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ADDITIONAL RESULTS AND DISCUSSION

1. Nanogel@lipid particles have a crosslinked nanogel core successfully

encapsulated within a lipid shell.

To prepare a nanogel@lipid, the hydrogel precursor solution was preloaded

within a liposome (d > 100 nm) and then subjected to photo-polymerization to form a

crosslinked nanogel as the core. To confirm the formation of a nanogel core inside a

liposome in a nanogel@lipid, we treated our nanogel@lipid particles with Triton

X-100, a detergent good at removing lipids from a lipid bilayer into micelles with

sizes of ~10 nm1 (Supplementary Figure 2a), with DOPC : DSPE-PEG2000 = 90 : 10

liposome included as a reference. The ability of Triton X-100 to remove the DOPC

and DSPE-PEG2000 lipids into micelles was confirmed by the observations that, after

treatment with Triton X-100, dispersion of DOPC : DSPE-PEG2000 = 90 : 10 liposome

exhibited both the disappearance of particles with sizes of >100 nm and the

appearance of particles with sizes of ~10 nm (Supplementary Figure 2b). In contrast,

for all our nanogel@lipid particle dispersions, similar treatment with Triton X-100 did

not lead to disappearance of particles with sizes of >100 nm (Supplementary Figure

2c), indicative of retention of the core nanogel nanoparticles with sizes of >100nm,

suggesting successfully formation of a nanogel core within a lipid bilayer shell as

expected; instead, Triton X-100 treatment made nanogel@lipid dispersions exhibit the

appearance of particles with sizes of ~10 nm, due to micelle formation by removed

lipids and Triton X-100. Moreover, using 75kPa@lipid as a representative for

nanogel@lipid particles, we found that Triton X-100 treatment barely affected the

Tyndall effect in 75kPa@lipid dispersion but significantly reduced that in the

dispersion of DOPC : DSPE-PEG2000 = 90 : 10 liposome (Supplementary Figure 2c).

Collectively, these observations suggest that the expected nanogel@lipid

nanoparticles were successfully prepared, in which a crosslinked nanogel core was

successfully encapsulated within a lipid shell.
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2. PLGA@lipid and PLGA@lec nanoparticles were successfully prepared.

Coating the PLGA nanoparticle with a lipid bilayer was accomplished by

sonicating the mixture of PLGA and liposome (DOPC: DSPE-PEG2000 = 90:10) or

lecithin liposome (lec) (mass ratio of lipids to PLGA = 1:1) in a water bath sonicator

for 5 min, followed by centrifugation to remove excess liposome, which yielded the

as-expected lipid bilayer-coated nanoparticle (namely, PLGA@lipid or PLGA@lec).

Under TEM, PLGA@lipid (Supplementary Figure 4a) and PLGA@lec

(Supplementary Figure 18a) nanoparticles appeared spherical, with a core-shell

structure. After coating with liposomes composed of DOPC: DSPE-PEG2000 = 90:10,

the average hydrodynamic diameters of PLGA nanoparticles increased relatively by

25.7 nm, consistent with prior reports that showed relative increases of 20-30 nm in

average size for nanoparticles after coating them with PEGylated lipid bilayer2-5.

Similarly, after coating with liposomes composed of lecithin, the average

hydrodynamic diameters of PLGA nanoparticles increased relatively by 26.4 nm,

consistent with prior reports that demonstrated relative increases of ~20 - ~22 nm in

size for nanoparticles after coating with lecithin lipid bilayer 6, 7. Meanwhile, after the

coating procedure, zeta-potentials of the resulting PLGA@lipid and PLGA@lec

particles (Supplementary Figure 4c and Supplementary Figure 18) became

appreciably different from those of bare PLDA particles but close to those of the

DOPC: DSPE-PEG2000 = 90:10 and lecithin liposomes, respectively. Collectively,

these results indicate that PLGA@lipid and PLGA@lec nanoparticles were

successfully prepared.

3. The stability of our nanoparticles.

The lipid bilayer coating is very stable for our nanogel@lipid and PLGA@lipid

nanoparticles. To examine the stability of the lipid bilayer over nanoparticle, we used

188kPa@lipid and 700kPa@lipid as the representatives for our model nanoparticles

and compared their morphologies under Cryo-electron microscopy (Cryo-EM) before

and after treatment that simulates the conditions our model nanoparticles were to

encounter both in vitro and in vivo.
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To construct the control nanoparticles resulted from complete peel-off of the

lipid bilayers from our model nanoparticles, we treated 188kPa@lipid and

700kPa@lipid nanoparticles with Triton X-100, as treating lipid bilayer-coated

nanoparticles with Triton X-100 is a demonstrated method to peel off their lipid

bilayer coating1, and then characterized the morphology of the as-treated

nanoparticles under Cryo-EM. Moreover, to simulate the conditions our model

nanoparticles were to encounter in the in vitro cell studies and in the in vivo animal

studies and to examine whether the lipid bilayer coatings over our model

nanoparticles were stable under those conditions, we incubated our nanoparticles in

fetal bovine serum (FBS)-supplemented phosphate buffered saline (PBS) (v./v., 50%)

for 7 consecutive days, separated the particles from supernatant via centrifugation at

150,000 g at 4 ºC for 1 h, and collected (after discarding the resulting supernatant) the

resulting pellet (i.e., the as-incubated particles) by washing with PBS for two times,

redispersed the as-collected pellet into PBS, and then characterized the morphologies

of the as-incubated nanoparticles under Cryo-EM.
Our results (Supplementary Figure 6) reveal that, on the 1st day after being

dispersed into PBS, our pristine 188kPa@lipid and 700kPa@lipid nanoparticles (left

column) both exhibited an intact core-shell structure under Cryo-EM, in which a thin

shell (thickness < 10 nm) (as indicated by white arrow) is clearly observed over the

outermost surface of a nanoparticle of slightly lower electron density contrast

(Supplementary Figure 6, left column). In stark contrast, the particles after Triton

X-100 treatment (Supplementary Figure 6, middle column) completely lost the

core-shell structure characteristic of their pristine precursors (i.e., 188kPa@lipid and

700kPa@lipid particles) but instead appeared to be nanospheres with near uniform

electron density contrast yet sizes comparable with those of their pristine precursors.

In addition to these nanospheres, there emerged many tiny particles of much smaller

sizes (<10 nm) (indicated by red arrow), which are likely attributable to lipid micelles

formed by the lipids after their peel-off from the nanoparticle cores by Triton X-100,

consistent with what was observed in the dynamic light scattering experiments

(Supplementary Figure 2). Interestingly, the resulting particles after 7-day incubation

in FBS-supplemented PBS (Supplementary Figure 6, right column) exhibited a

core-shell structure, in which a thin shell (thickness < 10 nm) (as indicated by white
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arrow) is clearly observed over the outermost surface of a nanoparticle of slightly

lower electron density contrast, as did their pristine precursors (i.e., 188kPa@lipid

and 700kPa@lipid particles) (Supplementary Figure 6, left column). Collectively,

these observations indicate that 188kPa@lipid and 700kPa@lipid particles both

retained their characteristic core-shell structure even after 7-day incubation in

FBS-supplemented PBS, rather than losing their lipid bilayer shell as observed with

the same particles but after Triton X-100 treatment, suggesting that the lipid bilayer

coating over our model nanoparticles is stable.

4. Reasons why 45 kPa was adopted as the elasticity of our empty liposome.

We adopted a previously reported elasticity of 45 kPa for our PEGylated

liposome DOPC : DSPE-PEG2000 = 90 : 10), for reasons as follow. Firstly, we found

quite some studies that have reported the elasticity for liposomes of differing

compositions Supplementary Table 4) but were puzzled by that their reported Young’s

moduli differed strikingly (either <50 kPa or ≥500 kPa) depending on the specific

lipid composition and the specific methods and conditions used to measure the

Young’s modulus. Secondly, a cell is much more complex than a liposome, despite

that liposomes are widely used as simplified models for cells especially in

biochemistry and biophysics studies; although lipid bilayer is the major membrane

component for both liposomes and cells, a cell has other crucial components/parts like

membrane proteins in its cellular membrane, a cytoskeleton network, and a crowded

cytosol containing diverse organelles. Therefore, the elasticity of a liposome should

be on the same or similar order-of-magnitude as that of a cell. Therefore, we

summarized the reported elastic moduli for different cells (Supplementary Table 5)

and found that they are unanimously <50 kPa. Therefore, we think, among the

reported Young’s moduli for liposomes (Supplementary Table 4), those of <500 kPa

should be more likely for empty liposomes composed of glycerophospholipids above

their phase transition temperatures such as our empty PEGylated liposome.
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5. The slight difference in zeta-potential readings for our model nanoparticles

does not mean difference in surface chemistry.

For a core-shell structured particle, the core of the particle may partially screen

the charges on the outermost layer of the particle (i.e., the outer-surface of its shell)

and consequently affect the ion adsorption within the electrical double layer

surrounding the particle ― which in return determines its zeta-potential. In another

word, core-shell structured particles of a same shell (i.e., same surface chemistry) but

different cores may exhibit different zeta-potentials (Supplementary Figure 5) due to

the contribution of the particle core. Indeed, supportive evidences to this are found in

our literature research on the reported zeta-potentials of lipid or cellular

membrane-coated nanoparticles (Supplementary Table 6); as our model nanoparticles

in this work are liposomes and lipid bilayer-coated particles, we confined our

literature research to lipid or cellular membrane-coated nanoparticles.

Our literature research results (Supplementary Table 6) revealed that none of the

lipid or cellular membrane-coated nanoparticles exhibited a same zeta-potential as did

its corresponding shell (i.e., the membrane vesicle used to coat the nanoparticle of

interest), despite of their similarity in surface chemistry. Of note, this conclusion

retains despite that the lipid or cellular membrane-coated nanoparticles we found

contain cores differing significantly in materials (inorganic versus organic versus

bacterial) or shells of distinct compositions (synthetic lipid bilayer of distinct

compositions versus natural cellular membranes of distinct origins). Moreover,

zeta-potential even differs between membrane-coated nanoparticles of a same

membrane shell but slightly differing cores 8-10; this is the case no matter whether the

cores are inorganic SiO2 nanoparticles10, polymeric PLA (polylactic acid)

nanoparticles8, or bacterial cells9. Clearly, for a core-shell structured nanoparticle, its

shell is not the sole factor that determines its zeta-potential; on this aspect, its core

matters as well. In another word, that core-shell structured nanoparticles exhibit

different zeta-potentials does not necessarily suggest that these particles must differ in

surface chemistry.

Back to our model nanoparticles in this work, they are core-shell structured
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nanoparticles, in which the shell is a lipid bilayer while the core varies from water

over soft hydrogels to PLGA (poly(lactic-co-glycolic acid)) nano-micelle. In lipid

relevant research fields, it is a widely-acknowledged practice that the chemistry of a

liposome or lipid bilayer is determined by the lipid composition used for preparing the

liposome or lipid bilayer11-14. Our model nanoparticles (excepting PLGA@lipid and

PLGA@lithicin) were prepared by following the standard rehydration technique for

liposome preparation except that a slight modification was incorporated for

hydrogel@lipid nanoparticles; the liposomes were prepared by following the standard

rehydration technique for liposome preparation, and the hydrogel@lipid nanoparticles

were prepared through a similar rehydration technique except having replaced

ultra-pure water for rehydration with hydrogel precursor solutions of differing

monomer to cross-linker relative ratios - which after extrusion and ultra-violet light

irradiation in subsequent steps provided lipid bilayer-enclosed hydrogel nanoparticles

of differing elasticity. Through this procedure, the resulting liposome (no matter

whether their interior content is pure water or a hydrogel precursor solution) offers a

self-enclosing lipid bilayer (i.e., the shell) whose chemistry is determined by the lipid

composition used for preparing the dehydrated lipid thin film, which after rehydration

offers the lipid bilayer shell for the liposome and the hydrogel@lipid nanoparticles. In

this work, we used two sets of model nanoparticles, with one set having a lipid bilayer

shell with a composition of DOPC: DSPE-PEG2000 = 90: 10 (mass ratio) while another

set having a lipid bilayer shell composed of lethicin alone (i.e., lethicin at a mass ratio

of 100%). Within each set of our model nanoparticles, we correspondingly fixed the

lipid composition for preparing the dehydrated lipid thin film either at DOPC:

DSPE-PEG2000 = 90: 10 or lethicin alone. The two stiffest particles, PLGA@lipid and

PLGA @lethicin, were prepared by coating a preformed PLGA nano-micelle with a

liposome (composed of either DSPE-PEG2000 = 90: 10 or 100% lethicin), and coating

a liposome over a nanoparticle is virtually a process that transfers the self-enclosing

lipid bilayer of the liposome as a lipid bilayer shell over the particle15, 16 and the

chemistry of the resulting lipid bilayer shell is determined by the lipid composition of

the liposome17, 18. Therefore, it is reasonable for us to expect that, within a given set of
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our model particles, all particles should be the same in surface chemistry. Specifically,

for all our DOPC: DSPE-PEG2000 = 90: 10 bilayer-coated nanoparticles, the surface

PEG density, which is determined by the relative content of DSPE-PEG2000, should be

similar.

Of course, to unveil the effects of elasticity on nanoparticle fate in physiological

environment, it is necessary to dissect the effects of elasticity from those of other

physiochemical factors like surface charge and surface PEG density. As stated above,

within each given set of our model nanoparticle, the particles are reasonably expected

to be same or similar in surface chemistry, which includes surface charge and surface

PEG density if PEGylated lipid was involved. Based on analysis above, we

reasonably expect that the reason why our DOPC: DSPE-PEG2000 = 90: 10

bilayer-coated nanoparticles exhibited slightly different readings in zeta-potential

(Figure 1e) must arise because of their significantly differing cores, which ranges

from ultra-pure water (for the liposome) over hydrogel cores of differing elasticity

(for the hdyrogel@lipid particles) to PLGA nano-micelles (for the PLGA@lipid).

Of note, the zeta-potentials of our DOPC: DSPE-PEG2000 = 90: 10 bilayer-coated

nanoparticles are unanimously negative (Figure 1e). Using polystyrene latex particles

that are increasingly negative in surface charge density as model nanoparticles, a

previous study has found that increasing nanoparticle surface charge density increases

the total amount of adsorbed proteins but imposes negligible effects on the qualitative

and quantitative composition of the adsorbed protein pattern19. A similar trend was

observed in a review paper20 which summarized the influence of nanoparticle surface

charge on protein corona for anionic polystyrene nanoparticles (Supplementary Table

7). In contrast, when the zeta-potentials of particles are changed from negative to

positive, the adsorbed protein pattern will be significantly changed21, 22. Therefore, for

nanoparticles that differ only in zeta-potential, it is the sign of their zeta-potentials,

rather than the absolute values of their zeta-potentials, that significantly affect their

corona protein compositions.
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6. Shorter circulation lifetime for liposome than lipid bilayer-coated hard

nanoparticles in prior reports.

Compared with particles from Region I and Region III, those from Region II -

which included not only liposomes but also very soft hydrogel particles

(Supplementary Table 13) - exhibited the shortest blood clearance half-lives (Figure

2c). Supportive evidences for our conclusion that particles from Region II have

shorter circulation lifetimes than particles from Region III were found in previous

studies that, though not examining how particle elasticity affects particle blood

circulation lifetime, happened to have reported the circulation lifetime of particles

whose elasticity values belong to Regions II and III (Supplementary Table 10). One

research article23 reported that a lipid bilayer-coated mesoporous silica nanoparticle

exhibited a blood clearance half-life of 11 h, which is appreciably longer than that

(8.7 h) of the corresponding empty liposome enclosed by the same lipid bilayer

(DSPC/cholesterol/DSPE-PEG2000). Another article24 reported that the blood

circulation half-life of lipid bilayer-coated mesoporous silica nanoparticle was ∼9.6 h

as compared to ∼3.3 h for the corresponding empty liposome

(DSPC/cholesterol/DSPE-PEG2000). Clearly, the observations in these articles suggest

that softer particles do not necessarily exhibit longer blood circulation lifetimes than

their stiffer counterparts, which is consistent with our conclusion in this work.

Although few reports compared side-by-side the blood circulation lifetime of

liposomes versus lipid bilayer-coated nanoparticles in a same study, many works had

separately reported the blood circulation lifetimes of liposomes and lipid

membrane-coated stiff nanoparticles. We collected the reported blood circulation

lifetimes of liposomes and lipid membrane-coated stiff particles that are scattered in

different articles and plotted these data into one single plot (Supplementary Figure 9),

which again supports our conclusion that particles from Region II have shorter blood

circulation lifetime than those from Region III (Figure 2c).
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7. LC-MS analysis on protein corona.

LC-MS analysis not only identified the adsorbed proteins in corona of a

nanoparticle but also quantified their relative abundances. When sorted by molecular

weight (Figure 3c), the corona proteins were enriched (>80%) in proteins of <60 kDa

in all nanoparticles, suggesting preference for smaller plasma proteins, consistent with

prior reports25, 26. When sorted by isoelectric point (pI), the corona proteins were

enriched (40-70%) with negatively charged proteins (pI < 7) (Figure 3d) despite of the

negative surface charges of our nanoparticles, consistent with a prior study on

negatively charged silica nanoparticles27 yet contrasting significantly with some

recent reports28-31 that show enrichment of positively charged proteins on negatively

charged nanoparticles. When sorted by biological functions (Figure 3e), corona

proteins were enriched in lipoproteins and complement proteins. Of note, no matter

how adsorbed proteins were classified, protein compositions varied appreciably yet

non-monotonically depending on nanoparticle elasticity (Figure 3c-e). Collectively,

these results suggest that nanoparticle elasticity affects protein corona in both the total

amount and protein pattern.

8. Lack of correlation between the relative abundance in protein corona and the

protein content in blood.

Intuitively, it is easier for proteins with higher relative abundances in blood to

get in contact with a particle and then adsorb onto the particle’s surface, thereby

leading to higher relative abundance in corona. Nevertheless, this is not the case for

all our nanoparticles, for which no correlation was found between the relative

abundance content of a protein in corona and its corresponding abundance in blood

(Figure 3f), consistent with prior reports32, 33. For example, albumin, one of the most

abundant proteins in blood, presented with a relative abundance of only 1-2% in

corona on all our particles. This phenomenon may be ascribed to nanoparticles’

physicochemical properties, which may have strongly impacted a nanoparticle’s
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interactions with plasma proteins and, as a result, resulted in selective enrichment of

certain plasma proteins in the particle’s corona.

9. Clusterin and pentaxin have their relative abundances in corona strongly

correlated with the uptake by adherent and suspended macrophage cells,

respectively.

Although a clear dependence on nanoparticle elasticity was not observed for

nanoparticles’ uptake by adherent cells (Figure 2i) and whether a clear dependence on

nanoparticle elasticity ever exists for nanoparticles’ uptake by suspended cells is

largely unknown (Figure 2k), we still examined whether there exist certain corona

proteins whose relative abundances in corona strongly correlate with cellular uptake

efficiency, by calculating Pearson’s correlation coefficient r between the relative

abundance of a major corona protein (Figure 3f-h) and cellular uptake efficiency

(Figure 2e-h for adherent cells, and Figure 2k for suspended cells) for our model

nanoparticles. We started with adherent cells in plasma-supplemented medium

(DMEM) (Figure 2g-h), an in vitro simulation of the interactions between

nanoparticles and resident phagocytes in vivo. Our calculations on Pearson’s r

revealed that, among major corona proteins, clusterin is the only one that consistently

exhibited a strong correlation between relative abundance in corona and uptake

efficiency by adherent macrophage cells (both RAW264.7 and Ana-1) (Figure 2g-h),

and its Pearson’s r of >0.6 suggests clusterin as an opsonin for adherent cells, as

observed differently before with lipid-free polymeric hard nanoparticles34. This may

due to the low abundance (< 1%) in all nanoparticles except PLGA@lipid, the low

abundance is not enough to contribute to the cellular uptake. We next considered

suspended Ana-1 macrophage cells in mouse plasma-supplemented medium (RPMI

1640) (Figure 2k), an in vitro simulation of the interactions between nanoparticles and

circulating phagocytes in vivo, and carried out similar calculations on Pearson’s r

(Supplementary Figure 17). Our results revealed pentaxin as the only major corona
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protein whose relative abundance in corona exhibited a strong correlation with the

uptake by suspended Ana-1 cells (Supplementary Figure 17c), with a Pearson’s r of

<-0.6 consistently with both trials; still, it should be noted that, in coronas of all our

nanoparticles, pentaxin presents at very low relative abundance (Supplementary

Figure 17), which may limit its function in cellular uptake process.

10. Information on ApoA1 from human source and that from mouse source.

In our ITC experiments (Figure 4a-b) and also cell studies on how ApoA1

supplementation affects nanoparticles’ cellular uptake (Figure 4c-d), we used ApoA1

from human source, rather than that from mouse source out of the following two

reasons. Firstly, ApoA1 from both human and mouse sources have similar molecular

weight (~28 kDa)35, 36, very similar sequences37 and almost the same physiological

functions in vivo ―which participate in many similar biological processes (like

cholesterol metabolism, lipid metabolism and transport and so on) by comparing on

the website of Uniprot (https://www.uniprot.org), which is a freely accessible

database of protein sequence and functional information. Secondly, a prior study34 on

protein corona examined the effects of clusterin on cellular uptake by incubating

nanoparticles with murine cells in the presence versus absence of clusterin from

human source, suggesting human source as acceptable substitution for mouse source

for certain plasma proteins.
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Supplementary Tables

Supplementary Table 1. Reported effects of nanoparticle elasticity on blood

circulation clearance lifetime.

Particle Size (nm) Elasticity (kPa)
t1/2 circulation

clearance half-life (h)
Ref.

PEG-based
hydrogel spheres

~200 10 and 3000 61.4 and 9.7 38

Zwitterionic
nanogels

~120
180, 260, 580, 870,

and 1350
19.6, 15, 11.8, 10.2,

and 9.1
39

PLGA-PEG-lipid
disks

1000  400 1.3 and 15
Longer circulation for

softer one
40

Red Blood Cell
Mimics particles

(5200–5900) 
(1220–1540)

7.8, 16.9, 39.6, and
63.9

93.3, 7.12, 5.12, and
2.88

41
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Supplementary Table 2. Reported effects of nanoparticle elasticity on cellular

uptake efficiency of adherently cultured cells.

Particle Size (nm)
Elasticity
(kPa)

Cell-lines
Serum

supplemented in
culture medium

Ref.

Higher uptake for stiff nanoparticles

PEG-based hydrogel
spheres

~200 10 and 3000 J774 10% FBS 38

Silica nanoparticles ~150 704–9700000 RAW264.7 10% FBS 42

PLGA-PEG-lipid disks
1000 
400

1.3 and 15 J774 10% FBS 40

Polyacrylamide beads
1000–600

0
No report

Bone-marrow-d
erived

macrophages
no report 43

TA/PVPON capsules
and the corresponding
cores coated with
TA/PVPON

2000–300
0

Sphere: 4300
and >104000

Cube: 610
and >104000

J774 10% FBS 44

Higher uptake for soft nanoparticles

Organosilica
nanocapsule and
nanoparticle

~300 3950 and 251000 RAW264.7 no report 45

Higher uptake for nanoparticles with intermediate elasticity

DEA-HEMA hydrogel
spheres

~170
18, 35, 136, and

211
RAW264.7 10% FBS 46

PGA-CpG nanocapsule ~1300 2.5–22.5 PBMCs cell 10% FBS 47

Negligible influence of nanoparticle elasticity on cellular uptake

PEGMA/GMA
cylindrical polymer

brushes
~1200 No report RAW264.7 10% FBS 48
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Supplementary Table 3. Compositions of the hydrogel precursor solutions used for

preparing nanogel@lipid particles.

Sample Monomer
(w/v)

Cross-linker
(w/v)

Photoinitiator
(w/v)

75kPa@lipid 10% 1% 0.1%

100kPa@lipid 10% 3% 0.1%

188kPa@lipid 10% 5% 0.1%

350kPa@lipid 20% 1% 0.1%

700kPa@lipid 20% 5% 0.1%

1400kPa@lipid 40% 3% 0.1%

1700kPa@lipid 40% 5% 0.1%

Supplementary Table 4. The values for Young’s modulus of empty liposomes.

Composition Young’s Modulus
(kPa) Ref.

DSPC/CHOL/DSPE-PEG2000 40 49

DOPC 45 50

Egg-PC 1970 51

DOPC 13000 52

DOTAP/glutaryl PE/Tween 80 650 53

DSPC/DSPG/CHOL 1500

54DPPC/DPPG/CHOL 1200

DOPC/DOPG 500
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Supplementary Table 5. The values for Young’s modulus of cells.

Cell Young’s modulus
(kPa) Ref.

Platelets 1-50 55

Fibroblasts 5 56

Neutrophils 1.548 57

RBCs 26 ± 7 58

Hepatoma cells 34.137 59

Hu609 12.9 ± 4.8
60BC3726 1.4 ± 0.7

Hu456 0.4 ± 0.3

Stimulated macrophages 0.29
61

Resting macrophages 0.83

Living undifferentiated adipose-derived stem cells 1.27
62

Dead undifferentiated adipose-derived stem cells 18.61
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Supplementary Table 6. The summary of the surface charge core-shell nanoparticles.

Composition Zeta-potential (mV)
Ref.

core shell core core-shell
NP shell

polystyrene NP a
DPPC

-58
-40 -3

63
DPTAP 22 62

AuNR b DPPC/DPPG 54.1 27.4 -19.2
64

AuNP DPPC/DPTAP -27.33 -9.87 13.78

ZnO NP DOPC 26 1.3 -15 65

Fe3O4 NP
Cancer-erythrocyte
hybrid membrane -31.23 -24.54 -19.28 66

PCL-PEG c NP Neutrophil membranes -11.3 -13.6 -17.3 67

SiO2 NP
(d: 100nm)

DMPC

-42.1 -22.4

0.082 68
SiO2 NP

(d: 40-50nm)
-39.2 -13.3

PLA d NP
Platelet membrane

-31.87 -33.03 the
same
(N.D)

8
PLANP-R848 e -28.7 -28.2

Escherichia coli
Nissle 1917

DOPA

-38.4 -28.1 the
same
(N.D)

9
S. aureus -32.4 -19.6

E. faecalis -28.8 -17.9

a NP denotes nanoparticle; b NR denotes nanorod; c PCL-PEG denotes

polycaprolactone-poly(ethylene glycol) block copolymer; d PLA denotes polylactic

acid nanoparticle; e R848 represents resiquimod; N.D. denotes ‘not defined’.
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Supplementary Table 7. Qualitative relationships between changes in nanomaterial

surface charge and the parameters of the resulting protein corona.

Parameters of the protein corona

Density/
thickness

Identity/
quantity

Conformational
change Affinity

↑ Surface Charge density Increase No change Increase Increase

Supplementary Table 8. The summary of circulation time of liposomes.

Liposome t1/2 circulation clearance
lifetime (h) Ref.

EPC/CHOL/PEG-PE 5 69

PEG-SPC/CHOL 8.55 70

HSPC/CHOL/DSPE-mPEG 7.7 71

HSPC/Chol/PEG 2.17, 7.3, 7.87, 10.04 72

HSPC/CHOL/DSPE-mPEG 12.8 73

DOPE/DSPE-PEG 2.67 74

DOPC/DSPE-PEG2000 6.2 This work
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Supplementary Table 9. The circulation reports of empty liposome and lipid

bilayer-coated nanoparticles in one work.

Nanoparticle Circulation clearance
lifetime (h) Ref.

Liposome (DSPC/Chol/DSPE-PEG2000) 8.7
23

Lipid-coated mesoporous silica nanoparticle 11

Liposome (DSPC/Chol/DSPE-PEG2000) ∼3.3 24

Supplementary Table 10. Summary of elasticity region of the particles chose to

study the relationship of elasticity and blood circulation in literature.

Elasticity Nanoparticle Ref.

Region I discoidal polymeric nanoconstructs 40

Region III
zwitterionic nanogels 39

silica nanocapsules 42

Regions I and II hydrogel microparticles 41

Regions I and III PEG-based hydrogel nanoparticles 38
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Supplementary Table 11. The previous works in which ApoA1 proteins appeared in

the protein corona of particles.

Nanoparticle Ranking of
ApoA1

Roles of ApoA1 in
protein corona Ref.

Silica nanoparticles 1
Decrease cellular uptake,
relieve cytotoxicity and
proinflammatory effect

75

PEGylated graphene
oxide coated gold

nanorods
1

Decrease macrophage
uptake and prolong
circulation lifetime

76

Polystyrene
nanoparticles N.D. Decrease cellular uptake 77

Graphene nanoflakes N.D.
Mediate cellular uptake
through recognition of
SR-B1 receptor

78

75-700kPa@lipid 1

Function as a
dysopsonic protein and
prolong circulation
lifetime

This work

*N.D. denotes ‘not defined’.

Supplementary Table 12. Summary on the sizes (d) of nanoparticles filtered by

major organs.

Organ Clearance Accumulation Ref.

Renal clearance d: < ~5 nm 79

Hepatic clearance d: 10-20 nm d: 100-200 nm 80, 81

Splenic filtration d: >200 nm 82, 83

Capillaries of lung d: 2-5 µm 84
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Supplementary Table 13. Nanoparticles covered in Region II of Figure 2c.

Nanoparticle Composition Ref.

Red Blood Cell
Mimics Hydrogel
(5.2–5.9 μm in
diameter and

1.22–1.54 μm tall)

HEA a/PEGDA b 41

Discoidal Polymeric
Nanoconstructs

(∼1000 nm in diameter
and ∼400 nm tall)

PLGA c/PEGDA/lipid-DOTA 40

liposomes

HSPC/Chol (3:1)
73

HSPC/Chol/DSPE-mPEG-2000
(3:1:1)

liposomes PC/Chol/PEG-PE (1:1:0.16) 69

liposomes SPC/Chol/PEGylated UA d

(50:8:5)
70

liposomes DOPE/CHEMS e (1.5:1) 74

liposomes HSPC/Chol/DSPE-PEG-2000
(57:38:5)

71

liposomes HSPC/Chol/PEG 72

a HEA denotes 2-hydroxyethyl acrylate; b PEGDA denotes poly(ethylene glycol)
diacrylate; c PLGA denotes poly(D,L-lactide-co-glycolide); d UA denotes ursolic acid;
e CHEMS denotes cholesteryl hemisuccinate.



22

Supplementary Figures

Supplementary Figure 1. Schematic illustration on the photo-polymerization of

acrylamide (AA, the monomer) and N,N’-methylenebis (acrylamide) (MBA, the

crosslinker) due to activation of Irgacure 2959 (the photo-initiator) upon irradiation

with ultraviolet (UV) light.
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Supplementary Figure 2. a Schematic illustration on the distinction in changes

brought by Triton X-100 treatment to liposome versus nanogel@lipid particles. b The

distributions of hydrodynamic diameter by number of particles for our liposome and

nanogel@lipid particles before (black) and after (red) treatment with Triton X-100. c

Photographs of the flashlight-illuminated dispersions of liposome and 75kPa@lipid

before and after treatment with Triton X-100.

Supplementary Figure 3. The relationship between compressional force versus the
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observed deformation of the bulk gels which were prepared with corresponding

hydrogel precursor solutions used for preparing our nanogel@lipid particles.

Supplementary Figure 4. Characterizations on PLGA@lipid. a TEM images of

PLGA nanoparticle (left) before and (right) after coating with a lipid bilayer. For each

sample, microscopy images were taken in ≥5 different microscopy fields of view, and

consistent results were observed. Scale bar = 100 nm. b The average hydrodynamic

diameter and c average zeta-potential of PLGA@lipid, with those of bare PLGA

nanoparticle and liposome included as references. Bar heights are reported as mean ±

standard deviation (n = 3 independent experiments).
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Supplementary Figure 5. The surface chemistry of both lipid or cellular membrane

vesicles and lipid or cellular membrane coated nanoparticles are same, but they are

different in zeta-potential due to the contribution of the particle core to partially

screen the charges on the outermost layer of the particle.

Supplementary Figure 6. Cryo-electron microscope (Cryo-EM) images of our (top)

188kPa@lipid and (bottom) 700kPa@lipid nanoparticles (left) on the 1st day after

being dispersed into PBS, (middle) after treatment with Triton X-100, and (right) after
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7-day incubation in fetal bovine serum (FBS)-supplemented phosphate buffered saline

PBS (v./v., 50%). White arrows indicate the locations of the lipid bilayers, and red

arrows indicate small micellar particles composed of lipids peeled off our core-shell

structured nanoparticles. (Inset) Schematic illustrations on nanoparticles respectively

present in the corresponding dispersion samples. For each sample, microscopy images

were taken in ≥5 different microscopy fields of view, and consistent results were

observed. Scale bar = 50 nm.

Supplementary Figure 7. Calibration curves on the relationship between a

nanoparticle’s fluorescence intensity at 680 nm versus DiD concentration for our

DiD-labeled nanoparticles.
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Supplementary Figure 8. Blood retention profiles of our PEGylated model

nanoparticles (DiD-labeled) in healthy ICR (CD-1) mice from two independent trials

(n = 3 biologically independent mice in each independent trial).



28

Supplementary Figure 9. The clearance half-lives of liposome and lipid coated stiff

nanoparticles in literatures.

Supplementary Figure 10. Calibration curves on the relationship between a

nanoparticle’s fluorescence intensity at 569 nm versus Dil concentration for our
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Dil-labeled nanoparticles.

Supplementary Figure 11. Calibration curve on the relationship between

nanoparticle’s absorbance at 595 nm versus concentration of bovine serum albumin

(BSA), used quantifying protein amounts with a Bradford kit.

Supplementary Figure 12. Results from trial 2 on protein corona over our

PEGylated model nanoparticles. a-c Classification of corona proteins according to

(a) molecular weight, (b) calculated isoelectric point (pI), and (c) physiological

functions. d-j Comparison on the distribution of the relative abundance in corona of

trial 1 and trial 2 for our PEGylated nanoparticles.
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Supplementary Figure 13. Results from trial 2 on protein corona over our

PEGylated model nanoparticles. a Heat map of the most abundant proteins in

protein coronas of our nanoparticles. b-l Comparison on the distribution of the

relative abundance in corona of trial 1 and trial 2 for our PEGylated nanoparticles for

a protein which exhibited a relative abundance of >5% on at least one nanoparticle.
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Supplementary Figure 14. Comparison on the ranking of ApoA1 in protein coronas

of our nanoparticles as well as in those of PEGylated liposomes and PEGylated lipid

bilayer-coated stiff-nanoparticles in prior reports.
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Supplementary Figure 15. Plots on the relationship between the relative abundance

in corona of PEGylated lipid coated nanoparticles versus their blood clearance

half-lives , from which Pearson’s correlation coefficient r between relative abundance

in corona and nanoparticle blood clearance half-life was calculated for a specific

protein with a relative abundance >5% on any particle. Data on protein corona content

are from trial 1.
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Supplementary Figure 16. Plots on the relationship between the relative abundance

in corona of PEGylated lipid coated nanoparticles versus their blood clearance

half-lives, from which Pearson’s correlation coefficient r between relative abundance

in corona and nanoparticle blood clearance half-life was calculated for a specific

protein with a relative abundance >5% on any particle. Data on protein corona content

are from trial 2.
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Supplementary Figure 17. Pearson’s r between the relative abundance in corona and

nanoparticle cellular uptake of a adherent RAW264.7, b adherent Ana-1 and c

suspended Ana-1 for proteins which exhibited a relative abundance of >5% on at least

one nanoparticle.

Supplementary Figure 18. Characterizations on PLGA@lec. a TEM images of

PLGA nanoparticles (left) before and (right) after coating with a lethicin (lec) bilayer.



35

For each sample, microscopy images were taken in ≥5 different microscopy fields of

view, and consistent results were observed. Scale bar = 100 nm. b The average

hydrodynamic diameter and c average zeta-potential of PLGA@lec nanoparticle, with

those of the lec liposome and bare PLGA nanoparticle included as references. Bar

heights are reported as mean ± standard deviation (n = 3 independent experiments).

Supplementary Figure 19. Results from trial 2 on protein coronas over our

PEG-free model nanoparticles. a-c Classifications of corona proteins according to

(a) molecular weight, (b) calculated isoelectric point (pI), and (c) physiological

functions for our PEG-free nanoparticles. d Heat map of the most abundant proteins

in the coronas on our PEG-free nanoparticles. e Comparison on the distribution of the

relative abundance in coronas on our (top) PEGylated and (bottom) PEG-free

nanoparticles for proteins which exhibited a relative abundance in corona of >5% on

at least one nanoparticle.
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Supplementary Figure 20. The average hydrodynamic diameter of 75kPa@lipid

nanoparticle prepared by extruding hydrogel precursor solution-preloaded liposome

(DOPC : DSPE-PEG2000 = 90 : 10) through polycarbon nucleopore membrane with

400-nm pores followed by photo-polymerization. That of liposome (DOPC :

DSPE-PEG2000 = 90 : 10) prepared by extruding through polycarbon nucleopore

membrane with 400-nm pores was included for comparison. Bar heights are reported

as mean ± standard deviation (n = 3 independent experiments).
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