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Intracellular protein delivery has great biomedical applications; the safe and efficient delivery vectors are crucial for
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achieving this goal. Here we report a platform for the efficient protein delivery using calcium phosphate (CaP)
nanoparticles. The well-dispersed and highly-stable nanoparticles (~100 nm) are prepared with the protein loading

capacity up to 29%. The nanoparticles are stable in the serum condition; however, after being internalized into cells, the

particles quickly release protein in the weak acidic endosomes/lysosomes. The decomposition of CaP promotes the endo-

lysosomal escape of proteins released from nanoparticles. The protein/CaP conjugates were prepared in a mild condition

(aqueous solution, room temperature); hence the protein released from nanoparticles retained its folding and function. In

addition, all materials used for the preparation are highly biocompatible. This method has been applied for the loading of

three model proteins, BSA, GFP and KillerRed; similar loading properties were observed on these proteins. Therefore, this

work offers a general approach for the intracellular protein delivery, which could be applicable for therapeutic proteins.

Introduction

Protein therapeutics have been applied in a wide range of
areas, including cancer therapy, regenerative medicine,
vaccination, treating loss-of-function genetic diseases and
imaging." It provides an alternative method in addition to gene
therapy, and is a safer approach since it does not involve
random or permanent genetic alterations.’ Although many
proteins have been used successfully in clinic, a number of
challenges are faced in the development of protein
therapeutics, including protein solubility, stability, immune
response as well as endo-lysosomal escape and subcellular
trafficking rout.> Most proteins are unable to cross the cell
membrane to enter cells so that the delivery systems are often
needed. Protein delivery systems typically enter cells through
endocytosis; hence the delivered proteins should be able to
escape from endo-lysosomal pathway to avoid the protein
degradation under harsh endo-lysosomal conditions.” ° In
addition, the safety of the delivery vector is crucial for the
biological applications. Thus, many efforts have been made for
effective delivery of proteins through various approaches.

Over the past two decades, the most commonly used
protein delivery approach is to link the target protein to cell-
penetrating peptides (CPPs), e.g. TAT and polyarginines (R9).6
Cell-penetrating proteins have demonstrated the capability to
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deliver functional protein domains into cells.” However, CPP-
mediated protein delivery mechanism may depend on cell
types and cargo molecules.® In addition, the fusion proteins
may loss bioactivity if the functional sites are located in the
protein termini.’ Recently, nanoparticle-based drug delivery
systems (DDS) offer efficient approaches to intracellular
protein delivery, such as using Iipid-based,10 polymeric,11
inorganicu’ 3 and protein-mediated14 nanoparticles. Those
protein delivery systems are fabricated to enhance the
physical and chemical stability of proteins, prolong biological
half-life, increase cellular uptake, decrease antigenicity and to
reduce the uptake by the reticuloendothelial system (RES).15

Generally, pharmaceutical nanoparticles are internalized by
eukaryotic cells through endocytosis, transported to early
endosomes and lysosomes, then trafficked to desired
subcellular compartments, such as cytosol,
mitochondria.® In this circumstance, the acidity of endosomes
and their fusion with lysosomes can be damaging to proteins”’
18 causing the loss of original conformational structure and
biological functions.™ Therefore, the endo-lysosomal escape is
an important strategy in the delivery of therapeutic proteins.
Nanoparticles can utilize different mechanisms to achieve this
goal, including fusion in the endosomal membrane, pore
formation in the endosomal membrane, photochemical
disruption of the endosomal membrane and proton sponge
effect.® Particularly, pH-sensitive nanomaterials can lead to
buffering inside endosomes and induce proton sponge effect,
so as to result in endo-lysosomal escape and cytoplasmic drug
release.

A number of pH-sensitive delivery systems have been
investigated, such as liposomes, polymers and inorganic
nanoparticles.19 Organic solvents are often needed during the
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encapsulation of proteins, such as polymers nanoparticles;
therefore the exposure of proteins to a water/organic
interface and the consequent organic solvent removal are
required.20 In addition, the adverse effects of exogenous
molecules generated by the degradation of nanoparticles are
unpredictable.21 To address these issues, we present a facile
and practical approach for making protein delivery system
using calcium phosphate nanoparticles. Calcium phosphate
(CaP) is highly biocompatible as it is the primary mineral
phases of biological hard tissues, such as teeth and bones. CaP
is a well-known pH sensitive inorganic material, which has
been used for intracellular delivery.“’ 2n addition, the proton
sponge effect of CaP enhances endosomal escape of cargoes.
2324 Three proteins, including a bovine serum albumin (BSA),
and two fluorescent proteins, the green fluorescent protein
(GFP) and KillerRed (KRed) were used as model proteins in this
study. With the simple preparation in mild conditions, a
reasonably high loading capacity (~¥29%) of protein/CaP hybrid
was obtained. In addition, the pH-sensitive decomposition of
CaP nanoparticles allows the efficient release of the cargo
protein in cells.

Experimental
Materials

The analytical pure Ca(NOs3),-4H,O and (NH,),HPO, were
purchased from Sinopharm Chemical Reagent Co., Ltd. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT)
was purchased from Sigma, USA. Poly(ethylene glycol) (PEG,qq0,
4 kDa), BSA, Bradford protein assay kit and H,0, quantitative
assay kit (water-compatible) were purchased from Sangon
Biotech (Shanghai) Co., Ltd. Ultrapure water (18.2 MQ) was
obtained from Millipore Direct-Q purification system
containing a 0.22 um filter and was used in all experiments.

Protein expression and purification

The GFP was overexpressed from E. coli BL21 (DE3). The gene
encoding GFP was inserted into pET21 vector. The plasmid was
transformed into E. coli and cells were grown in LB broth at
37°C until ODgy reached 0.6-0.8. Then the protein expression
was induced with 0.8 mM IPTG at 16°C for 20 h. The cells were
harvested, centrifuged at 4000 rpm for 20 min at 4°C. The cell
pellet was resuspended in binding buffer (Tris-HCl 20 mM and
NaCl 150 mM, pH 8.0) and sonicated in ice bath. Then the
lysate was centrifuged at 16,000 rpm for 30 min at 4°C. The
supernatant was filtrated by 0.8 um, 0.45 um and 0.22 um
cellulose acetate membrane and loaded on Ni**-nitrilotriacetic
acid-Sepharose column. Impure proteins were washed with
washing buffer (Tris-HCl 20 mM, NaCl 150 mM and 50 mM, pH
8.0). Then the GFP protein was eluted with elution buffer
(Tris-HCI 20 mM, NaCl 150 mM and 250 mM, pH 8.0).

2| J. Name., 2012, 00, 1-3

KillerRed protein was overexpressed in E. coli BL21 (DE3)
by the transformation of pET-15b-KRed plasmid. The protein
expression was induced with 0.8 mM IPTG at 37°C for 6 h. The
rest procedures were the same as mentioned above.

Preparation of protein loaded CaP particles

29.5 mg Ca(NO3),-4H,0 was dissolved in 50 ml ultrapure water
and 2 ml protein (5 mg/ml) was added to with stirring at room
temperature. The solution was further stirred for 10 min
before adding 2 g PEG,gq. The pH of the solution was adjusted
to 10.0 by NH3-H,0 and stirred at 250 rpm for 30 min. 16.5 mg
(NH,4),HPO, was dissolved in 50 ml water and adjusted to pH
10.0. The (NH,4),HPO, solution was added dropwise to the
protein solution (2 ml/min) and stirred for another 20 min.
Then the mixture was centrifuged for 20 min in 10,000 rpm.
The precipitate was collected and washed with ultrapure
water three times, and resuspended in water or DMEM with
10% FBS.

Characterization of protein loaded CaP particles

The size of nanoparticles was determined in water at 25°C
using dynamic light scattering (DLS) with a Zetasizer Nano
(zS90, Malvern Instruments, Southborough, MA). Scanning
electron microscope (SEM) was performed with a Sirion200
instrument (FEI, USA). The X-Ray diffraction (XRD) was
recorded on the high-resolution X ray diffracmeter (TTR-III,
Rigaku, Japan).

Protein loading capacity

The protein content in nanoparticles was measured with
Bradford assay. The net mass of nanoparticles was measured
by weighing the protein loaded nanoparticles after freeze-
drying. 0.1 ml GFP/CaP nanoparticles (5 mg/ml) were
centrifuged at 12,000 rpm for 10 min, then discarded the
supernatant. The nanoparticles was dissolved in 1 ml MES
buffer (0.5 M, pH 5.0) for 1 h in room temperature. The
solution was centrifuged at 12,000 rpm for 10 min. The protein
in the supernatant was quantified by UV absorption using
Bradford protein assay kit. The loading capacity (w/w) was
guantified as [(mass of protein in nanoparticles)/(total mass of
nanoparticles)]><100%.25

Stability of GFP/CaP nanoparticles

Nanoparticles were dispersed in DMEM with or without 10%
FBS in 37°C. The size of nanoparticles was measured by DLS
after different incubation time.

pH responsive protein release from CaP nanoparticles

The nanoparticles were incubated with 100 mM MES buffer
with different pH for 1 h, 4 h and 8 h in room temperature.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

Then the amount of released GFP was measured by using
Bradford assay.

Toxicity assays

HepG2 cells were seeded at 5.0x10° cells per well in a 96-well
plate one day before the treatment of nanoparticles. 100 pl
different concentrations of GFP/CaP nanoparticles suspended
in DMEM were added into the cells. After 48 h incubation, the
medium was replaced by fresh medium containing 0.5 mg/mL
of MTT. After 4 h incubation, the medium was removed and
150 pl of DMSO was added to dissolve tetrazolium salt. The
absorbance at 490 nm were measured by a microplate reader
(Biorad, USA). Cell viabilities were normalized to the
absorbance of non-treated cells.

Circular dichroism measurement

The circular dichroism measurements were performed with a
Jasco-715 spectropolarimeter at 20°C using matched 10 mm
path length quartz cells. Spectra were recorded as the average
value of three scans in a range of 190 - 250 nm.

SDS-PAGE analysis

Protein samples in loading buffer were heated in boiling water
for 8 min. Then the samples were loaded into the wells of SDS-
PAGE gel. The electrophoresis lasted for about 1 h at 120 V
voltage.

Cellular uptake and intracellular localization of protein

A total of 60,000 or 240,000 HepG2 cells were cultured in a 24
-well plate or 3.5 cm dish and maintained at 37°C in a 95%
humidified atmosphere with 5% CO, for 24 h. After the
incubation with GFP/CaP or KRed/CaP nanoparticles (1 mg/ml)
for different time, the cells were washed three times with 500
ul PBS buffer. Then the cells were analyzed by flow cytometer,
fluorescence microscope or confocal microscope. To study the
co-localization with LysoTracker®Red, cells were incubated
with the dye for 20 min before the detection.

Quantification of radical oxygen species generated from KRed

100 pl native KRed and KRed released from CaP nanoparticles
were placed in 96-well plate in the same concentration. After
the irradiation with white LED light (1 W/cm?) for 30 min, the
radical oxygen species (ROS) generated by the irradiation of
KRed was quantified by measuring H,0, using Hydroperoxide
Quantitative Assay Kit (Sangon).

Results and discussion

Characterizations of protein-loaded nanoparticles

This journal is © The Royal Society of Chemistry 20xx
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The protein loaded nanoparticles were prepared by adding
(NH4),HPO, solution into the Ca(NOs), solution containing
protein in the presence of PEG. The protein was incorporated
into calcium phosphate while the formation of nanoparticles.
The particles were collected by centrifugation and re-
suspended in water. The GFP and KRed loaded particles clearly
showed the green and Red colour, respectively; while the BSA
loaded particles demonstrated white colloid phase (Figure 1A).
The scanning electron microscope (SEM) micrograph of
GFP/CaP nanoparticles showed the spherical and uniform
morphology of nanoparticles (Figure 1B). The dynamic light
scattering (DLS) measurement indicated the narrow size
distribution of GFP/CaP nanoparticles (Figure 1C). Similar
results were observed on KillerRed and BSA loaded
nanoparticles (Figure S1, S2). The XRD pattern showed that the
calcium phosphate were mainly in amorphous phase with very
low crystalline order (Figure 1D). The amount of protein
loaded in the nanoparticles was analysed using fluorescence
spectra by measuring the protein released from particles. The
loading capacity increased with the protein concentration in
the preparation; it reached 29% at the GFP concentration 0.20
mg/ml (Figure 1E). The average particle sizes did not change
obviously with the variation of GFP concentration.

Stability of GFP/CaP nanoparticles

The stability of GFP/CaP nanoparticles was evaluated by time
dependent size change in DMEM media at 37°C for 6 days. The
DMEM media containing 10% fetal bovine serum (FBS) is a
mimic of the physiological environment and is widely used for
cell culture. The DSL measurements indicated that the size of
GFP/CaP nanoparticles in DMEM without FBS was stable only
for a few hours; the hydrodynamic radius increased from 200
nm to 6 um in 6 days. Nevertheless, the presence of 10% FBS
remarkably stabilized the nanoparticles and the size remained
unchanged in 6 days (Figure 2). This observation indicated that
FBS improved the stability of CaP nanoparticles. Previous study
showed that FBS exhibited a great negative effect on the
aggregation of calcium phosphates so as to inhibit the process
of mineralization of calcium phosphateszs; this effect can be
utilized to stabilize the CaP nanoparticles for making protein
delivery vectors. FBS contains various of proteins, including
lipoproteins, glycoproteins and globulins; these biomolecules
could contribute to the stabilization of CaP nanoparticles.27 It
has been reported that the cell culture media with FBS caused
irreversible conformational transitions of amorphous silica
nanoparticles and polyisobutylcyanoacrylate nanoparticles,
and led to aggregation of the particles.zs' % Nevertheless,
results in this work indicated that the calcium phosphate
nanoparticles were well-dispersed and stable the DMEM/FBS
media, suggesting that this protein/CaP hybrid was suitable for
the delivery in the physiological condition.

J. Name., 2013, 00, 1-3 | 3
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Figure 1. Characterizations of GFP/CaP nanoparticles: (A) image of GFP, KRed and
BSA loaded CaP nanoparticles suspended in water; (B) SEM micrograph of
GFP/CaP nanoparticles (bar = 100 nm); (C) DLS result of GFP/CaP nanoparticles
suspended in water; (D) XRD pattern of GFP/CaP nanoparticles; (E) GFP loading
capacity of the CaP nanoparticles loaded from 0.03 to 0.25 mg/ml GFP initial
loading solution. Data reported as mean + SE, n = 3.
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Protein release from CaP Nanoparticles

Protein release is a crucial step for the controlled delivery. It is
well-known that the nanoparticles in the size of 100-200 nm
size are typically internalized into cells via endocytosis.30
Therefore, the weak acidity in endosomes/lysosomes (pH is 4-
6) provides a unique environment for the responsive release of
nano-delivery systems. The protein release assay was
conducted at 37°C at different pH (4.5 to 7.4). The protein
released into solution was measured using Bradford assay
after removing nanoparticles with centrifugation. The result on
GFP/CaP showed that nanoparticles were stable at neutral
condition; nearly no protein was detected in solution at pH 7
and 7.4. (Figure 3) However, lowing pH to 6.5 led to protein
release, and complete protein release was detected at pH <
5.5. No obvious difference was observed with different
incubation time (1 h, 4 h, 8 h), suggesting that the
nanoparticles decomposed rather quickly at relevant pH values.
Similar result was observed on the KillerRed or BSA loaded
nanoparticles. This result indicated that the protein/CaP hybrid
nanoparticles were remained stable in physiological conditions
(pH = 7.4) and readily release the protein in the weak acidic
environments of endosomes and lysosomes.
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Figure 2. Size variation of GFP/Cap nanoparticles in DMEM with 10% FBS (solid
circles) and DMEM free of FBS (empty circles) against time in a period of 6 days.
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Figure 3. pH-sensitive protein release from GFP/CaP nanoparticles in 100 mM
MES buffer of different pH and different reaction time by protein concentration
measurement.
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Toxicity assays

The cytotoxicity of protein loaded CaP nanoparticles was
analyzed based on the cell viability measurement using MTT
assays on HepG2 cells. The result on GFP/CaP showed that
cells exhibited more than 85% viability with the treatment of
nanoparticles in the range of 0.25 to 2.50 mg/mL for 48 h
(Figure 4). The concentration of nanoparticles in this range is
able to deliver sufficient amount of protein into cells. (see next
section) Similar results were observed on KRed/CaP and
BSA/CaP (Figure S4). These data clearly indicate the low
cytotoxicity of CaP nanoparticles, and further highlight the
advantage of CaP nanoparticles as desirable protein carriers.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Toxicity of GFP/CaP nanoparticles to HepG2 cells. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was
performed to determine the toxicity of GFP/CaP nanoparticles. The nanoparticles
were incubated with HepG2 cells for 48 h. Data points represented the average
of three experiments; error bars represented the standard deviation.

Protein stability analyses

Maintaining stability and biological functions of proteins is
crucial for delivery systems. The integrity of GFP released from
the CaP nanoparticles was verified by SDS-PAGE analysis.
(Figure 5A) The protein release from GFP/CaP nanoparticles
displayed the same mobility as native GFP on SDS-PAGE,
indicating that no protein degradation occurred during the
preparation of CaP nanoparticles and release of protein in
acidic condition. Circular dichroism (CD) spectroscopy is a
sensitive method to analyze the secondary structure of
proteins. The native GFP demonstrated a negative band at 213
nm and a positive band between 195 - 200 nm, which indicates
the well-folded protein with large amount of 3-strand (Figure
5B). The GFP released from CaP nanoparticles exhibited a CD
spectrum nearly identical to the native GFP. This result
indicates that the released GFP retained its original secondary
structure due to the mild protein loading conditions. The same
result was observed on the KRed and BSA proteins.

To further verify whether the proteins released from CaP
nanoparticles can retain their functions, the activity of KRed
was analyzed. KRed is a genetically encoded photosensitizer,
which generates 0% with the irradiation at 585 nm.>* 0% is a
reactive oxygen species (ROS) that can oxidize water to
generate hydrogen peroxide. Thus, the activity of KRed can be
analysed by the quantification of H,0, after irradiation using
H,0, quantitative assay kit (Sangon, Shanghai). Figure 5C
indicated that native KRed and released KRed generated nearly
the same amount of H,0,, which confirmed that protein
loaded on CaP nanoparticles retains its function.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (A) SDS-PAGE analysis of native and released GFP in pH 5.0 MES buffer;
(B) circular dichroism spectra of native and released GFP for confirmation of
secondary structure of protein; (C) Quantification of H,0, generated from native
KRed and KRed released from KRed/CaP nanoparticles after irradiation with LED
white light for 30 min.

Cellular uptake of CaP nanoparticles

The cytosolic delivery of CaP nanoparticles was investigated
using flow cytometry and fluorescent microscopy imaging on
HepG2 cells. 1.0 mg/ml of GFP/CaP or KRed/CaP nanoparticles
were incubated with HepG2 cells for different time. The flow
cytometry analysis showed that 66.3% cells exhibited green
fluorescence after 2 h incubation with GFP/CaP nanoparticles,
and this percentage increased to 78.9% and 94.6% in 4 h and 8
h, respectively (Figure 6A,B). These data indicate that the
protein loaded nanoparticles were internalized into cells rather
efficiently. In contrast, the control experiments showed that
the incubation with pure GFP protein did not lead the
fluorescence increase in cells, indicating that the GFP protein
alone was unable to enter cells. In addition to the number of
cells, the amount of protein in cells also increased with the
incubation time. The fluorescent microscopy clearly showed
the time dependent increase of green and red fluorescence
with the incubation of GFP/CaP and KRed/CaP, respectively
(Figure 6C). Only weak and scattering fluorescent spots of GFP
and KRed were observed in cells after 2 h treatment with
nanoparticles. The fluorescence intensity increased with the
incubation time and strong fluorescence was observed
throughout the cytosol in 8 h. The cellular uptake of GFP/CaP
was also observed on A549 cells (Figure S5). These data
confirm that CaP nanoparticles can efficiently deliver proteins
into cells.

J. Name., 2013, 00, 1-3 | 5
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Figure 6. (A) flow cytometry results of intracellular delivery of GFP/CaP
nanoparticles. HepG2 cells were incubated with GFP/CaP nanoparticles (1 mg/ml,
containing 250 pug/mL GFP) for 2 h, 4 h, 8h and GFP (250 ug/mL) for 2 h. Grey:
non-treated, purple: GFP for 2h; green, blue and red: treated with GFP/CaP
nanoparticles for 2 h, 4 h and 8h respectively; (B) the delivery efficiency of
GFP/CaP nanoparticles analyzed by flow cytometry. Data shown the average of
three experiments; (C) Fluorescent images of HepG2 cells treating with GFP/CaP
(green) and KRed/CaP (red) nanoparticles for 2 h, 4 h and 8 h at 37 °C (bar = 40
pm).

Intracellular distribution of proteins released from CaP
nanoparticles

The encapsulation of particles in endosomes/lysosomes is an
obstruction for drug delivery through endocytosis. In addition,
the protein degradation in the acidic environment is a major
concern for protein delivery.16 To verify whether the protein
delivered through CaP system can escape from
endosomes/lysosomes, the protein distribution in cells was
measured using confocal laser scanning microscope (CLSM).
HepG2 cells were analyzed after the incubation with GFP/CaP
nanoparticles for different time (1, 4, 8 h). The lysosomes and
endosomes were stained with a red fluorescent dye
LysoTracker®Red and nuclei were stained with a blue
fluorescent dye DAPI. The CLSM result showed that, after 1 h
incubation with GFP/CaP nanoparticles, the majority of the
green fluorescence (GFP) overlaid with the red fluorescence
(lysosomes and endosomes), which confirmed the endocytosis
of the protein/nanoparticles hybrid. (Figure 8A) Less GFP
protein was localized in endosomes/lysosomes after 4 h
incubation, and the protein was more dispersed in cytosol
after 8 h. This observation highly suggested broader
cytoplasmic release and distribution of the protein after endo-
lysosomal escape.

6 | J. Name., 2012, 00, 1-3
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Figure 7. Intracellular delivery of GFP into HepG2 cells with CaP nanoparticles
observed by CLSM. HepG2 cells were incubated with GFP/CaP nanoparticles
containing 250 pug/mL GFP for different time (1, 4, 8 h). After the delivery and
removal of the nanoparticles, the cells were fixed with formaldehyde.
Endosomes and lysosomes were stained with LysoTracker®Red and nuclei were
stained with DAPI. Blue: DAPI, green: GFP, and Red: LysoTracker®Red. Bar
indicates 10 um.

the
decomposition of nanoparticles in endocytosis generates ca®
and PO43’ (in addition to hydroxide ions). Both ions are
presented in high concentration (mM level) in body fluids;
not

For the CaP mediated protein delivery system,

therefore, the degradation of CaP nanoparticles will
perturb the regular biological processes.32 On the other hand,
the decomposition of nanoparticles consumes large amount of
protons, causing additional
endosomes/lysosomes. This process leads to osmotic swelling

pumping of protons into the

and physical rupture of the endosome.” As a result, proteins
are released from the degradative endo-lysosomal trafficking
pathway.

Calcium phosphate nanoparticles, as a well biocompatible
material, have already shown the biological applications, such
as gene transfection, gene silencing, drug delivery and
imaging,21 yet there are only a few works on CaP nanoparticles
as potential protein carriers. CaP nanoparticles were prepared
as oral delivery systems for insulin®3* and utilized to deliver
protein antigen35 to target and activate of antigen-specific B-
cells. The encapsulation of drug-loaded protein demonstrated
efficient cellular uptake and programmed drug release.®® The
loading of hydrophobic drug ibuprofen to BSA/CaP particles in
organic solvent results in the sustained release of the drug.37’ 8
that using vyolk-shell porous
microspheres of CaP can be applied for encapsulating proteins

A recent work showed
and drugs.34 However, the complex preparation process limits
the general application of these methods. Here we present a
general protocol the preparation of CaP

nanoparticles with the protein loading capacity up to 29%. The

for facile

moderate preparation process allows the protein maintaining
their structure and functions after release from particles.

This journal is © The Royal Society of Chemistry 20xx
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Particularly, the nanoparticles prepared in this method show
high stability in serum conditions, and the pH-responsive
release allows the protein release in endosome. Therefore,
this method offers a high potentiality in biological applications,
such as the delivery of therapeutic proteins.

Conclusions

In summary, this work offers a facile method for the
preparation of pH-responsive protein delivery system using
calcium phosphate (CaP) nanoparticles. This method has been
used for different proteins, including BSA, GFP and killerRed
proteins. The well-dispersed nanoparticles are obtained with
the protein loading capacity up to 29%. These conjugates can
be efficiently internalized into cells. The protein/CaP particles
are highly stable in serum condition and able to quickly release

proteins in weak acidic environments in endosomes/lysosomes.

The decomposition of CaP nanoparticles promotes the protein
escape from endosomes/lysosomes. In vitro assay shows that
proteins released from nanoparticles retain their structure and
functions, suggesting that the moderate preparation is
applicable for the encapsulating functional proteins. In
addition, all materials used in the synthesis of protein/CaP
nanoparticles are highly bio-compatible. Therefore, this work
presents a method of intracellular protein delivery, which
could be useful for the application of therapeutic proteins.

Acknowledgements

This work was supported by the National Basic Research
Program of China (973 Program, 2012CB932502), the National
Science Foundation of China (U1332210, 21171156, 21573213)
and Collaborative Innovation Center of Suzhou Nano Science
and Technology.

References

1. Z. Gu, A. Biswas, M. Zhao and Y. Tang, Chem. Soc. Rev.,
2011, 40, 3638-3655.

2. B. Leader, Q. J. Baca and D. E. Golan, Nat. Rev. Drug.
Discovery, 2008, 7, 21-39.

3. S. Mitragotri, P. A. Burke and R. Langer, Nat. Rev. Drug
Discovery, 2014, 13, 655-672.

4. A. K. Varkouhi, M. Scholte, G. Storm and H. J. Haisma, J.
Controlled Release, 2011, 151, 220-228.

5. J. A. Zuris, D. B. Thompson, Y. Shu, J. P. Guilinger, J. L.

Bessen, J. H. Hu, M. L. Maeder, J. K. Joung, Z.-Y. Chen and D.

R. Liu, Nat. Biotechnol., 2015, 33, 73-80.
6. R.Sawant and V. Torchilin, Mol. Biosyst., 2010, 6, 628-640.
7. Q. Wu, Q. Cheng, S. Yuan, J. Qian, K. Zhong, Y. Qian and Y.
Liu, Chem. Sci., 2015, 6, 6607-6613.

This journal is © The Royal Society of Chemistry 20xx

Journalof Materials Chemistry B

8. K. M. Stewart, K. L. Horton and S. O. Kelley, Org. Biomol.
Chem., 2008, 6, 2242-2255.

9. S. Tada, E. H. Chowdhury, C. S. Cho and T. Akaike,
Biomaterials, 2010, 31, 1453-1459.

10. E. Yuba, A. Harada, Y. Sakanishi, S. Watarai and K. Kono,
Biomaterials, 2013, 34, 3042-3052.

11.J. Wu, N. Kamaly, J. Shi, L. Zhao, Z. Xiao, G. Hollett, R. John,
S. Ray, X. Xu, X. Zhang, P. W. Kantoff and O. C. Farokhzad,
Angew. Chem. Int. Ed., 2014, 53, 8975-8979.

12.Y. Yang, Y. Niu, J. Zhang, A. K. Meka, H. Zhang, C. Xu, C. X.
Lin, M. Yu and C. Yu, Small, 2015, 11, 2743-2749.

13. 1. I. Slowing, B. G. Trewyn and V. S. Y. Lin, J. Am. Chem. Soc.,
2007, 129, 8845-8849.

14. A. Abbing, U. K. Blaschke, S. Grein, M. Kretschmar, C. M.
Stark, M. J. Thies, J. Walter, M. Weigand, D. C. Woith, J.
Hess and C. O. Reiser, J. Biol. Chem., 2004, 279, 27410-
27421.

15. V. R. Sinha and A. Trehan, J. Controlled Release, 2003, 90,
261-280.

16. L. M. Bareford and P. W. Swaan, Adv. Drug. Deliv. Rev.,
2007, 59, 748-758.

17. R. F. Murphy, S. Powers and C. R. Cantor, J. Cell Biol., 1984,
98, 1757-1762.

18. J. R. Casey, S. Grinstein and J. Orlowski, Nat. Rev. Mol. Cell
Biol., 2010, 11, 50-61.

19.Y. Lu, W. Sun and Z. Gu, J. Controlled Release, 2014, 194, 1-
19.

20. S. D. Putney and P. A. Burke, Nat. Biotechnol., 1998, 16,
153-157.

21. M. Epple, K. Ganesan, R. Heumann, J. Klesing, A. Kovtun, S.
Neumann and V. Sokolova, J. Mater. Chem., 2010, 20, 18-
23.

22. W. Chen, Y. Xiao, X. Liu, Y. Chen, J. Zhang, X. Xu and R. Tang,
Chem. Commun., 2013, 49, 4932-4934.

23. D. Ma, Nanoscale, 2014, 6, 6415-6425.

24.S. Guo and L. Huang, J. Nanomaterials, 2011, 2011, 12.

25.R. B. Shah and S. P. Schwendeman, J. Controlled Release,
2014, 196, 60-70.

26. P. Liu, J. Tao, Y. Cai, H. Pan, X. Xu and R. Tang, J. Cryst.
Growth, 2008, 310, 4672-4675.

27.S. Kittler, C. Greulich, J. S. Gebauer, J. Diendorf, L. Treuel, L.
Ruiz, J. M. Gonzalez-Calbet, M. Vallet-Regi, R. Zellner, M.
Koller and M. Epple, J. Mater. Chem., 2010, 20, 512-518.

28. D. Drescher, G. Orts-Gil, G. Laube, K. Natte, R. W. Veh, W.
Osterle and J. Kneipp, Anal. Bioanal. Chem., 2011, 400,
1367-1373.

29. J. C. Qlivier, C. Vauthier, M. Taverna, F. Puisieux, D. Ferrier
and P. Couvreur, J. Controlled Release, 1996, 40, 157-168.
30. T.-G. Iversen, T. Skotland and K. Sandvig, Nano Today, 2011,

6, 176-185.

31. R. B. Vegh, K. M. SoIntsev, M. K. Kuimova, S. Cho, Y. Liang,
B. L. W. Loo, L. M. Tolbert and A. S. Bommarius, Chem.
Commun., 2011, 47, 4887-4889.

J. Name., 2013, 00, 1-3 | 7



irnal of Materials Chemistn

ARTICLE Journal Name

32. A. Oyane, H.-M. Kim, T. Furuya, T. Kokubo, T.
Miyazaki and T. Nakamura, J. Biomed. Mater. Res.
Part A, 2003, 65A, 188-195.

33. R. Ramachandran, W. Paul and C. P. Sharma, J.
Biomed. Mater. Res. B Appl. Biomater., 2009, 88, 41-
48.

34. T. Morcol, P. Nagappan, L. Nerenbaum, A. Mitchell
and S. J. Bell, Int. J. Pharm., 2004, 277, 91-97.

35. V. V. Temchura, D. Kozlova, V. Sokolova, K. Uberla
and M. Epple, Biomaterials, 2014, 35, 6098-6105.

36. H. Shi, Q. Cheng, S. Yuan, X. Ding and Y. Liu, Chem.
Eur. J., 2015, DOI: 10.1002/chem.201502756.

37. X.Y.Zhao, Y. ). Zhu, F. Chen and J. Wu, Chem. Asian J.,
2012, 7, 1610-1615.

38. G.J. Ding, Y. J. Zhu, C. Qi, T. W. Sun, J. Wu and F. Chen,
Chem. Eur. J., 2015, 21, 9868-9876.

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 9 of 9 Journal of Materials Chemistry B

Graphic Abstract

A Versatile pH-Responsive Platform for Intracellular Protein Delivery Using Calcium Phosphate Nanoparticles
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A highly biocompatible nanoplatform for intracellular delivery of different proteins, exhibiting pH-responsive release and
efficient endosomal escape.



