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Purpose: This study aimed to construct a DOX conjugate with liver tumor targeting and acid sensitivity based on a short aromatic
peptide FFYEE, which could amplify the tumor inhibition efficacy of DOX and alleviate tissue toxicity.
Methods: A novel DOX-peptide conjugate, D-gal-FFYEE-hyd-DOX, was constructed by linking DOX to the side chain of FFYEE with
acid-sensitive hydrazone bond and bymodifying the C-terminal of peptide with α-D-galactosamine (D-gal) as targeting ligand. The structure
of D-gal-FFYEE-hyd-DOX was characterized by mass spectrometry, infrared spectroscopy (IR), and UV-Vis spectroscopy (UV-Vis). The
assembly characteristics of pentapeptide FFYEE and D-gal-FFYEE-hyd-DOX were observed by transmission electron microscope (TEM).
In vitro drug release, cytotoxicity, endocytosis, in vivo antitumor experiment and histopathology analysis were investigated.
Results: Peptide FFYEE endowed the D-gal-FFYEE-hyd-DOX with self-assembly performance and improved biocompatibility.
D-gal-FFYEE-hyd-DOX can self-assemble into nanofibers with a diameter of ~ 40 nm in neutral aqueous solution and significantly
reduced the cytotoxicity of free DOX to L02 cells. In vitro drug release results showed that D-gal-FFYEE-hyd-DOX had acid
sensitivity and controlled release characteristics. The cytotoxicity and endocytosis investigations confirmed that D-gal-FFYEE-hyd-
DOX enhanced the cellular uptake of DOX and inhibition effect on HepG2 cells. In vivo antitumor experiment indicated that D-gal-
FFYEE-hyd-DOX could significantly inhibit the growth of liver tumor in mice and reduce the side effects of DOX.
Conclusion: The conjugate D-gal-FFYEE-hyd-DOX with liver tumor targeting and acid sensitivity has the characteristics of strong
tumor inhibition and low toxicity, hinting the great clinical application potential for targeted delivery of DOX in cancer treatment.
Keywords: targeted delivery, doxorubicin, short aromatic peptide, nanofiber, biocompatibility

Introduction
Doxorubicin (DOX) is an anthracycline antitumor drug with superiority and broad spectrum of therapeutic efficacy.1,2

After uptake by cells, DOX exerts its efficacy mainly by noncovalent intercalation with double-stranded DNA, resulting
in the suppression of DNA replication in fast-proliferating tumors.3 However, similar to other small-molecule che-
motherapeutic agents, nonspecific tissue distribution of DOX commonly causes systemic toxicity, such as
cardiotoxicity,4,5 bone marrow suppression, nausea and vomiting, which greatly limits its clinical application.6 In
order to improve the antitumor effect of DOX and reduce its systemic toxicity, a variety of specific DOX delivery
systems are being studied and developed.7,8

The metabolic curve of tumor cells is quite different from that of normal cells, leading to the slightly acidic pH value
(pH 6.5–7.0) of the tumor microenvironment (TME).9 Based on the particular acidic TME, researchers are committed to
design ideal drug carriers with acid sensitivity to specifically accumulate antitumor drugs in tumor tissues. Such carriers
possess good stability at pH 7.4 and rapid drug-release under acidic TME. Acid-sensitive chemical bonds such as
hydrazone are often used to connect carriers and drugs to prepare intelligent drug carriers. After cellular uptake, acid
hydrolysis occurs to release the drugs in the endosome or lysosome, achieving site-specific delivery.10,11 Kataoka group
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designed a acid-sensitive polymer, poly(ethylene glycol)-b-Poly(hydrazone asparagine) with hydrazone bond. The self-
assembled micelles from such polymer could effectively deliver proteasome inhibitor, MG132, to tumor in situ and
induce drug release through acid triggering.12 Recently, Li research group connected DOX and oleic acid via hydrazone
bond to prepare nanostructured lipid carrier (NLC). Such acid-sensitive DOX/NLC nanoparticles could accumulate DOX
in the tumor site and reduce systemic toxicity, resulting in effective inhibition of breast cancer.13

Besides, drug delivery with ligand-receptor-mediated targeting based on specific surface receptors of tumor cells
could further increase the therapeutic accuracy and therapeutic effect. Typical targeting ligands mainly include anti-
bodies, folic acid, galactose/lactose and some oligopeptides.14–16 The galactosyl receptor, asialoglycoprotein receptor
(ASGPR), is abundant on the surface of liver tumor cells. Therefore, the carrier modified with galactose could introduce
active targeting capability and convenient internalization through endocytosis of liver tumor cells.17–19

In this article, as shown in Figure 1, a novel DOX conjugate (D-gal-FFYEE-hyd-DOX) was synthesized based on an
aromatic pentapeptide we previously prepared,20 modified with D-gal through amidation reaction and connected with DOX
via hydrazone bond. Observation of transmission electron microscope (TEM) displayed that D-gal-FFYEE-hyd-DOX could
self-assemble into nanofibrous network structure in aqueous solution. The data of drug release under different pH conditions
in vitro represented rapid controlled release of DOX in pH 5.5 with the cumulative release of over 90%. The investigations of
cytotoxicity on HepG2, L02 and EC109 cells hinted improved antitumor effect and reduced toxic side effect. Moreover,
in vivo experiments on mouse liver tumor model showed the specific tumor tissue targeting with ideal therapeutic effect and
satisfied biosafety. Therefore, combination of the special properties of D-gal and hydrazone bond could make the D-gal-
FFYEE-hyd-DOX and the analogues the promising delivery systems for liver tumor treatment.

Figure 1 The schematic diagram for the process of D-gal-FFYEE-hyd-DOX synthesis, assembly, endocytosis and intracellular drug release.
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Experiments and Methods
Reagents and Materials
Doxorubicin hydrochloride (DOX•HCl, purity >98%) was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Fully
protected FFYEE (Phe-Phe-Tyr-Asp-Asp) (purity >99%) was purchased from Zhejiang Ontores Biotechnologies Co., Ltd.
(Zhejiang, China). α-D-galactosamine (D-gal) and hydrazone hydrate were purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, China). N,N’-dicyclohexylcarbodiimide (DCC), N,N’-diisopropyl ethylamine (DiEA) and
N-hydroxysuccinimide (NHS) were provided by Aladdin Reagent Co., Ltd. (Shanghai, China). Tetrahydrofuran (THF) and
trifluoroacetic acid (TFA) were purchased from Tianjin Yongda Chemical Reagent Co., Ltd. (China). Dichloromethane (DCM),
2-(7-Azabenzotriazole)-N,N,N’,N’-Tetramethylurea hexafluorophosphate (HATU), hexafluorophosphate triethylamine (TEA)
and N,N’-dimethylformamide (DMF) were purchased from Tianjin Fengchuan Chemical Reagent Co., Ltd. (China) and distilled
prior to use. RPMI1640 medium and trypsin EDTA digestive solution were purchased from Beijing Solarbio Science &
Technology Co., Ltd. (China). High-quality fetal bovine serum (FBS) was purchased from Hangzhou Sijiqing bioengineering
Materials Co., Ltd. (Zhejiang, China). DAPI was purchased from Shanghai Aladdin Reagent Co., Ltd. (China). CCK-8 and
hematoxylin and eosin staining kit (H&E) were purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China).
Liquid paraffin was purchased from Zhejiang Ontores Biotechnologies Co., Ltd (Jiangsu, China) and used after preheating. All
other reagents and solvents were of analytical grade and used directly. EC109, HepG2, L02 and H22 cells were purchased from
Procell Life Science & Technology Co., Ltd (China).

Synthesis of D-gal-FFYEE-hyd-DOX
Fully protected peptide FFYEE (labelled as compound 1) (1.0 eq), DCC (1.2 eq) and NHS (1.2 eq) were dissolved in
10 mL of anhydrous THF, and stirred in an ice bath for 4 h. The precipitation was removed by centrifugation and the
liquid supernatant was collected. D-gal (1.5 eq) was dissolved in 9 mL of anhydrous DMF, and the solution was then
added to the previously collected supernatant. Thereafter, DiEA (4 eq) was added, and the mixed solution was stirred
at room temperature for 24 h. Thereafter, the solution was concentrated with iced ether to precipitate the product.
After washing with ether for three times, the product was collected, dried overnight and labelled as compound 2.

The compound 2 was dissolved in a mixed solution of DCM and TFA (V:V=1:1). After stirring at room temperature 25°C
for 60 min, the solution was filtered and collected. Another 4 mL of DCM and TFA (V:V=1:1) was added to the filtrate. The
solution was stirred at room temperature for 20 min, and filtered. The obtained filtrate was distilled under reduced pressure to
remove TFA as much as possible. Then, a large amount of iced ether was added for precipitation. The compound 3 was
collected after washing and freeze-dried.

The compound 3 (1.0 eq), HATU (0.6 eq) and TEA (2.3 eq) were dissolved in DCM (10 mL). Then, hydrazone
hydrate (9.8 eq) was added to the solution at 25 oC before stirring overnight. The mixture was dissolved in an aqueous
solution and extracted with DCM. Subsequently, the DCM was dehydrated with anhydrous sodium sulfate. The obtained
compound 4 was dried in vacuum.

DOX•HCL and TEAwere dissolved in DMSO to obtain desalted doxorubicin (DOX). Compound 4 (1.0 eq), DOX (1.2 eq)
and small amount of glacial acetic acid were dissolved in methanol in the dark for 12 h. Further, the solution was concentrated
to remove the solvent to obtain nanofiber conjugate, D-gal-FFYEE-hyd-DOX, compound 5. The molecular weight of FFYEE,
three intermediates, and the final product D-gal-FFYEE-hyd-DOX was examined by electrospray ionization-mass spectro-
metry (ESI-MS) and all products were characterized by infrared spectroscopy (IR). The changes in absorption peaks of DOX
and D-gal-FFYEE-hyd-DOX were detected by UV-Vis spectroscopy (UV-Vis).

Morphology of Self-Assembled D-gal-FFYEE-hyd-DOX
The morphology of assembly pentapeptide FFYEE and D-gal-FFYEE-hyd-DOX was observed by TEM (TECNAI G20
s-twin). Before observation, the FFYEE and D-gal-FFYEE-hyd-DOX were diluted in an aqueous solution and placed
drop wise on a carbon-coated copper grid, damp-dried at room temperature.
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In vitro Drug Release Behavior
To quantitate the pH-induced release of DOX from D-gal-FFYEE-hyd-DOX, 1 mg of D-gal-FFYEE-hyd-DOX was
dissolved in 2 mL of ultrapure water and transferred to a dialysis bag (MWCO 1000 Da). The dialysis bag was placed
into a 50 mL centrifuge tube with 10 mL PBS solutions of different pH values (pH 7.4 and pH 5.5) and stirred at 37°C
away from light exposure. At predetermined time interval, the PBS solutions were withdrawn and replaced by another
10 mL of PBS after each sampling. The released DOX from the D-gal-FFYEE-hyd-DOX was measured by the
fluorescence spectrophotometer at 589 nm. The DOX concentrations of the samples were calculated based on the
standard curve (y = 1.0599x - 0.2442, R2=0.9979). The cumulative DOX release was calculated according to the
following formula: cumulative release (%) = (Mt/m∞) × 100. Mt stands for the amount of DOX released from the D-gal-
FFYEE-hyd-DOX at a specific time t, and m∞ is the total amount of DOX loaded in the D-gal-FFYEE-hyd-DOX.

Cytotoxicity Assay of D-gal-FFYEE-hyd-DOX
EC109, HepG2 and L02 cells were incubated with D-gal-FFYEE-hyd-DOX for cytotoxicity investigation, respectively.
The cells were cultured in the incubator at 37°C with 5% of CO2. After trypsin treatment, the cells were seeded in a 96-
well culture plate at a density of 5000 cells per well and incubated for 24 h. D-gal-FFYEE-hyd-DOX (containing 5–
200 mg/L DOX) and free DOX were dissolved in 100 μL DMEM and incubated with different cells for 6 h and 12
h. Then, CCK8 kit was used to detect cell survival comparing free DOX as the control. 10 μL of CCK8 solution was
slowly added to each well, and the 96-well culture plate was incubated for 4 h. The average optical density (OD) was
measured at 450 nm with the ELISA microplate reader (Bio-Rad). Viability (%) = (ODtreated/ODcontrol)×100. ODtreated is
the absorbance value of D-gal-FFYEE-hyd-DOX or free DOX, and ODcontrol is the absorbance value of the negative
control with PBS only.

Cellular Uptake
EC109, HepG2 and L02 cells were used to investigate the cellular uptake of D-gal-FFYEE-hyd-DOX and free DOX. The
cells were inoculated into a 12-well plate with coverslips in 2 mL of DMEM medium with 10% FBS, and incubated for
24 h. Subsequently, 40 mg/L D-gal-FFYEE-hyd-DOX was added and incubated for 6 h with an equal amount of free
DOX as a control. After paraformaldehyde fixation, the coverslips were washed three times with PBS. Then, DAPI was
added to stain the nucleus for 5 min, and the cells were washed three times with PBS. The whole process was carried out
in dark to avoid fluorescence quenching. Finally, the fluorescence images were captured with the Carl Zeiss Axio
Observer A1 microscope.

In vivo Anti-Tumor Study
Male Kunming mice, 25±5g, provided by School of Basic Medical Sciences, Henan University of Science and
Technology. Housing conditions were thermostatically maintained at 22±2oC with constant humidity (55±2%) and
a 12-h light–dark cycle, keeping with national standard (Laboratory Animal-Requirements of Environment and
Housing Facilities) (GB 14925–2010). The research protocol of the animal experimentation was approved by the
Institutional Animal Ethics Committee, Henan University of Science and Technology, Luo Yang, China and the
laboratory animal-guideline for ethical review of animal welfare of the People’s Republic of China (ethical approval
number: GB/T 35892–2018).

The cryopreserved H22 cells were resuscitated at 37°C and an animal liver cancer model was established by
subcutaneously injecting 0.1 mL H22 cells into the underarm area of mice. The mice were randomly divided into 3
groups (n = 12) and injected via the tail vein with 0.1 mL PBS, free DOX solution, D-gal-FFYEE-hyd-DOX solution
(5 mg/kg equivalent DOX), respectively. When the tumor mass reached ~500 mm3, mice were administered once every
two days for 7 consecutive times in 14 days. After each administration, the mice were weighed and the tumor mass was
measured. The volume of the tumor mass was calculated according to the following formula: V = (A×B2)/2, where Awas
the length and B stands for the width of the tumor.
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Histopathology Examination
The mice were euthanized after the end of the administration. Tumor tissues and other major tissues were isolated and
fixed in 2.5% formaldehyde. The fixed paraffin-embedded tissues were sliced into 5 μm sections for histopathology
analysis. The tissue sections were mounted on glass slides and stained with hematoxylin and eosin kit (H&E). All
sections were examined under a fluorescence microscope (Axio Observer).

Results and Discussion
Synthesis and Characterization of D-gal-FFYEE-hyd-DOX
The synthesis route of D-gal-FFYEE-hyd-DOX is illustrated in Figure 2. The amide moiety was introduced through the
reaction of the carboxyl-terminal of FFYEE and amino group of D-gal, which was based on our previous work.20

Thereafter, the tert-butyl protective group in peptide side chain was removed. Then, DOX was connected by hydrazone
bond and D-gal-FFYEE-hyd-DOX was prepared finally. As shown in Figure 3A, the molecular weight of full protected
FFYEE found in ESI-MS was 944.65 (calcd Mw: 944.14). The molecular weights of three intermediates (compound 2,
3, 4) presented in Figure 3B–D were 1105.30 (calcd Mw: 1105.29), 936.55 (calcd Mw: 936.97) and 950.55 (calcd Mw:
951.00), respectively. As shown in Figure 3E, the molecular weight of the final product D-gal-FFYEE-hyd-DOX found
in ESI-MS was 1477.20 (calcd Mw: 1476.51). According to the results of mass spectrometry, the products after each step
were successfully obtained. The infrared spectrum of the above compounds is shown in Figure 4. As shown in Figure 4A,
the stretching vibration peak at 1650–1680 cm−1 and 1420 cm−1-1400 cm−1 corresponded to the C=O and C-N formed by

Figure 2 Graphical synthesis route of D-gal-FFYEE-hyd-DOX. FFYEE (1), D-gal-FFYEE (2), D-gal-FFYEE of removing the tert-butyl protective group (3), D-gal-FFYEE
connected with hydrazide group (4), and D-gal-FFYEE-hyd-DOX (5).
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amide reaction, which preliminarily indicated that D-gal was successfully connected to the pentapeptide FFYEE. As
shown in Figure 4B, the new stretching vibration peak at 1500–1630 cm−1 (arrow 3) corresponded to the vibration of
C=N in hydrazone bond, indicating that D-gal-FFYEE-hyd-DOX was prepared successfully. As shown in Figure 5, the
red shift of the UV characteristic peaks of DOX in the range of 250–300 nm confirmed the above results.

Morphology Investigation
Through TEM analysis, both aromatic pentapeptide FFYEE and D-gal-FFYEE-hyd-DOX can self-assemble into nanofi-
brous structures in neutral aqueous solution. As shown in Figure 6, the diameter of the fibrous structure assembled by

Figure 3 Mass spectrograms of peptide FFYEE (A), compound 2 (B), compound 3 (C), compound 4 (D) and the final product 5 (E).

Figure 4 The infrared spectrum of the D-gal-FFYEE connected D-gal (A), and the final product D-gal-FFYEE-hyd-DOX (B).
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FFYEE was ~30 nm. After D-gal and DOX connections, the fibrous structure still existed with significantly increased
diameter of ~195 nm.

In vitro Drug Release
The extracellular pH values of TME or endosomes are more acidic (pH <6) than that of normal microenvironment (pH
7.4).21 Theoretically, the D-gal-FFYEE-hyd-DOX with acid-sensitive hydrazone bond could exhibit controlled release
behavior upon external pH change. Therefore, the DOX release curves of self-assembled nanofiber conjugate in PBS of
pH 7.4 and simulative TME were recorded for comparative investigation. From the release profile in Figure 7, the D-gal-
FFYEE-hyd-DOX was proved to maintain architecture stability in pH 7.4 PBS because of only about ~20% of DOX
released within 72 h. By contrast, decreasing the PBS pH to a value of 5.5, due to the rupture of hydrazone bond causing
rapid dissociation of the self-assembled nanofiber conjugate, there is a burst release phenomenon of DOX in acidic
dialysis medium. The cumulative release of DOX promptly increased from ~20% to ~70% within 7 h, and exceeded 90%
within 24 h. All these data strongly demonstrate that D-gal-FFYEE-hyd-DOX present the features of acid sensitivity and
controlled release, suggesting the potential application for tumor therapy.

Figure 5 UV-Vis spectrum of D-gal-FFYEE-hyd-DOX and DOX.

Figure 6 Transmission electron microscopy (TEM) micrographs of the FFYEE fibers (A) and D-gal-FFYEE-hyd-DOX fibers (B).
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In vitro Cytotoxicity and Intracellular Uptake
The cytotoxicity of D-gal-FFYEE-hyd-DOX and free DOX against EC109 (human esophageal squamous carcinoma
cell line), HepG2 (human hepatoma cell line) and L02 cells (human normal liver cell line) was evaluated. As
displayed in Figure 8A, the cytotoxicity of D-gal-FFYEE-hyd-DOX and free DOX on HepG2 cells at different
incubation times was studied as exhibited. After incubation for 12 h, the D-gal-FFYEE-hyd-DOX revealed stronger
killing effect than 6 h at all concentrations. When the equivalent concentration was 200 mg/L, the viability of HepG2
cells in D-gal-FFYEE-hyd-DOX group was 12.9% and 18.8% after 12 h and 6 h of incubation, indicating that the
toxicity of D-gal-FFYEE-hyd-DOX to HepG2 cells increased with the increase of incubation time. At the same time,
it could be seen that at 6 h, the inhibition of D-gal-FFYEE-hyd-DOX on HepG2 cells was significantly stronger than
that of DOX at all drug concentration. Based on the results displayed in Figure 8B, the cell viability of EC109 was
significantly higher than that of HepG2 after 12 h incubation with D-gal-FFYEE-hyd-DOX. At the concentration of
200 mg/L, the viability of HepG2 and EC109 cells after 12 h of incubation was 17.5% and 43.9%, respectively,
indicating that the killing ability of D-gal-FFYEE-hyd-DOX on HepG2 cells was stronger than that of EC109 cells.
Therefore, we can speculate that D-gal-FFYEE-hyd-DOX could deliver more DOX to HepG2 cells rich in ASGPR

Figure 7 In vitro DOX release of D-gal-FFYEE-hyd-DOX in PBS (pH 7.4) or PBS (pH 5.5).

Figure 8 Cell viability of HepG2 cells incubated with D-gal-FFYEE-hyd-DOX and free DOX for 6 h and 12 h (A). Cell viability of EC109, L02 and HepG2 cells incubated with
D-gal-FFYEE-hyd-DOX for 12 h (B). Data are presented as the average (SD, n = 3).
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receptors on the cell surface through the targeting effect of D-galactose. Meanwhile, as shown in Figure 8B, the cell
survival rate of L02 cells treated with D-gal-FFYEE-hyd-DOX for 12 h was 63.6%, which suggested that D-gal-
FFYEE-hyd-DOX showed lower cytotoxicity to L02 cells compared with HepG2 and EC109 cells.

Moreover, we observed the intracellular DOX uptake of D-gal-FFYEE-hyd-DOX or free DOX after incubation with
EC109, HepG2 and L02 cells for 6 h, respectively. It can be seen from Figure 9 that after cells were incubated by D-gal-
FFYEE-hyd-DOX, only a small amount of DOX was uptaken by EC109 cells and a large amount of DOX was showing
in HepG2 cells. The data indicated that HepG2 cells have a higher uptake rate of D-gal-FFYEE-hyd-DOX than EC109
cells. Such results confirmed that the D-gal moiety of D-gal-FFYEE-hyd-DOX promoted the cellular uptake for the
overexpressed ASGPR receptor on HepG2 cells. In addition, compared with HepG2 cells, there was only a small amount
of DOX after L02 cells was incubated with D-gal-FFYEE-hyd-DOX, matching the above cytotoxicity results. The
difference of cellular uptake rates further showed that the D-gal-FFYEE-hyd-DOX with D-gal targeting ability and acid
sensitivity can specifically deliver DOX to HepG2 cells. This enhanced endocytosis facilitated the enrichment of DOX in
liver tumors and reduced the systemic toxicity on normal tissues.

In vivo Anti-Tumor Assay
The anti-tumor assay of D-gal-FFYEE-hyd-DOX in vivo was evaluated by H22 liver tumor-bearing Kunming mice
model. As shown in Figure 10A, after 14 days of administration, the tumor volume significantly reduced to 160 mm3 in

Figure 9 Fluorescence inverted microscope image of L02, EC109 and HepG2 cells that were incubated with free DOX and D-gal-FFYEE-hyd-DOX for 6 h, respectively. Blue
and red dots stand for the fluorescence of DAPI and DOX, respectively. The scale bar is 50 µm.
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D-gal-FFYEE-hyd-DOX group comparing the initial volume of 546 mm3. Accordingly, in free DOX group, the tumor
volume decreased to approximately 507 mm3. However, the tumor volume increased to 1861 mm3 in mice of PBS group.
As shown in Figure 10B, the results of different groups showed that the body weight of D-gal-FFYEE-hyd-DOX and
PBS groups did not decrease significantly. On the contrary, the weight of free DOX group decreased significantly, which
may be related to the systemic toxicity of free DOX. The data indicated the biocompatibility of D-gal-FFYEE-hyd-DOX
in vivo. The representative tumor tissue images are shown in Figure 10C. Obviously, the excised tumor mass volume of
DOX and D-gal-FFYEE-hyd-DOX groups exhibited anti-tumor effects of different degrees. The free DOX presented
a relatively less antitumor effect, and D-gal-FFYEE-hyd-DOX revealed a much greater inhibition effect on tumor
growth. In conclusion, the D-gal-FFYEE-hyd-DOX nanofiber represented remarkable anti-tumor effect and biocompat-
ibility comparing free DOX.

Histopathology Analysis
The therapeutic effect and tissue toxicity of D-gal-FFYEE-hyd-DOX was evaluated by H&E staining of tumor tissues
and other major organs. From Figure 11, tumors treated with PBS were mainly filled with abundant tumor cells without
obvious damage, which was characterized by high cell density, many and large nuclei and increased stroma. By
contrast, there were a large number of apoptotic or necrosis cells without nuclei in tumor tissues after treatment with
D-gal-FFYEE-hyd-DOX or free DOX. Clearly, D-gal-FFYEE-hyd-DOX displayed a significant antitumor effect, even

Figure 10 In vivo anti-tumor effect of D-gal-FFYEE-hyd-DOX. (A) Tumor growth curves, (B) body weight change curves, (C) representative tumor tissue image in male
mice bearing H22 tumor after intravenous administration. The data are presented as the mean ± SD (n = 5). **P < 0.05 DOX vs D-gal-FFYEE-hyd-DOX.
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better than free DOX. Compared with free DOX, targeting D-gal-FFYEE-hyd-DOX presented no obvious subacute
toxicity to other normal tissues. Moreover, the morphologies of the cells in the heart, liver and spleen were analogous to
those of the cells in the PBS group, indicating no apparent toxicity to these tissues. In the group of free DOX, there
were obvious heart, liver and spleen damages, such as extensive irregular arrangement and shrinkage of the cells.
However, there is no significant toxicity in the lung or kidney tissues. In all, D-gal-FFYEE-hyd-DOX exhibited
significant inhibition of tumor growth in vivo without systemic toxicity. In previous similar work, Zhang and coworkers
reported an activatable cell-penetrating peptide-conjugated DOX (DOX-CR8G3PK6-DMA) for tumor targeted drug
delivery.22 In vivo results showed that this peptidic prodrug could significantly inhibit tumor growth. DOX-ACPP-
DMA exhibited significant inhibition and reduced cardiotoxicity and hepatotoxicity of tumor growth in vivo signifi-
cantly. Neither DOX-ACPP-DMA nor free DOX had significant splenic toxicity. Different from this work, DOX
showed some spleen toxicity in our experiment, while conjugate D-gal-FFYEE-hyd-DOX did not show corresponding
spleen toxicity. However, it can be seen that the design of peptide-based conjugates has obvious advantages in reducing
the systemic toxicity of DOX.

Conclusion
In summary, a novel conjugate D-gal-FFYEE-hyd-DOX with targeting and acid-sensitive drug release characteristics was
constructed based on the aromatic pentapeptide FFYEE. D-gal-FFYEE-hyd-DOX can be self-assembled into a nanofiber
structure with a diameter of ~200 nm in neutral aqueous solution. In vitro and in vivo experiments showed that D-gal-
FFYE-HYD-DOX was an excellent DOX delivery system with increased antitumor activity and reduced side effects. The
primary goal of drug delivery systems in cancer therapy is to transport sufficient drugs to disease sites while minimizing
the toxicity on major tissues. Compared with other drug delivery systems, the drug precursor or conjugate could
minimize the premature drug release and interaction with macromoleculars in vivo, which can reduce the metabolic
burden of patients and improve the therapeutic effect.23 In order to increase the tumor-specific inhibition effect of DOX
and reduce its toxicity, several prodrugs or conjugates have been developed rapidly in recent years.24,25 Peptide-based
conjugates possess better biocompatibility, degradability and more convenient preparation processes.26–28 The conjugated
D-gal-FFYEE-hyd-DOX designed in this paper is biodegradable and will not cause unnecessary immunogenic
reactions.29,30 Meanwhile, the nanofibers formed by the conjugates sustained stable nanostructures in the water, which
could decompose by the stimulation of the specific TME, and release the active drug. Therefore, D-gal-FFYEE-hyd-
DOX nanofiber may become an efficient and safe delivery system for cancer therapy in the future.
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