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ABSTRACT: Cell-penetrating peptides (CPPs) are considered as promising drug carriers by
virtue of their potent cell-penetrating capacity. However, lack of targetability still represents a
bottleneck for their systemic administration. Here, we synthesized a lysine-rich CPP named
KRP and developed a tumor-targeted drug delivery system (DDS) by linking KRP and
doxorubicin (DOX) with stable covalent bonds (thioether bond and amide bond). Through in
vitro and in vivo tests, we confirmed that the multiple physicochemical properties of KRP
endow KRP-DOX with multiple synergistic functions, including good biocompatibility and
biodistribution, selective accumulation in tumor tissues, inclination to remain in tumor tissues
and be internalized by tumor cells; stable covalent bonds prevent free DOX release from KRP-
DOX in blood stream, shield normal tissues from the toxic effect of DOX, and lead to the
majority of DOX delivery into tumor cells by KRP; lysosome escape of KRP-DOX ensures its
tumor-killing effect. In addition, the simple chemical composition and modification reduce the
risk of immunogenicity and metabolite toxicity. Our study provides a simple, safe, and efficient
platform for tumor-targeted DDS.
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1. INTRODUCTION

To improve the therapeutic index (i.e., efficacy and safety) of
antitumor drugs, it is necessary to endow them with multiple
properties, such as good biocompatibility, stability in blood
stream, tumor targeting, inclination to remain in tumor tissues
and be internalized by tumor cells, etc. For this purpose,
tumor-targeted drug delivery system (DDS) attracted wide
attention in recent decades. After systemic administration,
DDS needs to go through at least five cascade steps: circulation
in the blood compartments, accumulation and penetration in
tumors, cellular internalization, followed by intracellular drug
release, which is named the CAPIR cascade.1 It is important to
take into account the majority of the above-mentioned barriers
in tumor-targeted DDS design.2 Among many nanocarriers,
cell-penetrating peptides (CPPs) exhibit superiority for their
cell-penetrating capacity. Since the first CPP, i.e., the trans-
activator of transcription (TAT) protein of HIV-1 was
discovered in 1988,3 studies on CPPs have subverted the
notion that hydrophilic macromolecules could not penetrate
biofilms4 and confirmed potent capacity of CPPs to deliver a
large number of different types and sizes of substances into
cells (including small molecules, plasmid DNA, peptides,
proteins, nanoparticles, liposomes, viruses, quantum dots,
etc.).5−16 However, lack of targetability restricted systemic

administration of CPPs. The common strategies to develop
targeted CPP−drug conjugates are as follows: complement a
ligand (with high affinity or specificity to the target tissues/
cells), such as tumor-targeting peptides, antibodies, and
homing peptides,17−24 to CPP−drug conjugates; take advant-
age of the special microenvironment of target tissues (such as
pH-sensitivity, oxidative or reducing environment, high
expression of MMP, GSH, etc.) to trigger the cleavage of the
junction for stimulus-responsive release.25−29 To date, CPP−
drug conjugates still stay at the door of clinical application. The
reasons involve the following five points: (1) complex
composition, excessive chemical modification increasing the
instability, immunogenicity, and antigenicity of DDS. So, DDS
is more susceptible to enzymatic hydrolysis in circulating blood
or phagocytosis by the mononuclear phagocytic system.30−32

(2) Excipients degrade into toxic products and damage normal
tissues. (3) Individual differences of antigen or ligand
expression on tumor cells also lead to unstable efficacy of
antibodies in DDS.33 (4) After the components of DDS are
covalently linked, the physiochemical properties of some
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components are changed, thus resulting in no synergistic effect.
(5) DDS failed to escape from lysosomes after being
internalized by cells.
KRP is a lysine-rich CPP with multiple physicochemical

properties (Table 1), which was discovered in our previous
research.34

On the basis of the following reasons, we speculate that it is
possible to construct a tumor-targeting DDS by linking KRP to
DOX through stable covalent bonds: (1) The hydrophilic
residue ratio of KRP is 80%, which endows KRP with
hydrophilicity. Therefore, after intravenous administration,
KRP circulates and remains in the blood stream rather than
accumulating and precipitating. (2) The molar mass of KRP is
more than that of DOX. KRP is not easy to flow out through
the gap of normal vascular endothelial cells, i.e., not inclined to
reach normal tissues. The stable covalent bond prevents the
antitumor drugs’ release from KRP in the blood stream and
shields normal tissues from the toxic effects. (3) Unlike the
common CPPs used as drug carriers (such as TAT, pAnt,
MAP, R8, VP22, etc.), which are generally composed of less
than 20 amino acid residues,35 KRP is a 54 amino acid
polypeptide. So, KRP is more likely to utilize the enhanced
permeation and retention (EPR) effect36−38 to achieve passive
tumor targeting and remain in a solid tumor with long
retention. (4) KRP is a basic polypeptide. Due to the vigorous
metabolism, the local microenvironment of solid malignant
tumors is mostly acidic. Basic KRP tends to accumulate in
acidic microenvironment of tumors.39,40 (5) KRP possesses 18
positive charges under physiological conditions and is apt to
adsorb to the negative charges of heparin D sulfate in the

membrane of tumor cells through electrostatic interaction. (6)
Taking advantage of the potent cell-penetrating ability, KRP
can load antitumor drugs into tumor cells efficiently. (7) There
are two nucleus localization sequences41 in KRP (KKRK),
which may lead the drug to the nucleus. In a word, KRP-DOX
may modify the bio-distribution model of DOX, i.e., replace
the simple diffusion2,42−44 into many organs with selective
accumulation in solid tumors by the EPR effect (Scheme 1).

2. EXPERIMENTAL SECTION
2.1. Materials. Human osteosarcoma cell line (MG63) and

Human umbilical vein endothelial cells (HUVECs) were purchased
from ATCC (Manassas, VA). Cell culture media (DMEM, F12) was
purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS) was purchased from Novagen (Madison, Wisconsin). Cell
Counting Assay Kit-8 (CCK-8) was purchased from Dojindo
Laboratory (Kumamoto, Japan). LysoTracker Green and 4′,6-
diamidine-2′-phenylindole dihydrochloride (DAPI) were purchased
from ThermoFisher Scientific. Doxorubicin (DOX) and Doxorubicin
hydrochloride (DOX-HCL) were purchased from Hisun Pharma-
ceutical Co. (Zhejiang, China). All other chemicals were reagent
grade.

2.2. Synthesis of KRP, KRP-DOX, and FITC-KRP-DOX. KRP
were synthesized according to standard Fmoc solid-phase peptide
synthesis (SPPS) methods,45 conjugated to DOX through a c-
terminal 3-maleimidopropionic acid “linker”, conjugated to FITC
through an N-terminal 6-aminohexanoic acid “linker” as described.46

KRP, KRP-DOX, and FITC-KRP-DOX were confirmed and purified
by reversed phase high-performance liquid chromatography electro-
spray ionization mass spectrometry (RP-HPLC/ESI MS).47,48

2.3. Cell Culture. MG63 cells were cultivated in DF (DMEM/
F12) + 5% FBS. HUVECs were cultivated in DMEM + 10% FBS. Cell

Table 1. Physicochemical Properties of KRP

amino acid sequence SSKEKKKGKKRKKKREREGQKEGGRRKEKRKEKKRKEGGREGRKEGRKSADHPS

molecular weight 6402.35
pI (isoelectric point) 11.5
net charge at pH 7.0 +18.1
hydrophilic residue ratio 80%

Scheme 1. Design of KRP-DOX That Can Optimize the Biodistribution of DOX, Selectively Accumulate in Tumors, and Be
Efficiently Internalized by Tumor Cells, Exerting an Antitumor Mechanism after Lysosome Escape
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culture was always performed at 37 °C in 5% CO2 and 100% relative
humidity.
2.4. Cellular Uptake Study. 2.4.1. Confocal Laser Scanning

Microscopy (CLSM). MG63 cells were seeded on a coverslip in a 6-
well plate at the density of 5 × 104 cells/mL and cultured for 24 h.
Then, the cells were washed with phosphate buffered saline (PBS)
and incubated with different concentrations of FITC-KRP (2, 5, and
10 μM) for 1 h (saline as negative control/NC). The same method is
used to prepare MG63 cells for evaluating the cellular uptake of KRP-
DOX and DOX-HCL. The treated cells were rinsed in PBS for 5 min.
Coverslip slides were used with ProlongGold Anti-Fade Reagent
(with DAPI for nucleus staining). CLSM was used to observe the
fluorescence. Images were acquired with a resolution of 1024 × 1024
pixels using a 5× and an oil-immersion 63× objective. The wavelength
of the argon-ion laser was set at 488 nm; fluorescence emission was
observed at 520−530 nm for FITC and 570−600 nm for DOX. The
relative fluorescence intensity of each slice was calculated by image
processing software ImageJ, as described in our previous study.34

2.4.2. Flow Cytometry. For quantitative analysis, the treated cells
were washed with cold PBS, trypsinized, and harvested by
centrifugation at 1000 rpm for 5 min. The cells were resuspended
in 200 μL of PBS and analyzed by flow cytometry (BD). The
excitation wavelength was set at 488 nm; fluorescence emission was at
520−530 nm for FITC and 570−600 nm for DOX. Images were
analyzed using image-analysis software Flow Jo vX.0.7.
2.5. Cytotoxicity Assay. The effects of KRP, KRP-DOX, and

DOX on cell proliferation were studied with MG63 cells and
HUVECs by the CCK-8 assay. The cells (4 × 103 cells per well) were
seeded in 96-well plates and cultured for 24 h. Drugs at various
concentrations were added to the culture medium. Twenty-four hours
later, 10 μL of CCK-8 solution was added to each well and the cells
were incubated for another 2 h. The absorbance values were then
measured at 450 nm using a VICTOR X5 Multilabel plate reader
(PerkinElmer, Inc., Singapore). Cell viability (%) was expressed by
the following equation: Cell viability (%) = (Asample − Abaseline)/
(Acontrol − Ablank) × 100%. Asample stood for absorbance of the
experimental well (containing cells, medium, CCK-8 solution, and
drug solution); Abaseline stood for absorbance of the baseline well
(containing medium, CCK-8 solution, and drug solution; no cells);

Acontrol stood for absorbance of the control well (containing cells,
medium, and CCK-8 solution; no drug); and Ablank stood for the
absorbance of the blank well (containing medium, CCK-8 solution,
no cells, drugs).

2.6. Lysosome Colocalization. MG63 cells were seeded on a
coverslip in a 6-well plate at the density of 5 × 104 cells/mL. After 24
h, KRP-DOX (10 μM) was added to the culture medium. After 0.5 h
(group 1) and 2 h (group 2), LysoTracker Green (50 nM) was added
and incubated with the cells for 5 min for endosome/lysosome
labeling. The incubation solution was removed and the cells were
rinsed in PBS for 5 min and fixed with 4% paraformaldehyde (PFA)
for 15 min. CLSM was used to observe the fluorescence, as previously
mentioned.

2.7. Stability of KRP-DOX in MG63 Cells. MG63 cells were
seeded on a coverslip in a six-well plate at the density of 5 × 104 cells/
mL and cultured for 24 h. Then, the cells were washed with PBS and
incubated with FITC-KRP-DOX (10 μM) for 2 h. The treated cells
were rinsed in PBS for 5 min and fixed with 4% PFA for 15 min.
Fluorescence Images were acquired and observed, as mentioned
above.

2.8. In Vivo Experiments. 2.8.1. Animal Preparation. All animal
experiments were carried out in accordance with guidelines approved
by the Animal Ethical and Welfare Committee of Sun Yat-sen
University (Guangzhou, Guangdong, China). A total of 5 × 106

MG63 cells in 100 μL of PBS was injected subcutaneously in the right
flanks of 5 week old male BALB/c node mice. When the xenograft
tumors approached 8 mm diameter, the tumor-bearing mice were
randomly divided into three groups: The mice in DOX group received
DOX-HCL administration (at a dose equivalent to 5 mg/kg free
DOX) daily via tail vein injection. The KRP-DOX group received
KRP-DOX administration (at a dose equivalent to 5 mg/kg free
DOX) daily via tail vein injection. DOX-HCL and KRP-DOX were
dissolved in 100 μL of saline. The control group received 100 μL of
saline administration via tail vein injection daily. The administration
process lasted for 1 week.

2.8.2. DOX Release Assessment. Before the end of the animal
experiment, the blood samples (200 μL) were collected through
ophthalmectomy at predefined time intervals (5, 30 min, 1, 2, 6, 12,
24, and 48 h after drug administration). The collected samples were

Figure 1. Characteristics of KRP. (A) By CLSM, FITC-KRP was observed to be internalized by MG63 cells in a dose-dependent manner. (B) By
the image processing software ImageJ, the relative fluorescence density of FITC-KRP at various concentrations confirmed the dose-dependent
manner of cellular internalization of KRP. (C) Flow cytometry further confirmed the above-mentioned result. (D) By Cell counting assay (CCK-
8), KRP showed little cytotoxicity on MG63 cells and HUVECs at 10 μM concentration after 24 h of administration. The nuclei were stained with
DAPI. White scale bars = 100 μm; yellow scale bars =10 μm.
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centrifuged at 12 000 rpm for 10 min, and the supernatant were
extracted and stored at −80 °C. The concentration of free DOX in
plasma samples at different times after drug administration was
determined by liquid chromatography tandem mass spectrometry
(LC-MS/MS), as previously described,49 using daunorubicin as
internal standard (IS) (Supporting Information).
2.8.3. In Vivo Imaging and Biodistribution Analysis. In vivo

imaging system/IVIS (PerkinElmer) was used to take the ex vivo
images of tumor-bearing mice (including DOX-HCL group and KRP-
DOX group, with saline group as control; the grouping method is as
mentioned before) at predefined time intervals (1, 6, 12, 24, and 48 h
after drug administration) with excitation wavelength from 475−485
nm and emission wavelength from 575−585 nm. The heart, liver,
spleen, lung, kidney, and tumor were collected from each humanely
killed mouse 6 h after injection. The fluorescence intensity in all
organs was analyzed by IVIS spectrum. At last, the frozen sections (10
μm) of the tumors, hearts, and livers were stained with DAPI. The
fluorescence of each section was analyzed by CLSM according to
DOX excitation (475−485 nm) and emission wavelength (575−585
nm).
2.9. Statistical Analyses. Statistical analyses were performed by

the software GraphPad Prism (version 7.0a). Two-tailed unpaired
Student’s t-test was used for statistical analysis when a pair of
conditions was compared. The analysis for each sample was repeated
at least three times. Asterisks denote statistical significance (*P <
0.05; **P < 0.01; ***P < 0.001). The data are reported as mean ±
SD.

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of KRP-DOX. 3.1.1. Charac-
teristics of KRP. KRP and FITC-labeled KRP (FITC-KRP)
have been synthesized in our previous study. In this study,
KRP and FITC-KRP were confirmed and purity analyzed by
RP-HPLC/ESI MS (Figures S1 and S2). The cellular
internalization tendency of KRP at various concentrations
was assessed to decide a rational concentration for subsequent
studies. As exhibited in Figure 1A, by CLSM, FITC-KRP was
detected with green fluorescence of FITC (with excitation
wavelength from 490−495 nm and emission wavelength from
520−530 nm). The cellular nuclei were stained with DAPI for
blue fluorescence (with an excitation wavelength of 358 nm
and an emission wavelength of 461 nm). FITC-KRP was
internalized by MG63 cells in a dose-dependent manner.
FITC-KRP appeared in almost all MG63 cells at 10 μM
concentration after 2 h of administration. As exhibited in
Figure S3, FITC-KRP was observed to be internalized by
HUVECs in a dose-dependent manner too. By the image
processing software ImageJ, the relative fluorescence density
was calculated and demonstrated the concentration-dependent
cell internalization of KRP (Figure 1B). Flow cytometry
further confirmed this result (Figure 1C). To study the effect
of KRP on the proliferation of both cancer cells and normal
cells, cell counting assay (CCK-8) was performed on MG63

Figure 2. Design and synthesis of KRP-DOX. (A) Three components of KRP-DOX, maleimidopropionic acid acting as a linker to link the amino
group of DOX with amide bond (in the yellow ellipse) and the cysteine residue of KRP with thioether bond (in the blue ellipse). (B) Mass
spectrum of KRP-DOX. According to the mass-to-charge ratio, the molecular weight of the synthesized compound was in the range of 7035−7038,
which is consistent with that of KRP-DOX. (C) HPLC assay showed that the purity of KRP-DOX was 96.26%. (D) FTIR spectra showed the
typical S−H bond at 2600−2500 cm−1 (black arrow, in KRP) and −S− bond at 640−600 cm−1 (blue arrow, in KRP-DOX), which indicated
successful connection of KRP and DOX via a thioether bond. (E) The 1H NMR spectrum of KRP-DOX indicated the presence of the maleimide
group by its characteristic peak at 6.7 ppm. The results indicated the successful reaction of the thiol group of KRP with the linker (maleimide
group).
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cells and HUVECs. As shown in Figure 1D, KRP showed little
cytotoxicity on both kinds of cells at 10 μM concentration after
24 h of administration.
3.1.2. Design of KRP-DOX. On the basis of the potent cell-

penetrating capacity and nontoxic property of KRP, combined
with its physicochemical properties, we designed a tumor-
targeted DDS (KRP-DOX) that contains only three
components: (1) a new cell-penetrating peptide (KRP). (2)
a model chemotherapy drug (doxorubicin, DOX) The clinical
application of DOX is restricted for dose-dependent
myelosuppression, a significant incidence of irreversible
cardiotoxicity, and the development of drug resistance. (3) a
linker: maleimidopropionic acid, which links the amino group
of DOX with amide bond and the cysteine residue of KRP with
thioether bond (Figure 2A).
3.1.3. Synthesis of KRP-DOX. KRP-DOX was synthesized

by Fmoc Chemistry (China Peptide Company, Jiangsu,
China), as described in the literature,50 confirmed with purity
analysis by RP-HPLC/ESI MS. Maleimidopropionic acid acted
as a linker to link the amino group of DOX with amide bond
(in the yellow ellipse) and the cysteine residue of KRP with
thioether bond (in the blue ellipse) (Figure 2A). The
molecular weight of KRP-DOX is composed of KRP (7031),
DOX (543.5), and linker. According to the mass-to-charge
ratio, the molecular weight of the synthesized compound was
in the range of 7035−7038, which is consistent with that of
KRP-DOX (Figure 2B). HPLC assay showed that the purity of
KRP-DOX was 96.26% (Figure 2C). The structure was verified
by Fourier transform infrared spectroscopy (FTIR) and 1H
NMR spectroscopy (400 MHz, DMSO-d6). FTIR spectra

showed the typical S−H bond at 2600−2500 cm−1 (black
arrow, in KRP) and −S− bond at 640−600 cm−1 (blue arrow,
in KRP-DOX), which indicated successful connection of KRP
and DOX via thioether bond(Figure 2D). The 1H NMR
spectrum of KRP-DOX indicated the presence of the
maleimide group by its characteristic peak at 6.7 ppm, whereas
that of KRP did not show. The results indicated the successful
reaction of the thiol group of KRP with the linker (maleimide
group) (Figure 2E).

3.2. Characteristics of KRP-DOX. To determine whether
KRP can efficiently transport DOX into tumor cells, we
performed a series of experiments.

3.2.1. Tumor Cell Affinity of KRP-DOX. Tumor cell affinity
is the first factor affecting cellular uptake of KRP-DOX. Taking
advantage of self-fluorescence from DOX, by flow cytometry,
MG63 cells combined with both KRP-DOX and DOX-HCL
exhibited red fluorescence. MG63 cells which received no drug
application served as negative control (NC). Figure 3A shows
that at the same concentration, after 2 h of drug
administration, the fluorescence intensity of MG63 cells in
KRP-DOX group is more than 3 times higher than that in
DOX group; both of them are concentration dependent. That
means, the cell affinity of KRP-DOX to MG63 is obviously
stronger than that of DOX-HCL.

3.2.2. Cellular Uptake Tendency of KRP-DOX. Because flow
cytometry cannot distinguish membrane-bound drugs from
drugs entering cells, the internalization tendency of KRP-DOX
and DOX-HCL to MG63 cells was compared further by
CLSM. As demonstrated in Figure 3B, at 10 μM concentration,
after 2 h of administration, the red fluorescence of DOX can be

Figure 3. Characteristics of KRP-DOX. (A) Flow cytometry assay showed that the affinity of KRP-DOX to MG63 cells is more than 3 times
stronger than that of DOX-HCL at the same concentration, after 2 h of drug administration. (B, C) At the concentration of 10 μM, by CLSM, a
majority of MG63 cells in KRP-DOX group/minority of MG63 cells in DOX-HCL group exhibited the red fluorescence of DOX. Relative
fluorescence intensity by ImageJ confirmed this result. (D) Red fluorescence of DOX from KRP-DOX colocalized with the green fluorescently
labeled lysosomes in MG63 cells (emerged as yellow fluorescence) after incubation for 0.5 h. After incubation for 2 h, the red fluorescence began to
separate from the green fluorescently labeled lysosomes and appeared in both cytoplasm and nuclei of MG63 cells (white arrow). The nuclei were
stained with DAPI. White scale bars = 100 μm; yellow scale bars = 10 μm.
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observed in almost all MG63 cells in KRP-DOX group and in
only about 1/3 of MG63 cells in DOX-HCL group. From a
63× oil-immersion objective of CLSM, red fluorescence of
DOX was located in cytoplasm as well as nuclei in MG63 cells
of both groups. To further confirm this result, the relative
fluorescence density of both groups was calculated and
compared by the image processing software ImageJ (Figure
3C).
3.2.3. Endolysosome Escape of KRP-DOX. Considering that

different CPPs are taken up by cells in different way and

different concentrations of peptide and the presence of the
load may also alter the transport pathway, we tried to reveal
the cellular uptake pathway and distribution of KRP-DOX in
MG63 cells. Lysosome colocalization experiment was
performed with LysoTracker Green (with an excitation
wavelength from 490−495 nm and an emission wavelength
from 520−530 nm). As exhibited in Figure 3D, red
fluorescence of DOX from KRP-DOX colocalized with the
green fluorescently labeled lysosomes in MG63 cells (emerged
as yellow fluorescence) after incubation for 0.5 h. After

Figure 4. Stability and cytotoxicity of KRP-DOX. (A) Design of FITC-KRP-DOX: Maleimidopropionic acid (in the yellow ellipse) and 6-
aminocaproic acid/Acp (in the blue ellipse) served as linkers (B) By CLSM (63× oil-immersion objective), the distribution of green fluorescence
(FITC) and red fluorescence (DOX) from FITC-KRP-DOX in MG63 cells was consistent, both of them appeared in cytoplasm and nuclei after 2 h
of administration. (C, D) DOX-HCL showed stronger cytotoxicity than KRP-DOX on MG63 cells and HUVECs at the same concentration. The
nuclei were stained with DAPI. Yellow scale bar = 10 μm.

Figure 5. DOX release from KRP-DOX in the blood stream by LC-MS/MS analysis. (A) Using daunorubicin as internal standard (IS), the
calibration curve showed good linearity with a regression coefficient of 0.99982. The ratio of the doxorubicin peak area to the daunorubicin peak
area is the ordinate (ADOX/AIS) (B−D) Counts vs acquisition time (min) of DOX from standard product, DOX-HCL, and KRP-DOX, respectively,
by HPLC.
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incubation for 2 h, the red fluorescence began to separate from
the green fluorescently labeled lysosomes and appeared in both
cytoplasm and nuclei of MG63 cells. Although the entry
mechanism is not entirely understood, our study suggested that
KRP-DOX could enter MG63 cells by endocytosis and escape
from the endolysosome into the cytoplasm and the nuclei. One
proposed mechanism with which to disrupt lysosomes is the
proton sponge effect, whereby nanoparticles with cationic
surface groups induce osmotic lysis upon endosome acid-
ification.51

3.2.4. Stability of KRP-DOX in Endolysosome. To further
explore whether the entire KRP-DOX escaped from
endolysosome or only the free DOX escaped from
endolysosome after KRP being hydrolyzed, we labeled the
KRP end of KRP-DOX with fluorescein FITC. FITC-KRP-
DOX was synthesized by Fmoc chemistry and confirmed with
purity analysis as mentioned above (Figure S4A,B). The 6-
aminocaproic acid (Acp) served as a linker (Figure 4A). By
CLSM (63× oil-immersion objective), we observed that the
distribution of green fluorescence (FITC) and red fluorescence
(DOX) in MG63 cells was consistent (Figure 4B); both
appeared in cytoplasm and nuclei after 2 h of administration.
This result can indirectly confirm that FITC-KRP-DOX
remains intact in MG63 cells and acts as a whole.
3.2.5. Cytotoxicity of KRP-DOX. Finally, we compared the

cytotoxicity of DOX-HCL and KRP-DOX on MG63 and
HUVECs by CCK-8 assay. As revealed in Figure 4C, after a 24
h treatment with DOX-HCL and KRP-DOX at various

concentrations, the viability of MG63 cells and HUVECs
decreased in a dose-dependent manner. IC50 of DOX-HCL
(MG63 cells/3.05 μM; HUVECs/4.15 μM) is less than that of
KRP-DOX (MG63 cells/7.41 μM; HUVECs/19.44 μM).

3.3. In Vivo Experiment. 3.3.1. Free DOX Released by
KRP-DOX and DOX-HCL in Circulating Blood. To investigate
whether KRP is rapidly degraded by serum protein and then
release DOX, the amounts of DOX in serum were detected at
different times by LC-MS/MS. Using daunorubicin as internal
standard, the calibration curve showed good linearity with a
regression coefficient of 0.99982 (Figure 5). As demonstrated
in Figure 6A, less than 1 ng of DOX was detected 5 min after
intravenous administration of KRP-DOX via tail vein injection;
from 30 min to 48 h after intravenous administration, no free
DOX was detected in the blood stream. This feature, on one
hand, can shield the normal tissues from the direct toxicity of
DOX, and on the other hand, also prevent released DOX from
dispersing in the organs and resulting in undesirable toxic
effects.

3.3.2. Biodistribution of KRP-DOX. The biodistribution of
KRP-DOX and DOX-HCL in mice with xenograft osteosarco-
ma after tail vein injection was observed with red fluorescence
of DOX by IVIS. As demonstrated in Figure 6B, KRP-DOX
selectively accumulated in the tumor area after 1 h of KRP-
DOX administration; after 6 h of KRP-DOX administration,
the fluorescence intensity in tumor reached the highest level;
after 48 h of KRP-DOX administration, the tumor area still
showed fluorescence, suggesting that the retention period of

Figure 6. Stability of KRP-DOX in blood stream and biodistribution of KRP-DOX in vivo. (A) By LC-MS/MS, from 5 min to 48 h after
intravenous administration of KRP-DOX, almost no free doxorubicin was detected in the blood stream. (B) By IVIS, KRP-DOX selectively
accumulated in the tumor area after 1 h of administration; after 6 h of KRP-DOX administration, the fluorescence intensity in the tumor reached
the highest level; after 48 h of KRP-DOX administration, the tumor area still showed fluorescence. Correspondingly, DOX-HCL dispersed and was
excreted by liver and kidney metabolism. Twelve to twenty-four hours after DOX-HCL administration, the fluorescence of DOX disappeared in
mice. (C) By IVIS, after 6 h of drug administration, KRP-DOX was mainly concentrated in tumor while DOX-HCL was dispersed in various
organs, especially in liver and kidneys. (D) By CLSM, frozen sections exhibited that after 6 h of drug administration, red fluorescence of DOX was
observed in tumor cells, cardiomyocytes, and hepatocytes of DOX-HCL group; red fluorescence was observed in tumor cells but not in
cardiomyocytes and hepatocytes of KRP-DOX group. The nuclei were stained with DAPI. White scale bars = 50 μm.
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the KRP-DOX in mice osteosarcoma could reach 48 h.
Correspondingly, DOX-HCL dispersed by simple diffusion
after tail vein injection in mice with xenograft osteosarcoma
and excreted by liver and kidney metabolism. Twelve to
twenty-four hours after DOX-HCL administration, the
fluorescence of DOX was not detected in mice, suggesting
that the retention period of DOX-HCL in xenograft
osteosarcoma mice was less than 24 h. To further observe
the biodistribution of KRP-DOX in mice organs, we performed
in vitro fluorescence imaging of mice organs by IVIS. Six hours
after tail vein injection of saline, DOX, and KRP-DOX, we
euthanized the mice and surgically removed the tumor, heart,
liver, spleen, lungs, and kidneys for fluorescence imaging. As
shown in Figure 6C, KRP-DOX was mainly concentrated in
tumors whereas DOX-HCL was dispersed in various organs,
especially in liver and kidneys, resulting in very low drug
distribution in tumor areas. The frozen sections were observed
by CLSM. Figure 6D demonstrated that red fluorescence was
observed in tumor cells, as well as in cardiomyocytes and
hepatocytes of DOX-HCL group; red fluorescence was
observed in tumor cells but not in cardiomyocytes and
hepatocytes of KRP-DOX group. The relative fluorescence
intensity of DOX was qualified by image processing software
ImageJ (Figure S5). The reasonable explanation for this result
is enhanced permeability and retention (EPR) effect, which
demonstrated the potential for heightened accumulation of
macromolecules by extravasation through fenestrated blood

vessels in tumors together with the lack of lymphatic drainage
and opened several exciting avenues for site-specific local-
ization of chemotherapeutics.52 The ability of KRP-DOX to
extravasate to solid tumor sites largely improved the safety and
tolerability of DOX. The above-mentioned results gave us
great expectation for the antitumor efficiency and safety of
KRP-DOX.

3.3.3. Antitumor Efficacy of KRP-DOX. The antitumor
efficacy of KRP-DOX was estimated in osteosarcoma xenograft
mice. As shown in Figure 7A,B, the tumor volume of mice that
received saline (control group) rapidly increased in 4 weeks
whereas the growth of tumors was significantly suppressed
after the treatment of DOX-HCL and KRP-DOX. The tumors
were excised and weighed at the end of the experiment,
demonstrating the same trend (Figure 7C). Meanwhile, the
mice in the DOX-HCL group were significantly thinner as
compared with mice in KRP-DOX group (Figure 7D). These
results confirmed our prediction that the antitumor effect of
KRP-DOX is stronger than that of DOX-HCL in vivo. Besides,
the level of leukocyte erythrocyte in mice blood showed that
KRP-DOX significantly reduced the bone marrow inhibition of
DOX-HCL (Figure 7E,F).

3.3.4. Histological Analyses. To further characterize the
antitumor efficacy in vivo at a pathological level, histological
analyses were performed. By hematoxylin and eosin (H&E)
staining, necrotic tumor tissues were observed in both DOX-
HCL and KRP-DOX groups; in DOX-HCL group, myocardial

Figure 7. Antitumor efficacy of KRP-DOX. (A) Tumors in three groups (3 weeks after drug administration, 9 cases in each group). (B, C) The
tumor volumes in saline group rapidly increased, whereas the growth of tumors was significantly suppressed after the treatment with DOX-HCL
and KRP-DOX. (D) The mice in the DOX-HCL group were significantly thinner as compared with mice in KRP-DOX group. (E, F) The level of
leukocytes and erythrocytes in mice blood showed that KRP-DOX significantly reduced the bone marrow inhibition of DOX. (G, H) By H&E
staining, necrotic tumor tissues (red arrow, karyopyknosis, karyolysis) were observed in both DOX-HCL and KRP-DOX groups; in DOX-HCL
group, myocardial cells were arranged in a disorder, wherein myocardial fibrosis (white arrow) and hemorrhage (blue arrow) were observed. By
TUNEL staining (brown), compared with the control (Saline) group, the DOX-HCL and KRP-DOX group exhibited apparently stronger staining
in the tumor regions; the TUNEL staining of myocardial cells in DOX-HCL group is thicker than that in KRP-DOX group. Black scale bars = 100
μm.
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cells were arranged in a disorder, wherein myocardial fibrosis
and hemorrhage were observed. By TUNEL staining (brown),
the level of apoptosis in tumor tissues was determined:
compared with the control (saline) group, the DOX-HCL and
KRP-DOX group exhibited apparently stronger staining in the
tumor regions, demonstrating that cancer cells entered the
apoptotic process. At the same time, it is consistent with our
expectation that the TUNEL staining of myocardial cells in
DOX-HCL group is thicker than that in KRP-DOX group.
This shows that the damage by KRP-DOX to myocardium is
obviously weaker than that by DOX (Figure 7G,H).

4. CONCLUSIONS

Our scientific hypothesis was verified by the in vivo and in
vitro experiments. After being intravenously administered into
the xenograft osteosarcoma mice, almost no free DOX was
released by KRP-DOX in the circulating blood, so normal
tissues were shielded from the direct toxic effects of DOX;
KRP-DOX can modify the biodistribution model of the small
molecule DOX, i.e., replace the simple diffusion into many
organs with selective accumulation in solid tumors by the EPR
effect since KRP-DOX has many positive charges, which can
bind to tumor cells by electrostatic interaction with the
negative charges on tumor cell membranes. KRP-DOX can be
efficiently internalized by tumor cells and can escape from
endolysosome. KRP-DOX can enter nuclei and exert a tumor-
killing effect. Our research provides a simple, safe, and efficient
platform for tumor-targeted DDS.
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