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Background: Therapeutic proteins have been widely used in the treatment of various

diseases, and effective carriers are highly required for achieving protein delivery to obtain

favorable treatment potency.

Materials and methods: A protein–polymer hybrid system was constructed through the

genipin-mediated crosslinking of polyethyleneimine with a weight-average molecular weight

of 25,000 g/mol (PEI25K) and ribonuclease A (RNase A), namely RGP.

Results: The RGP nanoparticles were observed to be easily internationalized in HeLa cells

owing to the introduction of positively charged PEI25K, thereby triggering the antiprolifera-

tive effects by cleaving RNA molecules in the tumor cells. Moreover, red fluorescence could

be obviously visualized in the tumor cells after RGP delivery, which was attributed to the

intrinsic characteristics of genipin.

Conclusion: The protein–polymer hybrid system prepared via the genipin-mediated cross-

linking has exhibited potential to be used as a theranostic platform for both in vivo imaging

and delivering diverse therapeutic proteins.
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Introduction
In the past two decades, a series of therapeutic proteins or peptides including growth

factors, cytokines, antibodies and enzymes have been successfully developed due to the

rapid progress of biotechnological techniques.1,2Meanwhile, protein-based therapy has

exhibited great potential in the treatment of various diseases owing to the character-

istics of high pharmacological potency and low toxicity.3,4 Among them, the cytotoxic

ribonuclease A (RNase A) could achieve the cleavage of the intracellular RNA

molecules and induce the cell apoptosis, which has been demonstrated to possess

favorable killing ability against tumor cells.5–10 Nevertheless, it is still a great challenge

to achieve an effective bioavailability and clinic applications of proteins, mainly

attributed to their low stability, easy protease degradation and poor membrane

permeability.11–13

Encouraged by the recent development of nanotechnology, the nanocarriers

including inorganic nanoparticles, cationic lipids, protamine, peptides and polymers

have provided indispensable tools for the intracellular delivery of proteins, yielding

an improvement of stability, permeability and bioavailability of cargoes.11,13–22

Particularly, polyethyleneimine (PEI) has been widely employed as gene carriers

as its amino-rich structure could provide a high density of positive charge and

further promote the cellular uptake through the electrostatic interaction with the
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negatively charged cell membrane.23,24 In addition, it

could facilitate the lysosomal escape through “proton

sponge” effect and protect the payload from the degrada-

tion in the acidic and enzymatic environment of endo/

lysosomes.25,26 In our previous report, PEI25K was suc-

cessfully crosslinked with thermophilic histone through

genipin to prepare a protein–polymer hybrid gene carrier,

which showed favorable biocompatibility and excellent

transfection efficiency owing to the synergistic effects

between these two components.27 In this system, genipin,

which is the enzymatic product of geniposide from the

fruit of gardenia plane, was used as a crosslinking agent

possessing favorable activity with primary amine groups

and colorimetric and fluorogenic activity.28–30 Thus, we

infer that the genipin-mediated crosslinking will be a

powerful tool to construct protein–polymer hybrid systems

for realizing the delivery of therapeutic proteins.

Herein, a protein–polymer hybrid system was synthe-

sized through the genipin-mediated crosslinking of

PEI25K and RNase A for realizing the intracellular deliv-

ery of RNase A, namely RGP (Scheme 1). As RNase A is

a therapeutic protein with favorable antitumor efficacy,5–10

the intracellular delivery and the further antiproliferative

effects of RGP were systematically evaluated.

Materials and methods
Materials
Branched PEI25K (impurities: ≤1% water) and bovine

pancreatic RNase A (≥70 kU/mg protein) were purchased

from Sigma-Aldrich (St. Louis, MS, USA). Genipin

(>98%) was provided by Zhixin Biotechnol. Co.

(Linchuan, China). RNaseAlert® kit was obtained from

Integrated DNA Technologies, Inc. (Coralville, IA, USA).

FBS and DMEM were purchased from Kangyuan Co.

(Beijing, China) and Gibco (Grand Island, NE, USA),

respectively. BCA protein assay kit was provided by

BioTeke Co. (Beijing, China). Blue plus II protein marker

was purchased from TransGen Biotech. (Beijing, China).

BSA and MTTwere purchased from Amresco (Solon, OH,

USA). LIVE/DEAD® Viability/Cytotoxicity kit and one-

step TUNEL cell apoptosis detection kit were obtained by

Thermo Fisher (Grand Island, NE, USA) and Beyotime

Scheme 1 The synthetic approach of RNase A-PEI25K hybrid system (RGP) via genipin-mediated crosslinking.
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(Jiangsu, China), respectively. The Annexin V-FITC/PI

apoptosis detection kit was provided by Vazyme Co.

(Nanjing, China).

Preparation and characterization of RGP
Briefly, RNase A (0.01 μmol) was mixed with 5 mL of

PEI25K solution (0.10 μmol), and genipin (0.01 μmol)

was added into the mixture. After stirring at 4°C for 24

hrs, the samples were dialyzed against distilled water for

24 hrs to remove the excess genipin (MWCO: 3500 Da).

The product RGP was obtained through lyophilization and

then subjected to systematic characterization. The Fourier-

transformed infrared spectrometry (FTIR) spectra were

recorded in the range of 4000–600 cm−1 using KBr pellets

on a Bruker V70 FTIR spectrometer. The UV-Vis spectra

were conducted on a Shimadzu 2700 spectrophotometer in

the wavelength range of 190–350 nm. The MALDI-TOF

mass spectra were conducted on an AB SCIEX 5800 mass

spectrometer. SDS-PAGE was conducted on 15% polya-

crylamide gel with 15 μg protein per well (80 V, 150

mins), in which the concentration of RNase A in RGP

was measured using BCA protein assay kit. Far UV cir-

cular dichroism spectra were performed on a JASCO 810

instrument in the range of 190–250 nm with a scanning

speed of 100 nm/min, in which 1 mg/mL of RNase A

concentration in distilled water was used for analysis.

The transmission electron microscopy (TEM) image of

RGP nanoparticles was captured on a HITACHI-H800

microscope at an accelerating voltage of 200 kV. The

hydrodynamic diameter and zeta potential of RGP nano-

particles were determined using a Malvern Nano ZS90

Zetasizer (Malvern, UK).

Enzymatic activity assay
The enzymatic activities of RNase A and RGP were mea-

sured using RNaseAlert® kit according to the manufac-

turer’s protocol. 10 μL of RNaseAlert® substrate was first

mixed with 10 μL of assay buffer provided in the kit.

Then, 80 μL of RNase A or RGP solution with RNase A

concentration of 1 μg/mL was added into the above solu-

tion individually. The fluorescence intensity at 520 nm

(excited at 490 nm) was monitored within 30 mins.

Intracellular uptake analysis
The HeLa cells were obtained from the Shanghai Institute

of Cell Bank (Shanghai, China) and inoculated in 6-well

plates at a density of 3.0×105 cells/well. After the culture

at 37°C overnight prior to the transfection, the medium

was removed, and the cells were incubated with RGP at

different concentration (0.5–8.0 μg/mL RNase A) in FBS-

free DMEM for 4 hrs. Then, the medium was discarded,

and the cells were collected, suspended in 1 mL PBS and

analyzed through Calibur flow cytometry (BD Bioscience,

Mountain View, USA) with excitation and emission wave-

lengths of 488 and 575 nm, respectively. For the confocal

laser scanning microscope (CLSM) analysis, HeLa cells

were seeded into 6-well plates with sterilized coverslips at

a density of 2.2×105 cells/well and cultured at 37°C over-

night. Subsequently, 2 mL of FBS-free DMEM was added

into each well after removing the medium, and the cells

were transfected with 4 μg/mL of RGP solution for 6 hrs.

The medium was discarded after the transfection, and the

cells were washed with PBS three times, fixed with 4%

paraformaldehyde solution for 15 mins and stained with

DAPI solution (1 μg/mL) for 5 mins. Finally, the cover-

slips were observed on an LSM 710 CLSM (Carl Zeiss

Microscopy LLC, Jena, Germany).

Endosomal escape analysis of RGP

nanoparticles
The HeLa cells were inoculated in a 6-well plate with a

sterilized coverslip at an initial density of 2.5×105 cells/

well and cultured at 37°C overnight. Subsequently, the cells

were incubated with 1 mL FBS-free DMEM containing RGP

nanoparticles (RNase A concentration of 4 μg/mL) for 2 and

6 hrs, respectively. Afterward, the cells were stained with

LysoTracker Green DND-26 (ThermoFisher, Eugene, OR)

for 5 mins as described in previous reports.31–33 After wash-

ing with PBS three times, the cells were fixed with 4%

paraformaldehyde solution for 15 mins and stained with

DAPI solution (1 μg/mL) for 5 mins. Finally, the coverslip

was subjected to the analysis on an LSM 710 CLSM (Carl

Zeiss Microscopy LLC to detect the endosomal escape of

RGP nanoparticles.

In vitro antiproliferative effect assay
The MTT assay was employed to evaluate the in vitro

antiproliferative effect of RNase A and RGP, using 0.1%

Triton X-100 as the positive control according to pre-

vious reports.18,34 Briefly, 200 μL of HeLa cell suspen-

sion was added into 96-well plates at a density of 8,000

cells/well and incubated at 37°C overnight. The cells

were then incubated with 0.1% Triton X-100, PEI25K,

RNase A and RGP with different RNase A concentra-

tions. After the treatment for 24 hrs, 20 μL of MTT
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solution (5 mg/mL) was added into each well, and the

cells were incubated for an additional 4 hrs.

Subsequently, the MTT solution was removed and

dimethyl sulfoxide (200 μL) was added into each well

to dissolve the formazan crystals. The absorbance at 570

nm was measured using HBS-1906A microplate reader

(Nanjing, China), and the cell viability was calculated

based on the absorbance values of treated and untreated

groups.

Live/dead staining
Briefly, HeLa cells were seeded in 6-well plates at a

density of 2.2×105 cells/well and incubated at 37°C over-

night. The cells were treated with 0.1% Triton X-100,

PEI25K, RNase A and RGP for 48 hrs (RNase A concen-

tration of 4 μg/mL) and washed with PBS twice.

According to the manufacturer’s instructions, the cells

were stained with live/dead staining reagents for 30

mins, washed with PBS three times and observed on an

IX71 fluorescence microscopy (Olympus, Tokyo, Japan).

Cell apoptosis analysis
The HeLa cells were seeded into 6-well plates at a density

of 2.2×105 cells/well and cultured at 37°C overnight.

Then, the cells were treated with 0.1% Triton X-100,

PEI25K, RNase A and RGP for 48 hrs (RNase A concen-

tration of 4 μg/mL). According to the manufacturer’s pro-

tocol, the collected cells were treated with the

corresponding solutions in the kit, and the cell apoptosis

was assayed on a Calibur flow cytometry (BD Bioscience).

TUNEL assay
The HeLa cells were seeded into 6-well plates at a density

of 2.2×105 cells/well and cultured at 37°C overnight. After

treating with 0.1% Triton X-100, PEI25K, RNase A and

RGP for 48 hrs (RNase A concentration of 4 μg/mL), the

cells were washed with PBS twice and fixed with 75%

ethanol for 30 mins. Followed by rinsing with PBS three

times, the cells were suspended in PBS containing 0.3%

Triton X-100 and incubated at room temperature for

5 mins. According to the manufacturer’s protocol, the

cells were incubated with TUNEL detection solution in

the kit for 1 hr, washed with PBS three times and detected

using an IX71 fluorescence microscopy (Olympus).

Statistical analysis
Data were presented as mean value ± SD, and statistical

significance of differences was analyzed by one-way

ANOVA using SPSS Statistics 23.0 complemented with

Student’s t-test (n.s., not significant; *p<0.05; **p<0.01).

Results and discussion
The protein–polymer hybrid system RGP was synthesized

through the genipin-mediated crosslinking of RNase A and

PEI25K (Scheme 1), an aglycon of geniposide which has

been widely used as a natural crosslinking agent.27,30

Then, the structure of RGP was characterized by FTIR,

as shown in Figure 1. Apparently, the bands of RGP

generated from RNase A were observed for protein

amide I band at 1639 cm−1 and N-H stretching vibration

at 3338 cm−1, while the characteristic bands from the

component PEI25K were confirmed to be C-H stretching

vibration at 2938 and 2810 cm−1, C-H bending vibration at

1455 cm−1, N-H stretching vibration at 3277 cm−1 and C-

N stretching vibration at 1115 and 1046 cm−1. Therefore,

the FTIR spectra clearly demonstrated the presence of

characteristic peaks of both RNase A and PEI25K in the

product RGP. Moreover, compared with RNase A, the

maximum absorption wavelength of RGP in the UV-Vis

spectrum could be observed to be slightly red shifting

(Figure 2). As there was no absorbance in the UV-Vis

spectra of PEI25K, genipin and the product from geni-

pin-mediated crosslinking of PEI25K (Figure S1), the red

shift of RGP was probably caused by the structural change

of RNase A induced by the genipin crosslinking. Further,

the molecular weight of RGP was determined by MALDI-

TOF mass spectrum and SDS-PAGE analysis. As shown in

Figure 3, the molecular weight of RNase A was 13.7 kDa,

and the value of RGP increased to 66.3 kDa, indicating

Figure 1 FTIR spectra analysis of PEI25K, RNase A and RGP.
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that RNase A was successfully crosslinked with PEI25K.

Similar results could be observed in SDS-PAGE analysis,

in which a major band with a molecular weight of 66.0

kDa was detected for the sample RGP (Figure 4).

Interestingly, different from the single band of RNase A,

lagging bands with different molecular weights could be

found for RGP. This phenomenon was probably caused by

the genipin-mediated crosslinking of RNase A and

PEI25K in various molar ratios. In addition, a mixture of

chains with different molecular weights in PEI25K could

also contribute to these results. Overall, all these results

clearly confirmed the successful crosslinking of PEI25K

and RNase A mediated by genipin.

Subsequently, the morphology, hydrodynamic dia-

meter and zeta potential of RGP were characterized. As

shown in Figure S2, TEM image presented the spherical

structure of RGP nanoparticles, with a particle size of ca.

200 nm. Then, the hydrodynamic diameter and zeta

potential values of RGP nanoparticles were determined

to be 193.1±18.3 nm and +15.1±2.8 mV, respectively

(Figure S3). Thus, the favorable particle size and positive

charge density of RGP nanoparticles made them suitable

for achieving the cellular uptake in tumor cells. To

further detect the reproducibility of this strategy, three

batches of RGP nanoparticles were prepared, and then

SDS-PAGE, hydrodynamic diameter and zeta potential

analysis were conducted (Figures S4 and S5). Clearly,

there were no distinct differences between these samples,

indicating the good reproducibility of RGP nanoparticles.

To evaluate whether the genipin-mediated crosslinking

reaction could influence the enzymatic activity, the activity

of RGP was measured using a commercial RNase A activ-

ity detection kit. As shown in Figure 5, the fluorescence

intensity of RNase A and RGP was observed to increase

rapidly at an early stage and then become constant after 15

mins, which demonstrated the favorable enzymatic activity

of RGP nanoparticles. Compared with free RNase A, the

RGP activity was slightly reduced by ca. 27% but it still

remained active. Simultaneously, the secondary structure

of RNase A and RGP was determined by far UV circular

dichroism spectra (Figure 6). Clearly, both RNase A and

RGP exhibited typical α-helix conformation with two

Figure 3 The MALDI-TOF mass spectra of RNase A and RGP.

Figure 4 SDS-PAGE analysis of RNase A and RGP. Lane 1: marker; lane 2: RNase A;

and lane 3: RGP.

Figure 2 UV-Vis spectra of RNase A and RGP.
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troughs at wavelengths at 209 and 222 nm. Based on the

online analysis using software K2D2 (http://cbdm-01.zdv.

uni-mainz.de/~andrade/k2d2/), the content of α-helix was

identified to be decreased after genipin crosslinking

(15.43% and 9.86% for RNase A and RGP, respectively).

Meanwhile, the β-sheet content increased from 26.43% in

RNase A to 41.03% in RGP nanoparticles. Thus, the

change of secondary structure was probably a key reason

for the slight deactivation of RNase A in the RGP group.

Owing to the introduction of cationic PEI25K, the

hybrid system RGP is anticipated to be favorable for

the interaction with cell membrane, thereby facilitating

the cellular uptake. The delivery efficiency of RGP was

evaluated through flow cytometry and CLSM, using HeLa

cells as a model (Figure 7). Obviously, red fluorescence in

HeLa cells could be detected owing to the intrinsic

characteristic of genipin in the RGP sample, indicating

the intracellular uptake of RNase A. Meanwhile, the phe-

nomenon demonstrated that RGP nanoparticles could

maintain the unique property of genipin after the cross-

linking reaction. Generally, RNase A executed its antitu-

mor function in the cytosol,35,36 but our results showed

that some RGP nanoparticles exhibited a distribution in the

nucleus. These results meant that the RGP nanoparticles

could efficiently achieve the endosomal escape after the

cellular uptake and even enter the nucleus. Thus, we con-

ducted the endosomal escape analysis of RGP nanoparti-

cles through CLSM images (Figure 8). At 2 hrs, obvious

colocation of green and red fluorescence could be

observed, implying the entrance in lysosomes of RGP

nanoparticles. However, strong red fluorescence could be

detected in the cytosol after 6 hrs, not merged with green

fluorescence. Thus, it could be concluded that RGP nano-

particles could realize efficient endosomal escape owing to

the “proton sponge” effect from PEI25K component.

Moreover, flow cytometric analysis indicated that the

fluorescence intensity of RGP exhibited an increasing ten-

dency with the improvement of RNase A concentration in

the system (Figure 7B and C). These results implied that

the fluorescence intensity in the tumor cells increased in an

RNase A dose-dependent manner. Notably, almost all the

nanoparticles could be uptaken by the cells at an RNase A

concentration of 8 μg/mL, with a delivery efficiency of

97.9%. Overall, the protein–polymer hybrid system RGP

could realize an efficient intracellular delivery of therapeu-

tic protein RNase A owing to the introduction of cationic

carrier PEI25K, and thus it was likely to obtain ideal anti-

tumor potency.

After the successful internalization of RGP, the in

vitro antiproliferative effects of RNase A, PEI25K and

RGP against HeLa cells were evaluated by MTT assay. In

the present research, 0.1% Triton X-100 was employed as

the positive control and the results are summarized in

Figure S6. As shown in Figure 9, compared with PEI25K

and RNase A, RGP nanoparticles exhibited obvious anti-

proliferative effects at an RNase A concentration of 4 and

5 μg/mL, owing to the successful intracellular delivery of

RNase A and the further cleavage of RNA molecules in

tumor cells. Meanwhile, RGP nanoparticles showed the

antiproliferative effects in a dose-dependent manner, with

only 43.9% of cell viability at an RNase A concentration

of 5 μg/mL. Further, more dead cells could be observed

in RGP group through live/dead staining assay (Figure

10), where the dead cells emitted red fluorescence after

Figure 5 The enzymatic activity of RNase A and RGP nanoparticles.

Figure 6 Circular dichroism spectra of RNase A and RGP.
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the staining with ethidium homodimer while the viable

cells were labeled green due to the calcein acetoxymethyl

ester (calcein AM) staining.37 Thus, all these results

demonstrated the excellent antiproliferative effects of

RGP nanoparticles owing to the successful delivery of

RNase A with favorable antitumor response.

To further validate whether the proliferative inhibition

was associated with the cell apoptosis, HeLa cells after

RGP treatment was intuitively visualized through TUNEL

staining. As shown in Figure 11, an obvious structural defor-

mation of the nucleus and stronger green fluorescence could

be simultaneously observed after the treatment with RGP for

48 hrs, indicating that RGP nanoparticles could efficiently

induce the cell apoptosis. Moreover, the cell apoptosis was

measured through flow cytometric analysis after cell staining

with Annexin V-FITC and PI (Figure 12). In comparison to

Figure 8 Endosomal escape analysis of RGP nanoparticles through CLSM. The scale bar is 50 μm.

Figure 7 In vitro delivery efficiency analysis of RGP. (A) The CLSM images of HeLa cells after the treatment with RGP for 6 hrs. Scale bar: 100 μm. (B) The cellular uptake

analysis of RGP with different concentrations of RNase A in HeLa cells through flow cytometry. (C) The quantitative analysis based on flow cytometry for the delivery

efficiency of RGP.
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the control group, free RNaseA did not induce any apoptosis,

and only a slight apoptotic ratio could be detected for the

PEI25K treatment which was probably relied on the intrinsic

cytotoxicity of PEI25K. Remarkably, an obvious induction

of cell apoptosis could be found for the RGP group with a

total apoptotic ratio of ca. 46.2%. Thus, the antiproliferative

effect triggered by RGP nanoparticles was attributed to the

induction of cell apoptosis after the successful intracellular

delivery of therapeutic protein RNase A.

Conclusion
In conclusion, therapeutic protein RNase A and cationic poly-

mer PEI25K were covalently crosslinked using genipin as a

crosslinker to construct a protein–polymer hybrid nanoparti-

cle, aiming at the efficient intracellular delivery of RNase A.

The RGP nanoparticle could be efficiently uptaken by cancer

cells with a delivery efficiency of 97.9% and induce the

apoptosis by cleaving the RNA molecules in the cytosol

(total apoptotic ratio of 46.2%), thereby affording to the

inhibition of cell proliferation. Additionally, the intrinsic red

fluorescence of RGP from the introduction of genipin made it

a potential theranostic delivery system for obtaining the com-

bination of protein-based therapy and in vivo imaging.

Overall, we believe that the genipin-mediated crosslinking

technique will provide a promising tool for achieving the

delivery of therapeutic proteins for the treatment of various

diseases with improved therapeutic efficacy and minimized

side effects.

Figure 9 In vitro antiproliferative effect assay of HeLa cells after the treatment with

PEI25K, RNase A and RGP nanoparticles, in which the concentration of RNase A

was used for the RGP nanoparticles. Data were presented as mean ± SD of

triplicate experiments (*p<0.05).

Figure 10 Live/dead staining assay of HeLa cells after the treatment with RNase A and RGP. The scale bar is 200 μm.

Figure 11 TUNEL assay of HeLa cells after the treatment with RNase A and RGP. The scale bar is 200 μm.
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