
Cell-Penetrating and Enzyme-Responsive Peptides for Targeted 
Cancer Therapy: Role of Arginine Residue Length on Cell 
Penetration and In Vivo Systemic Toxicity

Behnaz Ghaemi○,
Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research 
and Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, The 
Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, United States

Swati Tanwar○,
Department of Mechanical Engineering, The Johns Hopkins University Whiting School of 
Engineering, Baltimore, Maryland 21218, United States

Aruna Singh,
F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Inc., Baltimore, 
Maryland 21205, United States

Dian R. Arifin,
Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research 
and Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, The 
Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, United States

Michael T. McMahon,
Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research, 
The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, United States; 
F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Inc., Baltimore, 
Maryland 21205, United States

Ishan Barman,

Corresponding Authors: Ishan Barman – Russell H. Morgan Department of Radiology and Radiological Science, Division of 
MR Research and Department of Oncology, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, United 
States; Department of Mechanical Engineering, The Johns Hopkins University Whiting School of Engineering, Baltimore, Maryland 
21218, United States; ibarman@jhu.edu, Jeff W. M. Bulte – Russell H. Morgan Department of Radiology and Radiological Science, 
Division of MR Research, Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, Department of 
Biomedical Engineering, and Department of Oncology, The Johns Hopkins University School of Medicine, Baltimore, Maryland 
21205, United States; F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Inc., Baltimore, Maryland 21205, 
United States; Department of Chemical and Biomolecular Engineering, The Johns Hopkins University Whiting School of Engineering, 
Baltimore, Maryland 21218, United States; jwmbulte@mri.jhu.edu.
○Author Contributions
B.G. and S.T. contributed equally to this work.

The authors declare no competing financial interest.

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsami.3c14908.
Toxicity of R1–R6AANCK peptides toward LNCaP and kidney and liver histology images (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/acsami.3c14908

HHS Public Access
Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 August 30.

Published in final edited form as:
ACS Appl Mater Interfaces. 2024 March 06; 16(9): 11159–11171. doi:10.1021/acsami.3c14908.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acsami.3c14908
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c14908/suppl_file/am3c14908_si_001.pdf
https://pubs.acs.org/10.1021/acsami.3c14908


Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research 
and Department of Oncology, The Johns Hopkins University School of Medicine, Baltimore, 
Maryland 21205, United States; Department of Mechanical Engineering, The Johns Hopkins 
University Whiting School of Engineering, Baltimore, Maryland 21218, United States

Jeff W. M. Bulte
Russell H. Morgan Department of Radiology and Radiological Science, Division of MR 
Research, Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, 
Department of Biomedical Engineering, and Department of Oncology, The Johns Hopkins 
University School of Medicine, Baltimore, Maryland 21205, United States; F.M. Kirby Research 
Center for Functional Brain Imaging, Kennedy Krieger Inc., Baltimore, Maryland 21205, United 
States; Department of Chemical and Biomolecular Engineering, The Johns Hopkins University 
Whiting School of Engineering, Baltimore, Maryland 21218, United States

Abstract

For the improved delivery of cancer therapeutics and imaging agents, the conjugation of cell-

penetrating peptides (CPPs) increases the cellular uptake and water solubility of agents. Among 

the various CPPs, arginine-rich peptides have been the most widely used. Combining CPPs with 

enzyme-responsive peptides presents an innovative strategy to target specific intracellular enzymes 

in cancer cells and when combined with the appropriate click chemistry can enhance theranostic 

drug delivery through the formation of intracellular self-assembled nanostructures. However, one 

drawback of CPPs is their high positive charge which can cause nonspecific binding, leading to 

off-target accumulation and potential toxicity. Hence, balancing cell-specific penetration, toxicity, 

and biocompatibility is essential for future clinical efficacy. We synthesized six cancer-specific, 

legumain-responsive RnAANCK peptides containing one to six arginine residues, with legumain 

being an asparaginyl endopeptidase that is overexpressed in aggressive prostate tumors. When 

conjugated to Alexa Fluor 488, R1–R6AANCK peptides exhibited a concentration- and time-

dependent cell penetration in prostate cancer cells, which was higher for peptides with higher R 

values, reaching a plateau after approximately 120 min. Highly aggressive DU145 prostate tumor 

cells, but not less aggressive LNCaP cells, self-assembled nanoparticles in the cytosol after the 

cleavage of the legumain-specific peptide. The in vivo biocompatibility was assessed in mice after 

the intravenous injection of R1–R6AANCK peptides, with concentrations ranging from 0.0125 to 

0.4 mmol/kg. The higher arginine content in R4–6 peptides showed blood and urine indicators 

for the impairment of bone marrow, liver, and kidney function in a dose-dependent manner, with 

instant hemolysis and morbidity in extreme cases. These findings underscore the importance of 

designing peptides with the optimal arginine residue length for a proper balance of cell-specific 

penetration, toxicity, and in vivo biocompatibility.
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1. INTRODUCTION

Cancer cells have evolved biological mechanisms to restrict the uptake of xenobiotics.1 

Consequently, the physical properties of many therapeutics prevent penetration through the 

polar extracellular microenvironment and diffusion into the nonpolar cancer cell membrane. 

This opposing polarity can be overcome by conjugating bipolar transporter molecules that 

improve water solubility and cellular uptake.2 Cell-penetrating peptides (CPPs) represent 

promising bipolar transporters for therapeutic drug delivery with significant pharmaceutical 

applications.3 The interaction between cells and peptides depends on various factors, 

including the amino acid composition, molecular weight, sequence length, total electric 

charge, hydrophobicity, isoelectric point, amphiphilicity, and ultimate configuration.4 

Studies have shown that the affinity of peptide transporters for biomembranes is rooted in 

their arginine-rich subsequences.5 Arginine-rich peptides such as TAT (YGRKKRRQRRR) 

and CTP (YGRRARRRRRR) are able to carry various types of cancer therapeutics by 

penetrating through cell membranes in vitro and in vivo.63,7 Their multiple conjugation 

sites and ability to induce apoptosis make them promising candidates for enhancing the 

effectiveness of chemotherapy and reducing off-target accumulation and side effects.8 

Recent studies have revealed that hybrid peptide systems containing a combination 

of mitochondria-targeted and cell-penetrating peptides possess the capability to induce 

apoptosis in cancer cells by disrupting the mitochondria and activating pro-apoptotic 

pathways.9 This mechanism has the potential to inhibit tumor growth and increase the 

tumor’s susceptibility to chemotherapy. Arginine-rich CPPs can also activate immune cells 

and enhance their antitumor activity, potentially improving tumor control and leading to 

long-term remission.10

CPPs are now being combined with enzyme-responsive peptide sequences to develop 

tumor-specific therapeutic and diagnostic platforms.11 Enzyme-specific recognition motifs 

have gained much attention due to the enzyme’s ability to cleave specific peptide bonds 

with precise spatiotemporal control. This catalytic prowess has inspired the creation of 

novel classes of synthetic peptide-based theranostic nanoprobes for enhanced imaging 

and tumor-targeted therapy.12 In the recent past, we have explored enzyme-responsive 

peptide sequences to advance targeted tumor imaging/therapy using chemical exchange 
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saturation transfer magnetic resonance imaging (CEST MRI),13 Raman imaging,14,15 and 

quantitative phase imaging (QPI).16 While enzyme responsiveness enables successful 

nanoprobe accumulation in most living systems in vitro, the efficacy of in vivo intracellular 

applications is heavily dependent on the local probe concentration, as dictated by the 

unpredictable in vivo tumor macro- and microenvironments. Consequently, strategies to 

maximize tumor cell penetration are imperative.

However, the initial transport of the CPP+enzyme-responsive peptide across the cell 

membrane is not cancer cell-specific and may lead to unwanted toxicity to normal cells 

at higher peptide concentrations.17,18 The high positive charge of these peptides can cause 

nonspecific binding and destabilization of the negatively charged cell membrane, potentially 

resulting in cell lysis and death.19 The toxicity of arginine-rich peptides may be modulated 

by a number of factors, including the peptide concentration, peptide length, and presence of 

specific amino acid residues. While arginine-rich peptides have demonstrated their potential 

in cancer therapy, a careful evaluation of their in vivo biocompatibility as a function of 

peptide length is warranted in order to mitigate their potential toxic side effects. To this end, 

we designed a series of novel prostate cancer-specific legumain enzyme-responsive peptides, 

R1–6AANCK, containing one to six (R1–R6) arginine residues. In addition to the enzyme 

responsiveness to the RAANCK sequence, we report here on the time- and concentration-

dependent cell penetration in vitro, as well as the biocompatibility and toxicity in vivo.

2. MATERIALS AND METHODS

2.1. Cell Penetration and Intracellular Legumain-Mediated Nanoparticle Formation.

2.1.1. Synthesis and Characterization of Alexa Fluor 488-Conjugated R1–R6 

AANCK Peptides.—R1–R6 AANCK peptides were purchased from Genscript and were 

used for Alexa Fluor 488 (Invitrogen, USA) conjugation without further purification. 

Ten milligrams of R1–R6 AANCK peptides was first dissolved in 1 mL of dry N,N-

dimethylformamide (DMF, Chemimpex, USA), followed by the addition of 10 mL of 

diisopropylethylamine (DIPEA, Chemimpex, USA), and then Alexa Fluor 488 NHS ester 

(1 mg in 200 mL of dry DMF). The mixture was stirred at room temperature in the dark for 

2 h. Alexa Fluor 488-conjugated peptides were purified by reverse-phase high-performance 

liquid chromatography (RP-HPLC) using a Shimadzu CBM-40 system with a C18 column. 

A water–acetonitrile eluent (from 80:20 to 20:80) containing 0.1% TFA was used as 

the mobile phase for purification. The mass of the synthesized peptides (Figure 1) was 

determined using either Bruker Auto Flex III or Voyager DE-STR high-resolution matrix-

assisted laser desorption/ionization–time-of-flight (MALDI-TOF) mass spectrometers. The 

yield of the Alexa Fluor 488-conjugated peptides was ~50%.

2.1.2. Determination of CP50 for Alexa Fluor 488-Conjugated R1–R6-AANCK 
Peptides.—DU145 cells (American Type Culture Collection) were seeded in a 96-well 

plate and incubated for 24 h at 37 °C. A stock solution of the R1–R6-AANCK-Alexa Fluor 

488 conjugate was prepared at 100 μM, followed by serial dilutions down to 0.1 μM. 

Post 24 h seeding, the cell medium was replaced with a peptide solution. After 60 and 

120 min of incubation, cells were washed with 10 mM phosphate-buffered saline, pH 7.4 
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(PBS), to eliminate extracellular fluorescence. Fluorescence intensities were recorded using 

a plate reader, with the background fluorescence subtracted. The peptide concentration at 

which cells reached 50% of the maximum fluorescence (CP50) was then calculated.20 Cells 

incubated with Alexa Fluor 488 alone and untreated cells were used as controls.

2.1.3. Qualitative Time-Dependent Cell Penetration Studies.—DU145 cells were 

cultured in 24-well plates containing a 15 mm coverslip at the bottom. Once the cells 

reached 70% confluency, the culture medium was replaced with MEM Glutamax medium 

(Gibco, USA) containing 50 μM Alexa Fluor 488-R1–R6AANCK peptides. Following 

120 min incubation, cells were washed with PBS (Gibco, USA) and then fixed with 4% 

paraformaldehyde (PFA) for 20 min. Nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI), and the coverslips were mounted on glass slides. Cells were analyzed 

using an inverted epifluorescence microscope (Zeiss Axiovert 200M).

2.1.4. Quantitative Time-Dependent Cell Penetration Studies.—DU145 prostate 

cancer cells were cultured in 96-well plates for 24 h to achieve 70% confluency. Cells were 

incubated with 50 μM of Alexa Fluor 488-R1–R6 peptides in MEM Glutamax media for 

30, 60, 90, 120, or 180 min in the dark. After washing three times with 10 mM PBS, pH 

7.4 (PBS), the fluorescence intensity was measured using a plate reader (Thermo Scientific, 

USA) at an excitation wavelength of 488 nm.

2.1.5. Synthesis and Characterization of Legumain Responsive Peptide 
Sequences and Nanoparticle Formation.

2.1.5.1. Synthesis of R6 AANCK Peptide.: The peptide R6AANCK was synthesized 

using a solid-phase peptide synthesis (SPPS) method with 2-chlorotrityl chloride (CTC) 

resins using an AAPPTEC focus Xi peptide synthesizer. The N-terminus of the peptide 

was acetylated by treatment with 5% acetic anhydride in dimethylformamide (DMF) for 10 

min. After sequential washing with DMF and dichloromethane (DCM), resins were treated 

with 2% TFA/DCM to cleave the peptide from the resin without removing the 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl residue (Pbf), tert-butyloxycarbonyl (BOC), and 

S-tert-butylthio (StBu) protecting groups of arginine, lysine, and cysteine, respectively. The 

protected R6 AANCK peptide was produced after evaporating the solvent using a rotary 

evaporator, followed by recrystallization with ice-cold diethyl ether.

2.1.5.2. CBT Conjugation of R6 AANCK Peptide.: The protected peptide (300 mg) was 

dissolved in 15 mL of anhydrous tetrahydrofuran (THF), followed by the addition of 33 μL 

of 4-methylmorpholine (MMP). The reaction mixture was stirred for 30 min at 0 °C under 

a N2 gas atmosphere, followed by the addition of 38.9 μL of isobutyl chloroformate (IBCF) 

with additional stirring for 40 min. A solution of 31.5 mg of CBT in 1 mL of THF and 6.4 

μL of IBCF was added to the reaction mixture with continued stirring for 1 h at 0 °C and 

then stirred overnight at RT. The CBT-conjugated R6 AANCK peptide was precipitated from 

the reaction mixture using diethyl ether and dried. The Boc- and Pbf-protecting groups of 

compound B were cleaved with a cleavage cocktail having 95% TFA, 4% DCM, and 1.0% 

triisopropylsilane (TIPS) for 4 h. The R6 AANCK-CBT peptide was purified by RP-HPLC 
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using water–acetonitrile, with 0.1% TFA as the eluent (from 80:20 to 20:80). The yield of 

CBT conjugation was found to be 30%.

2.1.5.3. Alexa Fluor 488 Conjugation of R6 AANCK-CBT Peptide.: Alexa Fluor 488 

NHS ester (1 mg) was dissolved in 500 μL of anhydrous DMF and 10 μL of DIPEA. A 

solution of 10 mg R6 AANCK-CBT peptide in DMF was added, and the reaction mixture 

was stirred for 2 h in the dark at RT. The Alexa Fluor 488-conjugated peptide was obtained 

following purification using RP-HPLC with a 50% yield.

2.1.5.4. Legumain Expression.: Legumain expression in DU145 and LNCaP cells 

was determined using immunostaining and an inverted epifluorescence microscope 

(Zeiss Axiovert 200M), with the quantification of fluorescence intensity using ZEN 

software. DU145 and LNCaP cells were cultivated on chamber slides until they reached 

approximately 70% confluency. After washing with PBS, cells were fixed with 4% PFA for 

10 min. The fixed cells were then incubated with antilegumain antibody (1:500, ab183028, 

Abcam, USA) overnight at 4 °C. Cells were washed three times with PBS and then treated 

with secondary antibody goat antirabbit IgG-Alexa Fluor 488 (1:250, ab150077, Abcam, 

USA) and Alexa Fluor 594 phalloidin to visualize cell borders. After further washing, they 

were stained with DAPI, coverslipped, and imaged using a Zeiss Axiovert 200 M inverted 

epifluorescence microscope.

2.1.5.5. Intracellular Self-Assembly of Nanoparticles.: To examine the intracellular self-

assembly of the nanoparticles, DU145 and LNCaP cells were cultured on chamber slides 

until they reached approximately 70% confluency. They were treated with a 3 μM solution 

of Alexa Fluor 488-conjugated R6 AANCK-CBT for 3 h at 37 °C, followed by replacement 

with fresh media and additional incubation for 30 min. Cells were washed with PBS three 

times and fixed with 4% PFA for 20 min, resuspended back in PBS, and then imaged using a 

Leica SP8 confocal microscope equipped with a 63x oil immersion objective.

2.2. In Vitro Cytotoxicity Assay.

DU145 and LNCaP cells were cultured in 96-well plates to 70% confluency and incubated 

with different concentrations (3.125, 6.25, 12.5, 25, 50, and 100 mM) of the R1–R6AANCK 

peptides for 2 or 48 h. The culture medium was collected and centrifuged at 10,000 × g for 

10 min to eliminate cellular debris. The lactate dehydrogenase (LDH) activity was quantified 

in the collected medium using an LDH assay kit (Abcam, USA) as per the manufacturer’s 

instructions.

2.3. Hemolytic Assay.

Blood samples were withdrawn using a 1 mL syringe with a 26G needle from the heart 

of female Rag2−/− mice, collected in a 1 mL BD Microtainer (Becton Dickinson, USA) 

containing EDTA as an anticoagulant, and stored at 4 °C before further analysis. One 

milliliter of whole blood sample was centrifuged at 1500 × g for 5 min, the resulting plasma 

fraction was removed, and the pellets were washed with 1 mL of PBS after mixing by 

slow inversion. Centrifugation and washing steps were repeated five times. After the final 

washing step, PBS was added, and the resulting samples were diluted 1:10 with PBS to yield 
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a red blood cell (RBC) concentration of approximately 5 × 108 RBCs/mL. The hemolytic 

assay was performed in a 96-well polypropylene microplate containing 50 μL of RBCs by 

adding R1–R6 peptides at different concentrations (3.125, 6.25, 12.5, 25, 50, and 100 mM) 

in 50 μL of PBS. 1% Triton-X100 (50 μL) in water or PBS was added to the RBCs as 

positive and negative (diluent) controls, respectively. The plate was sealed, shaken on a plate 

shaker for 20 s, and incubated for 1 h in a 37 °C incubator. The microplate was centrifuged 

at 1500g for 5 min, and 80 μL of supernatant was removed from each well and transferred 

to a new 96-well microplate. After the air bubbles were removed by centrifugation of the 

microplate at 1200g for 1 min, the optical density was measured at 405 nm using a plate 

reader (Thermo Scientific, USA). The percentage of hemolysis was calculated using the 

following equation:

% Hemolysis = (absorbance of test sample) − (absorbance of negative control)
(absorbance of positive control) − absorbance of negative control × 100

2.4. In Vivo Toxicity Assays.

All animal experiments were approved by the Institutional Animal Care and Use Committee. 

Immunodeficient Rag2−/− breeder mice were purchased from Jackson Laboratory (Bar 

Harbor, ME, USA), and an in-house colony was maintained under a 12 h light/dark cycle 

with free access to food and water. All experiments were performed using 1% isoflurane 

inhalation anesthesia. Female Rag2−/− mice (20–25 g, n = 3 for each cohort, n = 18 total)) 

were injected intravenously (i.v., tail vein) with 0.0125, 0.025, 0.05, 0.1, 0.2, or 0.4 mmol/kg 

R1–R6AANCK peptide in 100 μL of PBS containing 5% dimethyl sulfoxide (DMSO). One 

week after injection, blood was collected from the heart using a 1 mL syringe with a 26G 

needle and urine from the bladder using a 0.5 mL syringe with a 28G needle.

2.5. Assessment of Bone Marrow Function.

For total cell blood counts (CBC), 100 μL of fresh blood was transferred into a 100 μL 

microvette tube (Sarstedt AG&Co, Germany) containing EDTA as an anticoagulant, mixed 

gently, and stored at 4 °C until further CBC analysis.

2.6. Assessment of Liver Function.

For liver function tests, 450 μL of fresh blood was transferred into a 1 mL BD Microtainer 

(Becton, Dickinson and Company, NJ, USA) and allowed to sit for 30 min at room 

temperature before centrifugation for 10 min at 1500g. The plasma supernatant was 

collected and sent to IDEXX (Main, USA) for biochemical analysis.

2.7. Assessment of Kidney Function.

Creatinine, uric acid, blood urea nitrogen, albumin, and total protein levels in blood plasma 

were measured to evaluate the kidney function. The presence of creatinine and total protein 

as waste products in urine was also assessed. The plasma and urine samples were sent to 

IDEXX (Maine, USA) for biochemical analysis.
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2.8. Histopathology of Liver and Kidney.

Liver and kidney were harvested for H&E staining 7 days after i.v. injection of R1–

6AANCK. Tissue sections (10 μm thick) were obtained using a microtome, deparaffinized 

in xylene, and rehydrated through a descending alcohol gradient. After staining, the 

sections were dehydrated, cleared, and mounted on a coverslip using a xylene-based 

mounting medium. The sections were imaged by using a Zeiss Axiovert 200 M inverted 

epifluorescence microscope.

2.9. Statistical Analysis.

Statistical analysis was performed using one-way ANOVA with Tukey’s HSD multiple 

comparison posthoc test. Data are shown as mean ± SD (n = 3 independent experiments). 

P-values <0.0001 (****), < 0.001 (***), < 0.01 (**), and <0.05 (*) were considered 

significant.

3. RESULTS AND DISCUSSION

3.1. R1–R6-AANCK Peptide Synthesis, Characterization, and Concentration-Dependent 
Cellular Uptake.

To improve the targeting efficacy of anticancer agents, there has been a shift toward 

designing stimuli-responsive therapeutic carriers.21 These carriers respond to specific cues 

in the tumor microenvironment, allowing for enhanced accumulation of anticancer agents 

while minimizing off-target effects. One of the more promising smart strategies involves 

the use of enzyme-responsive peptide sequences.11 This approach has gained momentum 

due to the growing evidence linking cancer cell invasion, metastasis, and angiogenesis to 

dysregulated enzyme expression.22 To align our study with the relevant biological studies, 

we designed polyarginine peptide sequences with a legumain enzyme recognition motif: 

alanine–alanine–asparagine (AAN) bound to CK (AANCK), where cysteine facilitates 

self-assembly into nanostructures and lysine facilitates linkage to imaging probes such as 

Alexa Fluor 488 (optical probe) or olsalazine (CEST MRI probe).13 Since legumain is 

an asparaginyl endopeptidase that is overexpressed in tumor cells exhibiting aggressive 

migration and invasion,23–26 it is an attractive candidate as a tumor-associated enzyme 

for enhanced therapy and imaging.27,28 The exact sequence and chemical structure of all 

peptides used in this study are shown in Table 1. Successful synthesis of R1–R6 peptides 

and their Alexa Fluor 488-conjugated counterparts (for the visualization of intracellular 

internalization) was verified using MALDI-TOF spectrometry (Figure 1).

We measured the concentration-dependent uptake of the synthesized peptides in DU145 

cells and found that the intensity of Alexa Fluor 488 correlates directly with the cytosolic 

levels of R1–R6-AANCK. This was verified by recording the fluorescence intensity 

corresponding to the half-maximum cell penetration concentration (CP50) over varying 

incubation periods with DU145 cells (Table 1). After 60 min of incubation, R6 exhibited 

the lowest CP50 at 0.8 μM (corresponding to the highest cellular uptake). The CP50 values 

for R5, R4, R3, R2, and R1 followed with concentrations of 1.3, 3.2, 8.5, 30, and 75 μM, 

respectively. However, when the incubation time was extended to 120 min, the temporal 

dynamics changed. For R6, R5, and R4, an increase in CP50 to 2.1, 5.2, and 7.8 μM was 
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noted, respectively, suggesting a decrease in cellular uptake or a potential washout of the 

peptide post 60 min. In contrast, CP50 of R3 remained relatively constant at 8.9 μM over the 

extended period, while for R2 and R1, the longer incubation led to increased cellular uptake 

with decreased CP50 values of 12 and 32 μM, respectively. The peptides with lower arginine 

content (R1 and R2) thus showed a trend toward increased uptake with longer incubation, 

whereas peptides with higher arginine content (R6, R5, and R4) had the opposite trend. This 

could potentially be attributed to varying peptide stability, surface charge, or internalization 

mechanisms, warranting further exploration. Other studies on arginine-rich CPPs including 

TAT (RKKRRQRRR), penetratin (RQI - KIWFQNRRMKWKK), and nona-arginine (9R), 

when tagged with chloroalkane, reported a concentration-dependent cytosolic localization 

after 4 h, with CP50 values of 3.1, 0.82, and 0.3 μM, respectively.29

3.2. Time-Dependent Cell Penetration Studies.

We examined the time-dependent cell penetration of R1–R6AANCK peptides, each with 

varying lengths of arginine residues, at a concentration of 50 μM to encompass the CP50 

values for all peptides. Peptides were conjugated with Alexa Fluor 488 to allow the 

quantitative fluorescence detection of cell penetration at 30, 60, 90, 120, and 180 min 

after addition to DU145 prostate cancer cells (Figure 2A,B). Overall, the rate of peptide 

penetration decreased with a decrease in the number of arginine residues, in agreement 

with a previous report demonstrating the importance of the arginine residue length for 

cellular internalization of CPPs.30 For the higher arginine residue peptides (R5 and R6), 

the highest penetration rate (fluorescence intensity) was observed at 30 min, followed by 

a steep decline, while all other peptides (R1–4) showed an initial gradual increase that 

reached a maximum around 120 min. At 180 min, all of the peptides were nearly washed 

out. The cell penetration at 60 min after the peptide addition was further evaluated by a 

qualitative assessment using fluorescence microscopy (Figure 2C). The resulting uptake and 

internalization were consistent with the quantitative fluorescence intensity measurements.

Previous studies have shown that increasing the number of arginine residues in linear 

peptides from 6 to 9 can lead to a heightened cell penetration in HeLa cancer cells after 

30 min of incubation with 5 μM peptide.31 In addition, it was reported that the inclusion 

of four endocyclic and three exocyclic arginine residues within macrocyclic peptides is 

more effective in increasing cell penetration than incorporating six arginines in bicyclic 

peptides.32 Our study clearly demonstrates that arginine-rich peptides containing four, five, 

and six arginine residues exhibit significantly greater attachment to negatively charged 

molecules on the cell surface within a 30–60 min time frame compared to peptides 

containing one, two, and three arginine residues. This suggests that the presence of a higher 

number of arginine residues plays a crucial role in facilitating cellular uptake of the peptides, 

rather than the overall positive peptide charge.33 However, other studies on conjugating of 

R4, R8, R12, and R16 peptides to extracellular vesicles (EVs) for enhancing uptake in HeLa 

cells indicated that R8 was the most effective promotor after 30 min of incubation.34

Arginine-rich CPPs can penetrate cell membranes spontaneously and without the need for 

energy by directly interacting with acidic lipids in the outer leaflet of the membrane.35 

Studies have shown that arginine-rich peptides undergo a two-step uptake process, beginning 
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with the initial attachment to the cell membrane.36 This attachment is influenced mainly 

by electrostatic interactions between the negatively charged molecules on the cell surface 

and positively charged arginine.37 Since the fraction of acidic-charged phospholipids in 

biological plasma membranes is low, it is believed that positively charged arginine-rich 

peptides bind to negatively charged sulfated glycosaminoglycans (GAGs) to facilitate cell 

membrane penetration.38 The interaction of arginine-rich peptides with sulfated GAGs may 

play a critical role in their direct membrane translocation, which involves the peptides 

crossing the membrane rather than being taken up by endocytosis.39 These interactions may 

lead to a charge neutralization of arginine-rich CPPs, promoting their partitioning into cell 

membranes.40,41 The second uptake step involves translocation across the cell membrane, 

which depends on peptide neutrality and size.42,43 Recent research also suggests that the 

most plausible mechanism for the direct membrane translocation of arginine-rich peptides 

is the transient formation of pores, where the peptides induce membrane perturbation 

to facilitate their passage through the membrane.44 Smaller and less positively charged 

peptides have a greater capacity to traverse the lipophilic membrane and reach the cytoplasm 

more rapidly.45 Other ways of modulating the transport of arginine-rich peptides include 

increasing the distance between arginine residues for the promotion of cellular uptake.18 

A greater spacing allows for more flexibility in receptor binding for turnover or to 

associate with negatively charged species on the surface of cells, which is necessary for 

internalization. Through the comparative analysis of R4, R5, and R6 peptides, they showed 

that an increase in the arginine content corresponds to an acceleration in cellular uptake 

rates.46 In summary, depending on their composition, peptides may reach an equilibrium 

state in which cellular retention is balanced by uptake, efflux, and cellular degradation.

3.3. Legumain-Mediated Intracellular Self-Assembly of Fluorescent Nanoparticles.

Legumain is overexpressed in various tumors, in particular in prostate cancer,47 being a 

lysosomal cysteine protease with an important function in cellular protein processing and 

maturation. This overexpression can be exploited for specific targeting, e.g., microbubble 

ultrasound contrast agents in breast cancer.48 When we compared legumain expression 

in prostate cancer cell lines, a significant difference was observed between DU145 and 

LNCaP cells, both qualitatively (Figure 3A) and quantitatively (Figure 3B). DU145 cells, 

known for their high tumor aggressiveness, exhibited markedly increased legumain levels 

compared to less aggressive LNCaP cells, implying a role for legumain in advanced 

protein processing that underpins tumor growth.49 The acidity often associated with 

aggressive tumor environments may further amplify the legumain activity in DU145 cells.50 

Additionally, enhanced legumain expression can be instrumental in immune modulation, 

potentially providing DU145 cells with an advantage in immune evasion.51 A modulation 

in signaling pathways, a characteristic of aggressive tumor cells, may also be associated 

with the heightened legumain activity.52 To explore the responsiveness of legumain, the 

R1–6AANCK peptides were conjugated to a CBT group and Alexa Fluor 488. After the 

legumain cleavage of the peptide, a biocompatible click condensation reaction between the 

glutathionine (GSH)-induced 1,2-aminothiol group (D-cysteine) and the cyano group of the 

(CBT) motif is initiated, resulting in the formation of clusters of aggregated Alexa Fluor 488 

nanoparticles. This chemical reaction has been widely used for studying enzyme-responsive 

peptide sequences.53–55 Upon the uptake of R6AANCK-CBT-Alexa Fluor 488 peptides into 
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the cytoplasm of DU145 cells, these peptides undergo a controlled condensation reaction 

due to GSH reduction and legumain-induced peptide cleavage. This process results in the 

formation of dimer structures following a click reaction between two processed CBT-Alexa 

Fluor 488 molecules, driven by the legumain recognition of the AAN sequence. These 

dimers self-assemble into Alexa Fluor 488 nanoparticles as a result of intermolecular 

π–π stacking.55 In LNCaP cells, the limited legumain expression restricts self-assembly, 

impeding the creation of alkyne-dimer nanoparticles.56 Fluorescence microscopy shows 

extensive intracellular self-assembly of fluorescent NPs after the incubation of Alexa-

R6AAN-CBT peptide with DU145 cells but not LNCaP cells. Legumain is depicted in 

green, phalloidin in red, and the nucleus is stained blue (Figure 3C).

3.4. In Vitro Cytotoxicity Studies.

Assessment of cell membrane integrity is a widely employed technique to evaluate cell 

viability including the determination of the cytotoxic effects of arginine-rich peptides 

in vitro. To this end, we used an LDH cytotoxicity assay to assess both short- and 

long-term in vitro cytotoxicity in DU145 and LNCaP cells following incubation with R1–

R6AANCK for 2 and 48 h, respectively. At 2 h, R1-, R2-, R3-, and R4-AANCK did not 

exhibit any toxicity at all concentrations tested (Figures 4A and S1A). R5-AANCK only 

demonstrated 20% cytotoxicity at the highest concentration of 100 mM. In contrast, R6-

AANCK showed significant toxicity, with 15 and 30% cytotoxicity at concentrations of 50 

and 100 mM, respectively. These findings clearly indicate that the observed increased initial 

cell penetration/membrane translocation of higher residue arginine peptides is associated 

with a concomitant loss of membrane integrity.

At 48 h, R1-AANCK lacked cytotoxicity for all concentrations tested, while the other 

peptides demonstrated varying degrees of toxicity dependent on their concentration (Figures 

4B and S1B). Compared to nonincubated control cells, the cytotoxicity of R2–R6AANCK 

peptides at the highest concentration (100 mM) ranged from 25 to 85%. Hence, cytotoxicity 

clearly depends on the overall arginine content and differs dramatically between 2 and 48 h 

incubation periods.

3.5. InVivo Toxicity Studies.

Intravenous administration of peptides with varying arginine lengths (R1–R6) and 

concentrations was performed to investigate their systemic in vivo toxicity in mice. The 

R1AANCK peptide did not exhibit any observable toxicity in animals for all of the doses 

tested. In contrast, the R2–R6AANCK peptides induced immediate animal death at the 

highest dose (0.4 mmol/kg), with the overall animal survival depending on both the dose and 

arginine residue length (Table 2). Symptoms included instant jumping, hind-limb kicking, 

bulging eyes, and abnormal respiration. The animals that died did so within 1 min after 

peptide injection. Other studies on TAT (YGRKKRRQRRR), CTP (YGRRARRRRRR), and 

R11 peptides have demonstrated a similar high toxicity, with instant lethal effects observed 

at doses above 0.012, 0.010, and 0.012 mmol/kg, respectively.57 A comparison of arginine-

rich versus nonarginine peptides, such as TD (ACSSSPSKHCG) and GABA, revealed that 

mice survived only when exposed to the nonarginine peptides.57,58 The employment of a 

higher dose of RnAANCK peptide in this study was necessitated by our overall goal to 
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develop biocompatible theranostic agents for CEST MRI.13 To achieve sufficient CEST MRI 

contrast enhancement beyond the endogenous background signal, the peptide concentration 

must exceed typical therapeutic levels. Taken together, these findings clearly demonstrate 

that CPP-associated toxicity is correlated with the number of arginine residues.

3.6. Hemocompatibility Studies.

One of the major challenges faced by the use of CPPs as a drug delivery system is their 

potential toxicity of membrane permeabilization, which may lyse red blood cells (RBC). 

Hence, in order to further investigate the potential mechanisms underlying the observed 

instant morbidity following i.v. injection of the higher Rn peptides at higher doses, the 

hemocompatibility of the R1–R6AANCK peptides and their effect on RBCs were studied 

using an in vitro hemolysis assay (Figure 5). We chose to test incubation concentrations 

of 3–100 mM in vitro in order to mimic the same blood concentrations in vivo after 

i.v. injection of 0.01–0.4 mmol/kg peptides. To convert this administration dose to the 

incubation concentration, we assumed an animal weight of 25 g. As an example, for a 

peptide containing two arginine units (molecular weight = 948) given at a dose of 0.01 

mmol/kg, the amount of peptide injected in 100 μL is 0.296 mg. With an incubation volume 

of 100 μL for the hemolysis assay, the resulting concentration is 3 mM. This method was 

extended to determine the molar concentration for other doses for each peptide sequence. 

Significant hemolysis occurred for the higher Rn peptides at the higher doses, increasing 

with both the number of arginine residues and peptide concentration. R1 did not show 

hemolytic effects for any concentration, corresponding to mice surviving all of the doses 

tested. R2 exhibited 7% hemolysis at 100 mM, which was not statistically significant, but 

this dose was found to be lethal in vivo. Similarly, for R3, insignificant hemolysis (9%) was 

observed for 50 mM, but this dose was also lethal. The results for the other R4–R6 peptides 

also showed that even a small amount of hemolysis can be fatal.

Arginine-rich peptides have been shown to be highly positively charged and can interact 

with the negatively charged phospholipids in the RBC membrane.59,60 RBCs have a unique 

structure compared with other cells in the body, possessing a cell membrane that is thinner 

and more flexible. The RBC membrane also lacks certain proteins that are present in 

other cells, such as voltage-gated ion channels that regulate ion flow in excitable cells like 

neurons.61 Furthermore, RBCs are exposed to high shear stress in the circulatory system, 

which makes their membrane more prone to mechanical stress and deformation.62 This 

mechanical stress can lead to the formation of pores or defects in the membrane, which 

can make it more vulnerable to damage by arginine-rich peptides.63 Despite the hemolysis 

being statistically insignificant for R2 and R3, the systemic effects provoked by even a small 

amount of RBC lysis were sufficient to cause near-instant mortality as a result of a cascade 

of deleterious systemic responses.64 These include oxidative damage initiated by the release 

of hemoglobin into the bloodstream and depletion of nitric oxide by binding to hemoglobin, 

leading to instant vasoconstriction, resulting in a high mortality.65

3.7. In Vivo Biocompatibility Studies: Bone Marrow Function.

The biocompatibility of the R1–R6-AANCK peptides was investigated for bone marrow, 

liver, and kidney function. One week after i.v. injection, whole blood was collected and 
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analyzed for total blood cell counts (Figure 6). No significant difference in reticulocytes 

or RBCs could be observed. However, WBC counts showed a significant increase in 

R4–6 at higher concentrations. Furthermore, the higher concentrations of R4 and R5 also 

caused a significant decrease in the platelet counts. The differences in WBCs suggest a 

potential immune response to the injected higher arginine component and not the AANCK 

itself (since this was kept constant). As for platelets, the vital cells in hemostasis, both 

the innate and adaptive immunity could have been affected. Activated platelets have 

thrombo-inflammatory functions that can link hemostasis and immune responses under 

various pathological conditions.66 The high positive charge of the R4–5 peptides may 

have contributed to this response, as it can lead to recognition by immune cells and 

activation of inflammatory pathways.67 Moreover, the cell-penetrating properties could also 

be contributing factors, affecting the immune cells in the bloodstream or tissues.

3.8. In Vivo Biocompatibility Studies: Liver Function.

One week after i.v. injection of R1–R6-AANCK peptides, blood plasma was collected and 

analyzed for liver enzymes including aspartate transaminase (AST), alanine transaminase 

(ALT), and alkaline phosphatase (ALP) (Figure 7), with the elevated levels of these enzymes 

indicating liver damage. For R1, R2, R3, and R6, no significant differences in enzyme levels 

could be observed. However, a significant increase in the AST levels was observed at the 

highest concentrations of R4 and R5. Additionally, the highest concentration of R5 also 

increased the ALP and ALT levels. However, histopathological analysis did not reveal any 

liver tissue damage for all peptide concentrations (Figure S2), suggesting that the elevation 

of these enzymes may be a transient effect rather than a result of sustained hepatic injury. 

One possibility is that the positive charge on R5 facilitates its uptake into liver cells, 

where it disrupts normal cellular function and triggers an increase in enzyme production. 

Another possibility is that R4 and R5 interact with specific enzymes or regulatory proteins 

in the liver, leading to an increase in enzyme production. This hypothesis is supported by 

the fact that many enzymes involved in liver function are regulated by complex signaling 

pathways and that peptides and other small molecules can modulate these pathways in 

various ways.68 Several studies have reported that cationic peptides, such as antimicrobial 

peptides, can induce liver damage by disrupting the liver cell membrane and causing cell 

death.69 However, further studies are needed to determine the precise mechanism by which 

R5 causes an increase in liver enzymes. For example, it would be important to investigate 

the intracellular localization of R5 in liver cells as well as its effects on specific enzymes 

and signaling pathways. Such studies will be mandatory for potential clinical applications of 

arginine-rich peptides.

3.9. In Vivo Biocompatibility Studies: Kidney Function.

One week after i.v. injection of R1–R6-AANCK peptides, samples were collected for the 

analysis of creatinine, uric acid, blood urea nitrogen, albumin, and total protein (blood 

plasma), as well as creatinine and total protein (urine) (Figure 8). No significant changes 

outside the reference range for any of the assessed kidney factors were found. However, 

there was a trend in rising uric acid levels in blood plasma for the increasing concentrations 

of peptides and the number of arginine residues. An observable increase in creatinine and 
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total protein levels in urine was noted after administering 0.1 mmol/kg of R3 and 0.5 

mmol/kg of R4, although they were still within the reference range.

Injection of 0.025 mmol/kg of R5 resulted in an increase in creatinine and total protein 

levels in the urine as well, reaching the highest level of the reference range compared 

with the control mice. It is important to note that although all the observed changes in 

kidney function were within the reference range, possible indicators for early-stage kidney 

dysfunction may be present. Histopathological analysis of the kidney demonstrated no 

evidence of tissue damage or inflammation for all R1–R6 peptides (Figure S3). Previous 

studies have demonstrated that cationic polymers, such as polyarginine peptides, can 

accumulate in the kidney and cause nephrotoxicity by inducing oxidative stress and 

inflammation.70 Therefore, the observed changes in kidney function parameters warrant 

further investigation into the potential nephrotoxic effects of R1–R6AANCK peptides, 

particularly at higher doses and later time points.

4. CONCLUSIONS

In summary, we demonstrated that higher numbers of arginine residues and peptide 

concentrations significantly boost their penetration into prostate cancer cells. However, 

our findings also caution against maximizing cell penetration. The observations of instant 

hemolysis and in vivo systemic toxicity, particularly impacting bone marrow, liver, and 

kidney functions, underscore a delicate balance between therapeutic efficacy and safety. 

As we move forward, these insights will be crucial for a safe development and clinical 

translation of drug/enzyme delivery systems.
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Figure 1. 
(A) MALDI-TOF characterization of unlabeled R1–R6AANCK and (B) Alexa Fluor 488-

conjugated R1–R6AANCK peptides.
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Figure 2. 
(A) Schematic outline of experiments on the cellular penetration of Alexa Fluor 488-

conjugated peptides. (B) Time-dependent DU145 prostate cancer cell penetration of R1–

R6-AANCK-Alexa Fluor 488 after 30, 60, 90, 120, and 180 min of incubation with 50 μM 

Alexa Fluor 488-conjugated peptides. (C) Confocal microscopy of DU145 cells 60 min after 

incubation with 50 μM R1–R6-AANCK-Alexa Fluor 488-conjugated peptides. Scale bar: 

100 μm.
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Figure 3. 
(A) Fluorescence microscopy and (B) quantification of legumain expression in DU145 and 

LNCaP prostate tumor cells (C). Fluorescence microscopy shows extensive intracellular 

self-assembly of fluorescent NPs after the incubation of Alexa-R6AAN-CBT peptide with 

DU145 cells but not LNCaP cells. Legumain is depicted in green, phalloidin is in red, and 

the nucleus is stained blue.
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Figure 4. 
In vitro cytotoxicity assessment of R1–R6AANCK peptides for DU145 cells after (A) 2 h 

and (B) 48 h incubation with 3.125, 6.25, 12.5, 25, 50, or 100 mM peptide. P-values <0.001 

(***), < 0.01 (**), and <0.05 (*) were considered significant (n = 6 repeats). Triton-X 

treatment was used as positive (100% cytotoxicity) control.
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Figure 5. 
Hemolytic activity of R1–R6 AANCK peptides at different concentrations (mM). 1% Triton 

X-100 was included as a positive control. P-values <0.001 (***), < 0.01 (**), and <0.05 (*) 

were considered significant (n = 6 repeats).
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Figure 6. 
Biocompatibility of R1–R6AANCK peptides on the bone marrow function. P-values <0.001 

(***), < 0.01 (**), and <0.05 (*) were considered significant (n = 3 each).
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Figure 7. 
Biocompatibility of R1–R6AANCK peptides on liver function. P-values <0.0001 (****), < 

0.001 (***), < 0.01 (**), and <0.05 (*) were considered significant (n = 3 each).
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Figure 8. 
Biocompatibility of R1–R6AANCK peptides on kidney function. P-values <0.0001 (****), < 

0.001 (***), < 0.01 (**), and <0.05 (*) were considered significant (n = 3 each).
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Table 2.

Animal Survival (n = 3 Each)a

peptide (RnAANCK)

dose (mmol/kg) R1 R2 R3 R4 R5 R6

0.4 + − − − − −

0.2 + + − − − −

0.1 + + + − − −

0.05 + + + + − −

0.025 + + + + + −

0.0125 + + + + + +

a
+ = survival, − = no survival.
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