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I. AIM OF DISSERTATION 
Since its conception in the initial 1960s, particulate carriers (especially at the nanoscale) are vastly 

investigated for biomedical applications, such as drug delivery and vaccination. Most of the studies utilize 

spherical particles yielding different particle properties. Common design parameters are core materials, size, 

surface charge, and attached target ligands. In contrast, particle shape and mechanical properties (e.g. 

elasticity) are traditionally ignored. The current dissertation aims to comprehensively integrate and optimize 

these attributes into a novel and promising system.  

 

The motivation to delve into non-spherical and naturally-derived particles for different drug delivery 

applications was inspired by several instances from Mother Nature. The idea was to bestow the unique 

properties of the natural examples to particulate drug delivery systems possessing tailored shapes. For 

example, the erythrocytes, which circulate 100 - 120 days in the body before they are eliminated by 

macrophages, reportedly contain various “markers of self” and are virtually oblate. Meanwhile, the non-

spherical geometry and the flexibility of the erythrocytes are necessary to pass through thin microcapillaries. 

Besides erythrocytes, particular bacterial strains, such as Pseudomonas aeruginosa, Escherichia coli, 

Bacillus subtilis, and Vibrio cholerae own a non-spherical geometry with a very distinctive in vivo fate. For 

example, Pseudomonas aeruginosa evades phagocytosis by the immune system and can circulate 

extraordinarily long in the human body. It is still speculative whether the immune system becomes insensitive 

to such non-spherical organisms or the bacteria have adapted and elicited adequate responses to combat 

the immune system.   

 

The combined innovative approach between non-spherical and naturally-derived particles is expected to be 

an auspicious alternative to established synthetic materials used for decorating therapeutic and delivery 

systems, i.e. polyethylene glycol (PEG). PEG is a well-known standard for evading non-specific clearance by 

the mononuclear phagocyte system (MPS) or also called the reticuloendothelial system (RES) via 

biomolecular opsonin adsorption minimization mechanism. Ultimately, PEG confers long-circulating 

characters to the conjugated drug and/or delivery systems inside an organism’s body. However, it can 

reportedly induce the formation of anti-PEG antibodies after multiple administrations. Consequently, 

clearance of linked constituents gradually increases. Therefore, the non-spherical bioinspired red blood cell 

membrane-coated nanoparticle (non-spherical BCCN) appears hypothetically propitious as a possible 

solution for PEG-related issues and is elaborated therein.  
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This dissertation is divided into two parts: 

1. Experimental   

The experimental part (covering optimization and physicochemical characterization, in vitro as well as in vivo 

studies of particles) is the core of this dissertation. In this part, non-spherical particle shape stability upon 

storage and in physiological conditions is scrutinized and unraveled. Later, optimized BCCN formulations 

were evaluated using in vitro macrophages uptake as well as in vivo pharmacokinetics and biodistribution to 

prove their ability to evade phagocytosis and prolong the circulation time, respectively.  

2. Computational  

In the computational part, alleged biomolecular corona components (that originate from the cell membrane 

and blood plasma) and inevitable residual synthetic stabilizers were the subjects of all-atom molecular 

dynamics simulations studying the adsorption affinity and rates of such substances to core particles. The 

computational results confirmed all experimental findings and assisted further understanding of biomolecular 

(especially protein) adsorption behavior. Ultimately, the interfacial and biophysicochemical properties of 

compiled (physiological-therapeutic protein) bioinformatic data were generated.   

 

In this dissertation, the essential guideline for assessing and tackling unexpected shape evolution of non-

spherical nanoparticles (produced using various materials and fabrication methods with the focus still on the 

film-stretching method under dry heat condition) were first established (Chapter II). In the second stage, an 

innovative method using extracted red blood cell membranes (later called as NErys / Nanoerythrosomes) 

was applied to non-spherical nanoparticles resulting in non-spherical BCCNs. BCCNs’ effectiveness in 

avoiding immune cells and prolonging core particle circulation time was assessed using in vitro cell lines and 

in vivo experiments, consecutively. The rationales thereof are deeply and comprehensively investigated 

using auxiliary biophysicochemical characterizations and in silico studies (Chapter III). 
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1. Abstract 

Shape of nanoparticles is known recently as an important design parameter influencing considerably the fate 

of nanoparticles with and in biological systems. Several manufacturing techniques to generate non-spherical 

nanoparticles as well as studies on in vitro and in vivo effects thereof have been described. However, non-

spherical nanoparticle shape stability in physiological-related condition and the impact of formulation 

parameters on non-spherical nanoparticle resistance still need to be investigated. To address these issues, 

we explored different nanoparticle fabrication methods using biodegradable polymers to produce non-

spherical nanoparticles via the prevailing film-stretching method. In addition, systematic comparison to other 

nanoparticle systems prepared by different manufacturing techniques and less biodegradable materials (but 

still commonly utilized for drug delivery and targeting) was conducted. The study evinced that the strong 

interplay from multiple nanoparticle properties (i.e. internal structure, Young’s modulus, surface roughness, 

liquefaction temperature [glass transition (Tg) or melting (Tm)], porosity, and surface hydrophobicity) was 

present. It is not possible to predict the non-sphericity longevity by merely one or two factor(s). The most 

influential features in preserving the non-sphericity of nanoparticles were existence of internal structure and 

low surface hydrophobicity (i.e. surface free energy (SFE) > ~55 mN/m, material-water interfacial tension < 6 

mN/m), especially if the nanoparticles were soft (< 1 GPa), rough (Rrms > 10 nm), porous (> 1 m2/g), and in 

possession of low bulk liquefaction temperature (< 100oC). Interestingly, low surface hydrophobicity of 

nanoparticles could be obtained indirectly by the significant presence of residual stabilizers. Therefore, it is 

strongly suggested that non-sphericity of particle system is highly dependent on surface chemistry but 

cannot be appraised separately from other factors. Our results and reviews will allot valuable guideline for 

the design and manufacturing of non-spherical nanoparticles having adequate shape stability, thereby 

appropriate with their usage purposes. Furthermore, they can assist in understanding and explaining the 

possible mechanism of non-spherical nanoparticle effectivity loss and distinctive material behavior at the 

nanoscale.  

 

Keywords: drug delivery and targeting, geometries, morph transformation, non-spherical particles, particle 

shape stability 
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2. Introduction 

For a long time biodegradable nanoparticle drug delivery systems have been investigated for numerous 

applications such as cancer treatment, vaccination, and iron replacement[1, 2]. Nanoparticles may extend the 

half-life of delivered drug[3, 4], avoid drug degradation[5], and modulate uptake into antigen-presenting[6, 7] or 

other target cells[8-10]. The bio-physicochemical characteristics of drug delivery systems, viz. size, charge, 

surface behavior and composition of the polymer are conventionally considered, as these key factors impact 

on particle biodistribution. Although all aforementioned characteristics have been optimized to circumvent the 

rapid clearance by the mononuclear phagocyte system (MPS) in the spleen and liver[3], in vivo results 

frequently fail to meet the expectation[3]. Thus, there is a need to refine this flaw, for instance by means of 

the geometry aspect.  

 

Classically, particle shape has been disregarded as a feature which may switch the biodistribution and 

circulation half-life. Sundry manufacturing methods, such as mechanical stretching[6, 11-13], lithography[14-16], 

non-wetting templates[17], and microfluidics[18], enable the preparation of non-spherical nanoparticles and 

entitle the further investigation of particle geometry’s influence on biological half-life and fate. It has been 

demonstrated that (prolate) ellipsoid particles display a lower internalization by macrophages[8, 19, 20]. In 

contrast, other geometries like discs (oblate ellipsoid) induce phagocytosis[21]. Ellipsoid particles also permit 

better antigen delivery to T-cells[9, 22]. These findings indicate that particle shape can be an eminent element 

affecting the fate of particulate drug delivery systems. However, the stability of nanoparticle shapes is still not 

much studied for biodegradable-biocompatible particles. 

 

Therefore, it was the aim of our study to comprehensively examine the correlation between non-spherical 

biodegradable nanoparticle shape stability and the physicochemical properties factors behind it, in 

physiological-related condition (37oC, phosphate buffer saline [PBS] pH 7.4 310 mOsm). The film-stretching 

method was employed under dry heat to produce non-spherical nanoparticles from the spherical ones. The 

spherical nanoparticles were prepared by diverse fabrication methods (a. cross-linking: physical & chemical; 

b. molecular entanglement: emulsion solvent extraction & nanoprecipitation) and biodegradable materials 

(O-carboxymethyl chitosan [O-CMCHS], gelatin, carboxyl-ended poly(D,L-lactic acid) [PLA-COOH], and 

poly(D,L-lactic-co-glycolic acid) [PLGA-COOH]). In addition, we benchmarked the results to the common 

model, but less biodegradable nanoparticles (carboxylated poly(styrene) [PS-COOH] and silica [SiO2] 

nanoparticles). In principle, several determining factors related to the nanoparticle shape stability have been 

elucidated and suggest that they strongly affect each other. In fact, the significant extent of residual 
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stabilizers, which existed on nanoparticles, exhibited the best stability in terms of non-sphericity. We also 

discuss thoroughly this underlying issue and its potential implications for drug delivery and targeting. 

 

3. Results  

All spherical nanoparticles as a base of non-spherical nanoparticles were prepared in the similar 

hydrodynamic size (Table II-1). Subsequently, the stretching in one direction with a stretching factor of 3 was 

performed towards spherical samples embedded in a PVA (Mowiol® 40-88; bulk Tg~85oC[23]) film using a 

custom built device (Figure II-1a) at certain stretching condition for different materials (Table S II-1; see also 

Methods in Supporting Information for further details of particles embedment in the PVA film). The 

characteristics of resulted non-spherical (quasi prolate / elongated) nanoparticles after the standardized 

washing steps (see Methods in Supporting Information) are depicted in Table II-1 & Figure II-1b-c. The 

increase of hydrodynamic size & polydispersity index (PDI) was clearly observed on non-spherical 

nanoparticles, whereas zeta potential exhibited practically no change. 

 

Table II-1. Characteristics of Spherical and Non-Spherical Nanoparticles Used in the Study 

No. Polymer Preparation Method 
Involvement 

of 
Stabilizer 

Hydrodynamic Size, Sh (nm) Polydispersity Index, PDI Zeta Potential (mV) Yield 
(%) Spherical Non-Spherical Spherical Non-Spherical Spherical Non-Spherical 

1 PLA-COOH Nanoprecipitation No 179.3 ± 4.1 404.5 ± 17.8 0.055 ± 0.043 0.215 ± 0.096 -14.2 ± 0.6 -15.5 ± 1.7 96.2 ± 3.2 

Emulsion Solvent Extraction Yes (PVA) 

Yes (P407) 

Yes (TPGS) 

175.1 ± 3.3 

180.8 ± 0.6 

153.5 ± 2.6 

413.7 ± 20.4 

419.3 ± 9.9 

410.0 ± 14.1 

0.043 ± 0.033 

0.055 ± 0.023 

0.134 ± 0.029 

0.213 ± 0.028 

0.254 ± 0.027 

0.194 ± 0.019 

-7.6 ± 1.4 

-9.6 ± 2.3 

-11.5 ± 0.9 

-8.2 ± 2.3 

-8.4 ± 1.5 

-10.9 ± 1.2 

80.6 ± 2.1 

75.5 ± 2.3 

72.1 ± 2.0 

2 PLGA 75/25-COOH Nanoprecipitation No 172.3 ± 3.8 390.6 ± 6.9 0.081 ± 0.010 0.273 ± 0.023 -13.4 ± 2.3 -14.1 ± 0.5 95.7 ± 3.9 

Emulsion Solvent Extraction Yes (PVA) 168.1 ± 0.8 430.3 ± 13.4 0.029 ± 0.028 0.223 ± 0.025 -8.5 ± 1.7 -7.6 ± 0.6 81.1 ± 0.8 

3 PLGA 50/50-COOH Nanoprecipitation No 176.6 ± 0.9 346.8 ± 6.6 0.022 ± 0.015 0.157 ± 0.063 -12.6 ± 1.2 -11.5 ± 1.0 63.8 ± 1.5 

4 O-CMCHS Ionic Gelation No 167.6 ± 0.8 382.6 ± 7.3 0.168 ± 0.007 0.145 ± 0.047 -11.4 ± 0.6 -3.7 ± -0.3 35.2 ± 0.2 

5 Gelatin One-Step Desolvation No 188.1 ± 1.5 1007.0 ± 173.9 0.053 ± 0.009 0.632 ± 0.234 -16.6 ± 1.0 -2.0 ± 0.3 81.4 ± 0.3 

6 PS-COOH Emulsion Polymerization Yes (sulfate ester 

derivative) 

178.8 ± 3.0 341.4 ± 9.7 0.032 ± 0.022 0.191 ± 0.031 -30.3 ± 0.8 -17.2 ± 0.3 N/A# 

7 SiO2  (AR3) Polymerization Yes (CTAB) N/A# 255.5 ± 5.3 N/A# 0.228 ± 0.023 N/A# -26.3 ± 1.5 88.3 ± 0.4* 

8 SiO2  (AR8) Polymerization Yes (CTAB) N/A# 929.0 ± 16.2 N/A# 0.478 ± 0.023 N/A# -22.9 ± 1.7 89.7 ± 0.2* 

Data is expressed as mean ± standard deviation (n=3). 
#N/A: Not Applicable. 
*Only these yields represent the direct (without film-stretching) processes in fabricating non-spherical nanoparticles. Other yields are 
based on the production of the spherical nanoparticles. 
 

 

3.1. Effect of Fabrication Method 

First, the comparison between two fabrication methods (cross-linking vs molecular entanglement) was 

performed. Because of the stabilizer/surfactant absence in the cross-linking method, nanoprecipitation (no 

stabilizer/surfactant; also called solvent displacement[24, 25] elsewhere) is the main focus in molecular 

entanglement development instead of methods involving stabilizer (e.g. emulsion solvent extraction; also 

called [emulsion] solvent diffusion[24, 26] or [emulsion] solvent evaporation[2, 24]) (Table II-1).  
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The size of cross-linked hydrogel nanoparticles demonstrated by SEM micrographs (Figure II-1b) was 

measured in dry milieu (leading to significant particle shrinking), thus may be considerably different as 

reported by dynamic light scattering (DLS) in Table II-1[27]. No significant shrinking of nanoparticles occurred 

on more solid nanoparticles composed from aliphatic polyesters via nanoprecipitation and commercial 

standard PS-COOH (Figure II-1c). After 3-times stretching from its initial length, both cross-linked hydrogel 

nanoparticles appeared to be slightly elongated with initial aspect ratio (defined as the proportion of length to 

width ellipsoid particle) of 1.62 ± 0.18 and 1.11 ± 0.09 for gelatin and O-CMCHS, consecutively. These 

aspect ratios were much lower compared to the theoretical calculation (Figure II-1d & Supplemental 

Calculation). In addition, considerable swelling was exhibited by both, mainly gelatin nanoparticles 

(Figure II-1b).  

 

Over time, an obvious discrepancy was noted between the shape stability of the non-spherical nanoparticles. 

These discrepancies were not equal for all particles, but were strongly affected by many factors, including 

the fabrication method. To allow better shape stability prediction and comparison between the tested 

samples, the typical shifting time (t1/2) (expressed as the time needed for a half decrease of initial aspect 

ratio) was calculated. In hours, both non-spherical cross-linked hydrogel particles became virtually spherical 

at 37oC (aspect ratio = 1; figures not shown), with gelatin demonstrated slightly better shape stability 

(Figure II-1e). Due to swelling and poor shape stability, gelatin and O-CMCHs are only used as references in 

elucidating the factors affecting shape transformation of non-spherical nanoparticles.  

 

Meanwhile, non-spherical nanoparticles formulated by aliphatic polyesters (Table S II-2) and 

nanoprecipitation method exhibited much higher t1/2 at 37oC (Figure II-1e, Figure II-2 and Figure II-3a[left], b 

& c), with PLGA 50/50-COOH (~44 kDa) being the inferior one with almost 6 days. Because of this, our 

further study with emulsion solvent extraction method (involving stabilizer) for aliphatic polyesters is only 

focused on PLA-COOH and PLGA 75/25-COOH. Besides, the recent indication to use low molecular weight 

of aliphatic polyesters (~15 kDa) for drug delivery[28] due to the success in clinical study, reinforces our 

polymer choices. As expected, the t1/2 of PLGA 75/25-COOH & PLA-COOH nanoparticles by 

nanoprecipitation were much greater at 5oC (Figure II-1e, Figure II-2b, and Figure II-3b).  

 



Non-Spherical Nanoparticle Shape Stability is Affected by Complex Manufacturing Aspects 

9 

Figure II-1. (a) Schematic of film-streching device utilized in this study for fabrication of non-spherical nanoparticles from spherical ones. 
It is also displayed the common and plausible architecture alteration of polymers at the nanoparticle interface after stretching [187], 
involving the transition from “mushroom” to “brush” configuration. Scanning electron micrographs of spherical and non-spherical (b) 
cross-linked hydrogel nanoparticles, encompassing O-CMCHS & gelatin, as well as (c) aliphatic polyesters (prepared by 
nanoprecipitation) & PS-COOH nanoparticles (scale bars = 500 nm). For clarity, spherical nanoparticles of aliphatic polyesters and PS-
COOH before their incorporation into film are not shown. (d) Critical physical factors on prolate ellipsoid particle influenced by uniaxial 
stretching process. (e) Calculation of typical shifting time (t1/2) from aspect ratio (AR) of particles. (f) Mechanical properties of tested 
nanoparticles. (g) Physiosorption-based surface characteristics of various evaluated nanoparticles. Unless otherwise specified in 
Methods in Supporting Information, data represent mean ± standard deviation (n=3). 
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(a) 

(b) 
Figure II-2. Representative scanning electron micrographs obtained on different days after initial preparation displaying shape stability of 
non-spherical aliphatic polyesters (PLA-COOH & PLGA 75/25-COOH) and PS-COOH nanoparticles. Nanoparticles were dispersed in 
phosphate buffer saline (PBS) pH 7.4 310 mOsm for a maximum of 29 days at (a) 37oC and (b) 5oC. Scale bars = 500 nm. 
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Figure II-3. (a) Scanning electron micrographs obtained on different days after initial preparation displaying shape stability of PLGA 
50/50-COOH nanoparticles (formulated by nanoprecipitation) and PLA-COOH nanoparticles (manufactured by emulsion solvent 
extraction (ESE) technique with the variation of utilized stabilizers; in this figure, Poloxamer 407 denoted “P407” and TPGS are 
evaluated instead of PVA used in Figure II-2). Scale bars = 500 nm. (b) & (c) Plots of aspect ratio (AR) over time of aliphatic polyester 
prepared by different fabrication methods and PS-COOH nanoparticles at 5oC and 37oC. Figure II-3b corresponds to the micrograph 
results from Figure II-2a & b, meanwhile Figure II-3c was derived from the measurement results of Figure II-3a. Aspect ratio (AR) is 
calculated as described in the top of Figure II-3b. 

Nonetheless, the shape stabilities of non-spherical PLGA 75/25-COOH and PLA-COOH nanoparticles 

formulated by nanoprecipitation were still much poorer than the commercial standard PS-COOH prepared by 

emulsion polymerization (Figure II-1e, Figure II-2, and Figure II-3b), i.e. approximately less than one-sixth at 

37oC and less than half at 5oC. By applying emulsion polymerization in commercial standard PS-COOH, 

stabilizer was used during the preparation process and residual stabilizer may present in nanoparticles 

(Polysciences’ Product Information)[29]. To also permit stabilizer contribution in aliphatic polyester 

nanoparticles, an emulsion solvent extraction method with different stabilizers was employed. PVA (Mowiol® 

4-88), a semi-crystalline polymer, elicited dramatic improvement of non-spherical shape stability for PLA-

COOH and PLGA 75/25-COOH, both at 37 and 5oC (Figure II-1e, Figure II-2, and Figure II-3b). At 37oC, the 
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t1/2 was enhanced up to about 11 times for PLA-COOH and 5 folds for PLGA 75/25-COOH. Other stabilizers 

(a) Poloxamer 407 (P407) and (b) D-α-Tocopherol Polyethylene Glycol 1000 Succinate (TPGS) were also

evaluated in the fabrication of non-spherical PLA-COOH by emulsion solvent extraction. However, they failed 

to increase the non-spherical shape stability of PLA-COOH (Figure II-3a & c). No considerable t1/2 alteration 

was observed between nanoparticles manufactured by emulsion solvent extraction using these stabilizers 

compared to the nanoprecipitation at 37oC, i.e. between 6 - 8 days (Figure II-3a & c). In this part, it can be 

summarized that for biodegradable polymers, PLGA 75/25-COOH prepared by emulsion solvent extraction  

using PVA is the longest-lasting aliphatic polyester in terms of non-sphericity. It is characterized by t1/2 at 5oC 

for almost 1 year and at 37oC for roughly 3 months (Figure II-1e). For this reason, PVA is chosen as the main 

discussion and stabilizer evaluated further in this report.  

Beside aspect ratio reduction, the inclinations to be spherical ultimately at 37oC for non-spherical 

nanoparticles synthesized by film-stretching method were also supported by the results of hydrodynamic size 

measurement and PDI by DLS (Figure II-4). DLS detected a gradual decrease of both parameters. There 

was no significant change of zeta potential and pH for all nanoparticles stored at 5oC, but substantial 

alteration of zeta potential and pH towards more acidic environment was observed at 37oC on both aliphatic 

polyester nanoparticles (Figure II-4). Meanwhile, PS-COOH nanoparticles exhibited practically no change of 

zeta potential and pH during observation (Figure II-4). 

To elaborate the causal factor of non-spherical shape instability on nanoparticles, the other factors 

(mechanical properties, porosity and hydrophobicity) are studied on selected nanoparticles and their data is 

displayed in the next sections. 

3.2. Effect of Mechanical Properties: Young’s Modulus, Surface Roughness (Rrms) & Tg 

All nanoparticles were initially analyzed for mechanical properties in dry condition. Using atomic force 

microscope (AFM), it was revealed that they had relatively smooth surfaces, demonstrated by Rrms 

(Figure II-1f & Figure II-5a) about tens nm or less[30, 31], and proportional Young’s modulus to their bulk and 

the similar particles reported elsewhere[23, 32-34]. Spherical gelatin and spherical PLGA 50/50-COOH 

nanoparticles (via nanoprecipitation) showed the smoothest and roughest surface (Rrms = 3.2 vs 12.4 nm). 

As expected, cross-linked system is rather smooth[35]. Regarding the Young’s modulus, the softest and 

stiffest nanoparticles belong to gelatin (~0.7 GPa) and PS-COOH (~2 GPa) nanoparticles. Meanwhile, the Tg 

trends of (spherical) nanoparticles were: (a) slightly lower than the bulk for aliphatic polyesters via 
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nanoprecipitation and PS-COOH, and (b) slightly higher than the bulk for aliphatic polyesters via emulsion 

solvent extraction and gelatin (Figure II-1f). 

After stretching, there were no considerable Young’s modulus, surface roughness, and Tg differences of dry 

nanoparticles (prepared by lyophilization protocol; Figure S II-1). The exception were: (a) gelatin 

nanoparticles obtaining greater Young’s modulus and surface roughness about 2-folds and 3-folds, 

respectively, as well as (b) PS-COOH and aliphatic polyesters, experiencing Tg reduction around 3oC 

(Figure II-1f). Nevertheless, there were clear trends that Young’s moduli of stretched (non-spherical) aliphatic 

polyesters were: (a) slightly lower for nanoparticles prepared by nanoprecipitation (possibly due to Young’s 

modulus confinement effect[36]) and (b) slightly higher for nanoparticles formed via emulsion solvent 

extraction utilizing PVA (Figure II-1f). Besides, all stretched nanoparticles roughened after stretching, as 

depicted by greater Rrms (Figure II-1f) and rougher sample surface profiles (Figure II-5b vs a). The post-

stretching roughening effect is similar as commonly reported in micro-macroscale objects and various 

polymers[37, 38].  

Surprisingly, it was revealed from the AFM results that between nanoparticles fabricated by 

nanoprecipitation, the spherical PLGA 50/50-COOH nanoparticles (the least-stable ones in terms of non-

sphericity) have greater roughness (Rrms = 12.4 nm) compared to PLGA 75/25-COOH (Rrms = 5.9 nm) and 

PLA-COOH (Rrms = 9.5 nm). This result could be correlated with the porosity and hydrophobicity 

measurement, which are displayed and discussed in the subsequent sections.  
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Figure II-4. Plots of hydrodynamic size, polydispersity index/PDI, zeta potential, and final preparation pH of low molecular weight 
aliphatic polyesters (PLA-COOH & PLGA 75/25-COOH) and PS-COOH nanoparticles over time. Aliphatic polyesters were prepared by 
different fabrication methods: emulsion solvent extraction (ESE) using PVA and nanoprecipitation. The data and time points in this figure 
correspond to Figure II-2 and Figure II-3b. 
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Figure II-5. Atomic force microscope (AFM)’s 3D representations and surface or height profiles of evaluated (a) spherical and (b) non-
spherical nanoparticles. (c) Calorimetric thermograms of PS-COOH nanoparticles (solid lines), altogether with thermograms of their 
corresponding “bulk” polymer resulted from nanoparticles via annealing (dashed lines). These thermograms describe the dramatic 
disparity of nanoparticle Tg measured on dispersed or dry state. (d) Nanoparticle’s surface hydrophobicity (displayed by the slope of 
hydrophobicity and binding constant; the greater values mean greater hydrophobicity) and residual stabilizer (PVA) concentrat ion 
profiles of tested nanoparticles. (e) Correlation database of surface free energy (SFE), material-water interfacial tension and water 
contact angle (WCA) of various common materials functionalized as main component or excipient (e.g. stabilizer) in nanopartic le 
formulations. The used materials in our current non-spherical nanoparticle study are designated as points (either dot or triangle) without 
black borderline (and their corresponding bars), whereas points with black borderline (and their corresponding bars) show common 
materials for non-spherical nanoparticle fabrication used in other researches. The full points (and their corresponding bars) depict 
values generated from our measurement, while the half-filled points (and their corresponding bars) designate the recalculation values of 
interfacial activity parameters (using Owens and Wendt approach[223]) from references. Yellow (and their corresponding bars) represents 
our and commonly-used stabilizers, while red (and their corresponding bars) is denoted as commonly reported materials in synthesizing 
biodegradable and/or non-spherical nanoparticles for drug delivery and targeting. Abbreviations and further details of referred materials-
nanoparticles: (1) SDS (sodium dodecyl sulfate)[168, 224], (2) Docusate-Na[168], (3) Triton® X-100[124, 225], (4) Na-Cholate & -Deoxycholate[129, 

226], (5) PVP (poly(vinylpyrrolidone))[137, 227], (6) PEG (poly(ethylene glycol))[209] 6000[228], (7) Dextran[194, 228], (8) Poloxamer 188[127, 229], (9) 
HSA (human serum albumin)[134, 230], (10) Chitosan[98, 178], (11) Cyanoacrylate[98, 231], (12) PS-COOH (carboxylated poly(styrene))[4, 232], 
(13) PS (poly(styrene))[19, 223], (14) PDMS (poy(dimethylsiloxane))[83, 223], (15) PMMA (poly(methyl methacrylate))[83, 223], (16) PHEA
(poly(hydroxyethyl acrylate))[71, 73, 233, 234], (17) PHEMA (poly(hydroxyethyl methacrylate))[233], (18) PEGDA (poly(ethylene glycol)
diacrylate)[14-16, 71, 73, 79, 86, 235]-PHEMA (poly(hydroxyethyl methacrylate))[236], (19) CEA (2-carboxyethyl acrylate)[71, 73, 86], (20) PBLG
(poly(γ-benzyl L-glutamate))[142, 237], (21) Triglyceride (cocoa butter)[115, 116, 160, 163, 164, 238], (22) P4VP (poly(4-vinyl pyridine))[149, 150, 239], (23)
Au (gold)[220, 240], and (24) SWCNT (single-walled carbon nanotubes)[46, 241]. 

To further confirm the marginal trend of Tg modulation of dry nanoparticles (dry Tg) compared to their bulk, 

the Tg of nanoparticles dispersed in aqueous medium (wet Tg) was also evaluated. Only polymers which 

could be successfully and proportionally stretched into non-spherical nanoparticles were studied, namely 

aliphatic polyesters and PS-COOH. None of aliphatic polyester nanoparticles (initial ø ~200 nm), however, 

exhibited a wet Tgs. It was very probable that their wet Tgs were superimposed by large endothermic peak of 

aqueous ice melting process (data not shown). It was reported[39, 40] that even in macroscopic scale, aliphatic 

polyesters exhibited Tg reduction up to ~10 - 20oC, when they were contacted with high humidity (e.g. 
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90%RH) or water for 1 hour or more. The longer the contact time with humidity or water, the greater the Tg 

depreciation. On the other hand, PS-COOH nanoparticles (initial ø ~200 nm) showed more distinct Tg 

reduction, i.e. about 15oC, compared to the dry ones (3oC) (Figure II-5c vs Figure II-1f). To study deeper the 

size dependence of Tg of polymers under soft confinement (nanoparticles dispersed in aqueous medium), 

other diameters of PS-COOH nanoparticles (100 & 2,000 nm) were measured. The wet Tg of the PS-COOH 

nanoparticles lessen as the hydrodynamic size was reduced from 2,000 to 100 nm, and thus the disparity 

against their bulk Tg grew considerably with smaller hydrodynamic size (1 vs 39oC, respectively) 

(Figure II-5c vs Figure II-1f). Similar finding was reported elsewhere[41]. Moreover, heat capacity change 

(ΔCp) appeared to be lesser with smaller hydrodynamic size, which is consistent with the published results[42,

43]. Both phenomena (the reduction of wet Tg and ΔCp) seemed to occur remarkably on non-spherical PS-

COOH, obtained by 3x stretching of spherical PS-COOH (initial ø 200 nm). This may be attributed to the 

smaller particle size (in width and height dimension) (Figure II-5b vs a), existence of much lower radius of 

curvature (Rc(t)), and wide variance of Rc(t) on nanoparticles (Figure II-1d). Likewise, the greater Tg 

diminution as smaller (hereafter denoted Tg confinement effect) & more aspherical PS-COOH nanoparticles, 

it is also very reasonable to propose that the Tg confinement effect occurred in the case of other 

nanoparticle materials, including aliphatic polyesters. Not to mention, because all nanoparticles for shape 

stability study were dispersed in the physiological-related medium (PBS pH 7.4 310 mOsm), it was very likely 

that the stronger ΔCp reduction occurred. The salt presence was reported to diminish ΔCp of 

macromolecules significantly[44]. As a result, less energy (represented by temperature and interfacial tension) 

is required to increase the polymer chain mobility in non-spherical nanoparticles, thus leads to more dramatic 

shape changes towards spheres. The Tg confinement effect further delineates that lower temperature (i.e. 

37 or 5oC) may still induce the aspect ratio decrease on tested non-spherical nanoparticles, mainly aliphatic 

polyesters. 

3.3. Effect of Porosity of Particles 

To quantify the porosity and hydrophobicity of the nanoparticles, physiosorption-based methods (specific 

surface area (SSA) and residual moisture analysis) were performed (Figure II-1g). The analyses were 

conducted on starting spherical nanoparticles to generate more reliable and directly comparable results due 

to no swelling and similar nanoparticle size. The SSA of biodegradable nanoparticles that were included in 

film-stretching process highly varied, depending on the nanoparticle integrity, molecular weight and bulkiness 

of the polymer chain.  
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For instance, with respect to nanoparticles prepared without any stabilizer or surfactant, PLGA 50/50-COOH 

and gelatin nanoparticles were the least compact, displayed by SSA of around 3.05 and 1.57 m2/g, 

consecutively. For nanoparticles prepared by nanoprecipitation, again PLGA50/50-COOH (“high” molecular 

weight [MW], bulkier) was the most porous or least compact, whereas PLGA 75/25-COOH (“low” MW, less 

bulky) had the lowest porosity or highest compactness (0.55 m2/g).  

Furthermore, stabilizer had a strong effect on SSA, such as in emulsion solvent extraction for aliphatic 

polyesters, resulting about 2-fold SSA compared to the nanoprecipation (Figure II-1g). Overall, the 

nanoparticle material, having the highest porosity and produced to be non-spherical nanoparticles by 

stretching method, was PS-COOH (SSA ~42 m2/g). We assume that the different amount of residual 

stabilizer may be one of the critical factors for the SSA differences between these groups. Our assumption 

was supported by quite diverse SSA value reported for aliphatic polyesters by emulsion solvent extraction (3 

- 10 m2/g)[45] and PS-COOH by emulsion polymerization (29 m2/g)[46] nanoparticles. These reports used

similar nanoparticle properties as reported here, namely diameter ~200 nm, PDI < 0.1, and negative zeta 

potential of tens mV (for aliphatic polyesters).  

Meanwhile, the residual moisture results appeared as a function of porosity (Figure II-1g) and bulk-

nanoparticle hydrophobicity (Figure II-5d & e). In general, the higher the residual moisture, the greater the 

SSA, and the lesser hydrophobic the materials or nanoparticles. In other words, the presence of residual 

stabilizer may increase the SSA and residual moisture. Nonetheless, a large SSA did not negatively 

correlate to non-spherical nanoparticle shape stability, if the sufficient mechanical properties and appropriate 

hydrophobicity (indirectly encompassing residual stabilizer) were present. 

3.4. Effect of Hydrophobicity of Materials & Particles 

All nanoparticles (Figure II-5d) were evaluated using the hydrophobic (log P 1.5[47]) anionic Rose Bengal dye 

method. Overall, the sequence of hydrophobicity between different nanoparticles (regardless of their shape) 

was as following (from the highest to the lowest): gelatin, PLA-COOH by nanoprecipitation, PLGA 75/25-

COOH by nanoprecipitation, PLA-COOH by emulsion solvent extraction, PS-COOH and PLGA 75/25-COOH 

by emulsion solvent extraction. This strong trend was inversely proportional with the non-spherical 

nanoparticle shape stability at 37oC (Figure II-1e), but poorly correlated to the bulk hydrophobicity 

(Figure II-1e). Hence, the particle hydrophobicity study showed its importance.  
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No significant difference was found between initial spherical and film-embedded (without stretching) 

spherical nanoparticles in terms of nanoparticle hydrophobicity parameters, except for gelatin (Figure II-5d). 

Unexpectedly, gelatin exhibited considerable lower hydrophobicity, ascribed presumably by strong 

adsorption of PVA (Mowiol® 40-88 as the film matrix) onto gelatin nanoparticles. This adsorption may be 

responsible for the tangled thread-like structure around filmed and film-stretched gelatin nanoparticles in 

SEM and AFM (Figure II-1b & Figure II-5b). As the further proof of PVA (semi-crystalline polymer) presence, 

the hydrophilicity (Figure II-5d), Young’s modulus, and surface roughness (Figure II-1f) of the non-spherical 

gelatin nanoparticles were greater compared to the initial spherical gelatin nanoparticles. This may be 

attributed to the typical properties of semi-crystalline polymer after stretching[48], namely demonstration of 

higher crystallinity. However, we could not measure the exact concentration of adsorbed PVA onto gelatin 

nanoparticles like to the aliphatic polyesters, due to the interference of adjacent hydroxyl (Figure S II-2) in 

gelatin against colorimetric reagents in the reaction[49].  

 

As expected, the significant hydrophobicity reduction of PLA-COOH and PLGA 75/25-COOH nanoparticles 

fabricated by emulsion solvent extraction using PVA was strongly associated to its residue in nanoparticles, 

with the larger amount of PVA resided to PLA-COOH (the more hydrophobic polymer) compared to PLGA 

75/25-COOH, namely about 3% vs 1.5%, respectively (Figure II-5d). Stronger PVA adsorption to the more 

hydrophobic materials aligns with established report[50]. Nonetheless, our results demonstrated that the 

intrinsic material hydrophobicity still played a dominant role in determining the nanoparticle hydrophobicity 

and non-spherical shape stability.   

 

With regard to PS-COOH, we presumed that the superiority of non-spherical shape stability may also be 

aided by the presence of residual stabilizer utilized in the nanoparticle formation, beside by the relative high 

dry bulk Tg of PS-COOH (i.e. ~93oC, which is still slightly higher than gelatin, ~91oC) (Figure II-1f) and 

bulk[32]-nanoparticle Young’s Modulus PS(-COOH) ~2 GPa. This proposition is highly reinforced with the 

slightly poorer hydrophobicity data of bulk PS-COOH compared to gelatin (Figure II-5e). The unsupportive 

situation (Figure II-5e) encompassed the much lower polar component of surface free energy (SFE) (or so-

called surface polarity, Xp), water contact angle (WCA) and most important one: high material-water 

interfacial tension. We propose that the high material-water interfacial tension is the main, external, and 

rigorous driven force generating the biggest pressure on the tip of non-spherical nanoparticles (in other 

words, on the smallest Rc(t) of non-spherical nanoparticles [Figure II-1d]) (Equation II-1, adapted from Defay 
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et al.[51]). Consequently, the high interfacial tension leads to thermodynamically favorable spherical shape. 

Δp =
γs.l

Rc(t)

where Δp is the induced pressure, γs.l is the solid-liquid interfacial tension (i.e. material-water) and Rc(t) is the 

radius of curvature. 

Hence, it is momentous to evaluate the suspected residual stabilizer in the starting PS-COOH nanoparticles 

(dispersed in HPW), like PVA in the case of aliphatic polyesters by emulsion solvent extraction. First, using 

fast-acceptable sensitivity (i.e. Energy Dispersive X-Ray [EDX]) and routine (i.e. CHNS elemental or so-

called oxygen combustion) analysis, it seemed that the PS-COOH nanoparticles were totally clean from the 

suspected sulfate ester derivatives (e.g. sodium dodecyl sulfate [SDS], docusate sodium, etc.). Using CHNS 

analysis, only C & H elements were detected with the ratio of 89.37% vs 7.62%, attributed likely to C & H 

from PS-COOH molecules. However, when the starting PS-COOH nanoparticles were measured in the 

instrument with a lower limit of detection, i.e. inductively coupled plasma atomic emission spectroscopy (ICP-

AES), it evidenced 520 ± 70 ppm sulfur (S) and 100 ± 50 ppm sodium (Na), likely associated to the existence 

of residual stabilizers which may bestow remarkable non-spherical PS-COOH nanoparticles shape stability. 

3.5. Comparison to Non-Spherical Silica (SiO2) Nanoparticles 

Because (mesoporous) non-spherical SiO2 nanoparticles are subject of many publications ranging from the 

manufacture until in vivo study[52, 53-56], non-spherical SiO2 nanoparticles were benchmarked to our non-

spherical polymeric nanoparticles fabricated by film-stretching method. We synthesized two different aspect 

ratios (AR) of plain mesoporous non-spherical SiO2 nanoparticles, namely ~3 (simulating the similar aspect 

ratio and dimension with the stretched nanoparticles) and ~8 (Figure II-6). From the shape stability aspect, 

both non-spherical SiO2 nanoparticles were excellent and superior against the most stable non-spherical 

PLGA 75/25-COOH manufactured by emulsion solvent extraction using PVA. The evidences were 

demonstrated by only slight diminution of aspect ratio, hydrodynamic size, and PDI after the storage in 

physiological-related condition for 29 days. The t1/2 values are more than 10,000 and 13,000 days for aspect 

ratio 3 and 8, respectively (Figure II-1e). The exceptional non-sphericity was in the same fashion as reported 

previously[57]. Simultaneously, zeta potential and pH of non-spherical SiO2 nanoparticle preparation remained 

relatively stable (Figure II-6).  

Equation II-1 
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Figure II-6. (a) Scanning electron micrographs obtained on different days after initial preparation displaying shape stability of plain non-
spherical mesoporous SiO2 nanoparticles with the aspect ratio of ~8 & ~3. Nanoparticles were dispersed in phosphate buffer saline 
(PBS) pH 7.4 310 mOsm for a maximum of 90 days at 37oC. Scale bars = 500 nm. Plots of (b) aspect ratio (AR), (c) hydrodynamic size, 
(d) polydispersity index/PDI, (e) zeta potential and (f) final preparation pH of corresponding non-spherical mesoporous SiO2
nanoparticles.
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Using the available instruments (i.e. differential scanning calorimeter [DSC] & thermogravimetric analysis 

[TGA]) and their working temperature range, neither liquefaction temperature (i.e. melting temperature [Tm]) 

nor other thermal events of non-spherical SiO2 nanoparticles could be detected. It was reported, 

nonetheless, the Tm of bulk SiO2 was 1,600oC[58]. Meanwhile, the Young’s modulus (bulk) and surface 

roughness of bulk-mesoporous nanoparticle of SiO2 were reported 73 GPa[59] and Rrms or Ra (average 

roughness) ~2.5 - 10 nm[60], respectively. The porosity and residual moisture of non-spherical SiO2 

nanoparticles for the aspect ratio 3 were ~12.98 m2/g and 2.47%, whereas for the aspect ratio 8 were 285.6 

m2/g and 2.70% (Figure II-1g). These values may be interpreted that the mechanical properties (the 

prodigious liquefaction temperature and Young’s Modulus, yet relative smooth surface) and hydrophilicity of 

non-spherical SiO2 nanoparticles successfully overpowered the impressive porosity in relation to elicit the 

tremendous non-spherical nanoparticle shape stability.  

 

To further elucidate the hydrophobicity degree of SiO2, the Rose Bengal method was applied. As expected, 

the hydrophobicity of SiO2 (regardless of their aspect ratios) is much lower compared to the formerly tested 

polymers, characterized by virtually no Rose Bengal adsorption onto SiO2 particles. Consequently, no 

graphic can be plotted like aliphatic polyesters, PS-COOH, and gelatin nanoparticles in Figure II-5d. 

Furthermore, “SiO2 bulk” (roughly represented by tetraethyl orthosilicate [TEOS], the monomer of SiO2 

nanoparticles]) also exhibited relative low hydrophobicity, displayed by high SFE about 55 mN/m, low 

material-water interfacial tension approximately 3.8 mN/m and WCA around 45o (Figure II-5e). We suggest 

that both first parameters are better to be correlated with the non-spherical shape stability compared to 

merely WCA due to the absence of non-polar or hydrophobic component consideration in WCA. 

 

Likewise, residual stabilizer determination for PS-COOH nanoparticles, fast-acceptable methods (EDX and 

Fourier Transform Infrared [FTIR]) were employed to both non-spherical SiO2 nanoparticles. The results 

demonstrated that no bromide peak from cetyltrimethylammonium bromide (CTAB) and a carbon chain band 

(wavenumber 3,000 - 2,800 cm-1) in the washed non-spherical SiO2 nanoparticles (data not shown), implying 

that both nanoparticles might be entirely clean from residual surfactant. The similar results concerning the 

absence of Br after several washing steps of non-spherical mesoporous SiO2 nanoparticle were reported 

formerly[54]. Nevertheless, it is plausible that the residual amount of CTAB is lower than limit of detection of 

the used technique. Therefore, oxygen combustion method was performed and revealed that C, H, and N 

elements existed in both aspect ratios of SiO2 nanoparticles with the ratio of about 1.00%, 3.12% and 1.99% 
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respectively, but no Br was detected. To convince the residual CTAB in both non-spherical SiO2 

nanoparticles, Br analysis was performed using an inductively coupled plasma mass spectrometry (ICP-MS) 

and demonstrated that more than 96.8 ppb Br were detected. 

4. Discussions

Here, the study for non-spherical nanoparticles fabrication covers the bottom-up methods, encompassing 

cross-linking (physical and chemical), molecular entanglement (nanoprecipitation & emulsion solvent 

extraction), and polymerization. We focus in these methods due to the potential thereof as the controlled 

release matrix. It is also possible to obtain non-spherical nanoparticles by diverse top-down methods (e.g. 

milling[61], homogenization[62], evaporative / antisolvent precipitation / solvent-diffusion[63, 64]), but these 

approaches are commonly intended to enhance the dissolution of drug substances due to the greater 

surface area of non-spherical nanoparticles compared to the spherical ones with the same volume (or so-

called: greater surface-to-volume ratio; Figure II-1d).  

Through the implementation of film-stretching method to the spherical nanoparticles (produced by the first 

two aforementioned bottom-up methods), it is basically believed that the shape-memory programming is 

introduced to the nanoparticles[65, 66]. The spherical nanoparticles may be regarded as a primary shape. 

Subsequently, the primary shape is then mechanically deformed into a secondary shape at temperatures 

exceeding the bulk Tg (e.g. Table S II-1 vs Figure II-1f). In this work, it was undergone merely uniaxially (, 

however, it was also reported the plausibility of biaxial stretching[4, 33, 67, 68], imparting much higher aspect 

ratio, surface area, and variation of radius of curvature (Rc(t)), but very low density of particle constituents 

[Supplemental Calculation] compared to the uniaxial one). Consequently, the sample is cooled below the 

bulk Tg, while still under stretching, to induce crystallization. Next, the secondary shape is preserved through 

an abrupt reduction in polymer chain mobility. Generally, the recovery to the primary shape in shape-memory 

is then attained by simply heating the unconstrained network above dry bulk Tg. The resulting increment in 

polymer chain mobility permits the entropic energy lost during stretching to be converted into a restorative 

force that reestablishes the primary shape of the network. Nevertheless, we reported here that the recovery 

to the original state occurred below the bulk Tg (chiefly at physiological-related condition: 37oC, PBS pH 7.4 

310 mOsm), depending on the complex physicochemical parameters of bulk & fabricated nanoparticles. 

In principle, it appears that by stretching or formation of non-spherical particles, the neater alignment of 

polymer chain arrangement in nanoparticle is formed. The higher order is, however, not favored 
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thermodynamically. At higher temperature (e.g. 37oC), the larger entropy is triggered, which may lead back 

the polymer chain to the preferable disorientation. The degree of polymer chain mobility, indicated by the 

rate of shape transformation into spheres in this report, is subject of multifarious physicochemical properties 

of bulk 

& fabricated nanoparticles (discussed in the following sections). On the contrary, as expected, nanoparticle 

storage at lower temperature (e.g. 5oC) can aid to lessen the entropy level, thereby reduce dramatically the 

higher disorientation inclination of polymer chain arrangement. In other words, low storage temperature 

maintains longer the non-sphericity of nanoparticles. 

4.1. Effect of Fabrication Method 

4.1.1. Cross-Linking 

In principle, the swelling of hydrogels (e.g. O-CMCHS and gelatin) at physiological pH (7.4) was very 

favorable, even for the highly (chemically) cross-linked hydrogel system as demonstrated elsewhere[69]. It is 

due to the existence of charge from the isoelectric point of the polymers (i.e. isoelectric point [IEP] of O-

CMCHS: 2.0 - 4.0[69]; gelatin type B: 4.7 - 5.4[58]) at physiological pH. We have tried to harvest both non-

spherical cross-linked hydrogel nanoparticles from PVA (Mowiol® 40-88) film using only highly purified water 

(HPW; pH 5.5 - 5.8) as well, however, the exaggerate swelling still occurred (similar appearances like in 

Figure II-1b). The considerable swelling in the non-spherical cross-linked hydrogel nanoparticles by the film-

stretching method may be explained by the facts that swelling is more pronounced in the cases of smaller 

submicron (i.e. size < 200 nm), less cross-linked (for O-CMCHS), and heated particles[16, 70]. From these 

findings, it can also be inferred that swelling is actually displayed by hydrogel particles prepared by any 

materials (e.g. poly(hydroxyethyl acrylate) / PHEA, poly(ethylene glycol) diacrylate / PEGDA[70], derivatives of 

hydroxyl PEG acrylate groups[71, 72], etc.) and methods (i.e. imprint lithography, irrespective from its 

subtypes[16, 70], particle replication in nonwetting templates [PRINT®][71-76], etc.), but they are in the much 

lesser degree.  

In our study, although the employed gelatin nanoparticles as prepared by Geh et al.[77] had been highly 

cross-linked (~85%) using the standard chemical (covalent) cross-linker (i.e. glutaraldehyde), dramatic 

swelling thereof after embedment in PVA film matrix still took place (Figure II-1b). This might be more 

associated to the heating history of gelatin nanoparticles in PVA film matrix (including its strong interaction 

with PVA as presented in the section “Results”) as well as its small submicron size. Moreover, the strong 

interaction between hydrophobic part of gelatin and PVA was utilized to develop gelatin nanoparticles 
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without crosslink[78]. The remarkable interaction may also occur between PVA and other hydrogel systems, 

such as lithography (e.g. S-FIL[14], J-FIL[15, 79], and D-FIL[16]) or PRINT®[71-73, 75] method.  

 

Nonetheless, the stretched gelatin nanoparticles had a slightly (far from ideal; Figure II-1d) non-spherical 

(prolate) shape, favorably associated to the immediate shape transformation during harvesting and storage 

in physiological-related condition. This might be explained merely due to the greater hydrophobicity of gelatin 

bulk materials (higher than other protein, such as human serum albumin [HSA]; Figure II-5e) and 

nanoparticles (as exhibited in section “Results”). It is because in principle, the covalently cross-linked 

networks (like in gelatin nanoparticles) should show affine deformation towards stretching[80]; meaning it 

should behave likewise the thermoplastic polymers (e.g. aliphatic polyesters, polystyrene, etc.)[65]. In the 

case of O-CMCHS owning the poorest nanoparticle non-sphericity, it may rather be ascribed to the lack of 

nanoparticle integrity, due to the consideration of its high bulk hydrophilicity (Figure II-5e) and Tg (140 - 

150oC)[81].  

 

Regardless of the poor results of non-spherical cross-linked hydrogel nanoparticle shape stability, we also 

suggest that because of the exaggerate swelling, film-stretching method seemed inappropriate for the 

production of non-spherical cross-linked hydrogel nanoparticles. Hence, this paper remonstrates the prior 

suggestion by Champion et al. (2010)[82] that the film-stretching method would be rather versatile for the non-

spherical nanoparticles fabrication using various bulk materials and nanoparticles. Nevertheless, film-

stretching method may be still appropriate for other (more solid) cross-linked particles (e.g. poly(methyl 

methacrylate) [PMMA][83]). 

 

For the manufacturing of milder swollen non-spherical hydrogel micro- and nanoparticles (which usually have 

low [but tunable] Young’s modulus[71-73]), imprint lithography or PRINT® technology (a top-down method[84]) 

may provide more promising possibilities. However, certain component material(s) on both technologies are 

not biodegradable, e.g. PEGDA[14, 85]. Furthermore, and importantly, we should be aware and critical to the 

potential instability of their non-spherical shape in relation to the comprehensive manufacturing aspects, 

mainly the hydrophobic degree of particle component materials (Figure II-5e). Some of examples of these 

system are discussed below. 

 

For the first instance, the synthesis of moderately hydrophobic non-spherical (biconcave or complex oblate 

ellipsoid) hydrogel microparticles has been demonstrated (with the details: particle Young’s modulus 7.8-



Non-Spherical Nanoparticle Shape Stability is Affected by Complex Manufacturing Aspects 

25 

63.9 x 10-6 GPa[73]; consisting of PHEA [~up to 80% as main polymer], 2-carboxyethyl acrylate / CEA [10% 

as negative charge bearing agent], and PEGDA [1 - 10% as cross-linker; bulk Young’s modulus: 0.01 - 3 

GPa[86]). By virtue of deliberation of their comprehensive manufacturing aspects (i.e. low Young’s modulus, 

poor bulk Tg [likely < 22oC[87], depending on the water content], and moderate hydrophobicity of their 

components and final preparation [which may be comparable to aliphatic polyesters; Figure II-5e]), we 

believe that this system is favorably to encounter shape transformation into spheres in physiological-related 

condition, even the transformation rate is possibly slower than at the nanoscale[26]. But, there was no report 

regarding its non-spherical shape instability because they used 0.1% PVA (2 kDa) as dispersant that 

definitely stabilizes the shape of non-spherical microparticles (recall the case of our residual PVA results).  

 

Second, PEGDA cross-linked by synthetic peptide (acrylated Gly-Phe-Leu-Gly-Lys / GFLGK) was employed 

to produce non-spherical hydrogel nanoparticles[14]. By using similar extensive approach as above, it is 

known that PEGDA nanoparticles have low, but tunable nanoparticle Young’s modulus 0.255x10-6 - 3 GPa[86] 

(depending on cross-link density), poor bulk Tg (~-34oC, regardless of its cross-link density[88]), Tg 

confinement effect, small Rc(t), and mild-moderate hydrophobicity of their components. Based on these data, 

we propose that the nanoparticles may experience considerable non-spherical shape instability in 

physiological-related condition. Our proposal is strongly evinced by the very rapid transformation of similar 

non-spherical nanoparticles into spheres after the contact of (unconstrained) particles with highly purified 

water (HPW)[89]. Therefore, the omission of supposedly high amount of stabilizer (PVA 31 kDa) post 

synthesis process was performed[14]. From these two examples, it is noteworthy to point out that the 

presence of proper stabilizer exhibits the superior non-spherical particle shape stability.  

 

Lately, instead of optimizing the commercially available stabilizer and materials for supporting the excellent 

non-spherical particle shape stability, it is not surprising that the trend in finding and utilizing less 

hydrophobic novel polymers as particle core grows significantly. The eminent examples thereof encompass 

the members of hydroxyl PEG acrylate (HPA) group[71], such as triethylene glycol monoacrylate (TEGA)[72, 75], 

and tetraethylene glycol monoacrylate (HP4A)[74, 76, 90]. Nevertheless, these new polymers have bulk Tg much 

lower than their parent polymer PEGDA[91], where the hydrophobicity is inversely proportional to the length of 

hydrophilic side groups[91]  (e.g , i.e. Tg TEGA -48oC[91] vs Tg PEGDA -34oC[88]). Therefore, it will be very 

fascinating to investigate the best compromise between the hydrophobicity aspects and the other 

physicochemical properties (e.g. Tg, Young’s modulus, etc.). 
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4.1.2. Molecular Entanglement 

To hinder excessive aggregation (principally during nanoprecipitation), the entanglement of polymer chain 

should be optimized by an appropriate polymer molecular weight. Relative low molecular weight polymer is 

highly recommended[92], such as ~17 kDa (as used here). The larger molecular weight (~44kDa) of PLGA 

50/50-COOH is still proper for nanoprecipitation process (; which is in agreement as reported up to ~61 kDa 

or 0.67 dL/g intrinsic viscosity[93]). However, the higher the polymer molecular weight by nanoprecipitation, 

the lower the nanoparticle yield due to the more aggregates formation (Table II-1). The low molecular weight 

aliphatic polyester (17 kDa) might have surface active properties[94], thereby permits better nanoparticle yield 

and integrity as well as compactness (low porosity). Therefore, it is not surprising that the higher porosity of 

aliphatic polyester nanoparticles (i.e. PLGA 50/50-COOH 0.67 dL/g) prepared by nanoprecipitation has been 

developed as “sponge” core for toxin entrapment[95].     

It is notorious that aliphatic polyesters[26, 65] and PS(-COOH)[96] have shape-memory properties. For aliphatic 

polyesters, the shape-memory properties are more pronounced in the case of ester-ended variant, very low 

molecular weight (4.1 kDa) and very low bulk Tg (27oC)[26]. Whereas, carboxyl-ended modification has better 

solubility in water and physiological pH, thus enables lower interfacial tension to the nanoparticles during 

their dispersion on these media. It is also known that the smaller the particle size (in submicron or 

nanoscale), the higher possibility and rate of shape change[26, 96]. This finding is associated to the larger 

impact of interfacial tension at the nanoscale[26, 96] and lower Rc(t) (Figure II-1d).  Even the shape shifting of 

pure macroscopic poly(styrene) / PS sheet (Rc(t) ∞) was reported at a temperature below its bulk Tg, viz. 

60oC[97] vs 100oC[23], consecutively. 

From the “Results” section, it is very clear that the involvement of particular stabilizer (only PVA [Mowiol® 4-

88] in the emulsion solvent extraction for PLA-COOH and PLGA 75/25-COOH; sulfate ester in the emulsion

polymerization for PS-COOH; and CTAB in the condensation for SiO2) might result the meaningful residual 

stabilizer albeit thorough and strictly standardized washing process, leading to much superior non-spherical 

nanoparticle shape stability in physiological-related condition. We believe and hypothesize that pure PS-

COOH or PS nanoparticles (produced by surfactant-free process and in the same size range as tested here) 

may impart poorer non-spherical shape stability in physiological-related condition due to their higher bulk 

hydrophobicity than the carboxyl-ended aliphatic polyesters (Figure II-5e). Likewise, we suggest that the 

non-spherical shape stability may also occur in the case of non-spherical core-(hydrophobic)shell systems 

having comparable or more inferior (e.g. Tg) physicochemical properties than materials tested here, such as 
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cyanoacrylate-chitosan[98], PLGA 15/85-chitosan[8, 99], and PMMA-(PS-PDMS)[83] (poly(methyl methacrylate); 

poly(styrene); poly(dimethylsiloxane)) (Table II-2 & Figure II-5e). However, there was no implicit report 

regarding the particle shape stability thereof inasmuch as the dispersion unavailability in physiological-

related condition (e.g. 5oC[98], high stabilizer content[83, 100], constrained in [unreleased from] rigid matrix[89], or 

in organic liquid[83]), too short observation time (e.g. 1 hour[8]), and particle storage only at dry and room 

temperature. According to our confirmative study, it is true that by storage of non-spherical aliphatic 

polyester nanoparticles at 25oC (at ambient relative humidity) for 12 months in the constrained (unharvested) 

state in the PVA film, there was practically no aspect ratio decrease thereof (data not shown). To date, only 

few publications emphasize the plausibility of non-spherical particle shape transformation in physiological-

related condition[26, 85]. 

4.1.3. Uncompromisable Requisite of Hydrophilic & Strongly Attached Stabilizer for Hydrophobic 

Bulk-Nanoparticles 

To preserve the non-sphericity of nanoparticles, it was known that in the PRINT® system, 0.1 - 0.5% PVA 

(with very high interfacial activity due to the low degree of hydrolysis [75%] with 2 kDa, 20 kDa or 22 kDa) is 

utilized intentionally as nanoparticle dispersant, including for in vivo study[71-73, 75, 76, 101]. Instead of thorough 

washing, others also preferred to keep the high amount of PVA (2% 31 kDa[14]) or give extra Poloxamer 

(such as 0.75%[102] or 1%[103]) as dispersant in final preparation to endow better nanoparticle stability and 

circulation time. Importantly, some extra dispersant actually might not help much to stabilize the 

nanoparticles in the real physiological environment due to the rigorous dilution of the dispersant and if the 

stabilizer easily detaches from the nanoparticle surfaces[104]. Hence, the additional stabilizer post 

nanoparticle formation is mandatory for stabilizers that are weakly bound onto nanoparticles, such as 

Poloxamer 407[103] on aliphatic polyester nanoparticles[105]; otherwise the stabilizers were too inadequate to 

protect the nanoparticles from opsonization. In the case of our study, it is very reasonable that the P407 

stabilizer is extracted by PVA used as the film matrix due to its strong retention to PVA[106]. Meanwhile, in 

case of TPGS, TPGS may have too low affinity (due to too hydrophilic) onto PLA-COOH nanoparticles, as 

reported elsewhere[106, 107]. In-depth discussion of residual stabilizers is presented in the section “Discussion: 

Effect of Hydrophobicity of Materials & Particles”. 
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Table II-2. Physicochemical Contrast of Non-Spherical Polymeric Core-Shell Nanoparticles Prepared by Film-Stretching Method 
Parameters Example 

1 2 3 
Component Core Shell Core Shell Core Shell 

Material Cyanoacrylate 
(PIBCA) 

Chitosan 
(Low Viscosity) 

PLGA 15/85 Chitosan PMMA PS-PDMS 
(Block Copolymer) (Degradex® from Phosphorex, Inc., Hopkinton, USA) 

Reported in 
Reference(s) 

[98] [8, 99] [83]

Young’s Modulus 
(GPa) ~0.002[242] 0.002 - 0.003[243] N/A# ~0.002[243] ~3[23] PS 3.2 - 3.4[23] 

PDMS 0.36 - 0.87[244] 
Tg 
(oC) Bulk 130[245] Bulk ~100 - 150[81] Nanoparticle 40 - 41[8, 99] 

Bulk N/A# Bulk ~100 - 150[81] Bulk 106 - 113[23] PS Bulk 100[23] 
PDMS Bulk ~123 - 150[23] 

Bulk Hydrophobicity Refer to Figure II-5e Refer to Figure II-5e - Refer to Figure II-5e Refer to Figure II-5e Refer to Figure II-5e 
Positive 
Remarks 

 High bulk Tg (PIBCA & Chitosan) 
 Dry heat stretching procedure 
 Further information availability of chitosan properties

 High bulk Tg (Chitosan)  Intermediate (PS) & high (PMMA < PDMS) bulk Tg 
 Intermediate (PDMS) & relative high Young’s Modulus (PS &

PMMA) 
 Dry heat stretching procedure
 A little information availability of washing process & used

polymer molecular weight 
Negative Remarks  High hydrophobicity (PIBCA slightly < chitosan slightly < 

gelatin) 
 Very low Young’s modulus (PIBCA ≈ Chitosan)

 Very low bulk Tg & relative lower Young’s modulus of PLGA
15/85 (due to high glycolide percentage)[58] 

 Very low Young’s modulus (Chitosan)
 Low wet Tg (nanoparticles) 
 Oil bath during stretching (thus, involvement of additional 

potential contaminants & organic solvent) 

 Great hydrophobicity (PMMA ≈< PS slightly <  PDMS)

Unknown Information  Residual stabilizer amount
 Details of washing process (including washing & 

redispersion factor) 
 Details of PIBCA (e.g. molecular weight)
 Nanoparticle integrity (~porosity ~residual moisture) 
 Surface roughness
 Nanoparticle hydrophobicity 

 Residual stabilizer amount
 Details of washing process (including washing & 

redispersion factor) 
 Details of core-shell materials (e.g. molecular weight)
 Nanoparticle integrity (~porosity ~residual moisture) 
 Surface roughness
 Nanoparticle hydrophobicity 

 Residual stabilizer amount
 More about washing & redispersion factor 
 Nanoparticle Integrity (~porosity ~residual moisture) 
 Surface roughness
 Nanoparticle hydrophobicity 

#N/A: Not Available. 
Abbreviations: PIBCA: poly(isobutylcyanoacrylate); PLGA: poly(D,L-lactic-co-glycolic acid); PMMA: poly(methyl methacrylate); PS: 
poly(styrene); PDMS: poly(dimethylsiloxane). 

4.2. Effect of Mechanical Properties: Young’s Modulus, Surface Roughness (Rrms) & Tg 

In principle, roughness (surface topography) correlates with the hydrophobicity (surface energy / surface 

chemistry) and wettability (WCA)[37]. The impact of surface roughness may seem trivial, but our results 

showed its significance (recall the shape instability of rough non-spherical PLGA 50/50 by nanoprecipitation). 

Due to the necessity of sophisticated instrument for particle’s roughness measurement (e.g. AFM), only a 

small number of papers have reported the influence of surface roughness to physiological-related 

phenomenon, e.g. protein adsorption[108] or so-called corona. This phenomenon get more and more 

spotlights[109] because of its high correlation into clinical effect[110, 111]. 

Confinement effect was proved to be affected by the interfacial activities (in decreasing phase transition 

[including liquefaction] temperature of confined materials, irrespective of object geometry), existence of 

residual stabilizer, and kind of dispersion media[41, 112, 113]. Atoms at a free surface (such as in nanoparticles) 

encounter a diverse local milieu than do atoms in the bulk material. As a consequence, the energy related to 

these atoms will commonly be different from the atoms in the bulk. The additional energy linked with surface 

atoms is called surface free energy (SFE). In bulk materials, such SFE is characteristically ignored because 

it is attributed with merely a few layers of atoms near the surface and the ratio of the volume occupied by the 

surface atoms and the total volume of material of interest is low. Conversely, for smaller objects, the surface-

to-volume ratio becomes very significant, and so does the effect of SFE[36]. 

In general, macroscale objects have virtually no tendency to experience confinement effect compared to 

microscale[85, 114] and nanoscale[36, 42] objects. This trend may be ascribed to the higher surface-to-volume 
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ratio of the nanoscale objects. Strong confinement effect on phase transition (e.g. liquefaction [Tg or Tm]) 

temperatures in nanoscale objects or radius of curvature does not only occur on polymeric systems (as 

reported here and elsewhere[41, 42]), but also on any materials, both non-metallic (e.g. water[51], lipid[115, 116], 

etc.) and metallic ones (e.g. gold [Au][117, 118], lead [Pb][119], tin [Sn][119], bismuth [Bi][119], etc.). Interestingly, it 

was reported that even in macroscale, certain polymer cases, such as bulk aliphatic polyesters, were also 

prone to the reduction of Tg due to absorption of non-freezable water[39, 40]. However, to our best knowledge, 

there is still no report discussing the relation between Tg confinement effect and non-spherical particle shape 

stability. Therefore, this report is the first one which proposes to correlate thereof. Nevertheless, it has been 

actually reported the shape evolution from the non-spherical to spherical nanoparticles on aliphatic polyester 

derivative (i.e. PEG block copolymer)-microparticles (initial Feret’s diameter ~50 μm)[85]  and aliphatic 

polyester micro-nanoparticles (initial & final sphere ø 0.15 - 4 μm)[26]. The PEG-aliphatic polyester block 

copolymer (having a lower bulk Tg than its native aliphatic polyester) was also described to encounter the Tg 

confinement effect[120]. Both reports used stabilizers during the nanoparticle formation, i.e. polysorbate 

(Tween®) 20 (0.5%) during the washing step for the former and PVA (2%; molecular weight 10 - 30 kDa) 

during the solvent diffusion (also known as emulsion solvent extraction) process. The plausible rationale of 

residual stabilizer will be discussed deeper in the section “Results: Effect of Hydrophobicity of Materials & 

Particles”.  

For nanoprecipitation system (containing only aliphatic polyesters), the smaller Young’s modulus and Tg are 

ascribed to merely confinement effect due to the smaller size (width & height) of nanoparticles and presence 

of very low Rc(t) (Figure II-1d). Meanwhile, in the emulsion solvent extraction containing significant residual 

PVA, the slightly higher of mechanical properties are designated to the PVA, which is semi-crystalline[121, 122] 

and gains higher crystallinity after stretching[123]. It was also obviously observed the slightly growth of 

formulation’s Tg of nanoparticles containing residual PVA due to antiplasticization effect, as reported 

elsewhere[124]. As comparison, in case of the presence of amorphous and crystalline variants in a polymer 

(e.g. polyethylene terephtalate [PET][125] or polypropylene [PP][126]), polymer stretching generally increases 

Tg and Young’s modulus several folds inasmuch as crystallinity enhancement.   

In many cases, residual stabilizers can also be problematic due to the decline of particle’s Tg in final 

preparation. Although some other common stabilizers (Poloxamer[105, 127], TPGS[128], cholic acid in sodium 

salt form[129] and polysorbate [Tween®] 80[130]) are practically easy to be cleaned from particles, but in an 

adequate amount in the final preparation, they are reported to lessen the system Tg. The Tg reduction is well 
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known as the presumable main reason of burst release in drug delivery[131]. In our formulation, the 

insignificant amount of resided Poloxamer 407 and TPGS is well represented as the insignificant changes of 

formulation Tg (data not shown). It was reported when acting as stabilizer, TPGS would distribute only on the 

particle surface and by washing up more than 2 times, the remaining TPGS on the surface could not be 

detected anymore by X-ray photoelectron spectroscopy (XPS)[132, 133]. This may be the proper explanation for 

the poor protection of TPGS for non-spherical PLA-COOH nanoparticles fabricated by emulsion solvent 

extraction. In contrary, the particular amount and type of PVA (possessing high interfacial activity) could 

adhere irreversibly on particles surface prepared by emulsion solvent extraction via molecular 

interpenetration and multilayer adsorption mechanism[134], thus affects particle’s physical properties 

(including drug release from nanoparticles) and cellular uptake[135, 136]. Interestingly, with regard to the 

residual stabilizer, the affinity and extent of residual PVA, Poloxamer, and TPGS on aliphatic polyester 

nanoparticles prepared by emulsion solvent extraction can also be differentiated from the freeze-drying 

results in highly purified water (HPW) and without additional cryoprotectant (our unpublished data; in 

preparation). Only PVA could elicit spontaneous redispersion and practically no aggregation, which can be 

assigned as the sufficient amount and strong adsorption of PVA on nanoparticles. The aggregation degree of 

nanoparticles synthesized by the aid of Poloxamer 407 & TPGS is as inferior as the nanoparticles prepared 

by nanoprecipitation (no stabilizer). These results are in agreement to previous publications with other 

materials and shapes of nanoparticles[127, 132, 137]. Based on the experimental results, we propose a 

systematic approach to better explain and predict the non-washability of particular stabilizers, as depicted in-

depth in the section “Discussion: Effect of Hydrophobicity of Materials & Particles”.  

4.2.1. Reverse Proof of Complex Physicochemical Properties Interplays 

4.2.1.1. First instance: Successful Stretching at the Temperature Below Bulk Tg using 

Nanoparticles Composed of Low Young’s Modulus, but High Tg Material 

Palazzo et al.[98] interestingly reported that the manufacture of non-spherical nanoparticles using film-

stretching method uniaxially could be undergone far (~50 - 100oC) below the bulk Tg of the polymer 

(Table II-2). To our best knowledge, only this paper reports the success of film-stretching method below the 

Tg. Others[4, 13, 68, 138, 139] (including this report) always employ the temperature higher (normally ~20 - 30oC) 

than the bulk Tg, regardless of the used stretching medium [dry heating or oil bath] & nanoparticle materials. 

Moreover, Lu et al.[138] should perform the stretching ~100oC higher than the Tg due to their device limitation. 

Palazzo et al. works might be feasible inasmuch as the low Young’s Modulus of the used materials 

(cyanoacrylate: i.e. poly(isobutylcyanoacrylate) [PIBCA] & chitosan; both ~0.002 GPa; Table II-2). We do not 
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believe the reason that Tg confinement effect could be applied to explain it, because our works convincingly 

showed the inability to stretch PS-COOH nanoparticles (the highest nanoparticle Young’s modulus that can 

be stretched in our study: ~2 GPa; Figure II-1f), even at its bulk Tg (Figure S II-3). Conversely, ours 

confirmed that Tg should vary in diverse medium, as reported elsewhere[113].  

Nevertheless, we still can infer that the obvious interplay presence between Young’s modulus and Tg yielded 

the certain resistance for stretching process (Figure S II-3). In this case, although bulk Tg of PS-COOH 

(~93oC; Figure II-1g) is much lower than both bulk Tg in Palazzo’s work (in-between ~100 - 150oC; 

Table II-2), PS-COOH nanoparticles cannot be proportionally stretched as our standard stretching process at 

120oC (Figure II-2). Moreover, stretching PS-COOH nanoparticles at its bulk Tg only generate lemon-like 

nanoparticles partially from total nanoparticle population (Figure S II-3). Our generated shape resembles the 

nanoparticle shape produced by them. This shape might be attributed to the weak elastic deformation 

because of the high resistance from polymer chain mobility in nanoparticles. In addition, because of high 

bulk (cyanoacrylate & chitosan) hydrophobicity, high material-water interfacial tension may also induce the 

nanoparticle shape switch during harvesting in aqueous medium (Figure II-5e). 

4.2.1.2. Second Instance: Unsuccessful Stretching at the Temperature Far Above Bulk Tg using 

Nanoparticles composed of High Young’s Modulus, but Low Tg Materials 

Cauchois[140] reported his failure to stretch spherical poly(γ-benzyl-L-glutamate) (PBLG) nanoparticles using 

film-stretching method. PBLG, a rigid[141] liquid crystalline material, has an unique (helical) internal structure, 

thus may exhibit either spherical or elongated particles, depending on its variants[142]. It has rather high 

hydrophobicity (in-between PLA-COOH & PLGA 75/25-COOH; Figure II-5e), bulk Young’s modulus 34 

GPa[143], and Tg ~19oC[144]. He found out that even the stretching process was performed at the temperature 

(i.e. 150o) far above the bulk Tg, spherical PBLG nanoparticles were unsuccessful to be deformed into the 

elongated ones[142]. The hydrogen bond, which should take an account as the main driving force in 

transforming stretched particles[12], seems work limitedly for “soft” material (< 10 GPa[145]), such as PS and 

PMMA[83]. To sum up, the Young’s modulus of particles appears also to be one of a critical factor (besides 

Tg) determining the success of film-stretching method.  

Based on both instances, we can conclude that the unavoidable interplay between multiple factors (Young’s 

modulus, Tg, and surface chemistry) determines the deformability degree of nanoparticles (in this section, it 

is characterized by the success degree of non-spherical nanoparticle formation by film-stretching method). 
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We estimate that the deformability degree in the film-stretching method may favorably represent (but of 

course, still less a couple order of magnitude) the geometry sensitiveness of non-spherical nanoparticles in 

the real aqueous dispersion towards the interfacial tension. Therefore, these evidences reinforce our 

hypothesis that the complex interplay of manufacturing aspects may affect the non-spherical nanoparticle 

stability. We cannot only concern in one-two aspect(s) and neglect the others.  

4.2.2. Correlation of Interfacial Phenomena towards Geometry and Internal Structure 

Because of the interfacial tension, spherical particles (having no specific internal structure [like all 

experimented here using Wide Angle X-Ray Diffractometry, data not shown] or merely amorphous state in 

nature) are formed thermodynamically from non-spherical particles in order to minimize the contact area to 

water (recall the relative surface area comparison of the same volume objects, but different shape in 

Figure II-1d & Supplemental Calculation). This phenomenon arises from the energetic cost of forming a 

surface. Therefore, the SFE of the system is minimized when the particle shape is spherical. Besides, 

spherical state may permit polymer chain inside nanoparticles to have larger cohesive energy[146, 147]. 

Meanwhile, the greater surface area of non-spherical state (and the contribution of very low Rc(t)) will 

introduce more pronounced interfacial tension eliciting higher pressure. Consequently, the pressure would 

play a dominant role in the enhancement of polymer chain mobility on the surface, leading to the particle 

shape shifting into spheres[148]. To summarize, here is the condensed hypothesized correlation: the higher 

the hydrophobicity of materials/nanoparticles, the higher the interfacial tension, the higher the pressure 

working on nanoparticle surface, the faster the shape transformation into spheres. In brief, there is a sturdy 

relation between surface chemistry (hydrophobicity) and non-spherical shape stability/existence, as long as 

no robust or rigid internal structure. Our hypothesis is described on the next following examples. 

First, beside well-defined amorphous aliphatic polyesters and PS-COOH studied here, another best example 

for the aforementioned hypothesis is poly(4-vinyl pyridine) (P4VP), an amorphous and a weakly hydrophilic 

polymer (Figure II-5e). Likewise the aliphatic polyesters, P4VP (grafted by PS) exhibits shape-memory 

properties depending on media pH[149-151]. In contrast to aliphatic polyesters, the P4VP hydrophobicity 

becomes lesser at pH lower than its pKa (5.5) and reaches maximum at higher pH[149, 151]. Therefore, these 

findings are recently employed to produce a pH sensitive block copolymer with polystyrene (PS-b-P4VP)[149,

150]. In accordance to our interfacial activity database (Figure II-5e) and other aspects of P4VP (bulk Young’s 

Modulus 4.05 GPa[152] & Tg 142oC[23]) and PS, it may be plausible that the non-spherical / elongated (so-

called pupa-like) particles made from PS-b-P4VP may demonstrate relaxation into the spherical ones in 
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physiological-related condition[149]. Our suggestion relies on the report by Deng et al.[150] revealing three key 

points that also fully support our hypothesis: (a) addition of higher amount PVA (0.1%; 13 - 23 kDa & 88% 

hydrolyzed) during the manufacturing is indispensable for the greater nanoparticle hydrophilicity and thus, 

abundance of non-spherical nanoparticles; (b) weakly elongated internal structure exhibited by PS-b-P4VP 

(each material component Young’s modulus ~ < 4 GPa) can only be demonstrated with the considerable 

amount of PVA; and (c) higher hydrophobicity caused by the incorporation of hydrophobic gold (Au) ~40% 

(Figure II-5e; bulk Young’s modulus ~65 GPa[153] & Tm 1,064oC[154]) results the plumper nanoparticles 

(decrease of aspect ratio).  

Second, to give a diverse / contrary approach, the tunably amphiphilic (SFE ~22 - 45 mN/m)[155] poly(2-

oxazoline) family was demonstrated. The increase of nanoparticle hydrophobicity by the incorporation of 

hydrophobic drug (i.e. Docetaxel (logP 2.4[156]) or Paclitaxel (logP 3.24[156]) into the amphiphilic worm-like 

poly(2-oxazoline) micelles (or so-called “filomicelles”; bulk Young’s modulus ~2-20s x 10-6 GPa[157] & bulk Tg 

~80oC[155])) is proven to trigger an immediate transformation of non-spherical nanoparticles into spherical 

nanoparticles[158]. The higher the hydrophobicity induced by the particular drug (i.e. Paclitaxel) and higher 

drug loading (leading to larger particle-water interfacial tension), the more spontaneous and entire the 

spherical shape switch. In contrary to our current results displaying the preferable transformation from non-

spherical into spherical particles during storage, Schulz et al. (2014)[158, 159] reported that their drug-loaded 

nanoparticles turned gradually from spherical into worm-like particles due to the release of hydrophobic drug 

from nanoparticles (up to ~60% for 25 days). Their observation was conducted at room temperature (~25oC) 

& 37oC[159] (far below the drug loaded-nanoparticle Tg 73 - 76oC) and in physiological-related medium 

(phosphate buffer saline [PBS] pH 7.4 310 mOsm). 

Third, for nanoparticles having its own definite internal structure, large interfacial tension because of high 

hydrophobicity or very low Young’s modulus could be simply overcome. As a consequence, they may 

generate superior shape stability[142] or even, non-spherical nanoparticles spontaneously from the spheres 

over time[115, 160, 161, 162, 163].  

The former example is represented by PBLG[142]. Inasmuch as its superior Young’s modulus and comparable 

hydrophobicity to PLA-COOH & PLGA 75/25-COOH (details are referred to the previous subsection 

“Reverse Proof of Complex Physicochemical Properties Interplays”), it is very plausible that the non-

sphericity of PBLG nanoparticles may stay longer in an aqueous dispersion in physiological-related 
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condition. The lower bulk Tg of PBLG does not appear to significantly induce the non-spherical shape 

instability. 

 

Whereas, the latter instance is exhibited by the crystalline lipids (e.g. triglycerides) in spherical solid lipid 

nanoparticles, which is stored in aqueous medium at room temperature[163, 164]. Triglyceride has high degree 

of hydrophobicity (Figure II-5e; represented as cocoa butter[58]), bulk Young’s modulus ~0.25-0.47 x 10-6 

GPa[165] and average Tm 31 - 34oC[58] (actual Tm ranging 11 - 73oC[116] due to the variation of trilaurin-

tristearin as well as α- & β-polymorph). Considering these unsupportive properties for non-sphericity, it is 

really astonishing to know that triglyceride nanoparticles can arrange themselves into non-spherical 

nanoparticles during storage. It is likely because of the necessity to have as high as possible 

cohesiveness[146] and density of crystal lattice[164]. In fact, the internal non-spherical (e.g. rod) crystal habit in 

nanoparticles can accommodate these needs through the formation of certain internal structure, i.e. stable β-

polymorph[115, 160, 161].  

 

However, because both non-spherical PBLG and triglyceride nanoparticles already have the highest 

thermodynamic stability and molecular compactness, they may impart very poor drug loading[164, 166] and final 

preparation quality. These situations are absolutely unexpected for drug delivery. In the future, we believe 

that the excellent compromise of shape factor and other manufacturing aspects will become the key issues 

to be handled. Additionally, in accordance to the findings described in this section and our entire results, we 

can conclude that the internal structure is principally the most influential aspect in determining the longevity 

of nanoparticle shape, then followed by surface chemistry (bulk-nanoparticle hydrophobicity; which can be 

further divided into: residual stabilizer, core-shell structure, and not to mention surface roughness), and next 

by Tg-Young’s modulus (-nanoparticle integrity) in the equal position. 

 

4.3. Effect of Porosity of Particles 

In many cases, porosity may correlate inversely with the Young’s modulus. It can be reflected in the relation 

of porosity (Figure II-1g) and Young’s modulus (Figure II-1f) on nanoparticles prepared without any stabilizer 

or surfactant. The two most porous nanoparticles in this group (i.e. PLGA 50/50-COOH and gelatin) have the 

smallest Young’s modulus. This trend was same as reported elsewhere[167]. These two factors appeared to 

be the additional inducers (beside surface roughness) to explain the poor non-spherical stability of PLGA 

50/50-COOH nanoparticles by nanoprecipitation.  
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The degree of SSA gain depends on the type and concentration of used stabilizer[168, 169] as well as sort of 

organic solvent[170]. These parameters are the renowned defining factors impacting the mechanical and 

hydrophobic properties of nanoparticles, thus also potentially affect the non-spherical nanoparticle shape 

stability. In addition, it has been studied the effect of diverse nanoparticle porosities[56, 171] to the 

physiological-related events, such as protein adsorption.  

The behavior of water absorbed into nanoparticles (displayed by the residual moisture) may be associated to 

various reasons, e.g. the effect of capillary condensation, the confinement of water by polymer structure, the 

formation of clusters, or the strong interactions between the highly bipolar water molecules and the polymer 

polar groups[40]. 

4.4. Effect of Hydrophobicity of Materials & Particles 

The presence of hardly removed residual stabilizer (usually surfactant) appears to be uncompromised for 

keeping the non-sphericity of nanoparticles in aqueous and / or physiological medium, chiefly when the bulk 

material is hydrophobic. Our hypothesis is totally based on our current experimental data and well supported 

by other references as discussed below.  

4.4.1. Aliphatic Polyesters and Residual Stabilizer Thereof 

For the first example, poly(vinyl alcohol) (PVA; Mowiol® 4-88), an amphiphilic stabilizer (which was added in 

the emulsion solvent extraction process for aliphatic polyester nanoparticles preparation) and commonly-

used in the colloidal suspension, plays an important role in maintaining significantly longer the non-spherical 

nanoparticle shape stability. It is very interesting because the resulted non-spherical nanoparticles had been 

thoroughly washed. This may be explained that PVA molecules are supposed to stay at the nanoparticle-

water interface after their work to decrease the interfacial tension (i.e. nanoparticle surface energy per unit 

area) during the initial nanoparticle formation. It has also been reported that PVA may be adsorbed or tightly 

associated with the surface layer and thus cannot be completely removed from the surface of 

nanoparticles[50, 105, 135]. In general, PVA has been preferentially chosen as emulsifier in nanoparticles 

fabrication due to its excellent stabilizing ability to avoid particles aggregation during post-preparative steps 

(e.g. freeze-drying and purifying), high yield of dry particles powder, and ease to be redispersed in solution 

after lyophilization[127]. But, the interest of PVA use in biodegradable nanoparticle formation was rather low 

because of the reported health risk caused by PVA[172]. Nevertheless, recently PVA’s safety profile is 

vindicated and acknowledged as “acceptable”[173]. As a consequence, PVA is now already approved for 

several injection products by US Food and Drug Administration (FDA)[174]. 
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In our results, residual PVA might arise dominantly from Mowiol® 4-88 (stabilizer in emulsion solvent 

extraction method) instead of Mowiol® 40-88 (matrix for film-stretching). This was confirmed by virtually no 

additional PVA adsorption onto nanoparticle surface after stretching and thorough washing of non-spherical 

aliphatic polyester nanoparticles fabricated by nanoprecipitation (Figure II-1d), thus no improvement of non-

spherical shape stability for aliphatic polyester nanoparticles fabricated by nanoprecipitation as well 

(Figure II-1d). In contrary, the PVA content in aliphatic polyester nanoparticles was remarkably higher 

(Figure II-5d). The disparity of PVA adsorption may be delineated by the interfacial activity variance of these 

PVAs[121], beside the probable higher propulsion force inducing PVA entrapment during the nanoparticle 

formation. Mowiol® 4-88 (stabilizer), the quite low molecular weight (31 kDa) PVA with the degree of 

hydrolysis 88%, has surface tension ~45 mN/m at critical micelle concentration (CMC) 0.5% (our results 

were in accordance to the manufacturer), meaning quite high interfacial activity. This makes it as an 

exceptional stabilizer for dispersed system[121]. Hence, it was not surprising that Mowiol® 4-88 is chosen one 

the most commonly-used PVA in the production of biodegradable nanoparticles[2, 175]. Whereas, Mowiol® 40-

88, the large molecular weight (205 kDa) variant of PVA with degree of hydrolysis 88%, generates surface 

tension ~54 mN/m at CMC 0.5%, which can be attributed to the relative smaller interfacial activity. This fact 

may provide reliable reasons: (a) why Mowiol® 40-88 penetration and binding to the aliphatic polyester or 

compact nanoparticles are low and (b) why it still can disrupt and strongly attach to the hydrophobic gelatin 

nanoparticles. In general, the lower molecular weight and degree of hydrolysis of PVA impart higher 

interfacial activity[121].  

According to our results, it is highly recommended to disclose the stabilizer details (e.g. for PVA, at least the 

information of molecular weight and degree of hydrolysis are vital to foretell the interfacial activity). 

Otherwise, the residue thereof becomes more uncertain and uncontrollable. However, some publications 

tend to disguise the information partly[176, 177] or totally[178, 179], likely due to the confidentiality issue. 

Besides, the unclear details of nanoparticle materials emanate as well. For example, some papers did not 

state clearly the molecular weight (/ intrinsic viscosity)[177] and/or end group[180] of used aliphatic polyesters; 

whereas these material properties are some of the determining factors for hydrophobicity. Our study and 

others[50] have shown clearly that the higher the hydrophobicity, the higher residual PVA, thus it may really 

modulate the non-spherical nanoparticle shape stability. 

Furthermore, it is also really important to state the exact details of nanoparticle washing step (e.g. for 
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centrifugation, it includes: the condition [speed & temperature], exact centrifugation cycle number and 

dilution factor; as well as dispersing energy[181]) during their synthesis. It was reported that the residual 

stabilizer on the nanoparticles is very determined by the degree of washing[107, 182]. There is, however, 

practically no publications stating obviously all details of washing steps, and here, we propose to cope with it. 

The unknown washing step details makes residual stabilizer issue more challenging and unpredictable. Of 

course, this issue is extremely critical for non-spherical shape stability.  

Based on above findings, we can infer that the detail description of employed materials (i.e. stabilizers and 

polymers) and washing steps in nanoparticle formation are very essential and should be declared as explicit 

as possible. 

4.4.2. PS-COOH and Residual Stabilizer Thereof 

The second residual stabilizer is based on the results of PS-COOH nanoparticles. It is very reasonable that 

no significant shape alteration is reported for elongated PS nanoparticles[4, 6, 13, 19, 83] because the 

nanoparticles may contain considerable amount of residual surfactant[43, 183]. Although some commercial 

nanoparticle products contain surfactants as stabilizers, sometimes the manufacturers refuse to disclose the 

chemical nature of the surfactant used[184]. Only few studies (including ours) successfully characterized the 

concealed surfactant by manufacturer, such as sulfate salt surfactant in PS nanoparticles[43]. 

4.4.3. Silica (SiO2) and Residual Stabilizer Thereof 

Beside our results, it was also reported considerable amount of surfactant (i.e. CTAB) was left on non-

spherical SiO2 nanoparticles compared to spherical ones[53]. Li et al.[55] observed as well that besides good 

resistance of non-sphericity, the residual surfactant on non-spherical SiO2 nanoparticles might help 

nanoparticles to be less degraded in simulated body fluids, such as gastric, intestinal and blood. Also, they 

observed that the larger aspect ratio the nanoparticles, the more stable the nanoparticles against 

degradation in simulated body fluids. Based on this result, the larger aspect ratio might be correlated to the 

higher residual surfactant, protecting from harsh pressure effect of water.   

4.4.4. Related Issue of Residual Stabilizer 

By applying film-stretching method, it is very reasonable that the configuration of residual (semi-crystalline 

polymeric; e.g. PVA [in our study], PEG [3000 - 20000][185], poloxamer[186], etc.) stabilizers alters significantly, 

such as from “mushroom” to “brush” (Figure II-1a). The configuration alteration is attributed to our results that 
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all stretched nanoparticles roughened after stretching [Figure II-1f, Figure II-5a & b]). The “brush” 

conformation is renowned for much lower hydrophobicity inasmuch as thicker polymeric layer[187]. It was 

reported that the stretching of the polymer chains perpendicular to the surface leads to several new physical 

phenomena, including higher hydrophilicity[187]. Nevertheless, it is also important to note that film-stretching 

method can yield lower total system density as a result of surface area growth, leading to lesser protection 

by stabilizer at the interface (Figure II-1d). It is prominent that lower density at the interface may cause the 

“mushroom” conformation[188]. Therefore, we suggest that the dynamic transition from “brush” to “mushroom” 

conformation does exist in the non-spherical particles manufactured by stretching method. This transition is 

in the contrary as usually reported in the spherical nanoparticles (from “mushroom” to “brush”)[189].  

In general, it appears convincingly that the density factor is slightly more dominant than conformation aspect. 

The most recent evidence is that the higher degree of stretching (including biaxial than uniaxial stretching; 

see Figure II-1d & Supplemental Calculation), the more likely the increase of hydrophobicity, thus resulting 

the lower C3 complement adsorption[4]. It is well known that C3 complement has greater adsorption 

propensity to more hydrophilic surface[111, 190]. C3 behavior is quite anomalous, whereas the majority of 

opsonins exhibits faster and higher adsorption to more hydrophobic objects[191]. 

Residual stabilizer issue is frequently underestimated[192] and misconstrued[193]. In the former case, it has 

been reported that the researchers claimed to use the “uncoated” nanoparticles. However, they actually used 

1% PVA (without any further specification) on their formula[192]. Therefore, the definition of “uncoated” 

nanoparticles should be standardized to minimize the misleading and misinterpretation of experimental 

results caused by the unintentional nescience. In the latter case, nevertheless the study objective is good 

(i.e. to see the synergistic between nanoparticle surface properties and in vitro related outcome [cytotoxicity 

enhancement of doxorubicin]), it is likely that the cancer cell culture study using aliphatic polyester 

nanoparticles produced by emulsion solvent extraction elicit bias results because of the unwary washing step 

(very likely just one time) and the usage of great amount of certain stabilizers above CMC (i.e. Cremophor® 

EL, Solutol® HS 15, and Tween® 80; in-between one-to-three orders of magnitude). Our speculation is based 

on another report[194] and our stabilizer physicochemical properties analysis (Table II-3; further discussed in 

the next section); where these two stabilizers are very plausible to not present at the interface, thus detach 

easily from hydrophobic aliphatic polyester nanoparticles. 

Furthermore, it is also important to note that toxicity can arise from residual stabilizer on a nanoparticle 

synthesis. However, on many occasions complete depletion of these residues is often difficult and 
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sometimes impossible. The degree of stabilizer removal depends strongly to its affinity into nanoparticle 

matrix. For example, CTAB, which has relatively intermediate-high surface polarity (around 0.53) compared 

to other stabilizers (Figure II-5e), is difficult to remove from hydrophilic matrix, such as silica[195] (Figure 

S II-4). It was reported that thorough CTAB elimination may lead to aggregation of the nanoparticles[196]. The 

strongly positive charge of CTAB adsorbed onto the surface of nanoparticles can trigger cytotoxicity and 

rapid opsonization, succeeded by MPS clearance[197]. As a consequence, many novel manufacturing 

methods involving materials extracted from natural sources as a novel stabilizers (e.g. human serum albumin 

[HSA], bovine serum albumin [BSA], etc.) have been studied to produce various core nanoparticle materials, 

such as aliphatic polyester[134] and gold[198].  

 

Additionally, the affinity of stabilizer onto nanoparticle surface may also be influenced by pH in the particular 

ionic stabilizers (Table II-3; logD), such as sodium cholate, sodium deoxycholate, and Solutol® HS 15. 

Nevertheless, some ionic stabilizers (e.g. sulfate ester group: SDS or docusate sodium) are less prone to the 

logD alteration, thus enable them to better protect the non-spherical nanoparticles throughout various 

physiological pH (e.g. non-spherical nanoparticles which are intended for oral administration route[139]). 

 

4.4.5. Investigation, Elaboration, and Outlook of Residual Stabilizer 

To extensively and systematically appraise the root causes of different residual stabilizer extent and affinity 

in nanoparticle system, we suggest to investigate the primary and secondary interfacial activity parameters of 

several commonly-used stabilizers and materials for particle formation. The former include SFE, interfacial 

tension, and WCA (Figure II-5e). While, the latter consist of (a). work of adhesion (also known as adhesion 

energy) between particle and stabilizer material in certain medium, i.e. water (WoA3), (b). interfacial tension 

of core particle and stabilizer material (IFT1.2), and (c) the difference of WoA3 and IFT1.2 (Figure S II-4).  

 

In the first priority, we propose to observe the difference of WoA3 and IFT1.2 to which better represents the 

overall affinity between stabilizer and particle materials, thereby complements the WoA3 & IFT1.2 concepts. It 

was already known that WoA3 only demonstrates the short term affinity, while IFT1.2 describes the tension left 

in the formed bond (i.e. the bond’s potential to break), characterizing long term affinity[199]. From the 

deduction of our results and others[53, 124, 127, 129, 133, 135, 136, 168, 194], the non-washability of PVA, sulfate esters, 

CTAB, and Triton® X-100 from various nanoparticles may strongly correlate to their primary and secondary 

interfacial activity parameters (Figure II-5e and Figure S II-4). Interfacial activity-based algorithms to 

determine the stabilizer non-washability and suitability for particle formation are suggested (Figure S II-4c). 
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To scrutinize the physicochemical properties that could be linked to the behavior and pattern of residual 

stabilizers on nanoparticle, we propose to investigate further some examples of small molecule stabilizers 

discussed previously here, by virtue of comparing their other, yet related experimental and computational 

physicochemical parameters (Table II-3). Alongside the normal reported basic physicochemical parameters 

for (active) substances, we consider to introduce a novel parameter, namely molecular polar surface area 

(PSA). PSA is the total area on molecule surface exerting merely polarized atoms (e.g. ultimately oxygen 

and nitrogen, also encompassing their bound hydrogens)[200]. By this way, researchers can predict the 

partition degree of substances (in a diverse way as the conventional one, e.g. partition coefficient [logP & 

logD]), thereby estimate the molecular hydrophobicity[201], conformation evolution[202], as well as behavior 

towards various cell membranes recently[203, 204]. PSA calculation gives results which are proportionally 

comparable with the accessible surface area (ASA)[205] representing area of a molecule that is accessible to 

solvent (i.e. water). Additionally, PSA is approximately up to 2 order magnitudes faster than ASA 

analysis[200]. The greater the PSA value (for instance ≥ 140 Å2[203]), the more hydrophilic the substance, thus 

the poorer imbalance between hydrophilic and hydrophobic (or lipophilic) part of the substance, leading to its 

lower interaction to the more amphiphilic matters (i.e. cell membrane). Therefore, it is not surprising that 

higher PSA displays poor membrane or cell permeation, e.g. through intestine[203, 206] or blood-brain barrier 

(BBB)[206, 207]. In contrary, the lower PSA value (i.e. ≤ 60 Å2) was reported to have better equilibrium between 

hydrophilic and hydrophobic, hence the interplay between the substance and amphiphilic substrates 

occurred stronger[203].  

Through this inspiration and the comparison of cumulative physicochemical properties of small molecule 

stabilizers (Table II-3, Figure II-5e & Figure S II-4), it is getting clear that generally, non-washable stabilizers 

should have a certain proportion of polar (hydrophilic) and disperse (hydrophobic or non-polar) (or so-called 

surface polarity, Xp) depending on the nature of particles, thus it can support their resistance on particles. 

These non-washable characteristics (of small molecule stabilizers) are possessed by, for example sulfate 

esters, Triton® X-100, and CTAB, demonstrating these characteristics: low surface tension (< 40 mN/m) at 

CMC, high LogP (> 2), high and virtually constant LogD at various pHs (each > 2), low intrinsic solubility (< -

4.0logS), and PSA < 120 Å2. Interestingly, hydrophilic-lipophilic balance (HLB) parameter, which is initially 

and frequently used as emulsion stability descriptor[208], shows very poor correlation towards the residual 

stabilizer on nanoparticle system, which can be classified as suspension. Hence, HLB may be rather 

inappropriate to portray the stabilizer affinity on solids dispersed in liquid medium.  
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In addition, both interfacial activity parameters (Figure II-5e) and other related physicochemical properties 

(Table II-3) may also be appropriate to elucidate the inability reason of several general stabilizers (e.g. 

polysorbate 80[194], gelatin[194], poly(vinylpyrrolidone) [PVP][194], and PEG (4000)[209]) in assisting the formation 

of nanoparticles. It is strongly proven that these stabilizers were deviated widely from the suggested values 

(Figure II-5e, Figure S II-4 & Table II-3). Our databases may complement the old report of Albertsson[210], still 

displaying no quantitative comparison between the macromolecular stabilizers. Nevertheless, his work is 

really influential to date and widely applied in pharmaceutical area[106, 211] to give insight of material 

(macromolecule) and nanoparticle hydrophobicity. In accordance to Albertsson’s report, dextran and its 

derivatives are the most hydrophilic polymers, while PVA and PEG have quite similar hydrophilicity (with 

PVA shows higher hydrophilicity). It can explain why dextran is totally not sufficient as stabilizer for 

hydrophobic aliphatic polyester nanoparticles development[194], but fails to enlighten, why the more 

hydrophilic PVA can be a great stabilizer than PEG (4000[209]) for (aliphatic polyester) nanoparticle synthesis. 

In fact, to be bond with the hydrophobic aliphatic polyesters, the relative more hydrophobic PEG variant (i.e. 

commonly methoxyPEG [(m)PEG] 2000[212], 3400[213], till 5000[212, 214]) should be covalently linked onto the 

aliphatic polyester backbone forming the block copolymer; where these block copolymers may form (micelle-

like) nanoparticles in aqueous solution. Logically, if the Albertsson’s sequence is assumed to be fully valid, 

the PEG may exhibit spontaneous and higher adsorption onto hydrophobic aliphatic polyesters. The 

combination of interfacial activity parameters (Figure II-5e) and other related physicochemical properties of 

stabilizers (Table II-3) may clarify such PEG issue, i.e. PEG has too weak interfacial activity (SFE or surface 

tension ~55 - 65 mN/m), too high solubility in water (positive logS) and high PSA (> ~1000 Å2), thus shows 

practically no presence at the interface due to its higher affinity to water molecules. In conclusion, the 

physicochemical properties generated by the computational method appear to be promising to equip our 

interfacial activity knowledge in comprehending its relation to the residual stabilizer. 

Meanwhile, in case of big molecule (termed as macromolecule afterwards) stabilizers, hitherto it is still rather 

hard to connect the residual macromolecule stabilizer on nanoparticle with their physicochemical properties 

due to the lack of appropriate physicochemical descriptor to be linked and great complexity-plausibility of 

interactions. Also, even by means of computational simulation, it requires a lot of computation effort, time, 

and cost just for the basic physicochemical properties (e.g. Tg, WCA, etc[215]). Therefore, to date the limited 

experimental approach (i.e. interfacial activity parameters; Figure II-5e) is the only source to understand this 

phenomenon. Nevertheless, we believe that the progress of macromolecule experimental and computational 

research will provide tools to unveil the holy grail of residual macromolecule stabilizer on nanoparticles. 
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Recently, the novel trend to use computer-assisted drug formulation design commenced[216]. 

As an outlook, we envision that certain residual stabilizers can be vexed, both for manufacturing process and 

clinical translation of non-spherical nanoparticles. This is due to the fact that albeit implementation of clearly 

described and strictly standardized nanoparticle washing as shown in this report, in many cases we cannot 

neglect the existence of particular residual stabilizers. On the one hand, they can be an impressive 

companion for particle shape stability, yet modulate other nanoparticle physicochemical properties (e.g. 

Young’s modulus, surface roughness, Tg, porosity, residual moisture and hydrophobicity). On the other hand 

they may also be a potential threat for further clinical application because almost all strongly retained 

stabilizers on nanoparticles are renowned for its toxicity. Careful selection of currently available stabilizers 

and innovative material development are demanded for the advancement of non-spherical nanoparticles. 

Besides, the clear divulgence of used stabilizer and washing process is very imperative. In the future, the 

nanoparticle research results should be more cautiously evaluated due to the inseparable influence of 

particle shape and surface chemistry. 

4.5. Comparison to Non-Spherical Silica (SiO2) Nanoparticles and Other Systems 

Learning from excellent shape stability of SiO2 nanoparticles (still having residual stabilizer) in physiological-

related condition, the further question may arise. How come if there is no residual stabilizer (or surfactant) at 

all during the manufacturing process? Could the non-spherical shape of nanoparticles dispersed in aqueous 

physiological-mimicking environment still persist? The answer is likely yes, but the Young’s modulus and 

liquefaction temperature (either Tg or Tm) of the material should be exceptionally high. For example, very 

hydrophobic (single-walled) carbon nanotube (SWCNT), having Tm of 4,177oC[217] and Young modulus of 

1,800 GPa making it as one of the stiffest material measured experimentally[218]), can be produced 

spontaneously without the presence of stabilizer using arc-discharge evaporation [219]. This technique is the 

same as to produce other fullerenes, such as spherical C60 (also, so-called Buckminsterfullerenes or 

buckyballs). Based on this, the member of fullerenes family may have similarity in terms of very great 

hydrophobicity. It has been reported that experimentally, spherical fullerenes are the most hydrophobic 

nanoparticles (regardless of its fabrication method) relative to gold and silver nanoparticles formulated with 

various stabilizers[220]. It seems that their results concerning sequence of nanoparticle hydrophobicity may 

have a good correlation to the bulk material hydrophobicity (Figure II-5e; case: gold vs unwrapped SWCNT). 

Therefore, we believe that the interfacial activity database coupled by complete bulk-nanoparticle 

physicochemical properties may be an initial guidance (after internal structure status) to appraise the non-
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spherical particle shape stability in the dispersion medium. Since our interfacial activity database covers only 

the aqueous data, it is required more elaboration to provide similar database for non-spherical shape stability 

prediction in other dispersion medium (e.g. organic solvent, oil, etc.), which may be interested in other 

research areas[83, 149]. 

Nevertheless, nothing is perfect in this world. Albeit the high plausibility of stable non-sphericity, fullerenes 

family incline to flocculate in order to avoid their dispersion in solvents or viscous polymer melts[221] due to 

their very hydrophobic nature. Stabilizers with highly strong interfacial activity and low-intermediate surface 

polarity (about 44%, e.g. sulfate esters (specifically docusate sodium) and Triton® X-100[222]; recall 

Figure II-5e and Table II-3) are generally required to disperse the fullerenes family in aqueous dispersion 

medium. It can be proven with our database (Figure II-5e) and secondary interfacial activity parameter 

calculation, resulting the conclusion that both stabilizers are very likely non-washable from SWCNT (e.g. 

Triton® X-100 with WoA3 25.51, IFT1.2 7.72, and the difference of WoA3-IFT1.2 17.79 mN/m). However, again 

the inextricability of particle shape and surface chemistry (as well as other physicochemical properties) is 

highly accentuated. 

4.6. Lesson Learned from Non-Spherical Particle Shape Stability 

To make the inference of non-spherical particles shape stability, we should take into account all 

manufacturing aspects (including bulk and nanoparticle form) as well as their consequences to 

physicochemical properties. Otherwise, the fallacy is obtained. For example, if merely the hydrophobicity, 

molecular weight/viscosity and Tg properties in the bulk form are taken into account, it will be reasonable to 

put PLGA 50/50-COOH nanoparticles as the long-lasting non-spherical nanoparticles between the aliphatic 

polyesters produced by nanoprecipitation. In fact, it had the poorest shape stability between the aliphatic 

polyesters prepared by nanoprecipitation. Relative neglected properties (such as nanoparticle integrity, 

nanoparticle Young’s modulus, nanoparticle surface roughness, nanoparticle wet Tg, nanoparticle porosity, 

and residual stabilizers in nanoparticles) prove clearly that they should also be carefully and simultaneously 

assessed. Another instance is O-CMCHS. Despite its great bulk hydrophilicity (Figure II-5e) and Tg (140 - 

150oC)[81], the non-sphericity of O-CMCHS nanoparticles is the worst among other materials studied here. 

Lack of nanoparticle integrity is responsible for this reason. 

In contrary, we cannot conclude the non-spherical shape stability based on only the (partial) nanoparticle 

properties. For instance, gelatin nanoparticles were the smoothest surface (Rrms = 3.2 nm) nanoparticles, 
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which usually may lead to the lesser hydrophobicity degree[37]. However, non-spherical gelatin were the one 

of the least stable in terms of non-sphericity. This could not be separated from the poor nanoparticle integrity 

(demonstrated by swelling), relative high porosity (1.57 m2/g), soft (nanoparticle Young’s modulus of 0.7 

GPa) and great hydrophobicity (, both in bulk and nanoparticle forms; Figure II-5d & e). Further example, 

SiO2 nanoparticles have the highest porosity (generally ranging from tens to hundreds m2/g), that may be 

interpreted one of the risk of non-spherical shape instability. Nonetheless, inasmuch as very low 

hydrophobicity, and great mechanical properties (high Young’s modulus 73 GPa, acceptable surface 

roughness ~2.5 - 10 nm, and Tm 1,600oC), it turns out that SiO2 nanoparticles is one of the most stable 

nanoparticles in terms of non-sphericity.  

To sum up, in relation to the non-spherical particle shape stability, negative factors (high hydrophobicity, 

surface roughness, and porosity) of nanoparticles are counterbalanced by positive factors (existence of non-

spherical structure, high stiffness, and liquefaction temperature). According to our experimental results and 

some available reports, the detail considerations of manufacturing aspects towards non-spherical shape 

stability are summarized in Table II-4. 
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Table II-4. Contrast and Deliberation of Manufacturing Aspects towards (Non-Spherical) Particle’s Physicochemical Properties 
(Underlined) And Their Potential Biological Relations 

Advantages Manufacturing 
Aspects Disadvantages 

 ↑ aspect ratio → ↓ probability for phagocytosis by macrophages [8, 19] → ↑ circulation time[4] 
 ↑ surface area → ↑ “loading” of active pharmaceutical ingredients (APIs) (in case of APIs should 

be tethered onto surface)[9, 22, 64, 267]) 
 ↑ polymer orientation & crystallinity* (*in case of semi-crystalline ones) → ↑ rigidity & liquefaction 

temperatures (Tg & Tm) → ↑ non-sphericity stability 
 ↑ variance of particle’s radius of curvature (Rc(t)) → ↑ choices for other unique related 

phenomenas (e.g. substance adsorption-stability, liquefaction temperatures [Tg & Tm], etc.) 
 bestow relative same volume as the starting spherical* particles for better in vitro and in vivo

study comparison (*as long as the integrity of particles is sufficient) 
Stretching  

(e.g. using Film-
Stretching Method) 

 ↑ surface area → ↑ possibility of APIs burst release 
 ↓ density & amount* of stabilizer (*in certain case, e.g. P407 extracted by PVA[106]) 
 ↑ surface roughness
 As above consequences: generally ↑ contact area of pressure & hydrophobicity → ↓ non-

sphericity stability 
 ↑ variance of particle’s (Rc(t)) → ↑ presence, abundance & degree of highly curved surface areas

→ ↓ non-sphericity stability; in fact, highly curved areas / smaller (Rc(t))s are already proven in 
vitro[268] and in vivo[118] to generally impact the following properties of adsorbed (blood) proteins:
o ↓ total amount of adsorbed protein 
o modulate cumulative adsorbed protein’s surface hydrophobicity (Φf) depending on particle’s

surface hydrophobicity[269]: 
 ↓ (Rc(t)) on ↓ hydrophobic particles → ↑ Φf

[268] 
 ↓ (Rc(t)) on ↑ hydrophobic particles → ↓ Φf

[118] → however, evidently the ↓ Φf and quite ↓
total amount of adsorbed protein could not avoid the strong confinement effect on ↓ 
liquefaction temperatures (Tg & Tm) that are caused by too ↓ Rc(t) → drastically ↓ non-
sphericity stability[118] 

o ↓ cumulative negative charge of adsorbed proteins, leading to the ↓ zeta potential of particles

 ↑ dissolution rate-solubility of APIs & permeability 

(Nano-)Size 
 ↑ polymer degradation 
 ↓ surface free energy & ↑ interfacial tension (~↑ hydrophobicity[211]) → ↑ pressure / force against

particles → ↓ non-sphericity stability 

↑ surface area 

 ↑ dissolution rate-solubility and loading of APIs Porosity  ↑ polymer degradation 
 ↑ inclination of residual moisture → ↓ non-sphericity stability 

 ↑ permeability & cellular uptake
Hydrophobicity 

 ↓ non-sphericity stability 
 ↑ total amount of adsorbed (blood) protein & ↑ opsonization (, especially for ↑ Φf  [blood]

proteins[268, 269]) 

 ↑ viscosity, Tg, & rigidity → ↑ non-sphericity stability* (*in case of non-washable stabilizer 
involvement during particle fabrication; e.g. emulsion solvent  extraction) [26] 

 ↑ degradation time
(“High”) Molecular 

Weight  
& Viscosity of Polymer 

 ↑  particles size & size distribution, porosity* (*in case of non-washable stabilizer involvement) & 
surface area  

 ↓ yield of fabricated nanoparticles (in case of nanoprecipitation) 
 ↓ elasticity & hydrophilicity 
 ↑ interfacial tension 

 ↓ hydrophobicity (charged condition; pH is far from pKa) → ↑ non-sphericity stability 
Functional Group 

Modification of Polymer 
(viz. Carboxyl-Ended) 

 ↑ hydrolysis → ↑ degradation time (i.e. aliphatic polyesters) 
 ↓ permeability → ↓ cellular uptake (by healthy cells) 
 ↑ hydrophobicity (less-charged condition; pH is closer to pKa)[26]; example: due to relatively more

acidic intracellular compartment (Table II-3) of healthy cells or extracellular compartment of 
cancer cells[270], -COOH (pKa 3.85) is ↑ protonated → ↓ non-sphericity stability[26] 

 ↓ hydrophobicity by ↓ interfacial tension → ↓ adsorbability of (blood serum) proteins
 ↑ mechanical properties (in some variants, e.g. PVA enhancing Young’s modulus & Tg)
 ↑ non-sphericity stability (by ↑ residual stabilizers; i.e. particular PVA, which may have biological 

disadvantages (as described on the right)) 

Stabilizers 
(e.g. PVA, Poloxamer, TPGS, 

SDS, PEGylation, etc.) 

(if too much and highly attached residual stabilizers onto particles) 
 ↑ specific surface area (SSA; e.g. relatively more substantial SSA ↑ by PEG)[269, 271] &/ ↓ 

liquefaction temperature (e.g. Tg by PEG[272] Triton® X-100[124], Poloxamers[273], etc.) → ↑ burst
release[124, 269, 271] &/ ↓ non-sphericity stability 

 ↓ hydrophobicity → ↓ permeability & cellular uptake
 ↑ formation of specific antibodies (e.g. PEG)[274] → ↑ clearance of drug vehicles[275] 

 common & safe administration media for drug delivery system 
 ↑ non-sphericity stability by formation of more stable polymorph[163, 276] 

Water 
(including humidity) 

 ↓ liquefaction temperatures (Tg[40] & Tm[277]) → ↓ non-sphericity stability by considerable
interfacial tension discrepancy, specifically at less-charged condition (i.e. pH is closer to pKa [if 
any] of such particle material[26] in case of shape-memory polymeric particles) & ↓ particle’s 
(Rc(t)) (including also metallic particles[117, 118, 119]) 
(Note: In agreement with compendia from several authorities[278][279][280], the pH of highly purified 
water [HPW] should not necessarily be 7.0, but it can be between 5.0 - 7.0, as the used HPW 
here, i.e. pH 5.5 - 5.8 (~endosomal pH[265]) and elsewhere[150]. Thus, water aspect should be
assessed carefully and on a case-by-case basis). 

 ↓ residual stabilizers until minimum depending on the nature of stabilizers (reportedly, 
purification efficiency of certain centrifugation ~Cross-Flow Filtration [CFF][127] aka Tangential-
Flow Filtration [TFF][281] aka Ultrafiltration[282] >  Gel Permation Chromatography [GPC][105] aka
Gel Filtration Chromatography [GFC] aka Size-Exclusion Chromatography [SEC], especially for 
easily washable stabilizers, e.g. Poloxamer groups [105]) → ↓ toxicity, but this may also bring 
disadvantages (as described on the right) 

Purification 

(if too “clean”, particularly for easily washable stabilizers) 
 ↓ non-sphericity stability & ↑ particle aggregation[196] chiefly in case of hydrophobic, porous and/or 

amorphous (no specific internal structure in) particles 

(only by particular compendial methods[278][280][283] [e.g. sterile filtration using membranes < 0.22 
μm or pre-sterilization+aseptic processing] which still virtually maintain non-sphericity stability) 

 ↑ sterility 

Sterilization 

(for sterile filtration) 
 practically impossible to be applied to spherical particle Ø > 0.22 μm or non-spherical particle

owning minor axes > 0.22 μm 
 may ↓ particle yield depending on the properties of particles (e.g. size, hydrophobicity, charge,

etc.) 

(Many cases of compendial sterilization methods [278][279][280][283][284], e.g. (a) steam [> 121oC for 15 
minutes], (b) dry-heat sterilization [> 160oC for > 2 hours], (c) ionizing radiations (normally 25 
kGy or 2.5 Mrad), either beta- or gamma-irradiation, and (d) gas (e.g. ethylene oxide with 
residual limit < 1 ppm[285])) 

 generally ↑ surface roughness[31] & residual moisture aka water content[286] 
 ↓ Young’s modulus (in case of amorphous materials)[287] 
 frequently ↓ molecular weights of polymers (especially for blank particles) → ↓ liquefaction 

temperatures (Tg & Tm[288]) & ↓ SSA → ↑ aggregation & ↑ possibility of APIs burst release[289, 290] 
As above consequences: ↓ non-sphericity stability 
Nevertheless, sterilization aspect should still be assessed carefully and on a case-by-case 
basis. 

 ↑ stability (e.g. cryoprotectants; if lyophilization is needed) Other Additional 
Substances  

(e.g. APIs, Excipients, etc.) 

 ↓ non-spherical stability (i.e. counter-ion[26], substances causing preparation’s pH ~pKa of [e.g.
polymeric] vehicles[26], loaded[158, 291]/adsorbed hydrophobic substances[26] including proteins[291], 
substances ↓ liquefaction temperatures of whole particles, such as  gentamicin[290], [if applicable]
residual oil during particle fabrication, etc. → also ↑ burst release) 

 ↑ non-sphericity stability (e.g. PBLG [142]) (Stable, Ordered & Non-
Spherical)  

Internal Structure  
/ Crystal System / 

Crystallographic Form 

 ↓ drug loading (e.g. stable β-polymorph of crystalline lipids, such as triglycerides[115, 160, 161] 
 ↑ toxicity 
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5. Conclusions

Particle shape is one of the most critical parameters in drug delivery. This momentousness should be verified 

further and heedfully for reliable in vitro and in vivo experiments. Our report strongly suggests that shape 

alteration tendencies of non-spherical particles (having no specific internal structure) to spherical particles 

might occur in favor of thermodynamic (due to trigger of material-water interfacial tension), and the rate at 

which this change occurred did not only depend on the bulk material properties and storage temperature, but 

also importantly on the physicochemical properties of the resulted nanoparticles. Besides, this rate of shape 

transformation can be simply tuned with the presence and extent of residual stabilizers. The evidence was 

displayed by decrease of aspect ratio (AR) and hydrodynamic size as well as polydispersity index (PDI). In 

case of biodegradable polymeric nanoparticles, aliphatic polyester nanoparticles prepared by emulsion 

solvent extraction using PVA was remarkably superior in terms of non-spherical nanoparticle shape stability 

compared to nanoparticles fabricated by other stabilizers, purely nanoprecipitation method, different 

materials and manufacturing technique. It appears that the residual stabilizers can be a great companion for 

nanoparticles in maintaining their non-sphericity, if they are considered as a non-toxic, biodegradable, and 

biocompatible material.  
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8. Supporting Information

8.1. Materials and Methods 

8.1.1. Materials 

Carboxyl-ended poly(D,L-lactic acid) Resomer® R 202H (hereafter referred as PLA-COOH) was purchased 

from Evonik Röhm Industries (Darmstadt, Germany), while carboxyl-ended poly(D,L-lactic-co-glycolic acid) 

(PLGA) PDLG® 7502A (Lactide/Glycolide ratio 75/25; hereafter referred as PLGA 75/25-COOH) and 

carboxyl-ended PLGA PDLG® 5004A (Lactide/Glycolide ratio 50/50; hereafter referred as PLGA 50/50-

COOH) were kindly gifted by Corbion Purac Biomaterials (Gorinchem, Netherlands). The further detail of all 

aforementioned polymers are presented in Table S II-2. The molecular structures thereof and other main 

materials used in our experiment are presented in Figure S II-2 & Figure S II-5. Carboxyl-ended poly(styrene) 

(PS-COOH) Polybead® particles with size of 0.1, 0.2, and 2 µm were purchased from Polysciences 

(Hirschberg an der Bergstrasse, Germany). Gelatin Type B, Bloom 300 from bovine skin was gifted from 

GELITA AG GmbH (Eberbach, Germany). O-Carboxymethyl Chitosan (O-CMCHS) with deacetylation 

degree 90% & degree of substitution > 95% was purchased from Santa Cruz Biotechnology (Heidelberg, 

Germany). Poly(vinyl alcohol) (PVA; Tg 75 - 85oC[23]; Tm 180 - 190oC[58]) Mowiol® 40-88 (molecular weight 

[MW] ~205 kDa; critical micelle concentration [CMC] ~54 mN/m at ~0.5%[121]), Mowiol® 4-88 (MW ~31 kDa; 

~45 mN/m at ~0.5%[121]), glutaraldehyde 25%, Poloxamer 407 (P407; MW 9.846 - 14.6 kDa[58]; Tg ~-

60oC[292]; Tm 52 - 57oC[58]; ~0.98%[293]; HLB 18 - 23[58]; CMC ~26 mN/m[58] at 0.98%[293]), D-α-Tocopherol 

Polyethylene Glycol 1000 Succinate (TPGS), Chitosan (50 - 190 kDa & 75 - 85% deacetylated), Tetraethyl 

orthosilicate (TEOS) (reagent grade, 98%), Hexadecyltrimethylammonium bromide (CTAB) (BioUltra, P99%), 

and Dulbecco Phosphate Buffer Saline (PBS) 1x (310 mOsm) were supplied by Sigma Aldrich (Taufkirchen, 

Germany). Glycerol (purity 99%) was obtained from Acros Organics (Geel, Belgium). Calcium chloride was 

obtained from Grüssing GmbH (Filsum, Germany). Muscovite Mica V2 quality was supplied by Electron 

Microscopy Sciences (München, Germany). Cyanoacrylate was supplied by UHU (Bühl, Germany). 

Highly purified water (HPW) was freshly prepared from ELGA PURELAB® Plus (Celle, Germany). All other 

materials used in this study were of at least analytical grade, utilized as received, and purchased either from 

Sigma-Aldrich (Taufkirchen, Germany) or VWR Prolabo (Leuven, Belgium).  

8.1.2. Methods 

8.1.2.1. Preparation of Spherical O-CMCHS Nanoparticles 

O-CMCHS nanoparticles were synthesized by physical cross-linking, i.e. ionic gelation, with a slight

modification from available report[294]. 0.5% O-CMCHS solution was prepared in distilled water. To 5 mL of 
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this solution, 1 mL of 1.5% calcium chloride solution was added under constant stirring (900 RPM; 

VARIOMAG® Electronicrührer POLY15 Thermo Fisher Scientific, München, Germany). The yielded 

nanoparticles were washed three times with HPW by centrifugation (10,000 xg at 5oC for each 10 min).  The 

standardized washing factor and redispersion energy were 1003x (thrice of each 100x) and 3.9 kJ/m3 

(Bandelin® Sonopuls GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), respectively. 

8.1.2.2. Preparation of Spherical Gelatin Nanoparticles 

Gelatin (type B, bloom 300) nanoparticles were prepared by chemical (covalent) cross-linking, namely one-

step desolvation[77]. Briefly, 3% gelatin solution in HPW was prepared in a volume of 25 mL under constant 

stirring (900 RPM & 50°C; Heidolph MR 3001K, Schwabach, Germany). The pH was adjusted to a value 

above the isoelectric point (IEP: pH 4.5 - 5.0), i.e. pH 7.0. Acetone was then added drop-wise to the gelatin 

solution in order to trigger desolvation and nanoparticle formation. To ensure particle stability, 175 μL 

glutaraldehyde solution (25% in HPW) was added to cross-link gelatin nanoparticles. The dispersion was 

stirred overnight and purified by thrice ultrafiltration (Millipore S.A.S., Molsheim, France) against HPW using 

regenerated cellulose disc with a molecular weight cut-off (MWCO) of 100,000 Da. The standardized 

washing factor using ultrafiltration was made the same to the centrifugation method, namely 1003x. 

8.1.2.3. Preparation of Spherical Aliphatic Polyester Nanoparticles 

Aliphatic polyester polymers (PLA-COOH, PLGA 75/25-COOH, and PLA 50/50-COOH) nanoparticles were 

developed using emulsion-solvent extraction[2] as well as nanoprecipitation (or so-called solvent 

displacement)[24, 295]. First, about 1% (w/v) aliphatic polyesters were prepared in acetone. Subsequently 5 mL 

of polymeric solution was added into 15 mL of the dispersant (for emulsion solvent extraction method, either 

5% w/w Mowiol® 4-88 in HPW, 5% w/w P407 in HPW, or 5% w/w TPGS in HPW, meanwhile merely HPW for 

nanoprecipitation method) at a rate of 1 mL/min under 900 RPM (VARIOMAG® Electronicrührer POLY15 

Thermo Fisher Scientific, München, Germany) and allowed to stand at least for 2 hours under fume hood for 

solvent evaporation until the initial dispersant volume was reached. Subsequently, nanoparticles were 

subject of washing thrice in HPW by centrifugation (10,000 xg at 5oC for each 10 min) and used as fresh as 

possible (if needed, the brief storage at 5oC until further use and characterization was performed). The 

standardized washing factor and redispersion energy were 1003x (thrice of each 100x) and 3.9 kJ/m3 

(Bandelin® Sonopuls GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), consecutively. The 

maximum temperature during redispersion was set 8oC. 
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8.1.2.4. Preparation of Non-spherical (Prolate) Polymeric Nanoparticles by Film-Stretching Method 

Firstly, the stretching method published by Felder et al. (1966) and Champion et al. (2007) was utilized to 

prepare non-spherical nanoparticles of proposed polymers. An amount of Mowiol® 40-88 intended for 5% 

w/w final concentration was wetted in HPW and glycerin (final concentration 2% w/w) at room temperature 

followed by heating the mixture at 90oC for 5 minutes. As the heated solution was cooled to room 

temperature, mixing was continued and afterwards the spherical particles were added to give final 

concentration of 0.3% w/w. The mixture was poured into molds and dried for overnight at room temperature 

under fume hood. The dried films (with thickness around 70 μm, residual moisture 6 - 8%, and effective 

stretching area 1 x 9 cm) were stretched using a custom build stretching device to 3 folds their original length 

in one direction under a dry heat (Figure II-1a) at a constant stretching speed of 1 mm/s and particular 

temperature based on the dry bulk Tg of the polymers as described in Table S II-1. 

After stretching, the films were cooled down rapidly until the temperature which was lower than its bulk Tg 

value while the strain was still applied. To harvest the non-spherical (prolate) particles, the stretched film was 

dissolved in phosphate buffer saline (PBS) pH 7.4 310 mOsm 5oC with the aid of moderate agitation in 

continuous mode on a mini vortexer (VWR, Darmstadt, Germany) for at least 30 minutes,  followed by bath 

sonication (Bandelin® RK510, Berlin, Germany) for 15 minutes until the PVA film was totally dissolved. Later, 

particles were purified three times with PBS pH 7.4 310 mOsm 5oC (10,000 xg at 5oC for each 10 min) (first 

by 20,000 xg for 10 min at 5oC, and the two next by 10,000 xg at the same duration and temperature). The 

standardized washing factor and redispersion energy were 1003x (thrice of each 100x) and 3.9 kJ/m3 

(Bandelin® Sonopuls GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), respectively. The 

maximum temperature during redispersion was set 8oC. To ensure comparability, the spherical particles 

employed in the study were treated in the same treatment (e.g. embedment in PVA film until final washing), 

but stretching was not applied to the PVA film. 

8.1.2.5. Preparation of Non-spherical Mesoporous SiO2 Nanoparticles (SiO2 Nanorod) by 

Polymerization 

Non-spherical mesoporous SiO2 nanoparticles with two different aspect ratios (3 & 8) were synthesized using 

a modified method[54, 296] through a one-step polymerization (or also so-called condensation / hydrolysis / sol-

gel) under dilute SiO2 supply and low surfactant concentration conditions with ammonium hydroxide as the 

base catalyst. The molar ratio of TEOS:CTAB:HPW:NH3.H2O(500 mM) in the reaction mixture (about 50 mL) 

was 64:16:54,760:500 and 77:22:54,760:548, for nanoparticle aspect ratio of 3 and 8, respectively. In 
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general, CTAB was dissolved in HPW with mild heating (900 RPM & 30oC; Heidolph MR 3001K, Schwabach, 

Germany). After the solution was cooled to room temperature (25oC), NH3.H2O was added and the mixture 

was mixed for 1 hour. TEOS was added at the rate of 5 mL/min while the mixing continued. The mixture was 

further mixed for 4 h. Subsequently, the product was collected by a centrifugation at 20,000 xg (25oC) for 20 

min. As-synthesized nanoparticles were suspended in ethanolic HCl (1.5 mL of HCl in 150 mL of ethanol) 

and heated at 60oC (900 RPM) for 6 hours to remove the excess surfactant. Later, the nanoparticles are 

washed in similar way as other previous nanoparticles. For the first washing sequence, the SiO2 

nanoparticles were purified three times with HPW by centrifugation (10,000 xg at 5oC for each 10 min). Later, 

they were washed with PBS pH 7.4 310 mOsm (10,000 xg at 5oC for each 10 min). The standardized 

washing factor and redispersion energy were 1003x (thrice of each 100x) and 3.9 kJ/m3 (Bandelin® Sonopuls 

GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), consecutively. The maximum temperature 

during redispersion was set 8oC. 

8.1.2.6. Particle Concentration and Yield 

The particle concentration and yield were evaluated gravimetrically using a Mettler Toledo UMX2 Ultra-

microbalance (Greifensee, Switzerland). An aliquot (20 μL) of the nanoparticle samples was added in a pan 

made of aluminium. After drying for 2 hours at 80oC, these pans were put in a desiccator for 30 min to cool 

down. Subsequently, the pans were weighed with the microbalance. The content of the nanoparticles was 

calculated from the difference of the empty and nanoparticle-filled pan. When it was needed to concentrate 

the particles, Vivaspin® (MWCO of 300,000) was utilized.  

8.1.2.7. Shape Stability of Non-spherical Nanoparticles 

The shape stability of non-spherical nanoparticles is depicted primarily by aspect ratio (AR) values and 

supplementarily supported by hydrodynamic size, polydispersity index (PDI) and zeta potential via dynamic 

light scattering (DLS) as well as pH value (MP220, Mettler Toledo, Giessen, Germany). Aspect ratio for all 

figures derived from scanning electron micrographs was determined manually from at least 20 particles using 

ImageJ software (National Institutes of Health). Typical shifting time (t1/2; defined as the needed time for a 

half decrease of the initial AR) was deduced from the fitting of obtained experimental aspect ratio data over 

time fitted into 0th, 1st and 2nd order of kinetics equation. The best fit was displayed with R2 closer to 1.   

8.1.2.7.1. Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX) 

The size, morphology and aspect ratio of different particles were investigated using scanning electron 
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microscopy. Each particle suspension (5 μL) with concentration of 800 μg/mL was fixed onto filter paper 

589/2 (Hahnemühle FineArt GmbH, Dassel, Germany) 25 mm2 attached to carbon self-adhesive tape on 

aluminium stubs. The samples were sputtered with carbon and captured at 50,000x magnification in FEI 

Helios G3 UC with EDX, Scanning-Transmissions-Detector and Focused Ion Beam (FIB) (FEI, Gräfelfing, 

Germany) at 2 kV (for all nanoparticles due to the best sample stability [no melting] under electron excitation, 

except 5 kV for SiO2 nanoparticles) with a 4 mm working distance. For EDX measurement (principally to 

detect Br), the voltage was set up to 30 kV. 

8.1.2.8. Dynamic Light Scattering (DLS) 

DLS experiments were conducted using a Zetasizer Nano ZS (Malvern, Herrenberg, Germany) equipped 

with a 633 nm He-Ne laser. Using this instrument, the hydrodynamic size/diameter (Z-Average) of particles 

was measured based on light intensity fluctuations of scattered laser light detected at angle 90o, whereas 

zeta potential of particles was determined based on their electrophoretic mobility. An appropriate volume of 

each nanoparticle samples was measured in disposable poly(methyl methacrylate) (PMMA) cuvettes (Brand, 

Wertheim, Germany) with a path length of 12.5 mm after an appropriate equilibration time (i.e. 60 s) at 25oC. 

Samples were analyzed in triplicates, each triplicate with 10 sub-runs. The average hydrodynamic size and 

polydispersity index (PDI) were calculated by the Malvern Dispersion Technology software (version 4.20, 

Malvern, Herrenberg, Germany). 

8.1.2.9. Atomic Force Microscope (AFM) 

Determination of fine sample information details (topography), Young’s modulus and surface roughness of 

samples were conducted with an atomic force microscope (AFM) Ntegra Solver (NT-MDT, Moscow, Russia) 

equipped with vibration-damped table under ambient condition (relative humidity ~50% and room 

temperature ~25oC) using conventional measuring head in intermittent contact mode (to prevent sample 

surface damages and permit repeated examination of the same sample region[297]) with a scan speed of 0.1 - 

0.5 Hz. For sample preparation, 10 μL of particles dispersion was placed on a 12.5 x 12.5 mm freshly 

cleaved mica surface and incubated for 5 min. Later, the surface was additionally washed once with 30 μL 

HPW (if needed) and/or dried under a nitrogen atmosphere right away. The HA_NC polysilicon cantilever 

(spring constant = 3.5 N/m; resonant frequency 140 kHz) was equipped with a conical silicon tip (typical 

radius of curvature 10 nm and cone angle 30o). For each data point, 15 particles or more per batch were 

examined by measuring triplicate, with 15 s approach and 15 s retreat time. Measurements with inconsistent 

force-distance curves resulting from movement of the particles during the probing or unsuitable spherical 
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interaction were disregarded. The data were analysed with the Image Analysis 3.5 software. Meanwhile, the 

surface roughness parameter, i.e. the root mean square (Rrms), was calculated with the same data points as 

Young’s modulus measurement. The attained pictures had at least resolution of 512 x 512 pixels.  

 

8.1.2.10. Differential Scanning Calorimetry (DSC) 

Dry glass transition temperatures (dry Tgs) of bulk materials and nanoparticles were measured using DSC 

Mettler Toledo 822e (Gießen, Germany). Bulk PS-COOH samples were prepared from each different PS-

COOH nanoparticle size by drying the nanoparticles via freeze drying protocol (Figure S II-1) and 

consequently annealing at 150oC for 20 h. Samples (~5 mg) were heated in hermetically sealed aluminium 

pans at a rate of 20oC/min up to 120oC under dynamic nitrogen atmosphere. The Tgs of nanoparticles 

dispersed in water (2.5%) (wet Tgs) were determined using modulated method in the same DSC instrument 

with a modulation rate of 0.200 K/20 s and heating rate of 5 K/min in hermetically sealed aluminium pans. 

Otherwise further specified, all reported Tgs are the midpoint value between the tangents of the glass and 

liquid line from the total heat flow. 

 

8.1.2.11. Physiosorption Analysis: Brunauer-Emmett-Teller (BET) Specific Surface Area (SSA) and 

Karl Fischer 

SSA analysis was performed using an Autosorb-1 analyzer (Quantachrome, Odelzhausen, Germany) purged 

with Krypton. Samples were degassed under vacuum at 25oC for 2 hour prior to the measurement. The BET 

equation was utilized to fit data of krypton adsorption at 77 K over a relative pressure range of 0.05 - 0.3 

employing 10 measurement points. Lyophilized sample (obtained using conventional protocol [Figure S II-1]) 

mass was around 50 - 100 mg and each formulation was analyzed at least twice with different batch. 

Whereas, residual moisture was undertaken coulometrically using a Karl Fischer titrator Aqua 40.00 (Analytik 

Jena AG, Halle (Saale), Germany) equipped with a headspace oven.  

 

8.1.2.12. Surface Hydrophobicity  

8.1.2.12.1. Contact Angle, Surface Free Energy (-Tension) and Interfacial Tension Measurement 

The water contact angle (WCA) and diiodomethane contact angle measurements were performed by using a 

full automated Krüss DSA25E (Hamburg, Germany) contact angle goniometer in sessile drop mode (needle 

NE44 Ø 0.5 mm) at 20 ± 1oC. These values permit the calculation of bulk material’s surface free energy 

(SFE) and (bulk material-water) interfacial tension(s)[223].  
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The thin layers were developed on clean mica surface and later, they were used as base layer of HPW or 

diiodomethane droplet (2 μL with a drop rate of 0.16 mL/min). Each thin layer was prepared from 100 μL 

sample (concentration of 1% w/w in acetone for aliphatic polyesters [PLA-COOH, PLGA 75/25-COOH & 

PLGA 50/50-COOH], gelatin 3% w/w in HPW, O-CMCHS 0.5% w/w in HPW, TEOS, CTAB 5.8% w/w in 

HPW, emulsion solvent extraction stabilizers (i.e. PVA (Mowiol® 4-88), Poloxamer 407, & TPGS) 5% w/w in 

HPW, docusate sodium 1% w/w in HPW[168], chitosan 1.625% w/w in 0.2 M HNO3[98], and cyanoacrylate) 

spread evenly on 20 x 25 mm by drop-casting and dried under fume hood for 45 minutes. The used 

concentration and solvent exactly simulates the conditions of nanoparticles fabrication step. The data were 

acquired with the aid of the Krüss ADVANCE 1.1.02 - Drop Shape software package 20 s after drop 

deposition using ellipse (tangent-1). Three samples of each polymer were studied and five contact angles 

were measured for each sample. 

Surface tension of PVAs (Mowiol® 4-88 and Mowiol® 40-88) were also analysed using the same instrument, 

needle and temperature in pendant drop mode and verified with a Kibron Micro Trough XL Langmuir-

Blodgett film balance (Helsinki, Finland). 

8.1.2.12.2. Organic Dye Adsorption Method 

The hydrophobicity of the nanoparticle surfaces was determined in accordance to the Rose Bengal 

adsorption method[211]. Briefly, a 1,000 μg/mL of Rose Bengal dye, dissolved in 0.1 M phosphate buffer pH 

7.4, was added to each nanoparticle dispersion containing varying concentrations of nanoparticles to a final 

volume of 1 mL. Final Rose Bengal concentration was 20 μg/mL for all dispersions, whereas final 

nanoparticles concentration (dispersed in 0.1 M phosphate buffer) was 500 - 2,000 μg/mL. Nanoparticles 

were incubated for 3 hours at 25 °C (Thermomixer Comfort, Eppendorf, Hamburg, Germany) with the dye, 

then centrifuged for 2 hours at 21,000 xg (Centrifuge 5418, Eppendorf, Hamburg, Germany). The amount of 

dye in the supernatant was quantified using UV/Vis spectroscopy (NanoDropTM 2000c, Thermo Fisher 

Scientific, München, Germany) at a wavelength of 543 nm. Rose Bengal encounters partitioning between the 

surface of the particles and the dispersion medium. 

For data evaluation, there are two common methods (and both are displayed in this paper): 

I. Scatchard equation
r

a
= KN − Kr

where r is the amount of Rose Bengal adsorbed per mg nanoparticles (μg/mg); a is the equilibrium 

concentration of Rose Bengal (μg/mL); K is the binding constant (mL/μg); and N is the maximum amount 

bound (mg/mg). 
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II. the partitioning quotient (PQ), where each nanoparticle concentration was calculated according to

PQ = amount of Rose Bengal bound on surface 

amount of Rose Bengal unbound in dispersion medium

Plotting the PQ versus the total surface area of the nanoparticles generated straight lines. The slope of the 

resulting regression line may be considered as a degree of the hydrophobicity of the nanoparticle surfaces. 

The surface area of the different nanoparticle formulations was calculated from the hydrodynamic diameter 

of the particles. The dye solution without nanoparticles as a control was run each experiment under similar 

conditions to justify the dye that might adsorb to the centrifuge tubes and pipette tips.  

8.1.2.13. Residual Stabilizer Concentration 

8.1.2.13.1. Poly(vinyl Alcohol) (PVA) 

The amount of PVA resided with the nanoparticles was determined by colorimetric method based on the 

formation of a colored complex between two adjacent hydroxyl groups of PVA and an iodine molecule in the 

presence of boric acid[298]. Briefly, 2 mg of lyophilized sample of each formulation was treated with 2mL of 

0.5 M NaOH for 15 min at 60oC. Every sample was neutralized with 900 μL 1M HCl and the volume was 

adjusted to 5 mL with highly purified water (HPW). To each sample, it was added 3mL of boric acid (0.65 M), 

0.5mL of I2/KI (0.05 M/0.15 M) solution, and 1.5 mL of HPW. The absorbance of the samples was measured 

at 690 nm following incubation for 15 min at 25oC. A standard curve of PVA and control (blank nanoparticles 

prepared by nanoprecipitation) were prepared under identical conditions. 

8.1.2.13.2. Elemental Analysis: Focus on Sulfur (S)-Sodium (Na) and Nitrogen (N)-Bromine (Br) 

Trace elemental analyses with the focus on S-Na and N-Br were performed in relation to the suspected 

residual stabilizers of anionic sulphate ester (e.g. sodium dodecyl sulphate [SDS], docusate sodium, etc.) in 

PS-COOH nanoparticles and cetyltrimethylammonium bromide (CTAB) in SiO2 nanoparticles, consecutively. 

After measurement by an EDX, both PS-COOH and SiO2 nanoparticles were measured for CHNS with 

oxygen combustion method using a Vario Micro Cube (Elementar Analysensysteme GmbH, Langenselbold, 

Germany), while additional Br using a 888 Titrando (Metrohm, Herisau, Switzerland) potentiometrically 

according to Schöniger[299]. S & Na were reconfirmed using an inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) Varian Vista RL (Agilent Technologies, Waldbron, Germany). All aforementioned 

elemental analyses were undertaken at the Central Analytics, Faculty of Chemistry and Pharmacy, Ludwig-

Maximilians-Universität München, Germany. Meanwhile, Br trace in SiO2 nanoparticles was reconfirmed 

using a quadrupole inductively coupled plasma mass spectrometry (ICP-MS) Elan 6100 (Perkin Elmer, 
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Rodgau, Germany) at Institute of Hydrochemistry, Chair of Analytical Chemistry and Water Chemistry, 

Technische Universität München, Großhadern, Germany. 

 

8.1.2.14. Wide Angle X-Ray Diffractometer (WXRD) 

The internal structure of different bulk and particles were investigated using the wide angle x-ray 

diffractometer XRD 3000 TT (GE Inspection Technologies Ahrensburg GmbH & Co. KG [formerly Rich. 

Seifert & Co.], Ahrensburg, Germany) equipped with a copper anode (40 kV, 30 mA, 1.54178 Å). 

Measurements were run with the following parameters: 0.05° (2 θ) steps and a range from 5° to 35°. Each 

step was performed within a time span of 2 s. 

 

8.2. Supplemental Tables & Figures 
8.2.1. Supplemental Tables 
Table S II-1. Stretching Temperature for (Elongated/) Non-spherical Particles Fabrication 

Polymer of Nanoparticles Stretching Temperature (oC) 
Aliphatic Polyesters 

(PLA-COOH, PLGA 75/25-COOH & PLGA 50/50-COOH) 80 

O-CMCHS & Gelatin 160 
PS-COOH 120 

 
 
Table S II-2. Details of Biodegradable Aliphatic Polyester Polymers Used in This Study 

Polymer End 
Group 

Molecular 
Weight 
(kDa) 

Inherent 
Viscosity 

(dl/g)a 

Degradation 
Timeframe 
(months) 

Tg 
(oC; & 

Mid-Tg) 
Manufacturer 

PLA-COOH 
(Resomer® R 202 H) 

Carboxylic 
acid 

~17 
(10 - 18) 

0.20 
(0.16 - 0.24) ~< 6 44 - 48 

(46) 
Evonik Röhm 

Industries 
PLGA 75/25-COOH 

(Purasorb® PDLG 7502A) 
Carboxylic 

acid 
~17 

(10 - 18) 
0.20 

(0.16 - 0.24) 
< 6 

[2 - 3]b 
40 - 45 
(42.5) 

Corbion Purac 
Biomaterials 

PLGA 50/50-COOH 
(Purasorb® PDLG 5004A) 

Carboxylic 
acid 

~44 
(38 - 54) 

0.40 
(0.35 - 0.60) 

< 3 
[0.75 - 1]b 

42 - 47 
(44.5) 

Corbion Purac 
Biomaterials 

* All given data is directly from manufacturer. 
adetermined in CHCl3, 25oC at 0.1% with an Ubbelhode size 0c glass capillary viscometer. 
bfrom particular product information sheet of Purasorb®. 
 
 
8.2.2. Supplemental Figures 

 
Figure S II-1. Used lyophilization protocol. 
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(a) PLA-COOH (b) PLGA 75/25-COOH (c) PLGA 50/50-COOH

(d) O-CMCHs (e) Gelatin (f) PS-COOH

(g) PVA (Mowiol® 4-88) (h) PVA (Mowiol® 40-88) (i) Poloxamer 407 (P407)
Figure S II-2. Molecular structures of involved materials in the film-stretching method in this study. For TPGS, its molecular structure is 
depicted in Figure S II-5a due to its participation in the physicochemical properties study using the computational method. The gelatin 
structure (e) is represented by the most typical segment of amino acid sequences: -Alanine-Glycine-Proline-Arginine-Glycine-Glutamic 
Acid-(4-Hydroxyproline)-Glycine-Proline- (-Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro-)[300]. 

Figure S II-3. Proof of concept of glass transition temperature (Tg) variance possibility in different states (wet vs dry) using PS-COOH 
nanoparticles (initial ø ~200 nm). Non-spherical nanoparticles were tried to be generated from spherical ones (using the standardized 
film-stretching method with 3x of its initial film length, but at numerous temperatures: (a) 37, (b) 70, (c) 80 and (d) ~93oC (bulk PS-
COOH Tg). Arrows depict the quasi non-spherical (lemon-like) nanoparticles. Scale bars = 500 nm. 
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Figure S II-4. (a) Illustration and equation which are used to define secondary interfacial activity parameters: WoA3, IFT1.2, and 
difference thereof. (b) Exemplary dataset of secondary interfacial activity parameters is derived from the primary interfacial activity 
parameters (Figure II-5e). Using (c) our proposed algorithms (i for stabilizer properness in aiding particle formation and ii for stabilizer 
non-washability from particles), this dataset shows a satisfying agreement to our and other experimental results.  
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Figure S II-5. Molecular structures utilized for providing physicochemical properties (Table II-3) by computational method using the 
Calculator Plugins in MarvinSketch software version 17.1.23.0 (2017), ChemAxon (http://www.chemaxon.com). These structures have 
been validated by the software before calculation. Details of structures: (a) TPGS, (b) CTAB, (c) SDS, (d) Docusate Sodium, (e) Triton® 
X-100 / (4-)octyl phenol (poly)ethoxylate, (f) Na-Cholate, (g) Na-Deoxycholate, (h) Polysorbate 20, (i) Polysorbate 80, (j) PEG (n = 7 for 
PEG 350; n = 8 for PEG 400; n = 89 for PEG 4000; n = 112 for PEG 5000; n = 135 for PEG 6000), (k) (m)PEG (n = 7 for (m)PEG 350; 
and the number of n for the rest (m)PEG is the same as PEG), (l) Cremophor® EL (Polyoxyl 35 Castor Oil), and (m) Solutol® HS 15 / 
Kolliphor® HS 15 (Polyoxyl 15 Hydroxystearate). 
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8.3. Supplemental Calculation 
 

Distribution of Normalized Radius of Curvature on Non-Spherical (Prolate Ellipsoid) Particles 
Obtained by Stretching Uniaxially Spherical Ones 

 
 
Let S0 be a sphere with radius R, and let SC be a prolate ellipsoid elongated at x-axis with the same volume 
as S0, with the radius of the major axis being R · C, where C is the stretching factor. Recall that an ellipse 
(Figure S II-6), parameterized with the radii of the major and minor axes ra and rb, is defined by the following 
equation: 
  = 1  

 
Note that since SC is rotationally symmetric around the x-axis, the radius of curvature at the surface 

of the ellipsoid is equal to the radius of curvature at the circumference of the cross section of the ellipsoid 
with the plane containing x-axis and the point. 

The cross section with the xy-plane is an ellipse defined by the following equation: 
  x(t) = ra.cos(t) 
 or, parameterized with t:         x(t) = r a cos(t)  
  y(t) = rb.sin(t)  
 

And the radius of curvature RC(t) at angle t is given by: 
   

 

 
Figure S II-6. An ellipse parameterized with the angle t. 
 
 

Normalizing the radius of curvature with respect to the sphere radius R and substituting ra = R · C 
and  to preserve the volume of S0, we have the following normalized radius of curvature: 

   

 
 

Now we want to calculate the distribution of normalized radius of curvature over SC’s surface. 
First note that the left half and the right half of the ellipsoid is identical, and so the distribution over 

the whole ellipsoid is equal to the distribution over the right half of the ellipsoid. 
Next, we note that the mass function of a radius of curvature fC(R̄) is proportional to the 

circumference of the corresponding circle containing the points with the specific radius of curvature. 
For a given radius of curvature R̄, the angle t defining the set of points with radius of curvature R̄ can 

be found by taking the inverse of R̄C(t): 
    with cos2(t) = 1 − sin2(t) 

, where 0               , which results in C−2 ≤ R̄ ≤ C5/2. For C = 3, this is 0.111 ≤ R̄ ≤ 15.588. 
 
 
 
 

t  
r a  

r b 

with cos2(t) = 1 − sin2(t) 

(ra cos(t),rb sin(t)) 
 

 Equation S II-1 

 

Equation S II-2 

 Equation S II-3 

 

Equation S II-4 
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Since the radius of the circle at angle t is given by Equation S II-2, we can now calculate fC(R̄) as follows: 

   

 
The normalization term is: 

   
 
Therefore, the final distribution function 𝑓̅ C(R̄) (Equation S II-5 ÷ Equation S II-6) and its cumulative 
distribution function �̅�C(R̄) are: 

  

 

    

 
 

Relation of Theoretical Aspect Ratio (ARt) and Stretching Factor (C) for Prolate Ellipsoid[1] 
 ARt Prolate = C3/2    
 
 

Relation of Theoretical Aspect Ratio (ARt) and Stretching Factors (Cx & Cy) for Oblate Ellipsoid 
 ARt Oblate = Cx3/2. Cy3/2    
 
where Cx and Cy represent stretching factor at x and y axis, respectively. In case of Cx is identic with Cy, the 
Equation S II-10 can be simplified into: 
 ARt Oblate = C3    
 
Table S II-3. Details of Theoretical Oblate Ellipsoid 

Stretching 
Factor (C) 

Theoretical  
Aspect Ratio 

(AR) 

Relative 
Surface 

Area 
Relative  
Density 

Relative Theoretical 
Radius of Curvature  

(Rc(t)) 
Minimum Maximum 

1 (Sphere) 1.000 1 1 1 1 
1.5 3.375 1.32 0.75 0.13169 5.06 
2 8.000 2.10 0.47 0.03125 16.00 

2.5 15.625 3.19 0.31 0.01024 39.06 
3 27.000 4.56 0.22 0.00412 81.00 

3.5 42.875 6.18 0.16 0.00190 150.06 
4 64.000 8.07 0.12 0.00098 256.00 

Case study: Theoretically, by applying stretching factor of 1.5 biaxially on a sphere with a diameter of 5.519 
μm, an oblate ellipsoid (~8.278 x 8.278 x 2.452 μm) owning the normal range of healthy RBC parameters[2, 3] 
(such as surface area and volume, ~127 μm2 & 88 μm3, respectively) can be generated. Through comparison 
with its initial sphere (that has relative surface area and radius of curvature similar to 1), this “synthetic RBC” 
can have 1.32-times higher surface area and extreme minimum-maximum Rc(t) about 0.363 and 13.963 μm, 
consecutively. 

 
Special References for This Supplemental Calculation Section 
[1] Felder, B., 1966. Über die Teilchengrössenabhangigkeit der Lichtabsorption in heterogenen Systemen. II. 
Experimentelle Untersuchungen an Modell-Teilchen. Helvetica Chimica Acta 49, 440-453. 
[2] Humphrey, J.D., O' Rourke, S. L., 2015. Stress, Motion, and Constitutive Relations, An Introduction to 
Biomechanics: Solids and Fluids, Analysis and Design, 2 ed. Springer-Verlag, New York, p. 384 of 692. 
[3] Robertson, A.M., Sequeira, A., Kameneva, M. V., 2008. Hemorheology, in: Galdi, G.P., Rannacher, R., 
Robertson, A.M., Turek, S. (Eds.), Hemodynamical Flows: Modeling, Analysis and Simulation. Birkhäuser, 
Basel, p. 67 of 501. 
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III. PHAGOCYTOSIS, BIODISTRIBUTION, AND RATIONALE OF 
MULTIPLY BIOINSPIRED NANOPARTICLES: NON-SPHERICAL 
SHAPE AND CELL MEMBRANE-COATING 

 

This chapter is in preparation for later submission as a manuscript. 

 

All experiments and computations (i.e. bioinformatics-modelings-molecular dynamics simulations) were 

designed and carried out by myself, except in vivo and Atomic Force Microscope (AFM) experiments, which 

were conducted in close collaboration with the University of Kansas and Technische Universität Dresden, 

respectively. Julia Engert initiated the design of the in vivo study and collaboration with the University of 

Kansas and later both institutions agreed on the details thereof. A detailed list of other contributions is listed 

in Section “Acknowledgements”.  

 

1. Abstract 

The properties of non-spherical and cell membrane-coated nanoparticles have been proven independently to 

address many biophysicochemical challenges, such as higher surface area and target-specific binding for 

the former; immune evasion and extended blood circulation time for the latter. Nonetheless, there is still 

room for improvement of these systems, namely their still relatively rapid clearance, poor targeting, and 

absence of a system merging both aforementioned properties. Here, we developed a system merging both 

aspects, thereby trying to overcome these restrictions. This combined system (non-spherical bioinspired red 

blood cell membrane-coated nanoparticle; later abbreviated non-spherical BCCN) was substantially less 

phagocytized by cells of the mononuclear phagocyte system (MPS): monocytes and macrophages. 

Accordingly, the non-spherical BCCNs also showed a remarkably higher concentration in blood over a 72 h 

period and surprisingly permitted temporary accumulation in the brain for 48 h, while decreasing their uptake 

by liver and spleen. The non-spherical BCCNs demonstrated a ~2-fold increase of circulation time and 

accumulation in the brain compared to the conventional spherical BCCNs or bare non-spherical core 

nanoparticles (CNPs). In-depth auxiliary analyses (surface plasmon resonance, surface free energy 

measurements, and computational methods) rationalize the in vivo findings. The very strong and practically 

irreplaceable interactions of (superficially) hydrophobic proteins from the inside surface of cell membranes to 

the core particle materials serve as the good anchors, while also improving the right-side-out membrane 

orientation and integrity, regardless of protein’s alpha-helicity decrease. Additionally, this interaction also 
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vindicates that the better maintenance of non-spherical shape stability can only be obtained by a sufficient 

amount of stabilizers due to the strong affinity between particles and stabilizers. Multiply bioinspired 

nanoparticles, which are represented by the non-spherical BCCNs, offer a novel and promising platform for 

ameliorating blood pharmacokinetics and tissue delivery of nanoparticles, while concurrently evading main 

uptake of particles by MPS. 

 

Keywords: particle shape stability, non-spherical particles, cell membrane-coating, monocyte-macrophage, 

drug delivery and targeting 
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2. Introduction 

Nanoparticles are widely investigated for encapsulation and targeted delivery of drugs for improving the 

treatment for many diseases[1]. Many preclinical studies have documented the use of nanoparticles for 

targeting, e.g. lung, breast, prostate, and other cancers[2]. Some of these strategies have also advanced to 

clinical studies and have exhibited propitious early results[3]. Encapsulation in nanoparticles provides distinct 

advantages over free drugs including targeting and sustained release[4]. However, nanoparticles suffer from 

the limitation of rapid clearance by the mononuclear phagocyte system (MPS) located primarily in the liver 

and spleen, thereby reducing the available dose for the disease site[5]. 

 

Numerous approaches have been proposed to address this limitation. The main classical strategy is grafting 

of hydrophilic polymers such as polyethylene glycol (PEG) and poloxamer molecules on the nanoparticle 

surface to reduce MPS uptake[6]. PEG acts to alleviate the interactions of nanoparticles with phagocytes in 

the MPS, thereby decreasing their immune clearance. Nevertheless, PEG-modified nanoparticles have been 

reported to activate the immune system and lose efficacy on repetitive administrations[7]. Conjugation of 

CD47 or other entities derived from this ”marker-of-self” to the surface of the nanoparticle is an alternative 

tactic[8-10]. Theoretically, blood elements with a favorable circulation profile may be used as “natural carriers”, 

bettering the nanoparticle pharmacokinetics. For instance, red blood cells (RBCs) embody an attractive 

carrier for optimizing nanoparticle circulation and, probably, delivery to particular tissue targets[11, 12]. 

Preclinical studies in various animal species revealed that the fusion of RBC membranes (also called 

nanoerythrosomes [NErys]; as later abbreviated here) to spherical core materials enhances core material’s 

delivery and therapeutic effects[9, 10, 13, 14].  

 

On the other hand, independent in vitro studies in diverse cells of MPS demonstrated that bare non-spherical 

particles significantly inhibit phagocytosis[15]. This is enabled by means of higher resistance to non-specific 

cellular elimination compared to spherical particles, that can potentially boost the stealth properties of the 

membrane-coated particles. Non-spherical particles also have improved targeted interactions with cells 

because of a higher surface-to-volume ratio[16-18].  

  

Therefore, attachment of NErys on non-spherical core nanoparticles (non-spherical CNPs; having the same 

volume as their spherical counterparts) rationally has the potential to considerably change nanoparticle fate 

in circulation, encompassing their phagocytosis and pharmacokinetics-biodistribution. Herein, we examine 

this hypothesis and show that coating of NErys on non-spherical CNPs (later called non-spherical BCCNs) 
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decreases nanoparticles uptake by the MPS, while prolonging their circulation time. Specifically in the 

section “In Vivo Biodistribution” and “Overall Rationale and Outlook”, we can see clear differences between 

biodistributions of the tested particles and discuss several key points in relation to biodistribution results.  

Additionally, further supporting analyses (e.g. surface plasmon resonance [SPR], surface free energy [SFE] 

measurements, computational methods, etc.) exhibit that strong and durable interactions between NErys and 

core material are the dominant factors for maximally protecting (especially hydrophobic) core material at 

least to a certain minimal radius of curvature (Rc(t)).  
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3. Materials and Methods 

3.1. Materials 
Spherical (⌀ 200 nm) fluorescently-loaded carboxylated poly(styrene) particles (PS-COOH) were purchased 

from Polysciences (Hirschberg an der Bergstrasse, Germany) and Phosphorex, Inc. (Hopkinton, MA, USA). 

Coumarin-6 (excitation/emission 460/500 nm[19]) from the former and Indocyanine green (ICG; 

excitation/emission 780/820 nm[19, 20]) from the latter were used as fluorescent loads for in vitro (uptake) and 

in vivo (biodistribution) studies, respectively. The average carboxylation density for both nanoparticles was 5 

COOH/nm2[21] (equivalent to a parking area of 20 Å/COOH). These starting nanoparticles were first extensively 

dialyzed against highly purified water using Float-A-Lyzer® G2 (molecular weight cut-off, MWCO 100 kDa). 

Thus, all produced nanoparticles for all studies herein (irrespective of functionalizations and shapes) were 

relatively clean from synthetic stabilizers, as exemplarily proven by Energy Dispersive X-Ray (EDX) results 

(Figure S III-25). Poly(vinyl alcohol) (PVA) Mowiol® 40-88 (molecular weight [MW] ~205 kDa), Coumarin-6 

(Cou6), indocyanine green (ICG), fluorescamine, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC), N-Hydroxysuccinimide (NHS), Hoechst 33258 solution, 4% paraformaldehyde solution, 

isopropanol (purity ≥ 99.5%), and Dulbecco Phosphate Buffer Saline (PBS) 1x (310 mOsm) were obtained 

from Sigma Aldrich (Taufkirchen, Germany). 5 kDa methoxy-PEG-amine was purchased from Nektar 

Therapeutics (San Francisco, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

cathepsin S (human spleen, purity >90%, activity 183.3 mU/mg), and cathepsin B (human liver, purity >95%, 

activity 274 U/mg) were provided from Calbiochem (Darmstadt, Germany). Dulbecco’s Modified Eagle’s 

Medium (DMEM), Complete GibcoTM Roswell Park Memorial Institute (RPMI) 1640 Medium, and heat-

inactivated fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific (München, Germany). 

Packed human red blood cells (hRBCs) with depleted leucocyte (blood type O-) and human blood plasma 

(with citrate anticoagulant) were obtained from Blood Bank Klinikum Großhadern and always pre-tested for 

the absence of Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), and Hepatitis C Virus (HCV). 

Packed hRBCs were produced according to the “Guide to the preparation, use and quality assurance of 

blood components, Recommendation No. R (95) 15, 18th Edition” by the European Directorate for the Quality 

of Medicines & Healthcare[22], meanwhile human blood plasma was always prepared to fulfill the latest 

European Pharmacopoeia[23]. These blood products were only used for in vitro studies. 

Endotoxin cartridges (Endosafe® -PTSTM cartridges PTS20005F; sensitivity 0.005 EU/mL) were purchased 

from Charles River Laboratories (Wilmington, MA, USA). Unless otherwise specified, all preparations 

containing proteins were stored in Eppendorf Protein LoBind® tubes (Hamburg, Germany). Highly purified 

water (HPW) was freshly prepared from ELGA PURELAB® Plus (Celle, Germany) and pH was adjusted to pH 7. 
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All other materials used in this study were of at least analytical grade, utilized as received, and purchased 

either from Sigma-Aldrich (Taufkirchen, Germany) or VWR Prolabo (Leuven, Belgium).  

All protocols involving the use of animals (i.e. mice) were approved by the Institutional Animal Care and Use 

Committee (IACUC) at The University of Kansas. The animals were maintained in the Animal Care Unit with 

free access to food and water. Whole blood was collected from healthy female C57BL/6J mice (6 - 8 weeks; 

~20 - 25 g) and was used mainly for in vivo study. 

 

3.2. Methods 

3.2.1. Experimental Laboratory Methods 

3.2.1.1. Standardized Preparations of RBCs, MErys, and NErys 

MErys, also known as RBCs ghosts devoid of cytoplasmic contents, were firstly prepared following 

previously published protocols with modifications[24]. All procedures below were undertaken aseptically under 

a clean bench with laminar airflow. Briefly, the obtained whole blood was immediately mixed with CPD-A 

solution in a volume ratio of 9:1. The whole blood was then centrifuged at 5°C 1,000 xg thrice for 5 min, then 

the serum and the buffy coat were carefully removed resulting in packed RBCs. These packed RBCs (with 

hematocrit standardized at 40% before the next processes) were washed in triplicate (1,000 xg with each 5 

min at 5oC) in ice-cold PBS pH 7.4 310 mOsm prior to hypotonic medium treatment for hemolysis. The 

washed RBCs were suspended in 20 mOsm PBS in an ice bath for 20 min and were centrifuged again in 20 

mOsm PBS at 5oC 10,000 xg thrice for each 5 min. By this step, the hemoglobin was removed, meanwhile 

the pink pellet MErys was collected and regularly analyzed as described in the next section: “Standardized 

Analyses of RBCs, MErys, NErys, and BCCNs”. 

 

After MErys were attained, they were subjected to aseptic probe sonication utilizing a Bandelin® Sonopuls 

GM 3200 (200 W 20 kHz; Berlin Germany) with the MS 72 probe and maximum temperature set 8oC on the 

device. The set-up was for a 5 min-cycle: at 32% amplitude and pulsative mode (4 s on and 2 s off). The 

resulted NErys were also regularly analyzed as described in the next section: “Standardized Analyses of 

RBCs, MErys, NErys, and BCCNs”. Figure S III-1a shows a macroscopical appearance of these 

preparations. 

 

3.2.1.2. Standardized Analyses of RBCs, MErys, NErys, and BCCNs 

For method standardization, it is important to characterize the counts of RBCs, MErys, and hemoglobin 

concentration. By knowing these parameters, it can be assured that the processed RBCs were from healthy 
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cells as further characterized also by RBC indices: (a) mean corpuscular volume (MCV), (b) mean 

corpuscular hemoglobin (MCH), and (c) mean corpuscular hemoglobin concentration (MCHC). The 

equations thereof are: 

 

MCV (fL)       = Hematocrit (%)  x 10

Count of RBCs (106 cells/μL)
 

MCH (pg)      =  Hemoglobin (g/dL)  x 10

Count of RBCs (106 cells/μL)
 

MCHC (g/dL) = Hemoglobin (g/dL)  x 100

Hematocrit (%)
  

 

The used RBCs were proven to be in the normal range[25] with MCV 81.1 fl, MCH 29.2 pg, and MCHC 35.9 

g/dL. They should be derived from healthy cells. MErys and NErys were virtually depleted from hemoglobin 

because their hemoglobin level was not detectable by Drabkin’s reagent (Table S III-15) and proven under a 

light microscope (Keyence BZ-8100 Biozero; Neu-Isenburg, Germany) in phase contrast mode (Figure S 

III-1b). The details of RBCs and MERys counting using a flow cytometer are depicted in Figure S III-1c. 

 

Other methods to characterize physicochemical properties (i.e. Dynamic Light Scattering [DLS], Differential 

Scanning Calorimetry [DSC], Scanning Electron Microscope-Energy Dispersive X-Ray [SEM-EDX], and 

Atomic Force Microscopy [AFM]) were the same as previously described[16].  

 

Protein, phospholipid, and cholesterol concentrations of samples were determined according to Bicinchoninic 

Assay (BCA)[26], Stewart Assay[27], and Enzymatic Cholesterol Quantification Kit[28], respectively. An equivalent 

amount of NErys and bare core particles was used as a positive and a negative control, respectively.  

 

3.2.1.3. Preparation of Non-spherical Core Nanoparticles (CNPs) by Film-Stretching Method 

First, the stretching method published by Felder et al. (1966) and Champion et al. (2007) was utilized to 

prepare non-spherical (core) nanoparticles. An amount of Mowiol® 40-88 intended for 5% w/w final 

concentration was wetted in HPW and glycerin (final concentration 2% w/w) at room temperature followed by 

heating the mixture at 90oC for 5 minutes. As the heated solution was cooled to room temperature, mixing 

was continued and afterward, the spherical particles were added to give a final concentration of 0.3% w/w. 

The mixture was poured into molds and dried for overnight at room temperature under a fume hood. The 

dried films (with thickness around 70 μm, residual moisture 6 - 8%, and effective stretching area of 1 x 9 cm) 

were stretched using a custom build stretching device (to 2- and 3-fold their original length in one direction 
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for prolate; 1.5-fold their original length in two directions for oblate) under a dry heat at a constant stretching 

speed of 1 mm/s and 120oC. 

    

After stretching, the films were cooled down rapidly until the temperature was lower than its bulk Tg value 

while the strain was still applied. To harvest the non-spherical (prolate) particles, the stretched film was 

dissolved in phosphate buffer saline (PBS) pH 7.4 310 mOsm 5oC with the aid of moderate agitation in 

continuous mode on a mini vortexer (VWR, Darmstadt, Germany) for at least 30 minutes,  followed by bath 

sonication (Bandelin® RK510, Berlin, Germany) for 15 minutes until the PVA film was totally dissolved. Later, 

particles were purified three times with PBS pH 7.4 310 mOsm 5oC (10,000 xg at 5oC for each 10 min) (first 

by 20,000 xg for 10 min at 5oC, and the two next by 10,000 xg at the same duration and temperature). The 

standardized washing factor and redispersion energy were 1003x (thrice of each 100x) and 3.9 kJ/m3 

(Bandelin® Sonopuls GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), respectively. The 

maximum temperature during redispersion was set at 8oC. To ensure comparability, the spherical particles 

employed in all studies were treated in the same treatment (e.g. embedment in PVA film until final washing), 

but stretching was not applied to the PVA film. 

 

3.2.1.3.1.  Preparation of BCCNs 

Non-spherical (or spherical) BCCNs were produced by a fusion between core nanoparticles (1 mg/mL) and 

NErys, which both were dispersed in a physiologically relevant medium (i.e. PBS pH 7.4 310 mOsm). The 

mixtures were sonicated using Bandelin® RK510 bath sonicator (Berlin, Germany) at a frequency of 35 kHz 

and power of 160 W for 20 min. After sonication, CNPs were incubated for 12 h at 15oC to fix or harden the 

NEry coating. Next, the resulting BCCNs were washed 3 times with PBS pH 7.4 310 mOsm (10,000 xg at 

5oC for each 10 min). The standardized washing factor and redispersion energy were 1003x (thrice of each 

100x) and 3.9 kJ/m3 (Bandelin® Sonopuls GM 3200 200 W 20 kHz [Berlin, Germany] with the MS 72 probe), 

consecutively. The maximum temperature during redispersion was set at 8oC. Similar to the previous reports[13, 

29], careful centrifugation is proper to remove excess membrane-components remaining in the supernatant.  

 

3.2.1.3.2. Preparation of PEGylated Particles as References (Used for In Vitro Study)  

PEGylated particles were prepared by covalent bonding (represented by typical binding [free] energy 50 to 

150 kcal/mol[30]) between 5 kDa methoxy-PEG-amine and the PS-COOH particles (which were already 

embedded in the PVA film [for the PEG-spherical ones] and stretched within PVA film [for PEGylated non-

spherical ones] as described in the previous Section II.3.2.1.3) using carbodiimide coupling reaction. Briefly, 
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PS-COOH particle suspensions (1% w/w; 0.2 mL) were washed in triplicates as described in our previous 

report[16]. Then, they were resuspended to 2-fold dilution in HPW in a 2 mL microcentrifuge tube. PEG was 

added to the particle suspension in 5-fold excess particle mass. After gentle mixing, to dissolve the PEG, N-

Hydroxysuccinimide (NHS) was added to the tube, followed by 600 μL of PBS pH 7.2 310 mOsm, and 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). Final NHS and EDC concentrations were 

10 mM and 6 mM, respectively. Particle suspensions were placed on a Thermomixer Comfort (Eppendorf, 

Hamburg, Germany) at 900 RPM for 4 h, then centrifuged and washed thrice[16] with PBS pH 7.4 310 mOsm. 

Later, particles were resuspended in PBS pH 7.4 310 mOsm to the original concentration.   

The PEGylation degrees of nanoparticles were quantified by the primary amine-reactive fluorescent dye (i.e. 

fluorescamine) using a Cary Eclipse fluorescence spectrophotometer (Agilent, Boeblingen, Germany). The 

excitation wavelength was set to 390 nm and emission was observed at 475 nm. The fluorescamine 

intensities of unreacted PEG for PEGylated and non-PEGylated particles were compared to calculate the 

PEGylation degree. Conversion to the average distance between two terminally attached PEG molecules 

and PEGylation density were performed as reported elsewhere[31]. 

 

3.2.1.4. Shape Stability of Non-spherical Nanoparticles 

The shape stability of non-spherical nanoparticles is depicted primarily by aspect ratio (AR) values and 

supplementarily supported by hydrodynamic size, polydispersity index (PDI), and zeta potential via dynamic 

light scattering (DLS) as well as pH value (MP220, Mettler Toledo, Giessen, Germany). The aspect ratio for 

all figures derived from scanning electron micrographs was determined manually from at least 20 particles 

using ImageJ software (National Institutes of Health). Typical shifting time (t1/2; defined as the needed time 

for a half decrease of the initial AR for prolate particles or apparent diameter for oblate particles) was 

deduced from the fitting of obtained experimental aspect ratio data over time fitted into 0th, 1st, and 2nd order 

of kinetics equation. The best fit was displayed with R2 closer to 1.   

 

3.2.1.5. Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX) 

The size, morphology, and aspect ratio of different particles were investigated using scanning electron 

microscopy. Each particle suspension (5 μL) at a concentration of 800 μg/mL was fixed onto filter paper 

589/2 (Hahnemühle FineArt GmbH, Dassel, Germany) 25 mm2 attached to carbon self-adhesive tape on 

aluminium stubs. The samples were sputtered with carbon and captured at 50,000x magnification in a FEI 

Helios G3 UC with EDX, Scanning-Transmissions-Detector, and Focused Ion Beam (FIB) (FEI, Gräfelfing, 

Germany) at 2 kV (for all nanoparticles due to the best sample stability [no melting] under electron excitation) 
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with a 4 mm working distance. For EDX measurement, the voltage was set up to 30 kV.  

 

3.2.1.6. Transmission Electron Microscopy (TEM) 

The morphology of samples (NErys, CNPs, and BCCNs) was investigated with TEM after fresh negative 

staining of samples with 1% (w/v) phosphotungstic acid (PTA) pH 7 on a FEI Titan Themis electron 

microscope (Hillsboro, USA) at an acceleration voltage of 120 kV. The dispersion medium of samples was 

freshly changed into HPW before TEM to give clear micrographs that are free from salt crystals. The amount 

of samples at a concentration of about 1 mg/mL (the final concentration of both non-spherical and spherical 

nanoparticles were made equivalent) and PTA were 10 and 5 μL, respectively. Both of them were mixed 

directly on the formvar/carbon films on a 400 mesh Cu grid (Agar Scientific, Wetzlar, Germany) for 1 min by 

pipetting the mixture up and down several times. After incubation for 1 min, the excess droplet was gently 

absorbed from the side of the grid by filter paper 589/2 (Hahnemühle FineArt GmbH, Dassel, Germany) until 

the thin film of the sample appeared. 

 

3.2.1.7. Dynamic Light Scattering (DLS) 

DLS experiments were conducted using a Zetasizer Nano ZS (Malvern, Herrenberg, Germany) equipped 

with a 633 nm He-Ne laser. Using this instrument, the hydrodynamic size/diameter (Z-Average) of particles 

was measured based on light intensity fluctuations of scattered laser light detected at angle 90o, whereas the 

zeta potential of particles was determined based on their electrophoretic mobility. A 200 μL of each 

nanoparticle sample was measured in disposable poly(methyl methacrylate) (PMMA) cuvettes (Brand, 

Wertheim, Germany) with a path length of 12.5 mm after an appropriate equilibration time (i.e. 60 s) at 25oC. 

Samples were analyzed in triplicates, each triplicate with 10 sub-runs. The average hydrodynamic size and 

polydispersity index (PDI) were calculated by the Malvern Dispersion Technology software (version 4.20, 

Malvern, Herrenberg, Germany). 

 

3.2.1.8. Tunable Resistive Pulse Sensing (TRPS) 

The additional size distribution analyses (to DLS) and concentration of NErys, CNPs, and BCCNs were 

measured by TRPS on a qNano Gold instrument equipped with Izon Control Suite Software 3.3 (Izon 

Science, Oxford, UK). Prior to the measurements, a nanopore NP 200 (with a size range of 80 - 630 nm) was 

fitted into the qNano Gold and a stretch of 47 mm was applied. A volume of 70 μl and 35 μl of filtered (0.22 

μm) manufacturer’s coating solution was loaded to the lower and upper fluid levels, respectively. 

Subsequently, pressure of +20 mbar was applied for 30 minutes, followed by applying a pressure of -20 
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mbar for 15 minutes. The coating solution was removed from the upper and lower fluid levels which were 

both rinsed with HPW and the upper fluid level was additionally dried with pressurized air. Calibration beads 

(CPC 400) were diluted twice 1 to 100 in filtered electrolyte for a final dilution of 1/10,000 in electrolyte. For 

the measurements, a volume of 35 μl of electrolyte was added to the upper fluid level and a pressure of +10 

mbar was applied to check the cleanliness of the system (less than 10 particles/10 minutes were required). 

After cleaning the upper fluid level, a volume of 35 μl of the sample (calibration beads or samples of interest) 

was added to the upper fluid level and a pressure of 10 mbar was applied and subsequently, the 

measurement was started. A particle read of > 500 particles or a maximum recording time of 10 minutes 

were chosen as limits. For calibration beads measurements, the limit was set to a particle rate of 250-400 

particles/min. The recording was paused if blockages occurred and the nanopore was unblocked according 

to the manufacturer’s advice. All samples were run under the same stretch, baseline (by adjusting the 

voltage), and pressure. 

 

3.2.1.9. Atomic Force Microscope (AFM) 

Determination of fine sample information details (topography), Young’s modulus, and surface roughness of 

samples were conducted using an atomic force microscope (AFM) Ntegra Solver (NT-MDT, Moscow, 

Russia) equipped with a vibration-damped table under ambient conditions (relative humidity ~50% and room 

temperature ~25oC) using a conventional measuring head in intermittent contact mode (to prevent sample 

surface damages and permit repeated examination of the same sample region[32]) with a scan speed of 0.1 - 

0.5 Hz. For sample preparation, 10 μL of particle dispersions was placed on a 12.5 x 12.5 mm freshly 

cleaved mica surface and incubated for 5 min. Later, the surface was additionally washed once with 30 μL 

HPW (if needed) and/or dried under a nitrogen atmosphere right away. The HA_NC polysilicon cantilever 

(spring constant = 3.5 N/m; resonant frequency 140 kHz) was equipped with a conical silicon tip (typical 

radius of curvature 10 nm and cone angle 30o). For each data point, 15 particles or more per batch were 

examined by measuring triplicate, with 15 s approach and 15 s retreat time. Measurements with inconsistent 

force-distance curves resulting from the movement of the particles during the probing or unsuitable spherical 

interaction were disregarded. The data were analyzed with the Image Analysis 3.5 software. Meanwhile, the 

surface roughness parameter, i.e. the root mean square (Rrms), was calculated with the same data points as 

Young’s modulus measurement. The attained pictures had at least a resolution of 512 x 512 pixels.  

 

3.2.1.10. Differential Scanning Calorimetry (DSC) 

Dry glass transition temperatures (dry Tgs) of bulk materials and nanoparticles were measured using DSC 
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Mettler Toledo 822e (Gießen, Germany). Samples (~5 mg) were heated in hermetically sealed aluminium 

pans at a rate of 20oC/min up to 120oC under a dynamic nitrogen atmosphere. Unless otherwise specified, all 

reported Tgs are the midpoint value between the tangents of the glass and liquid line from the total heat flow. 

 

3.2.1.11. Particle Incubation in Blood Plasma  

All particle suspensions (1 mg/mL) were incubated with different concentrations of human blood plasma in 

10 mM phosphate, 0.15 M NaCl, 25 mM citrate, pH 7.4, for 1 h at 37oC (total volume, 1 mL). To ensure 

comparability between the results, the ratio of total particle’s surface area-to-plasma concentration was kept the 

same for all similar particle sizes. The samples were centrifuged to sediment the particle-protein complexes. 

The sediment was resuspended in PBS pH 7.4 310 mOsm, transferred to a new tube, and centrifuged again 

to pellet the particle-protein complexes using our aforementioned standardized washing method for BCCNs. 

After the third washing step, the supernatant did not contain any detectable amount of proteins (detected by 

micro BCA assay) and the sediment was later analyzed for its composition by the following electrophoresis.  

 

3.2.1.12. Determination and Confirmation of protein composition (MErys, NErys, and BCCNs) by 

SDS-PAGE, Bioanalyzer 2100, and Western Blot  

To solubilize the membrane proteins from core nanoparticles, the particles were treated with SDS 0.1% 

beforehand SDS-PAGE and Bioanalyzer analysis. RBCs, MErys, and NErys were also run as comparisons. 

 

i.   SDS-PAGE 

All samples were mixed in NuPAGE® LDS sample buffer. The samples and marker Mark12TM were then run 

on a NuPAGE® Novex 4 - 12% Bis-Tris 12-well minigel in 3-(N-morpholino) propanesulfonic acid running 

buffer using NovexSureLockXcell Electrophoresis System. The samples were run at 200 V for 40 min, and 

the resulted polyacrylamide gel was stained in SimplyBlue overnight for visualization.  

 

ii. Bioanalyzer 2100 

In principle, the analysis using the Bioanalyzer method is based on capillary electrophoresis on a chip 

system (CE-SDS), which provides sizing and quantification information of the proteins. Samples were 

incubated with sodium dodecyl sulfate (SDS)-containing sample buffer at 90°C (Thermomixer Comfort, 

Eppendorf, Hamburg, Germany) for 5 min, centrifuged, and loaded on the chip. Fluorescent dye molecules 

intercalated with protein-SDS micelles and the complexes were detected by laser-induced fluorescence. 

Data were translated into gel-like images. This data supports the results of conventional SDS-PAGE. 



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

89 

 iii. Western Blot 

All samples were analyzed by Western Blot following standard protocols and using specific antibodies 

(CD47; B6H12) donated by Santa Cruz Biotechnology (Heidelberg, Germany). 

 

3.2.1.13. Surface Hydrophobicity  

3.2.1.13.1. Surface Free Energy (, Surface Polarity, and Interfacial Tension) as well as Surface 

Pressure Measurement 

Initially, the formation of the material’s thin layers and other technical details were applied as described 

elsewhere[16, 33]. Afterward, the water contact angle (WCA) and diiodomethane contact angle of the samples 

were measured by using a fully automated Krüss DSA25E (Hamburg, Germany) contact angle goniometer in 

sessile drop mode (needle NE44 Ø 0.5 mm) at 20 ± 1oC. These values permit the determination of samples’ 

surface free energy (SFE), surface polarity (Xp)[16], and material-water interfacial tension(IFT)[34]. Besides the 

contact angles, these three parameters are classified as primary interfacial activity parameters[16].   

Surface pressures of samples in HPW were analyzed using a Kibron Micro Trough XL Langmuir-Blodgett 

film balance (Helsinki, Finland) at the same abovementioned temperature. Equilibrium surface pressure is 

defined as the maximum surface pressure that was stable in a range of ± 0.2 mN/m within 0.5 h. The range 

and the duration for this definition were the same as for the determination of (HPW/aqueous sample) surface 

tension in our previous work[16]. Recall that the surface pressure is the surface tension difference between 

HPW and each aqueous sample. 

 

3.2.1.13.2. Organic Dye Adsorption Method 

The hydrophobicity of the nanoparticle surfaces was determined in accordance with the Rose Bengal 

adsorption method[35]. Briefly, a 1,000 μg/mL of Rose Bengal dye, dissolved in 0.1 M phosphate buffer pH 

7.4, was added to each nanoparticle dispersion containing varying concentrations of nanoparticles to a final 

volume of 1 mL. Final Rose Bengal concentration was 20 μg/mL for all dispersions, whereas final 

nanoparticles concentration (dispersed in 0.1 M phosphate buffer) was 500 - 2,000 μg/mL. Nanoparticles 

were incubated for 3 hours at 25°C (Thermomixer Comfort, Eppendorf, Hamburg, Germany) with the dye, 

then centrifuged for 2 hours at 21,000 xg (Centrifuge 5418, Eppendorf, Hamburg, Germany). The amount of 

dye in the supernatant was quantified using UV/Vis spectroscopy (NanoDropTM 2000c, Thermo Fisher 

Scientific, München, Germany) at a wavelength of 543 nm. Rose Bengal encounters partitioning between the 

surface of the particles and the dispersion medium. 
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For data evaluation, the Scatchard equation was used as followings:  

r

a
= KN − Kr 

where r is the amount of Rose Bengal adsorbed per mg nanoparticles (μg/mg); a is the equilibrium 

concentration of Rose Bengal (μg/mL); K is the binding constant (mL/μg); and N is the maximum amount 

bound (mg/mg). 

 

3.2.1.14. Surface Plasmon Resonance (SPR) 

Gold sensor chips (plain, carboxylated, or PEGylated [2 kDa]) and an OpenSPR from Nicoya Lifesciences 

(Kitchener, Canada) were utilized to evaluate the kinetics and binding affinities of samples to the material 

surfaces. The studies were performed with the 300 s on-rate, standardized 300 s off-rate, and constant flow 

rate of 20 μL/min measured at room temperature. After the (e.g. 300 s) dissociation of the analytes, the chip 

was regenerated with HCl solution (10 mM pH = 2.0 at a constant flow rate of 150 μL/min) until a stable 

baseline is achieved (~30 s). Different sample concentrations were diluted in the running buffer (PBS pH 7.4 

310 mOsm). The data were normalized to their corresponding baseline and analyzed using the 

TraceDrawer® 1.8.1 Software from Ridgeview Instruments AB (Vänge, Sweden).  

 

3.2.1.15. Protein Secondary Structure Determination (via Circular Dichroism [CD] and Fourier 

Transform Infrared [FTIR] Spectroscopy) 

Far-UV CD spectra of all samples (particles concentration ~1 mg/mL; protein concentration 0.2 mg/mL 

regardless of samples [e.g. MErys and derivatives thereof, albumin, etc.]) were collected at 25oC using a 

Jasco J-810 spectropolarimeter (JASC, Pfungstadt, Germany). Quartz cuvettes with a 0.1 cm wavelength 

path were used for the measurements. 10 accumulations of each sample were taken at a speed of 20 

nm/min. The spectrum of the respective buffer was subtracted for each sample. The spectra were smoothed 

using the Savitzky-Golay algorithm[36] with 15 smoothing points and polynomial order of 3, as well as the 

molar residue ellipticity (or also called Δε) was calculated as described elsewhere[37]. The secondary 

structure content was assigned using the K2D3 software[38] with normalization to the adsorbed proteins on 

particles in the separated experiments. 

Meanwhile, FTIR spectra were obtained by Fourier transform infrared spectroscopy (FTIR) using a Bruker 

Tensor 27 spectrometer equipped with BioATR II Cell (Ettlingen, Germany). Samples (1 mg/ml particles) 

were analyzed by adding 35 µl thereof into the cell. The measurement temperature was controlled at 25°C 

using a water bath. Each spectrum comprises of an average of 120 scans at the resolution of 4 cm−1. All 
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measurements were performed thrice in the range of 850 and 4000 cm-1 with the fitting procedure was 

focused on the amide I band (1720 - 1590 cm-1) using Gaussian bands. Peak positions were assigned from 

the literature[39], as displayed here in Figure S III-10b. 

 

3.2.1.16. Determination of Fluorescence Stability Incorporated into Nanoparticles 

All fluorescently-loaded particles (1 mg/mL) were incubated in the same medium as for the shape stability 

study at 37°C and observed over 96 hours. At each predetermined time point, particles were 1x centrifuged 

10,000 xg for 10 min to obtain the supernatant (, while the particles were redispersed using our standardized 

method[16]). The supernatants were analyzed by a Cary Eclipse fluorescence spectrophotometer (Agilent, 

Boeblingen, Germany) for free fluorescent dye. All measured values were on a low baseline level (Figure 

III-2f). 

 

3.2.1.17.  Endotoxin Determination 

Endotoxin content was tested using an Endosafe® nexgen-PTSTM reader (Charles River Laboratories, 

Wilmington, MA, USA) after a 20 to 40-fold dilution of the particle preparations with HPW. The test was 

conducted according to the manufacturer’s instructions. The endotoxin levels of all samples were found to be 

below the limit of 1 EU/mg (for 1 mg/mL particle concentration). 

 

3.2.1.18. Phagocytic Cell Lines 

Mouse macrophage (J774A.1) and human monocyte (THP-1) cell lines were attained from the German 

Collection of Microorganisms and Cell Cultures (Heidelberg, Germany) and kindly donated by Dr. Aditi Mehta 

(group of. Prof. Olivia Merkel, Ludwig-Maximilians-Universität München, Germany), consecutively.  

 

3.2.1.19. Uptake of Particles into Phagocytes 

The uptake of nanoparticles (BCCNS) in J774.A1 macrophages and THP-1 monocytes was analyzed with 

coumarin-6 loaded particles.  J774.A1 macrophages were cultured at 4 x106 cells / 75 cm² in cell culture 

flasks (Corning®, Heidelberg, Germany) and cultivated for 3 days (37°C, 5% CO2) in DMEM supplemented 

with 1% (w/v) penicillin, 1% (w/v) streptomycin, and 10% (v/v) heat-inactivated FBS. Cells were harvested at 

5 x 107 cells / 75 cm² by a cell scraper and later gently tapping the culture flask against a table to optimally 

detach cells. The cells were centrifuged (400 xg, 5oC, 5 min) and washed with DMEM three times. 250 µl 

suspension of these J774.A1 macrophages was seeded at a density of 1 x 105 cells/well in a 24-well plate on 

the night before the experiment. 10 µl of a 1 mg/mL nanoparticle suspension was added in triplicate to the cells 
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and homogenized by gentle pipetting up and down. Negative control using 10 µl PBS pH 7.4 310 mOsm was 

added in parallel to the cells. The mixtures were incubated for 24 h at 37oC and 5oC. 

THP-1 cells were seeded in complete GibcoTM RPMI 1640 medium supplemented with 1% (w/v) penicillin, 

1% (w/v) streptomycin, and 10% (v/v) FBS. For the uptake study, 1 x 105 THP-1 cells were seeded to each 

well of a 24-well plate. The same condition and particle concentration (as described above for J774.A1 cells) 

were also applied to THP-1 cells. 

 

3.2.1.20.  Flow Cytometry 

For flow cytometry measurements, samples were analyzed using an Attune NxT flow cytometer (Thermo 

Fisher Scientific, München, Germany) equipped with forward scatter, side scatter, and fluorescence detector. 

488 nm excitation and 530/30 emission filter were applied for fluorescence-containing samples. Uptakes of 

fluorescence-containing samples into J744.A1 macrophages and THP-1 monocytes were quantified with 

forward scatter (FSC) sensitivity of 200 volts and green fluorescence detector sensitivity (or also called side 

scatter [SSC]) of 360 volts. A triplicate of 10,000 events each was collected per group. Flow cytometry data 

were analyzed using the Attune software using the median fluorescence per cell. 

 

3.2.1.21. Confocal Laser Scanning Microscopy (CLSM) 

The samples containing fluorescently-loaded particles (including the ones which were incubated with the 

cells in the uptake study) were washed three times with PBS pH 7.4 310 mOsm and fixed with 4% 

paraformaldehyde. A cell core staining was applied using Hoechst 33258 solution for 15 minutes. The uptake 

and internalization of fluorescently-loaded samples (CNPs: excitation/emission 460/500 nm; NErys & their 

part on BCCNs: excitation/emission 365/460 nm) into cells were examined using an inverted Leica TCS SP8 

confocal laser scanning microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) with the identical 

setting for all groups. A 63x oil immersion objective was used for acquisition. Ultraviolet laser (364 nm), 

Argon laser (488 nm), and HeNe laser (543 nm) were used as excitation wavelengths, corresponding to the 

emissions of band pass (BP) 385 - 470 nm, BP 505 - 530 nm, and long pass (LP) 560 nm, respectively. All 

images were averaged 4 times and scan speed was set to 6. Experiments were performed in triplicate.  

 

3.2.1.22. In Vitro Cytotoxicity Assay 

Cytotoxicity of samples (NErys, CNPs, and BCCNs) was assessed as cell viability of mouse macrophages-

human monocytes and was compared to the negative and positive controls (only dispersant of samples, 

namely PBS pH 7.4 310 mOsm, and 0.1% Triton-X in the dispersant, consecutively) using 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)[40]. Briefly, cells were seeded and treated as 

mentioned earlier in the section “Uptake of Particles into Phagocytes”. After the same duration of treatment 

as described above, MTT solution in PBS (5 mg/mL; 40 μL) was added to each well under the exclusion of 

light. After 4 h incubation of MTT solution, the liquid medium was removed carefully and the precipitated blue 

formazan product was extracted in acidified isopropanol (0.04 N HCl in isopropanol; 250 µl) by shaking for 5 

min at 300 RPM on a platform shaker (Heidolph Rotamax 120, Schwabach, Germany). These extracts were 

later centrifuged at 10,000 xg at 25oC for 20 min to avoid light scattering effects from the particles. 150 µl of 

each extract’s supernatant was transferred to a 96-well plate (Greiner Bio-One International GmbH, 

Frickenhausen, Germany) and absorbance was measured at 570 nm using a FLUOstar Omega microplate 

reader (BMG Labtech, Ortenberg, Germany). The assay was performed in triplicates and pure DMSO was 

used as a blank.  

 

3.2.1.23. In Vivo Biodistribution Studies 

All protocols involving the use of mice were approved by the Institutional Animal Care and Use Committee 

(IACUC) at The University of Kansas. The experiments were performed on healthy female C57BL/6J mice (6 

- 8 weeks; ~20 - 25 g) from The Jackson Laboratory (Bar Harbor, ME, USA). There were 3 time points (24-, 

48-, and 72-h) and 5 treatment groups (spherical CNP, spherical BCCN, non-spherical CNP, non-spherical 

BCCN, and negative control: PBS pH 7.4 310 mOsm); which each treatment group contained three mice. To 

study the biodistribution of the nanoparticles in various tissues, all mice received an intravenous injection of 

5 mg particles/kg (~100 μL) of corresponding nanoparticles (1 mg/mL NIR dye[Ex/Em 780/820 nm]-loaded 

nanoparticles) through the tail vein. At each of the time points following the particle injection, 3 mice were 

selected and sacrificed by CO2 overdose. Later, to enable more accurate fluorescence quantification in each 

organ[2], mice brains, livers, spleens, lungs, kidneys, and hearts were collected after perfusion using PBS. 

The collected organs were carefully weighed. The total weight of blood was estimated as 6% of mouse body 

weight and the collected blood samples were diluted with 100 μL PBS in a 96-well plate before fluorescence 

measurement. The fluorescence intensity of each sample was determined using an Odyssey CLx NIRF 

imaging system from LI-COR Biosciences (Lincoln, NE, USA). To calculate the terminal half-lives of 

nanoparticle samples, these parameters were best fitted to the 1st order of kinetics equation.  

 

3.2.1.24. Statistical Analysis 

Unless otherwise stated, for all experiments (not limited to the experimental laboratory methods) describing p 

values, a paired Student’s t-test, unpaired Student’s t-test, or one-way ANOVA was performed, assuming 
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significance at p ≤ 0.05.  

 

3.2.2. Computational Laboratory Methods (Auxiliary Analyses) 

3.2.2.1. Bioinformatic Analyses  

The source for bioinformatic analyses was one of the most comprehensive protein information databases, 

specifically the reviewed (high quality manually annotated & non-redundant) canonical UniProt database (or 

specifically so-called Swiss-Prot; 2018 & 2021 release; accessed July 2018 & updated December 2021; both 

20,386 entries for the human category)[41-43]. The reviewed canonical human UniProt database was further 

selected as the main base for biomolecular corona analysis because of these 3 considerations: (a) utilized 

human blood proteins and erythrocytes are mainly used in the current laboratory experiments, (b) other 

researchers also generally used human blood plasma / serum for protein corona analysis, and (c) still 

unsatisfactory annotation completeness of other species proteins (e.g. mouse[44]) in any currently existing 

databases (the most complete one was mouse UniProt database; accessed July 2018; 16,985 entries). For 

biomolecular corona analysis and later homology modeling of other species proteins, if applicable, these 

were BLAST-ed against the reviewed human UniProt database and their homolog human proteins were 

chosen based on the highest E-value and Score. It is important to do so because of the still unsatisfactory 

annotations of other species proteins in existing databases[45] and anticipation of any discrepancy of 

biological pathways in different species[46]. The used human UniProt database was also bioinformatically 

classified based on protein physicochemical and biological/functional properties. For comparison, the Global 

Substance Registration System (GSRS) of the U.S. Food and Drug Administration (FDA)/DrugBank 

database[47, 48, 49] (~6,000 entries in December 2021[48]) was used as a sequence source for therapeutic 

proteins (i.e. naturally unavailable due to their productions by genetic engineering). 

 

For the whole sequence protein hydrophobicity indicator, the GRAVY (Grand Average of Hydropathy) score 

was calculated according to Kyte-Doolittle[50]. Protein’s isoelectric point (IEP) and surface charge (zeta 

potential) at various pHs were calculated based on the specific Bjellqvist method, showing high accuracy 

because of the sequence length consideration[51, 52]. The aliphatic index (AI) of a protein, defined as the 

relative volume occupied by aliphatic side chains (alanine, valine, isoleucine, and leucine), and %hydrogen 

bond-forming amino acids (serine & threonine) were calculated according to Ikai[53]. In general, the greater 

the values thereof are, the higher the thermostability of protein is. Also, the values thereof are considered an 

attractive protein stability parameter (for refolding) against denaturants[53]. WEBnm@ v2.0 software was used 

to determine the global elasticity (/ deformation energy) of proteins using Normal Mode Analysis (NMA)[54]; 
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the lower the values are (which are unitless), the softer / more flexible / elastic the proteins are. For 

multidomain proteins, the lower the values are, the higher the hinge rigidities are, corresponding to higher 

protein aggregation. 

 

For the construction of protein-protein interaction (PPI) networks, STRING-DB v11.0 was used[55] and the full 

list of proteins arranging interactomic data is available on request. Confidence (combined) scores ≥ 0.4 were 

classified to be significant interactions/associations. Subsequently, they were visualized as edges (with a 

differential thickness corresponding linearly to their scores and) connecting protein nodes. The obtained 

protein-protein interaction networks (or also called protein interactomes) were also visualized and scored by 

the Cytoscape software[56] and the cytoHubba plugin[57]. The newly proposed and popular centrality 

parameters generated by the cytoHubba plugin, namely Closeness and MNC (Maximum Neighborhood 

Component), respectively[57], were used. These centrality parameters inform us of a proportional score and 

notion of which nodes have the higher impact on the network. A combination of methods for portraying the 

impact degree of proteins in a protein-protein interaction network is required to minimize the heterogeneous 

nature of the biological network. The higher the scores of the proteins (generated by these parameters) are, 

the higher the connectivity or interconnectedness of such proteins are[57].  

 

3.2.2.2. Calculation Details 

For synthetic molecules (including oligomers of polymers as molecular models[58]), logP values (against 1-

octanol) were calculated using the highest accuracy consensus method[16, 59] in Plugins of MarvinSketch 

software version 17.1.23.0 (2017), ChemAxon (http://www.chemaxon.com). The used molecular structures 

were either downloaded as .sdf files from PubChem[60] (if available) or built using the aforementioned 

MarvinSketch software. Later, in the Maestro 11 interface of Schrödinger Software Release 2017-4[61], these 

structures were minimized using the OPLS(3) force field and the Connolly’s molecular surface area (CMSA) 

thereof was calculated using a probe of 1.4 Å. 

 

3.2.2.3. Correlation to Experimental Hydrophobic Interaction Chromatography (HIC) and Interfacial 

Activity Parameters 

The protein surface hydrophobicity index (Φ), having a strong relation to the HIC results (i.e. dimensionless 

retention time [DRT] / apparent retention factor), was developed from the modified methodology from 

Lienqueo et al.[62] employing proteins’ 3D-structures. Experimental HIC results were obtained under generic 

conditions: Phenyl-Sepharose column (e.g. MabPac HIC-10) 100 mm x 4.6 mm column, mobile phase “A”: 2 

http://www.chemaxon.com/
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M ammonium-sulfate + 0.1 M phosphate (pH = 7.0), mobile phase “B”: 0.1 M phosphate (pH = 7.0), 0 - 100% 

B gradient in 10 min, flow rate: 1 mL/min, temperature: 25oC. 

 

It is assumed that each amino acid on the surface of a protein has a relative contribution to the surface 

properties, then: 

Φi = Σ(Φaan.raan) 

 

where Φ indicates the initial calculated value of the surface hydrophobicity for a given protein, n (n = 1, 2, …, 

20) is the 20 different amino acids, and Φaan is the value of the hydrophobicity related to amino acid “n”. raan, 

the relative surface area exposed for each amino acid “n” on the surface, is defined as: 

raan = 
𝑆aan

Σ𝑆aan
 

 

where Saan is the total exposed area of the amino acid residue “n” in the protein and ΣSaan is the total surface 

of the protein. The Parameter OPtimised Surfaces (POPS; Version 1.8.0)[63] Program was utilized to 

calculate the accessible surface area of each single residue in a protein using an all-atom approach and a 

probe radius value 1.4 Å representing a water molecule. This program takes input from 3D-structures either 

from the Protein Data Bank file (PDB, https://www.rcsb.org/) or the pdb file generated by the most superior 

homology modeling[64] using PrimeTM in Maestro 11 interface of Schrodinger Software Release 2017-4[61] for 

unavailable/incomplete PDB (of existing proteins in reviewed UniProt database) or building intact monoclonal 

antibodies. The amino acid scale proposed by Cowan-Whittaker[65] was selected because of its 

adequateness in estimating protein surface hydrophobicity. 

 

Although the main driving force of HIC results is the total exposed area of amino acid residues, it is also 

important to note that for certain proteins, such as fibrinogen, monoclonal antibodies[66], and CD47, their 

surface hydrophobicity and consequent HIC results are also appreciably affected by glycosylation. 

Furthermore, the glycosylation also substantially affects the surface activity of proteins, whereas non-

/deglycosylated proteins are typically more surface active[67]. For correction thereof, here is proposed a 

correction factor based on glycosylation density, ρg: 

ρg = (
𝑁𝑔

𝟐

c.(MW+𝑒2)
−

4
𝑀𝑊

) 

 

where Ng is the number of glycosylation sites for a given protein in the normal/healthy organism condition 

Equation S III-2 

Equation S III-1 

 Equation S III-3 

https://www.rcsb.org/
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(excluding in vitro or predictive [ECO:0000255] glycations), MW is the molecular weight of protein in kDa, 

and c values vary and are depending on glycosylation site/protein and MW as summarized in Table S III-16; 

all descriptors are taken from the reviewed UniProt database (2018 release; accessed July 2018; 20,386 

entries)[41, 42]. 

 

Thus, the final protein surface hydrophobicity index, Φf is defined:  

Φf = Φi - ρg 

 

The higher the Φf, the more hydrophobic the protein surface. Besides the established relations of Φ and DRT 

(Figure S III-23), here (Figure S III-9) are also proposed excellent correlations of Φf with interfacial activity 

parameters, such as surface free energy (SFE), surface polarity (Xp), material-water interfacial tension (IFT), 

and equilibrium surface pressure (EqSP). To date, specifically for studying the association between 

nanoparticles and corona proteins, estimations thereof are virtually limited to physicochemical properties (a) 

of experimental nanoparticles and (b) based on merely primary structure (i.e. sequence) of blood plasma 

proteins[68].  

 

3.2.2.4. All-Atom Molecular Dynamics (AAMD) 

All systems (including [membrane] proteins[69], phospholipids[70, 71], and polymers[71, 72]) were described using 

the state-of-the-art OPLS(3) force field[73] and the water molecules were described using the SPC model[74]. 

Molecular dynamics simulations were executed using the Maestro 11 interface of Schrödinger Software 

Release 2017-4 [61, 75]. Simulations were performed at time steps of 2 fs. Periodic boundary conditions were 

applied in all three directions. Cut-off radii were set at 0.9 nm for both electrostatic and van der Waals 

interactions. Long-range electrostatic interactions were treated using the particle-mesh Ewald (PME) 

method[76]. Simulations in the isothermal-isobaric (NPT) ensemble have been carried out. Temperature 

coupling was done with a Nose-Hoover chain thermostat[77]. Pressure coupling was regulated using the 

Martina-Tobias-Klein barostat[78]. Relaxation times of 1 ps and 2 ps were used for the thermostat and 

barostat, respectively. For cell membrane adsorption simulation, the constant lateral surface tension of 

membranes (40 mN/m) mimicking a real cell membrane was applied[79]. 

 

 

 

 

 Equation S III-4 
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4. Results and Discussions 

4.1. Non-spherical Shape Stability 

Firstly, non-spherical (prolate) fluorescently-loaded carboxylated poly(styrene) (PS-COOH) nanoparticles 

were produced from spherical equals using 2- and 3-fold stretching factors uniaxially (Table S III-1). These 

bare particles acted as non-spherical and spherical core nanoparticles (CNPs) for later development of their 

derivatives: non-spherical and spherical bioinspired red blood cell membrane-coated nanoparticles (BCCNs), 

as well as non-spherical and spherical PEGylated nanoparticles (CNP-PEGs). 

  

Coumarin-6 (Cou6) and Indocyanine green (ICG) were chosen as fluorescent loads (modelling small 

molecule [drugs] models) for in vitro and in vivo studies, respectively. ICG, a U.S. Food and Drug 

Administration (FDA)-approved near-infrared (NIR) dye, was used because it increases the specificity and 

sensitivity of samples in a more complex biological tissue, especially in in vivo conditions[80]. Moreover and 

importantly, ICG offers many potential clinical applications, specifically phototherapy (e.g. photothermal and 

photodynamic)[81] and angiography[49, 82]. It is, however, not possible to use NIR dye-containing samples for a 

part of the vitro studies due to the absence of a NIR wavelength detector in the available flow cytometry and 

confocal laser scanning electron microscope (CLSM). Therefore, coumarin-6 replaced ICG in such studies. 

Nonetheless, considering the substantial effect of additional substances affecting the shape stability of non-

spherical particles[16], cellular uptake, and subsequent in vivo fate[16, 83], the rationale of the choice is 

maintained by the similarity of logDs at pH 7.4 (representing the circulation system) between the dyes (Table 

S III-2 & Figure S III-2). Additionally, a correlation-interpretation from in vitro and in vivo results could be 

reasonably drawn because of this similar physicochemical (and possible pharmacokinetics’) properties. 
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Figure III-1. Representative scanning electron micrographs, which were obtained on different days after initial preparation, display shape 

stability of various non-spherical PS-COOH nanoparticles involved during in vitro and in vivo studies. Nanoparticles were dispersed in 

100% blood plasma for a maximum of 29 days at 37oC. Scale bars = 500 nm. Unless otherwise specified in the brackets, these non-

spherical particles are 3-fold (3x) stretched and this term applies from here onwards.  
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Anticipatedly, both dyes were proven to always elicit similar shape stability within the same surface coating 

group (i.e. CNP vs BCCN; Figure III-1), demonstrated by comparable typical shifting time (t1/2) (Figure III-2a; 

calculated from the data in Figure III-2b) and completeness of cell membrane-coating (Figure III-3a & Figure 

S III-3). Besides, both dyes within the same surface coating group particles led to comparable hydrodynamic 

size, polydispersity index (PDI), zeta potential, fluorescence retention of these particles, and amount of 

adsorbed proteins (Figure III-2c to Figure III-2g, respectively), which can serve as good bases for further in 

vitro and in vivo study. Importantly, compared to the unloaded polystyrene (Figure III-2a), typical shifting 

times of fluorescently-loaded CNPs decrease significantly, presumably due to a decrease of particles’ glass 

transition temperature (Tg) and additional nanoparticle hydrophobicity from the dyes (Figure III-2a, Table S 

III-1 & Figure III-3b). These factors notoriously cause the shape transformation into spheres when there is no 

additional treatment (e.g. stabilizer)[16]. As also reported elsewhere, both coumarin-6[84] and ICG[85] are very 

reasonable to reduce systems (i.e. polymers)’ Tgs where they are embedded in, presumably because of the 

relatively low molecular weight of the dyes, leading to a more considerable molecular difference between 

guest-host (dye-polymer) systems[16, 84, 86]. We envision that other more biodegradable shape-memory 

polymers (SMPs) are potential to be developed for non-spherical BCCNs containing ICG. ICG was already 

reported to be a good activator in SMPs[85], thus in the future, more biodegradable non-spherical BCCNs can 

rationally be triggered faster to become spheres again (if needed) and subsequently show a higher 

clearance rate from the circulation system.   

 

Compared to non-spherical CNP-PEG and BCCNs (irrespective of 2- and 3-fold stretching factors), both non-

spherical CNPs exhibited the fastest transformation into spheres again, indicated by the shortest typical 

shifting time (Figure III-1 & Figure III-2a) which enables the most rapid shifting to the lower aspect ratios 

(ARs; Figure III-2b). However, in the complex medium (i.e. blood plasma) it turned out that the decrease of 

nanoparticles’ ARs could not be necessarily confirmed by fast and acceptable sizing methods, such as 

dynamic light scattering (DLS; as in our previous report[16]). It is because significant aggregation (specifically 

in the case of all CNPs) practically occurs in this medium over time, interfering with the observation of 

particles’ reshaping into spheres. Such aggregation is clearly observable in the CNPs’ DLS results: 

increases in hydrodynamic size and PDI over time as well as immediate shifting to more negatively charged 

particles until certain values, i.e. ~-20 mV) (Figure III-2c-e). These observations can be reasonably 

interpreted as the consequence of significant and rapid adsorption of blood plasma proteins to the particle 

surface until the equilibrium is reached (Figure III-2g). 
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Interestingly, for CNP-PEG and BCCNs, the hydrodynamic size and PDI appeared still to slightly decreasing 

over time, agreeing well with the minimum protein adsorption, thereby reducing the particle aggregation 

propensity. However, it is important to note that the amount and composition of adsorbed proteins between 

them differ (Figure III-2g & Figure III-4a). As expected, the least amount of adsorbed proteins was found for 

CNP-PEG (Figure III-2g). Surprisingly, BCCNs (both fresh and post-incubation in blood plasma; no 

significant difference in-between) had the highest amount of adsorbed protein compared to CNP-PEGs or 

even CNPs (Figure III-2g). Shape-dependent adsorption amount of blood plasma proteins to particles 

appeared to only be exhibited by CNPs (Figure III-2g).  

 

Although CNP-PEG and BCCN had a similar colloidal stability in blood plasma over time (Figure III-2c & 

Table S III-1), their degree of shape stability and decrease of Tgs’ and Young’s modulus differ significantly 

(Figure III-2a and Figure III-3c). BCCN showed a greater typical shifting time. Cell membrane-coating on 

BCCNs appeared to only reduce marginally Tg and Young’s Modulus (correlating also with lower consequent 

porosity reduction, as indicated by similar specific surface area (SSA) and residual moisture in Figure III-3d) 

compared to the PEG on CNP-PEG (Figure III-2a), reasonably due to antiplasticization effect and/or local 

gelation, which are commonly found in protein-[16, 87] & phospholipid[88]-containing formulations. This led to a 

better non-spherical shape stability. Expectedly, the similarly significant reduction of Tg and Young’s 

Modulus of PEGylated formulations was also already reported elsewhere[89]. Meanwhile, the higher the 

surface roughness of CNP is (i.e. non-spherical > spherical CNP; Figure III-3c & e), the greater the surface 

roughness after the completion of the coating process is (~BCCN > PEGylated; Figure III-3c & e), indicating 

that higher roughness does not necessarily increase the objects’/particles’ hydrophobicity[16]. Also, there was 

an insignificant Young’s modulus decrease after loading of small molecules into particles (data not shown). 

These last two behaviors seemed to be similar to the macroscopic observations[90]. 
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Figure III-2. (a) Calculated typical shifting time (t1/2) from aspect ratio (AR) of particles, visually represented in Figure III-1 and 

numerically demonstrated over time in panel (b): AR plots of various non-spherical PS-COOH nanoparticles. Color legend in panel (a) 

applies until panel (g) having also an additional color legend for itself and spherical particles described in panel (f). Meanwhile, the 

symbol legend in panel (b) guides until panel (f). Plots of (c) hydrodynamic size, (d) polydispersity index/PDI, (e) zeta potential, and (f) 

fluorescence stability of the dyes in PS-COOH nanoparticles over time (which for clarity, can also be displayed as the contrary, i.e. the 

in vitro release thereof). (g) Quantification of total adsorbed protein to nanoparticle surfaces. Unless otherwise specified in Methods, 

data represents mean ± standard deviation (n = 3). 
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Figure III-3. (a) Representative transmission electron micrographs of different BCCN’ shapes and aspect ratios (scale bars = 100 nm). 

Properties of evaluated nanoparticles: (b) and (c) are mechanical ones, while (d) physiosorption-based surface ones. Panel (c) and (e) 

were obtained using an Atomic force microscope (AFM). The latter indicates 3D representations and surface or height profiles of 

particles. Otherwise specified in Methods, data represents mean ± standard deviation (n = 3). 
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Figure III-4. (a) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; upper panel) and western blotting analysis of 

CD47 protein (lower panel) from various samples. Lane 1) markers, 2) Microerythrosomes (MErys / also called RBC Ghosts), 3) 

Nanoerythrosomes (NErys / also called Nanoerythrosomes), 4) Non-spherical BCCNs (freshly prepared), 5) Spherical BCCNs (freshly 

prepared), 6) Non-spherical BCCNs (post in blood plasma for 24 h & washed), 7) Spherical BCCNs (post in blood plasma for 24 h & 

washed), 8) Non-Spherical CNPs (post in blood plasma for 24 h & washed), 9) Spherical CNPs (post in blood plasma for 24 h & 

washed), 10) Spherical CNP-PEG (post in blood plasma for 24 h & washed), 11) Non-Spherical CNP-PEG (post in blood plasma for 24 

h & washed), and 12) blood plasma. (b) Cellular uptakes of different formulations in monocytes (THP-1 cells) and macrophages 

(J774A.1 cells), determined by flow cytometry (n=3). *Values are significantly different (p ≤ 0.05) and n.s.: not significant (p > 0.05). (c) 

Confocal laser scanning microscopy (CLSM) images of monocytes (left panel) and macrophages (right panel) incubated without and 

with various particles. Cell nuclei were stained with Hoechst 33258 (blue); particles were loaded with Coumarin-6 (Cou6) (green). The 

excess nanoparticles were washed out and the cells were subsequently fixed for imaging. Both exemplary flow cytometry and CLSM 

were experimented with using 1 mg/mL (the same concentration as used later for in vivo experiments) of particles and an incubation 

time of 24 h at 37oC. Scale bars = 20 μm (universal for all samples). 
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4.2. In Vitro Phagocytosis 

A supplementary, yet critical in vitro assessment, i.e. endotoxin content[91], was performed while transitioning 

from the main biophysicochemical characterization (in the previous section) to in vitro and in vivo studies. 

The endotoxin levels of all particles used in the in vitro and vivo study were less than 1 EU/mg (for 1 mg/mL 

particle concentration), assuring that the in vitro phagocytic uptake and in vivo phenomena are very less 

likely because of the endotoxin effect (Table S III-1).  

 

PEGylated particles are used as the gold standard in avoiding phagocytosis through the mechanism of 

minimum (hydrophobic opsonin) protein adsorption. The ”brush” configurations were obtained for all 

PEGylated particles herein, corresponding to a PEGylation degree as high as ~33% (or average distance 

between two terminally attached PEG molecules ~0.77 nm or PEGylation density as dense as ~1.67 

PEG/nm2). Also, PDI values thereof were less than 0.4, indicating that the particles are relatively 

monodisperse and uniformly coated with PEG or NErys (Figure III-2d & Table S III-1 & Figure S III-4a).  

 

To assess phagocytic uptake of coated and uncoated (bare) nanoparticles, in vitro models of MPS clearance 

were built based on phagocytes: human monocytes (THP-1 cells) and mouse macrophages (J774A.1). 

Nanoparticle uptake was evaluated quantitatively by flow cytometry (Figure III-4b) and qualitatively by CLSM 

(Figure III-4c). The median fluorescence intensity of the cells correlates proportionally with phagocytized 

particles. In our study, the independent modification of particles’ shape or surface chemistry (via grafting 

using PEG and NErys) significantly decreased phagocytosis by both monocytes and macrophages. Overall, 

the substantial reduction by each single factor was determined to be more than 70%, with the higher 

reduction degree caused by surface chemistry (NErys ~ PEG > shape; ~85% > ~70%). From the perspective 

of shape factor alone, groups of 3-fold stretching factor were always significantly superior to 2-fold stretched 

equal particles in terms of decrease of cellular uptake (average ~75% > ~65%). Altogether, surface 

chemistry and shape factor led up to a ~95% decrease in phagocytosis, represented by (3-fold stretching 

factor) non-spherical BCCN against monocytes; where this result significantly outperformed the CNP-PEG 

equals. This concept offers a new appealing way, because in the last decade, either non-spherical shape or 

membrane coating was shown to decrease phagocytosis independently[9, 15]. Also, this effect can be linked to 

the existence of CD47 in NErys (Figure III-4a), therefore BCCNs, specifically the 3-fold stretching factor ones 

(Figure III-4b). Against macrophages, however, the superiority of non-spherical BCCNs diminished and 

became insignificant compared to the non-spherical CNP-PEG. But, both were still significant in reducing 

phagocytosis compared to the CNPs and lower stretching factor BCCN formulations. This can be explained 
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due to little reduction of CD47 cross-reactivity between different species[8], albeit close genetic relatedness 

between human-mouse[92]. Because of this reason, to investigate the full potential of non-spherical BCCNs in 

vivo, later mouse RBCs were utilized. The phagocytic uptake studies were also conducted at 5oC to 

distinguish between active and passive uptake and at different doses. All samples remained to show similar 

trends, but they showed much lower absolute median fluorescence intensity values. This can be interpreted 

in a way that (1) although the phagocytic uptake is mainly driven by active transport, passive transport still, 

occurs to a small extent, and (2) the minimization of phagocytosis by the combination of non-spherical shape 

factor and NEry coating does not depend on doses (data not shown). Additionally, to anticipate possible 

nanoparticle toxicity effects during the further (in vivo) study, we also performed an in vitro cytotoxicity assay 

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Table S III-1). Regardless of shape, 

all BCCNs, compared to core nanoparticles (CNPs), showed less cytotoxicity on the tested monocytes and 

macrophages after incubation for 24 hours (Table S III-1). Similar to our findings concerning an appreciable 

difference in many basic properties between nano- and macroscale objects[16], adverse effects (including 

cytotoxicity) of nanoparticles also cannot be predicted from the known toxicity of material of macroscopic 

size, which still obeys the laws of classical physics[93]. In conclusion, all particles were progressively taken up 

by phagocytes and showed little impact on cell viability, with the non-spherical BCCNs being the least toxic.   

 

 

4.3. In Vivo Biodistribution 

For the next step, we performed the in vivo experiments to explore the biodistribution of non-spherical 

BCCNs. Due to the comparable (or potentially more) superiority of non-spherical BCCNs compared to the 

non-spherical CNP-PEGs in diminishing phagocytosis by cells of MPS in previous in vitro study, we 

implemented the Three Rs (3Rs: Replacement Reduction Refinement[94])’ principle for in vivo study. 

Accordingly, a head-to-head comparison of 2 factors (shape and coating) with each containing 2 variables 

(non-spherical vs spherical and NErys-coated [BCCNs] vs bare) was carried out to benchmark, whether the 

previously independent two phagocytosis avoiding techniques can synergistically be combined in real in vivo 

conditions.  

 

In general, during our 72-hour observation, non-spherical BCCNs (, which were loaded with ICG) circulate for 

much longer and in higher percentages than both their spherical counterparts and (non-spherical as well as 

spherical) CNPs (Figure III-5a - c; p ≤ 0.05). This can be reflected in the superior terminal half-life of non-

spherical BCCNs, reaching ~51 hours. This value doubles than the independent formulation owning a similar 
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half-life (~25 h): spherical BCCN or non-spherical CNP. Furthermore, in this study, non-spherical BCCNs 

showed statistically significant differences in organ distribution, especially in the brain (higher) and liver 

(lower). Therefore, these findings may also vindicate to some extent that the long terminal half-life is usually 

associated with a slow redistribution from tissues, e.g. Amphotericin Liposome Injection[49, 95]. To ensure that 

the fluorescent load signal was because of nanoparticles and not blood remaining in organs, organs were 

perfused for all biodistribution studies (as detailed in Methods of In Vivo Biodistribution Studies).    

 

 

For non-spherical BCCNs, significantly enhanced accumulation persisted in the brain for a period of 48 h, 

with the accumulation peaking at 24 h. In contrast, both non-spherical CNPs and spherical BCCNs 

demonstrated significantly shorter accumulation time in the brain in the same timeframe (Figure III-5a & b; p 

≤ 0.05). Considering that free ICG in vertebrates (specifically rodents, both mice and rats[96]) could not be 

found in the brain, nanoparticles appeared to elicit really appreciable ICG distribution to the brain, particularly 

non-spherical BCCNs. To put the results into perspective, the delivery/accumulation to the brain using the 

carrier, is orders of magnitude higher than that achieved by free substances[97]. The considerable differences 

in non-spherical BCCNs’ brain distribution during at least 48 hours could potentially be utilized for brain 

targeting. In principle, nanoparticles accumulate in tissues either because of non-specific bindings (NSB) 

with the endothelium or because of interaction with the cells. Further and mechanistic rationale for this result 

is studied and discussed in the next section: “Rationale of In Vivo-In Vitro Findings, General Results”. 

 

Non-spherical BCCNs were also able to relatively avoid the liver and spleen throughout 72 h, with a higher 

significance occurring in the liver (Figure III-5a & b). The liver and spleen reportedly eliminate all foreign 

materials (with no exception for conventional synthetic nanoparticles) from the blood promptly. Developing 

nanoparticle formulations, that both target other organs while evading the liver and spleen, has been a 

challenge[98], especially for substances excreted mainly in the liver, including ICG[99]. Accordingly, non-

spherical BCCNs may serve as promising carriers for such substances. Other major organs (lung, kidney, 

and heart) were also analyzed and displayed minor differences in particles’ distribution, particularly at 72 h. 

This is an anticipated trend because of the gradual degradation of the particles by this time point, as 

indicated by the higher accumulation of the ICG in the liver. Ultimately, during the in vivo study (specifically 

before the determined time points), mice neither collapsed nor passed away because of the administered 

nanoparticles, as reinforced by in vitro cytotoxicity assay (Table S III-1). All in all, the in vivo data strongly 

suggest that the combination of non-spherical geometry and cell membrane-coating could enhance particles’ 
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half-life and brain distribution, while reducing their accumulation in the liver and spleen. This fact becomes 

more interesting, since the minor axes of non-spherical (prolate ellipsoid) BCCNs are in a similar size range 

to the most commonly approved size by FDA for non-viral vectors/carriers, i.e. ~100 nm[49], opening the 

possibility for sterile filtration[16]. Additionally, the non-spherical BCCNs could be an efficient alternative 

carrier to improve the treatment of central nervous system (CNS) related diseases, such as brain cancer (i.e. 

glioblastoma multiforme [GBM]), Alzheimer’s, Parkinson’s, and multiple sclerosis (MS). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

109 

 
(a) 

 

 
Figure III-5. Biodistribution of nanoparticles. (a) Representative ex-vivo imaging. (b) Organ distribution of nanoparticles at 24, 48, and 72 

hours. Data are expressed as mean ± standard deviation (n=3). Statistics were performed by one-way ANOVA within groups with Tukey 

multiple comparisons test. *Values are significantly different (p ≤ 0.05) and n.s.: not significant (p > 0.05). (c) Calculated terminal half-life 

from the attained blood concentrations in the panel (a) and (b). 
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4.4. Rationale & Outlook 

4.4.1. Rationale of In Vivo-In Vitro Findings 

Generally speaking, our in vivo results demonstrate that BCCNs have a prolonged half-life and accumulate 

in highly vascularized organs, first of all, the brain. Non-spherical BCCNs, containing several key proteins 

(Figure III-4a), accumulate most significantly in the brain for 48 h while CNP, without NErys coating, is limited 

to considerably shorter circulation times. These phenomena may be enabled by two main reasons: 

physiological and protein interaction factors occurring on particles. 

 

First, for the physiological factor, all observed organs/tissues in the current study are classified as highly 

perfused ones (> 1 mL/100 g tissue/min)[100]. Importantly and physiologically, compared to the other 

observed tissues, the brain has the smallest vasculature diameters (< 25 μm)[101](Figure III-6a). This can 

reasonably lead to the higher deposition of particles because of relatively higher penetration, but narrower 

escape. Moreover, given the shape of particles, interestingly non-spherical (including prolate/elongated) 

particles amplify these phenomena, as indicated by the Tunable Resistive Pulse Sensing (TRPS) 

measurement (Figure S III-4b). Under considerable pressure (which also exists in the circulation system), 

most non-spherical particles (i.e. prolate, regardless of bare [CNP] or coated [BCCN]) mainly traverse the 

orifices with an end-on orientation as long as the particles’ minor axis is smaller than the orifices. This is also 

similar to previous reports for non-spherical particles, involving both living cells[102] or not[103, 104]. Similar to a 

healthy human[105, 106], in a healthy mouse the blood pressure in and around (also called intracranial 

pressure) the brain[107] is proven lower, for example, (about 2-fold or more) than the lungs’ counterpart[108](also 

called pulmonary pressure). In other words, the blood pressure in the brain (mouse ~4 mmHg [6 - 8 weeks; 

irrespective of gender][107]; human <10 - 15 mmHg[105]) is also strong enough to force non-spherical BCCN 

into the brain, but it is still weak enough to let non-spherical BCCN reside temporarily in the brain.  

 

Secondly, to better understand protein interaction factors as well as the experimental biophysicochemical 

characterization, and the in vitro and in vivo findings, various bioinformatic analyses were performed 

involving biomolecular corona formation, particularly protein corona one(Figure III-6b-f). In Figure III-6b-f, the 

recommended protein names and abbreviations according to International Protein Nomenclature 

Guidelines[41, 42] were applied (Table S III-3 to Table S III-6), besides the colloquial/alternative protein names. 

The formers are used to simplify protein name translations between orthologous species (human-mouse). 

Unless otherwise stated in Table S III-3 to Table S III-6, only capitalization of the letters in the abbreviations 

differs human (all in capitals) from mouse (only the first letter in the capital).  
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By harnessing computer capability to understand large and complex biological data throughout experimental 

laboratory studies, the protein interactomes (also called protein-protein interaction network; Figure III-6b-to-c) 

are built from mouse (Figure S III-5—Figure S III-6) and human (Figure S III-7—Figure S III-8). Because of 

the highly similar interactomes from both organisms, to a current extent (i.e. proteins’ biophysicochemical 

properties, but not their expression per organ), the abbreviations can be expected to be used 

interchangeably and to be represented with a single value for each protein biophysicochemical property 

(Table S III-3 to Table S III-6). From these in-depth bioinformatic analyses, auxiliary explanations can be 

developed. In general, mapping the interactomes can facilitate disentangling and further understanding of 

the complexity of biological pathways in organisms, particularly i.e. blood-brain axis. For a brief insight, a 

quadruple principle (consisting of 3 factors increasing influx into + 1 factor decreasing efflux from the brain) is 

herein proposed (Figure III-6d). 

  

Intriguingly, combining our in vivo results and bioinformatic analyses results, coating of RBC on the (non-

spherical) BCCNs appears to be rational using the proposed quadruple principle. In Figure III-6d, these 

results may be enabled by the interaction of typical erythrocytic proteins (pink-colored) and their respective 

receptors, either directly or indirectly via mediators (red-colored). These could be classified as “hard corona” 

and ”soft corona”, respectively. In the context of binding affinity, for example, the “soft corona” comprises 

proteins that are weakly attached to the surface; these proteins adsorb rapidly but are easily exchanged with 

proteins in the medium[109]. The “soft corona” may be more beneficial for interfacially unstable (or very slightly 

refoldable) proteins, utilized for targeting (discussed in the next part: “Rationale of Particle Shape Stability”). 

Both coronae are considered to be relevant in governing carrier interactions with cells[110]. 
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Figure III-6. (a) Mouse vessel morphometrics visualization with a color bar on each organ representing vessel diameters. Adapted from 

ref. [101], copyright 2011, with permission from PLoS ONE. Shortlisted interactomes of (b) erythrocytes as well as (c) currently proposed 

brain-targeting & -clearance principle. (d) The magnified and more detailed mechanism of the panel (c), focused on the brain-targeting 

principle. Distribution of normalized protein expression per organ in (e) mouse and (f) human. Data were retrieved and recalculated from 

BioGPS[111] and Human Protein Atlas[112], consecutively. General color references of proteins in panel (c)-(f): orange=erythrocytic 

focuses for cell membrane adsorption onto particle surfaces; pink=erythrocytic focuses for brain-targeting mechanism; blue=erythrocytic 

others; red=mediators from blood plasma; green & brown= target receptors leading to increase influx & decrease efflux of particles in 



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

113 

blood-brain barrier (BBB); purple=receptor(s) which may account for diminishing the “marker-of-self” effects in the organism, especially 

in blood-brain barrier (BBB); grey=other blood plasma and/or receptors. (The more comprehensive versions of the interactomes in this 

figure for panels (b) and (c) are displayed in Figure S III-5—Figure S III-6 for mouse and Figure S III-7—Figure S III-8 for human, 

respectively). 
  

 

To go more into details of the quadruple principle, first we discuss factors increasing influx into the brain. The 

ATP-binding cassettes family: Abca7, Abca1, and Abcg1 (with MW ~234, ~254, and ~75 kDa, respectively) 

appears to be ones of the main transporters from NErys, involved in the higher accumulation of BCCNs in 

the brain; while a lesser extent, albeit still considerable, is shown by the interaction of flotillins (~47 kDa, 

especially Flotillin-1) from NErys with their receptor: Slc6a3 in the brain[113]. The ATP-binding cassettes 

family mediates interactions with apolipoproteins, i.e. Apolipoprotein A-I (Apoa1) and/or Apolipoprotein E 

(Apoe), which later introduce whole NErys to their respective receptors, i.e. Scarb1 and Lrp1, consecutively. 

Given the high abundance of Apoa1 in blood plasma (Table S III-5), Apoa1 alone may reasonably account 

for the higher nanoparticle uptake to the brain and/or permeation across the blood-brain barrier (BBB)[114]. 

This can be explained by the recent experimental findings, showing that Apolipoprotein A-I associates 

considerably (even the most one, compared to other apolipoproteins) on native and extracted RBC 

membranes (NErys)[115, 116]. However, in reality, these two apolipoproteins strongly appear to cooperate. This 

is based on the fact that besides their similar molecular weights (~30 kDa; Table S III-3), the latest findings 

show that the tertiary structures of this apolipoprotein family are closely related[117]. Accordingly, they 

rationally cross-react with their most prominent corresponding receptors. This current knowledge improves 

our knowledge that the cross-reaction involving Apoe may also be beyond the low-density lipoprotein 

receptor family (mainly Lrp1 [Prolow-density lipoprotein receptor-related protein 1][41, 42]), i.e. Scarb1 

(Scavenger receptor class B member 1), or vice versa. To put apolipoproteins into perspective, it is 

noteworthy to consider that a Lrp1 agonist peptide, i.e. Angiopep-2 (in the conjugated form as Paclitaxel 

Trevatide), is the most clinically-advanced and even already approved by FDA in 2016 as an orphan drug for 

brain-targeting drug delivery, specifically breast cancer brain metastases (BCBM)[118]. This fact suggests that 

substantial indirect apolipoprotein involvement in the drug delivery and targeting still can be further explored 

to obtain clinical significances. 

 

For factors decreasing efflux, to date the interaction between Cd47 and its receptor: Sirpa in the brain is 

practically considered the definitive factor[112, 119]. This is very rational because Sirpa is one of the proteins 

expressed highest in the brain compared to the other organs, both in mouse and human (Figure III-6e-to-f). 

Also in both organisms, Sirpa has relatively higher expression than the Mac-1 receptor(Itgam–Itgb2; Figure 
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III-6e-to-f), its indirect competitor through inducing Cd47 from “marker-of-self” to “marker-of

senescence”[120].In the normal physiology of the brain, Cd47 can reportedly also protect endogenous matters 

from brain resident macrophages (i.e. microglia) by binding via their Sirpa[119, 121]. Definitely, bestowing the 

non-spherical (prolate) particles with ‘complete’ corona, including the all important proteins (Figure III-4a), 

enables higher protection from the particles’ early effluxing from the brain.  

Compared to the expressions of other currently popular targets for brain targeting (such as Icam1 

[Intercellular adhesion molecule 1] and Tfrc [Transferrin receptor protein 1])[122], our currently proposed set of 

involved receptors is expressed relatively higher in the brain compared to the other organs (Figure III-6e & f). 

Therefore, as also discussed above concerning the comparison of natural apolipoproteins with Angiopep-2, 

the currently multiple mechanisms appear to strongly account for higher brain accumulation because of not 

only higher influx of particles, but also lower efflux (Figure III-6d). This can act as a readily possible 

alternative if the conventional singly used various targeting moieties in the clinical studies fail to reproduce 

similar effects in the in vivo (pre-clinical) study[123]. Moreover, in the case of transferrin, a long-researched 

molecule for (e.g. brain or tumor) targeting, it is important to note that although its relatively high expression 

in the brain, transferrin turns out recently to be interfacially unstable and easily lose its targeting 

capabilities[124]. This is discussed further in the next section: “Structural-Interfacial Stability”.  

To put our conducted bioinformatic analyses into different perspectives, they also can help to understand 

discrepancies of biological pathways in different species [46, 125]. For example, the different Cd99 

biodistribution in different organisms (e.g. mouse vs human) is potentially causing very different kinetics and 

distribution of molecules interacting with Cd99[126]. Cd99, a receptor for GM1 Ganglioside’s accounting for 

prolonging the half-life of endogenous matters in the bloodstream of the mouse, exists with the most 

abundance in mouse blood(~46%; ), as revealed by the bioinformatics-distribution analysis (Figure III-6e). 

Meanwhile, in human, CD99 is most abundant in the brain (~49%; Figure III-6f). Therefore, it is no wonder 

that the effect of GM1-containing formulations in prolonging half-life in the bloodstream has been only 

observed in mouse models; whilst in human, GM1-containing formulations may be cleared faster from the 

blood and subsequently eliminated by the more potent macrophages in the brain[46, 125]. 

Furthermore, deliberating the high similarity of protein interactomes between mice and human species in our 

studied case (Figure III-6b–c, Figure S III-5—Figure S III-6 vs Figure S III-7—Figure S III-8, respectively), the 

high brain accumulation of non-spherical BCCNs is also very likely to occur in human. This can act as 
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important anticipation for further (clinical) study. Considering all reported results herein and concerning the 

translation of the non-spherical BCCNs as clinical drug carriers, many challenges and opportunities await. 

Admittedly, no erythrocyte blood types have been reported in mice[127] or lower animal species, requiring 

more cautions into clinical translation. Also, the toxicity issue of organism’ cell component-containing drug 

carriers, which is currently the authority’s main concern[128], should be minimized by more comprehensive 

experimental studies. Accordingly, to date there is still no FDA-approved carrier product based on cell 

components[128], not to mention the fact that the most advanced in terms of the clinical study are 

exosomes[123], owning an average diameter of ~100 nm and BBB-crossing properties, including for 

erythrocytic one[129, 130]. Because the BBB-crossing properties are substantially aided and amplified by the 

unoriginal protein presence in formulations, consequently some of the suspected proteins from the 

formulations should be analyzed to demonstrate the formulation’s nature and the degree of purity[131].  

 

To sum up, from the abovementioned explanation, it is very clear that the fate (amount and duration) of 

particles in the organ, including the brain, is linked to the physiological characteristics of particles, which are 

readily and uniquely fingerprinted by biomolecular corona in the circulation system. Under physiological 

conditions, particles will show a certain influx (absorption) and efflux (excretion) into/from organs. To date, 

the research is generally focused on the influx aspect, which may be linked to the typically low success rate 

of drug delivery to the brain. The proposed quadruple principles (Figure III-6d) refine this simplified view and 

appear to support our current in vivo results showing a significantly higher accumulation of BCCNs in the 

brain. This can also serve as a basis for anticipating and explaining other in vivo-in vitro results[130].   

 

 

4.4.2. Binding Affinity 

To better understand the interactions between various core particle surfaces and various proteins (especially 

the components of NErys), various-complementing binding affinity methods were performed using both 

computational and experimental laboratory methods (Figure III-7a). In the beginning, to predict to what 

extent the disturbance of cell membrane functionality occurs from the proteins suspected to interact with the 

core particle surface, we continue to utilize the similarity of protein interactomes between mice and human 

species (Figure III-6b, Figure S III-5—Figure S III-6 vs Figure S III-7—Figure S III-8, respectively). 

Expectedly, the direct interactions between the core particle surface and the lower impact proteins are 

desirable to minimize the negative impact on the entire functionality of erythrocyte membranes. Accordingly, 

the total red blood cell membrane functionality on the artificial particles can be conserved. On the other 
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hand, given the most abundant concentration of Band 3 (the colloquial protein name; standardly[41, 42] 

abbreviated to SLC4A1; Table S III-4), its location in the membrane, and its very high surface hydrophobicity 

(3D-structure-based final protein surface hydrophobicity index, Φf 0.608; Table S III-4; see Methods, 

specifically “Correlation to Experimental Hydrophobic Interaction Chromatography (HIC) and Interfacial 

Activity Parameters” for further details), Band 3 appears to be the most probable protein interacting with the 

core particle surface. From the protein interactome analysis, it is revealed that besides CD47, Band 3 also 

shows lower interconnectedness with other proteins. Therefore, Band 3 appears to fulfill the expectation to 

less affect the total cell membrane functionality, but still can be strongly attached to the core particles. 
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Figure III-7. (a) Overview of three orthogonal methods for determination of binding affinity between (potential) core materials and blood 

plasma components: surface plasmon resonance (SPR), surface free energy (SFE), and all-atom molecular dynamics (AAMD), 

initiated/accompanied by bioinformatics analyses (see the details in Methods: Computational Laboratory Methods (Auxiliary Analyses)), 

thereby resulting mathematical relations/models and permitting reasonable conversion between the parameters(Figure S III-17). The 

first two binding affinity determination methods were conducted experimentally, while the latter thereof was performed computationally. 

Measurements of protein-material binding affinity using SPR. Comparative interactions (shown as association and dissociation curves) 

between protein-containing samples (NErys & albumin) and different sensor chip’s surface functionalizations: (b) plain, (c) carboxylated 

(-COOH), and (d) PEGylated (-PEG). These functionalizations mimic any unmodified, carboxylated, and PEGylated particles used in 

this and the previous chapter, including but not limited to polystyrene ones. (e) Summary of samples’ binding affinities to the 

corresponding surfaces. 
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Afterward, the experimental binding affinity using Surface Plasmon Resonance (SPR) was performed. To 

take full advantage thereof and to enable direct comparison to another experimental study (i.e. Surface Free 

Energy, SFE), the study was undertaken with the assumption to minimize additional interference of radius of 

curvature (Rc(t)) and undesired effect of additional adsorbents (i.e. nanoparticles). Given our preliminary 

data[16] and the well-known high hydrophobicity of its gold chip surface, three different functionalizations 

(plain, carboxylated, and PEGylated) of SPR sensor chips (thereby diverse surface hydrophobicity) were 

used to define the wider range of the binding affinity. Subsequently, these sensors were incubated with 

proteinaceous samples (NErys and albumin) with standardized protein concentration over a range of 

concentrations to analyze the corresponding association and dissociation signals (Figure III-7b-e). The 

resultant binding constant values (listed in Figure III-7e) are ranked as follows (strongest-to-lowest binding 

affinity corresponding to the lowest-to-highest KD value): KD (NErys) < KD (BSA) in all three surfaces, with an 

also similar trend for both proteinaceous samples, i.e. KD (@plain) < KD (@carboxylated) < KD 

(@PEGylated). These calculated KD values agree well with the relative adsorption capacity trend observed in 

Figure III-7b-d. More interestingly, it turned out that the results from SPR measurement have a strong 

correlation with the results from SFE measurements (correlation coefficient, r = -0.97 with the classification of 

correlation coefficient strength based on the convention[132]; Figure III-8-a-left and Table S III-7), suggesting 

that the higher throughput SFE measurement could be applied for more samples (e.g. proteins, polymers, 

small molecules, metals, etc.). Importantly, through SFE measurement, one can obtain more information 

about various interfacial activity parameters, from surface hydrophobicity to the calculation of (Difference of 

WoA3-IFT1.2) binding affinity. Briefly, the (difference of WoA3-IFT1.2), a  secondary interfacial activity 

parameter, is derived from the determination of the primary interfacial activity parameters of samples (i.e. 

directly from SFE, surface polarity, and [solid-liquid, specifically material-water] interfacial tension as in Table 

S III-8; see our previous work[16] for further details about the interfacial activity parameters’ derivation, 

calculation, and applications). Moreover, considering also the possibility to couple the current data to the 

available interfacial activity database[16] for wider discussion and applications, SFE measurement seems to 

be a very feasible option for comparing and understanding a large dataset. 

 

With this premise, we reasonably proceeded to utilize a set of interfacial activity parameters as a basis for 

further studies. The studies cover initially all-atom molecular dynamics (AAMD) and subsequently 

development of mathematical relations/models, linking between proteins’ experimental interfacial activity 

parameters and their apparently-versatile computational descriptor (i.e. Φf,).  
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Figure III-8. (a) Binding free energy profiles. PS-COOH representing the main core particles of BCCNs, gold particles representing the 

experimentally used surface plasmon resonance sensor chip, and graphene representing one of the most hydrophobic materials as 

discussed in our previous report[16]). (b) Correlation between the difference of WoA3-IFT1.2 (calculated as Haryadi et al.[16]) from 

experimental SFE measurement and (left panel) simulation binding free energy, BFE as well as (right panel) experimental dissociation 

constant from SPR measurement. Representative simulated trajectories of various materials with the experimentally-related radius of 

curvature and different physiological components: either membrane components (panel (c) with and (d) without the most abundant 

protein at membrane of RBC, i.e. Band 3). Scale bars = 1 nm. The all-atom models of full-length PS-COOH (17 kDa), PEG (5 kDa), 
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spherical gold nanoparticle (AuNP; ø 4 nm), and graphene (width x length 4 x 5.5 nm) are colored by red, cyan, gold, and yellow 

respectively. Meanwhile, all proteins and membranes (of POPE; palmitoyl-oleoyl-phosphatidylethanolamine) are colored according to 

the standard amino acid sequence-colored ribbon and standard element color convention, consecutively. For clarity, the free water and 

salts (e.g. Na+ and Cl-) molecules as the solvent components are made invisible.  

 

The AAMD is a confirmative study concerning the good correlation between the binding affinity results from 

two previous experiments. It can also serve as an extension of those studies, with additional inclusions of a) 

effect of radius of curvature and b) more hydrophobic materials. Noteworthily, the AAMD results revealed a 

comparably strong correlation to the SPR results (r = 0.94) (Figure III-8a right & Table S III-7), suggesting 

that all the three parameters describing binding affinity are reliable and complementary. Also, AAMD could 

verify the proposal of Band 3, accounting for the main interaction with the core particles, as suggested by the 

bioinformatics analyses and described at the beginning of this section. From our converged simulations, 

Band 3 showed the strongest interaction compared to other blood (cell) components to different materials, as 

exemplified in Figure III-8-a-b and portrayed in Figure III-8c-d. However, the weaker binding affinities were 

seen in general from the AAMD study compared to the abovementioned experiments. This is expected, 

since in AAMD, we have the radius of curvature effect from the main adsorbents (e.g. polystyrene, gold, and 

graphene; notice the scale bars in Figure III-8c-d & Figure III-9a-c). Intriguingly, this acts as a very useful 

reminder that confinement effects do exist and affect directly interfacial activity parameters[16], thereby 

indirectly reducing the binding affinities. Further explanation, discussion, and interpretation of this issue are 

comprehensively presented in the next sections. 

 

Meanwhile, recognizing the abovementioned findings and widely-known facts that higher proteins’ surface 

hydrophobicity tends to exhibit higher retention time in hydrophobic interaction chromatography (HIC)[62] as 

well as non-specific bindings (NSB) to any objects[133], we decided to pursue this matter more quantitatively. 

Taking the experimental results of HIC as a starting point, we found out that Φf is a dominant descriptor for 

describing many interfacial activity parameters from the commonly used proteins in the experiments (see 

Methods for further details). It has a very strong, non-linear correlation with interfacial activity parameters, 

indicated by |r| > 0.96 for all four models, i.e. surface free energy (SFE), surface polarity (Xp), material-water 

interfacial tension (IFT[1.3]), and equilibrium surface pressure (EqSP) (Figure S III-9a-d, respectively). 

Accordingly, we can formulate quantitatively such well-known facts by first reliably estimating their 

corresponding interfacial activity parameter values. Furthermore, we can also provide the quantitative 

rationalization of their (non-specific) binding affinity to other materials (proteins, particle surface, etc.) as well 

as the further interpretation using the cases from the current and other studies as well as interfacial activity 
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database[16]. The discussion and application thereof are presented in the next sections. 

 

To summarize this section, based on our results, SFE measurements appear to exhibit reliable and 

comparable approximation of binding affinity between materials (cell membranes-particle surface or protein-

surface) with the more intricate experiments, such as SPR and AAMD. Its potential and applications in 

assessing the binding affinity of many samples (especially proteins) are even enhanced, considering the 

possibility to extrapolate the interfacial activity parameters from Φf. 
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Figure III-9. (a) Size overview of simulated components for binding free energy (BFE) determination by all-atom molecular dynamics 

(AAMD) in Figure III-8. (b) Visualization of the radius of curvature from spherical and prolate nanoparticles. (c) The radius of curvature is 

one of the altered critical physical factors on non-spherical (prolate ellipsoid) particles, affected by the uniaxial stretching process (Adopted from 

our previous report[16], copyright 2019, with permission from Advanced Healthcare Materials). This feature is simulated and portrayed in 

Figure III-8. Circular dichroism (CD) spectra of protein adsorbed on different shapes of particles with different functionalizations: (d) plain 

and carboxylated as well as (e) PEGylated. The color legend in panel (d) represents the same proteins and particle shapes until panel 
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(g). The assigned secondary structure content of each corresponding spectra is demonstrated in (f) and (g), respectively. For BCCN 

samples, NErys were adsorbed to the CNPs instead of albumin, which was used as a reference and also used in the SPR study (Figure 

III-7b-e). 

 

4.4.3. Structural-Interfacial Stability 

From Circular Dichroism (CD) analyses (Figure III-9d-f), NErys, which were used as coating on BCCNs, 

clearly appear to be more robust (i.e. elicit less conformational changes, hence higher structural stability) 

compared to the albumin (serving as reference and representation of the most abundant proteins in blood 

plasma[134, 135]), irrespective of the type of core particles. The relativity of these conformational changes was 

controlled by the unbounded protein-containing samples (i.e. cell membranes/NErys and albumin). The 

confirmative results are also demonstrated by the FTIR analyses (Figure S III-10). Thus, several possible 

explanations thereof could rationally be proposed: (a) high chemical- and conformational-stability of the most 

abundant proteins in erythrocyte membranes (e.g. Band 3[136]-actins-spectrins) accounting for more than 

60% w/w[137], (b) crowding effect of proteins at interfaces[103, 133], resulting in less probability for proteins to 

unfold, and (c) reasonable presences of natural chaperones. The latter are represented by spectrins and 

small heat shock proteins (sHsps families, e.g. Hsp27 [aka HSPB1] in humans & Hsp25 [aka Hspb1] in mice) 

that can spontaneously refold other severely unfolded proteins in erythrocyte membranes[116, 138].  

 

A decrease of alpha-helices at NErys, which were adsorbed on all CNPs, was observed[103]. However, 

evidently the decrease of alpha-helices to about 20s% could not be necessarily ascribed to the negative 

effects, such as the unfolding of proteins that are notoriously and also importantly linked with the increase of 

flexible and tightly packed beta-sheets, therefore inducing protein aggregation. To some extent, the negative 

effects of beta-sheet formation might also be counterbalanced by the formation of rigid (unordered/) random-

coils (also either called extended structure or coiled-coil[139]). The random-coils (Figure S III-5c & d), which 

exist relatively high (~50% or more) and natively in motor or cytoskeletal proteins like spectrins and 

actins[139], even pronouncedly reformed.  
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Figure III-10. Proposal of a new Physiological-Therapeutic Biologics Classification System (PTBCS), classifying proteins/peptides 

according to their interfacial stabilities.  

 

 

 

Examples for each class
Class 1  :  Band 3 (/SLC4A1), CD47, Pulmonary surfactant-associated protein B & C, Beta-Lactoglobulin, Surfactin(-

C), Preproinsulin, Cell shape-determining protein MreB from Methanopyrus kandleri, etc.
Class 2  :  Actins, Spectrins, Intact Hemoglobin, Albumin, Erythropoietin, Deoxyribonuclease-1 (/INN: Dornase Alfa), 

Ribonuclease A, Angiopep-2, Insulin, Growth Hormone (/Somatotropin/INN: Somatropin), Hyaluronidase(PH-20), etc.
Class 3  :  ApoA-I, ApoE, Myoglobin, Lysozyme, Filgrastim (Recombinant Granulocyte-Colony Stimulating Factor [G-CSF]), Interleukin-2, 

Invasin from Yersinia pseudotuberculosis (497 amino acid length fragment of the C-terminal region [InvA497]), etc.
Class 4a: Intact Immunoglobulins (including all intact monoclonal antibodies), Intact Fibrinogen, ApoJ (/clusterin), 

Transferrin, most Coagulation Factors (i.e. VIII), Fc-Fusion Proteins, Dibotermin Alfa, Liraglutide, etc.
Class 4b:  Clinically Fatal Amyloidogenic Immunoglobulin Light Chain, Major Prion Protein, TNFRSF1A (Tumor Necrosis

Factor-Binding Protein 1 aka Soluble Form of Tumor Necrosis Factor Receptor Superfamily Member 1A), etc.
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All in all, this unique protein refolding route due to CNP presence in (non-spherical) BCCNs may rationally be 

proposed and accounted for the beneficial cell membrane-coating technology. Most of these proteins are 

represented by the classes, called Class 1 (the best of a total 5) in the proposed Physiological-Therapeutic 

Biologics Classification System (PTBCS), i.e. SLC4A1 & CD47, and Class 2 (Table S III-3 & Figure III-10). 

For common protein examples of the latter, alpha-lactalbumin was also reported can be detached from 

relatively hydrophobic polystyrene surfaces and can still be practically refolded to its native form[140]. 

Although the proposed PTBCS cut-off values might be dialectical and the subject of science progression, to 

date they are a strong foundation to explain a vast heterogenic group of many proteins, both physiologic (aka 

natural, e.g. ~560,000s curator-reviewed protein entries in December 2021[41-43]) or therapeutic ones (~6,000 

entries in December 2021[48]). In our case, we selected PTBCS cut-offs by following the currently available 

experimental results, both ours and others[141, 142, 143], so that they are pragmatic and also already proven to 

be statistically comparable to other prominent experimental, but low-throughput refoldability classification 

across organisms and protein types in physiologically relevant condition (Figure S III-13).  

 

CD47 is a dysopsonic hydrophilic glycoprotein on the surface (externally), but hydrophobic globally, indicated 

by Φf 0.352 & GRAVY [Grand Average of Hydropathy] 0.541, respectively (Figure S III-11a; see their relative 

obtainable comparisons with other relevant [blood] proteins in Figure S III-11 and Figure S III-12). Therefore, 

it is also logical to elicit higher experimental melting temperature and thereby conformational stability (Figure 

S III-14). A striking contrast thereof is shown by clusterin, another dysopsonic hydrophilic protein, which is 

abundant on PEGylated particles (~35 kDa in SDS-PAGE analysis, as in Figure III-4a lane 10-11 and 

reported elsewhere, due to cleavage thereof[144]). Recently, clusterin (Apolipoprotein J; Φf  0.248) is known to 

highly interact with hydrophilic functionalizations, including PEG, although PEG-involving formulations exhibit 

low total protein adsorption[144]. Thus, this study essentially adds new insight to the current paradigm and 

accompanying phenomena about dysopsonin (also called “marker-of-self” or “do not eat me” signal) and 

PEG, which has also lately shifted remarkably. In brief, the parameters used in the PTBCS determination of 

CD47 and Clusterin are illustrated in Figure S III-15. Our future work will also discuss further PTBCS and its 

further applications for therapeutic proteins. 

 

Experimental aging of erythrocytes triggers a conformational change in CD47 that alters the molecule from 

an inhibitory signal into an activating one by means of its preconjugation to Mac-1 Receptor(ITGAM–ITGB2) 

of macrophages before the normal recognition process by Sirpa[120]. Therefore, it is really rational to classify 

CD47 as a very stable molecule (including interfacially) during its lifetime, which is representatively depicted 
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from the RBCs half-life of 120 days. Intriguingly, our proposed novel PTBCS algorithm can distinguish it and 

categorize CD47 to Class 1, e.g. with SLC4A1 and other interfacially renowned stable proteins at 

physiological conditions (pH around 7 & 310 mOsm): beta-lactoglobulin[141], surfactin-C[145], Pulmonary 

surfactant-associated protein B & C, etc. (Figure III-10; Table S III-9). Furthermore, the nature/origin of 

proteins, such as red blood cell (membrane), blood plasma, and opsonins, can be well determined using this 

classification. The proteins’ interfacial stability is descending from red blood cell membrane to opsonin, 

having none of Class 1 and much higher (i.e. 65%) Class 4a or worse compared to the two others(Figure S 

III-16). To represent Class 4a or worse, transferrin (Class 4a; Figure III-10), a long-researched molecule for 

(e.g. brain or tumor) targeting, is selected. It turns out recently to be interfacially unstable and hardly to 

refold, leading to its aggregation and/or easy loss of targeting capabilities, as proven experimentally and 

computationally, albeit their weak adsorption to any interface[124]. This behavior is in stark contrast to the 

Angiopep-2 (Class 2; Table S III-9), which is the most clinically-advanced protein used for targeting on drug 

carriers and approved by FDA in 2016[118]. Further discussion of the PTBCS algorithm is projected for our 

near-future independent work. 

  

Principally, material-water interfacial tensions (IFTs; Table S III-8) represent material hydrophobicities. These 

serve as one of the predominant determinants of material (structural-interfacial) stability during and post-its 

adsorption to other materials, especially if the involved materials are relatively soft (Young’s modulus < 1 

GPa)[16], such as in typical cases of proteins. Therefore, understanding the hydrophobic matching concept (; 

analogous to the general rule “like dissolves like” or miscibility) in engineering (bio)materials and/or drug 

carriers is highly suggested and can be implemented starting from the interfacial activity database. So far, its 

availability is still limited to the synthetic ones[16], thus there is a need to develop for natural ones, i.e 

proteins. Herein (and as introduced in the section “Binding Affinity”), we address such issues and rationally 

provide tools using a hybrid of computational (3D structure of proteins) and mathematical modeling (Figure S 

III-9). 

 

Generally speaking, the more hydrophobic and less solid adsorbents (e.g. [particle] surfaces) are notoriously 

more damaging for proteins, particularly if the proteins with lower intrinsic stability (i.e. refoldability, classified 

in poorer PTBCS classes, such as Class 3 or worse) are adsorbed onto it. For instance from our current 

study, Class 3 can be exemplified by Apolipoprotein A-I and Apolipoprotein E (Table S III-3), which are not 

part of the NErys, thus classified as the soft corona. According to the interfacial tension value (expressed 

using the versatile Owens and Wendt approach[34]), the air-water interface can be classified as one of the 
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harshest interfaces with about 72.8 mN/m at room temperature. Therefore, this interface can reasonably be 

a destructive place for any matters, ranging from (generally soft) proteins[146] to (commonly stiffer non-

spherical nano) particles[16]. To compare and illustrate how detrimental and certain proteins can tackle the 

interfacial tension of 72.8 mN/m, the increased material-water interfacial tensions of the following materials 

studied herein (gold < polystyrene < graphene; Table S III-8) can be exemplified: 36.21 < 42.03 < 93.29 

mN/m, respectively. These details address the abovementioned illustrations: 

1) Non-spherical gold nanoparticles, which are propitious for photothermal therapeutics and drug delivery[147], 

are prone to be spherical ones. Interestingly, although gold-water interfacial tension is as “low” as 36.21 

mN/m, however it can currently be considered a major external inducer for reshaping (into spheres) of non-

spherical gold nanoparticles[148], having the sharp tips with radii of curvature ≤ 20 nm. This fact becomes 

more attractive, considering how rigid gold is, characterized by high mechanical properties value: bulk 

Young’s modulus ~65 GPa and melting temperature 1,064oC[16].  

2) Besides our in vivo study using polystyrene as core nanoparticles, RBC membrane is experimentally 

proven to also aid graphene[149], an unwrapped SWCNT (single-walled carbon nanotubes), and graphene 

oxide[150] during in vivo study. Employing the PTBCS concept discussed in the previous paragraph, this 

concept rationalizes the reason why RBC membrane coatings (i.e. NErys) herein and are also reported 

elsewhere[9, 151] to bestow adequate protection and cell-like functionality to even very hydrophobic surfaces in 

real organisms, protecting the core particles having material-water interfacial tension up to even 93.29 

mN/m. Furthermore, in our current study, NErys are also proven to confer longer non-spherical shape 

stability. The rationalization in terms of particle shape stability is discussed deeper in the next section. 

 

Ideally for better overall stability in long-term storage, protein-containing formulations should be stored on the 

surface (i.e. particles) (a) having a reasonably high binding affinity to such proteins[152, 153], (b) also 

possessing as low as possible IFT1.2 (if possible, much lower than water surface tension), (c) at saturated 

surface-concentration or higher, (d) in the minimum presence of water, and (e) in the presence of excipients 

permitting preferential exclusion mechanism (e.g. trehalose, sucrose, glycerol). In this way, it has been also 

proven experimentally (but unfortunately to date, to our best knowledge, still without an adequate 

explanation in terms of interfacial activity parameters), that even freeze-dried protein with lower interfacial 

stability (e.g. Class 4a, such as immunoglobulin G[IgG][154], Staphylococcus aureus’ Protein A[spa][155]; in 

Table S III-9) can have years-long product shelf lives in the room temperature storage on the gold 

nanoparticle, suggesting that the abovementioned strategies successfully mitigate the air-water interfacial 

tension (also called water surface tension) 72.8 mN/m. Accordingly, the long-term stability of more 
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degradable and drug-containing BCCNs (e.g. that can be achieved by lyophilization) will be our next further 

study. 

 

All in all, the tolerable conformational changes of proteins from cell membranes during adsorption to the core 

particles appear to escort in yielding proper protection from notorious blood plasma protein adsorption. In 

turn, this study enlightens the biological complexity of cell membrane-coating technology, offering a 

promising alternative to synthetic coating.  

 

4.4.4. Rationale of Particle Shape Stability 

Adsorbed proteins do impact particle properties (i.e. shape / geometry [because of “size” or radius of 

curvature] and surface chemistry [especially hydrophobicity]), or vice versa. A better understanding of all 

these aspects is crucial to engineering fully functional BCCNs.  

 

4.4.4.1. Influence of Adsorbates: Benchmarking to Others and Classification of RBC Membrane 

Proteins as Non-Washable 

In principle, widely-useful surface active proteins have very high Φf and intrinsic stability (as classified in 

PTBCS Class 2 or better), thereby possessing higher affinity to the (very) hydrophobic material interface 

(e.g. air-water), decreasing that material-water interfacial tension, and withstanding it at the interface. As a 

general benchmark, beta-lactoglobulin (Φf 0.500 & Class 1; Table S III-9) can exemplify these premises and 

explain why it is known as the best proteinaceous surface stabilizer, prevalently used for air-water interfaces 

(foaming) in diverse industries[141]. With such characteristics, beta-lactoglobulin spontaneously sacrifices 

itself by receiving high protein-water interfacial tension, in exchange for decreasing another material-water 

interfacial tension (i.e. air-water one, also called water surface tension) or in other words, increasing 

equilibrium surface pressure). This very high Φf (i.e. cut-off ≥ 0.500), which strongly corresponds to both 

primary and secondary interfacial activity parameters (as described in the previous section “Binding Affinity”), 

appears to be absolutely required to persist longer in a hydrophobic material interface (such as in our tested 

and discussed nanoparticles), considering the radius-of-curvature-dependent interfacial activity 

parameters[16, 39, 156]. Noteworthily, sharp tips of non-spherical nanoparticles can have radii of curvature ≤ 20 

nm, thus decreasing significantly the binding affinities and leading to its detachment propensity from the 

adsorbed surface. Accordingly, the rate of biomolecular corona detachment will also depend on the radius of 

curvature (; Rc(t), i.e. size and geometry) of particles as well as on the location of certain proteins on RBC 

membranes. These phenomena are parts of the common confinement effects that have been discussed 
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more technically in chapter II[16]. 

 

The results here clearly reveal the superior ability of non-spherical BCCNs to decrease MPS clearance and 

increase accumulation in the brain. Expectedly, (inside surfaces of) RBC membranes were physically (/ non-

covalently) adsorbed on the surface of core nanoparticles (CNPs). During circulation time, particles are 

unlikely desorbed, as confirmed by SPR, SFE measurements, and via all-atom molecular dynamics (AAMD) 

results. Our results also justify the finding of (weaker) non-covalent adsorption between similar polymeric 

nanoparticles (i.e. PS-COOH) and outer surface of RBC[11, 157, 158] (recently called RBC-hitchhiking). 

Anticipatedly, the interaction strength yields different “protection” of RBC components to nanoparticles, thus 

subsequent dissimilar biodistribution profile and circulation time.  

 

From our converged simulations (Figure III-8c-d), it is clear that the Band 3 (a transmembrane [TM]) protein 

may vindicate the location of nanoparticle attachment. For the BCCN system, the stronger interaction of 

Band 3-nanoparticle (compared to phospholipid-nanoparticle) causes nanoparticles to stay on the inside 

surface of RBC membranes. The experimental works, displaying and proving that spherical BCCNs entirely 

get inside to the red blood cell membrane, were already performed by Dehaini et al. (2017)[159]. While for the 

RBC-hitchhiking case, considering the relatively more hydrophilic (including due to rich glycosylations of) 

proteins on the outer surface of RBC membranes, hydrophobic nanoparticles preferentially and evidently 

attach to RBC membranes via partial embedment thereof to the central dimple of RBC membranes[157] 

(specifically to hydrophobic phospholipid tail and/or sphingomyelin-enriched domain[160]). Interestingly, this 

particle positioning preference on RBC membranes appears to agree with the hydrophobic matching 

concept, with the relatively more hydrophobic sphingomyelin(-enriched domain; higher logP and logD; Table 

S III-13) is reportedly located on the lower curvature (center) area of RBC membranes. On the contrary, the 

relatively less hydrophobic (free) cholesterol (-enriched domain; lower logP and logD) exists on the higher 

curvature (edge) area[160]. Taken together, given the less amount of cholesterol in the processed RBC 

membranes (i.e. NErys; the similar current finding as our previous report[103]), both edges of BCCNs (owning 

higher curvature area) may rationally be even more hydrophilic, leading to the lower material-water interfacial 

tension and consequently better non-spherical shape stability (for nanoparticles with materials enabling 

higher density of NErys on the BCCN surface, i.e. relatively hydrophobic PS-COOH). 

 

At physiological temperature (37oC), physiological phospholipids (including POPE, which is the most 

abundant phospholipid variant in RBC and is used in the computational study) exist in the fluid phase 
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because this temperature exceeds the phase transition temperature thereof (i.e. ~26oC[161]). Hence, likewise 

in a previous report[162], the presence of cholesterol at membranes at 37oC is reasonable to also decrease 

the membrane fluidity, by means of generally: (a) decrease area per lipid, diffusivity of both lipid at 

membranes and water through membranes, as well as (b) increase membrane liquefaction/phase transition 

temperature and thickness (data not shown).  

 

As our[103] and other[153, 163, 164] previous reports indicate, coating of core particles using strongly-bound 

natural polymeric sources (cell membrane and/or protein) can considerably maintain non-sphericity and 

colloidal stability of particles, even at lower pH (i.e. up to 4) representing the lowest intracellular pH in the 

lysosomes. The effectivity thereof is comparable to the strongly-bound synthetic ones, e.g. PVA[16] and 

PVP[81], to the hydrophobic particles. Please recall that reshaping into spheres preferentially occurred when 

weakly bound conventional/synthetic (i.e. CTAB, PEG, phosphatidylcholine) or no stabilizer is applied for 

coating of hydrophobic materials[16, 165].  

 

Interestingly, in the presence of additional lysosomal proteases (i.e. cathepsins) at pH ~5, we found that the 

cell membrane-coating (or may also be called “hard corona” in the other fields[166]) still can maintain the 

shape stability of non-spherical BCCNs. However, it is lower by about an order of magnitude compared to 

the condition at pH 7.4 (data not shown). Additionally, this can reinforce the current knowledge that the 

biomolecular corona is well-preserved during particle cellular uptake, but it may be (slowly; from ca. 8 to 24 

h) degraded in the endosomes—lysosomes[163, 167], depending on its binding affinity onto the core particles. 

The stronger the binding affinity between them is, the higher the protection of the biomolecular corona is. 

This is analogous to the mechanism of immunoglobulin G (IgG) or albumin half-life prolongation, facilitated 

by their high binding affinity to neonatal Fc receptor (FcRn; also standardly abbreviated FCGRT[41, 42] or 

called IgG receptor FcRn large subunit p51, or Brambell receptor) in cells to escape from endosomal—endo-

lysosomal compartments[168]. 

 

According to the comprehensive study comparison[16], interfacial tensions (IFTs; which are calculated based 

on the Owens-Wendt approach[34] and to its later secondary interfacial activity parameters[16]) appear to act 

as one of the reliable foundations to rank materials' hydrophobicity and binding affinity. They explain well the 

stabilizers' "non-washability" from materials/particles. Here, the IFT and secondary interfacial activity 

parameters (Table S III-8 & Table S III-10, respectively) demonstrate the accurate agreements to our and 

other experimental results[169] and calculable rationales thereof. This approach vindicates and quantifies the 
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concept that the spatially correct anchored entities in the membrane may increase the right-side-out 

membrane orientation when the entity-membrane interaction elicits adequately strong binding free 

energy[170]. Table S III-10 clearly displays that for relatively hydrophobic entities, such as poly(d,l-lactic-co-

glycolic acid) [PLGA; IFT 6.08 mN/m], it can facilitate the higher right-side-out membrane orientation through 

simple physical adsorption compared to the relatively more hydrophilic ones (e.g. human hyaluronidase PH-

20 and water). Based on IFT values (Table S III-8), the hydrophobicity of these material increases: 

hyaluronidase PH-20 < fibrinogen < plasma < fibrin < serum < collagen (0.28 < 2.51 < 11.89 < 18.34 < 20.66 

< 44.40 mN/m), respectively. In fact, to overcome the poor surface activity of superficially hydrophilic human 

hyaluronidase PH-20 (Φf 0.295, which is equivalent to the estimated Xp and SFE of ~0.7557 and ~71.42 

mN/m, respectively; Figure S III-9), experiments of Zhou et al.[170] demonstrates troubleshoot thereof by 

producing the stronger interaction of this protein via an additional covalent bond (chemical adsorption) with a 

long-enough linker/spacer length. This step is indispensable for the higher enzymatic activity of human 

hyaluronidase PH-20. This also strongly suggests that higher correctness of membrane orientation can be 

reached in various ways, both optimizing the strength and spatial configuration of the adsorbents.  

 

In other cases, thanks to the cell membrane-coating technology, the hydrophobic Gold (Au)[13] and the 

hydrophilic derivative of highly hydrophobic graphene, i.e. graphene oxide[151] nanoparticles have also been 

proven to result in a prolonged circulation time. From our own data, it is very clear that the really strong 

binding affinity of the cell membrane (i.e. NErys; Table S III-10) to the core particles was escorted by 

significant modulation of cell membrane protein components. Nonetheless, cell membranes still display 

considerable positive effects in protecting shape stability, colloidal, and biological stability of (“correctly” and 

”sufficiently”) coated particles. It can be implied that the perturbed secondary structures do not necessarily 

affect the functionality of protein cell membranes, reasonably due to a larger proportion of relatively high 

protein intrinsic stability (i.e. refoldable) proteins as classified in PTBCS class 2 or better.  

 

Non-spherical (rod) prions (as pathological major prion proteins, or also called and designated Scrapie Prion 

Proteins[171] and PrPSc[172], respectively; with their dimensions ~150 x ~15 x ~15 nm) do not produce immune 

or inflammatory responses[173], although the surface hydrophobicity on PrPSc increases (compared to the 

native PrP) because of loss of glycosylation(s) at particular site(s)[41, 42, 174]. Based on those facts, the new 

insights of PrPSc longevity in the body are proposed and correlate well to the recent findings[16, 175, 176], 

including our results here and in Chapter II[16]. The presence of a certain internal structure (crystallinity), 

relatively low final protein surface hydrophobicity index (Φf), and Young’s Modulus can be considered as the 
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positive factors influencing the stable PrPSc’s non-sphericity and/or circulation time, respectively. For the two 

former, besides the well-known crystallinity of PrPSc[175], our bioinformatic analysis reveals that even PrPSc 

loses a deglycosylation site, it still has a final protein surface hydrophobicity index (Φf) as low as 0.449, 

corresponding to the surface free energy (SFE) 55 mN/m and material-water interfacial tension ~6 mN/m, 

experimentally proven borderline values still permitting much longer non-sphericity for any materials[16]. This 

Φf value is also even getting closer to the cumulative Φf of blood plasma 0.448 (Table S III-14). For the latter 

factor, low Young’s modulus of PrPSc (0.1 - 1.4 GPa[177]; which is interpreted as quite soft/elastic/flexible) also 

aligns with the current insight, i.e. the lower the Young’s Modulus of materials is, the lower the endocytosis 

and phagocytosis thereof are, the longer the blood circulation thereof is[176].  

 

In general and according to our bioinformatic analyses to the most recent, seminal reports (Figure S III-18), 

the development of blood plasma proteins’ surface hydrophobicity over time in human (and other organisms’) 

body depends on the core entities’ (e.g. material’s and/or particle’s) hydrophobicity. For example, below a 

certain cut-off value (i.e. Φf 0.410), the more hydrophilic the particle materials are, the more hydrophilic 

adsorbed blood plasma corona is; also, the more hydrophilic their protein corona is until intermediate time, 

and later (if observation time is proper,) they tend to gradually rise again. By comparison, the contrary occurs 

above the cut-off value. These new interesting bioinformatic findings appear to correlate well with the current 

facts. Lectin pathway-guided complement activation epitomizes the former, while the classic pathway 

represents the latter. In this case, very hydrophilic exogenous objects (e.g. bacteria or highly/densely 

PEGylated particles, resulting in “brush” configuration, such as used until in vitro study herein; Figure S III-18 

& Figure S III-19) initially attract many hydrophilic and abundant proteins, such as Immunoglobulin A (IgA) 

and importantly: fibrinogen. At the intermediate time, due to the conversion of (relatively more hydrophilic) 

fibrinogen to (relatively more hydrophobic) fibrin (clot), the surface hydrophobicity of protein corona rises. 

Consequently, these fibrin-coated objects can transiently protect the objects from phagocytosis and isolate 

them from other defenses of the host, including tissue deposition[44, 49, 95, 178-180].  

 

These simulation results are very reasonable and relevant because short-range forces (non-polar: 

hydrophobic/van der Waals interactions) are dominating characteristics of surface hydrophobicity at high 

protein concentration matrices[181, 182], such as in organisms’ blood circulation (i.e. human ~70 mg/mL). 

Besides the current study, the dominance of short-range forces is also reflected experimentally in the result 

of Wan et al. 2015[183]. They first adsorbed blood plasma proteins to bare spherical silica nanoparticles (initial 

& consequent Ø ~70 & 120 nm, respectively) to form “hard corona” in situ and later deglycosylated it. 
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Surprisingly, deglycosylation could not remove protein from particles. Instead, it could only cut a part of 

glycan chains, thus letting proteins expose the new inner glycan chain, which is subsequently and vigorously 

recognized by macrophages. This can be interpreted that a) the surface hydrophobicity is one of the main 

factors affecting protein adsorption to the material surface, irrespective of protein glycosylation state and b) 

once strong enough binding affinity (due to hydrophobic part of proteins) reaches a surface, it is practically 

non-washable, thereby eliciting binding-memory effect (as also reported elsewhere[184]). In our current work, 

this interpretation can be translated into that Φf and Φi play a role in the short term (minutes-to-hour) and 

long term interaction (hours upwards), respectively. Our previous work[16] provides an algorithm about 

material non-washability (Figure S III-22; therein: stabilizer equal), which interestingly can also be extended 

and applied for biomolecular corona cases. As proof thereof, the exemplary dataset is displayed in Table S 

III-12a. Evidently, our calculated binding affinity value (difference of WoA3-IFT1.2) appears to explain and 

distinguish the phenomena & stability difference between all tested particles, Furthermore, our proposed 

algorithm, calculation, and conversions are also proven for the more organic cases, such as dextran and 

polystyrene (Table S III-12b). For instance, dextran, a relatively hydrophilic polymer (Table S III-8), tends to 

also adsorb relatively more hydrophilic opsonins, i.e. C3 instead of IgGs(‘ fragments) (Figure S III-11a & 

Figure S III-19). 

 

 

4.4.4.2. Influence of Adsorbents: Core Particles 

As mentioned in the first section ”Non-spherical Shape Stability” and in Chapter II[16], complex manufacturing 

aspects, including mechanical properties (i.e. Young’s modulus and Tg) affect substantially the shape 

stability of non-spherical particles. Admittedly, the experimentally developed non-spherical nanoparticles 

here represent mostly the case of small molecule drugs incorporated into macromolecule drug carriers. This 

may cause differences in in vivo results. For example, using a similar dimension as our non-spherical 

particles and with mice as in vivo subjects, Wibroe et al.[158] reported that the biodistribution difference 

between differently shaped non-coated particles (loaded by radioactive H3-oleic acid; MW 282.5 Da; 

relatively smaller than the MW of used dyes here; but important to note, hitchhiked to intact, healthy 

erythrocytes) lasted relatively shorter in mice circulation system than reported in our studies. We argue that 

in such non-spherical systems, a few aspects have to be considered in the circulation system: 1) they might 

exert a fast reshaping to spheres in abundant blood plasma proteins (i.e. opsonins), thereby being more 

rapidly recognized by the MPS cells. 2) Additionally and importantly, the reshaping phenomenon of non-

spherical particles into spheres occurs in high shear conditions within the blood circulation, causing faster 
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dynamic exchanges of loosely bound protecting biomolecules[148]. 

 

Additionally, using the same approaches[16], we also found a proportional correlation between the interfacial 

activity parameters of loaded substances in particles and their release patterns, both in our current study and 

in literature elsewhere (Table S III-8 & Table S III-11).  

 
 

 

 

 

4.4.5. Overall Rationale and Outlook 

Non-spherical BCCNs provide a new, bioinspired way to deliver nanoparticles in the close vicinity of vascular 

endothelium in the brain. The beneficial effects thereof are expected to be higher in tissues with extensive 

microvascular networks, as is the case of the brain and lungs (Figure III-6a), allowing close contact between 

particles and the endothelium. This close contact likely plays a role in dislodging the weakly attached 

biomolecular corona from nanoparticle surfaces in the circulation system (extracellularly), besides the 

strongly-attached one occurring progressively inside cellular lysosome (intracellularly).  

 

At a fundamental level, the use of non-spherical (prolate) BCCNs offers a new hybrid approach for drug 

delivery. Synthetic systems, such as nanoparticles, provide the advantages of control over particle 

composition and manufacturability. They, however, suffer from the limitations caused by immune system 

clearance. On the other hand, a RBC membrane naturally prevents MPS clearance for about 120 days and 

allows particulate structures continuously to reach all tissues. An approach based on the use of natural RBC 

membranes to encapsulate synthetic non-spherical nanoparticles (projecting to carry drugs; herein already 

simulated by clinically relevant substances) and to subsequently deliver them to tissues, offers an optimal 

blend of natural and synthetic systems. Cell membrane-coating also provides an ideal combination of 

enhanced circulation and targeting. Current ways of improving circulation are based on the use of PEGs or 

poloxamers, which suffer from limited circulation times and accelerated blood clearance (ABC) after multiple 

administrations[7, 95]. The ability of non-spherical BCCNs to exhibit longer circulation and unique tissue 

distribution after repetitive administrations need further investigations, albeit no immune response upon 

multiple administration of spherical counterparts has been reported [185]. Also, to achieve the full potential of 

non-spherical BCCNs delivery, additional questions have to be answered. These comprise of understanding 

the differently loaded substances’ effect on the fate of non-spherical BCCNs in (more) organs, limits of 

substance loading on the system, and behavior of the system post multiple administrations. It is also 

important to note that for more universal applications to human patients, the system requires the use of 
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either patient's own (autologous) cells or other pre-treated cells which can safely be transfused into patients.  

 

Non-spherical (prolate) BCCNs provide new ways to address two major issues that nanoparticles regularly 

face; the superior evasion of MPS organs, liver, and spleen, and targeted delivery to difficult-to-reach sites in 

the body, such as the brain and lungs. As proven in an in vivo study, these effects are better than those 

achievable by conventional spherical BCCNs, which have been attractive to scientists since the last decade 

as a novel approach[9]. While studies herein were conducted with less biodegradable polystyrene particles 

for proof of concept and testing the limits of protein adsorption behavior, non-spherical BCCNs can be 

extended to more biodegradable materials, such as certain aliphatic polyesters owning glass transition 

temperature and hydrophobicity as close as or even higher than polystyrene. 

 

Compared to the prolate counterparts, there was only a minor increase in shape stability after the oblate 

ellipsoid core nanoparticles were coated by the RBC cell membrane (characterized by typical shifting time). 

This strongly suggests that more abundant smaller radii of curvature on oblate ellipsoid core nanoparticles 

may weaken the RBC cell membrane binding affinity/adsorption to core nanoparticles (as also generally 

estimated in Figure S III-17), leading to poorer protection from high core particle material-water interfacial 

tension and subsequent pressure. 

 

In a relatively static in vitro environment, the protein corona readily adsorbs onto particles and reaches 

equilibrium. In vivo, a molecularly richer protein corona is formed in flowing conditions within the blood 

circulation and by the dynamic exchange of proteins, it evolves over time[166]. Interestingly, the evolution 

thereof heavily depends on the particles’ surface chemistry (mainly hydrophobicity) and uniquely determines 

the subsequent immune system responses as well as the fate of particles in organisms[16, 180, 186].  

 

Our finding agrees with the fact about the curvature-dependent binding affinity between any material, 

especially protein-related interactions[187, 188]. Importantly, the results herein are also in agreement with the 

evidence that hydrophobic interaction (represented usually as interfacial tension) is virtually the main factor 

determining binding affinity[187, 189]. As emphasized in Chapter II[16], the radius of curvature-dependent shape 

is also an important feature determining the particles’ fate, starting from protein adsorption in the circulation 

system until the behavior inside cells. Frankly, oblate ellipsoid nanoparticles, which are produced by biaxial 

stretching, possess a much higher proportion (about 40x) of the radius of curvature less than 1 compared to 

the prolate counterpart with the same volume ([Figure S III-20, Figure S III-21 & Supplemental Calculation] 
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vs Figure III-9c). Therefore, it is not surprising that such particles exhibit lower non-spherical shape stability 

regardless of any coating (including with cell membrane; Figure S III-20 & Figure S III-21). Also because of 

this reason, the oblate nanoparticles showed poorer in vivo performances compared to prolate ones, 

including and importantly half-life[186]. This strongly suggests that the functionality of cell membrane-coating 

is also limited by its case-by-case binding affinity to the core particles. Also, this implies that a relatively 

stronger interaction is absolutely required, in case longer protection of (non-spherical) particles from a 

molecularly rich biomolecular (especially protein) corona within the blood circulation is expected. Otherwise, 

given also highly flowing conditions within the blood circulation leading to the faster dynamic exchanges of 

biomolecule and evolution of biomolecular corona over time[166], a weaker interaction (e.g. between poly(d,l-

lactic-co-glycolic acid) [PLGA]-NErys; Table S III-8 & Table S III-10) reasonably demonstrates a higher gain 

of more strongly attached (hydrophobic) proteins, including usually relatively hydrophobic exogenous toxins 

(e.g. melittin [Φf 0.518; Table S III-9], alpha-hemolysin [Φf 0.464; Table S III-9], etc.; see their relative 

obtainable comparisons with blood proteins in Figure S III-11 and Figure S III-12). Our new quantitative, 

mechanistic understanding of protein corona attachment can also explain the development of biomimetic 

nanosponges, preferably employing (relatively hydrophilic and porous) PLGA and erythrocyte membranes as 

the core nanoparticles and cell membrane-coating, besides the common reason of the core particle 

materials’ biodegradability[190].  

 

To enlighten the abovementioned issues, the new quantitative confinement effects (Figure S III-17a-d) are 

proposed. This estimates excellently the following reported facts:  

(1) the adsorbed blood plasma proteins demonstrate an exponentially reduced affinity to the lower 

nanoparticles’ radius (of curvature), as described herein or as used elsewhere[191] (e.g. to gold particles with 

the radius of curvature of 50 nm to 2.5 nm). This occurs due to much higher pressure from air-water 

interfacial tension working on any objects at interfaces of smaller nanoparticles’ radius of curvature, enabling 

the higher possibility to a) mobilize nanoparticle materials at surfaces and b) detach any adsorbates (i.e. 

protein and other membrane components) out of the nanoparticle surfaces, and  

(2) the therapeutic proteins, which are adsorbed to particles with increasing radius of curvature (from ~50 nm 

to 1 nm), exhibit a positively exponential affinity to their corresponding receptors[17]. This is reasonable 

because of more exposure to cryptic epitopes of the adsorbed proteins through unfolding[192]. 
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5. Conclusions 

Non-spherical bioinspired red blood cell membrane-coated nanoparticles (BCCNs) reduced significantly the 

uptakes by cells and organs of mononuclear phagocyte system (MPS), as compared to their non-coated or 

spherical counterpart. Consequently, the non-spherical BCCNs displayed a remarkably higher concentration 

in blood over a 72 h period and interestingly permitted temporary accumulation in the brain for 48 h, while 

decreasing their uptake by liver and spleen. The non-spherical BCCNs and their rationale reported here can 

be utilized to design more advanced carrier systems, which not only target specific tissues, but also minimize 

association with clearance organs. The in vivo and auxiliary studies in this report have complemented each 

other well. The very strong and practically irreversible interactions of (superficially) hydrophobic proteins from 

the intracellular part of cell membranes to the core particle materials serve as a good anchor, while also 

improving the right-side-out membrane orientation and integrity. Furthermore, this interaction also proves 

that the better maintenance of non-spherical shape stability can only be attained by the adequate amount of 

stabilizers because of the strong affinity between particles and stabilizers. Taken together, we have 

successfully combined multiple aspects (shape and cell membrane-coating) to develop a single formulation. 

With further research focused to treat clinically relevant diseases, methods for incorporating drugs into 

particles into more biodegradable polymers with similar or more supportive physicochemical properties (e.g. 

hydrophobicity and Young’s modulus) and/or crystalline delivery systems require to be investigated. 
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8. Supporting Information 

8.1. Supplemental Tables & Figures 

8.1.1. Supplemental Tables 

Table S III-1. Basic Characteristics of Spherical and Non-Spherical Nanoparticles Utilized in This Study, Including Pre- and Post-
Incubation for 24 h in DMEM (for J774A.1 macrophages) and RPMI 1640 medium (for THP-1 monocytes) 

Parameter &/ Treatment 

[Coating &] Particle Type 
[Bare] Core Nanoparticle 

(CNP) 
[PEG] PEGylated Nanoparticle  

(CNP-PEG) 
[NErys] Bioinspired Cell Membrane-Coated 

Nanoparticle (BCCN) 
Spherical# Non-Spherical 

(2X)^ 
Non-Spherical 

(3x)^# 
Spherical Non-Spherical 

(2X)^ 
Non-Spherical 

(3x)^ 
Spherical# Non-Spherical 

(2X)^ 
Non-Spherical 

(3x)^# 
Typical Shifting Time (Days) N/A* 69 ± 11 65 ± 10 N/A* 95 ± 17 93 ± 17 N/A* 116 ± 22 110 ± 21 
Hydrodynamic Size, Sh (nm)          
 Pre-Incubation 181.3 ± 2.6 474.3 ± 12.8 513.5 ± 16.2 187.0 ± 3.1 491.2 ± 23.2 525.9 ± 17.2 198.1 ± 8.7 490.1 ± 25.1  533.4 ± 31.6 
 Post-DMEM 257.1 ± 12.3  541.4 ± 23.4 592.3 ±  18.3 194.2 ± 5.8 505.3 ± 36.1 535.7 ± 13.7 195.3 ±  10.1 483.2 ± 16.7 531.2 ± 25.1 
 Post-RPMI 267.4 ± 9.1 523.8 ± 18.9 603.1 ± 21.5 196.5 ± 4.4  501.0 ± 21.7 536.2 ± 23.1 197.7 ± 16.3 494.8 ± 17.4 519.3 ± 31.3 
Polydispersity Index, PDI          
 Pre-Incubation 0.065 ± 0.034 0.267 ± 0.045 0.245 ± 0.061 0.033 ± 0.037 0.281 ± 0.035 0.275 ± 0.043 0.175 ± 0.038 0.351 ± 0.052 0.343 ± 0.031 
 Post-DMEM 0.254 ± 0.041 0.371 ± 0.021 0.379 ± 0.041 0.102 ± 0.021 0.323 ± 0.026 0.345 ± 0.023 0.173 ± 0.026 0.332 ± 0.034 0.328 ± 0.026 
 Post-RPMI 0.276 ± 0.029 0.388 ± 0.032 0.382 ± 0.017 0.096 ± 0.011 0.339 ± 0.035 0.319 ± 0.031 0.153 ± 0.018 0.337 ± 0.026 0.349 ± 0.034 
Zeta Potential (mV)          
 Pre-Incubation -29.7 ± 2.3 -22.3 ± 3.1 -20.9 ± 2.2 -10.3 ± 3.2 -9.5 ± 3.7 -9.7 ± 2.8 -10.0 ± 1.4 -11.1 ± 4.9 -9.9 ± 3.8 
 Post-DMEM -12.0 ± 4.8 -13.3 ± 2.7 -10.1 ± 2.3 -10.7 ± 5.4 -10.3 ± 3. 3 -10.4 ± 4.6 -11.2 ± 2.7 -9.3 ± 6.5 -10.8 ± 6.5 
 Post-RPMI -13.9 ± 3.4 -12.6 ± 2.3 -9.8 ± 3.1 -9.9 ± 2.9 -9.7 ± 5.3 -11.8 ± 3.7 -10.7 ± 3.6 -10.2 ± 3.4 -10.3 ± 4.3 
Adsorbed Protein (mg/m2)          
 Plasma 3.77 ± 0.12 3.94  ± 0.07 4.03 ± 0.10 0.71 ± 0.10 0.66 ± 0.09 0.74 ± 0.07 6.23 ± 0.18§ 6.34 ± 0.09§ 6.54 ± 0.17§ 
 NErys (Derived Erythrocyte 

Membranes) 
N/A* N/A* N/A* N/A* N/A* N/A* 6.36 ± 0.08  6.28 ± 0.13  6.44 ± 0.11  

Other Adsorbed Constituents 
      Plasma 

         

 Phospholipid (mg/m2) 0.09 ± 0.00 0.09 ± 0.01 0.08 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 3.71 ± 0.18§ 4.21 ± 0.35§ 4.20 ± 0.11§ 
 Cholesterol (mg/m2) 0.10 ± 0.01 0.11 ± 0.00 0.11 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 1.06 ± 0.09§ 1.06 ± 0.13 § 1.06 ± 0.08§ 
 Cholesterol-Phospholipid Ratio 

(molar/molar) 
0.70 ± 0.03 0.71 ± 0.03 0.73 ± 0.04 0.71 ± 0.02 0.72 ± 0.01 0.72 ± 0.04 0.36 ± 0.03§ 0.33 ± 0.04§ 0.33 ± 0.01§ 

 Protein-Total Lipid Ratio (w/w) 19.96 ± 0.44 20.06 ± 0.39 20.66 ± 0.50  20.07 ± 0.63 20.23 ± 0.32 20.10 ± 0.47 1.30 ± 0.04§ 1.20 ± 0.05§ 1.24 ± 0.03§ 
 Protein Binding Ability÷ (g protein/mol 

total lipid) 
9930 ± 38 9839 ± 52 10043 ± 85 9842 ± 47 9891 ± 24 9850 ± 59 808 ± 27§ 757 ± 39§ 783 ± 24§ 

NErys (Derived Erythrocyte 
Membranes) 

         

 Phospholipid (mg/m2) N/A* N/A* N/A* N/A* N/A* N/A* 4.14 ± 0.22 3.73 ± 0.31 3.98 ± 0.13 
 Cholesterol (mg/m2) N/A* N/A* N/A* N/A* N/A* N/A* 1.07 ± 0.12 1.06 ± 0.14 1.06 ± 0.10 
 Cholesterol-Phospholipid Ratio 

(molar/molar) 
N/A* N/A* N/A* N/A* N/A* N/A* 0.33 ± 0.02 0.36 ± 0.05 0.34 ± 0.04 

 Protein-Total Lipid Ratio (w/w) N/A* N/A* N/A* N/A* N/A* N/A* 1.22 ± 0.04 1.31 ± 0.05 1.28 ± 0.03 
 Protein Binding Ability÷ (g protein/mol 

total lipid) 
N/A* N/A* N/A* N/A* N/A* N/A* 768 ± 23 813 ± 42 799 ± 30 

PEG Surface Density (PEG/nm2) N/A* N/A* N/A* 1. 67 ± 0.22 1.68 ± 0.17 1.65 ± 0.18 N/A* N/A* N/A* 
Cell Viability (%)          
 Macrophages 83.3 ± 5.4 84.2 ± 7.2  87.5 ± 4.6 95.0 ± 10.1 94.9 ± 7.8 92.5 ± 9.0 95.7 ± 3.1 96.3 ± 3.1 96.3 ± 6.8 
 Monocytes 85.1 ± 8.7 85.7 ± 3.3 84.6 ± 8.9 93.3 ± 5.6 93.4 ± 4.0 93.3 ± 5.3 101.2 ± 5.7 97.6 ± 2.4 98.1 ± 11.2 
Endotoxin Content (EU/mg) 0.566 ± 0.125 0. 481 ± 0.334 0.529 ± 0.137 0.672 ± 0.099 0.554 ± 0.251 0.647 ± 0.181 0.687 ± 0.263 0.594 ± 0.215 0.619 ± 0.315 

Data is expressed as mean ± standard deviation (n=3). 

^…X denotes the used stretching factor for non-spherical particles. The particle-related factors, which are affected by the film-stretching method, have been 

described in detail in the previous report[16]. 

#Selected for in vivo study. 

*N/A: Not Applicable. 

÷Defined as and comparable to elsewhere[126, 195]. 

§Not significant (p > 0.05) compared to the corresponding freshly prepared BCCN counterparts, rationally due to practically no significant additional 

adsorption of related-constituent. 

 
Table S III-2. (a) Physicochemical Properties of Indocyanine Green (ICG) and Coumarin-6[196]. (b) Pharmacokinetics’ Parameter of ICG.     

(a) 
Properties ICG Coumarin-6 

Molecular Weight, MW (g/mol) 775.0 350.4 
LogP 6.05 at pKa 2.70 4.79 

LogD at pH 7.4 (representing circulation system) 4.91 4.79 
(b) 

Pharmacokinetics’ Parameter Description 
Volume of Distribution, Vd (L) 70 - 90[197] 

Protein Binding High (up to ~98% to various proteins)[198] 
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Table S III-3. List of Proteins, Involved in the Proposed Brain-Targeting & -Clearance Mechanism, and Their Computational 

Biophysicochemical Properties from the Current Work. 

 
 
*Unless otherwise specified, the recommended abbreviations of the mouse proteins are the same as the human ones according to 
UniProt[41, 42]. 
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Table S III-4. List of 20 Most Abundant Proteins in Erythrocyte (Membrane)[116] and Their Computational Biophysicochemical Properties 

from the Current Work.  

 
 

*Unless otherwise specified, the recommended abbreviations of the mouse proteins are the same as the human ones according to 
UniProt[41, 42]. 
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Table S III-5. List of 20 Most Abundant Proteins in Blood Plasma[134, 135] and Their Computational Biophysicochemical Properties from 

the Current Work. 

 
*Unless otherwise specified, the recommended abbreviations of the mouse proteins are the same as the human ones according to 
UniProt[41, 42]. 
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Table S III-6. [Part 1 of 3] Non-Exhaustive List of Opsonins[199] and Their Computational Biophysicochemical Properties from the Current 

Work. 
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Table S III-6. [Part 3 of 3] Continued 
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Table S III-7. List of Secondary Interfacial Activity Parameters as in Figure III-8 

# (Surface/Particle) 
Material 1 

Material 2 
NErys 

(Inside) 
Albumin 
(BSA) 

WoA3 (mN/m) IFT1.2 (mN/m) 
Difference of 
WoA3-IFT1.2 

(mN/m) 
WoA3 (mN/m) IFT1.2 

(mN/m) 

Difference of 
WoA3-IFT1.2 

(mN/m) 
1 Gold (Plain) 57.31 1.78 55.54 45.73 5.26 40.47 
2 Gold (COOH) 53.33 1.16 52.17 42.93 3.45 39.49 
3 Gold (PEGylated) 17.95 9.95 7.99 16.28 3.52 12.76 
4 Graphene 49.21 0.87 48.34 39.97 2.01 37.96 
5 Graphene Oxide 39.55 0.54 39.01 31.48 0.51 30.97 
6 NErys (Outside) N/A# N/A# N/A# -0.58 15.45 -16.03
7 PS-COOH 61.78 3.13 58.66 49.22 7.59 41.63 
8 Coumarin-6 65.28 4.40 60.89 51.79 9.79 42.00 
9 ICG 54.15 1.06 53.09 43.23 3.88 39.34 

Table S III-8. Primary Interfacial Activity Parameters of Various Materials Used in This Research and References 

Material Water Contact Angle, 
WCA (o) 

Surface Free Energy, 
SFE (mN/m) Surface Polarity, Xp‡ 

Material-Water 
Interfacial Tension, IFT 

(mN/m) 
(a) Synthetic

PS-COOH 87.6[16, 200] 45.08 0.0207 42.03 
ICG 91.9 44.45 0.0078 46.80 

Coumarin-6 80.3 44.59 0.0679 32.34 
PLGA 50/50-COOH 48.0[16] 54.79 0.4299 6.08 
PLGA 50/50-COOR 59.1 50.63 0.2800 13.27 
Sucrose Stearate 46.8[201] 51.86 0.6409 2.02 
Sucrose Palmitate 18.5[201] 69.16 0.7286 0.12 

Paracetamol 39.3[201] 61.88 0.4297 5.56 
PEG 21.5[16] 71.39 0.4808 3.66 
PVA 53.0[16] 50.05 0.4449 6.23 

Gold (Plain) 83.2 44.78 0.0452 36.21 
Gold (COOH) 77.6 47.19 0.0738 31.61 

Gold (PEGylated) 25.8 70.56 0.4415 5.02 
Graphene 127.0[16, 202] 49.47§ 0.1082 93.29§ 

Graphene Oxide 67.4[202] 45.19§ 0.2246 17.1§ 
Ag (Silver) 82.4[203] 32.06§ 0.0692 32.06§ 

Fe3O4 (Iron(III) Oxide; 
Magnetite) 

73.7[204] 30.74§ 0.5651 10.25§ 

CoO (Cobalt(II) Oxide) 59.0[205] 44.19§ 0.4704 6.70§ 
CeO2 (Cerium(IV) Oxide; 

Ceria) 
6.3[206] 72.93§ 0.6171 0.57§ 

Dextran 23.0[16, 207] 69.00§ 0.5405 2.00§ 

(b) Natural
NErys (Inside) 77.3 38.90 0.1576 22.88 

NErys (Outside) 18.9 68.96 0.7245 0.10 
MErys (Inside) 73.6 41.46 0.1779 20.95 

MErys (Outside) 21.5 67.84 0.7028 0.09 
RBCs 15.0[208] 70.35§ 0.7065 0.02§ 
Water (Practically) 0[34] 72.80 0.7006 ~0 

FBS (Fetal Bovine Serum) 74.3 40.35 0.1839 20.66 
Human Blood Plasma 61.7 46.46 0.3159 11.89 

HSA[33] 63.5 48.27§ 0.2418 15.78§ 
BSA 56.7 54.74 0.2515 14.77 

Fibrinogen[178] 31.8 64.39§ 0.5246 2.51§ 
Fibrin[178] 68.7 44.75§ 0.2086 18.34§ 

§Recalculated values of interfacial activity parameters using Owens and Wendt approach [34] from corresponding reference(s). 

‡Defined as = SFEpolar

SFE
.

Additional abbreviations: HSA: Human Serum Albumin; BSA: Bovine Serum Albumin 
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Table S III-9. [Part 1 of 4] List of Proteins, Used as Instances for Each Class of Physiological-Therapeutic Biologics Classification 
System (PTBCS) in Figure III-10, and Their Computational Biophysicochemical Properties. 
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Table S III-9. [Part 3 of 4] Continued 
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Table S III-9. [Part 4 of 4] Continued 
N

o.
R

ec
om

m
en

de
d 

Pr
ot

ei
n/

Pe
pt

id
e 

N
am

e

R
ec

om
m

en
de

d 
Ab

br
ev

ia
tio

n 
Af

te
r 

U
ni

Pr
ot

(A
pw

ei
le

r e
t 

al
., 2

00
4;

 T
he

-U
ni

Pr
ot

-

C
on

so
rti

um
, 2

01
8)

U
ni

Pr
ot

 
En

try
, 

Ho
m

olo
gy

 
M

od
eli

ng
 

St
at

us
[Y

=Y
es

,S
=S

em
i,

N=
No

]-

(M
ai

n)
 

PD
B 

ID
 

(_
Ch

ain
, i

f 
ap

pli
ca

ble
)

So
ur

ce
Ty

pe
 

(P
hy

si
ol

og
ic

 [P
]-

Pa
to

lo
gi

c 
[P

a]
 

or
 T

he
ra

pe
ut

ic
 

[T
]?

)

Fu
ll-

Le
ng

th
 

of
 M

at
ur

e 
Pr

ot
ei

n‡ 

(A
m

in
o 

Ac
id

s;
 A

As
)

N
um

be
r o

f 
G

lyc
os

yla
tio

n 
Si

te
s1

M
ol

ec
ul

ar
 

W
ei

gh
t f

ro
m

 
Am

in
o 

Ac
id

 
An

al
ys

is
 

(k
D

a)
[A

pw
ei

le
r e

t a
l., 

20
04

; T
he

-U
ni

Pr
ot

-

C
on

so
rti

um
, 2

01
8]

Is
oe

le
ct

ric
 

Po
in

t, 
IE

P
[B

je
llq

vi
st

, 1
99

3]

C
um

ul
at

ive
 

Su
rfa

ce
 

[B e
C

ha
rg

je
llq

vi
st

, 

19
93

]  o
r Z

et
a 

Po
te

nt
ia

l a
t p

H
 

7.
4

G
ra

nd
 

Av
er

ag
e 

of
 

H
yd

ro
pa

th
y, 

G
R

AV
Y

4

In
iti

al
 S

ur
fa

ce
 

H
yd

ro
ph

ob
ic

ity
, Φ

i

(F
in

al
) S

ur
fa

ce
 

H
yd

ro
ph

ob
ic

ity
, Φ

f

%
-/%

+
D

ef
or

m
at

io
n 

En
er

gy
, E

D
ef

G

as
 G

lo
ba

l 
R

ig
id

ity
 

(M
on

om
er

; 
M

od
e 

7;
 

D
ef

au
lt)

M
ul

ti-
do

m
ai

ns
 

/ M
ul

ti-
su

bu
ni

ts
?

Al
ip

ha
tic

 
In

de
x, 

AI
3

%
C

ys
te

in
e

%
 H

 b
on

d-
fo

rm
in

g 
AA

s3
PT

BC
S 

C
la

ss



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

165 

Table S III-10. Relationship between Materials’ and NErys’ (Primary and Secondary) Interfacial Activity Parameters and the Affinity 

between Them as well as Correctness of Membrane Orientation 

# 
Material 1 

(Mostly 
Nanoparticle) 

Material 2 

dDiff 
(mN/m)# 

%Correct 
Membrane 
Orientation 

NErys 
(Outside) 

NErys 
(Inside) 

WoA3 
(mN/m) 

IFT1.2 
(mN/m) 

Difference of 
WoA3-IFT1.2 

(mN/m) 

WoA3 
(mN/m) 

IFT1.2 
(mN/m) 

Difference of 
WoA3-IFT1.2 

(mN/m) 
1 PLGA 50/50-

COOH 
0.04 5.69 -5.66 22.69 5.81 16.88 22.54 84%[169] 

2 Hyaluronidase 
PH-20 

0.28 0.11 0.17 -2.95 26.12 -29.07 -29.14 N/A×‡ 

3 Water 0.00 0.10 -0.10 0.00 22.88 -22.89 -22.79 70%[169] 
4 Gold -0.33 36.64 -36.97 57.31 1.78 55.54 92.51 N/A× 
5 Graphene Oxide -0.20 17.51 -17.72 39.55 0.54 39.01 56.73 N/A× 
6 Graphene -0.52 27.83 -28.36 49.21 0.87 48.34 76.70 N/A× 
7 PS-COOH -0.33 42.46 -42.79 61.78 3.13 58.66 56.80 N/A× 
8 SiO2 (as 

TEOS)[209] 
-0.99 3.96 -4.05 18.50 8.15 10.35 3.37 N/A× 

§Recalculated values of interfacial activity parameters using Owens and Wendt approach[34] from corresponding reference(s). 

#Difference of outside and inside energy, dDiff = Differenceinside - Differenceoutside. The more positive the dDiff, the stronger the tendency 

to provide the higher percentage of correct (right-side-out) cell membrane orientation. 

*Computed from the mathematical models mentioned in Figure S III-9 by using Φf = 0.295 for Hyaluronidase PH-20 (with its sequence

was taken from UniProt Q12794, subsequently selected for 447 amino acid N-terminal domain, representing soluble fragment thereof as 

the commercially available recombinant product[210] and used in the corresponding references[170],) calculated using POPS[63] and ^the 

equations derived by Owens and Wendt[34]. 

×N/A: Not Available.

‡However, merely physical adsorption of Hyaluronidase PH-20 to the outside NErys elicited practically no enzymatic activity[170], 

apparently due to the relatively low binding affinity between Hyaluronidase PH-20 and the NErys, thereby easily washing-off 

Hyaluronidase PH-20 during sample purification. Our data and calculation above vindicate their experimental result. 

Table S III-11. Correlation of Material Matrix’s’ Secondary Interfacial Activity Parameters and Release Profile of Incorporated 

(Fluorescence/Drug) Substance 

# Material 1 Material 2 WoA3 
(mN/m) 

IFT1.2 
(mN/m) 

Difference 
of WoA3-

IFT1.2 
(mN/m) 

Release 
Profile (% at 
Certain Time 
Point(s); h) 

Interpretation to 
Material Non-
Washability 

Algorithm[16](Figure 
S III-22) 

Comparative 
Case(s) 

1 PS-COOH ICG 88.69 0.14 88.55 0.03; 3 h 
0.02; 24 h 
0.04; 48 h 
0.05; 72 h 

Practically Non-
Washable 

- 

2 PS-COOH Coumarin-6 73.73 0.64 73.09 0.05; 3 h 
0.08; 24 h 
0.09; 48 h 
0.12; 72 h 

Practically Non-
Washable 

- 

3 PLGA-COOR Coumarin-6 41.34 4.27 37.07 0.55; 24 h 
0.59; 48 h 

Practically Non-
Washable 

Desai et al. 
1997[211] 

4 PVA Coumarin-6 28.31 10.26 18.06 0.55; 24 h 
0.59; 48 h 

Practically Non-
Washable 

Desai et al. 
1997[211] 

5 BSA Coumarin-6 43.23 3.88 39.34 0.55; 24 h 
0.59; 48 h 

Practically Non-
Washable 

Desai et al. 
1997[211] 

6 Sucrose Stearate Paracetamol 8.22 8.58 -0.36 21; 3 h Practically 
Washable 

Szuts et al. 
2010[201] 

7 Sucrose 
Palmitate 

Paracetamol -0.69 6.36 -7.05 78; 3 h Practically 
Washable 

Szuts et al. 
2010[201] 

§Recalculated values of interfacial activity parameters using Owens and Wendt approach [34] from corresponding reference(s). 
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Table S III-12. Correlation of Materials’ Interfacial Activity Parameters with (a) Biomolecular Corona Kinetic Formation and (b) Biological  

Relations/Effects in High Protein Physiological(-Mimicking) Condition 

(a) 

Material 1 
(Nanoparticle) 

Material 2 Interpretati
on to 

Material 
Non-

Washability 
Algorithm[16] 

(Figure S 
III-22)

FBS 
Corona 
Kinetic 

Formation 
(Days)[109] 

Material 2 Interpretatio
n to 

Material 
Non-

Washability 
Algorithm[16] 

(Figure S 
III-22)

FBS NErys (Inside) 

WoA3 
(mN/
m) 

IFT1.2 
(mN/
m) 

Differenc
e of 

WoA3-
IFT1.2 

(mN/m) 

WoA3 
(mN/
m) 

IFT1.2 
(mN/
m) 

Differenc
e of 

WoA3-
IFT1.2 

(mN/m) 

CeO2 
(Cerium(IV) 

Oxide; Ceria) 

5.14 16.08 -10.94 Practically 
Washable 

>> 2 (the
slowest &

least 
stable) 

5.34 18.10 -12.76 Practically 
Washable 

CoO (Cobalt(II) 
Oxide) 

23.17 4.18 18.99 Practically 
Washable 

> 2 24.45 5.13 19.32 Practically 
Washable 

Fe3O4 (Iron(III) 
Oxide; 

Magnetite) 

24.11 6.42 17.68 Practically 
Washable 

> 2 25.61 7.14 18.47 Practically 
Washable 

Ag (Silver) 51.43 1.29 50.14 Practically 
Non-

Washable 

< 2 54.08 0.86 53.22 Practically 
Non-

Washable 
Au (Gold) 54.53 2.33 52.20 Practically 

Non-
Washable 

< 2 
(the 

fastest & 
most 

stable) 

57.31 1.78 55.54 Practically 
Non-

Washable 

Graphene 
Oxide[151] 

37.62 0.25 37.38 Practically 
Non-

Washable 

N/A* 39.55 0.54 39.01 Practically 
Non-

Washable 
#All particles have a similar radius of curvature ~5 nm[109] (except graphene oxide with [lateral size of 500 - 5,000 nm & thickness of 0.8 - 

1.2 nm[151]]), thus the (radius of)curvature-dependent affinity issue is already minimized. 

*N/A: Not Applicable.

(b) 

Material 1 
(Nanoparticle) 

Material 2 
Interpretation to 
Material Non-
Washability 
Algorithm[16] 

(Figure S III-22) 

Observed (& Estimated) Biological 
Relations/Effects 

Mean of 
Radius of 
Curvature, 

Rc(t) 

Blood Plasma 

WoA3 
(mN/
m) 

IFT1.2 
(mN/
m) 

Differenc
e of 

WoA3-
IFT1.2 

(mN/m) 
Dextran 

(as coating of 
SPIO 

[Superparamagn
etic Iron Oxide: 

Fe3O4—γ-
Fe2O3]) 

10.88 10.19 0.69 Practically 
Washable 

 Still too much biomolecular “soft corona”
during in vitro study → appreciable
adsorption/insertion of relatively
hydrophilic complement C3 (compared to
other opsonins, e.g. IgG; Figure S III-11a)
to the corona via covalent bond (→ ↑
phagocytosis/cellular uptake)[212]

 Biomolecular corona loss during in vivo
study(→ unprotected from relatively
hydrophilic opsonins [e.g. complement
C3] due to the following dextran as the
outermost layer → ↑ phagocytosis/cellular
uptake)[212]

~70 nm 

Polystyrene 57.51 4.92 52.59 Practically Non-
Washable 

Sufficient “hard corona” during in vitro study 
(→ the highest protection from any 
opsonins) → the lowest 
phagocytosis/cellular uptake compared to 
lipoproteins[213] 

~50 nm 

Table S III-13. Hydrophobicity Comparison between (Free) Cholesterol and (Palmitoyl or C16) Sphingomyelin (Abbreviated ”PSM”) in 

the RBC membranes  

Properties (Free) Cholesterol PSM* 
LogP[196] 7.11 12.30 at pKa 7.65 

LogD[196]: pH 7.4 (representing circulation 
system) 

7.11 9.00 

*Moreover, sphingomyelin variants of RBC membranes reportedly[214] tend to even have longer acyl chain length, e.g. the longest and

the second most abundant C24 (saturated lignoceroyl- and unsaturated nervonoylsphingomyelin), leading to higher logP and logD. 
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Table S III-14. Comparison between Physicochemical Properties of Blood Plasma Proteins and Certain Functional Proteins 

Parameter All Human 
Proteins 

Human Blood 
Plasma (All; based 
on the Most 
Current Database) 

Human Blood 
Plasma (Limited to 
Only Known 
Experimental 
Concentrations) 

Human Blood 
Plasma (Limited to 
the Available &/ 
Reasonably 3D-
Structure Modeled 
Protein) 

Invasin (Fragment; 
Extracellular 
Region) 

PDB ID N/A# N/A# N/A# N/A# 1CWV 
UniProt ID 
(Further Details) 

N/A#; 20,386 items 
(2018 Reviewed 
Database)[42] 

N/A#;  3,669 items 
(2018 Reviewed 
Database & 
Schwenk et al. 
2017[135]) 

N/A#; 1,237 items 
(2018 Database, 
Nanjappa et al. 
2014[134] & 
Schwenk et al. 
2017[135]) 

N/A#; 133 items 
(-) 

P11922 
(N/A) 

Cumulative GRAVY or 
Amino Acid Sequence 
Hydrophobicity (Unitless), 
computed as Kyte & 
Doolittle 1982[50] 

N/A#; only 
available as 
Geometric Mean: -
0.345 

N/A#; only 
available as 
Geometric Mean: -
0.360 

-0.347 -0.377 -0.064 (as PDB,
Hamburger et al.
1999[215] & used by
Castoldi et al.
2018[291])

Cumulative Surface 
Hydrophobicity, Φf 
(Unitless), calculated from 
modified Lienqueo et al.’s 
method[62]  

N/A#; only 
available as 
Geometric Mean: 
0.439 

N/A#; only 
available as 
Geometric Mean: 
0.462 

0.448 0.443 0.536 

Cumulative Surface 
Charge (mV) 
•at pH 8.0 
(~mitochondria[216]) 
•at pH 5.5 
(~endosome[217]; 
intracellular) 
•at pH 7.4 (~circulation
system / tissue plasma /
extracellular / interstitial)

N/A# 
N/A# 
N/A# 

N/A# 
N/A# 
N/A# 

-27.17
+3.64
-17.10

-35.93
+4.82
-22.61

-21.10
-14.40
-19.20

Isoelectric Point 
computed as[51] 

N/A#; only 
available as 
Geometric Mean: 
6.805 

N/A#; only 
available as 
Geometric Mean: 
6.308 

N/A#; only 
available as 
Geometric Mean: 
6.247 

N/A#; only 
available as 
Geometric Mean: 
6.278 

4.379 

#N/A: Not Applicable. 

*Interpretation:

 GRAVY (Grand Average of the Hydropathy): the more positive the value (range: -4.5 to +4.5), the more hydrophobic the

protein/condition. GRAVY considers the protein hydrophobicity based merely on amino acid sequence (/primary structure). 

 Φf: the higher the value (range: 0 to 1), the more hydrophobic the protein surface in the practically physiological-related pH (7.0)

using experimental Hydrophobic Interaction Chromatography (HIC). Φf considers the 3D-structure of protein and glycosylation (i.e. 

experimental carbohydrate content [or so-called glycosylation content]). 

 Surface Charge: is analogous with experimental zeta potential measurement result at corresponding pHs. There are positive,

negative, and zero values. 
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Table S III-15. Basic Parameters of Erythrocytes and Their Freshly Produced Derivatives as well as Blood Plasma 

Sample
s 

Counts Hemoglobin 
Concentratio

nc  

Protein 
Concentrati

on 

Phospholipi
d 

Concentrati
on  

Cholesterol 
Concentrati

on  

Cholesterol
-

Phospholipi
d Ratio  

Protei
n- 

Total 
Lipidd 
Ratio  

Protein 
Binding 
Abilitye 

Flow 
Cytometr

y 

TRPS 

 (x106 
objects/μ

L) 

 (x1011 
objects/m

L) 

(mg/mL) (mg/mL) (mg/mL) (mg/mL) (molar/mola
r) 

(w/w) (g 
protein/m

ol total 
lipid) 

RBCsa 4.93 ± 
0.48 

5.14 ± 
0.36b 

143.9 ± 2.6 3.5226 ± 
0.13 

2.0453 ± 
0.1813 

0.6881 ± 
0.0532 

0.65 ± 0.03 1.29 ± 
0.08 

781 ± 36 

MErys 23.16 ± 
0.58 

22.14 ± 
0.79b 

Not Detected N/A#2) N/A#2) N/A#2) N/A#2) N/A#2) N/A#2) 

NErys N/A#1) 0.31 ± 
0.08 

Not Detected 3.3854 ± 
0.0817 

2.0386 ± 
0.0923 

0.5897 ± 
0.0313 

0.56 ± 0.04 1.29 ± 
0.06 

798 ± 44 

Blood 
Plasma 

N/A#1) Not 
Determine

d 

Not Detected 67.0278 ± 
0.5612 

1.2893 ± 
0.2374 

1.8821 ± 
0.1263 

2.83 ± 0.04 21.14 
± 0.08  

10,176 ± 
397 

Data is expressed as mean ± standard deviation (n=3). 

aalways standardized as 40% hematocrit (HCT).  

bFor direct comparison to flow cytometry results, these values are already converted to the unit of “x106 objects/μL”. 

cUsing Drabkin’s reagent[218] (limit of detection 0.3 mg/mL). 

dTotal lipid concentration = phospholipid concentration + cholesterol concentration. 

eDefined as and comparable to[126, 195]. 

#...)N/A: Not Applicable due to 1) size < limit detection or 2) the similar analytes, method, and value as NErys. 

 
 
Table S III-16. Details of C values, which are used herein and developed based on UniProt Database(July 2018[41-43])  

MW (kDa) 
Glycosylation Sites/Protein 

≤35 35-≤75 75-≤135 135k-≤243 > 243 

1 120 120 120 120 120 
2 600 600 600 600 600 
3 500 500 500 500 500 
4 120 600 600 660 660 
5 140 140 140 140 140 

6-to-7 200 200 1600 200 3000 
8-to-9 500 500 500 500 500 

10-to-11 4000 4000 4000 1200 1200 
12-to-13 2500 2500 2500 6600 2500 
14-to-15 6600 6600 6600 6600 6600 

16-20 2500 2500 2500 10000 3500 
21-50 27000 27000 27000 27000 40000 
51-200 40000 40000 40000 27000 27000 
>200 570000 570000 570000 570000 570000 
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Table S III-17. [Part 1 of 2] List of Proteins, Compared to Kerner et al.-Fujiwara et al.’s[143] Refoldability Classification System in Figure S 

III-13b as well as Their Average Abundance in each Escherichia coli[219] and Computational Biophysicochemical Properties.
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Table S III-17 [Part 2 of 2] Continued 
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8.1.2. Supplemental Figures 

Figure S III-1. (a) Preparation and (b) characterization of nanoerythrosomes (NErys) as coatings in the bioinsipired cell membrane-

coated nanoparticles (BCCN)s, which are derived from RBCs and microerythrosomes (MErys), respectively. (c) Flow cytometry 

histograms and density dot plots of RBCs and MErys. 
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(a) (b) 
Figure S III-2. Molecular structures of (a) Coumarin-6 (Cou6) and (b) Indocyanine Green (ICG). 

Figure S III-3. Transmission electron micrographs of spherical (a-c) and non-spherical (d-f; 3-fold stretching factor) nanoparticles with 

further details: (a), (b), (d), (e) are BCCNs, while (c) and (f) are CNPs. Nanoparticles in panels: (a) and (d) are loaded with coumarin-6, 

whilst the rest are unloaded. Scale bars = 100 nm. 
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(a) 

 
(b) 

Figure S III-4. (a) Intensity size distribution of NErys (RBC cell membrane), various shapes of CNPs (core nanoparticles), and BCCNs 

(bioinspired cell membrane-coated nanoparticles, measured by DLS (Dynamic Light Scattering). (b) Size histogram of the same 

samples as in panel (a), measured by TRPS (Tunable Resistive Pulse Sensing). Thus, the same color legend applies to all panels. All 

results here are in good agreements with the results from microscopies (SEM, TEM, and AFM). For clarity, non-spherical nanoparticles 

(both CNPs and BCCNs) are exemplified by prolate ones (3-fold stretching factor) and PEGylated ones are not shown. 
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Figure S III-5. The comprehensive protein interactome of mouse erythrocytes consists of 1,160 proteins. 
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Figure S III-6. The comprehensive protein interactome of mouse blood plasma consists of 1,237 orthologous proteins of known human 

blood plasma protein concentrations as reported elsewhere[134, 135]. 
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Figure S III-7. The comprehensive protein interactome of human erythrocytes consists of 1,160 proteins. 
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Figure S III-8. The comprehensive protein interactome of human blood plasma consists of 1,237 proteins with known concentrations as 

reported elsewhere[134, 135]. 
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(e) 
Figure S III-9. Mathematical relations between the computational values of final protein surface hydrophobicity index (Φ f) based on the 

Cowan-Whittaker hydrophobicity scale and the experimental values of common protein’s (a) surface free energy—SFE or γs.g, (b) 

surface polarity—Xp, (c) (i.e. protein) material-water interfacial tension—IFT1.3 or γs.l, and (d) equilibrium surface pressure—EqSP. (e) 

Details of proteins and correlated PDB IDs(-UniProt ID) thereof, which were used in calculations of protein surface hydrophobicity 

indices. Unless reference(s) specified for the available values of SFE-Xp-IFT and EqSP, experimental data is obtained from the recent 

study. 

Protein Name 
Main 
PDB 

ID 
UniProt 

ID 
Experimental Data Availability 

SFE, Xp &  IFT EqSP 

Surfactin 2NPV N/A No Yes[145] 

Collagen Type I 3HR2 
P02454 

& 
P02466 

Yes[220] No 

Alpha-
Lactalbumin 1A4V P00709 Yes Yes[221] 

Beta-
Lactoglobulin 1CJ5 P02754 No Yes[222] 

Glycinin 11S G1 1FXZ P04776 No Yes[222] 

IgG 
1HZH 

& 
1IGT 

P01857  
& 

P01834 
Yes[33] Yes[223] 

HSA 1AO6 P02768 Yes[33] Yes 

BSA 4F5S P02769 Yes Yes[222] 

Lysozyme 3WUN P00698 Yes[33] No 

Fibrinogen 3GHG 
P02671, 
P02675, 

&  
P02679 

Yes[178] No 

Fibronectin 1FNF P02751 Yes[178] No 
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Figure S III-10. Fourier Transform Infrared (FTIR) results. Color legend, that is located on the top of this Figure, applies to all samples. 

(a) Comparative FTIR absorbance spectra of various samples, which are subjects of (b) the assignment of protein secondary structures.

(c) Summarized protein secondary structures of the deconvoluted FTIR absorbance spectra from NErys containing samples in the

different states: (d) unbound, adsorbed on fluorescently (e) unloaded spherical BCCNs, (f) unloaded non-spherical BCCNs, (g) ICG 

loaded spherical BCCNs, and (h) ICG loaded non-spherical BCCNs.  
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Figure S III-11. (a) The GRAVY-Φf rationale of cell membrane-coating superiority in maintaining particle colloidal and non-spherical 

shape stability. The former shows a statistically significant correlation with proteins’ melting temperature, one of the most common 

biophysical parameters describing conformational stability (Figure S III-14); while the latter demonstrates a very strong correlation with 

interfacial stability and parameters (Figure S III-9). Rank and value of reviewed, canonical human proteins’ aliphatic index based on Ikai 

1980[53] versus other parameters (b) final protein surface hydrophobicity index, Φf, (c) surface charge at pH 7.4, (d) Grand Average of 

Hydropathy, GRAVY, (e) deformation energy, (f) %hydrogen bond-forming amino acids (%serine+%threonine [mol/mol]), and (g) 

%cysteine [mol/mol]. The relative position of SLC4A1 (Band 3) is indicated in each panel from (b)-(g).  
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Figure S III-12. These panels are the focused on 2,397 proteins involving known protein concentrations [116, 134, 135]. All corresponding 

panels here (in order) are directly comparable/zoomed-in versions of panels (b)-(g) in Figure S III-11. 
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Figure S III-13. (a) Overview of experimental protein refoldability classification after Kerner-Fujiwara[143]. (b) Statistically comparable 

relationship between PTBCS and Kerner-Fujiwara classification. The list and further details of compared proteins (24 typical Escherichia 

coli proteins) are listed in Table S III-17. 

 

 
Figure S III-14. (a) Basis of bioinformatics analysis used in the following panel (b), involving 9,479 reviewed human proteins from 

elsewhere[42, 224]. (b) A statistically significant positive correlation between GRAVY and experimental proteins’ melting temperature 

(Pearson’s r = 0.30; p < 0.0001). 
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Figure S III-15. Illustration of detailed comparison between CD47 and Clusterin (CLU) involving all 13 parameters used in the PTBCS 

algorithm, both mature protein’s 2D and 3D structures (4 and 9 parameters from left and right, respectively). These and other protein 

data, discussed in the text, are distributed separately according to the discussion topic in Table S III-3, Table S III-4, Table S III-5, Table 

S III-6, and Table S III-9. The 9 parameters (highlighted in gray) are explicitly shown in the PTBCS algorithm in Figure III-10.  

 
 

 
Figure S III-16.  Application of Physiological-Therapeutic Biologics Classification System (PTBCS) to the exemplary proteins from three 

different natures: red blood cell membrane, blood plasma, and opsonin. The tabularized version and more complete data are available 

in Table S III-4, Table S III-5, and Table S III-6, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 



Chapter III 

184 

Figure S III-17. (a) Confinement effects alter considerably energy-related units at interfaces / interaction areas, i.e. binding affinities, as 

a function of the radius of curvature. This occurs over sizes / radii of curvature, specifically at lower radius radii, as zoomed-in panel (b) 

containing the adapted theoretical equations[181]; where T = interfacial thickness (in nm; which is experimentally justifiable, ranging from 

0.3 - 30 nm), depending on what and how the orientation of the interacted molecules at interfaces. The binding affinities can be obtained 

from various methods, both experimental and computational laboratory methods, with the overview of the used ones herein in Figure 

III-7a. They are interconvertible, thereby enabling a direct comparison. For conversion calculation of (Difference of WoA3-IFT1.2)-or-

IFT1.3, Force and Pressure, the given graphs are exemplified using an air-water interface having surface tension (i.e. IFT1.3=γg.l=) 72.8 

mN/mm with the interfacial thickness of 1.11 nm (by consensus [181]). This interfacial thickness allows an excellent explanation for 

proteins’ partial unfolding (or also called partial denaturation) behavior during and after their exposure to the air-water interface through 

a force of about 80.81 pN (corresponding to about 40% of the wholly unfolding force at 200 pN [225]), leading to the commonly-found 

aggregation of partially unfolded proteins. Interestingly, the theoretical equations appear to correlate strongly with the power function 

mathematical model visualized in panel (c), which also even better describe the experimental result[17] in panel (d). For further 

theoretical discussions and experimental proofs of confinement effects occurring importantly on any materials and interfaces, other 

literature is highly referred[16, 226].  
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Figure S III-18. Current protein’s bioinformatic parameter analyses of: (a) surface hydrophobicity index, Φf and (b) surface charge (or 

also called zeta potential) of nanoparticles used in reference[227]. Legend nomenclature: commercial silica nanoparticles (AmSil30), 

laboratory-synthesized silica nanoparticles (SiNP), and laboratory-synthesized polystyrene nanoparticles (Ø ≈120 nm); followed by size 

(Ø in nm) and functional group, if applicable. The legend in panel (a) applies until panel (b). The gray dashed line in panel (a) displays 

the cut-off value (Φf 0.410), while the red arrows in panel (b) show the trend. 
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Figure S III-19. The correlation of complement activation pathways and their corresponding drug delivery system’s biophysicochemical 

characteristics, including protein corona properties, consisted of the final protein surface hydrophobicity index, Φf. It reveals that these 

pathways use systematically different Φf of sensing molecules (or also called opsonins) proportionally according to the hydrophobicity of 

drug carriers (e.g. particles). For foremost instance, the descending order of Φ f is C-reactive protein > IgG > C3 > Fibrinogen, Intact > 

IgA, Intact (0.521 > 0.459 > 0.456 > 0.444 > 0.413), which is in excellent agreements with both complement activation pathways 

(classical pathway > alternative pathway > lectin pathway) and (bulk-nanoparticle) material hydrophobicity. The latter is exemplified by 

particles with plain > ascendingly different densities of PEG functionalization, resulting in various polymer configurations (“mushroom” > 

transition of “mushroom-brush” > “brush”, consecutively). Adapted from ref.[180], copyright 2010, with permission from ACS Nano.  



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

187 

 
Figure S III-20. The cumulative distribution function of the radius of curvature and affected critical physical factors from oblate ellipsoid 
particles produced by the biaxial stretching process. The detailed calculation is displayed in Supplemental Calculation. The stretching 
factor of 1.5 biaxially is highlighted by a grey box, depicting the similar surface area and density as a prolate ellipsoid with a stretching 
factor of 3 (, used as the main core of multiply BCCNs; Figure III-9b-c). It is important to note that the theoretical aspect ratio definition of 
the oblate ellipsoid as displayed above is different from the prolate counterpart[16] (Inset Figure III-2c). Also, due to the limited 
experimental observation method, calculation of typical shifting time (t1/2) for oblate ellipsoid was performed via a decrease of average 
gyration size/”diameter” (width ≈ height) of oblate particles (instead of aspect ratio as in the standard prolate ellipsoid).  
 
 

 
Figure S III-21. (a) Representative scanning electron micrographs obtained on different days after initial preparation displaying shape 
stability of oblate BCCNs in phosphate buffer saline (PBS) pH 7.4 310 mOsm for a maximum of 29 days at 37oC. Scale bars = 500 nm. 
Their other correlated data are displayed as (b) typical shifting time, plots of (c) gyration size/”diameter” which was determined from the 
aforementioned scanning electron micrographs, (d) hydrodynamic size, (e) polydispersity index/PDI, and (f) zeta potential over time. 
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Figure S III-22. Proposed algorithms for material non-washability from another different material. Adopted from our previous report[16], 

copyright 2019, with permission from Advanced Healthcare Materials. 
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Figure S III-23. Relation between the values of computational protein surface hydrophobicity (Φ) based on the Cowan-Whittaker 

hydrophobicity scale and the experimental values of common protein’s dimensionless retention time (DRT) using Hydrophobic 

Interaction Chromatography (HIC) with details as described in the Methods. (a) The currently validated method (using POPS[63] for 

amino acid residues’ Solvent-Accessible Surface Area (SASA) calculation) to Lienqueo et al. dataset[62], which directly calculates 3D-

structure, thus still does not consider comprehensive glycosylation density information. Very strong agreements (accuracy and 

repeatability) are obtained with a similar correlation coefficient (> 0.95), both for methods involving POPS (herein) and GRASP 

(Lienqueo et al.[62]). (b) The new proposed model, involving consideration of glycosylation from the UniProt database[41, 42], results in an 

even better correlation coefficient (0.98) between calculation and experimental data (see Methods for further details of glycosylation 

density calculation; see Figure S III-24 for further rationalization of glycosylation density). Please note that the correlations in both panel 

(a) & (b) are best described in a quadratic manner (as already proven by Lienqueo et al.[62]) between Φf and dimensionless retention 

time (DRT), which is already commonly used for many chromatographic methods in pharmaceutical and biomedical analysis area, 

including also Evaporative Light Scattering Detector (ELSD)[228], Gas Chromatography (GC)[229], etc. (c) Details of proteins and 

correlated PDB IDs(-UniProt IDs) thereof which were used in calculations representing diverse protein surface hydrophobicity, sorted in 

ascending order (from the lowest to the highest) of DRT from the bottom to the top of the table. 

 

            
(a) (b) 

Figure S III-24. (a) A very strong correlation between glycosylation density, ρg and experimental carbohydrate content[230] (or so-called 

glycosylation content; correlation coefficient, r = 0.99). Combining this equation and ρg that can be obtained and calculated from 

bioinformatics analyses, for example, one can also reasonably compute the total molecular weight of CD47 ~49 kDa, using the 

molecular weight from amino acid analysis and the number of glycosylation sites in Table S III-3. This value is close to the experimental 

value herein ~49 kDa (Figure III-4a) & experimental range (45-55 kDa) elsewhere[231]. (b) Details of proteins and correlated PDB IDs(-

UniProt IDs) thereof which were used in calculations accounting for a wide range of protein glycosylation density, sorted in ascending 

order (from the lowest to the highest) of experimental carbohydrate content from the bottom to the top of the table. 

 
 

Colloquial Protein Name Main 
PDB ID 

UniProt 
ID 

Alpha-Lactalbumin 1A4V P00709 
Alpha-Chymotrypsin 4CHA P00766 
Alpha-Amylase 3VX1 P0C1B3 
Beta-Lactoglobulin 1CJ5 P02754 
Chymotrypsinogen A 1CGI P00766 
Thaumatin 1THV P02883 
Ovotransferrin(=Conalbumin) 1AIV P02789 
Myoglobin 1YMB P68082 
RNAse A(=Ribonuclease pancreatic) 1AFU P61823 
Cytochrome C 1HRC P00004 

Colloquial Protein Name Main PDB ID UniProt ID 
Orosomucoid-1 3KQ0 P02763 
Fetuin-A 6HPV P02765 
Transferrin 3QYT P02787 
Ovalbumin 1OVA P01012 
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Figure S III-25. Representative energy dispersive X-ray (EDX) spectra of various particles containing coumarin-6 for in vitro study: (a) 

core nanoparticle (CNP), (b) PEGylated nanoparticle (CNP-PEG), and (c) bioinspired cell membrane-coated nanoparticle (BCCN). 

These serve as proofs of concept related to residual stabilizers. Please note that in the current study, nitrogen (N) and sulfur (S) 

elements could still be detected close to the limit of quantification of the instrument (with the closest one: CNP, followed by CNP-PEG 

and later BCCN) because of the presence of coumarin-6 (Figure S III-2). Otherwise, the S element could not be detected in CNP and 

CNP-PEG, while the N element could not be detected in CNP. This suggests that the CNPs, which were used to further manufacture 

other particles, contained minimal residual stabilizers. 

 
 
 
 
 



Phagocytosis, Biodistribution, and Rationale of Multiply Bioinspired Nanoparticles 

191 

Figure S III-26. Correlation visualization of Table S III-11. 

Figure S III-27. Correlation visualization of Table S III-12. 
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8.2. Supplemental Calculation 
Distribution of Normalized Radius of Curvature on Non-Spherical (Oblate Ellipsoid) Particles 

Obtained by Stretching Biaxially Spherical Ones 

Similar to the reported prolate ellipsoid[16], we can calculate the distribution of normalized radius of curvature 
in an oblate ellipsoid. In this case, instead of stretching uniaxially towards the x-axis, we can see the process 
of obtaining an oblate ellipsoid as biaxial stretching towards the y-axis and z-axis with the same stretching 
factor C. To preserve the volume of an oblate ellipsoid as our prolate ellipsoid, we need to reduce the radius 
along the x-axis by 1

C2 (which is later expressed as C’). Thus, following the notation in prolate ellipsoid[16], now 
we have the following mathematical definitions for oblate ellipsoid: 

One may notice that we can simply substitute 1

C2 for C in the formula for a uniaxial prolate ellipsoid to obtain 
the formula for a biaxial oblate ellipsoid. This is indeed correct and we simply just need to adjust the 
normalization term to handle C < 1 and the reversed upper and lower limits. In the end, the normalization 
term for oblate ellipsoid is: 

Consequently, the corresponding final distribution function 𝑓̅C(R̄) for oblate ellipsoid is: 

Meanwhile, its cumulative distribution function �̅�C(R̄) is (again, with 

Recall that the plain R is the original radius before stretching, while the R̄ (with macron) is the radius of 
curvature after stretching. 
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IV. SUMMARY AND OUTLOOK 
Micro- and nanoparticles are systematically investigated as drug delivery systems (DDSs). Researchers have 

improved the performance of DDSs by optimizing their design parameters, such as size, surface charge, and 

attached target ligands. However, particle shape and mechanical properties were mostly practically neglected. As 

described in Chapter I, the aim of the current dissertation is to contribute in filling this particular void. Therefore, 

this dissertation has delved into a particle delivery system, combining non-spherical and natural mechanical 

properties of the Mother Nature instances, especially erythrocytes. 

 

In the early phase of the project (Chapter II), a new, robust (silicone) oil-free method to fabricate non-spherical 

particles was successfully developed. This decreases considerably manufacturing time, undesired residual organic 

solvent, immunogenicity risk, and non-spherical shape instability of particles. Next, numerous analytical methods 

were utilized to characterize particle shape stability, especially at the submicron or nanoscale. At this size range, 

many unique advantages of DDS can be explored, such as the extension of the delivered drug half-life and uptake 

modulation into the target cells. However, it turns out that the non-spherical shape instability of particles at this size 

range is also much higher and challenging due to confinement effects. Therefore, it is an indispensable need to 

unravel and further understand the complexity of manufacturing aspects affecting shape stability, before 

proceeding with non-spherical particles towards in vitro and in vivo studies. Our report strongly suggests that 

shape change propensities of non-spherical particles to spherical particles might occur in favor of thermodynamics 

(triggered by material-water interfacial tension). The rate at which this alteration occurs is not only determined by 

the bulk material properties and storage temperature, but also importantly by the physicochemical properties of the 

resulting nanoparticles. The interfacial activity database, coupled with complete bulk-nanoparticle physicochemical 

properties, may be initial guidance to appraise the non-spherical particle shape stability in a dispersion medium. 

Besides, this rate of shape transformation can be tailored with the type and amount of (residual) stabilizers. 

Interestingly, the proposed interfacial activity-based algorithms can excellently be used to determine the suitability 

of a stabilizer for particle formation and “non-washability”. It appears that the (residual) stabilizers can be a great 

assistance for nanoparticles in maintaining their non-sphericity, if they are considered as a non-toxic, 

biodegradable, and biocompatible material. In chapter II extensive comparison and consideration of different 

manufacturing aspects toward (non-spherical) particle’s physicochemical properties and their potential and 

biological relations are presented. By that, a clear guideline for the design and manufacturing of non-spherical 

nanoparticles having adequate shape stability under physiological conditions is established.  

 

 

 



Chapter IV 

196 

In Chapter III, the established non-spherical nanoparticles were further tested in vitro and in vivo, followed by 

confirmatory studies in silico. This chapter describes the utilization of extracted red blood cell membrane (herein 

mainly abbreviated as NErys / Nanoerythrosomes) as a natural stabilizer for non-spherical nanoparticles, resulting 

in a novel system called “non-spherical bioinspired red blood cell membrane-coated nanoparticles” (non-spherical 

BCCNs). Non-spherical BCCNs reduced significantly the uptake by the cells and organs of the mononuclear 

phagocyte system (MPS) as compared to either only membrane-coated or only non-spherical systems. 

Accordingly, the non-spherical BCCNs displayed a remarkably higher concentration in blood over a 72 h period 

and interestingly permitted temporary accumulation in the brain for 48 h, while decreasing their uptake by the liver 

and spleen. The very strong and practically irreversible interactions of (superficially) hydrophobic proteins from the 

intracellular part of erythrocyte cell membranes to the core particle materials serve as the good anchors, while also 

improving the right-side-out membrane orientation and integrity. Furthermore, this interaction also proves that the 

better maintenance of non-spherical shape stability can only be attained by an adequate amount of stabilizers. 

This adequateness could be obtained because of the strong affinity between particles and stabilizers, i.e. RBC 

membrane (also called nanoerythrosomes [NErys]), compromising confinement effects. Interestingly, according to 

the in vitro and vivo results, the strong affinity appeared to not negatively impact the protein functionalities, 

specifically their function as a ”marker-of-self”. This finding suggests that the main proteins accounting for these 

functions (i.e. Band 3, the most abundant protein at the membrane of RBC, and CD47, respectively) are rather 

stable molecules, which are also representatively depicted from RBCs half-life of 120 days. Furthermore, the 

interfacially stable molecules at physiological condition can be differentiated by the computational 

biophysicochemical properties through my newly proposed Physiological-Therapeutic Biologics Classification 

System (PTBCS) algorithm concept. This concept offers a promising high throughput screening in the big data era, 

specifically in proteomics and interactomics, for the identification of low protein reversibility/refoldability at and/or 

post interface exposure, standardized to the air-water interface. Furthermore, the PTBCS can be complemented 

by interfacial activity parameters (calculated using Owens and Wendt approach) to predict the affinity of certain 

proteins to material surfaces enabling better control of biomolecular-excipient interactions, especially protein-

protein interactions and protein-excipient interactions.  

According to the conclusion of all chapters, (silicone) oil-free non-spherical particles were reproducibly 

manufactured and characterized. The dual influence of particle shape and red blood cell membrane-coating on the 

in vitro and in vivo levels was studied, followed by rationalization of these results by means of further in vitro and in 

silico analyses. A considerable character was demonstrated during all these analyses by the combination of non-

spherical particles and cell membrane-coating. The dual combination between particle shape and cell membrane-

coating has the potential to play an important design parameter in the future of drug delivery systems. 
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