG-TPP-/ did not affect its mitochondrial

targeting ability and selectivity. On the other hand, the thicker protein corona layer on ND-PG-TPP-/

diminished its selectivity to mitochondria by restricting the NDs inside the endosome and lysosome

compartments, though lager amount of ND-PG-TPP-4 was accumulated in mitochondria. Taken into

consideration the role of protein corona facilitating the clearance of NPs by MPS, ND-PG-TPP-/ with

low non-specific uptake should be more promising for in vivo mitochondrial targeting.
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5-4 Material and methods

5-4-1 Chemicals and materials

ND (50 nm in diameter) was kindly provided by Tomei Diamond Co., Ltd. Japan. The following

reagents were purchased from FUJIFILM Wako Pure Chemical Co., Japan: (5-

Carboxypentyl)triphenylphosphonium bromide (TPP-COOH), 4-dimethylaminopyridine (DMAP),

N,N-dimethylformamide (DMF), human heparin sodium plasma (pool of donors), sodium dodecyl

sulfate (SDS), Dulbecco's modified Eagle medium (DMEM), Ham’s F-12K medium (F-12K), 0.25%

trypsin-EDTA solution, antibiotics penicillin/streptomycin (100 U/mL), cell counting kit-8 (CCK-8),

and 20% glutaraldehyde and paraformaldehyde. The following reagents were purchased from Nacalai

Tesque, Inc., Japan: N,N'-Dicyclohexylcarbodiimide (DCC), pre-stained protein markers (02525-35)

and running buffer (30329-61). Protein loading buffer (AE-1430) and 5-20% precast polyacrylamide

gel (PAGE, E-R520L) were purchased from ATTO Co., Japan. Glycidol was purchased from Kanto

Chemical Co., Inc. Pierce silver stain kit (24600) and bicinchoninic acid (BCA) protein assay Kit

(T9300A) was supplied by Thermo Fisher Scientific and Takara Bio Inc., Japan, respectively. HeLa

cells were kindly provided by Prof. Minoru Suzuki (Kyoto University). Human lung epithelial

carcinoma A549 cells (IFO50153) were supplied by Japanese Collection of Research Bioresources

Cell Bank. Fetal bovine serum (FBS) was supplied by Biosera, France.
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5-4-2 Equipment
Transmission electron microscopy (TEM) of ND, ND-PG and ND-PG-TPP was conducted on a
JEM-2200FS field emission microscope (JEOL). Thermogravimetric analysis (TGA) of ND-PG was
performed on a Q-50 analyzer (TA Instruments) under N2 in the temperature range of 50 to 1000 °C
at a heating rate of 20 °C/min. The IR spectra were collected on an IR Prestige-21 (Shimadzu Co. Ltd.)
in the range of 4000 to 500 cm™ with a resolution of 4 cm™ for 32 scans. *H NMR (500 MHz) was
recorded on a ECX500 NMR spectrometer (JEOL) in D2O. The elemental analysis of ND-PG-TPP
was performed at Organic Elemental Microanalysis Center of Kyoto University. Dynamic light
scattering (DLS) and zeta potential were measured on a Nanotrac UPA-UT151 (Microtrac, Inc., USA)
and a ZetaSizer Nano Series (Malvern Instruments, UK), respectively. SDS-PAGE gel was scanned
on a GT-X900 scanner (EPSON) with a resolution of 600 dpi. The absorbance of BCA and CCK-8
was recorded on a microtiter plate reader (MTD-310, Corona Electric Co., Japan) at 570 and 450 nm,
respectively. The TEM observation of cell samples was carried out on a H-7650 TEM (Hitachi).
5-4-3 Synthesis of ND-PG-TPP
The ND-PG was prepared according to our previous methods [26]. The ND-PG-TPP was
synthesized according to the reported procedure with slight modification [126]. The low (I) and high
(h) densities of TPP in ND-PG-TPP were prepared by controlling the amount of TPP-COOH in these

reactions. For ND-PG-TPP-I, a DMF solution (1.0 mL) of DCC (10 mg) and DMAP (10 mg) was
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added dropwise to the DMF suspension (2.5 mL) of ND-PG (10 mg) with stirring. Then, the DMF

solution (0.5 mL) of TPP-COOH (20 mg) was added to the mixture and stirred at room temperature

overnight. The resulting suspension was dialyzed against Mill-Q H20 (500 mL) for four times to fully

remove the DMF solvent. The ND-PG-TPP-I was collected using a centrifugal filter (Millipore Amicon,

Ultra-15, 100k) by repeated washing with ethanol/Milli-Q H>O (1/1 v/v) and pure Milli-Q H20. In the

preparation of ND-PG-TPP-h, 100 mg of TPP-COOH was used in the reaction.

5-4-4 Protein corona formation

The dispersions of ND-PG-TPP-/, ND-PG-TPP-4 and ND-PG (300 pg) were incubated with 10%

FBS or 55% HP in 10 mM PBS (1.0 mL) at 37 °C for 1 h. The aggregates from the freshly thawed

protein solutions were removed by centrifugation at 23,0009 for 20 min prior to the incubation. After

incubation, the ND-protein complexes were collected by centrifugation at 116,000g for 20 min and the

free unbound proteins were fully removed by redispersion/centrifugation washing cycles in Milli-Q

water (1.0 mL) for three times. Then, the corona proteins were detached by 10% SDS (100 pL) and

separated from NDs by another round of centrifugation at 116,000g for 20 min. The SDS solution

containing the isolated corona proteins was defined as protein corona solution and used for further

analyses.

5-4-5 Protein corona analysis
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The protein corona was analyzed according to the procedures we reported previously [84, 92]. In
the SDS-PAGE analysis, 5 puL of protein corona solution was mixed with 5 pL of protein loading buffer
(2x) and boiled at 100 °C for 5 min. Subsequently, the denatured proteins were separated on a 5-20%
precast polyacrylamide gel and visualized by a Pierce silver stain kit. The total protein amount was
determined via a BCA kit according to the manufacturer’s instruction.

5-4-6 Cell culture

HeLa and A549 cells were maintained in DMEM and F-12K culture media, respectively,
supplemented with 10% FBS and 1% antibiotics penicillin/streptomycin. The cells were incubated at
37 °C in a humidified incubator (MCO-5ACUV-PJ, Panasonic Co., Japan) supplied with 5% COa,.
Cells were passaged once the confluent reached 70-80%.

5-4-7 Cytotoxicity assay of ND-PG-TPP with and without a protein corona

HeLa cells were seeded in a 96-well plate at a density of 8 x 103 cells per well. After 24 h
incubation, the culture medium was replaced with fresh medium supplemented with or without 10%
FBS. The dispersions of ND-PG, ND-PG-TPP-/ and ND-PG-TPP-4 with ND concentrations of 25, 50
and 100 pg/mL (material concentrations of 38, 76 and 152 pg/mL based on Figure 5-2) were added to
the medium. After further incubation of 4, 12 and 24 h, the cell viability was assayed by a CCK-8 kit
following the manufacturer’s instruction. The cells without ND treatment at each time point were used

as controls. Cell viability was calculated as the absorbance of ND-treated cells vs the ones of control
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cells x 100%. In addition to the above assays, the cytotoxicity of ND-PG-TPP precoated with 10%
FBS and 55% HP was assayed in HeLa and A549 cells in a serum-free culture medium with ND
concentration of 50 pg/mL at 4, 12 and 24 h. ND-PG-TPP was precoated with 10% FBS and 55% HP
in a procedure similar to that in the protein corona formation mentioned above. The experimental
conditions are summarized in Table 5-3. The data were analyzed by two-tailed Student s t-test.
5-4-8 TEM observation of the mitochondrial targeting by ND-PG-TPP with and without
a protein corona
HeLa and A549 cells were seeded into a ¢ 60 mm cell culture dish at a density of 6 x 10° cells
per dish. After overnight incubation to allow cell adhesion, the suspensions of ND-PG-TPP-/ and ND-
PG-TPP-/ with or without protein corona were applied to the fresh medium in a procedure similar to
that of cell viability assay. The concentration of NDs in each dish was adjusted to be 50 pg/mL
(material concentrations of 76 ug/mL based on Figure 5-2). Cells treated by PBS and ND-PG in
medium of FBS (+) were also prepared. After 12 h incubation, cell pellets were collected and prefixed
with 2% glutaraldehyde/4% paraformaldehyde in 100 mM PBS buffer (1 mL) overnight, followed by
post-fixation with 1% osmium tetroxide for 2 h. Then, the cell pellets were dehydrated in ethanol series
and passed through propylene oxide/epoxy resin (1/1 and 1/3) mixtures, embedded in epoxy resin and
baked at 60 °C for 48 h. Finally, the frontal sections (60 — 80 nm) were cut by an ultramicrotome (EM

UC6, Leica, Germany) and stained with uranyl acetate and lead citrate for observation.
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Chapter 6: Conclusion

In this thesis, the author has quantitatively studied the protein corona formation and subsequent
cellular uptake of NPs functionalized by PG and its derivatives.

By performing a comparison study on the protein corona formation and macrophage uptake of
NP-PG and NP-PEG, the author demonstrated that PG resisted protein adsorption and macrophage
uptake much more efficiently than did PEG. Particularly, dense PG grafting shielded NPs from protein
corona formation and macrophage uptake almost completely. Based on corona-free PG interface, the
author assessed the net interactions between charged functional groups and proteins quantitatively, and
revealed that the charged functional groups exclusively interacted with proteins of opposite charge in
a charge-density dependent manner. Then, the author probed the roles of charged functional groups in
protein absorption and cellular uptake, and demonstrated that the cellular uptake efficacy and
mechanisms of charged NPs were dictated by their affinity to proteins and distinct protein corona
compositions formed on their surface, respectively. Lastly, the author investigated the effect of protein
corona on the mitochondrial targeting ability of TPP functionalization. It was revealed that a thinner
protein corona layer on the surface of TPP functionalized NP did not affect its targeting ability, whereas
a thicker protein corona layer diminished its targeting specificity.

The findings presented in this thesis will contribute to understanding of protein corona formation
and provide new strategies for 1) shielding NPs from protein corona formation to avoid non-specific

uptake, 2) comparing the protein affinity of various NP surface coatings quantitatively, 3) controlling
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cellular uptake of NPs by tuning the protein corona composition, and 4) designing NPs with active

targeting moiety for more precise and safer delivery in subcellular level.
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Appendix I

10%FBS 55% Plasma Control

ND1oo

ND100-PEG-/

ND10o-PG-/

ND10o-PG-h

Appendix Figure 1-1. TEM images of NDs taken up by U937 macrophage at cell population magnification. The red
arrow indicated the cells shown in Figure 2-8. These images indicated that not only the cells in Figure 2-8, but also
other cells had a similar uptake behavior. Scale bar: 10 um. Additional images are shown in Appendix Figure 1-2 and

1-3 for further verification.
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Appendix Figure 1-2. Additional TEM images evidencing the uptake behavior of PG and PEG coated NDs. Low

and high magnification images are shown for each sample. Left images are low magnification images (scale bar: 2

um) and right images are for high magnification images (scale bar: 500 nm).
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a) 10% FBS




b) 55% Plasma




¢) More images about ND1oo-PEG-/ and ND10o-PG-/ in 55% Plasma

ND, 4,-PEG-/




d) Control

Appendix Figure 1-3. Additional TEM images of NDs uptake by U937 macrophages ranging from

cell population to subcellular scale. a - b) 10% FBS (a) and 55% plasma (b) protein corona on ND1oo,

ND100-PEG-I, ND10o-PG-I, ND10o-PG-h uptake; c) more images about 55% plasma protein corona on

ND100-PEG-I and ND10o-PG-I uptake (b); d) control U937 macrophage cells. In all the figures, the

middle and right images are those with the higher magnification of the cell marked with red arrow in

the left image.
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Appendix II

a HelLa Control
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b HelLa + ND-PG

187



¢ HeLa + ND-PG-COO—/ FBS (+)
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d HelLa + ND-PG-COO—-h FBS (+)

189



e HelLa + ND-PG-OSO; -/ FBS (+)
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f HeLa + ND-PG-OSO5;~-h FBS (+)

1

9.




g HelLa + ND-PG-NH,*-/ FBS (+)

192



h HeLa + ND-PG-NH;*-h FBS(+)

Appendix Figure 2-1. Additional TEM images of ND-PGs uptake by HeLa cells ranging from cell
population to subcellular scale. The scale bar of images in left, middle, and right rows are 10 pm, 2um,

and 500 nm, respectively.
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a A549 Control
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b A549 + ND-PG

195



c A549 + ND-PG-COO—~/ FBS(+)
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d A549 + ND-PG-COO—h FBS(+)
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e A549 + ND-PG-OS0O;~-/ FBS(+)

198




f A549 + ND-PG-OSO;-h FBS(+)
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g A549 + ND-PG-NH,*-/ FBS(+)
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h A549 +ND-PG-NH;*-h FBS(+)
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Appendix Figure 2-2. TEM images of ND-PGs uptake by A549 cells. The scale bar of images in left,

middle, and right rows are 10 um, 2um, and 500 nm, respectively.
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a HelLa + ND-PG-COO-—-/ FBS (-)

202



b HeLa + ND-PG-COO—h FBS (-)
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¢ HelLa + ND-PG-OSO;~/ FBS (-)

Appendix Figure 2-3. TEM images of ND-PG-COO™ and ND-PG-OSOs™-/ uptake by HeLa cells in

the absence of FBS. The scale bar of images in left, middle, and right rows are 10 um, 2um, and 500

nm, respectively.
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Appendix 11T

Raw abundance of proteins identified on the surface of ND-PG-OSO3; %, ND-PG-NH;"-/, ND-PG-

NH3"-A, fND-PG-OSOs™ and fND-PG-NH3", as well as FBS proteins.

cytoskeletal 14

Proteins Raw abundance
FBS ND-PG- | ND-PG- | ND-PG- | fND-PG- | fND-PG-
0S0Os3-h NH3*-I NHs*-h 0OSOs NHs*
thrombospondin-1 325 2508 371 606 5750 765
keratin, type I
44 144 160 1201 446 48
cytoskeletal 17
cartilage oligomeric
) ) 17 11 167 277 30 244
matrix protein
thrombospondin-4 17 13 105 204 23 188
heat shock protein HSP
6 18 66 266 43 158
90-alpha
albumin 197467 22496 83061 133607 28419 71607
alpha-2-HS-glycoprotein | 35327 2158 42436 98047 1399 53726
alpha-1-antiproteinase 17670 1516 10513 20198 1844 13679
alpha-2-macroglobulin 5032 1426 9654 16729 1512 15687
apolipoprotein A-l
. 4872 3527 5520 13770 3808 11707
preproprotein
alpha-fetoprotein 4813 832 1526 2350 807 1385
vitamin D-binding
. 3868 127 1814 3687 282 3262
protein
fetuin-B 3826 419 1230 2800 427 1426
serpin A3-7 2416 172 2767 6380 188 3489
serpin A3-2 2108 201 2717 5865 278 4001
inter-alpha-trypsin
o i 1142 547 1330 2546 702 1709
inhibitor heavy chain H4
alpha-1B-glycoprotein 1021 30 362 849 50 734
alpha-2-antiplasmin 921 376 1121 3001 473 1452
vitronectin 848 5912 1747 3547 10439 3132
keratin, type I
797 2500 3306 27446 4607 1042
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TPA: adiponectin D 730 285 4604 8527 380 8878
Prothrombin 600 1275 1397 2941 2358 2370
pregnancy zone protein
. 352 166 964 1398 193 1385
isoform X1
complement Cha
. 260 658 380 776 790 1007
anaphylatoxin
alpha-1-acid glycoprotein | 240 52 252 538 89 548
fibulin-1 198 53 958 1891 87 1705
transthyretin 183 13 46 81 24 80
afamin 174 26 150 362 37 217
fibronectin 142 2214 895 1449 2227 1899
collagen alpha-1(VI)
) 140 226 208 287 435 275
chain
apolipoprotein E 135 1592 402 1067 2901 877
thyroxine-binding
. 129 12 131 334 13 164
globulin
actin, cytoplasmic 2 126 58 297 772 495 1351
lumican 123 103 367 921 169 592
coagulation factor V 116 1435 352 728 2899 413
myosin-9 92 320 155 289 508 234
gelsolin isoform a 92 4429 357 493 6391 479
collagen alpha-2(VI)
. 55 285 70 208 568 118
chain
complement component
52 15 64 248 90 132
C9
complement Clg tumor
necrosis  factor-related | 52 215 79 174 335 166
protein 3
collagen alpha-3(VI)
o 52 260 124 233 346 181
chain isoform X1
hyaluronan-binding
. 51 504 74 164 825 94
protein 2
Complement C4 35 59 188 662 86 385
tetranectin 28 207 25 30 1341 22
vitamin K-dependent
. 27 13 141 253 7 314
protein S
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galectin-3-binding
. 25 40 302 1368 123 594
protein
C4b-binding protein
. 12 315 121 208 159 244
alpha chain
osteomodulin 12 4 62 163 17 153
vitamin K-dependent
. 9 18 51 140 20 106
protein C
thyroglobulin 8 0 107 356 3 215
carboxypeptidase N
. 5 24 102 295 22 266
subunit 2
cation-independent
mannose-6-phosphate 4 10 60 160 13 183
receptor
coagulation factor XIII A
) 3 286 18 125 462 63
chain
prolow-density
lipoprotein receptor-
i ) 1 3 71 122 11 104
related protein 1 isoform
X1
radixin 1 139 0 0 333 0
serotransferrin precursor | 20919 841 2135 4908 950 2541
inter-alpha-trypsin
o i 3153 5160 25462 50438 6702 38603
inhibitor heavy chain H2
factor Xlla inhibitor 1377 1485 3519 5890 1722 7060
Complement C3 1233 1061 3916 9032 1027 7302
complement C4 1043 5249 3368 12851 4410 4358
antithrombin-I11 990 3467 786 1590 4492 1355
hemoglobin fetal subunit
979 532 714 1066 729 836
beta
protein AMBP 887 1198 10551 23076 1853 17635
Angiotensinogen 794 116 195 372 177 292
heparin cofactor 2 548 1608 1131 2878 2072 1337
complement factor B 548 743 369 823 535 556
pigment epithelium-
) 427 2164 538 1648 3546 666
derived factor
fibrinogen gamma-B | 293 1108 160 338 213 179
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chain
complement factor H 164 1830 357 846 1394 686
kininogen-2 isoform | 78 34 132 350 39 244
complement component
44 112 67 181 103 91
C7
skin-specific protein 32 10 49 76 1317 76 14
transforming growth
factor-beta-induced 9 74 68 157 92 132
protein ig-h3
lipopolysaccharide-
o . 0 324 15 42 612 33
binding protein
inter-alpha-trypsin
o . 2194 897 7965 16027 1084 13792
inhibitor heavy chain H3
inter-alpha-trypsin
o i 1590 3501 5000 14275 4367 5453
inhibitor heavy chain H1
keratin, type I
cytoskeletal 59 kDa, | 1075 930 3416 14491 4640 870
component 1V
keratin, type I
735 554 3005 15977 2332 1293
cytoskeletal 75
hemopexin 665 55 195 380 68 299
keratin, type I
419 286 1766 7225 1479 588
cytoskeletal 5
plasminogen 419 742 341 792 570 414
keratin, type I
) 255 664 1450 10994 1399 432
cytoskeletal 2 epidermal
procollagen C-
. 61 875 253 608 1320 731
endopeptidase enhancer 1
periostin 56 322 372 870 539 651
plasma kallikrein 53 282 49 95 542 90
complement factor | 44 1138 85 645 1622 176
complement component
. 40 292 63 137 230 97
C8 beta chain
fibrinogen alpha chain 18 2374 57 80 219 94
Beta-2-glycoprotein 1 446 1361 191 415 1517 339
hemoglobin subunit alpha | 361 516 511 626 272 497
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cationic trypsin 312 769 526 464 1541 756
carboxypeptidase N
) . 58 189 100 249 330 291
catalytic chain
hepatocyte growth factor-
. P yt- J 22 83 10 25 182 11
like protein
fibrinogen beta chain 20 1089 47 128 139 110
glyceraldehyde-3-
7 311 55 173 587 132
phosphate dehydrogenase
sulfhydryl oxidase 1 4 200 10 31 299 23
complement Clq
. 1 306 8 29 819 27
subcomponent subunit C
plasma serine protease
o 293 4316 294 1256 7179 378
inhibitor
collagen alpha-1(I) chain | 166 601 143 265 1727 146
collagen alpha-1(1l) chain
) ) 67 472 45 106 1333 66
isoform 1 preproprotein
elongation factor 1-alpha
1 33 195 41 100 389 63
collagen alpha-2(1) chain | 32 236 30 189 788 33
complement Clq
. 0 240 2 13 614 24
subcomponent subunit A
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