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Supplementary characterization of SNCs

1). DLS results of unmodified and PEG-modified SNCs

(a) Size, PDI and { potential of unmodified SNCs (values are means, n = 3).
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(b) Size, PDI and { potential of the softest and stiffest, PEG-modified SNCs
(values are means, n = 3).
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Fig. S1. DLS results of (a) unmodified and (b) PEG-modified SNCs.



2). Supplementary TEM micrographs for SNCs
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Fig. S2. TEM images of SNCs made by TEVS/TEOS mixtures with different molar

percentage of TEOS. Scale bars = 200 nm.



3). Measurement of SNC mechanical property using AFM

The mechanical properties of SNCs were measured in using the force mapping
technique of liquid phase AFM. Force—indentation curves of SNCs were obtained and
fitted using Hertzian contact model to calculation their Young’s moduli. The purple
and black colored areas in the Young’s modulus maps represent the false fitting

results of the mica substrates as force—indentation curves had very high gradient (Fig.

(a) 0% TEOS ) 5% TEOS 10% TEOS (b) -
Height -
profile *

maps
- —0%
—5%
10%

4 N .- : TSR b 0 20 a0 60 g0 ~ 20%
Young's *‘J‘ = y { o, PP \ Indentation [nm] —40%
modulus ‘ o i Lo “ z —100%
maps s wrd /
e ™ S \"
: Y8
20% TEOS
()
i 150N+
Height -
profile * ; - . 10+
maps i -, E 5
‘ g
5 E 0
- ; =
af 71 5
Young's %, [
- -10 T
modulus ‘,::_"L Sl -20nm -10 0 10 20
maps g w )
st a < Indentation [nm]

WP b

Fig. S3. (a) AFM height profile maps and Young’s modulus maps of the SNCs.
Purple and black colored areas represent false fitting results of the mica substrates. (b)
Representative force—indentation curves of SNCs prepared using TEVS/TEOS
mixtures having different percentages of TEOS. (c) A representative force—

indentation curve of mica substrate.



Quantification of PEG density on the surfaces of SNCs

1). Experimental method for PEG density quantification

The PEG density on the surface of modified SNCs was quantified using a
spectrophotometric method reported previously (Fig. S4a) (41), in which the
conjugation density of mPEG-NHS on protein nanocages was measured using
fluorescence density by replacing mPEG-NHS with fluorescently labelled FITC-PEG-
NHS. Following this method, in the current work, prepared SNCs were surface-
modified with 7.2 mM of mPEG-NHS and 0.8 mM of FITC-PEG-NHS for 16 h at
4 °C in HEPES buffer (25 mM, pH 7.5). After surface modification, the particle
concentrations of SNCs were determined by NanoSight and the SNCs were
centrifuged (21885 xg, 20 min) and washed twice and collected by centrifuge (21885
xg, 20 min). The SNC pellet was then dissolved in Tris-base buffer (1 mM, pH 10) to
decompose the SNCs. The obtained solution containing FITC-PEG was then diluted
by a factor of 10, with its fluorescence intensity measured using a microplate reader
(Infinite M200 PRO, Tecan, Mannedorf, Switzerland). The fluorescence intensity was
then used to determine the concentration of FITC-PEG using a fluorescence intensity—
concentration standard curve of FITC-PEG in the Tris-base buffer (1M, pH 10) (Fig.
S4b). Fig. S4c displays the fluorescence intensity change of 50 and 500 nM of FITC-
PEG-NHS solution in HEPES buffer (25 mM, pH 7.5) at 4 °C (which is the condition
of the PEGylation reaction) over 24 h, with no obvious fluorescence change observed,
meaning that the fluorescence intensity of FITC-PEG did not change significantly

during the 16 h PEGylation.



2). NanoSight technique for quantifying the particle concentrations of SNCs

The particle concentrations of SNCs were determined by nanoparticle tracking
analysis (NTA) using a Malvern NanoSight NS300 (ATA Scientific PTY LTD, Taren
Point, Australia). The SNCs were diluted to a concentration range of 50 to 150

particles per frame to ensure the accurate measurement.
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Fig. S4. (a) Experimental processes for determining the PEG density on SNC surface:
1) NHz-functionalized SNCs were coated with PEG and FITC-PEG (10% molar
percentage); ii) the concentrations of SNCs were measured using NanoSight; iii)
surface modified SNCs were washed and collected, followed by iv) dissolving the
SNCs using Tris-base buffer (1M, pH 10); v) the solution containing fluorescent
FITC-PEG molecules was diluted by a factor of 10, with its fluorescence intensity
measured. (b) Standard curve of the FITC-PEG-NHS in Tris-base buffer solution (1M,
pH 10). (c) Fluorescence intensity change of 50 and 500 nM FITC-PEG-NHS at 4 °C

for 24 h in HEPES buffer (25 mM, pH 7.5).



Table S1. Quantification of PEG density on the surface of SNCs.?

Molar percentage of TEOS 0 5 10 20 40 100
Fluorescence intensity 32826 34047 34482 36180 36358 35653
FITC-PEG concentration [nM] 773.5 801.9 812.0 851.5 855.7 839.3
Total PEG concentration® [uM] 77.4 80.2 81.2 85.2 85.6 83.9
SNC concentration® [10'%/mL] 46.0 53.9 54.5 53.6 47.6 46.6

Surface PEG density? [molecule/nm?]  0.94 0.83 0.82 0.88 0.96 0.89

a\/alues are means;
bThe overall PEG concentration is 10 times of the FITC-PEG concentration;

“The concentrations of SNCs were determined by nanoparticle tracking analysis using

NanoSight;
9The surface PEG density of SNCs was calculated based on function:

Number of PEG molecules
Number of SNCs X Surface area of one SNC (A)

Surface PEG density =

Where the surface area of SNC (A) was calculated based on function:
A=m -d?

Where d is the z-averaged diameter of unmodified SNCs.



Interactions between the SNCs and cells
1). Re-arranged cellular uptake data of SNCs by RAWZ264.7, MCF-7 and

SKOV3 cells

Our previous study compared the cellular uptake of two types of SNCs having very
low (~700 kPa) and very high (9.7 GPa) Young’s moduli for their macrophage uptake
by RAW264.7 cells, and their non-specific and ligand-receptor mediated tumor cell
uptake by MCF-7 and SKOV3 cells (Fig. S5a) (16). The macrophage uptake of the
soft SNCs was much lower than the stiff ones for both PEG-modified and FA-PEG-
modified SNCs, whereas the uptakes of PEG-modified SNCs by both SKOV3 and
MCF-7 tumor cells were independent of their stiffness. But the receptor-mediated
uptake of stiff FA-PEG-modified SNCs by the FR-positive SKOV3 cells was much
higher than that of the soft ones, whereas they displayed similar uptake in FR-

negative MCF-7 cells.
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Fig. S5. Re-arranged data for the cellular uptake of PEG- and FA-PEG-modified, soft
(700kPa) and stiff (9.7 GPa) SNCs by RAW264.7, MCF-7 and SKOV3 cells (16). (a)
Schematic illustration showing different types of SNC-cell interactions. (b)
Macrophage uptake of SNCs by RAW264.7 cells. (c) Uptake of SNCs by MCF-7
cells and (d) SKOV3 cells. (e) Cellular binding of the PEG-modified softest (0%

TEQS, 560 kPa) and stiffest (100% TEOQOS, 1.18 GPa) SNCs to SKOV3 cells.



Morphological change of SNCs during receptor-mediated interactions with cells

Fig. S6. TEM images showing the morphological change of FA-PEG-modified
stiffest and softest SNCs during FR-mediated interactions with SKOV3 cells. (a)
Stiffest SNCs (100% TEQOS): (i)-(v) on cell surface; (v) and (vi) in endosome. (b)
Softest SNCs (0% TEOS): (i) and (ii) on cell surface; (iii) and (iv) during

internalization; (v) in endosome; (vi) in lysosome. Scale bars = 200 nm.



Dlmensmn ratio
Sample No. Short axis/nm {[onig axis/shott axis)

1 159.49 108.08 1.476
2 126.75 106.16 1.194
3 113.21 84.24 1.344
4 150.22 102.97 1.459
5 11579 83.35 1.389
6 113.97 80.42 1.417
7 180.91 133.42 1.356
8 132.76 100.03 1.327
9 145.98 104.14 1.402
10 122.81 89.35 1.374
Ave.+S.D. 136.19+22.49 99.22 +15.85 1.374+0.08

(b)
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Fig. S7. Axis dimension ratio of the softest SNCs during (a) cellular binding and (b)

internalization. Data are measured using NanoMeasurer software (v. 1.2.0).



Morphological change of SNCs during macrophage uptake and non-specific

cancer cell uptake

@ )

Fig. S8. TEM images showing the morphological change of the FA-PEG-modified

softest SNCs (0% TEOS) (a) during macrophage uptake by RAW264.7 cells. (i)-(v)
during internalization; (vi) after being internalized (in phagosome); and (b) during
non-specific interaction with SKOV3 cells. (i) and (ii) on cell surface; (iii) and (iv)

during internalization.



Theoretical calculation demonstrating the ability of cells to deform the softest

SNCs in cellular uptake
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Fig. S9. Soft nanocapsule upon radial compression induced by inward pushing
force (red arrows) exerted by the actin network underneath the cell membrane.
The deformed soft nanocapsule in cellular uptake is modelled as a hollow elastic
capsule with a thin elastic shell confined in a rigid cylindrical tube undergoing radial
shrinking. (a) The normalized force per contact circumference F=dW/d[z(ro-Ar)?] as a
function of the normalized radius change Ar/ro of the shrinking cylindrical tube. Insets:
total free energy W as a function of Ar/ro (upper left); equilibrium nanocapsule shapes
at Ar=0 (dashed line) and 0.2ro (solid line) (lower right). (b) Selected equilibrium

configurations of deformed nanocapsules at different values of Ar/ro.

Fig. 3d in the main text and Fig. S9 demonstrate that soft nanocapsules adopt a shape
of prolate spheroid in the middle stage of the clathrin-mediated endocytosis and
phagocytosis. Here we propose a minimal biophysical model to analyze the
mechanical behavior of the wrapped nanocapsule upon the inward pushing force from

actin polymerization in a ring surrounding the wrapped region. In the case of soft



nanocapsules, the actin network around the wrapped region is modelled as a rigid
cylindrical wall with the capsule confined therein. The bending energy of the thin
elastic shell of the wrapped capsule is modeled using the Helfrich energy as W=2«
[H2dA (34), where «, H, and dA are the bending rigidity, mean curvature, and area
element of the capsule shell, respectively. In the axisymmetric configuration of our
interest, we have H=(dw/ds+siny/r)/2 with w, r, and s as the tangent angle, r-
coordinate, and arclength of the capsule profile, respectively. The arclength s
originates from the south pole of the capsule (Fig. S9a). The surface area of the
capsule is fixed at A=47r¢%. Introducing the tangent angle y of the capsule profile, the
bending energy W can be expressed as a function of y with the help of geometric
relations dr/ds=cosy and dz/ds=siny. Using a representation based on the cubic B-
spline function, w can be approximated in a form as y(s)=2aiNi(s) (i=0,...,n), where
the control points ai as the coefficients of the basic functions Ni(s) are determined
numerically using the interior-point method in constrained nonlinear numerical
optimization to minimize the bending energy W of the deformed capsule (42). An
inequality constraint on the maximum of the r-coordinate of the capsule profile (r<ro—
Ar) is employed to prevent the penetration of the capsule by the shrinking cylinder. At
a given Ar/ro, the tangent angle y and corresponding capsule configuration associated
with the minimum energy state can be determined. Then the force per contact

circumference F=dW/d[z(ro—Ar)?] is obtained numerically.

Fig. S9 indicates that the force F and bending energy W increase as Ar increases,
where Ar represents the radius change of the shrinking cylindrical tube. The shapes of

selected nanocapsules at different values of Ar/ro are given in Fig. S9b.

Fig. S9 shows that the capsule radius ro is around 100 nm and the shell thickness h is

around 10 nm, from which we know that the capsules can be described as thin shells



(h/ro<<1). Based on the indentation analysis, we can determine the Young’s modulus
Es of the capsule shell (Es here is the Young’s modulus of the nanocapsule shell
material, instead of the effective Young’s modulus of the nanocapsule reported in the
manuscript) using the Reissner theory (43) for thin-shelled capsules as

£ ,\/3L-v?) F

° 4h? 5

where F is the indentation force, ¢ is the indentation depth, and v is the Poisson ratio
of the shell. For the softest silica nanocapsule (0% TEOS) with h/ro=0.1 and v=0.3 as
taken, we have Es=1.59x107 N/m? by fitting the equation above with the F-J curve in
Fig. S3b. The effective bending stiffness of the capsule shell is given by

E.h°
K=—"—-,
12(1-v?)

and we have x =350 ksT for the softest nanocapsule.

The polymerization of a single actin filament can generate pushing force f ~1.5 pN
(44). The diameter D of the area to which the active pushing force associated with a
single actin filament is applied falls in a range of 2 nm~7 nm (45). The average

intensity of pushing force exerted by actin filaments f/(zD?/4) could be in a range of

3.9x10* N/m? to 4.77x10° N/m?,

Theoretical results in Fig. S9 indicate that Fro?/x ~250 at Ar/ro=0.2. Taking x =350
keT for the softest nanocapsule, ro=100 nm, and assuming the height of the contact
region is comparable to ro, we can determine the pushing force intensity as
F/ro=3.6x10° N/m?, falling in the range of f/(zD?/4) estimated above. In other words,
the cells are able to generate the pushing forces necessary for the softest nanocapsule

deformation.
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