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Abstract 

Poly(ethylene glycol) (PEG) is widely used in particle assembly to impart biocompatibility and 

stealth-like properties in vivo for diverse biomedical applications. Previous studies have examined 

the effect of PEG molecular weight and PEG coating density on the biological fate of various 

particles, however there are few studies that detail the fundamental role of PEG molecular 

architecture in particle engineering and bio–nano interactions. Herein, we engineered PEG 

particles using a mesoporous silica (MS) templating method and investigated how the PEG 

building block architecture impacted the physicochemical properties (e.g., surface chemistry and 

mechanical characteristics) of the PEG particles and subsequently modulated particle–immune cell 

interactions in human blood. Varying the PEG architecture from 3-arm to 4-arm, 6-arm, and 8-arm 

generated PEG particles with a denser, stiffer structure, with increasing elastic modulus from 1.5 

to 14.9 kPa, inducing an increasing level of immune cell association (from 15% for 3-arm to 45% 

for 8-arm) with monocytes. In contrast, the precursor PEG particles with the template intact 

(MS@PEG) were stiffer and generally displayed higher levels of immune cell association but 

showed the opposite trend––immune cell association decreased with increasing PEG arm numbers. 

Proteomics analysis demonstrated that the biomolecular corona that formed on the PEG particles 

minimally influenced particle–immune cell interactions, whereas the MS@PEG particle–cell 

interactions correlated with the composition of the corona that was abundant in histidine-rich 

glycoproteins. Our work highlights the role of PEG architecture in the design of stealth PEG-based 

particles, thus providing a link between the synthetic nature of particles and their biological 

behavior in blood. 
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In recent years, a broad range of materials with specific properties and functions have been 

extensively investigated for particle-based drug delivery to avoid immune clearance, prolong drug 

circulation time, and increase target accumulation, thus exhibiting immense potential in 

biomedicine.1–7 It is widely reported that the physicochemical properties of particles, including 

size, shape, composition, surface chemistry, and elasticity, which determine the synthetic identity 

of particles, can influence their behavior in a biological environment.8–13 Specifically, this 

synthetic identity can influence the adsorption of biomolecules from blood and the formation of a 

specific biomolecular corona around the particle surface, endowing the particles with a distinct 

biological identity that can subsequently modulate their interactions with biointerfaces, 

downstream cellular responses, and their eventual biological fate.14–19  

For optimal delivery of therapeutic cargo, extensive studies have been conducted to understand 

and modulate bio–nano interactions by manipulating the surface properties of particles (e.g., 

modification with small ligands, lipids, peptides, or polymers).20–25 PEGylation, i.e., coating a 

material surface with a densely packed layer of poly(ethylene glycol) (PEG), is a commonly 

applied strategy to reduce nonspecific biological interactions.26–28 The hydrophilic nature of PEG 

improves the stability of the particles and lowers their binding affinity toward biological 

components such as plasma proteins, which effectively shields the particles from phagocytosis, 

degradation, and clearance by the mononuclear phagocyte system, thereby prolonging their 

systemic circulation time.29 The PEG molecular weight, PEG monodispersity, PEG coating 

density, and core (coated surface) properties have been reported as key factors that impact the 
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stealth-like properties of PEG-coated particles in vitro or in vivo.30–33 Moreover, the benefits of 

PEG have inspired the development of particles composed primarily of PEG using several methods 

including layer-by-layer assembly, nanofabrication, and particle replication.34–38 

Recently, we reported the engineering of PEG particles via mesoporous silica (MS)-templated 

assembly and demonstrated their potential for a range of biomedical applications, including 

targeted drug delivery.39–44 The PEG particles are assembled by infiltrating PEG polymer into 

spherical MS templates followed by chemical cross-linking and removal of the templates to obtain 

replica particles with controllable particle size, tunable cross-linking density, and elasticity. The 

PEG molecular weight, presence or absence of the core template, and particle size significantly 

influenced particle association with phagocytic blood cells and biodistribution in mice.40–42 

Besides the PEG molecular weight, structural parameters of the PEG building blocks, including 

branching or arm architecture, are equally important to examine in the assembly of PEG particles 

to potentially provide further guidance on the design of PEG-based particles with tunable 

biological characteristics. For example, studies on branched polymers have shown that the degree 

of branching influences the morphology of self-assembled particle systems and the delivery 

efficiency of therapeutics.45–47 

Herein, we explored how the molecular or arm architecture of PEG building blocks influences 

the physicochemical properties (e.g., morphology and mechanical properties) of the assembled 

PEG particles and regulates the interactions of the assembled PEG particles with proteins and cells 

in human blood (Scheme 1). Four types of PEG particles were fabricated by infiltrating various 

multi-arm PEG building blocks (3-arm, 4-arm, 6-arm, or 8-arm) but with the same arm length into 

spherical MS templates followed by chemical cross-linking (Scheme 1a). The interactions between 

the PEG particles or the precursor particles with the MS core template intact (MS@PEG) and 
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human plasma proteins and immune cells were investigated by proteomics analysis and ex vivo 

human blood assays, respectively (Scheme 1b). Our results showed that PEG particles prepared 

from PEG building blocks with higher arm numbers exhibited denser structures with higher elastic 

moduli, which led to greater immune cell association when incubated in human blood independent 

of the composition of the biomolecular corona. In contrast, the MS@PEG particles showed 

decreasing immune cell association when constructed of PEG building blocks with higher arm 

numbers; this trend was largely influenced by the distinct composition of the biomolecular corona. 

This study highlights the impact of the molecular architecture of PEG building blocks on protein 

binding and immune cell interactions of PEG particles, thus providing an understanding of the 

relationships between the synthetic parameters of particles and their behavior in a complex 

biological environment. 
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Scheme 1. Schematic illustration of the assembly of PEG particles and particle–immune cell 

interactions in human blood.a 

 

a(a) Assembly of MS@PEG (core present) and PEG particles (core removed) using different 
PEG building blocks (3-arm-PEG, Mw 15 kDa; 4-arm-PEG, Mw 20 kDa; 6-arm-PEG, Mw 30 kDa; 
and 8-arm-PEG, Mw 40 kDa) via MS particle templating. (b) Human blood assays: MS@PEG 
particles or PEG particles are incubated in (1) human whole blood (with plasma proteins), (2) 
human blood plasma followed by human washed blood (without plasma proteins), that is, blood 
cells separated from human whole blood via repeated washing and centrifugation and finally 
suspended in DPBS, or (3) human washed blood (without plasma proteins). Particle association 
with human immune cells were subsequently examined.  
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Results and Discussions 

Synthesis and Characterization of PEG Particles. PEG particles were prepared from PEG 

building blocks with the same arm length but different arm number (Figure S1a; amine-

functionalized PEG: 3-arm-PEG-NH2, Mw 15 kDa; 4-arm-PEG-NH2, Mw 20 kDa; 6-arm-PEG-

NH2, Mw 30 kDa; and 8-arm-PEG-NH2, Mw 40 kDa) via MS particle templating based on a 

modified reported method.40 The PEG particles are respectively denoted as PEG3-arm, PEG4-arm, 

PEG6-arm, and PEG8-arm particles. Although the molecular weight of the PEG building blocks 

increases with arm number, the change in the architecture of the building block is the main interest 

of this study. 

The PEG particles were obtained following MS template core removal from the MS@PEG 

precursor particles. The MS@PEG particles were prepared by infiltration of equivalent 

concentrations of PEG-NH2 from bulk solution into the pores of MS particles, PEG-NH2 

adsorption through electrostatic interactions with the surface of the particles, , followed by cross-

linking with succinimidyl carboxyl methyl ester-modified PEG (Figure S1b; 8-arm-PEG-NHS, Mw 

10 kDa) via covalent bonding. MS@PEG and PEG particles were labeled with fluorescent dye 

Alexa Fluor 488 (AF488) or Alexa Fluor 647 (AF647) via amine-succinimidyl ester cross-linking 

to enable particle visualization, imaging, and identification.  

Figure 1 shows the morphology and structure of the PEG3-arm, PEG4-arm, PEG6-arm, and PEG8-arm 

particles. As observed from the fluorescence microscopy images in Figure 1a1–d1, the PEG 

particles were monodisperse and displayed homogenous fluorescence in aqueous solution, with an 

average diameter of around 1.3 μm (Table 1). When compared with the size of the MS templates 

(891 ± 83 nm as determined from transmission electron microscopy (TEM) analysis, Figure S2), 

this size represents ~46% swelling as a result of the extensive hydration of PEG. Micrometer-sized 
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MS templates were used in this study for ease of PEG particle preparation and characterization, 

although smaller PEG particles can also be prepared using 100 nm MS templates.40 The detailed 

morphology and structure of the PEG particles in the dry state were examined by TEM (Figure 

1a2–d2) and atomic force microscopy (AFM; Figure 1a3–d3). The particles appeared collapsed 

after air-drying as a result of dehydration. PEG3-arm particles exhibited a loose, less dense, dendritic 

structure, with a thickness of 5.6 ± 1.2 nm from analysis of air-dried (i.e., collapsed) particles by 

AFM (Table 1, Figure S3), revealing that the cross-linked PEG network was highly porous and 

not highly rigid. Increasing the arm number of PEG building blocks resulted in PEG particles with, 

generally, a denser structure that was less dendritic. Furthermore, the particle thickness (Table 1) 

and fluorescence intensity (Figure 2c) increased as the arm number increased, suggesting that more 

PEG material was cross-linked and involved in the assembly of the PEG particles. The different 

PEG loading amounts observed (Figure 2b) suggest that the PEG molecular architecture influences 

the adsorption of PEG into the pores of the MS particles, likely attributed to the distinct steric 

effects from the stretched PEG arms. For example, the loading amount of 8-arm-PEG-NH2 was 

192 mg g–1, which is ∼3-fold higher than the loading amount of 3-arm-PEG-NH2. The different 

PEG loading capacities and PEG architectures are likely to affect the subsequent cross-linking 

process, leading to different PEG loading densities in MS@PEG particles, and thereby distinct 

morphologies and structures of PEG particles after template removal. Zeta-potential measurements 

(Figure 2a) show that the MS@PEG particles had a less negative surface charge relative to the MS 

templates in phosphate buffer (pH 7.4, 5 mM) owing to the “neutral” PEG coating which could 

potentially arise from the zwitterionic distribution of free amine groups from PEG-NH2 and 

carboxylate groups formed from the hydrolysis of the N-hydroxysuccinimide (NHS) ester from 

PEG-NHS during the cross-linking step. This neutralization effect was more obvious with 
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increasing arm number of the PEG building blocks owing to the higher PEG loading density and 

presumably different PEG conformation on the surface and within the pores masking the MS core. 

However, after template removal, all of the PEG particles exhibited near-neutral charge at pH 7.4 

irrespective of the PEG building block architecture, due to the near-neutral charge of the PEG 

building blocks after cross-linking.40 

 

Figure 1. (a1–d1) Fluorescence microscopy, (a2–d2) TEM, and (a3–d3) AFM images of (a1–a3) 

PEG3-arm particles, (b1–b3) PEG4-arm particles, (c1–c3) PEG6-arm particles, and (d1–d3) PEG8-arm 

particles. Scale bars are 10 μm in (a1–d1) and 2 μm in (a2–d2) and (a3–d3). 
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Figure 2. (a) Zeta-potential of MS, MS@PEG, and PEG particles in phosphate buffer (pH 7.4, 5 

mM). (b) Loading amount of multi-arm-PEG-NH2 (mg g–1) in MS particles. (c) Fluorescence 

intensity of AF488-labeled PEG particles. Data are shown as the mean ± standard error of at least 

three independent experiments. The results of the statistical analysis are presented in Figure S4. 

Table 1. Size and thickness of PEG particles 

Sample Size in aqueous solutiona (nm) Thickness in dry stateb (nm) 

PEG3-arm 1316 ± 118 5.6 ± 1.2 

PEG4-arm 1310 ± 107 22.1 ± 3.4 

PEG6-arm 1313 ± 97 36.9 ± 8.3 

PEG8-arm 1333 ± 40 55.9 ± 4.1 

aDetermined from fluorescence microscopy images using ImageJ software. The full width at half 
maximum of the fluorescence profile across the particles was considered as the particle diameter. 
The data are shown as the mean ± standard deviation, and 40 particles were analyzed for each 
sample.  

bDetermined from the distance between the highest point on the particle (air-dried) and the 
substrate surface using AFM. The data are shown as the mean ± standard deviation, and 15 
particles were analyzed for each sample. 

Mechanical Properties of PEG Particles. Given the distinct particle structures obtained from 

using the PEG building blocks with different architectures, the mechanical properties of the PEG 

particles were evaluated by colloidal-probe atomic force microscopy (CP-AFM) technique 
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(Figures 3a and S5). The AFM probe was slowly lowered onto the individual immobilized PEG 

particles in aqueous solution to perform the force measurements. Force–deformation (F–δ) curves 

(Figure 3b) were obtained from the raw AFM voltage–displacement data processed using JPK data 

processing software (v.4.4.29). The Young’s modulus value of the PEG particles was calculated 

from the linear range (δ from 0 to 200 nm) of the F–𝛿 /  curves using Hertz theory (as described 

in Mechanical Property Measurements and Analysis in Methods). As shown in Figure 3c, the 

Young’s modulus of the PEG particles generally increased with increasing arm number of the PEG 

building block, from 1.5 kPa for PEG3-arm particles to 14.9 kPa for the PEG8-arm particles. As the 

particles were formed with the same material and had similar sizes in aqueous solution, the elastic 

modulus of the particles was mostly governed by the material density within the cross-linked 

structure. PEG8-arm particles had the highest Young’s modulus value among the four types of PEG 

particles studied, which is consistent with the highest particle density observed from the TEM and 

AFM images in Figure 1. Although not specially studied here, an alternative approach to increase 

the stiffness of the PEG particles may be to vary the concentration of PEG8-arm cross-linker.39 Here, 

we show that increasing the arm number of the PEG building block results in higher cross-linking 

density and stiffness. For the MS@PEG particles, as the rigid MS template plays a dominant role 

in the particle structure (Figure S6), they are expected to display comparable stiffness properties, 

with considerably higher Young’s moduli than those displayed by the PEG particles.48 
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Figure 3. (a) Schematic illustration of the elastic modulus measurements performed on the PEG 

particles by CP-AFM. (b) Force–deformation (F–δ) curves of PEG3-arm, PEG4-arm, PEG6-arm, and 

PEG8-arm particles. The F–δ curve of a glass substrate is also shown for calibration. (c) Young’s 

modulus values of the PEG particles derived from the F–δ analysis. 

Association of PEG Particles with Macrophages or Human Immune Cells. To investigate 

the effect of PEG building block architecture on the stealth-like properties of the assembled PEG 

particles, the cellular association of the MS@PEG and PEG particles was first measured using a 

commonly employed murine macrophage-like cell line RAW264.7. The PEG particles displayed 

low cellular association (<5%) regardless of the PEG building block architecture and incubation 

time (Figure S7), confirming their stealth-like property. Increasing the PEG particle dosage 

(particle-to-cell ratio from 100:1 to 1000:1) resulted in a slightly higher cell association (Figure 

S7b), with the PEG8-arm particles exhibiting the highest association (15%). In contrast, a 

significantly higher cellular association was observed for all of the MS@PEG particles (>90% 

after 12 h of incubation) than that observed for the corresponding PEG particles (Figure S7a). 

Confocal microscopy images were consistent with the flow cytometry results, with the PEG 

particles associating with RAW264.7 cells in low numbers, whereas more than 90% of cells 

internalized MS@PEG particles (Figure S8). 

However, employing a single-model cell line, wherein the cells are cultured under non-

physiological conditions and the limited presence of biological components, is not representative 

of the cells in complex biological environments.49 Many particles fail to fulfil their designed 

functions following intravenous administration as they are rapidly recognized and sequestered by 

the mononuclear phagocyte system, which is responsible for the clearance of dead cells, pathogens, 

and foreign substances from the blood circulation system.9,50 In contrast, human whole blood, a 
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highly complex biological system consisting of red blood cells, immune cells (including 

phagocytic blood cells), and a variety of biomolecules (such as plasma proteins and antibodies), is 

considered to be a more physiologically relevant model than a mono-cultured cell line to study 

bio–nano interactions and predict particle behaviors in vivo.51,52 Herein, AF647-labeled MS@PEG 

or PEG particles were incubated in fresh healthy human whole blood at varying particle-to-cell 

ratios for 1 h at 37 ℃ to investigate the particle–immune cell interactions. The major human 

immune cells in blood (granulocytes, monocytes, B cells, NK cells, T cells, and dendritic cells) 

were labeled with a fluorescent antibody cocktail for the identification of different cell populations. 

Cellular association was measured by flow cytometry and analyzed using a previously established 

method (Figure S9)53 and Figure S10, which shows distinct AF647+ and AF647− cell populations, 

demonstrated that PEG particle fluorescence intensity has little influence in the interpretation of 

the flow cytometry results.  

Consistent with the results derived from the RAW264.7 cell assay, the MS@PEG particles 

showed notably higher association with phagocytes (granulocytes and monocytes) and B cells 

compared with the corresponding PEG particles at the same particle-to-cell ratio (50:1) (Figure 4). 

The higher cellular association behavior displayed by the MS@PEG particles in comparison with 

the PEG particles may be due to their rigid structure and negatively charged surface that may 

adsorb immune-related biomolecules by electrostatic interactions.12,21,54 At the lower particle-to-

cell ratios (20:1, 10:1, and 5:1), the MS@PEG particles displayed consistently lower immune cell 

association, which decreased as the PEG arm number increased (Figure 4a). For example, the 

association of the MS@PEG8-arm particles with granulocytes upon incubation at a particle-to-cell 

ratio of 20:1 was 4%, which is only ~5% of the association of the MS@PEG3-arm particles. This 

lower cell association is most likely due to the higher mass of PEG protective layer on the MS core 
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when loading PEG building blocks with higher arm numbers (Figure 2b) and the resulting less 

negatively charged surface of MS@PEG8-arm particles (Figure 2a). 

The opposite trend was observed for the PEG particles (Figure 4b). The PEG particles prepared 

from PEG building blocks with higher arm numbers induced higher phagocyte and B cell 

association and this was more pronounced at higher particle dosages. For example, the association 

of PEG8-arm particles with granulocytes or monocytes was 2–4 fold higher than that of PEG3-arm 

particles. As these PEG particles are made of the same material with a comparable surface charge 

(~0 mV), the differences in cellular association largely result from the differences in particle 

structure, morphology, and elasticity.12,55–58 Softer and more dendritic PEG particles (e.g., PEG3-

arm particles) exhibited stronger resistance against immune cell association than their stiffer and 

denser counterparts (e.g., PEG8-arm particles) and are hence expected to achieve better stealth 

performance and longer systemic circulation in vivo. While previous findings have shown that 

PEG particles prepared from higher molecular weight PEG (fixed arm number but longer arms) 

exhibit lower immune cell association,40 our results show that the molecular architecture of the 

PEG building blocks, such as the arm number, is also an important factor to consider when 

designing stealth PEG-based particle systems, as it can influence the physicochemical properties 

(e.g., morphology and mechanical property) of the assembled PEG particles. Notably, as the results 

demonstrate, such architectural effects of PEG building blocks on particle behaviors can be 

completely different depending on the particle type (e.g., PEG-coated particles or pure PEG 

particles). 
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Figure 4. Cellular association of (a) MS@PEG particles and (b) PEG particles with granulocytes, 

monocytes, and B cells after incubation in human whole blood for 1 h at 37 ℃ at varying particle-

to-cell ratios. Cell association (%) refers to the proportion of cells with positive fluorescence, 

above background, derived from AF647-labeled particles. Data are shown as the mean ± standard 

error of three independent experiments, with at least 100 000 leukocytes analyzed in each 

individual experiment. The results of the statistical analysis are presented in Figures S11 and S12. 

Cellular association with the other blood cell populations, i.e., NK cells, T cells, and dendritic 

cells, is shown in Figure S13. 

Role of the Biomolecular Corona in Particle–Immune Cell Interactions. Nanoengineered 

particles will interact with a variety of biological components when entering physiological 

environments, resulting in the distinct adsorption of biomolecules and the formation of a specific 

biomolecular corona, which is generally composed of an inner tightly bound layer termed the “hard 
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corona” and an outer loosely associated layer termed the “soft corona” (which can be removed by 

washing).16,59 To elucidate how the synthetic identity of particles modulates their behaviors in 

biological environments, it is essential to understand the role of the biomolecular corona. As shown 

in Figure S14, incubating the particles in blood plasma resulted in a slight increase of negative 

charge for all of the PEG particles and a “normalization” of zeta-potential to –20 mV for the 

MS@PEG3-arm, MS@PEG4-arm, and MS@PEG6-arm particles. In contrast, the surface charge of the 

MS@PEG8-arm particles remained unchanged (–12 mV). We then examined the cellular association 

of the MS@PEG and PEG particles incubated under different conditions: (1) human whole blood; 

(2) human blood plasma followed by washed blood; and (3) human washed blood, where either 

“hard” and “soft” corona (1 and 2) or “no” corona (3) was formed (Scheme 1b). Condition (1) 

refers to particles treated with human whole blood where both plasma biomolecules and blood 

cells are present. Condition (2) refers to particles preincubated in blood plasma to allow the 

formation of a biomolecular corona on the particle surface, followed by incubation with blood 

cells that had been separated from human whole blood via repeated washing and centrifugation 

(termed washed blood). Condition (3) refers to particles incubated in washed blood directly where 

only blood cells are present without plasma biomolecules. Owing to the stealth-like properties of 

the PEG particles, a much higher particle-to-cell ratio (100:1) was used to assess the association 

of the PEG particles with blood cells than that used (10:1) for the MS@PEG particles to 

discriminate any association between the different PEG particles.  

As shown in Figure 5a, the cellular association of the MS@PEG particles incubated in washed 

blood directly (3) was considerably reduced to extremely low levels (less than 20%) in contrast to 

the results observed upon incubation in whole blood (1). This result indicates that immune 

recognition and cell association of the MS@PEG particles are dependent on a biomolecular 
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corona, most likely through the interactions between the corona proteins and the receptors on the 

cell membrane. This finding is further supported by the results obtained upon preincubating 

particles in blood plasma, followed by incubating with washed blood (2), where cellular 

association to high levels was restored. Furthermore, despite the low levels of cellular association 

in the absence of plasma biomolecules, there were still measurable differences between the 

MS@PEG8-arm particles and the other MS@PEG particles (Figure S15). These differences suggest 

that besides the impact caused by a biomolecular corona, the synthetic properties of a particle can 

directly influence its interactions with immune cells presumably through a serum-independent 

mechanism. 

In contrast, no marked differences were observed between the cellular association of the PEG 

particles with (2) and without (3) plasma biomolecules (Figures 5b and S16). The environmental 

biomolecules may have minimally altered the PEG particle identity and do not significantly 

contribute to the immune cell association of the PEG particles. We can hypothesize that the 

predominant cellular association of PEG particles is serum-independent and may rely on the direct 

interactions (e.g., hydrogen bonding) between the PEG chains and the biomolecules (e.g., proteins 

and lipids) on the cell membrane rather than protein–receptor interactions.9,60 The pronounced cell 

association of PEG8-arm particles in comparison with the other PEG particles suggests that the 

synthetic properties of PEG particles, especially the particle structure and elasticity, can directly 

influence their interactions with cells. 
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Figure 5. Association of (a) MS@PEG and (b) PEG particles with granulocytes, monocytes, and 

B cells after incubation in (1) human whole blood, (2) blood plasma followed by human washed 

blood, or (3) human washed blood. Based on the different incubation conditions, either a “hard” 

and “soft” corona (1 and 2) or “no” corona (3) was formed on the particles. The particle-to-cell 

ratio was set at 10:1 for the MS@PEG particles and 100:1 for the PEG particles. Cell association 

(%) refers to the proportion of cells with positive fluorescence, above background, derived from 

AF647-labeled particles. Data are shown as the mean ± standard error of three independent 
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experiments, with at least 100 000 leukocytes analyzed in each individual experiment. Control 

refers to the cell populations without particle treatment in the incubation medium.  

Proteomics Analysis of the Biomolecular Corona. The differences in immune cell association 

across the particles with and without plasma strongly suggest that the plasma biomolecular corona 

plays a critical role in regulating particle–immune cell interactions. Therefore, proteins eluted from 

the biomolecular coronas on the different MS@PEG and PEG particles were analyzed by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure S17). A dense band 

between 64 and 98 kDa corresponding to histidine-rich glycoproteins was observed for all the 

MS@PEG particles, whereas negligible protein adsorption was detected for the PEG particles 

owing to the absence of bands in the gel. To obtain insight into the relationships between particle 

physicochemical properties, formation of biomolecular corona, and particle–immune cell 

interactions, proteomics analysis of the biomolecular corona was conducted by label-free liquid 

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

The identification and relative quantification of the adsorbed proteins on the different MS@PEG 

and PEG particles are shown in Figures 6 and 7. The MS@PEG particles adsorbed 4–8 times more 

proteins than the PEG particles (Figure 6b), in agreement with the SDS-PAGE data (Figure S17). 

However, no significant differences in total protein adsorption were observed for the MS@PEG 

or PEG particles with varying PEG building block architecture (Figure S18), which suggests that 

the total amount of corona proteins may not necessarily determine the particle–immune cell 

interactions. Therefore, the corona composition was subsequently analyzed. As shown in Figure 

6a, the MS@PEG and PEG particles displayed different patterns of protein adsorption. For 

example, histidine-rich glycoprotein (HRG) was the most predominant corona protein on the 

MS@PEG particles, with the relative abundance varying from 59% to 85% (calculated from the 
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intensity-based absolute quantification (iBAQ) values; see Proteomics Analysis by Mass 

Spectrometry in Methods) depending on the PEG building block architecture (consistent with the 

SDS-PAGE results, Figure S17). In contrast, HRG only made up ~0.2% of the corona proteins on 

the PEG particles. The major proteins adsorbed on the PEG particles (e.g., albumin (ALB) and 

actin, cytoplasmic 1 (ACTB)) were detected in relatively low abundances on the MS@PEG 

particles. The corona proteins were classified according to their molecular weight (Figure 6c), 

isoelectric point (pI) (Figure 6d), and biological function (Figure 7) based on the UniProt human 

database. Generally, the PEG particles prepared from different PEG building blocks displayed 

similar protein profiles (in terms of the previously listed classifications), whereas the MS@PEG 

particles displayed different distributions. Intermediate molecular weight proteins (50–80 kDa) 

constitute the majority of corona proteins for the MS@PEG particles (increasing from 72% for 

MS@PEG3-arm up to 95% for MS@PEG8-arm particles), whereas lower molecular weight proteins 

(<50 kDa, ~60%) were preferentially adsorbed on the PEG particles (Figure 6c). Proteins 

exhibiting a neutral or negative charge at pH 7.4 were mainly adsorbed on both the negatively 

charged MS@PEG particles and neutral PEG particles (Figure 6d), indicating that the adsorption 

of proteins is not merely driven by electrostatic interactions. Complex interactions including 

hydrogen bonding, hydrophobic interactions, and van der Waals forces may contribute to the 

formation of a biomolecular corona.61 It is noted that the relative abundance of the functional 

proteins involved in specific physiological processes (e.g., immunoglobulins, apolipoproteins, 

acute phase proteins, and coagulation proteins) varied with the PEG building block architecture 

for MS@PEG particles (Figure 7a–h). The markedly increased enrichment of the predominant 

coagulation proteins (mostly HRG) from MS@PEG3-arm to MS@PEG4-arm, MS@PEG6-arm, and 

MS@PEG8-arm particles (Figure 7e) may be responsible for the decreased relative abundance of 
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the other common proteins (e.g., immunoglobulins, apolipoproteins, tissue leakage proteins, and 

acute phase proteins) by competing for the binding sites on the particle surface.62–64 The gradual 

decrease in the relative abundance of immunoglobulins (from 2.2% for MS@PEG3-arm to 0.8% for 

MS@PEG8-arm, Figure 7b) may contribute to the reduced immune cell association of the MS@PEG 

particles (with a significant positive correlation between monocyte uptake and immunoglobulin 

abundance as shown in Table 2), as the opsonins (e.g., immunoglobulin G (IgG)) were found to 

promote immune recognition and phagocytosis in previous studies.16 In contrast, for the PEG 

particles, although varying the PEG building block architecture resulted in a few changes in the 

corona composition (Figure 7i–p), such variations were not as marked or as clearly associated in 

a regular manner with the PEG arm number. Notably, no significant correlation was observed 

between the abundance of the functional corona proteins and immune cell association of the PEG 

particles (p-value > 0.05, Table 2), indicating that the association of the PEG particles with immune 

cells may not predominantly rely on plasma proteins. 
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Figure 6. Identification and relative quantification of the proteins adsorbed on the MS@PEG and 

PEG particles characterized by label-free LC-MS/MS. (a) Heat map representation of the top 35 

proteins adsorbed on the MS@PEG and PEG particles. The relative abundance is shown in blue–

yellow–red colors corresponding to the values of log2 transformed intensities of label-free 

quantification (LFQ) (log2(LFQ)). Full lists are shown in Table S1. (b) Total protein adsorption on 
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MS@PEG and PEG particles expressed as a percentage relative to that on MS@PEG3-arm particles 

(normalized as 100%). Classification of the adsorbed proteins according to their (c) molecular 

weight and (d) isoelectric point. The protein contents (mol% of total proteins) are calculated from 

the iBAQ values. In (a), (c), and (d), the data are the average of three independent replicates. In 

(b), the data are shown as the mean ± standard deviation (n = 3).  

 

Table 2. Pearson correlation between the functional corona proteins identified on MS@PEG and 

PEG particles and particle association with monocytes (at particle-to-cell ratios of 20:1 for 

MS@PEG particles and 200:1 for PEG particles) 

Proteins 

MS@PEG particles PEG particles 

Correlation 

coefficient, r 
p-Value 

Correlation 

coefficient, r 
p-Value 

Complement –0.7385 0.2615 –0.5145 0.4855 

Apolipoproteins 0.9812 0.0188 0.6834 0.3166 

Immunoglobulins 0.9709 0.0291 0.2078 0.7922 

Histidine-rich glycoproteins –0.9779 0.0221 –0.1634 0.8366 
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Figure 7. Classification of the corona proteins identified on the MS@PEG and PEG particles 

according to their biological function in the blood system. The protein contents (mol% of total 

proteins) are calculated from the iBAQ values. The data are the average of three independent 

replicates. Full lists are shown in Tables S2 and S3. 
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Conclusions 

The effect of the PEG building block architecture on the assembly of PEG replica particles and 

their bio–nano interactions in human blood was examined by varying the PEG building block 

architecture from 3-arm to 4-arm, 6-arm, and 8-arm. Increasing the arm number of the PEG 

building blocks resulted in higher PEG loading amounts in the precursor MS@PEG particles, 

which translated to denser and stiffer PEG replica particles after template removal—the Young’s 

modulus increased from 1.5 kPa for the PEG3-arm particles to 14.9 kPa for the PEG8-arm particles. 

When incubated in human whole blood, the PEG particles assembled from PEG building blocks 

with higher arm numbers generally exhibited greater cellular association because the particles were 

denser and stiffer. The opposite trend was observed for the MS@PEG particles (lower cellular 

association was observed with higher arm numbers), potentially because of a denser PEG coating 

on the MS@PEG particles with a less negative surface charge at the higher arm numbers. 

Examination of the biomolecular corona confirmed that the PEG particles are less fouling than 

their precursor particles, with the biomolecular corona playing a limited role in particle–immune 

cell interactions. The biomolecular corona, however, significantly influenced the association of 

the MS@PEG particles with immune cells—binding highly correlated with the presence and 

composition of the biomolecular corona, which was abundant in histidine-rich glycoproteins that 

could compete with other functional proteins (e.g., immunoglobulins) and thus regulate immune 

cell interactions. Our findings suggest that the physicochemical properties of the PEG particles 

obtained from varying the molecular architecture of the PEG building blocks are dominant factors 

in the interaction of PEG particles with immune cells. Our study highlights the important role of 

polymer architecture in the design of stealth PEG-based particle systems for biomedical 

applications and demonstrates how the synthetic identity of particles can be engineered by tuning 
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the structural parameters of building blocks to control the biological identity of the particles and 

regulate their immune cell response in physiological environments. The study also highlights the 

role of surface charge, influenced by the PEG loading amount, on MS particles. Although the 

surface charge on MS@PEG particles had little influence on the amount of total protein adsorbed 

from human blood, it did impact the composition of the protein corona, which could be exploited 

to control immune cell interactions. 

Methods 

Materials. Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), 

poly(acrylic acid) (PAA, Mw ~250 kDa, 35 wt.% solution in water), ammonium hydroxide solution 

(NH3ꞏH2O, 28–30%), sodium phosphate dibasic (Na2HPO4), hydrofluoric acid (HF, 48 wt.%), 

ammonium fluoride (NH4F), anhydrous dimethyl sulfoxide (DMSO), Dulbecco’s phosphate-

buffered saline (DPBS), paraformaldehyde, formaldehyde, ethylenediaminetetraacetic acid 

(EDTA), bovine serum albumin (BSA), fluorescamine, poly(ethyleneimine) (PEI), acetonitrile 

(CH3CN), tetraethylammonium bromide (TEAB), tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), trifluoroacetic acid (TFA), trifluoroethanol (TFE), iodoacetamide (IAM), trypsin from 

porcine pancreas (proteomics grade), and formic acid were obtained from Sigma-Aldrich 

(Australia). Amine-functionalized PEG: 3-arm-PEG-NH2 (Mw 15 kDa), 4-arm-PEG-NH2 (Mw 20 

kDa), 6-arm-PEG-NH2 (Mw 30 kDa), and 8-arm-PEG-NH2 (Mw 40 kDa) were obtained from 

JenKem Technology USA Inc. (China). 8-Arm-PEG-NHS (hexaglycerol core, Mw 10 kDa) was 

purchased from Creative PEGWorks (USA). Dulbecco’s modified Eagle’s medium, Alexa Fluor 

488 carboxylic acid succinimidyl ester (AF488), Alexa Fluor 647 carboxylic acid succinimidyl 

ester (AF647), RPMI-1640 medium, fetal bovine serum (FBS), wheat germ agglutinin Alexa Fluor 

594 conjugate (WGA-594), Hoechst 33342, NuPAGE LDS sample buffer, NuPAGE sample 
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reducing agent, SeeBlue Plus2 pre-stained protein standard, and SimplyBlue safe stain were 

purchased from Life Technologies (Australia). BioRad 4–20% Mini-PROTEAN TGX gel and 

Tris/glycine/SDS running buffer were purchased from BioRad (CA, USA). The antibodies CD66b 

BV421 (G10F5), CD19 BUV395 (SJ25C1), CD3 AF700 (SP34-2), CD14 APC-H7 (MΦP9), 

CD56 PE (B159), and HLA-DR PE-CF594 (G46-6) were purchased from BD Biosciences. The 

antibody lineage cocktail 1 fluorescein isothiocyanate (Lin-1 FITC) was obtained from BioLegend 

(USA). High-purity water used in all experiments was obtained from a three-stage Millipore Milli-

Q plus 185 purification system (Millipore Corporation) with a resistivity greater than 18.2 MΩ 

cm. 

Synthesis of MS Particles. MS particles were synthesized according to a previously reported 

method.40 Briefly, 1.1 g of CTAB was dissolved in 50 mL of water under constant stirring. Then, 

4.28 g of PAA solution (35 wt.% in water) was added to the above solution. When the solution 

turned clear after ca. 20 min, 3.5 mL of ammonium hydroxide solution (28–30%) was added with 

vigorous stirring. Then, 4.46 mL of TEOS was added to the above milky suspension after stirring 

for 20 min. The suspension was further stirred for 15 min and finally placed into a Teflon-sealed 

autoclave at 90 ℃ for 48 h. After washing with water and ethanol, followed by drying at 80 ℃, 

the synthesized MS particles were calcined at 550 ℃ in air for 30 h (heating ramp of 5 °C min−1) 

to remove the organic materials. 

Synthesis of MS@PEG and PEG Particles. MS@PEG and PEG particles were synthesized 

according to a modified published method.40 For instance, to prepare MS@PEG3-arm and PEG3-arm 

particles, 480 μL of 3-arm-PEG-NH2 solution (5 mg mL–1 in 100 mM, pH 8.0 phosphate buffer) 

was added to ~6 mg of MS particles for overnight incubation with constant shaking. 3-Arm-PEG-

NH2 was infiltrated into the pores of the MS particles driven by electrostatic interactions. The 
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particles were then washed with phosphate buffer three times to remove excess polymer. To 

determine the amount of 3-arm-PEG-NH2 loaded in the MS particles, the supernatant after each 

wash was collected and the concentration of 3-arm-PEG-NH2 in the supernatant was determined 

by a fluorescamine assay (Sigma-Aldrich, Australia) according to the manufacturer’s protocol. 

The fluorescence intensity of the samples (λex = 400 nm; λem = 490 nm) measured by an Infinite 

M200 microplate reader (Tecan, Switzerland) was converted to PEG concentration based on a 

standard curve generated with serial dilutions of 3-arm-PEG-NH2 solution (0–1.0 mg mL–1). The 

amount of PEG-NH2 loaded in the MS particles (q; mg g−1) was calculated according to Equation 

(1): 

𝑞                                                      (1) 

where C is the concentration of PEG-NH2 in the stock solution (mg mL–1), C′ is the concentration 

of PEG-NH2 in the supernatant (mg mL–1), V is the volume of the stock solution (mL), V′ is the 

volume of supernatant (mL), and m is the mass of the MS particles (g). 

The PEG-loaded MS particles were subsequently incubated in 400 μL of 8-arm-PEG-NHS 

solution (2 mg mL–1 in phosphate buffer) for 2 h for cross-linking. The MS@PEG3-arm particles 

were labeled with AF488 or AF647 (5 μL, 1 mg mL–1 in anhydrous DMSO) during the cross-

linking step. The resultant particles were washed three times with water to remove unreacted cross-

linker and dye. The PEG3-arm particles were obtained by dissolving the MS templates using a 2 M 

HF/8 M NH4F solution (pH ∼5). Caution! HF is highly toxic and extreme care should be taken 

during handling. The resultant PEG3-arm particles were washed three times with water and 

resuspended in water for further experiments. 
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For the preparation of MS@PEG4-arm or PEG4-arm, MS@PEG6-arm or PEG6-arm, and MS@PEG8-

arm or PEG8-arm particles, respectively, 4-arm-PEG-NH2, 6-arm-PEG-NH2, and 8-arm-PEG-NH2 

were used as the building blocks. 

Characterization of the Synthesized Particles. Fluorescence microscopy images were taken 

with an Olympus IX71 inverted fluorescence microscope equipped with a differential interference 

contrast (DIC) slider (U-DICT, Olympus), filter sets for fluorescence imaging, and a 100× oil 

immersion objective (Olympus UPFL20/0.5NA, W.D. 1.6). TEM images were taken with an FEI 

Tecnai TF20 instrument operating at 80 kV for the PEG particles and 120 kV for the MS particles. 

The TEM samples were prepared by placing a drop of an aqueous particle suspension onto plasma-

treated formvar-coated copper grids and subsequent drying in air. AFM images were acquired on 

a NanoWizard II atomic force microscope (JPK Instruments, Berlin, Germany). An aqueous 

suspension of the particles was placed onto Piranha-precleaned glass slides and dried in air. 

Caution! Piranha solution is extremely corrosive and reacts violently with organic materials. It 

should be handled with great care. SEM images were taken on a Philips XL30 instrument at an 

operation voltage of 15 kV. The SEM samples were prepared by placing a drop of the particle 

suspension onto a clean silicon wafer, followed by sputter-coating with gold. The zeta-potential of 

the particles was measured using a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, 

UK). Particle counting and particle fluorescence measurements were performed by flow cytometry 

(Apogee Flow). Image analysis was conducted using ImageJ software. 

Mechanical Property Measurements and Analysis. Mechanical property measurements of the 

PEG particles were conducted using a Nanowizard II atomic force microscope equipped with a 

fluorescence microscope (Lecia DMI4000B). The samples were prepared by placing a drop of 

concentrated AF488-labeled PEG particle suspension (approximately 10 μL) onto a PEI-precoated 
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FluoroDish (50 mm, World Precision Instruments Inc.), which was subsequently filled with Milli-

Q water. A monolayer of PEG particles were immobilized at the base of the FluoroDish after 

settling and visualized by fluorescence microscopy (60× oil immersion objective). The probe used 

in this experiment was prepared by modifying the cantilever (MLCT, Bruker AFM Probes) by 

attaching a spherical glass bead (diameter = 22 μm, Polysciences) using an epoxy resin (Selleys 

Araldite Super Strength, Selleys) through micromanipulation in an AFM system (Figure S5a). 

After drying the glued glass bead overnight for complete curing, the resultant probe was 

thoroughly cleaned with ethanol, water, and via an oxygen plasma treatment. The spring constant 

of the probe was 0.09 N m–1 determined using the Hutter–Bechhoefer method.65  

For the measurements, the probe was slowly lowered into an aqueous particle suspension 

avoiding air bubbles and hydrodynamic effects. A clean area on the glass with no particles was 

used for calibration. Next, the probe was slowly lowered onto individual immobilized particles 

ensuring vertical alignment by using the inbuilt micromanipulation stage. The location of 

individual particles was identified by fluorescence microscopy. Force measurements were 

performed at an approach velocity of 2 µm s–1 with a maximum indentation force of approximately 

10 nN. Force–deformation curves were obtained from the raw AFM voltage–displacement data 

processed using JPK data processing software (v.4.4.29). After completing the measurements on 

a single particle, the location of the particle was assessed using the attached fluorescence 

microscope. The particle position remained unchanged during the measurements (Figure S5b and 

c). Six repeated measurements were performed for each particle, and at least five different particles 

were measured and analyzed for each sample to obtain representative Young’s modulus values for 

the PEG particles. 
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The Hertz theory, which predicts force (F) on a particle as a function of a (small) applied 

indentation by a spherical probe, was used as follows:66 

𝐹
–

𝛿 /  (2) 

where 𝑅  is the effective radius of the probe radius Rp and the PEG hydrogel particle 

radius R. Equation (2) is valid when the Young’s modulus of the indenter Ep is greater than the 

elastic modulus of the PEG hydrogel particle (E). Otherwise, the effective Young’s modulus is 

used. In the present work, the probe is stiffer than the PEG hydrogel particle hence the equation is 

valid. Here, F is the force measured as a function of indentation of the probe into the particle (𝛿) 

and ν is the Poisson ratio (~0.4). The Young’s modulus value of the PEG particles was evaluated 

from the linear range (δ from 0 to 200 nm) of the F–𝛿 /  curves. The slope of the F–𝛿 /  curves 

(
–

) was used to calculate the modulus. 

RAW264.7 Cell Association. RAW264.7 cells were seeded in a 24-well plate (80 000 cells per 

well) in RPMI media with 10% (v/v) FBS and treated with AF488-labeled MS@PEG3-arm, 

MS@PEG4-arm, MS@PEG6-arm, MS@PEG8-arm, or the corresponding PEG particles at a particle-

to-cell ratio of 100:1 or 1000:1. After 12 or 24 h of incubation at 37 ℃, the cells were detached 

from the plate using trypsin and subsequently washed with DPBS three times via centrifugation 

(300g, 5 min). The resultant cell pellets were resuspended in DPBS and analyzed by flow 

cytometry (Apogee Flow). 

Confocal Microscopy Imaging of RAW264.7 Cell Association. RAW264.7 cells were seeded 

in a 8-well Lab-Tek chambered coverglass slides (Thermo Fisher Scientific, USA) (40 000 cells 

per well) in RPMI media with 10% (v/v) FBS and treated with AF488-labeled MS@PEG3-arm, 

MS@PEG4-arm, MS@PEG6-arm, MS@PEG8-arm particles, or the corresponding PEG particles at a 
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particle-to-cell ratio of 100:1 for 12 h at 37 ℃. After incubation, the cells were gently washed with 

DPBS and then fixed with paraformaldehyde (4% in DPBS) for 15 min at room temperature. The 

fixed cells were then stained with WGA-594 (5 μg mL–1) for 5 min and Hoechst 33342 (0.1 mg 

mL–1) for 5 min at room temperature. Cellular association imaging was performed using a Nikon 

A1R+ laser scanning confocal microscope (Nikon Corporation, Japan) equipped with a Plan Apo 

λ 60× 1.4 NA oil immersion objective, and 405, 488, 561, and 640 nm lasers, and analyzed by 

ImageJ software. 

Immune Cell Association in Human Whole Blood. The human whole blood assay was 

conducted based on a modified previously developed method.53 Fresh blood from a healthy 

volunteer was collected into sodium heparin vacuettes (Greiner Bio-One) and then aliquoted in 

100 μL in polystyrene tubes (Falcon® Round-Bottom Polystyrene Tubes, 5 mL) with informed 

participant consent in accordance with the University of Melbourne Human ethics approval 

1443420 and the Australian National Health and Medical Research Council Statement on Ethical 

Conduct in Human Research. Cell numbers were counted on a CELL-DYN Emerald analyzer 

(Abbott) using 20 μL of blood. The MS@PEG or PEG particles dispersed in DPBS (approximately 

5 μL) were added to the blood and incubated for 1 h at 37 ℃. The ratio of the particles to white 

blood cells (also called leukocytes) was 50:1, 20:1, 10:1, and 5:1 for the MS@PEG particles, and 

200:1, 100:1, and 50:1 for the PEG particles. After incubation, the red blood cells were lysed using 

4 mL of PharmLyse buffer and removed by centrifugation (500g, 5 min). After washing twice with 

4 mL of DPBS (500g, 7 min), the cells were phenotyped on ice for 30 min using an antibody 

cocktail consisting of Lin-1 FITC, CD66b BV421 (G10F5), CD19 BUV395 (SJ25C1), CD3 

AF700 (SP34-2), CD14 APC-H7 (MΦP9), CD56 PE (B159), and HLA-DR PE-CF594 (G46-6) in 

titrated concentrations. The cells were then washed twice with flow cytometry staining (FACS) 
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wash buffer (DPBS containing 2 mM EDTA and 0.5% w/v BSA, pH 8.0) and centrifuged at 500g 

for 7 min to remove free antibodies. After fixation, by adding 100 μL of 1% w/v formaldehyde, 

the cells were analyzed by flow cytometry (LSRFortessa, BD Biosciences). The data were 

analyzed using FlowJo V10. 

Immune Cell Association in Washed Blood. The human washed blood assay was conducted 

based on a modified previously developed method.51 Fresh blood collected from a healthy 

volunteer was centrifuged (900g, 15 min, no brake) in sodium heparin vacuettes (Greiner Bio-

One) directly. The supernatant was collected and transferred into a 1.5 mL eppendorf tube for 

further centrifugation (1500g, 10 min) to remove any remaining cells, resulting in human plasma 

for the subsequent experiments. The blood cells remaining in the sodium heparin vacuettes were 

transferred into a 50 mL tube filled with DPBS, resuspended, and then centrifuged at 950g for 10 

min with low brake. The supernatant was discarded, and this washing step was repeated for another 

four times until the absorbance of the supernatant at 280 nm was ~0 as measured using Nanodrop 

(Thermo Fisher Scientific, Australia), which confirmed the absence of plasma proteins. The cells 

were finally resuspended in DPBS in a cell concentration similar to that of whole blood (Table S4) 

and was termed as “washed blood”. The concentrated MS@PEG or PEG particles were 

preincubated in 50 μL of DPBS or plasma for 1 h at 37 ℃. The fluorescence intensity of particles 

with or without a biomolecular corona was monitored by flow cytometry (Figure S19). 

Approximately 5 μL of the above particle suspension was added to 100 μL of washed blood at a 

particle-to-cell ratio of 10:1 for the MS@PEG particles or 100:1 for the PEG particles. Subsequent 

steps were the same as those used in the human whole blood assay. 

Formation of Biomolecular Corona-Coated Particles. MS@PEG and PEG particles (2 × 108 

dispersed in DPBS) were incubated in 300 μL of plasma that was separated from human whole 
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blood for 1 h at 37 ℃ with constant shaking (600 rpm). The particles were then washed with DPBS 

six times resulting in “hard” corona-coated particles, directly used for zeta-potential 

measurements, SDS-PAGE analysis, and mass spectrometry analysis. 

SDS-PAGE. The biomolecular corona-coated particles were obtained as described above. The 

adsorbed proteins were eluted from the particles by incubating the particles with NuPAGE LDS 

sample buffer and NuPAGE sample reducing agent, followed by heating to 70 °C for 10 min. After 

removal of the particles by centrifugation, the supernatant was loaded on 4–20% Mini-PROTEAN 

TGX gel (BioRad) running at 120 V for 40 min. Diluted plasma was also loaded as control. After 

washing with reverse osmosis (RO) water, the gel was stained with SimplyBlue overnight, and 

rinsed with RO water three times prior to imaging. 

Proteomics Analysis by Mass Spectrometry. Samples for mass spectrometry analysis were 

prepared following a standard protocol. Briefly, the biomolecular corona-coated particles were 

incubated in a mixture of 25 µL of 100 mM TEAB, 25 µL of TFE, and 2.5 µL of 200 mM TCEP 

at 60 °C for 45 min for protein denaturation. Then, 10 µL of 200 mM IAM (in 50 mM TEAB) was 

added to the mixture, followed by incubation for 45 min at room temperature in the dark. Then, 

2.5 µL of 200 mM TCEP was added to the mixture for incubation for 30 min at room temperature 

in the dark to remove excess IAM. The mixture was subsequently diluted by adding 300 µL of 

water and the pH was raised to between 7.5 and 8.0 by adding 100 µL of 100 mM TEAB. The 

eluted proteins were digested by incubating with 0.2 µg of trypsin overnight at 37 °C. The trypsin 

activity was stopped by adding 2 µL of formic acid to lower the pH. The resultant mixture was 

centrifuged at 15000g for 10 min to remove any pellets. The collected supernatant was freeze-

dried followed by resuspending in 20 µL of 2% CH3CN/0.05% TFA.  
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Three replicates of each samples were analyzed by LC-MS/MS using a Q Exactive Plus Orbitrap 

mass spectrometer (Thermo Scientific) with a nanoESI interface in conjunction with an Ultimate 

3000 RSLC nanoHPLC (Dionex Ultimate 3000). The LC system was equipped with an Acclaim 

PepMap nano-trap column (Dinoex-C18, 100 Å, 75 µm × 2 cm) and an Acclaim PepMap RSLC 

analytical column (Dinoex-C18, 100 Å, 75 µm × 50 cm). The tryptic peptides were injected to the 

enrichment column at an isocratic flow of 5 µL min–1 of 2% v/v CH3CN containing 0.1% v/v 

formic acid for 5 min applied before the enrichment column was switched in-line with the 

analytical column. The eluents were 0.1% v/v formic acid (solvent A) and 100% v/v CH3CN in 

0.1% v/v formic acid (solvent B). The flow gradient was (i) 0–6min at 3% B, (ii) 6–40 min at 3–

25% B, (iii) 40–48 min at 25–45% B, (iv) 48–50 min at 40–80% B, (v) 50–53 min at 85–85% B, 

(vi) 53–54 min at 85–3% and equilibrated at 3% B for 10 min before the next sample injection. 

The Q Exactive Plus mass spectrometer was operated in the data-dependent mode, whereby full 

MS1 spectra were acquired in positive mode, 70 000 resolution, automatic gain control (AGC) 

target of 3e6, and maximum accumulation time of 50 ms. Fifteen of the most intense peptide ions 

with charge states ≥2 and intensity threshold of 1.7e4 were isolated for MS/MS. The isolation 

window was set at 1.2 m/z and precursors fragmented using normalized collision energy of 30 at 

17 500 resolution, AGC target of 1e5, and maximum accumulation time of 100 ms. Dynamic 

exclusion was set to be 30 s. 

Raw files were processed using the MaxQuant platform (version 1.6.10.43) and searched against 

UniProt human database (January 2019) using default settings for Orbitrap instrument.67 Trypsin 

was selected as the enzyme with the number of maximum missed cleavages set to two. Fixed 

modification was carbamidomethyl of cysteine, whereas variable modifications included acetyl 

(protein N-terminus) and oxidation of methionine. False discovery rate was set to 1% on both 
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protein and peptide level. LFQ required a minimum of two peptides with at least one razor or 

unique peptide. Protein groups identified in MaxQuant were imported into Perseus for further 

analysis.68 Three replicates of each sample were analyzed and only proteins that were identified in 

at least two replicates were evaluated for abundance. The heat map (Figure 6a) plotted by 

GraphPad Prism 7.00 was generated from the average values of log2(LFQ) for each identified 

protein from three independent experimental replicates. The protein contents (mol% of total 

proteins) for semi-quantitative assessment of protein abundance were calculated using Equation 

(3):  

mol%                                                 (3) 

where mol%A is the content of protein A, iBAQA is the intensity-based absolute quantification 

value of protein A, and iBAQsum is the sum of iBAQ values of all the identified proteins.69–71  

As the same number of particles was employed for the mass spectrometry analysis for each 

sample, comparison of total protein adsorption on different MS@PEG and PEG particles can be 

performed from the sum of iBAQ values of all the adsorbed proteins as shown in Figure 6b,72 

wherein the sum iBAQ value of the MS@PEG3-arm particles was normalized as 100% and that of 

the other particles was expressed as a percentage relative to the MS@PEG3-arm particles. The 

Pearson correlation analysis between the functional proteins and cellular association was 

conducted by GraphPad Prism 7.00. 

Statistical Analysis. Statistical analysis was conducted using GraphPad Prism 7.00 software. 

Statistical significance was determined by using one-way analysis of variance (ANOVA) or two-

way ANOVA. Non-significant (ns) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. The specific statistical test performed for each experiment is included in the figure legends. 
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Minimum Information Reporting in Bio–Nano Experimental Literature (MIRIBEL). The 

studies conducted herein, including material characterization, biological characterization, and 

experimental details, conform to the MIRIBEL reporting standard for bio–nano research,73 and we 

include a companion checklist of these components in the Supporting Information. 
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