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METHODS AND EXPERIMENTS 

Data Extraction 

The literature references were obtained from the PubMed, Scopus and ISI Web of 

Knowledge databases on November 26, 2017, with the following search criteria: 

(nanoparticle[Title/Abstract] OR nanomaterial[Title/Abstract] OR "quantum 

dot"[Title/Abstract] OR nanosphere[Title/Abstract] OR fullerene[Title/Abstract] OR 

nanodiamond[Title/Abstract] OR nanowire[Title/Abstract] OR 

nanotube[Title/Abstract] OR MWCNT[Title/Abstract] OR nanofiber[Title/Abstract] 

OR graphene[Title/Abstract] OR nanocrystal[Title/Abstract] OR 

nanopowder[Title/Abstract] OR nanosheet[Title/Abstract] OR "metal organic 

framework"[Title/Abstract] OR MOF[Title/Abstract] OR nanocapsule[Title/Abstract] 

OR dendrimer[Title/Abstract] OR nanocomposite[Title/Abstract]) AND 

(protein[Title/Abstract] AND corona[Title/Abstract]). There were no search 

limitations on the publication date or language. With this extensive search, 2634 

publications were obtained, including 1065 duplications with the same title, authors 

and publication date. A total of 719 studies were removed because of a lack of 

relevance to the topic of the work. Finally, 56 papers1-56 satisfied the following 

selection criteria and were selected for further analyses: (i) the full text was available 

online; (ii) the topic was the protein corona of nanoparticles (NPs); (iii) the protein 

corona was formed in blood, serum, plasma or cell culture medium; (iv) the paper 
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provided information about the physicochemical properties of the NPs (e.g., the 

core/shell, shape, and surface ligands or other modifications); (v) the paper provided 

information about protein corona formation in healthy plasma, serum, blood or cell 

culture medium (e.g., exposure time, plasma concentration and species of the plasma 

or blood); (vi) the paper provided information about the isolation of the protein 

corona from NPs by centrifugal capture (e.g., centrifugation time and relative 

centrifugation force); (vii) the paper estimated the relative protein abundance (RPA) 

with normalized spectral counts (NSCs) of proteins in the protein corona by the 

following equation: 
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where MWNSCk is the percentage molecular weight normalized by the NSC for 

protein k, and the molecular weight (MW) is in kDa; (viii) the paper listed the protein 

names and the RPA (or spectral count or NSC) of each protein with an RPA greater 

than 1%. This work extracted 21 important factors related to NP properties (NP type, 

NP core, surface modification, modification type, size measured by transmission 

electron microscopy (TEM) (sizeTEM), size measured by dynamic light scattering 

(DLS) (sizeDLS), zeta potential, polydispersity index (PDI, NP shape, dispersion 

medium, dispersion medium pH), corona formation (protein source, incubation 

culture, incubation plasma concentration, incubation NP concentration, incubation 

time, incubation temperature), and corona isolation (centrifugation speed, 



S4 

 

centrifugation time, centrifugation temperature and centrifugation repetitions). The 

DLS technique is well known to struggle with providing meaningful data on 

aggregated particles, and sizeTEM instead of sizeDLS was used in corona composition 

prediction models. To control the heterogeneity and reveal the adsorption patterns of 

numerous proteins on various NPs, the following treatment methods were applied to 

the dataset. 

Special Data Treatment 

The present work calculated the missed RPA values of proteins in the literature 

publications using equation 1. The information (e.g., protein description, protein entry, 

length, MW, keywords and sequence analysis) on individual proteins (with RPA 

greater than 1%) was extracted from UniProt.org. The theoretical isoelectric point (pI) 

of proteins was calculated on web.expasy.org, and the grand average of 

hydropathicity (GRAVY) score, aliphatic index and cysteine content of proteins were 

calculated using the ProtParam tool at https://web.expasy.org/protparam/. To compare 

the protein adsorption of various NPs from different studies, the analysis transformed 

the proteins from different organisms (e.g., rat, mouse and cattle) to humans. Finally, 

593 individual proteins and 652 data pieces were collected for individual prediction 

models. To further evaluate the attachment mechanism of proteins on NPs, this work 

classified the overall proteins in terms of their protein properties (e.g., MW, pI, length 

and GRAVY). According to the molecular properties and biological function of 
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proteins identified from the UniProt database, the functional composition was 

classified as immunity proteins, apolipoproteins, complement proteins, coagulation 

proteins, clusterin and other proteins. Because some studies did not list the RPA 

values of all proteins, the analysis selected the data on proteins with an overall RPA 

value of more than 70% and normalized the RPA values of each class according to the 

overall RPA value of each data point. Finally, 567 data points and 73 protein classes 

were collected for composition prediction models. 

For the selected factors affecting the components of the protein corona, the present 

work converted special data points into common ones that could be made available as 

training input for the machine learning model (random forest, RF). For the NP 

modifications, the analysis combined some modifications as listed in Table S1 

because the RF model could not handle categorical factors with more than 50 

categories. The missing values for NP shape were treated as spheres. For other NP 

shapes (e.g., tube and sheet), the widths and thicknesses were recorded. The 

“overnight” incubation time and the indoor temperature were set to 12 h and 25 , ℃

respectively. Regarding other factors with a small number of missing values, the 

present work replaced the missing value with the most frequent value (e.g., 

phosphate-bu�ered saline (PBS) for solution and water for other solution cultures) for 

categorical factors and with the median value (e.g., 20 min for centrifugation time and 

1 h for incubation time) for numeric factors. 
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Tenfold Cross-validation Analysis 

Given the high heterogeneity of complex protein coronas with numerous factors and 

the limited datasets for the analysis, tenfold cross-validation was applied to further 

avoid overfitting. The original dataset was randomly partitioned into ten folds. Nine 

folds were utilized to train the model as the training set, and the remaining one-fold 

model was evaluated as the test set. The average R2 and RMSE were applied to 

measure model performance. 

Factor Selection 

To select the key factors determining the various proteins on NPs, the intersections of 

key factors selected by variable importance were regarded as key factors determining 

the NP-protein interaction patterns. According to variable importance from models 

containing overall data pieces and factors, ten significant and independent factors (i.e., 

NP without modifications, modification, sizeTEM, zeta potential, incubating protein 

source, incubating plasma concentration, incubating NP concentration, centrifugation 

speed, centrifugation time and centrifugation temperature) were identified for further 

analyses. 

Protein identification by Mass Spectrometry 

The protein corona was analyzed using LC-MS/MS (Orbitrap Fusion and Easy-nLC 

1000 system, Thermo Fisher Scientific, USA). Prior to analysis, the protein corona 

was diluted in solution A (0.1% formic acid in water), and the peptide fragments were 
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loaded on a reversed-phase column (precolumn: packing material size, 3 μm; aperture, 

120 Å; 2 cm×100 μm ID; analytical column: packing material size, 1.9 μm; aperture, 

120 Å; 15 cm×150 μm ID) for preparation with a 600 nL/min flow rate and 60 min 

elution. The Orbitrap full scan was conducted in data-dependent acquisition mode 

with the following parameters: scanned area, 300-1400; scanning resolution, 120000; 

automatic gain control (AGC) targets, 5×105 ions; max injection time, 100 ms. 

Coupled MS with high-energy collision dissociation was employed to break parent 

ions. Then, the broken ions were detected in an ion trap with the following parameters: 

first mass, 120; resolution rate, 30000; AGC targets, 5×103 ions; max injection time, 

35 ms; and exclusion duration, 18 s. 

The raw data from LC-MS/MS were searched in the UniProt database (2019-02) 

using Proteome Discoverer 2.1 (Thermo Scientific). To obtain quantitative and 

qualitative information on proteins and peptides, the search parameters were set as 

follows: mass deviation of parent ions, 20 ppm; mass deviation of fragment ions in 

coupled MS, 0.5 Da; the number of restriction enzyme cutting sites of trypsin, 2; 

variable modifications, protein acetyl (protein N-term), oxidation, and 

carbamidomethyl; and false discovery rate of peptides, 1% by the decoy database. 

Over 1000 proteins were detected in each sample. The normalized spectral counts of 

each protein were utilized to measure the RPA values of the identified proteins. 

Cytokine Analysis 
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The murine macrophage cell line RAW264.7, was obtained from Shanghai Cell Bank 

of the Type Culture Collection of China. Cells were grown in Dulbecco's modified 

Eagle medium (DMEM, high glucose, Ding Guo, China) supplemented with 10% 

fetal bovine serum (FBS, AusGeneX, Australia) and a final concentration of 100 units 

/mL penicillin-streptomycin in a humidified incubator with 5% CO2 at 37 °C. To 

analyze cytokine secretion by macrophages (RAW264.7), dendritic cell line (DC2.4) 

and human leukemic cell line (THP-1), cells were seeded in 96-well plates (1.5×104 

cells/well) for 12 h. NP dispersions (Fe3O4, Fe3O4-CIT, Ag, TiO2, Au-NH2 and 

Au-COOH NPs) at 25 mg/L with or without protein coronas were cultured with cells 

in serum-free medium. After 6 h of exposure, the supernatant was collected, and the 

cytokines (TNF-α and IL-6) were measured using ELISA kits (Dakewe, Shenzhen, 

China). To analyze the immune effect of the corona, the cells were cultured with NPs 

and seeded on 96-well plates (1.5×104 cells/well) for 12 h. After 6 h of exposure, the 

supernatants were removed, and the cells were washed with PBS. Then, cells were 

treated with LPS (20 ng/mL) for another 6 h. Finally, the supernatants were collected, 

and the cytokines were detected with ELISA kits. 

To measure the cellular recognition effects of the protein corona on cellular uptake, 

IL-6 secretion and TNF-α secretion, the following formula was applied to calculate 

the recognition index of the protein corona; the physiological level of iron as the 

control was detected. The concentrations of Fe3O4 NP uptake were much higher 
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(approximately 2-6-fold higher) than the physiological level of iron, and the 

physiological level of iron was subtracted during the calculation (n≥3): 

%
R

-RR
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NOPC 100   

where the recognition index represents normalized changes in cellular uptake or 

cytokine release due to the presence of the corona; RPC and RNO represent the 

measured cellular uptake or cytokine release with and without the protein corona, 

respectively. 
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Figure S1. Distributions of 652 mined data items. The Krona chart subdivides each 

sector into smaller sectors according to the data components. The values of the 

outermost sectors are the proportions of NPs with a given characteristic among the 

overall 652 data items. The subgroups with small angles are presented by collapsed 
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sectors. RPA, relative protein abundance; PS, polystyrene; SWCNT, single-walled 

carbon nanotube; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; HSPC, 

hydrogenated soy phosphatidylcholine; Chol, cholesterol; DC, 

3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl]; DOPE, 

dioleoylphosphatidylethanolamine. The abbreviations of the modifications are listed 

in Table S1. 
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Figure S2. Distribution of data points on NP cores and surface modifications extracted from the 

literature. The abbreviations of the modifications are listed in Table S1. The references are listed 

as # 1-56. 

 

 

 

 

 

 

 



S13 

 

 

Figure S3. Performance of the linear regression model to reveal the relationships between 

quantitative factors and protein corona composition. a, Linear regression model based on 593 

individuals; b, linear regression model based on 73 protein classes. The analysis estimated the 

model performance from the correlation coefficient (R2) between the observations and the 

predictions. PDI, polydispersity index. 
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Figure S4. Variable importance of the physicochemical and functional composition prediction 
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models. The normalized percentages of the increase in mean square error (a) and the normalized 

increase in node purity (b) were employed to measure the variable importance. 

 

 

 

Figure S5. Model performance on functional, physicochemical and individual compositions of 

protein corona predictions. A tenfold cross-validation was used to evaluate the prediction 

accuracy without overfitting. More information about individual proteins is shown in the 

supporting dataset. 
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Figure S6. Variable importance of the physicochemical and functional composition prediction 

models. The normalized percentage of the increase in mean square error (a) and the normalized 

increase in node purity (b) were employed to measure the variable importance. 
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Figure S7. Heterogeneity distribution of priority factors from clusterin composition prediction 

models visualized by a similarity network. Each node represents a data piece in the functional 

composition models. The nodes are colored according to the priority factors, NP without 

modification (a) and surface modification (b). In the well-performed RF models, the connected 

nodes are more than four times the average in each proximity matrix. Tight connections in each 

cluster indicate the high homogeneity of nodes for the factor-response dependence learned by the 

RF models. The sparse connections represent the heterogeneity of nodes in terms of NP 

properties and experimental conditions in the cluster. The full forms of the abbreviations are 

listed in Table S1. 
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Figure S8. Relationship between the network density and model performance. A tenfold 

cross-validation was utilized to measure the model performance. The correlation coefficient (R2) 

was applied to assess the relationship between the cluster density of the network and the model 

performance (average R2).
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Figure S9. Physicochemical characterization of the tested NPs. a, Ag and TiO2 NPs with no 

surface modifications; b, TEM micrograph showing the morphologies and sizes of Ag and TiO2 

NPs; c, physicochemical characterization of NPs dispersed in water and phosphate-buffered 

saline (PBS); d, size distribution measured by TEM. ζwater/PBS, zeta potential of NP dispersion in 

water or PBS; PDI, polydispersity index. 
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Figure S10. Experiments evaluating the predictions of functional and physicochemical 

compositions of protein coronas. The observed functional components of the protein coronas on 

four NPs (Fe3O4, Fe3O4-CIT, Au-COOH, and Au-NH2) were measured by LC-MS/MS. The 

model prediction accuracy was measured by the correlation coefficient (R2) and 

root-mean-square error (RMSE) between observations and predictions for clusterin (a) and other 

protein (b) compositions of selected NPs. 
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Figure S11. Uptake of NPs and immune responses of macrophages mediated by the protein 

corona. a-e, Uptake of NPs in macrophages (RAW264.7). Macrophages were treated with NPs 

(Fe3O4, Fe3O4-CIT, Au-COOH, Au-NH2, TiO2, and Ag NPs) with or without a protein corona at a 

concentration of 50 mg/L in serum-free medium for 4 h. f-j or k-o, IL-6 or TNF-α generated from 

macrophages treated with 25 mg/L NPs (Fe3O4, Fe3O4-CIT, Au-COOH, Au-NH2, TiO2, and Ag 

NPs) with or without a protein corona in serum-free medium for 6 h. Macrophages were treated 

with LPS for 6 h after NP exposure as a positive control. Relationships in the recognition index 

(defined in Methods) due to the presence of a corona, with the five functional components 

(apolipoprotein, complement protein, coagulation protein, immune protein and clusterin) of the 
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protein corona predicted by functional prediction models, as measured by the correlation 

coefficient (R2). 
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Figure S12. Immune responses of THP-1 and DC2.4 cells mediated by the protein corona. 

Protein coronas were formed in fetal bovine serum (FBS in panels a-o) or human serum (HS in 

panels p-ad). The expression of IL-6 (a-j and p-y) or TNF-α (k-o and z-ad) was detected in 

THP-1 (a-e, k-t and z-ad) or DC2.4 (f-j and u-y) cells treated with 25 mg/L NPs (Fe3O4, 

Fe3O4-CIT, Au-COOH, Au-NH2, TiO2, and Ag NPs) for 6 h. Cells were treated with LPS for 6 h 

after NPs exposure as a positive control. Relationships between the recognition index (defined in 

the method section) and the functional components (apolipoprotein, complement protein, 

coagulation protein, immune protein and clusterin) of the protein corona predicted by functional 

prediction models, were measured by the correlation coefficient (R2), as shown in panel ae.
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Table S1. Classes of NP modifications. 

Original 
modification 

Transformed 
modification 

Full name Class 

AC AC N-Acetyl-L-cysteine Anionic 
AHT AHT 6-Amino-1-hexanethiol Cationic 
Ala-SH Amino acid Thiolated L-alanine Anionic 
Asn-SH Amino acid Thiolated L-asparagine Anionic 
AUT AUT 11-Amino-1-undecanethiol Cationic 
BCN BCN Bicyclononyne Neutral 
BPEI BPEI Branched polyethyleneimine Neutral 
CA CA Citric acid Anionic 
CALNN CALNN Peptide sequence 'CALNN' Anionic 
CFGAILS CFGAILS Peptide sequence 'CFGAILS' Anionic 
COOH COOH Carboxyl Anionic 
cPEG5K-SH PEG Carboxymethyl-poly(ethylene glycol)-thiol(5kDa) Neutral 
CTAB CTAB Hexadecyltrimethylammonium bromide Cationic 
CVVIT CVVIT Peptide sequence 'CVVIT' Anionic 
DDT@BDHDA DDT 1-Dodecanethiol @ 

benzyldimethylhexadecylammonium bromide 
Cationic 

DDT@CTAB DDT 1-Dodecanethiol @ hexadecyltrimethylammonium 
bromide 

Cationic 

DDT@DOTAP DDT 1-Dodecanethiol @ 
1,2-dioleoyl-3-trimethylammonium-propane 

Cationic 

DDT@HDA DDT 1-Dodecanethiol @ hexadecylamine Cationic 
DDT@ODA DDT 1-Dodecanethiol @ octadecylamine Cationic 
DDT@SA DDT 1-Dodecanethiol @ stearic acid Anionic 
DDT@SDS DDT 1-Dodecanethiol @ sodium dodecyl sulfate Anionic 
DTNB DTNB 5,5'-Dithiobis (2-nitrobenzoic acid) Anionic 
EMT EMT Na88(AlO2)88(SiO2)104 Neutral 
F127 F127 Pluronic F-127 Anionic 
FAU FAU Na73(AlO2)73(SiO2)119 Neutral
Gly-SH Amino acid Thiolated L-glycine Anionic 
Gold None Gold Neutral 
CIT CIT Citrate Anionic 
HDA HDA Hexadecylamine Cationic 
LA LA α-Lipoic acid Anionic 
MAA MAA Mercaptoacetic acid Anionic 
MBA MBA 4-Mercaptobenzoic acid Anionic 
MES MES 2-Mercaptoethanesulfonate Anionic 
Met-SH Amino acid Thiolated L-methionine Anionic 
MHA MHA 6-Mercaptohexanoic acid Anionic 
MHDA MHDA 16-Mercaptohexadecanoic acid Anionic 
MPA MPA 3-Mercaptopropionic acid Anionic 
mPEG1K-SH PEG Methoxy-poly(ethylene glycol)-thiol (1kDa) Neutral 
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mPEG20K-SH PEG Methoxy-poly(ethylene glycol)-thiol (20kDa) Neutral 
mPEG2K-SH PEG Methoxy-poly(ethylene glycol)-thiol (20kDa) (low 

density) 
Neutral 

mPEG5K PEG Methoxy-poly(ethylene glycol)-thiol (2kDa) Neutral 
mPEG5K(NH2)-SH PEG Methoxy-poly(ethylene glycol)-thiol (5kDa) Neutral
mPEG5K-SH PEG Thiolated amino-poly(ethylene glycol) (methoxy- 

terminated) (5kDa) 
Neutral 

MSA MSA Mercaptosuccinic acid Anionic
MUA MUA 11-Mercaptoundecanoic acid Anionic 
MUEG4 MUEG4 (11-Mercaptoundecyl)tetra(ethylene glycol) Neutral 
MUTA MUTA (11-Mercaptoundecyl)-N,N,N-trimethylammonium Cationic 
NH2 NH2 Amino Cationic 
None None None Neutral 
nPEG5K-SH PEG Amino-poly(ethylene glycol)-thiol (5kDa) Neutral 
NT@DCA NT 2-Napthalenethiol @ deoxycholic acid Neutral 
NT@F127 NT 2-Napthalenethiol @ Pluronic F-127 Anionic 
NT@PSMA-AAP NT 2-Napthalenethiol @ 

(4'-aminoacetophenone)-modified 
poly(styrene-co-maleic anhydride) 

Neutral 

NT@PSMA-AP NT 2-Napthalenethiol @ aminopropanol-modified 
poly(styrene-co-maleic anhydride) 

Anionic 

NT@PSMA-EA NT 2-Napthalenethiol @ ethanolamine-modified 
poly(styrene-co-maleic anhydride)

Anionic 

NT@PSMA-EDA NT 2-Napthalenethiol @ ethylenediamine-modified 
poly(styrene-co-maleic anhydride) 

Anionic 

NT@PSMA-Urea NT 2-Napthalenethiol @ urea-modified 
poly(styrene-co-maleic anhydride) 

Anionic 

NT@PVA NT 2-Napthalenethiol @ poly(vinyl alcohol) Anionic 
OAOA OAOA Oleic acid double layer Anionic
ODA ODA Octadecylamine Neutral 
OSO3 OSO3 Sulpho Anionic 
P80 None Polysorbate 80 Neutral 
PAH-SH PAH-SH Thiolated poly(allylamine) Cationic 
PC PC Phosphatidylcholine Neutral 
pDNA pDNA Plasmid deoxyribonucleic acid Anionic 
PEEP49 PEEP Poly(ethyl ethylene phosphate)49 Neutral 
PEEP92 PEEP Poly(ethyl ethylene phosphate)92 Neutral 
PEG PEG Polyethylene glycol Neutral 
PEG3K(NH2)-SH PEG Thiolated amino-poly(ethylene glycol) (3kDa) Neutral 
PEI-SH PEI-SH Thiolated poly(ethyleneimine) Cationic 
Phe Amino acid L-Phenylalanine Anionic 
Phe-SH Amino acid Thiolated L-phenylalanine Anionic 
PLL-SH Amino acid Thiolated poly(L-lysine) Cationic
PVA PVA Poly(vinyl alcohol) Anionic 
PVA (COOH) PVA Poly(vinyl alcohol) Anionic 



 

S27 

 

PVA (NH2) PVA Poly(vinyl alcohol) Anionic 
PVA (NH2/OH) PVA Poly(vinyl alcohol) Anionic 
PVA (OH) PVA Poly(vinyl alcohol) Anionic 
PVP PVP Poly(vinylpyrrolidone) Anionic 
SA SA Stearic acid Anionic 
Ser-SH Amino acid Thiolated L-serine Anionic 
SiO2 SiO2 Silicon dioxide Neutral 
SiO2 (APTES) SiO2 Silicon dioxide Neutral 
SiO2 (TEOS) SiO2 Silicon dioxide Neutral 
SPP SPP Bis(p-sulfonatophenyl)phenylphosphine Anionic 
T20 T20 TWEEN20 Anionic 
Thr-SH Amino acid Thiolated L-threonine Anionic 
TiO2 TiO2 Titanium dioxide Neutral 
TP TP N-(2-Mercaptopropionyl)glycine Anionic 
Trp-SH Amino acid Thiolated L-tryptophan Anionic 
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