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Abstract

Intracellular delivery of proteins is a promising strategy for regulating cellular behavior and
therefore has attracted interest for biomedical applications. Despite the emergence of various
nanoparticle-based intracellular delivery approaches, it remains challenging to engineer a versatile
delivery system capable of responding to various physiological triggers without the need for
complex chemical synthesis of the delivery system. Herein, we develop a template-mediated
supramolecular assembly strategy to synthesize protein—polyphenol nanoparticles (NPs) capable
of endosomal escape and subsequent protein release in the cytosol. These NPs are stable in serum
and undergo surface charge reversal from negative to positive in acidic environments, leading to

spontaneous endosomal escape. In the cytosol, endogenous small peptides and amino acids with



relatively high charge densities, such as glutathione, trigger NP disassembly through competitive
supramolecular interactions, thereby releasing functional bioactive proteins, as validated using
cytochrome C and B-galactosidase. The versatility of the present strategy in terms of nanoparticle
size, protein type, and functional protein delivery makes this a promising platform for potential
application in the field of protein therapeutics.
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glutathione

The delivery of proteins to intracellular targets has emerged as an attractive strategy in
biomedicine and biotechnology owing to the higher specificity and relatively lower side effects of
proteins when compared with genetic or small-molecule therapeutics.! However, native proteins
generally display limited access to cells, as well as high clearance and low stability in the blood
stream, which collectively reduce their potential for efficient intracellular delivery.? Conventional
approaches for intracellular protein delivery include the chemical modification of proteins with
cell-penetrating peptides or other ligands,** the complexation of cargo proteins with carriers, such
as polymers, liposomes, and nanoparticles,””’ the genetic engineering of the protein systems

8,9

themselves, for example with protein transduction domains,”” or membrane disruption methods

such as microinjection or electroporation.®

Among these techniques, polymer-mediated
intracellular protein delivery is particularly promising owing to the ease of protein
functionalization and the overall effectiveness of intracellular delivery.®!"'? For example, cationic

polymers have been used as carriers for protein translocation'? and fluoropolymers have been used

to encapsulate proteins for intracellular delivery.'* However, concerns still remain regarding the



binding affinity of polymers with diverse proteins and the overall safety of some polymer
conjugates.®!3

Advances in nanotechnology have enabled the development of a number of nanoparticle-based
systems that can effectively deliver specific proteins, however, these often involve complex
synthesis routes.!>"!7 Efficient and versatile intracellular protein delivery requires nanoparticles
(NPs) to (i) accommodate various proteins, (ii) be stable in serum, (iii) enter cells and escape

1.'® However,

endosomal compartments, and (iv) release intact functional proteins in the cytoso
few approaches have emerged that can fulfill all of these requirements. Furthermore, an alternative
to synthesizing NPs with increasing complexity would be to identify simple and readily available
building blocks that are capable of assembling with proteins through various adaptable
supramolecular interactions.'® Previous noncovalent strategies for intracellular delivery have been
demonstrated such as those based on the commercially available Chariot peptide (Pep-1, Pep-2)
for protein transduction?® or pyrenebutyrate treatment for membrane translocation of peptides or
quantum dots.?!?> These examples demonstrate the promise of supramolecular interactions for
engineering NPs as carriers for the intracellular delivery of native proteins.

We recently reported the templated assembly of microcapsules from various proteins with
polyphenols via diverse supramolecular interactions and demonstrated that the assembly process
did not inhibit the functionality of the proteins.?* Devising future synthesis strategies based on the
identification of suitable NP templates is expected to allow for the formation of protein-based NPs
with suitable sizes and functionalities useful for intracellular protein delivery. Herein, three
therapeutic proteins (cytochrome C (CYC), immunoglobulin G (IgG), and B-galactosidase ($-Gal))

are examined and assembled with tannic acid (TA) on sacrificial mesoporous silica (MS) NP

templates to form protein—polyphenol NPs, which are obtained after template dissolution (Scheme



la). These protein—TA NPs are stable in both serum-containing media and human plasma for more
than 1 week and can be readily internalized in cells. The diameters of the NPs are tunable, as they
are determined by the diameters of the template particles. Importantly, the protein—TA NPs can
escape endosomal compartments, as acidic environments such as those present in endosomes (pH
4.5-7.0) trigger a surface charge reversal on the NPs.?* Finally, upon reaching the cytosol,
functional protein is released when intracellular glutathione (GSH, 1-11 mM in the cytosol®)
triggers supramolecular disassembly of the NPs via the formation of competitive noncovalent
interactions with both the protein and TA (Scheme 1b). Specifically, CYC-TA NPs can induce
cell apoptosis after incubation for 48 h and B-Gal-TA NPs can induce catalytic hydrolysis inside
cells. This robust protein—TA NP assembly strategy provides opportunities for the development of
protein delivery vehicles.

Scheme 1. Supramolecular Assembly of Protein—TA NPs and Intracellular Protein Delivery.

a i

e,

1. Protein Template
L.

”~
2. Tannic acid ~ Removal
=

Protein—polyphenol NP

Extracellular space
{pH 7.4)

Endosome
(acidic, pH < 7)

pH-mggered\’ J

charge reversal

Endosomal

B . GSH-triggered

N e NP disassembly o
& el - Ll
y ':\-%
-, % F

2" i Cyt

osol
3 N (endogenous tripeptide, GSH)
Cytosolic protein release m;




aSchematic of the supramolecular assembly of a protein—-TA NP on a sacrificial template
(mesoporous silica, MS). ®Scheme depicting intracellular protein delivery from a protein—
polyphenol NP.

Results and Discussion

Protein—TA NPs were synthesized via the self-assembly of a protein and TA on sacrificial MS
NPs (Scheme 1a and Figure S1). First, the protein was incubated with MS NPs for 12 h, and after
washing off excess protein, TA was used to “cross-link” the protein via noncovalent interactions.
Stable protein—polyphenol NPs were obtained after template removal with hydrofluoric acid. CYC
was chosen as a model protein for investigating the physicochemical parameters and therapeutic
efficacy of the polyphenol-TA NPs because it can only induce cell apoptosis via mitochondrial
affinity after entering the cytosol.?® After template removal, CYC-TA NPs in solution displayed a
hydrodynamic size distribution similar to that of the MS template (Figure 1a), centered at ~250
nm. Atomic force microscopy (AFM) measurements showed that the CYC-TA NPs were smaller
(i.e., ~120 nm) owing to the air-drying process (Figure 1b and Figure S2), suggesting the soft
nature of the NPs. A similar degree of shrinkage was observed from both transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) analyses (Figure 1¢ and Figure S3).
The UV—vis spectra of the CYC-TA NPs featured the heme group peak at 410 nm, similar to that
observed in free CYC (Figure 1d), and the circular dichroism spectra of CYC-TA NPs and free
CYC also indicated the preservation of protein structure after assembly (Figure S4). The present
strategy was applicable to various proteins of different sizes and isoelectric points (pls), as
exemplified from the successful preparation of IgG-TA NPs and B-Gal-TA NPs (Figure le, f).
Owing to the higher molecular weights of IgG (~150 kDa, pl 8.0) and B-Gal (~430 kDa, pI 5.0)
compared with that of CYC (~12 kDa, pI 9.8),%” the air-dried IgG-TA NPs and B-Gal-TA NPs
displayed denser morphologies and larger diameters (Figure S5), indicating that careful choice of

the protein affords tuning of the physical properties of the protein—TA NPs. In addition, the size



of the protein—TA NPs could be varied according to the size of the MS template (Figure S6),
allowing for better size control of NPs in contrast with the template-free self-assembly of these
similar protein—-TA complexes (Figure S7). Collectively, the control afforded by the present
strategy Vvia tuning of the physicochemical properties of the NPs (e.g., size, density) presents a
viable route to modulate the bio—nano interactions of NPs.?® Importantly, the various structures
(tertiary or quaternary) and functional side chains of proteins not only affect the binding ratio of
protein and TA (Figure S8) but also govern the different interactions between proteins with TA

(Figure S9), which allows for the design of NPs capable of responding to diverse physiological

environments.
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Figure 1. (a) Size distribution profiles of MS NPs (template) and CYC-TA NPs measured in
aqueous solution. (b) AFM and (c¢) TEM analyses of CYC-TA NPs. (d) UV—vis spectra of CYC—

TA NPs, CYC, and TA. (e, f) TEM images of IgG-TA and B-Gal-TA NPs.

Figure 2a shows the pH-responsive surface charge reversal nature of the CYC-TA NPs,

transitioning from negative to positive as the pH is switched from pH 6 to pH 5. This charge



reversal is likely due to the protonation of a single hydroxyl moiety in each galloyl group as CYC
(pI 9.8) is positively charged at the pH values examined (4.5-7.4).% Other protein—TA NPs (IgG
and B-Gal) also exhibited charge reversal but this occurred at pHs related to their pls (Figure S10).
Negatively charged NPs are considered to perform better (i.e., they display less nonspecific
binding and clustering) in the extracellular environment (pH 7.4).%° In contrast, positively charged
materials have a higher tendency to escape the acidic intracellular compartments (pH 4.5-5.5) that
internalize NPs.3! The surface charge of the CYC-TA NPs was negative at pH 7.4, likely due to
the presence of the phenolic groups on the surface of the NPs, which conferred colloidal stability
to the NPs. As confirmed from the dynamic light scattering (DLS) analysis, aggregation or
disassembly of the CYC-TA NPs was not observed following incubation for 192 h in diverse
media, i.e., phosphate buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS), human plasma, and different pH solutions (Figure 2b, c¢). To
validate endosomal escape of the NPs, fluorescein isothiocyanate (FITC)-labeled CYC-TA NPs
were incubated with HeLa cells for 4 or 24 h and their intracellular distribution was examined.
Generally, a portion of the internalized CYC-TA NPs were not colocalized with acidic
compartments such as the endosomes and lysosomes at 4 h (Figure S11), as indicated from the
relatively low Pearson’s correlation coefficient R value of 0.28 £ 0.03 (Figure S12), where the R
value ranges from 1, when the green and red fluorescence signals are 100% linearly correlated (i.e.,
colocalization), to 0% when the signals have no correlation (i.e., endosomal escape).*>** After 24
h incubation with NPs, the cells displayed diffuse green fluorescence, suggesting both endosomal
escape and intracellular disassembly of the NPs (Figure 2d), which are in agreement with
electroporation results using free CYC (Figure S13). Additionally, calcein leakage assays of cells

treated with CYC-TA NPs confirmed that the NPs could destabilize endo/lysosomal membranes



(Figure S14).3* In contrast, MS NPs loaded with FITC-CYC did not escape from endosomes even
after incubation for 24 h, which demonstrated the important contributions of TA in regards to the
endosomal escape of CYC-TA NPs (Figure S15). FITC-labeled [gG—TA NPs also escaped from
endo/lysosomes as validated by CLSM images after 4 h (Figure S16). These results suggest that
NPs self-assembled from simple and natural building blocks, without complex chemical

modification, can successfully escape the endosome, a requirement for intracellular protein

release.’’
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Figure 2. (a) Charge reversal of CYC-TA NPs assessed by microelectrophoresis (i.e., zeta-
potential) measurements at different pH. (b) Stability of CYC—TA NPs in different media assessed
by monitoring the diameter of the NPs for 192 h by DLS. (c) Size distribution of CYC-TA NPs as
a function of pH. (d) Confocal laser scanning microscopy imaging of a LysoTracker colocalization

assay performed in HeLa cells after incubation for 24 h with FITC-labeled CYC-TA NPs. Scale

bars: 10 um.
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Figure 3. (a) SDS-PAGE analysis of supernatants released from the incubation of CYC-TA NPs
with 10 mM GSH for 4 h and 24 h or with 1x PBS for 24 h. The positive control was free CYC.
(b) Percentage of CYC released from CYC-TA NPs after incubation for 4 h with GSH (10 mM),
GSSG (5 mM), Lys (10 mM), Glu (10 mM), Gly (10 mM), or Cys (10 mM). The corresponding
chemical structures are also shown. The experiments were performed in triplicate and expressed
as mean * standard deviation (SD) (n = 3). **P <0.01 with 95% confidence level from the unpaired
t-test. (c, d) Changes in the size distribution profiles of CYC protein or TA molecule after mixing
with GSH. [CYC]=0.5 mg mL!; [TA]

=0.5mg mL'; [GSH] = 10 mM. (e) SDS-PAGE analysis

of supernatants released from the incubation of IgG—-TA NPs with 5 mM GSSG, 10 mM GSH, or



10 mM Cys for 24 h. The schematic on the right represents the structure of intact IgG (@), two

heavy chains (@), and two light chains (®).

We then investigated the release of the proteins from the NPs in the intracellular environment
after endosomal escape. It was postulated that the noncovalent (supramolecular assembly)®* and
charge-shifting nature of the NPs may trigger, through competitive binding with cytosolic proteins,
the release of the protein CYC. Because the NPs have been shown to be stable in various protein-
containing media (Figure 2b), the trigger is expected to be a protein or peptide not readily present
in the extracellular or endosomal environment. The cytosol contains GSH, present at a high
concentration (1-11 mM),? which is widely used as a representative intracellular component to
stimulate the disassembly of disulfide-based NPs via cleavage of the cross-linker.?63¢ Particularly,
owing to its zwitterionic nature, GSH can interact with both the positively charged CYC and
negatively charged TA to instigate the disassembly of the protein NPs. To investigate this
hypothesis, CYC-TA NPs were incubated with GSH (10 mM) for 4 and 24 h and sodium dodecyl
sulfate and polyacrylamide gel electrophoresis (SDS-PAGE) was performed. The findings
revealed that CYC was gradually released from the NPs (following incubation for 24 h), which
was not observed upon incubation in PBS (control) (Figure 3a and Figure S17). Additionally,
lower concentrations of GSH (1 and 5 mM) can still induce the disassembly of NPs and gradual
protein release (Figure S18). To examine the GSH-triggered release mechanism, CYC-TA NPs
were treated for 4 h with GSH (10 mM), oxidized glutathione (GSSG, 5 mM), and individual
amino acids (i.e., glutamic acid (Glu), cysteine (Cys), glycine (Gly), lysine (Lys); 10 mM). The
highest concentration at which GSH is found in the cytosol is ~10 mM.3"* To ensure that the
molar content of the functional groups in GSSG and GSH is the same, a concentration of 5 mM

was chosen for GSSG. The concentration of the amino acids was chosen to match that of GSH.
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The protein release amounts measured by the UV—vis absorbance at 410 nm demonstrated that
GSSG triggered a slightly higher CYC release (~25%) than GSH (~20%) (Figure 3b and Figure
S19). The individual amino acids composing GSH released far less CYC, with Glu releasing ~6%
CYC, followed by Gly (~2%) and Cys (~0.2%). In contrast, the positively charged Lys, which
features a flexible and long side-chain and has more amino groups than GSH or the other individual
amino acids (i.e., 2 in Lys vs 1 each in GSH, Gly, and Cys), triggered the most efficient CYC
release (~50%) among the different molecules examined (Figure 3b). These results suggest that
multiple carboxyl and amine groups may act as important triggering sites rather than the thiol
groups of GSH, which is typically used to trigger the intracellular destabilization of
nanocarriers.’**® The multiple binding moieties of GSH and GSSG can offer multivalent
interactions with a single CYC or TA that are collectively stronger than the corresponding
monovalent interactions from individual amino acids.*' In addition, serum proteins such as FBS
with globular structures and low charge densities only formed a protein corona around the surface
of the NPs in comparison to the disassembly of the NPs caused by GSH and GSSG, as assessed
by DLS (Figure S20). This suggests that intracellular disassembly of the NPs is triggered by
endogenous small peptides and amino acids.

CYC contains several lysine and arginine moieties (~18% of total amino acids) that are
positively charged at physiological pH and readily accessible on the surface of the protein (Figure
S21). Both lysine and arginine can complex with the carboxylate ions in GSH by forming salt
bridges, a combination of hydrogen bonding and ionic interactions.*** After the addition of GSH
to a solution of free CYC, the size of CYC (assessed by relative mass composition distribution)
increased by an order of magnitude (due to aggregation) relative to the size of free CYC (Figure

3c¢). This result suggests that competitive binding with CYC is one possible mechanism for protein
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release from the NPs (Figure S22).*¢ However, GSH can also form noncovalent interactions (ionic
interactions via the N-terminus or hydrogen bonding via the amide backbone and C-terminus) with
TA, leading to molecular clustering as measured by DLS (Figure 3d), which suggests that this
GSH-triggered protein release may be applicable to other protein—TA NPs.

IgG-TA NPs also demonstrated GSH/GSSG-triggered NP disassembly and protein release
(Figure 3e). Intact IgG was released from the I[gG-TA NPs following incubation with GSSG,
whereas incubation with GSH led to IgG release and fragmentation into heavy and light chains via
disulfide cleavage. Incubation with Lys also led to the release of intact IgG, whereas Cys could
not induce significant protein release, further demonstrating that the presence of multivalent
charges is more important than the presence of reducing conditions (Figure S23). Collectively,
these results demonstrate that the dual-responsive endosomal escape and intracellular delivery
achieved herein is an attribute of the delivery platform itself, rather than specific protein—
polyphenol pairing.

The bioactivity of the protein released from the NPs was then evaluated. The apoptotic activity
of CYC was first monitored by flow cytometry using an annexin V and propidium iodide (PI)
staining kit. The results showed that CYC-TA NPs induced ~12% early apoptosis and ~10% late
apoptosis toward model Jurkat cells (human T-cell leukemia cell line) after 48 h (Figure 4a, b)
owing to the low nonspecific association of T cells with NPs (~30% cells were associated with
NPs after 48 h, Figure S24). Furthermore, the cell viability results revealed that the CYC-TA NPs
could cause cell death in two different breast cancer cell lines, MDA-MB-231 and BT-474, after
48 h of incubation (Figure 4c and Figure S25), demonstrating general cytotoxic effects for different
types of cells including suspension and adherent cells. In contrast, free CYC showed negligible

cell toxicity due to a lack of uptake or trafficking to the cytosol. Note that the effective CYC
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concentrations (5-100 ug mL™") for our CYC-TA NPs to induce apoptosis are consistent with
other literature reports of NP systems capable of escaping the endosome and delivering CYC to
the cytosol.?**” In addition, NPs composed of a non-toxic protein (IgG-TA NPs) also displayed
negligible cytotoxicity toward both cancer cell types (Figure 4c and Figure S25) and were not
capable of inducing cell apoptosis in Jurkat cells (Figure S26), highlighting the tunable, high
biocompatibility of polyphenol-based NPs.

To confirm that the activity of the proteins was also maintained in other protein—polyphenol NPs,
B-Gal-TA NPs were also studied. MDA-MB-231 cells were treated with -Gal-TA NPs followed
by the addition of 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal). B-Gal catalyzes the
hydrolysis of X-Gal into an insoluble blue dye, which can be used to determine the amount of
bioactive B-Gal in the treated cells.*® As observed from the results in Figure 4d, incubation of B-
Gal-TA NPs with the cells resulted in a high accumulation of blue dye in the cells after X-Gal
staining, confirming the intracellular delivery of active protein. Moreover, the cell targeting ability
of the antibodies in the NPs was evaluated using an anti-CD44 antibody that can specifically target
CD44-overexpressing cells (MDA-MB-231).* The anti-CD44-TA NPs showed high binding
specificity toward MDA-MB-231 cells (46% cell association after 4 h) compared with the negative
control of I[gG—TA NPs (3% cell association after 4 h) (Figure S27), demonstrating preservation
of the antibody function after NP assembly. To improve reproducibility, reporting, and re-analysis,
this study conforms to the Minimum Information Reporting in Bio—Nano Experimental Literature

(MIRIBEL) standard,*® and a companion checklist is provided in the Supporting Information.

13



Cell apoptosis
a Control b CYC-TA NPs
4 Q1 Q2 4 JQ1
10 J0.25% 3.20% 10 31.74%
s 10° 3 ] 10°
< ] < ]
3 1 B
= @
o o
3 102'5 B 10”7
0 !- 1 .:'J '.:. _ D !
104 Q3 Q4
493.5% 3.00% 477.3% 12.4%
-."‘...m-..'.".' T MR AR | Ty T T T T T T Ty LR R |
2 3 4 2 3 4
0 10 10 10 0 10 10 10
488 Grn(Area) 488 Grn(Area)
Cell toxicity X-Gal staining
C [CJCYC [TICYC-TANPs [11gG-TANPs d B-GaI—TA NPs
e o e T Rl
10 & = [ ™S [ - PSRt 2
£ TR i
% 754 |1 .0,,“ ~ U\y" ': =
© .!: -_': ¢ lﬁ)‘ ﬁ“
= | T | LS Y ‘. ."' i
Z 50 1 e S K R
‘© L 2y ‘..\\ Ty
[&] VR S R g >
254 Bl AN S
o | [ fe it B L e Ve '.:. — e
_ : Firiaprantank o 18
0 T T T T 7 ‘t_aﬁ.}’ 3 m: & 3
5 10 50 100 e YO ‘_fw‘_ e N
Protein concentration ( ug mL") SR e vy ’

Figure 4. (a, b) Cell apoptosis assay by annexin V-FITC/PI staining performed on Jurkat cells that
were incubated in the absence (Control) or presence of CYC-TA NPs for 48 h at 37 °C. Q1-Q4
represent necrotic cells, late apoptotic cells, early apoptotic cells, and live cells, respectively. (¢)
Cell viability of MDA-MB-231 cells incubated in the presence of free CYC, CYC-TA NPs, or
IgG-TA NPs at different protein dosages for 48 h at 37 °C. (Data are shown as the mean + SD, n
=6, ***P <(.001, ****P <(.0001 from the unpaired t-test). (d) X-Gal staining of MDA-MB-231

cells treated with B-Gal-TA NPs for 24 h. The control group was treated with free B-Gal.
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Conclusions

In summary, we have developed a versatile strategy for the intracellular release of proteins in
response to multiple endogenous triggers. These supramolecular protein—TA NPs are stable in the
extracellular environment but rapidly disassemble in the cytosol of cells due to competitive binding
of small intracellular peptides such as GSH or GSSG. Importantly, the protein—TA NPs can escape
the endosome after internalization through intrinsic charge shifting in acidic environments. The
released proteins, i.e., CYC or f-Gal, maintain their bioactivity after intracellular delivery. This
simple and general strategy allows for protein delivery and is thus promising for a variety of
therapeutic applications. Owing to the universal adhesion properties of polyphenols,*!=? it is
expected that other cargo, such as DNA and RNA,>* could also be formulated with the NPs for
therapeutic co-delivery.

Experimental Section

Materials. TA, PBS, glycine, hydrogen chloride (HCI), FITC, CYC, IgG, B-Gal, GSH, GSSG,
Glu, Cys, Gly, Lys, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA),
magnesium chloride (MgClz), glutaraldehyde, potassium ferrocyanide (K4Fe(CN)es-3H20),
potassium ferricyanide (KsFe(CN)s), cetyltrimethylammonium bromide (CTAB), sodium
salicylate (NaSal), tetraethyl orthosilicate (TEOS), and triethylamine (TEA) were purchased from
Sigma-Aldrich. DMEM, Roswell Park Memorial Institute (RPMI) 1640 medium, FBS, and
Dulbecco’s phosphate-buffered saline (DPBS) were obtained from Life Technologies.
SimplyBlue™ SafeStain, NuPAGE LDS sample buffer (4x), and SeeBlue™ Plus2 pre-stained

protein standard were purchased from Invitrogen. Mini-PROTEAN TGX precast gels and

Tris/Glycine/SDS running buffer (10x) were purchased from Bio-RAD. High-purity Milli-Q water
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with a resistivity of 18.2 MQ cm was obtained from an inline Millipore RiOs/Origin water
purification system.

Characterization. TEM of the particles were performed on an FEI Tecnai TF20 instrument
(USA) at an operation voltage of 200 kV. The TEM samples were prepared by dropping an aliquot
(5 pL) of diluted samples (~0.05 mg mL™") on formvar carbon-coated copper grids. SEM images
of the particles were captured on an FEI Quanta 200 field-emission scanning electron microscope,
operating at an accelerating voltage of 10 kV. For the SEM experiments, dried samples (gold-
sputtered) were used. AFM experiments were conducted on an Asylum Research Cypher AFM
instrument. Optical microscopy images of X-Gal-stained cells were acquired on an inverted
Olympus IX71 microscope. Confocal laser scanning microscopy (CLSM) images were captured
on a Nikon AI1R+ confocal laser scanning microscope (Nikon Corporation, Japan). UV—Visible
absorption spectra were recorded on a Specord 250 Plus spectrophotometer (Analytik Jena AG).
Size and surface zeta potential measurements of the particles were performed in water and in
different pH buffers at a concentration of 5 mM on a Malvern Zetasizer Nano ZS instrument
(Malvern Instrument, Worcestershire, UK). Protein molecular size (assessed by relative mass
composition distribution) and TA molecular size (assessed by intensity distribution) measurements
were performed on this Zetasizer. Circular dichroism spectra were recorded on a Model 410
circular dichroism spectrometer (Aviv Biomedical, Inc.).

Cell Culture. HelLa, Jurkat, MDA-MB-231, and BT-474 cells were purchased from the
American Type Culture Collection (USA). HeLa, MDA-MB-231, and BT-474 cells were
maintained in complete DMEM media containing 10% FBS. Jurkat cells were maintained in
complete RPMI-1640 medium supplemented with 10% FBS. All cell lines were maintained at

37 °C in a cell culture incubator with 5% COz2 and 95% relative humidity.
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Synthesis of MS Particle Templates. MS templates with large and interconnected pores were
synthesized by the anion-assisted method and modified from the literature.>* Briefly, TEA (68 mg,
catalyst), CTAB (380 mg, cationic surfactant), and NaSal (168 mg, structure-directing agent) were
successively added to Milli-Q water (25 mL) in a round-bottom flask, and the solution mixture
was stirred at 80 °C in an oil bath for 1 h. Then, TEOS (4 mL, silica source) was added dropwise
to the above mixture within 10 s and this solution was stirred (175 g) at 80 °C for 2 h. The reaction
products were washed with ethanol three times and then purified three times by extraction with 1
M HCI in methanol at 60 °C for 6 h. The MS template particles were finally oven-dried at 80 °C
overnight for future use.

Synthesis of Protein—-TA NPs. Protein (50 pL, 10 mg mL ') was added to an aqueous MS
particle solution (200 pL, 10 mg mL™"). The resulting suspension was vigorously mixed in an
ultrasonic bath for 2 min and then incubated in an Eppendorf thermomixer overnight at 37 °C and
1400 rpm. The particles were washed with Milli-Q water once to remove excess protein and
resuspended in Milli-Q water (200 uL), after which an aliquot (5 pL) of TA (40 mg mL ') was
added to the particle solution. The resulting suspension was vigorously mixed in an ultrasonic bath
for 2 min and then incubated in an Eppendorf thermomixer at 37 °C and 1400 rpm for 4 h. The
particles were retrieved and washed with Milli-Q water three times to remove excess TA. In the
washing step, the particles were spun down by centrifugation (4000 g, 5 min) and the supernatant
was removed. The particles were then resuspended with vigorous mixing prior to the next wash
step. Protein—TA NPs were obtained after removal of the MS template with a 1 M HF/3 M NH4F
solution (pH ~5).>°> Caution! HF is highly toxic and only small quantities should be prepared and
handled with extreme care. The resultant protein—TA NPs were washed three times with water and

resuspended in water.
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Extracellular Stability of Protein—-TA NPs. The extracellular stability of the CYC-TA NPs
was examined by monitoring changes in the particle size over 192 h using DLS. The samples were
incubated in 1x PBS, DMEM cell medium+10% FBS, or human plasma before being subjected to
the DLS measurements. The experiments were performed in triplicate and the results are expressed
as mean = SD (n = 3).

Endosomal Escape of Protein—TA NPs. HelLa cells were seeded into 8-well Lab-Tek
chambered coverglass slides (Thermo Fisher Scientific, USA) at a cell density of 4 x 10* cells per
well and then cultured in complete media at 37 °C for 24 h to allow cellular adhesion on substrates.
Then, FITC-labeled CYC-TA NPs were added to the cells at a protein concentration of 50 pg
mL ! and then incubated for 4 h or 24 h at 37 °C. After incubation, the treated cells were gently
washed three times with DPBS and stained with LysoTracker® Red for endosome/lysosome
labeling, and the colocalization of the green and red fluorescence signals were studied. Live cell
imaging was performed by CLSM using a Plan Apo A 60% 1.4 NA oil immersion objective, 405,
488, 561, and 640 nm lasers, and 450/50, 525/50, 595/50, and 700/75 nm bandpass emission filters.
The images were processed by Fiji software.

Calcein Leakage Assay. MDA-MB-231 cells were seeded in 8-well Lab-Tek chambered
coverglass slides (Thermo Fisher Scientific, USA) at a cell density of 4 x 10* cells per well in
complete media (400 puL) at 37 °C for 24 h to allow cellular adhesion on substrates. Then, the
culture media was aspirated and replaced with fresh media (180 pL), and calcein (20 pL, 1.5 mg
mL! in DPBS) was added to each well in the presence or absence of NPs at a protein centration
of 50 ug mL™! and incubated with cells for 4 h. Nonfluorescent CYC-TA NPs were used in this
assay to avoid interference with the calcein signal. After incubation, the treated cells were gently

washed four times with DPBS and live cells were imaged by CLSM.
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Release Studies of Protein—TA NPs Assessed by SDS-PAGE. For the protein release studies,
the protein—TA NPs were incubated with 10 mM GSH, 5 mM GSSG, or 1x PBS at 37 °C for a
designated time. Centrifugation (5000 g, 10 min) was then performed to remove the intact NPs
and complexes before subjecting the supernatants to polyacrylamide gel electrophoresis. Aliquots
(15 pL) of the supernatants containing the released proteins were mixed with NuPAGE LDS
sample buffer (5 pL, 4x), after which aliquots (18 puL) of the samples were loaded into the gel
lanes. The gel was run using 1x Tris/Glycine/SDS running buffer at 200 V until the dye front
reached the reference line. Then, the gels were stained with SimplyBlue™ SafeStain for 1 h under
mild shaking and washed with water for at least 1 h to visualize protein staining. The stain-free
gels were activated in the stain-free-enabled imager (Gel Doc, BIO-RAD).

Cytotoxicity Assay of CYC-TA NPs. The (sodium 3'-[1-(phenylaminocarbonyl)-3,4-
tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) (XTT)-based in vitro
cytotoxicity assay was performed to assess the biocompatibility of the protein—TA NPs. XTT was
dissolved in complete DMEM (with 10% FBS) to form a 0.2 mg mL™! solution, and phenazine
methosulfate (PMS) was dissolved in DPBS to form a 1 mM solution. The XTT reagent was
activated by mixing with PMS solution at a volume ratio of 400:1. MDA-MB-231 and BT-474
cells were seeded on a 96-well plate at a cell density of 2 x 10* cells per well and cultured in
complete DMEM media at 37 °C for 24 h to allow cellular adhesion on substrates. After incubation
with the CYC-TA NPs or free CYC at various protein concentrations for 48 h, the media in the
96-well plate was aspirated and replaced with fresh activated XTT media (100 pL). The cells were
further incubated for 4 h and the absorbance at 475 nm was measured relative to non-treated cells.
The experiments were performed in sextuplicate and the results are expressed as mean + SD (n =

6).
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Cell Apoptosis with CYC-TA NPs. Jurkat cells were seeded on a 6-well plate at a cell density
of 10 x 10* cells per well and cultured in complete media at 37 °C. CYC-TA NPs at a protein
centration of 50 pg mL ™! were added to the cell medium and incubated for 24 h. The cells were
harvested after the incubation period and washed in cold PBS buffer. The washed cells were then
resuspended in 1x annexin-binding buffer (100 puL). Aliquots of Alexa Fluor® 488 annexin V (5
uL) and PI working solution (1 pL) were added to the cell suspension (100 pL) and the cells were
incubated at room temperature for 15 min. After the incubation period, 1x annexin-binding buffer
(400 pL) was added to the sample and the stained cells were analyzed by flow cytometry by
measuring the fluorescence emission at 530 nm and 575 nm using 488 nm excitation.

X-Gal Staining for Intracellular Delivery of p-Gal. MDA-MB-231 cells were treated with f3-
Gal-TA NPs for 24 h. Then, the cell media was aspirated off and the treated cells were fixed with
X-Gal fix buffer (100 mM phosphate buffer (pH 7.4) supplemented with 5 mM EGTA, pH 7.3, 2
mM MgClz and 0.2% glutaraldehyde) for 15 min at room temperature. The cells were washed
twice (5 min each) with X-Gal wash buffer (100 mM phosphate buffer (pH 7.4) supplemented
with 2 mM MgCl2) and incubated with the X-Gal staining buffer (100 mM phosphate buffer (pH
7.4) supplemented with 2 mM MgClz, 5 mM KaFe(CN)e, and 5 mM KsFe(CN)s) containing 1 mg
mL~' X-Gal overnight at 37 °C inside an enclosed humidified chamber. The treated cells were
further washed with X-Gal wash buffer and observed under an optical microscope.

MIRIBEL. The studies conducted herein, including material characterization, biological
characterization, and experimental details, conform to the MIRIBEL reporting standard for bio—

nano research,”® and we include a companion checklist of these components herein.

ASSOCIATED CONTENT
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Supporting Information. TEM image of SiO: particles, AFM and SEM images of CYC-TA NPs,
CD spectra of CYC-TA NPs, size distribution of air-dried protein—TA NPs, mass/molar ratio of
TA and proteins inside NPs, interaction-dependent disassembly of protein-TA NPs, charge
reversal of protein—TA NPs, CLSM images and corresponding Pearson’s R values for endosomal
escape, original SDS-PAGE of released protein solutions, cell viability, cell targeting of antibody—
TA NPs, and MIRIBEL checklist for reporting research in bio—nano science. This material is

available free of charge via the Internet at http://pubs.acs.org.
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