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Abstract

Intracellular delivery of proteins remains challenging. Here, we present a simple and general platform for the efficient
loading and delivery of proteins using a methoxy-poly(ethylene glycol)-block-poly(L-phosphotyrosine) (mPEG-b-PpY)-
templated calcium phosphate (CaP) hybrid nanoparticle. By doping hybrid CaP nanoparticles with Zn>* (CaP-Zn),
recombinant proteins bearing a histidine tag can be conveniently loaded by harnessing the His-Zn coordination bond. The
resulting protein@CaP-Zn nanoparticles display low toxicity and are tunable, uniform in size, stable under physiological
conditions, and degradable in acidic milieu for responsive release. Proteins loaded onto the CaP-Zn nanoparticle can be
protected from proteolytic degradation and effectively delivered to intracellular spaces. This work may open up opportunities

for protein activity preservation and facilitate the intracellular delivery of recombinant protein therapeutics.

Introduction

Owing to their high bioactivity and specificity, protein-
based therapeutics have been successful as one of the fastest
growing classes of drugs on the market [1]. It was reported
that out of the top ten bestselling drugs globally in 2020,
five are protein-based therapeutics [2]. However, because of
the inability of most proteins to permeate membranes, all of
the current protein drugs on the market have been devel-
oped to act on extracellular targets [3]. Moreover, native
proteins are prone to proteolytic degradation and renal
clearance due to their vulnerable hierarchical structure and
small size. Therefore, carrier systems for the efficient
intracellular delivery of protein drugs are highly desirable
[4-13].

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41428-
021-00526-7.

< Hua Lu
chemhualu@pku.edu.cn

Beijing National Laboratory for Molecular Sciences, Center for
Soft Matter Science and Engineering, Key Laboratory of Polymer
Chemistry and Physics of Ministry of Education, College of
Chemistry and Molecular Engineering, Peking University,
Beijing, People’s Republic of China

Published online: 12 July 2021

To fulfill this goal, multifunctional and intelligent materials
need to be designed that can interact and bind with proteins
with suitable affinity, protect proteins from degradation,
transport proteins across the cellular membrane, and implement
cytosolic cargo release with responsive properties [14]. Unlike
nucleotides that are uniformly negatively charged and can
simply be condensed via electrostatic forces, proteins are highly
diverse in their physicochemical properties [3]. Moreover, the
surfaces of proteins are highly heterogeneous in terms of
charge distribution, hydrophobicity, and hydrogen bonding
pairs [15]. This has raised notable hurdles in the physical
encapsulation of proteins via simple noncovalent interactions.
The covalent conjugation of proteins to their delivery carriers
can solve this problem to some extent, but requires a sophis-
ticated design consisting of degradable linkers and laborious
protein modification and product purification efforts [16—18].
Moreover, random labeling of proteins can lead to the inevi-
table loss of protein activity [19]. Thus, an efficient and general
protein binding strategy sparing the efforts of covalent labeling
would significantly facilitate the development of protein
delivery [20-25].

Histidine tags (His-tags) have been widely used in protein
expression and purification. The attachment of a His-tag
allows proteins to be easily enriched on a Ni-NTA-based
affinity column and thus separated from other components
[26, 27]. Harnessing the chelating interaction of His-tags and
divalent transition metal ions, various His-tagged synthetic
peptides and recombinant proteins have been incorporated

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00526-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00526-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-021-00526-7&domain=pdf
mailto:chemhualu@pku.edu.cn
https://doi.org/10.1038/s41428-021-00526-7
https://doi.org/10.1038/s41428-021-00526-7

H. Zhou et al.

A

0
ef oA
o
mPEG-NH, \(O/\%? \/\H )FH"
—_—
DMF

(0]

P

EtO” 8‘8

pOEtTyr-NCA

Y
o N
1) TMSBr, DCM \40/\% N );,h
—>

2) NaOH, H,0
0

EtO’%Ig o050

mPEG-b-P(pOEtTyr)

His-tagged proteins

—

0
mPEG-b-PpY 6/%0 hybrid nanoparticles,
o - vortex 10 s
(o),
NH, 2
Ca(Asp), His-tag binding metal ions: Zn2*

Polyanion-metal

mPEG-b-PpY

INSMANN, MPEG-b-PpY

,g‘f His-tagged proteins
[
o Metal ions

@ Aspartic acid

Fig. 1 A Synthesis of mPEG-b-PpY. B The ‘Mix and Go’ fabrication of mPEG-b-PpY-templated CaP nanoparticles for encapsulating and

delivering His-tagged proteins

into delivery carriers, including nickel-immobilized poly-
mers [28], metal-organic frameworks [29], and lipidoid
nanoparticles [30]. Inspired by these pioneering works, we
hypothesized that divalent metal ion-doped calcium phos-
phate (CaP) can be developed for the efficient delivery of
His-tagged proteins, which has not been reported before.
Naturally existing in many organisms and thanks to its
attractive characteristics such as biocompatibility, biode-
gradability, and pH responsiveness [31], CaP has received
wide attention as a biomedical material for dental restora-
tion, bone repair, and tissue engineering [32]. More recently,
CaP-based nanosystems have also been utilized to deliver
small molecular drugs [33, 34], plasmid genes [35], and
siRNAs [36, 37]. Herein, by doping His-tagged binding
metal ions such as Zn>" into a CaP-based nanocarrier, we
successfully fabricated an intracellular delivery platform for
His-tagged proteins (Fig. 1).

Results and discussion

Fabrication and characterization of the CaP-M
nanoparticles

For drug delivery, preparing well-defined and stable nano-
carriers less than 100 nm in diameter with narrow dispersity
is critically important. Traditionally, CaP-based nanocarriers
could be fabricated by the coassembly of a block copolymer
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template and CaP microcrystals or by a two-step method
consisting of self-assembly followed by hydrothermal
treatment [31]. For instance, using poly(ethylene glycol)-
block-poly(aspartic acid) (PEG-b-PAsp) as a PEGylated
polyanion to prohibit the mineralization of large CaP blocks,
Kataoka et al. prepared block copolymer-coated CaP nano-
particles for oligodeoxynucleotide and siRNA delivery [38].

In 2015, we first reported the synthesis of polypho-
sphotyrosine (PpY) by the ring-opening polymerization
(ROP) of N-carboxyanhydride (NCA) [39]. Later, we
established the block copolymer mPEG-b-PpY (Fig. 1A) as
an effective carrier material for the delivery of cisplatin
through phosphate-platinum coordination and Pt(IV)-based
cationic polymeric prodrugs via electrostatic interactions
[40-42]. Moreover, PpY exhibits acid-responsiveness and
the ATP-triggered release of cisplatin [40]. Here, we
hypothesized that mPEG-b-PpY could be used as a phos-
phate donor to interact with Ca®" and generate CaP nano-
particles without an external phosphate source. The PEG
segment was anticipated to stabilize the nanoparticle by
forming a stealth outer layer. Moreover, we expected that
the physicochemical properties of the nanoparticles could
be readily tuned by doping with other metal ions (e.g.,
Zn**, Mn?*, Ni2*, etc.) or small molecular chelating
ligands such as amino acids.

First, we tested the formulation by simply mixing mPEG-b-
PpY with CaCl, but failed to obtain stable nanoparticles under
all conditions tested (data not shown). Therefore, we screened
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Fig. 3 A SDS-PAGE analysis of the His-eGFP contents of various
nanoparticles. The corresponding nanoparticles or polymers were
loaded with His-eGFP and purified with Ni-NTA affinity resins to
remove unbound His-eGFP. B SDS-PAGE analysis of protein loading

several anionic small molecular additives to stabilize the
mPEG-b-PpY-templated CaP nanoparticle. We hypothesized
that these additives may act as multivalent Ca*" chelators that

Time (h)

of M** from CaP-M nanoparticles measured by ICP-MS. The p value
was determined by two-way ANOVA: *p <0.05, **p <0.001, ***p <
0.0001. F K, values of different M3(POy), (Data from CRC Handbook
of Chemistry and Physics, 97th Edition)
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compete with phosphate. Such an interplay could modulate the
rate of CaP nucleation and eventually lead to stable hybrid CaP
nanoparticles [43]. We found that aspartic acid, among all other
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Fig. 4 A DLS determination of the diameters of the eGFP@CaP-Zn
nanoparticles over time. Data are expressed as the means + SD from
three independent experiments. B Chymotrypsin (30 pg/mL)-mediated
degradation of IFNa and IFNa@CaP-Zn. The experiments were
repeated in triplicate, and error bars represent standard deviations.
C Cumulative release of zinc ions (as measured by ICP-MS) from
eGFP@CaP-Zn at pH 5.5 and 7.4. The p value was determined by

tested additives, was able to afford the most stable CaP
nanoparticles with a controllable size and narrow size dis-
tribution (Table S1). To simplify the formation, calcium
aspartate (Ca(Asp),) was selected to replace CaCl, and aspartic
acid in future studies. The resulting nanoparticles were highly
stable after purification, and the effective diameter barely
changed after 7 days in HEPES saline buffer at room tem-
perature (Fig. S2). For the 160nm CaP nanoparticles in
dynamic light scattering (DLS), transmission electron micro-
scopy (TEM) revealed a similar diameter with a spherical
morphology (Fig. 2A). To incorporate His-tag binding into the
nanoparticles, different divalent metal ions (M2+ =7n*", Mn?
*, Ni**) were doped into the system during the formulation of
CaP. The changes in size and morphology of the metal ion-
doped CaP (CaP-M) nanoparticles appeared to be minor except
for CaP-Mn (Fig. 2B-D). Moreover, CaP-Mn displayed ~80%
burst release of Mn*" after 24 h of incubation in a dialysis bag
[44], as shown in Fig. 2E, while CaP-Zn and CaP-Ni released
only ~20% of the corresponding divalent metal ion under the
same environment after 48 h. The difference in stability of CaP-
M, as revealed from the M>" release kinetics, might be a result
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two-way ANOVA: *p <0.05, **p<0.001, ***p <0.0001. D Viabil-
ities of cells treated with eGFP@CaP-Zn nanoparticles at various
concentrations. HeLa cells were incubated with eGFP@CaP-Zn at the
denoted concentrations for 48 h before the cell viabilities were mea-
sured by CTB assay. Viabilities were normalized to the control group
incubated with medium only, and data are shown as the means + SD;
n=23. CDDP was used as negative control

of the different solubility product constants (K, values) of the
corresponding M3(PQy,), salts (Fig. 2F).

Incorporation of proteins to CaP-M nanoparticles

The mildly and biologically relevant conditions of the CaP-
M formulation allowed us to add proteins to the nano-
particle solutions in situ. Briefly, CaP-M nanoparticle
solutions were mixed with a modal protein a His-tagged
enhanced green fluorescent protein (His-eGFP), and incu-
bated at 10 °C overnight. Unbound His-eGFP was removed
by incubating the mixture with Ni-NTA affinity resins and
collecting the supernatant. Sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the purified His-
eGFP@CaP-M showed almost no eGFP loading onto the
CaP-Mn nanoparticles and other control groups, whereas
considerable His-eGFP was found to be incorporated onto
both the CaP-Zn and CaP-Ni nanoparticles (Fig. 3A).
Notably, the loading of His-eGFP in CaP-Zn was almost 2
times that in CaP-Ni. The His-eGFP@CaP-M nanoparticles
could also be purified using multiple rounds of
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ultrafiltration (MWCO: 100,000 Da) in 50 mM HEPES
saline buffer, which gave consistent protein loading results
with those purified from the Ni-NTA resins. By measuring
the fluorescence intensities and weights of the freeze-dried
His-eGFP@CaP-Zn nanoparticles, the protein loading effi-
ciency (PLE) and protein loading content (PLC) were cal-
culated to be 53% and 32%, respectively. Considering the
higher loading efficiency and the potential lower toxicity of
zinc ions, we used CaP-Zn nanoparticles for further studies.

To verify that the proteins were attached to the CaP-Zn
nanoparticles via the coordination bond of His-tag with Zn*",
control studies were performed using proteins with or without a
His-tag. First, we incubated interferon-a (IFN«) with or with-
out a His-tag with CaP-Zn nanoparticles overnight. SDS-
PAGE of the purified nanoparticles showed protein bands for
only the nanoparticle incubated with IFNo bearing a His-tag
but not for the group using IFNa without a His-tag (Fig. 3B).
Next, His-eGFP and IFNa were mixed together and incubated
with CaP-Zn. While the unpurified system displayed bands
from both proteins, only His-eGFP was observed in the
nanoparticles after ultrafiltration purification (Fig. 3C). Toge-
ther, these results indicated that CaP-Zn nanoparticles can
incorporate proteins in a His-tag-dependent manner.

To prepare CaP-Zn nanoparticles that are less than
100 nm in diameter, the relationship between particle size
and metal ion concentration ratio was further studied
(Table S2). It was found that with an increased proportion
of Zn>", the size of the nanoparticles also gradually grew.
After screening the concentrations of different components,
CaP-Zn nanoparticles with an evenly distributed diameter of
~77nm were obtained. The zeta potential of the CaP-Zn
nanoparticles was 0.13 +0.42 mV after purification. After the
loading of His-eGFP, the size of eGFP@CaP-Zn increased
only slightly to ~80 nm. The stability of eGFP@CaP-Zn in

Lysotracker

Brightfield Merge

Fig. 5 Confocal laser scanning microscopy (CLSM) of the cellular uptake of His-eGFP or eGFP@CaP-Zn (50 ug/mL in eGFP) in HeLa cells after
12 h of incubation. The nuclei and lysosomes were stained with Hoechst 33342 and LysoTracker Red, respectively. Scale bar =20 ym

aqueous solution was monitored by DLS. As shown in
Fig. 4A, the diameter of eGFP@CaP-Zn remained almost
unchanged in HEPES saline buffer at room temperature for
5 days. Moreover, the color of eGFP in eGFP@CaP-Zn
nanoparticles was almost completely preserved after 5 days,
while the green color of free eGFP gradually faded away in
aqueous solution at room temperature, suggesting that the
protein loaded in eGFP@CaP-Zn would be more stable than
if it was free floating in solution. To deliver proteins into
cells, it is vital that the formulation protects the loaded pro-
tein from proteolytic degradation. For this, we incubated
IFNa or IFNa@CaP-Zn with chymotrypsin at 37 °C. As
shown in Fig. 4B, IFNa alone was completely degraded after
30 min of chymotrypsin treatment. In contrast, ~65% IFN in
IFNa@CaP-Zn remained intact after 1h of incubation.
Taken together, the protein was well protected after loading
onto the CaP-Zn nanoparticles.

Intracellular delivery of protein@CaP-Zn

One attractive attribute of using CaP as the delivery vehicle
is its pH-responsive degradation, which may lead to intra-
cellular cargo release. To demonstrate the pH responsive-
ness of the nanoparticles, eGFP@CaP-Zn was dialyzed at
pH 7.5 and 5.5, which imitated the pH of plasma and
endosomes/lysosomes, respectively. The concentration of
Zn*" outside the dialysis bag was measured by ICP-MS
over time. As shown in Fig. 4C, ~75% Zn** was released
from the CaP-Zn nanoparticles within 2 h at pH 5.5, but the
release rate of Zn>" was much lower at pH 7.5. DLS ana-
lysis of the solution incubated at pH 5.5 also implied the
degradation of the nanoparticles, as revealed by the sig-
nificant drop in count rates. Viability assays indicated that
Zn*" was nontoxic at 369 uM (Fig. S3) and that the
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eGFP@CaP-Zn nanoparticles were essentially nontoxic at
concentrations up to 228 ug/mL (Fig. 4D).

To investigate protein@CaP-Zn for intracellular delivery,
we incubated the previously described eGFP@CaP-Zn or His-
eGFP with HeLa cells in culture medium supplemented with
10% fetal bovine serum. We performed fluorescence staining
of subcellular organelles using LysoTracker Red for lysosome
localization and Hoechst 33342 for nuclei. As shown in Fig. 5,
after 12 h of incubation, the control group cells showed almost
no uptake of eGFP after washing with heparin sodium solution.
The faint green fluorescence in the confocal laser scanning
microscopy (CLSM) images came from the eGFP non-
specifically absorbed onto the cell membrane. In contrast, for
the eGFP@CaP-Zn group, the cells displayed bright green
fluorescence in CLSM images. Although most of the nano-
particles were colocalized with lysosomes, indicating that the
nanoparticles were taken up by cells through endocytosis, we
also observed that a small portion of the green fluorescence
escaped to the cytosol. These results demonstrated that the
proteins loaded onto the CaP-Zn nanoparticles can be delivered
to the intracellular space, but endosomal escape will need
further optimization.

Conclusions

In summary, we developed a mPEG-b-PpY-templated CaP
nanocarrier as a simple and general platform for the efficient
loading and delivery of proteins. By fine-tuning the con-
centration of mPEG-b-PpY, divalent metal ion, and metal
chelator aspartic acid, the final formulation yielded well-
defined CaP nanoparticles that are less than 100 nm in diameter
with narrow dispersity. This nanocarrier was generally applic-
able for binding His-tagged proteins via the coordination of
oligohistidine with Zn>". Notably, this ‘Mix and Go’ strategy
was mild and fully biocompatible, and the resulting pro-
tein@CaP-Zn nanoparticles could be directly used for down-
stream applications without further purification. Moreover,
proteins loaded onto CaP-Zn nanoparticles can be protected
from proteolytic degradation and effectively delivered to the
intracellular spaces. Furthermore, the CaP-based nanocarrier
was degradable in an acidic milieu, thus leading to intracellular
cargo release. Overall, this work presented a novel CaP-based
platform for protein delivery and may open up opportunities for
protein-based theranostic applications.

Experimental section
Materials

All chemicals were purchased from commercial sources and used
as received unless otherwise specified. Methoxypolyethylene
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glycol amine (mPEG-NH,, M,, = 5000 Da) was purchased
from Aladdin Industrial Corporation (China). Zinc acetate
dihydrate (Zn(Ac),-2H,0), manganese(Il) chloride tetra-
hydrate (MnCl,-4H,0), and nickel sulfate hexahydrate
(NiSO4-6H,0) were purchased from Aladdin Industrial
Corporation (China). L-Aspartic acid calcium salt (Ca(Asp)
») was purchased from Yuanye Bio-Technology (Shanghai,
China). Anhydrous N,N-dimethylformamide (DMF) was
purchased from Sigma-Aldrich. O-diethylphospho-| -tyr-
osine N-carboxyanhydride (pOEt-TyrNCA) was synthe-
sized following previously reported procedures [39]. The
proteins His-eGFP and His-IFNa were expressed by fol-
lowing reported protocols [45]. Wild-type IFNa (without
the His-tag) was purchased from Sigma-Aldrich. cis-Dia-
mminedichloroplatinum(Il) (cisplatin, CDDP) was pur-
chased from HWRK Chem Co., Ltd. (Beijing, China).

Instruments

NMR spectra were recorded on a 400 MHz Bruker ARX400
FT-NMR spectrometer. Inductively coupled plasma mass
spectrometry (ICP-MS) was performed on a NexION 350X
(PerkinElmer, U.S.A.). DLS and zeta potential measure-
ments were conducted at 25°C on a Nanobrook Omni
(Brookhaven Instrument Corp. New York, U.S.A.), with a
laser operating at 640 nm. Analyses were performed at an
angle of 90° collecting optics. TEM was analyzed using a
transmission electron microscope (JEM-2100F, Japan) at an
accelerating voltage of 200kV equipped with a field
emission gun, an ultrahigh-resolution pole piece, and an
ultrathin window JEOL detector. Images were obtained
using an OSIS CANTEGA CCD camera. Confocal images
were taken on a Nikon AI1R confocal laser scanning
microscope system attached to an inverted ECLIPSE Ti
(Nikon Corp., Japan). The concentration of protein was
measured with a NanoPhotometer ™MP-class (Germany).
SDS-PAGE analyses were recorded on a typhoon FLA
9500 laser scanner (GE Healthcare Corp.). Cytotoxicity
studies were assayed with an EnSpire” Multimode Plate
Reader (PerkinElmer, U.S.A.).

Synthesis of mPEG-b-PpY

PEG-b-PpY was synthesized according to a previous report
[40]. In brief, the ROP of pOEt-TyrNCA was initiated by
MeO-PEG-NH, (M,,=5000Da) in anhydrous DMF to
obtain the block copolymer mPEG-b-P(pOEt-Tyr),5. mPEG-
P(pOEt-Tyr);s was characterized by '"H NMR spectroscopy
(Fig. S1A). To synthesize mPEG-b-PpY, bromo-
trimethylsilane (TMSBr) was added to mPEG-b-P(pOEt-
Tyr);s in DCM. The mixture was continuously stirred at
room temperature before it was concentrated under vacuum.
The crude product was dissolved in sodium hydroxide
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solution and dialyzed against 100mM NaCl and subse-
quently ultrapure water. The resulting solution was lyophi-
lized to afford mPEG-b-PpY as a white powder. The product
was confirmed by 'H NMR spectroscopy (Fig. S1B). The
DP was determined by comparing the proton ratios of
methylene units in PEG (-OCH,CH,—: 6 =3.7 ppm) and
phenyl groups of PpY (-C¢Hs—: 8 =7.0 ppm) in 'H-NMR
spectra.

Fabrication and characterization of the mPEG-b-
PpY-based CaP nanoparticles

CaP nanoparticles were fabricated according to the work of
Peng Mi et al. in 2014 [46]. First, 50 uL of 100 mM Ca
(Asp), was diluted in 1 mL of 50 mM Tris-HCI buffer (pH
8) (solution A). mPEG-b-PpY at a concentration of phos-
phate group 1 mM was dissolved in 50 mM HEPES saline
buffer (pH 7, NaCl 140 mM, without phosphate) (solution
B). Solution B was quickly added to an equal volume of
solution A with vigorous stirring with a vortex mixer for
10 s. The CaP nanoparticles were ultracentrifuged (MWCO:
100,000 Da) with 50 mM HEPES saline buffer. For the
preparation of CaP nanoparticles doped with metal ions
(CaP-M), stock solution A was obtained by adding salts
containing corresponding metal ions, such as Zn(Ac),,
MnCl,, and NiSO,, to Ca(Asp), solution at an M>*/Ca*"
molar ratio of 1/5. The CaP-M nanoparticles were then
prepared and purified according to the same protocol
described above. The hydrodynamic sizes and size dis-
tributions of the CaP-M nanoparticles were evaluated by
DLS and TEM. The zeta potential tests were performed in
HEPES saline buffer (50 mM, pH 7). The release rates of
metal ions from CaP nanoparticles were determined by
inductively coupled plasma mass spectrometry (ICP-MS).

Fabrication of protein@CaP nanoparticles

The proteins with a His-tag (8 mg/mL x 75 pL) were added
to CaP-M nanoparticle solutions ([pY]=0.5mM, 2 mL)
and incubated in a 10 °C cold room for 12h. To remove
unbound proteins, the resulting protein@CaP-M nano-
particles were purified by two alternative routes: (1) ultra-
filtration using 50 mM HEPES saline buffer or (2)
incubation with Ni-NTA resin. Briefly, for route 2, an
appropriate amount of Ni-NTA resin was added to the
eGFP@CaP-X nanoparticle solution and gently agitated for
30 min at room temperature. The supernatants were then
collected with a pipette. The size of the protein nano-
particles was monitored by DLS. Using His-eGFP as a
model protein, the PLC and PLE were quantitatively
determined by fluorescence analysis and sodium dodecyl

SDS-PAGE. Image] software was used to quantify the band
intensity of SDS-PAGE. The PLC and PLE were calculated
based on the following formulas:

PLC (wt%) = (weight of loaded protein/total weight of
nanoparticles) x 100%

PLE (wt%) = (weight of loaded protein/weight of feed-
ing protein) x 100%

Protease degradation assay

Briefly, in Tris-HCI buffer (50 mM pH 8), chymotrypsin
(30 ug/mL, 0.1 equiv.) was incubated with IFNa or
IFNa@CaP-Zn nanoparticles (final concentration: 0.3 mg/
mL IFNa) at 37 °C. At each time point, an aliquot of the
sample was removed and the reaction was terminated by
boiling at 95 °C for 10 min. Samples at different time points
were then analyzed by SDS-PAGE (Fig. S4). For quanti-
tative analyses, IFNa was stained with Coomassie blue as
determined by a typhoon scanner, followed by Imagel]
analysis. All experiments were repeated in triplicate.

Cell viability assay

To determine the cytotoxicity of CaP-Zn nanoparticles, cells
were seeded in a 96-well plate at a density of 5000 cells per
well 24 h prior to treatment. The cells were incubated with
CaP-Zn nanoparticles at a gradient of concentrations for
48 h (n = 3). Cell viabilities were determined by Cell-Titer-
Blue Cell Viability Assay (Promega, U.S.A.). The assay
was performed by following the manufacturers’ procedures.
IC50 values were obtained with GraphPad Prism version 5.

Release kinetics

Briefly, the metal-doped CaP-M nanoparticle solutions were
placed into a dialysis bag (MWCO: 1000 Da) and incubated
in 50 mM Tris-HCI buffer (pH 8, 99.0 mL) at room tem-
perature. At each time point, 1.0 mL of solution outside the
dialysis bag was removed and sampled for its metal (Zn>",
Ni**, or Mn*") concentration by ICP-MS. To keep the total
volume unchanged outside the dialysis bag, 1.0 mL of Tris-
HCI buffer was supplied back to the solution each time. The
release kinetics of CaP-Zn at different pH values were
measured by following a similar protocol. All experiments
were repeated in triplicate.

Confocal laser scanning microscopy
HeLa cells (5 x 10*) in the exponential growth phase were

seeded in cell culture dishes (20 mm, Nest), and the cells
were incubated in Dulbecco’s modified Eagle’s medium
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(DMEM,; Corning, Manassas, U.S.A.) supplemented with
10% FBS (Gibco), 100 U/mL penicillin and 100 U/mL
streptomycin (Corning, Manassas, U.S.A.) in a humidified
atmosphere containing 5% CO, at 37 °C for 24 h. Then,
50 ug of protein (eGFP, eGFP@CaP-Zn) in 1 mL of fresh
medium was added. After incubation for 12 h, the medium
was removed, and the cells were washed with 1 mg/mL
sodium heparin solution (1 mL x 3). The nuclei and lyso-
somes were then stained with Hoechst 33342 and Lyso-
Tracker Red DND-99 (Life Technologies Inc. Carlsbad,
U.S.A.), respectively, for 20 min at 37 °C in the dark. The
stained cells were imaged in 1.0 mL of fresh medium after
rinsing with PBS (1.0 mL x 3).
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