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Cancer, as a global health threat, is often treated with chemotherapy, but its effect is limited, especially the
drugs such as doxorubicin (DOX) are limited by their non-specificity and side effects. This study focuses on
developing a new drug delivery system to overcome these challenges. Based on the self-assembling
peptide hemopressin (HP), we designed and screened FOK peptide, which serves as a pH-responsive
carrier with excellent pH sensitivity and mechanical stability. At a concentration of 20 mg mL™%, FOK can

spontaneously form a stable hydrogel, efficiently encapsulating DOX with an encapsulation rate

exceeding 95%. This system can gradually release the drug in the tumor-specific mildly acidic

environment, achieving precise delivery and sustained release of the drug. Rheological analysis revealed
the superior mechanical and self-healing properties of FOK hydrogel, suitable for injection delivery with
long-lasting stability. Mouse experiments showed that DOX/FOK hydrogel significantly inhibited tumor

Received 30th August 2024
Accepted 19th October 2024

growth while greatly reducing toxicity. In conclusion, FOK hydrogel, as a delivery vehicle for DOX, not

only optimizes the precise delivery and sustained release mechanism of DOX, but also reduces treatment
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1. Introduction

Cancer, a globally significant public health crisis, continues to
cause deep concern due to its high incidence and mortality
rates. Particularly, breast cancer, as the most common cancer
type among women, has risen to the top of the list of leading
causes of female cancer-related deaths worldwide."” Currently,
chemotherapy, as a core and effective clinical strategy for
inducing tumor cell apoptosis, faces challenges of low drug
targeting delivery efficiency and severe non-specific toxicity to
normal cells.>* Doxorubicin (DOX), as a frontline chemotherapy
drug in breast cancer treatment,*’” is limited in its bioavail-
ability and is associated with multiple adverse reactions such as
bone marrow suppression, acute gastrointestinal reactions, and
cardiotoxicity,®® significantly limiting its clinical potential.****
To address this challenge, research on drug delivery systems is
flourishing, aiming to enhance the efficacy of anticancer drugs
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side effects, opening up new avenues for the application of peptide hydrogels in cancer therapy and
providing a scientific basis for designing efficient drug delivery systems.

through innovative strategies, optimize drug targeting delivery
efficiency, and reduce systemic toxicity to the body. Hydrogels, as
a unique physical or chemically cross-linked three-dimensional
(3D) network structure,*** have shown promising applications
in the biomedical field due to their excellent water swelling
properties, biocompatibility, high drug loading capacity, and
sustained drug release characteristics. Particularly, hydrogels
based on self-assembling peptides, with their rich synthetic
diversity, good biocompatibility, flexible modularity, excellent
biodegradability, and high drug loading efficiency, have become
preferred materials for drug carriers."**® The self-assembly
process of peptides is the result of complex interactions and
dynamic equilibrium of various non-covalent forces such as
internal hydrogen bonding, electrostatic interactions, hydro-
phobic effects, and - stacking, which collectively drive peptide
molecules to orderly self-assemble into specific structures.'”'* By
finely tuning the balance of these non-covalent forces, the self-
assembly process of peptide molecules can be effectively
guided, thereby achieving precise control over peptide structures.
Stimuli-responsive delivery systems have become a hot research
topic in order to achieve precise enrichment of drugs at tumor
sites.’”?® Based on this, by controlling the driving forces of
peptide self-assembly, designing hydrogels with specific stimulus
responsiveness provides a new approach for optimizing drug
delivery systems.

The tumor microenvironment (TME), as a highly specific and
complex ecological system, provides rich inspiration for the
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design of stimuli-responsive hydrogels due to its unique phys-
iological characteristics such as hypoxia, low pH, high levels of
reactive oxygen species, and specific enzyme activities.**
Among them, the acidic microenvironment, as a common and
significant feature of solid tumors, with a pH value (6.0-6.5)
significantly different from normal tissues (pH ~ 7.4),>
provides a natural triggering mechanism for the specific release
of anticancer drugs at tumor sites. For example, the research
team led by Liu*® designed a pH-responsive peptide hydrogel as
a carrier for anticancer drugs such as gemcitabine (GEM) and
paclitaxel (PTX). This hydrogel can be locally injected directly
into the tumor area and achieve slow and sustained drug release
induced by the tumor microenvironment, effectively enhancing
the anticancer therapeutic effect. In addition, compared to
traditional hydrogel systems, locally injectable hydrogels show
broader application prospects. They not only deliver therapeutic
drugs precisely to target tissues through simple injection
methods, effectively avoiding nonspecific diffusion of drugs to
healthy tissues, but also achieve long-term stable drug release,
further enhancing therapeutic effects while significantly
reducing the incidence of adverse reactions.””"*

This study focuses on developing a peptide hydrogel system
that integrates pH responsiveness, biocompatibility, and
injectability, aiming to utilize the acidic characteristics of the
tumor microenvironment to achieve precise local delivery of
drug molecules, overcoming the limitations of traditional
chemotherapeutic drugs such as doxorubicin (DOX) in treating
tumors. Based on the molecular design of hemopressin (HP), we
used a solid-phase synthesis strategy to carefully synthesize four
self-assembling peptides (POH, POK, FOH, FOK), among which
the FOK peptide not only exhibits excellent pH sensitivity but
also possesses outstanding mechanical strength and structural
stability. This innovative peptide can form a stable drug-loaded
peptide hydrogel (DOX/FOK) under physiological pH condi-
tions, which can be precisely located at the tumor site through
injection. Under the acidic stimulation of the tumor microen-
vironment, this hydrogel can gradually degrade, achieving slow
drug release, thereby enhancing the anti-tumor effect while
significantly reducing the toxic side effects of the drug on
normal tissues. Therefore, this pH-responsive peptide hydrogel
system shows broad clinical application prospects, opening up
new avenues for cancer treatment and laying a solid foundation
for the future development of drug delivery systems.

2. Materials and experiments
2.1 Materials

Fmoc-protected amino acids, Wang resin, N,N-diisopro-
pylcarbodiimide (DIC), 1-hydroxybenzotriazole (HOBT), and
acetic anhydride were purchased from Shanghai J&K Scientific
Ltd (Shanghai, China). EDT was bought from Shanghai BOC
Sciences Co., Ltd (Shanghai, China). Triisopropylsilane (TIS)
was purchased from Suzhou Crystal Clear Chemical Co., Ltd
(Suzhou, China). Pyridine was purchased from Shanghai Ling-
feng Chemical Reagent Co., Ltd (Shanghai, China).
Chromatography-grade acetonitrile purchased from
MERCK (Germany). Mass spectrometry-grade formic acid and

was
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chromatography-grade trifluoroacetic acid (TFA) were
purchased from Bailingwei Technology Co., Ltd (Beijing China).
Ultrapure water was bought from Hangzhou Wahaha Group
Co., Ltd (Hangzhou, China). Hydrochloric acid, sodium chlo-
ride, sodium hydroxide, methanol, dichloromethane (DCM),
dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF)
were bought from Nanjing Chemical Reagent Co., Ltd (Nanjing,
China). Ether, hemopressin (HP), cell-permeable near-infrared
fluorescent probe DiR and doxorubicin (DOX) were purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd
(Shanghai, China). Mouse breast cancer cells (4T1 cells), DMEM
culture medium and Cell Counting Kit-8 (CCK-8) were
purchased from Jiangsu KeyGen Biotech Co., Ltd (Jiangsu,
China). Other reagents were analytical grade and used as
received.

2.2 Experiments

2.2.1 Design of peptides. Hemopressin (HP), a nine-
peptide derived from the alpha chain of hemoglobin
(PVNFKFLSH; Pro1-Val2-Asn3-Phe4-Lys5-Phe6-Leu7-Ser8-His9),
can self-assemble into reverse parallel B fiber hydrogels under
physiological conditions,**-** but it has weaknesses such as poor
mechanical properties and low pH sensitivity. The self-assembly
of HP is mainly driven by the attractive forces between the -7
stacking of two phenylalanine residues at positions 4 and 5 and
the intermolecular hydrogen bonds between adjacent peptide
amides.*® To overcome these limitations, we carefully designed
four modified peptides aimed at imparting stronger pH
responsiveness and optimized mechanical properties to achieve
slow drug release function induced by the tumor microenvi-
ronment. Specifically, our design strategy is as follows:

(1) Enhancing pH sensitivity: substituting the lysine (Lys, K,
PI = 9.74) at the fifth position of HP with ornithine (Orn, O, PI =
10.80) with a higher isoelectric point. Under weak acidic
conditions, ornithine side chains are more prone to proton-
ation, thereby enhancing the sensitivity of the entire peptide
chain to pH changes.

(2) Improving mechanical strength: considering the non-
polar and hydrophobic characteristics of phenylalanine (Phe,
F) and its ability to promote beta-fold formation, we replaced
the proline (Pro, P) at the head with phenylalanine. This
adjustment aims to enhance the beta-fold tendency of the
sequence to improve the mechanical stability of the peptide
hydrogel.

(3) Enhancing solubility and pH sensitivity: substituting
histidine (His, H) at the tail with lysine (Lys, K), lysine is a polar
amino acid with a higher isoelectric point than histidine, which
can increase the solubility of the peptide in water. Through the
protonation-deprotonation process of its side chain, lysine may
further amplify the pH responsiveness of the peptide and
enhance its pH sensitivity.

Based on the above design principles, we constructed four
novel peptides and named them based on the positions of the
substituted amino acids: POH (only replacing Lys with Orn),
POK (replacing Lys with Orn and His with Lys), FOH (replacing
Lys with Orn and Pro with Phe), and FOK (replacing Pro at the
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head, Lys in the middle, and His at the tail with Phe, Orn, and
Lys).

2.2.2 Peptide synthesis, purification, and characterization.
Using the Fmoc protection group strategy and Wang resin,
peptides were synthesized in solid phase. 1.5 g of Wang resin
(substitution degree 0.32 mmol g~ ) was pre-swollen in 7 mL of
DCM and washed three times. The C-terminal starting amino
acid (1.5 mmol) and HOBt (1.5 mmol) were dissolved in DCM,
followed by the addition of DIC (1.5 mmol) as the coupling
agent. The initial coupling reaction was completed after 4
hours. Subsequently, 5 mL of 20% acetic anhydride was added
for an additional 1 hour of reaction to cap any unreacted groups
and prevent the formation of by-products. After the reaction, the
resin was filtered, washed, and set aside. A solution of 5 mL of
DMTF containing 20% piperidine was added to remove the Fmoc
protection group, followed by three washes. This cycle was
repeated for each amino acid addition, and the success of each
coupling step was confirmed by bromophenol blue testing.
Finally, peptides were cleaved using 5 mL of cleavage solution
(TFA: TIS : water = 95 : 3 : 2). After 3 hours of cleavage, the crude
product was precipitated with ether and centrifuged at low
temperature. Purification of the products was carried out using
an LC-8A Shimadzu high-performance liquid chromatography
system with a C18 reverse-phase column (340 mm x 28 mm, 5
pm) and a mobile phase of 0.1% TFA aqueous solution and
0.1% TFA acetonitrile solution. Characterization of all peptides
was performed using an ACQUITY liquid chromatography-mass
spectrometry system (WATERS, USA) to confirm purity and
molecular weight.

2.2.3 Performance evaluation and optimization of peptide
hydrogels

2.2.3.1 Self-assembly concentration of peptide hydrogels study.
To systematically investigate the effect of peptide concentration
on the self-assembly properties of peptide hydrogels, this study
designed four sets of experiments for FOK, FOH, POK, and POH
peptides. Different doses (1.5, 2.0, 2.5, 3.0 mg) of each peptide
were weighed into 1.5 mL EP tubes and dissolved in NaCl
solution (100 pL, 150 mM) to prepare peptide solutions of
different concentrations (15, 20, 25, 30 mg mL™'). Subse-
quently, by adjusting NaOH (0.1 M) to pH 7.4, the solutions were
left at ambient conditions to observe and record the transition
from solution state to gel state, aiming to identify the peptides
most suitable for self-assembly and their concentration range.

2.2.3.2 pH-dependent self-assembly behavior study. To inves-
tigate the effect of pH changes on the formation ability of
peptide hydrogels, each peptide (2.0 mg) was dissolved in NaCl
solution (100 pL, 150 mM) to prepare solutions with an initial
concentration of 20 mg mL . Subsequently, the pH value was
adjusted using NaOH/HCI (0.1 M) solutions to systematically
examine the morphological changes of peptide solutions under
different pH conditions, with a focus on the assembly stability
and responsiveness in weakly acidic and neutral environments,
providing a theoretical basis for subsequent drug delivery
strategies.

2.2.3.3 Research on the drug loading capacity of peptide
hydrogel. The encapsulation of DOX by FOX hydrogel primarily
utilizes a physical embedding method, leveraging the
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hydrophobic interaction between the drug and the hydrophobic
core of the hydrogel to encapsulate the drug within the hydro-
gel.3*3% To evaluate the drug-loading capacity of four peptides as
drug carriers, 5 mg of DOX was first dissolved in NaCl solution
(100 pL, 150 mM) to prepare a stock solution (50 mg mL ™).
Subsequently, under the condition of fixed peptide concentra-
tion at 20 mg mL ™", a series of peptide solutions with drug
concentrations of 1, 2, and 3 mg mL~ " were prepared by grad-
ually adding different volumes of the DOX stock solution and
adjusting to pH 7.4. The changes in solution state were carefully
observed and recorded to examine the loading efficiency and
stability of the peptides towards the drug.

2.2.3.4 Study on the release behavior of drug-loaded peptide
hydrogels in vitro. This study further investigated the drug
release behavior of four peptides in simulated physiological (pH
7.4) and tumor microenvironment (pH 6.0). 2.0 mg of peptide
and DOX (2 pL, 50 mg mL ") were co-dissolved in NaCl solution
(98 uL, 150 mM) to form a drug concentration of 1 mg per mL
solution, and adjusted to the desired pH value, then allowed to
stand to form a stable hydrogel. Subsequently, the gel was
exposed to PBS buffer at different pH values and continuously
incubated in a constant temperature shaker (37 °C, 120
rpm min ') for 7 days. At different time points (1, 3, 6, 9, 12, 24,
48,72, 96, 120, 144, 168 h), all release media were collected and
replaced with the same volume of fresh release media. The
release amount of DOX was monitored using UV spectropho-
tometry, cumulative release curves were plotted to analyze the
release kinetics of each peptide carrier.

2.2.3.5 Investigation of the effect of peptide concentration on
the invitro release behavior of drug-loaded hydrogels. The effect of
different concentrations (20, 25, 30 mg mL™ ") of FOK poly-
peptide on the drug release behavior of drug-loaded hydrogels
(DOX/FOX) was investigated. By preparing DOX/FOX with
a fixed DOX concentration (1 mg mL™") but varying polypeptide
concentrations, in vitro release experiments were conducted
under identical conditions to examine the influence of different
polypeptide concentrations on the drug release behavior of the
drug-loaded hydrogels. The optimal polypeptide concentration
was selected to optimize the drug delivery system.

2.2.3.6 The influence of drug concentration on the in vitro
release behavior of polypeptide hydrogels. In addition, this study
also extensively investigated the influence of drug concentra-
tion (1, 2, 3 mg mL ') on the release behavior of drug-loaded
hydrogels (DOX/FOX). Under the condition of fixed peptide
concentration (20 mg mL '), hydrogels with different drug
loading concentrations were prepared by changing the loading
amount of DOX, and their release characteristics were system-
atically analyzed to determine the most suitable drug
concentration.

2.2.4 FOX representation and pH responsiveness. Weigh
8.0 mg of FOK into a sample vial, add 400 pL of NaCl solution
(150 mM), and vortex thoroughly to obtain a 20 mg per mL FOX
polypeptide solution. Subsequently, to investigate the effect of
pH on the properties of FOK, we adjusted the pH of the peptide
solution to 7.4 and 6.0 using 0.1 M NaOH/HCI solution, and
photographed the gel and solution forms in a tilted state.
Dynamic light scattering (DLS) technique was employed to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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examine the particle size distribution and zeta potential of FOK
nanofibers under different pH conditions. Samples were drop-
ped onto a carbon-coated copper grid, and transmission elec-
tron microscopy (TEM) was used to observe the microstructure
of FOK hydrogels under different pH conditions. Circular
dichroism (CD) spectroscopy was utilized to determine the
structural changes of FOK under different pH conditions,
recording the CD spectra in the wavelength range of 190-
250 nm at a scanning speed of 50 nm min "

2.2.5 Characterization of DOX peptide hydrogel (DOX/
FOX). FOH and FOK were each weighed at 8.0 mg in the sample
vial, followed by the addition of NaCl solution (492 uL, 150
mM), and then the addition of DOX stock solution (2 mg mL ™,
8 uL). The mixture was thoroughly vortexed to obtain the DOX/
FOX hydrogel. The pH was adjusted to 7.4 using 0.1 M NaOH/
HCI solution, and the hydrogel was allowed to gel by standing
still. The morphological characteristics of the peptide gel in
a tilted state were photographed. The microstructure of the
DOX/FOK hydrogel was examined using transmission electron
microscopy (TEM). To evaluate the encapsulation efficiency of
the peptide hydrogel, DOX/FOX hydrogels containing different
concentrations of DOX (1, 2, 3 mg mL~ ') were prepared. The pH
was adjusted to 7.4, and after the formation of stable drug-
loaded gels, the gel surface was washed three times with pH
7.4 PBS. The wash solution was collected for analysis to calcu-
late the amount of DOX not encapsulated in the hydrogel,
thereby determining the encapsulation rate of the drug gel. The
calculation formula is as follows: Encapsulation rate (%) =
[(initial amount of DOX — amount of DOX in wash solution)/
initial amount of DOX] x 100%.

2.2.6 Rheology test. The rheological properties of the
hydrogels were systematically studied using a rheometer
(HAAKE 6000, Thermo Fisher Scientific, USA). The hydrogels
were placed between parallel plates with a diameter of 8 mm
and a gap of 0.5 mm under oscillatory mode at 37 °C. The
storage modulus (G') and loss modulus (G”) of FOX hydrogel
and DOX/FOX hydrogel were evaluated through frequency scans
ranging from 1 to 100 rad s~ '. Strain scans were set from 0.1%
to 100% at a frequency of 6.28 rad s~'. To observe the self-
healing ability of the hydrogels, continuous step strain tests
were conducted with strains ranging from 1% to 50% at
a frequency of 6.28 rad s, which is crucial for the injectability
of the hydrogels.

2.2.7 Stability assessment. Long-term experiments are an
important basis for assessing the stability of formulations. FOK
and DOX/FOK were placed under the conditions of 25 °C £ 2 °C
and relative humidity of 60% =+ 5% for 6 months to observe
their appearance and conduct cyclic strain time scanning
experiments.

2.2.8 In vitro cytotoxicity study. The cytotoxicity experi-
ment was conducted using the Cell Counting Kit-8 (CCK-8)
assay. 4T1 cells were uniformly seeded in a 96-well plate at
a predetermined density (5 x 10* cells per mL) and incubated
for 24 hours in a constant temperature incubator (5% CO,, 37 °©
C). Subsequently, the release fluid of DOX/FOK hydrogel under
pH 6.0 and pH 7.4 conditions after 48 hours of release was
collected separately. The release fluid at different pH values and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DOX solutions (0.1, 1, 10, 50 pg mL ") were added to the 96-well
plate and incubated at 37 °C for 24 hours, with the same volume
of DMEM culture medium used as a blank control. After incu-
bation, 10 pL of CCK-8 reagent was added to each well and
further incubated for 4 hours in the incubator. The absorbance
(OD) value of each well at 450 nm was then measured using
a microplate reader to evaluate cell viability. Each sample was
tested in quintuplicate (n = 5) and the results were reported as
mean + SD. Additionally, to comprehensively assess the
potential toxicity of FOK blank hydrogel on 4T1 cells, we con-
ducted experiments with different concentrations (1, 10, 50,
100, 200, 400 ug mL ') of FOK blank hydrogel following the
same experimental procedure.

2.2.9 Invivo anti-tumor research. The female BALB/c mice
(6 weeks old, 16-18 g) used in the experiment were sourced from
the Experimental Animal Center of China Pharmaceutical
University. All animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animals of China Pharmaceutical University and approved by
the Animal Ethics Committee of China Pharmaceutical
University (Ethical Number: 2024-10-096). The mice were accli-
mated for one week in a specific environment.

To establish a mouse model of breast cancer, 4T1 cell
suspension (1 x 10’ cells per mL, 100 pL) was inoculated
subcutaneously into the right forelimb axilla of healthy mice.
After inoculation, the mice were kept in standard observation
rooms and their growth was monitored. The weight and tumor
volume of the mice were recorded daily. When the tumor
volume reached approximately 100 mm? 15 mice were
randomly divided into 3 groups (n = 5): normal saline control
group (NS group), DOX group (1 mg mL '), and DOX/FOX group
(dose ratio 1 mg mL~":20 mg mL™"). Samples (100 pL/20 g)
were administered near the tumor tissue by subcutaneous
injection, ensuring that each mouse received a dose of 10 mg of
doxorubicin per kilogram of body weight. The day of adminis-
tration was considered as day 1, and the weight and tumor
volume of the tumor-bearing mice were recorded. After 7 days of
administration, all experimental mice were euthanized, and the
hearts, livers, spleens, lungs, kidneys, and tumors of the mice
were collected, fixed in 10% formalin, and subjected to H&E
staining and Tunel detection analysis. The formula for calcu-
lating tumor volume (V) is as follows: V = L x W2/2 where L is
the long diameter of the tumor and W is the short diameter of
the tumor.

2.2.10 In vivo biological distribution analysis. The in vivo
biological distribution of the hydrogel was analyzed using the
near-infrared fluorescent dye DiR. As described above, 4T1
tumor-bearing mice (with tumor volume of approximately 200
mm?®) were randomly divided into 2 groups (n = 3): the DiR
group (1 mg kg™') and the DiR/FOK group (equivalent dose of
1 mg per kg DiR). The drugs were subcutaneously injected near
the tumor (100 pL/20 g). The mice were then anesthetized, and
live imaging analysis of the tumor-bearing mice was performed
at predetermined time points (1, 6, 12, 24, 48, and 96 hours) (Aex
= 748 nm, A., = 780 nm). After 96 hours, the mice were
euthanized, and the heart, liver, spleen, lungs, kidneys, and

Nanoscale Adv., 2024, 6, 6420-6432 | 6423
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tumor tissues were collected for ex vivo biological distribution
analysis.

2.2.11 In vivo biocompatibility study. To investigate the in
vivo biocompatibility of FOK blank hydrogel, we carefully
selected 6 female BALB/c mice with similar body weights and
good health status as experimental subjects. They were
randomly divided into two groups, with 3 mice in each group,
and injected with 100 pL of normal saline and 100 pL of FOK
blank hydrogel subcutaneously on the back of the mice. Three
days later, the mice were euthanized, and the subcutaneous

Table 1 Sequence of the designed peptides
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tissues around the injection site were dissected for H&E stain-
ing to observe inflammatory reactions.

2.2.12 Statistical analysis. Quantitative data were pre-
sented as means £ SD. One-way ANOVA was used to assess
statistical differences among three or more groups.

3. Results and discussion
3.1 Design and synthesis of peptides

In this project, we carefully designed four peptide sequences
with pH-responsive properties, named POH, POK, FOH, and

Peptide

Sequence

A

PVNFOFLSH N

J

(POH)

PVNFQFLSK

(POK)

FVNFOFLSH

(FOH)

FVNFOFLSK

(FOK)

6424 | Nanoscale Adv, 2024, 6, 6420-6432
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. POH ' . POK
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[MeHHe
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[Me2H2H

e

[MeHIHe

Fig. 1 HPLC chromatogram of (A) POH, (B) POK, (C) FOH and (D) FOK. Mass spectrum of peptides (E) POH, (F) POK, (G) FOH and (H) FOK.

FOK, as shown in Table 1. These peptides were strategically
modified based on the HP prototype. In POH, the fifth position
was replaced with the basic amino acid Orn to enhance its pH-
responsive ability. In POK, the fifth and ninth positions were
replaced with Orn and the hydrophilic amino acid Lys, aiming
to enhance both pH sensitivity and water solubility. In FOH, the
first and fifth positions were replaced with the hydrophobic
amino acid Phe and Orn to improve mechanical strength and
PH sensitivity. In FOK, the first, fifth, and ninth positions were
replaced with Phe, Orn, and Lys, respectively, to comprehen-
sively enhance the mechanical strength, pH sensitivity, and
water solubility of the peptides. All four peptides were synthe-
sized using solid-phase synthesis with Wang resin as the carrier,
coupled from the C-terminus to the N-terminus. After purifi-
cation by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC), the purity and molecular weight of the
peptides were analyzed using high-performance liquid
chromatography-mass spectrometry (HPLC-MS). The purity of
POH, POK, FOH, and FOK was found to be 98.70%, 95.54%,
95.57%, and 99.08% (Fig. 1A-D), respectively, meeting the
purity requirements for subsequent peptide preparation and
evaluation. The mass spectrometry analysis of each peptide is
shown in Table S1.1 The theoretical values of the multi-charged
peaks calculated from the peptides were highly consistent with
the detected values (Fig. 1E-H), confirming that the purified
nonapeptide sequences fully matched the expected design and
maintained a high level of purity above 95%, meeting the
requirements  of  scientific  research  design  and
experimentation.

3.2 Screening and optimization of peptides

This study investigated the gelation properties of four peptides
(POH, POK, FOH, FOK) and their potential as drug carriers. The
results (Table S21) showed that POH and POK were unable to

© 2024 The Author(s). Published by the Royal Society of Chemistry

form stable hydrogels in the concentration range of 15 to 30 mg
mL ™", attributed to the high protonation of Orn at position 5,
weakening the hydrophobic interactions between Phe at posi-
tions 4 and 6, thereby hindering the effective formation of B-
folded nanofibers and weakening the gelation performance. In
contrast, FOH and FOK could both form stable peptide hydro-
gels at concentrations of 20 mg mL™' and above, with the
gelation speed increasing with concentration. This was attrib-
uted to the substitution of Pro at the head by Phe with a stronger
B-folding tendency, enhancing the self-assembly efficiency and
rate of the peptides. Under pH 7.4 conditions, FOH and FOK
could both form stable hydrogels (Table S37), benefiting from
the -1 stacking and hydrophobic interactions of the Phe
aromatic residues promoting self-assembly. However, under
acidic conditions at pH 5.5, they remained in solution state due
to the dominance of electrostatic repulsion, hindering fiber
elongation and self-assembly process, leading to gel disinte-
gration. It is worth noting that FOH exhibited a transiently
unstable gel state at pH 6.0 in a slightly acidic environment,
while FOK remained a viscous solution, indicating that the
replacement of His with Lys enhanced the pH sensitivity of the
peptides.

The drug loading experiment (Table S4t) showed that after
loading with POH and POK, stable hydrogels could not be
formed, while FOH and FOK could both form stable drug-
loaded hydrogels after loading 1-3 mg per mL DOX, meeting
the requirements for anti-tumor drug delivery. Further analysis
(Fig. 2A) revealed that the cumulative drug release of FOH and
FOK under pH 6.0 conditions (59.21%, 68.73%) was signifi-
cantly higher than at pH 7.4, especially for FOK, whose release
in acidic environments was 3.03 times that in neutral condi-
tions, demonstrating excellent responsiveness to the tumor
microenvironment and thus selected as the focus of optimiza-
tion studies.
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Based on the evaluation of different concentrations (20, 25,
30 mg mL™") of drug release for FOK (Fig. 2B), it was observed
that at a fixed DOX concentration (1 mg mL %), the drug release
in pH 7.4 environment was around 20% for all concentrations.
However, at pH 6.0, as the concentration of FOX increased, the
drug release decreased from 70.19% to 60.83%. This phenom-
enon indicates that the dense fiber network formed by high
concentration peptides has a hindering effect on drug release.
Considering drug utilization, chemotherapy effectiveness, and
synthesis cost, we determined 20 mg mL™" as the optimal gel
concentration for FOK to achieve the best drug delivery effect at
the tumor site.

The in vitro release of 1-3 mg per mL DOX by FOX hydrogel
was explored (Fig. 2C), and it was found that the release rate
decreased as the DOX concentration increased. This phenom-
enon was attributed to the increased number of drug molecules
within the polypeptide hydrogel, which enhances their inter-
molecular interactions and concurrently occupies a significant
portion of the gel network's space, resulting in narrowed or even
blocked diffusion channels, and subsequently decreased
release rates.***” Under pH 6.0 conditions, 1 mg per mL DOX
exhibited the best release performance, with an accumulated
release of 69.5% in 7 days, significantly higher than 2 mg mL "
(44.6%) and 3 mg mL " (32.3%). Therefore, 1 mg mL ™" was
selected as the optimal drug loading concentration to optimize
drug delivery efficiency.

3.3 FOX hydrogel characterization and pH responsiveness

According to Fig. 3A, it can be seen that FOK forms a stable
hydrogel at a concentration of 20 mg mL™" in a pH 7.4 envi-
ronment, exhibiting semi-solid characteristics and maintaining
stable morphology when tilted. At pH 6.0, it transforms into
a highly viscous liquid, indicating significant pH sensitivity and
suggesting its potential as a carrier for anti-tumor drugs.
Transmission electron microscopy (TEM) (Fig. 3B and C)
revealed the microstructural differences of FOK at different pH
levels: at pH 7.4, it formed a dense interwoven nanofiber
network, providing space for drug loading; at pH 6.0, it
appeared as short and dispersed peptide forms, with the
nanofiber network disappearing, directly confirming its pH-
responsive characteristics. Particle size and zeta potential

6426 | Nanoscale Adv, 2024, 6, 6420-6432

analysis (Fig. 3D-F) further elucidated these changes. At pH 7.4,
the fiber size was concentrated in the range of 1900-2000 nm,
with a low charge (5.41 £ 0.78 mV), indicating that attraction
between oppositely charged amino acid residues promoted the
self-assembly of nanofibers; at pH 6.0, the size decreased to
600-900 nm, with a significant increase in positive charge
(17.88 £+ 1.28 mV), attributed to protonation of basic amino
acids enhancing charge repulsion, leading to nanofiber disas-
sembly. Circular dichroism analysis (Fig. 3G) revealed the
dynamic process of FOK peptide secondary structure changes
with pH variation. At pH 7.4, characteristic peaks of B-folded
configuration were observed, indicating that peptides were
predominantly in a B-folded state; while at pH 6.0, the spectrum
shifted to features of irregularly coiled conformations, sug-
gesting that the acidic environment induced structural rear-
rangement of peptides. Based on this, it is speculated that as the
pH increases from 6.0 to 7.4, the peptide structure transitions
from irregular coiled conformations to a coexistence of -
folding and irregular coiling, indicating the gradual trans-
formation of peptides from a solution state to a fiber network
and eventually forming a hydrogel.

3.4 DOX/FOX representation

At concentrations of 20 mg mL~" for FOX and 1 mg mL™" for
DOX, FOK and DOX/FOK hydrogels stably formed, exhibiting
a semi-solid state characteristic, even when the vial was tilted,
they did not flow or disperse (Fig. 3H). Under pH 7.4 conditions,
TEM images (Fig. 3I) showed that the microstructure of FOK
remained unchanged before and after drug loading, confirming
the feasibility of FOK as a carrier for DOX. Furthermore, the
encapsulation efficiency data (Table S51) indicated that with
increasing DOX concentration, the encapsulation efficiency of
FOX gradually decreased but remained at a high level of over
95%, demonstrating the outstanding drug loading efficiency
and high drug content of FOK, indicating its potential as
a highly effective drug delivery system.

3.5 Rheology test

Rheological properties, as an important parameter of hydrogels,
profoundly affect their efficacy as drug carriers.*® Dynamic
strain scan results show (Fig. 4A) that the critical strain values of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Appearance of FOK (right) peptide hydrogels at pH 6.0 and FOK (left) peptide hydrogels at pH 7.4. Transmission electron microscopy of

0.20 wt% FOK at (B) pH 7.4 and (C) pH 6.0. DLS curves of FOK hydrogel in (D) pH 7.4 and (E) pH 6.0. (F) zeta potential curves of FOK hydrogel in
different buffer (n = 3). (G) Circular dichroism spectrum of FOK in different buffer. (H) Appearance of DOX/FOK peptide hydrogels under neutral
conditions. (I) Transmission electron microscopy of 0.20 wt% DOX/FOK at pH 7.4.

FOK and DOX/FOK are 11.74% and 9.27%, respectively. Before
the critical point, both remain in a solid stable state, but tran-
sition to a liquid state after this point, revealing their resistance
to external forces. However, the mechanical strength of DOX/
FOK decreases after drug loading, attributed to the synergistic
effect of DOX's hydrophilicity and the high hydrophilicity of
FOK peptides, enhancing the hydrophilicity of the drug delivery
system and weakening the interactions between hydrophobic
amino acids, which is the main driving force for hydrogel self-
assembly.* This finding emphasizes the importance of
controlling the concentration of DOX to maintain the integrity
of the hydrogel structure, consistent with previous studies on
drug concentration. Dynamic frequency scans further confirm
(Fig. 4B) that within the frequency range of 0.1-10 Hz, the G
and G” of FOK and DOX/FOK show no significant changes, with
G’ greater than G”, indicating a stable gel state. Although the
drug slightly reduces the mechanical strength, overall stability
is maintained, consistent with the strain scan results. In the
cyclic strain time scan simulating the injection process (Fig. 4C
and D), FOK and DOX/FOK hydrogels exhibit significant self-

© 2024 The Author(s). Published by the Royal Society of Chemistry

healing properties. Under high strain (50%), deformation and
flow occur, while under low strain (1%), they quickly return to
a solid-like state (G’ > G”), demonstrating the ability to resist
external forces. This characteristic not only meets the require-
ments of injectable drug delivery but also avoids the need for
surgical implantation, potentially enhancing patient treatment
experience and compliance.

3.6 Stability study

This study conducted a six-month stability evaluation on the
optimized FOX and DOX/FOX hydrogels to ensure their stability
and effectiveness throughout their shelf life. The results showed
(Fig. 5A) that both hydrogels maintained their gel form with no
signs of flow and no change in appearance after long-term
storage. Through cyclic strain-time sweep analysis (Fig. 5B
and C), the FOK and DOX/FOK hydrogels exhibited a certain
degree of self-healing properties, and after being left to stand
for six months, both their ¢’ and G” increased to varying
degrees compared to their previous states, indicating that FOK

Nanoscale Adv., 2024, 6, 6420-6432 | 6427
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Fig. 4
of (C) FOK and (D) DOX/FOK hydrogels.

and DOX/FOK retained their injectability while enhancing their
mechanical properties. In summary, the FOK and DOX/FOK
polypeptide hydrogels exhibit good stability and can be stored
and applied for a long time.

3.7 In vivo anti-tumor research

Fifteen tumor-bearing mice were randomly divided into three
groups (n = 5) and given NS, free DOX (1 mg mL™"), and DOX/
FOX hydrogel (1 mg mL™':20 mg mL™") to evaluate the effects
of different administration methods on mouse body weight,
tumor growth, and tissue histology. As shown in the figures
(Fig. 6A and B), the body weight of mice in the free DOX group
significantly decreased (from 18.8 g to 16.9 g within 7 days),
indicating the strong toxic side effects of DOX. In contrast, mice
in the NS and DOX/FOX hydrogel groups showed an increase in
body weight, suggesting that the DOX/FOX hydrogel system
effectively alleviated the toxic side effects of DOX. In terms of
tumor growth inhibition (Fig. 6C and D), the tumor volume in
the NS group increased sharply (reaching 762.42 mm? within 7
days), while both the DOX and DOX/FOX groups exhibited
significant tumor growth inhibition. However, starting from day
4, the tumor growth in the DOX group accelerated, possibly due
to rapid consumption and inadequate retention of DOX at the
tumor site. In contrast, the tumor in the DOX/FOX group
remained stable, forming a “drug reservoir” at the tumor site for
sustained drug release under the stimulation of the tumor
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microenvironment. At the end of the treatment, the tumor
volume in the DOX/FOX group (reduced from 109.65 mm?® to
81.50 mm?®) was significantly smaller than that in the NS and
free DOX groups. These results highlight the effective tumor cell
inhibition, continuous slow drug release, prolonged drug action
time, and reduced toxicity advantages of DOX/FOX. Further
histopathological analysis (Fig. 6E) revealed no obvious
apoptotic cells, inflammatory cell infiltration, or local bleeding
in the tumor tissue of the NS group, while significant necrotic
areas, sparse cell arrangement, dissolved and deformed cell
nuclei were observed in the DOX and DOX/FOX groups, with
a larger necrotic area in the DOX/FOX group. Tunel detection
further confirmed that the DOX/FOX group had the highest
number of apoptotic tumor cells, with strong green fluores-
cence signals, indicating excellent anti-tumor activity and
apoptosis induction ability of this hydrogel system. In conclu-
sion, the FOX peptide hydrogel, as a drug carrier, not only
achieved controlled release and reduced toxicity of DOX but also
significantly enhanced the anti-tumor effect, providing a novel
and efficient strategy for cancer treatment.

3.8 In vivo distribution study

To investigate the distribution of drug-loaded hydrogel in mice,
DiR fluorescent dye was used instead of anti-tumor drugs
encapsulated in FOX hydrogel, and its dynamic distribution in
tumor-bearing mice was monitored using in vivo imaging

© 2024 The Author(s). Published by the Royal Society of Chemistry
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technology. Fig. 7A shows that the fluorescence intensity of the 96 hours after administration, indicating that the FOX hydrogel
free DiR group rapidly decreased over time, while the DiR/FOK carrier effectively prolonged the drug’'s duration of action in the
group still exhibited significant and concentrated fluorescence body, enhancing its efficacy. Fig. 7B further revealed that, 96
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Fig. 6 (A) Schematic diagram of AuNRs-PU elimination bacterial biofilm. (B) The body weight change curve of mice after administration. (C)
Images of the tumors harvested from the NS group, the DOX group and the DOX/FOK group mice 7 days after administration. (D) The tumor
volume change curve of mice after administration. (E) HGE staining and Tunel assay images of tumor tissues dissected after treatment.
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hours after administration, the DiR/FOK group showed DiR
fluorescence still concentrated at the tumor site, with no
significant fluorescence signals in other organs; in contrast, the
free DiR group exhibited widespread fluorescence distribution
(especially in the liver region), consistent with the in vivo
imaging results, confirming that DOX/FOX hydrogel can
concentrate drugs at the tumor site, prolong drug retention,
significantly reduce systemic toxicity of chemotherapy drugs,
and demonstrate the superiority of FOX as a drug carrier.

3.9 Invitro and in vivo biocompatibility

The cytotoxicity of blank hydrogels was determined using the
CCK-8 method. As shown in Fig. 8A, even at a high FOK
concentration of up to 400 pg mL ", the cell viability of 4T1 cells
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remained above 95%, strongly demonstrating the excellent
biocompatibility of the hydrogel in vitro, making it suitable as
a delivery platform for anti-tumor drugs. Furthermore, by
comparing the proliferation inhibition effects of free DOX and
DOX/FOK hydrogels on 4T1 cells under different pH conditions
(Fig. 8B), it was found that both exhibited concentration-
dependent inhibition, but when the DOX concentration excee-
ded 10 ug mL™", the enhancement effect tended to saturate.
DOX/FOK showed stronger cytotoxicity at pH 6.0, attributed to
the acidic-triggered release mechanism. ICs, value analysis
(Table S67) revealed that the IC5, value of DOX/FOK was higher
than that of free DOX, indicating lower cytotoxicity, attributed
to the sustained-release characteristics of the hydrogel,
releasing only about 58.62% of the drug within 48 hours,

(A) Cell viability of 4T1 cells co-incubated with FOK peptide hydrogel (n = 6). (B) Cell viability of 4T1 cells co-incubated with free DOX or

DOX-loaded hydrogel (n = 5). (C) H&E staining images of heart, liver, spleen, lung and kidney dissected after treatment. (D) H&E-based

immunohistochemical images of skin tissue.
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thereby reducing drug toxicity and prolonging the duration of
action.

To comprehensively evaluate the in vivo safety of DOX/FOK
hydrogels, major organs of mice after treatment were sub-
jected to H&E staining analysis (Fig. 8C). Compared to the
significant necrosis of heart and liver cells in the DOX group,
the organ cell morphology of the DOX/FOK and NS groups
remained intact, with normal structure and no apparent
damage, indicating a certain level of biological safety in vivo.
Additionally, tissue H&E staining after subcutaneous injection
of blank FOK hydrogels (Fig. 8D) showed normal cell
morphology, tight tissue texture, and no signs of inflammatory
cell infiltration or local bleeding, further demonstrating the
good in vivo biocompatibility of FOK hydrogels.

4. Conclusions

This study aims to address the challenges faced by anti-tumor
drugs such as limited bioavailability, short half-life, and poor
selectivity. A pH-responsive peptide hydrogel based on hemo-
pressin was innovatively designed and synthesized as a drug
carrier. By systematically evaluating the gelation, pH respon-
siveness, and drug loading performance of four self-assembled
peptides (POH, POK, FOH, FOK), FOX was selected as the
optimal carrier, with the best concentration ratio of FOX 20 mg
mL ! and DOX 1 mg mL ™. FOX hydrogel exhibited excellent pH
sensitivity, forming a stable gel under physiological conditions
(pH 7.4) and rapidly transforming into a highly mobile viscous
liquid under acidic conditions in the tumor microenvironment
(pH 6.0), indicating its huge potential as a drug carrier for anti-
tumor drugs. Meanwhile, FOK showed extraordinary mechan-
ical strength and stability, ensuring long-term drug storage and
effective injection. In vitro and in vivo experiments confirmed
that DOX/FOX hydrogel not only achieved precise controlled
release of DOX and reduced toxicity, but also significantly
enhanced anti-tumor efficacy. Studies on the distribution in
mice showed that the hydrogel could precisely concentrate
drugs at the tumor site, prolong drug retention time, and greatly
reduce systemic toxicity. CCK-8 tests and in vivo animal models
further confirmed the excellent biocompatibility of FOK
hydrogel. In conclusion, the injectable pH-responsive hydrogel
FOX developed in this study has enhanced the precise delivery,
retention time, and local concentration of drugs through
localized administration and intelligent responsiveness to the
tumor microenvironment, effectively enhancing anti-cancer
efficacy and reducing systemic side effects, providing an effi-
cient and safe new approach for anti-cancer drug delivery
strategies.
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