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Preface 

Drug therapy is an indispensable part of clinical practices aimed at overcoming 

cancer and can be applied independently or combined with other strategies. Any 

conventional therapeutic approach must mediate tumor cell death while minimizing 

side-effects. In general, traditional chemotherapeutic drugs lead to systemic toxicity 

resulting from non-specific distribution in the body. Pro-apoptotic peptides are other 

promising alternatives to chemotherapy. They could effectively and specifically induce 

cancer cell death. However, in contrast to small molecular drugs, most of peptide drugs 

are membrane impermeable, restricting their uptake and activity. Therefore, additional 

vectors or components are required to ensure their passage through the cell membrane. 

Cell penetrating peptides (CPPs) are commonly used for intracellular delivery of 

therapeutic peptides, due to high cellular uptake efficiency with a simpler synthesis 

procedure and conjugation method, especially in the case of cargo therapeutic peptides 

conjugated by amino acid linkers. As synthetic cationic CPPs, oligoarginines (Rn) are 

widely used due to its high uptake capacity.  

Targeting Bcl-2 is an efficient strategy for specifically inducing apoptosis in cancer 

cells. Many Bcl-2-targeted peptides have been reported in the literature. Among them, 

NuBCP-9, a Nur77-derived peptide composed of 9 amino acids (FSRSLHSLL), has 

been reported to specifically interact with the anti-apoptotic protein Bcl-2 to induce 

apoptosis. However, when utilizing R8 for delivering NuBCP-9, not only promoted 

uptake efficiency but also enhanced non-specific cytotoxicity (unrelated with Bcl-2) 

have been published in following study. Due to Rn with different length possess 

different uptake efficiency, it is worthy to investigate the influence of NuBCP-9 

conjugation on uptake efficiency of different Rn. Furthermore, related to such 

enhancement of uptake efficiency, the uptake mechanism is still undiscussed.  

On the other hand, effective biological based therapy not only depends on the 

cellular uptake of therapeutic agent via delivery vectors but also on the ability to escape 
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from endosomes to reach intracellular target for eliciting its effect. Especially for 

biological macromolecules, it will be faced the acidic and enzymic endosomal 

environment and endosome membrane barrier. Those suggest that it is essential to 

evaluate the biological effect of therapeutic reagent for confirming efficient cytosolic 

delivery. 

In present study, I firstly investigated the influence of NuBCP-9 conjugation on the 

cellular uptake, distribution and uptake pathways of Rn. For finding suitable length of 

Rn to deliver NuBCP-9 into cells then interact with Bcl-2, the cytotoxicity including 

membrane disrupted effect and apoptosis that caused by NuBCP-9-Rn conjugates were 

evaluated for confirming the efficient cytosolic delivery of peptides. Rn and NuBCP-

9-Rn (n= 0, 6, 8, 10, 12 and 14) conjugates were synthesized through solid phase 

peptides synthesize method and purified by RP-HPLC. For evaluating uptake, all the 

peptides were labelled with fluorescein-5-maleimide, and were confirmed by RP-

HPLC and MALDI-TOF-MS. The cellular uptake and distribution were investigated 

using flow cytometry and confocal laser scanning microscopy. The influence of three 

typical uptake inhibitors and 4℃ treatment on the uptake behavior were evaluated to 

discuss the uptake pathway of Rn and NuBCP-9-Rn conjugates. The cell viability of all 

unlabeled peptides was measured with WST-8 assay. For distinguishing the non-

specific membrane disrupted effect and Bcl-2 related apoptosis, LDH assay and 

Annexin V-FITC/PI staining were conducted. I hope the information in this study will 

be valuable in the design of therapeutic peptide conjugated with oligoarginines for anti-

cancer therapy. 
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Chapter I  

Investigation of cellular uptake, distribution and uptake 

pathways of Rn and NuBCP-9-Rn conjugates  
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1. Introduction  

 Pro-apoptotic peptides are promising alternatives to chemotherapeutic drugs 

because they could induce cancer cell death specifically with reduced systemic side 

effect1,2. However, in contrast to small molecular drugs, most of therapeutic peptides 

are membrane impermeable, restricting their uptake and hindering their clinical use. 

Until now, many approaches have been studied for intracellular delivery of therapeutic 

peptides including cell penetrating peptides (CPPs)3–5, liposomes6, polymeric carriers7 

and other nano-system8–10. The development of nanocarriers may encounter complex 

synthesis process and solvent residue issue11,12, while CPPs exhibit high cellular uptake 

efficiency with a simpler synthesis procedure and conjugation method, especially in the 

case of cargo peptides conjugated by amino acid linkers13. Thus, CPPs are commonly 

used for intracellular delivery of therapeutic peptides. 

 CPPs are also known as protein transduction domains (PTDs), which has been 

utilized for introducing various kinds of exogenous substances into cells with high 

efficiency and relative low cytotoxicity14. HIV trans-activating transcriptional activator 

protein (TAT) was the firstly discovered CPPs 30 years before15. After that, numerous 

kinds of CPPs has been reported16–18. Among them, cationic CPPs are most commonly 

used classes, which are highly positive charged from composition of arginine and/or 

lysine. As synthetic cationic CPPs, oligoarginines (Rn) showed significant higher 

uptake capacity than oligolysine19. One possible reason is the different affinity with cell 

membrane between arginine and lysine. The affinity could decide the cell surface 

concentration of peptides which is crucial for effective uptake. Unlike epsilon-amino 

group contained in lysine, the guanidino group of arginine may form dual hydrogen 

bonds with the negative groups on cell surface via electrostatic interactions, such as 

sulfate, and phosphate20. In general, the uptake efficiency of Rn can be affected by the 

numbers of arginine comprising it19. 

 Until now, two major uptake mechanisms of Rn have been reported, namely, 

endocytosis and direct membrane transduction. In addition, three typical endocytosis 

pathways: clathrin-mediated endocytosis, caveolae-mediated endocytosis and 

macropinocytosis have been suggested as the uptake pathways of Rn, which depended 
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on the treatment concentrations, cell lines and also the properties of cargos21–24. Many 

researches showed that hydrophobic modification on CPPs promoted the uptake25–28, 

while such enhancement had different effect on the uptake pathways of CPPs. Compare 

with octaarginine (R8), R8 modified with higher portion of hexanoyl group directly 

penetrated the cell membrane29, while the uptake of R8 modified with FFLIPKG 

peptide mainly mediated by endocytosis26. Meanwhile, different kinds of CPPs showed 

various degrees on uptake capacity with same hydrophobic modification, which 

suggests the importance of the intrinsic uptake efficiency of the CPPs themselves25. 

 NuBCP-9, a Nur77-derived pro-apoptotic peptide composed of 9 amino acids 

(FSRSLHSLL), is used in this research. Firstly, Kolluri et al. used R8 to facilitate 

intracellular delivery of NuBCP-9 and proved NuBCP-9-R8 induced apoptosis in Bcl-

2 overexpressing cancer cells but be harmless in normal cells30. Later study 

demonstrated that the uptake efficiency of R8 can be significantly enhanced by 

conjugation with NuBCP-9 accompany with magnified non-specific cytotoxicity of R8 

that was unrelated with Bcl-231. Due to Rn with different length possess different uptake 

efficiency, it is worthy to investigate the influence of NuBCP-9 conjugation on uptake 

efficiency of different Rn. Furthermore, related to such enhancement of uptake 

efficiency, the uptake mechanism is still undiscussed.  

 Therefore, in this chapter, I investigated the uptake characteristics of NuBCP-9 

conjugation of various Rn that differed in the numbers of arginine comprising them. In 

addition, I compared the uptake pathways taken by various Rn and NuBCP-9-Rn (0, 6, 

8, 10, 12 and 14) conjugates in a Bcl-2 overexpressing cell line, MDA-MB-231 (human 

breast cancer cells)32–34. All the peptides were produced through solid phase peptides 

synthesis method and RP-HPLC purification. Glycine-Cysteine segment was added at 

the C-terminus of peptides which allow fluorescein-5-maleimide label with peptides 

via thiol-maleimide reaction. The fluorescence intensity was analyzed under flow 

cytometry with fluorescein (FI) labelled peptides, and subcellular distribution of 

peptides was observed under confocal laser scanning microscopy (CLSM).  

 

2. Materials and methods  
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2.1. Materials and Instruments 

Name Source 

Rink amide AM resin (100-200 mesh) Novabiochem, Merck Millipore, Germany 

Fmoc-Amino Acid-Protection group* Merck Millipore, Germany 

Piperidine Wako, Japan 

Acetic anhydride (Ac2O) Wako, Japan 

Hydroxybenzotriazole (HOBt) Peptide Institute, Japan 

O-(1H-Benzotriazol-1-yl)-N,N,N',N'-

tetramethyluronium hexafluorophosphate (HBTU) 
Novabiochem, Merck Millipore, Germany 

N,N-Diisopropylethylamine (DIEA) Novabiochem, Merck Millipore, Germany 

Triisopropylsilane (TIS) Novabiochem, Merck Millipore, Germany 

Ethanedithiol (EDT) Novabiochem, Merck Millipore, Germany 

Kaiser Test kits Self-made kits in PI lab 

Trifluoroacetic acid (TFA) Watanabe Chemical Industries, Japan 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 
Dojindo Molecular Technologies, Japan 

EDTA·2Na Dojindo Molecular Technologies, Japan 

Fluorecine-5-maleimide (F5M) TCI chemicals, Japan 

Tris (2-carboxyethyl) phosphine hydrochloride 

(TCEP·HCl) 
Sigma-Aldrich, Germany 

4-azidobenzoic acid (4-ABA) TCI chemicals, Japan 

Dimethylformamide (DMF) Watanabe Chemical Industries, Japan 

Dichloromethane (DCM) Nacalai Tesque. Inc., Japan 

Methanol Kanto Chemicals Co., Japan 

Diethyl ether (Et2O) Wako, Japan 

Acetonitrile (ACN)  Sigma-Aldrich, Germany 

COSMOSIL Packed Column 5C18-AR-II  

(20 ID × 250 mm) 
Nacalai Tesque. Inc., Japan 

COSMOSIL Packed Column 5C18-AR-II  

(4.6 ID × 250 mm) 
Nacalai Tesque. Inc., Japan 

RPMI-1640 Wako, Japan 

Heat-inactivated fetal bovine serum (FBS) AusGene X, Australia 

Penicillin Wako, Japan 

Streptomycin Wako, Japan 

Trypsin-EDTA Wako, Japan 

Heparin sodium (5000 Unit/5mL) Mochida Pharmaceutical Co. 

Chlorpromazine (CPZ) Wako, Japan 

Genistein Sigma-Aldrich, Germany 

5-(N-ethyl-N-isopropyl) amiloride (EIPA) Sigma-Aldrich, Germany 

Cell Counting Kit-8 Dojindo Molecular Technologies, Japan 

LysoTracker Red Thermo Scientific, United States 

Hoechst 33342 Thermo Scientific, United States 

24-well and 96-well cell culture plate Violamo, Japan 

8-well Nunc Lab-Tek II chambered coverglass Thermo Scientific, United States 
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Falcon 5 ml round-bottom tube, with cell strainer 

cap 
Corning, United States 

pH meter F-22 Horiba, Japan 

Nitrogen (N2) supplier MODEL 02B System Instruments Co., Japan 

Rotary evaporator L-FB145 Tokyo Rikakikai Co., Japan 

High Speed Refrigerated Centrifuge M6000 Kubota, Japan 

Rotary shaker N-500 Kokusan Chemical Co., Japan  

Eyela lyophilizer FDU-1200 Tokyo Rikakikai Co., Japan 

HPLC LC-20AD Shimadzu Co., Japan 

MALDI-TOF-MS Bruker Daltonics Ultraflex, United State 

High Speed Refrigerated Centrifuge 3520 KUBOTA CO., Japan 

iMarkTM microplate absorbance reader Bio-Rad Laboratories, United State 

BD LSRFortessa X-20 flow cytometer BD bioscience, United States 

LSM 710 Carl Zeiss, Germany 

* Protection group based on the kind of amino acids. 

 

2.2. Cell culture  

 MDA-MB-231 cells (human breast cancer cell line) were purchased from the 

European Collection of Authenticated Cell Cultures (ECACC) and were cultured in 

RPMI-1640 supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, and 

100 mg/mL streptomycin. Subculture the cells 2 or 3 times a week. The population 

doubling time (PDT) was around 20 h. 

 

2.3. Synthesis, purification and structure identification of peptide 

 All the peptides in this study were synthesized by Fmoc (9-fluorenylmethyloxy-

carbonyl) solid phase peptide synthesis method using Rink amide resin and Fmoc-L-

amino acids (Fmoc-AA). For 0.05 mmol synthesis scale (1 equiv.), 121.95 mg Rink 

amide resin (loading: 0.41 mmol/g) was swelled overnight by 2 mL DMF in synthesis 

column. After removing DMF, then 2 mL 20% piperidine (v/v) contained DMF was 

added into column for deprotecting Fmoc group and keep mild shaking for 20 min. 

After reaction, filtration and washing the resin with DMF (2 mL, 4 × 1 min) were 

conducted. Dissolve 4 equiv. Fmoc-AA which need to be coupled in 5 mL tube with 

0.5 mL DMF, then mix with 1 mL 4 equiv. HOBt/HBTU contained DMF and 1 mL 8 

equiv. DIEA contained DMF for about 5 min before coupling step to activate the 

carboxyl group of Fmoc-AA. After removing DCM, the activated Fmoc-AA mixture 
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was added to column and 30 min mild shaking was proceeded for coupling with amino 

acids. After filtration, the resin was washed with DMF (2 mL, 2 × 1 min) and following 

with DCM (2 mL, 2 × 1 min). The reaction was checked with Kaiser Test kits under 

boiled water. If the Kaiser Test showed positive result (resin showed blue or deep red 

color), the coupling procedure was repeated until it being negative. When the Kaiser 

Test showed negative result (resin showed colorless), 2 mL 25% Ac2O (v/v) contained 

DCM was used for acetylating unreacted amino groups on resin throughout the 

synthesis (mild shaking for 5 min). After filtration, the resin was washed with DCM (2 

mL, 2 × 1 min) and following with DMF (2 mL, 2 × 1 min). Procedures including 

deprotecting, activating, coupling- Kaiser Test, and acetylating steps were repeated for 

coupling of each amino acid. After all coupling for desired sequence, deprotection of 

Fmoc group of amino acid at N-terminus of peptides was conducted using 2 mL 20% 

piperidine (v/v) contained DMF for 20 min mild shaking. After reaction, filtration and 

washing the resin with DMF (2 mL, 4 × 1 min) were conducted. For acetylating N-

terminal of peptides, 1.8 mL 10% Ac2O (v/v) contained DMF was added and kept 

shaking for 5 min, then 200 μL 6 equiv. DIEA contained DMF was added and 

continuous shaking for 25 min. After filtration, the resin was washed with DMF (2 mL, 

2 × 1 min), following wash with DCM (2 mL, 2 × 1 min) and methanol (2 mL, 5 × 1 

min). Dry in desiccator over 2 h. The flow chart shown in Fig.1. 

 

Fig.1 Flow chart of Fmoc-solid phase peptide synthesis. 

 The cleavage step used 2350 μL TFA/25 μL TIS/62.5 μL H2O/62.5 μL EDT (94 / 

1 / 2.5 / 2.5) cocktail. After shaking for 3 h, filter the resin and collect the cleavage 

solution into 50 mL tube. Filtration and washing the resin three times with 1.5 mL TFA 

was conducted and collected TFA solution was added to the same 50 mL tube. Then 
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evaporated the peptides contained TFA solution to a little volume under N2 circulation. 

30 mL ice-cold Et2O was used for precipitating the peptides. Then centrifuge the tube 

with 26,300 g at 4 ℃ for 5 min using High Speed Refrigerated Centrifuge M6000. 

Remove the Et2O and repeat washing the precipitated peptides with 30 mL ice-cold 

Et2O twice. Dry the crude peptides in desiccator over 3 h. The powder with pale yellow 

color was collected as crude peptides, store in - 30 ℃ refrigerator before purification.  

 After dissolving appropriate crude peptides in 0.4 mL acetonitrile/H2O mixture, 

peptides were purified using RP-HPLC with a COSMOSIL Packed Column 5C18 -AR-

II (20 ID × 250 mm). Mobile phase: A) 0.05% TFA in ACN B) 0.05% TFA in diH2O. 

Flow rate: 5 mL/min. Gradient elution was used for separating products. Basic gradient 

of B was 90 to 30% over 30 min, and it was adjusted for acceptable separation based 

on the hydrophobicity of each peptide. The mobile phase of the main peak was collected 

and then evaporated to remove the ACN under 45 ℃ water bath. Then the purified 

peptide solution was lyophilized after pre-freezing in - 30 and - 75 ℃ refrigerator. Part 

of peptides were dissolved in sterilized distilled water to a stock concentration of 1 

mg/mL, aliquoted and frozen at - 30 ℃ until needed. 

 The purity of peptide was evaluated by RP-HPLC using COSMOSIL Packed 

Column 5C18-AR-II (4.6 ID × 250 mm). Mobile phase: A) 0.05% TFA in ACN B) 

0.05% TFA in diH2O. Gradient elution was used for each peptide. Basic gradient of B 

was 90 to 30% over 30 min, and it was adjusted for better separation based on the 

hydrophobicity of each peptide. Flow rate: 0.8 mL/min. Detecting wavelength: 215 nm 

or 220 nm.  

 For confirming the structure of target peptide, Matrix-Assisted Laser Desorption/ 

Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) was used for 

detecting the molecular weight of each peptide. Briefly, the matrix solution was the 

saturated solution of α-Cyano-4-hydroxycinnamic acid (CHCA) in ACN. 2 μL matrix 

solution was deposited on the sample spot of target plate and dried, totally for 3 times. 

1 mg /mL peptide solution (in diH2O) was mixed with matrix solution at 1 : 1 (v/v) ratio. 

Then add 2 μL such mixture on the same sample spot, dried with blower (cold air) for 

co-crystalizing the peptides with matrix on the target position. Repeat depositing 
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samples for 2 times. After preparing samples on target plate, detected the molecular 

weight of analyte with MALDI-TOF-MS.  

2.4. Fluorescence labelling of peptides 

2.4.1. The influence of reaction pH on the labelling reaction 

 1 M HCl and 1 M NaCl solution were used to adjust the pH of 150 mM NaCl 

supplemented 50 mM HEPES buffer, the final pH was 6.8, 7.0, 7.3 and 7.6. TCEP·HCl 

was dissolved in diH2O prior to use. Dissolve purified AA-R8 in each 50 mM HEPES 

buffer (1 equiv.) with different pH, then 3 equiv. TCEP·HCl in diH2O was added and 

keep shaking for 30 min at room temperature. Fluorescein-5-maleimide was dissolving 

in DMF (4 mg/mL) prior to use. Then mix 2 equiv. F5M in DMF and 10 mM 

EDTA·2Na with peptides reaction solution, protect reaction from light and keep 

shaking for 1.5 h at room temperature. The finial reaction mixture was analyzed with 

RP-HPLC using a COSMOSIL Packed Column 5C18 -AR-II (20 ID × 250 mm). 

Mobile phase: A) 0.05% TFA in ACN B) 0.05% TFA in diH2O. Gradient of B was 90 

to 35% over 30 min. Flow rate: 5 mL/min. Detecting wavelength: 280 nm.  

 

2.4.2. The influence of TCEP on the labelling reaction 

 Purified NuBCP-9-R8 conjugate (1 equiv.) or TCEP·HCl were dissolved in pH 7.0 

150 mM NaCl contained 50 mM HEPES buffer prior to use, respectively. Then 0, 2, 5 

equiv. TCEP·HCl (4 mg/mL in hepes buffer) was added into peptides solution and keep 

shaking for 30 min at room temperature, respectively. Fluorescein-5-maleimide was 

dissolved in DMF (4 mg/mL) prior to use. Then mix 2 equiv. F5M in DMF and 10 mM 

EDTA·2Na with peptides reaction solution, protect reaction from light and keep 

shaking for 1.5 h at room temperature. The final concentration of peptides was 

controlled to be 2 mg/mL. 250 μL finial reaction mixture was analyzed with RP-HPLC 

using a COSMOSIL Packed Column 5C18 -AR-II (20 ID × 250 mm). Mobile phase: 

A) 0.05% TFA in ACN B) 0.05% TFA in diH2O. Gradient of B was 85 to 35% over 30 

min. Flow rate: 5 mL/min. Detecting wavelength: 280nm.  

 

2.4.3. The influence of 4-ABA on the labelling reaction 
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 Dissolve purified R8 (1 equiv.) or TCEP·HCl in pH 7.0 150 mM NaCl contained 

50 mM HEPES buffer prior to use, respectively. Then 5 equiv. TCEP·HCl (4 mg/mL in 

HEPES buffer) was added into peptides solution and keep shaking for 30 min at room 

temperature. Add 0 or 10 equiv. 4-ABA (20 mg/mL in methanol) into peptides reaction 

solution and keep shaking for 30 min at room temperature. Dissolve fluorescein-5-

maleimide in DMF (4 mg/mL) prior to use. Then add 2 equiv. F5M in DMF and 10 mM 

EDTA·2Na into peptides reaction solution, protect reaction from light and keep shaking 

for 1.5 h at room temperature. The final concentration of peptides was controlled to be 

2 mg/mL. 250 μL finial reaction mixture was analyzed with RP-HPLC using a 

COSMOSIL Packed Column 5C18 -AR-II (20 ID × 250 mm). Mobile phase: A) 0.05% 

TFA in ACN B) 0.05% TFA in diH2O. Gradient of B was 90 to 45% over 30 min. Flow 

rate: 5 mL/min. Detecting wavelength: 280 nm. 

 

2.5. Reaction, purification and structure identification of fluorescein labelled 

peptide 

 Dissolve purified peptides (1 equiv.) or TCEP·HCl in pH 7.0 150 mM NaCl 

contained 50 mM HEPES buffer prior to use, respectively. Then 5 equiv. TCEP (4 

mg/mL in HEPES buffer) was added into peptides solution and keep shaking for 30 

min at room temperature. Add 10 equiv. 4-ABA (20 mg/mL in methanol) into peptides 

reaction solution and keep shaking for 30 min at room temperature. Dissolve 

fluorescein-5-maleimide in DMF (4 mg/mL) prior to use. Then add 2 equiv. F5M in 

DMF and 10mM EDTA·2Na into peptides reaction solution, protect reaction from light 

and keep shaking for 1.5 h at room temperature or keep in 4 ℃ refrigerator overnight. 

The final concentration of peptides was controlled to be 2 mg/mL. Purify the finial 

reaction mixture with RP-HPLC using a COSMOSIL Packed Column 5C18 -AR-II (20 

ID × 250 mm). Mobile phase: A) 0.05% TFA in ACN B) 0.05% TFA in diH2O. Gradient 

elution was used for each peptide. Flow rate: 5 mL/min. Detecting wavelength: 280 nm. 

The purity and molecular weight were also confirmed under RP-HPLC and MALDI-

TOF-MS.  
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2.6. Cellular uptake of Rn and NuBCP-9-Rn conjugates 

2.6.1. Influence factors on cellular uptake of peptides (heparin washing step, 

incubation time and treatment concentration) 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 0.5 mL culture medium) were seeded into 

24-well plates and cultured for 24 h. Then incubated cells in 0.5 mL culture medium 

containing R8 or NuBCP-9-R8 conjugate peptides at 37 ℃ for indicated time with 5% 

CO2. After washing with 0.5 mL phosphate-buffered saline (PBS), the cells were 

harvested and centrifuged at 300 g for 3 min at 4 ℃. After washing twice with 0.5 mL 

ice-cold PBS supplemented with 20 units/mL of heparin or ice-cold PBS only, cells 

were re-suspended in PBS and analyzed using BD LSRFortessa X-20 flow cytometer. 

10,000 events were taken for each sample. The blue 488-nm laser was used for 

excitation of FITC and its fluorescence intensity was detected by a 525/30 BP filter. 

 

2.6.2. Cellular uptake of Rn and NuBCP-9-Rn conjugates  

 5.0 × 104 /cm2 MDA-MB-231 cells (in 0.5 mL culture medium) were seeded into 

24-well plates and cultured for 24 h. Then incubated cells in 0.5 mL culture medium 

containing indicated peptides at 37 ℃ for 30min with 5% CO2. After washing with 0.5 

mL phosphate-buffered saline (PBS), the cells were harvested and centrifuged at 300 g 

for 3 min at 4 ℃. After washing twice with 0.5 mL ice-cold PBS supplemented with 20 

units/mL heparin, cells were re-suspended in PBS and analyzed using BD LSRFortessa 

X-20 flow cytometer. 10,000 events were taken for each sample. The blue 488-nm laser 

was used for excitation of FITC and its fluorescence intensity was detected by a 525/30 

BP filter. 

 

2.6.3. Cellular distribution of Rn and NuBCP-9-Rn conjugates 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 200 μL culture medium) were seeded into 

8-well Nunc Lab-Tek II chambered coverglass and incubated for 24 h. 50 nM 

LysoTracker Red and 5 μg/mL Hoechst 33342 were added into culture medium for 

staining late endosomes/lysosomes and nuclei, respectively. Then, the cells were 

incubated in such culture medium containing 2 μM or 10 μM peptides at 37 ℃ for 30 
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min. Washing twice with 200 μL ice-cold PBS supplemented with 20 units/mL of 

heparin, then add 200 μL mL ice-cold culture medium and keep the chambered 

coverglass on ice before observing. 1 μL of 0.4% trypan blue was added into the 

chamber, then observed cells immediately using LSM 710 at an excitation wavelength 

488 nm (Ar laser) for peptides, 543 nm (He-Ne laser) for LysoTracker Red and 405 nm 

(UV laser) for Hoechst 33342. 

 

2.7. Investigation of uptake mechanism of NuBCP-9-R8 conjugate by amino acid 

replacement of NuBCP-9 

 NuBCP-9-R8, FA-R8 and AA-R8 conjugate peptides were used in this part. The 

experiment procedures under flow cytometer was same with the description in 2.6.2. 

 

2.8. Uptake pathways of Rn and NuBCP-9-Rn conjugates 

2.8.1. Influence of treatment dose of uptake inhibitors on cell survival 

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 

96-well plates and cultured for 24 h. Then, the cells were incubated in 100 μL culture 

medium containing uptake inhibitors with various concentration for 1 h at 37 ℃ with 

5% CO2. After incubation, washed cells with PBS for 2 times. Then 100 μL Cell 

Counting Kit-8 (CCK-8) contained fresh medium (CCK-8 : medium = 1 : 10 v/v) was 

added and keep incubating cells for 3 h at 37 ℃ with 5% CO2. Measure the absorbance 

at 450 nm using microplate absorbance reader.  

 

2.8.2. Influence of uptake inhibitors on cellular uptake of Rn and NuBCP-9-Rn 

conjugates 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 0.5 mL culture medium) were seeded into 

24-well plates and cultured for 24 h. Change culture medium with 0.4 mL uptake 

inhibitors contained culture medium (chlorpromazine, EIPA, and genistein at 

concentrations of 50, 100, and 200 μM, respectively), pre-incubated cells for 30 min at 

37 ℃ with 5% CO2. Then, the cells were incubated with 2 μM or 10 μM peptides in the 

absence or presence of inhibitors in 0.4 mL medium for 30 min at 37 ℃ with 5% CO2. 
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The following steps were same with the description in 2.6.2. 

 

2.8.3. Influence of uptake inhibitors on cellular distribution of Rn and NuBCP-9-

Rn conjugates 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 200 μL culture medium) were seeded into 

8-well Nunc Lab-Tek II chambered coverglass and incubated for 24 h. Change culture 

medium with uptake inhibitors contained fresh medium (chlorpromazine, EIPA, and 

genistein at concentrations of 50, 100, and 200 μM, respectively), pre-incubated cells 

for 30 min at 37 ℃ with 5% CO2. 50 nM LysoTracker Red and 5 μg/mL Hoechst 33342 

were added into culture medium for staining late endosomes/lysosomes and nuclei, 

respectively. Then, 200 μL such culture medium containing 2 μM or 10 μM peptides 

was added in the absence or presence of inhibitors, and the cells were incubated for 30 

min at 37 ℃ with 5% CO2. The following steps were same with the description in 2.6.3. 

 

2.8.4. Influence of temperature on cellular uptake of Rn and NuBCP-9-Rn 

conjugates 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 0.5 mL culture medium) were seeded in 24-

well plate for 24 h. Then balanced the cells in 4 ℃ refrigerator for 30min. Then, the 

cells were incubated in 0.5 mL ice-cold culture medium containing peptides in 4 ℃ 

refrigerator for 30 min. The following steps were same with the description in 2.6.2. 

 

2.8.5. Influence of temperature on cellular distribution of Rn and NuBCP-9-Rn 

conjugates 

 5.0 × 104 /cm2 MDA-MB-231 cells (in 200 μL culture medium) were seeded into 

Nunc Lab-Tek II chambered coverglass for 24 h. Then balanced the cells in 4 ℃ 

refrigerator for 30 min. Then, the cells were incubated in 200 μL ice-cold culture 

medium containing peptides in 4 ℃ refrigerator for 30min. The following steps were 

same with the description in 2.6.3. Observed cells using LSM 710 at an excitation 

wavelength 488 nm (Ar laser) for peptides. 
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2.9. Statistical Analysis 

 All comparisons of mean values were performed using analysis of variance test 

(ANOVA). Unpaired t-test was utilized for two-group comparisons. Multiple 

comparisons among all groups were performed using two-way ANOVA with 

Bonferroni test. For comparisons between control and treatment groups, Dunnett test 

was used. Results yielding a p value less than 0.05 were considered statistically 

significant. 

 

3. Results  

3.1. Synthesis, purification and structure identification of peptide 

 Solid phase peptide synthesis method was used for peptide synthesizing35,36. Resins 

are utilized as support to link with first C-terminal amino acid via covalent bond, then 

the following amino acid can be coupled one at a time in as stepwise manner. As 

completely insoluble particles, resin linked peptides can be easily filtered and washed 

for removing reagents and by-products, which is time-saving and easy-handling. 

Cleavage of the peptides with desired sequence from resin can be achieved by treatment 

with 95% TFA. RP-HPLC is versatile tool for purifying peptides on the basis of 

hydrophobicity. Peptides can be eluted and separated by changing gradient slope of 

organic solvent. Additional 0.05% - 0.1% TFA in mobile phase could help to minimize 

peak broadening37. 

 As one kind of soft-ionization techniques, Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) is widely 

used for analyzing the molecular weight of biological molecules38. Thus, in this section 

all the peptides (Tab.1) were synthesized via SPPS, purified via RP-HPLC and 

confirmed via MALDI-TOF-MS.     

 From the results, all the peptides obtained over 90% purity after RP-HPLC 

purification (Fig. 2). Besides, the molecular weight that observed under MALDI-TOF-

MS was similar with the calculated value of each peptides (Tab. 2).   
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Tab. 1 Name and sequence of peptides used in this study. All peptides consisted of L-form amino 

acids. X represents 6 - aminohexanoic acid. For uptake investigation, fluorescein (FI) was 

conjugated with the cysteine (C) of peptides. 

 

Unlabeled peptides Sequence 

R6 Ac - RRRRRRGC - NH2 

R8 Ac - RRRRRRRRGC - NH2 

R10 Ac - RRRRRRRRRRGC - NH2 

R12 Ac - RRRRRRRRRRRRGC - NH2 

R14 Ac - RRRRRRRRRRRRRRGC - NH2 

NuBCP-9 Ac - FSRSLHSLLGC - NH2 

NuBCP-9-R4 Ac - FSRSLHSLL - GGG- RRRRGC - NH2 

NuBCP-9-R6 Ac - FSRSLHSLL - GGG- RRRRRRGC - NH2 

NuBCP-9-R8 Ac - FSRSLHSLL - GGG- RRRRRRRRGC - NH2 

NuBCP-9-R10 Ac - FSRSLHSLL - GGG- RRRRRRRRRRGC - NH2 

NuBCP-9-R12 Ac - FSRSLHSLL - GGG- RRRRRRRRRRRRGC - NH2 

NuBCP-9-R14 Ac - FSRSLHSLL - GGG- RRRRRRRRRRRRRRGC - NH2 

NuBCP-9-GX-R8 Ac - FSRSLHSLL - GX- RRRRRRRRGC - NH2 

FA-R8 Ac - FSRSLHSLA - GX- RRRRRRRRGC - NH2 

AA-R8 Ac - ASRSLHSLA - GX- RRRRRRRRGC - NH2 

  

NuBCP-9 NuBCP-9-R10 

  

NuBCP-9-R4 NuBCP-9-R12 
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NuBCP-9-R6 NuBCP-9-R14 

  

NuBCP-9-R8 NuBCP-9-GX-R8 

  

R6 R14 

  

R8 FA-R8 
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R10 AA-R8 

  

R12  

 

 

Fig.2 HPLC data about purity of synthesized peptides. 

 

Tab. 2 Molecular weight of synthesized peptides that observed under MALDI-TOF-MS. 

 

 
Observed molecular weight 

(g/mol) 

Theoretical molecular weight 

(g/mol) 

NuBCP-9 1262.22 1260.48 

NuBCP-9-R4 2058.54 2056.39 

NuBCP-9-R6 2371.09 2368.76 

NuBCP-9-R8 2683.69 2681.14 

NuBCP-9-R10 2996.44 2993.51 

NuBCP-9-R12 3306.75 3305.89 

NuBCP-9-R14 3619.38 3618.26 

R6 1157.99 1156.39 

R8 1470.60 1468.77 

R10 1783.20 1781.14 

R12 2096.81 2093.52 

R14 2410.76 2405.89 

NuBCP-9-GX-R8 2684.87 2680.19 

FA-R8 2641.95 2638.11 

AA-R8 2566.96 2562.01 
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3.2. Fluorescence labelling of peptides 

 Thiol-maleimide reaction between sulfhydryl group of cysteine and maleimide is 

the most popular way to label the peptides with fluorescence39,40 (Fig.3A). In the pH 

range of 6.5 to 7.5, maleimide can reaction with sulfhydryl groups rapidly and 

specifically. In pH 7.0, the reaction of maleimide with sulfhydryl groups proceeded 

1,000 times greater than its reaction with amines41. In relatively high pH, cross-reaction 

with amino groups may result in complex product mixtures. Sufficient free sulfhydryl 

groups are essential for this conjugating, while in aqueous solution the sulfhydryl group 

of cysteine may be easily oxidized to form disulfide linkages42. Thus, disulfide 

reductants are recommended to be used for reverting disulfide to free sulfhydryl groups 

before labelling step, such as dithiothreitol (DTT) and TCEP43. While many articles and 

manual guide reported TCEP (< 20 mM) rarely competed with the thiol groups of 

cysteine in subsequent labelling reaction44, I discovered this reductant reduced the 

labelling efficiency (Fig.3B). Thus, the disulfide reductant should be removed or 

eliminated before labelling reaction. Removing method, such as dialysis, may require 

deoxygenated conditions for keeping free sulfhydryl groups, thus selectively oxidizing 

excess TCEP·HCl in reaction mixture is preferred for diminishing this side reactions. 

4-azidobenzoic acid (4-ABA) has been proved to selectively oxidize phosphine for 

improving efficiency of cysteine-maleimide conjugation (Fig.3C)45. Here, I studied the 

influence of reaction pH, dose of TCEP and 4-ABA for optimizing the conditions of 

labelling reaction.  

 
Fig.3 Reactions involved in fluorescein labeling experiment. 
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(A) Thiol-maleimide reaction between cysteine contained peptides and fluorescein-5-maleimide  

(B) Possible reaction of TCEP with fluorescein-5-maleimide in aqueous buffers 

(C) Oxidation of TCEP with 4-azidobenzoic acid  

  

3.2.1. The influence of reaction pH on the labelling reaction 

 In Fig. 4, peak 2 was thought as the peak of target product and peak groups 1 were 

by-products. With increase of pH, the ratio of peak1/peak2 was increased. Therefore, 

the reaction pH should be carefully controlled under 7.0.   

 

A 

 

B 

 

C 

 

D 

 

Fig.4 HPLC data about the influence of reaction pH on the labelling reaction. 

（A）pH 6.8 (B) pH 7.0 (C) pH 7.3 (D) pH 7.6 

 

3.2.2. The influence of TCEP·HCl on the labelling reaction 

 In Fig. 5, peak 1 was thought as the peak of target product. Without reductant 
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TCEP·HCl, little peptides were reacted with F5M. The labelling reaction was 

proceeded with higher molar ratio of TCEP/peptide. However, the products of peak 2 

was proved as by-product from alkylation reaction (Fig.3B) between TCEP and F5M 

(mass of product: 678.68, observed in MALDI-TOF-MS) and the amount was also 

increased with higher molar ratio of TCEP/peptide. Such competed reaction should be 

eliminated for higher yield of target peptide product.  

 

A 

 

B 

 

C 

 

Fig. 5 HPLC data about the influence of TCEP on the labelling reaction. 

(A) without TCEP (B) with 2 equiv. TCEP (C) with 5 equiv. TCEP 

 

3.2.3. The influence of 4-ABA on the labelling reaction 

 For eliminating the side reaction of F5M with TCEP, 4-ABA was used to 

selectively oxidize excess TCEP in reaction mixture before coupling reaction of F5M 

with peptides45. 

 From Fig.6, simple mixing reaction mixture with 10 equiv. 4-ABA for 15 min 

significantly diminished the reaction between F5M and TCEP during labelling step, 
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promoted efficiency of labelling reaction.  

A 

 

B 

 

Fig. 6 HPLC data about the influence of 4-ABA on the labelling reaction. 

(A) without 4-ABA (B) with 10 equiv. 4-ABA, arrow indicated side reaction of F5M with TCEP 

 

3.2.4. Reaction, purification and structure identification of fluorescein labelled 

peptide 

 Through the optimized reaction protocol, the peptides were labelled with F5M. All 

the labelled peptides obtained over 90% purity after RP-HPLC purification (Fig.7). 

Besides, the molecular weight that observed under MALDI-TOF-MS was similar with 

the calculated value of each peptides (Tab.3).   

 

Tab. 3 Molecular weight of fluorescein labelled peptides that observed under MALDI-TOF-MS. 

 

 
Observed molecular weight 

(g/mol) 

Theoretical molecular weight 

(g/mol) 

NuBCP-9-FI 1691.68 1687.85 

NuBCP-9-R4-FI 2489.54 2483.76 

NuBCP-9-R6-FI 2800.95 2796.13 

NuBCP-9-R8-FI 3114.13 3108.51 

NuBCP-9-R10-FI 3427.55 3420.88 

NuBCP-9-R12-FI 3739.36 3733.26 

NuBCP-9-R14-FI 4053.30 4045.63 

R6-FI 1587.51 1583.76 

R8-FI 1900.26 1896.14 
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R10-FI 2212.74 2208.51 

R12-FI 2526.58 2520.89 

R14-FI 2839.29 2833.26 

FA-R8-FI 3072.53 3065.48 

AA-R8-FI 2995.18 2989.38 

 

R6-FI R14-FI 

  

 

R8-FI NuBCP-9-FI 

  

R10-FI FA-R8-FI 

  

R12-FI AA-R8-FI 
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NuBCP-9-R4-FI NuBCP-9-R10-FI 

  

NuBCP-9-R6-FI NuBCP-9-R12-FI 

  

NuBCP-9-R8-FI NuBCP-9-R14-FI 

  

Fig 7. HPLC data about purity of fluorescein labelled peptides. 

 

3.3. Cellular uptake of Rn and NuBCP-9-Rn conjugates 

3.3.1. Influence factors on cellular uptake of peptides (heparin washing step, 

incubation time and treatment concentration) 

 Suitable conditions should be used for evaluating the cellular uptake of Rn. It has 

been proved that fixation of cells may cause artifacts on cellular distribution. 

Additionally, in the absence of trypsinization and heparin washing the uptake 

fluorescence intensity may be overestimated with membrane binding portion46,47. The 

electrostatic interaction between arginine-rich cell penetrating peptides and membrane 

associated proteoglycans such as heparan sulfate has been proved to play an important 

role in activating macropinocytotis48. Therefore, the washing step with heparin 
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contained PBS are commonly used way for removing membrane binding peptides. 

 In this part, I plan to prove the importance of heparin washing step and decide the 

suitable co-incubation duration and treatment dose for evaluating the cellular uptake of 

Rn and NuBCP-9-Rn conjugates.  

 From the results in Fig.8, using heparin supplemented PBS to wash the harvest 

cells significantly decreased the detected fluorescence intensity of R8 compare with the 

PBS washing group. The PBS washing group had broader distribution of fluorescence 

intensity of R8 than heparin washing group.  

 In Fig.9, when incubated cells with 2 μM R8 contained medium for different 

duration, 1h and 2 h treatment showed mildly increased but not significant uptake level 

of peptides than 30min treatment. While it had a progressive decline in uptake of 

peptides from 2h to 24h treatment.  

 After incubation with R8 or NuBCP-9-R8 conjugate with various dose, the uptake 

level of R8 exhibited a mild increase from 2 to 10 μM. Meanwhile, it showed a sharp 

increased uptake of NuBCP-9-R8 conjugate at same range. The uptake of NuBCP-9-

R8 conjugate was found to be significantly higher than the uptake of R8 when the 

peptide dose was above 4 μM (Fig.10).  

 Thus, heparin washing step, 30 min co-incubation duration, 2 μM and 10 μM 

treatment concentration were selected as the basic condition for evaluating the cellular 

uptake of Rn and NuBCP-9-Rn conjugates in the future work. 

A

 

B 

 

 

 

Fig.8 Influence of heparin washing step on the cellular uptake of R8. 

(A) MDA-MB-231 cells were incubated with 2 μM fluorescein labeled R8 for 30 min at 37 ℃. After 

washing the harvested cells twice with PBS or 20 U/mL heparin supplemented PBS, the uptake level 
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was quantified by flow cytometry. Error value represents the mean ± SD from triplicate experiments 

(ANOVA, t test, * p < 0.05). (B) The comparison files of FACS was showed. 10,000 counts were 

taken for each sample. 

 
Fig.9 Influence of co-incubation duration on the cellular uptake of R8. 

MDA-MB-231 cells were incubated with 2 μM fluorescein labeled R8 for 30 min, 1 , 2 , 4 or 24 h 

at 37 ℃. The uptake level was quantified by flow cytometry. Error value represents the mean ± SD 

from triplicate experiments (ANOVA, Dunnett’s test, compare with 30min treatment group, ** p < 

0.01). 10,000 counts were taken for each sample. 

 

 

Fig.10 Influence of treatment concentration on the cellular uptake of R8 and NuBCP-9-R8 

conjugate. 

MDA-MB-231 cells were incubated with 2 - 10 μM fluorescein labeled R8 or NuBCP-9-R8 

conjugate for 30 min at 37 ℃. The uptake level was quantified by flow cytometry. Error value 

represents the mean ± SD from triplicate experiments (ANOVA, Bonferroni test, *** p < 0.001). 

 

3.3.2. Cellular uptake of Rn and NuBCP-9-Rn conjugates  

 After making the basic protocol, I evaluated the cellular uptake level of Rn and 

NuBCP-9-Rn (n=0, 6, 8, 10, 12 and 14) conjugates at 2 μM and 10 μM. At 2 μM, R12 

showed the highest uptake level among Rn (Fig. 11A). There was little difference of 

uptake of Rn with or without conjugating with NuBCP-9 at 2 μM. NuBCP-9-R10 and 

NuBCP-9-R12 conjugates showed higher uptake levels than any other NuBCP-9-Rn 

conjugates. At 10 μM (Fig. 11B), Rn showed a similar uptake efficiency at 2 μM. On 

the contrary, the uptake of NuBCP-9-Rn conjugates at 10 μM was significantly 
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enhanced compared to the uptake of Rn without NuBCP-9 conjugation. NuBCP-9-R10 

conjugate showed the highest uptake level at 10 μM, and it was about 13 times higher 

than R10 and 9 times than R12.  

 

Fig.11 Cellular uptake Rn and NuBCP-9-Rn conjugates in MDA-MB-231 cells. 

MDA-MB-231 cells were incubated with (A) 2 or (B) 10 μM fluorescein labeled Rn or NuBCP-9-

Rn (n = 0, 6, 8, 10, 12 and 14) conjugates for 30 min at 37 ℃. The uptake level was quantified by 

flow cytometry. Error value represents the mean ± SD from triplicate experiments. 10,000 counts 

were taken for each sample. (ANOVA, Bonferroni test, * Significant difference between Rn and 

NuBCP-9-Rn conjugates, ** p < 0.01, *** p < 0.001, # Significant difference between R12 and each 

treatment with Rn, ### p < 0.001). 

 

3.3.3. Subcellular distribution of Rn and NuBCP-9-Rn conjugates 

 For exploring the cellular distribution of Rn and NuBCP-9-Rn conjugates, the 

living cells which had been treated with 2 or 10 μM fluorescein labelled peptides were 

observed under CLSM. Trypan blue is impermeable to the cell membrane and has 

ability to quench the extracellular fluorescent labels49,50, thus it was added into culture 

medium before observing procedures. In this research, a cell-permeant nuclear 

counterstain, Hoechst 33342 was used for staining nuclear instead of the commonly 

used reagent DAPI, which cannot permeate to live cell membrane. At 2 μM, Rn and 

NuBCP-9-Rn (n = 8, 10, 12, and 14) conjugates were internalized into punctate vesicles 

as shown in Fig. 12A. At 10 μM, R8 was mainly located vesicular structures, as can be 

seen in Fig. 12B. However, R10, R12, R14, and all NuBCP-9-Rn (n = 6, 8, 10, 12, and 

14) conjugates were visualized as diffusely distributed in the cytoplasm. NuBCP-9-R8, 

and NuBCP-9-R10 conjugates showed significantly enhanced cytoplasmic labelling 

compared to NuBCP-9-R12 and NuBCP-9-R14 conjugates, and brighter staining of the 
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nucleus by the peptides was observed in some cells. The NuBCP-9-R10 conjugate 

exhibited the strongest cellular fluorescence signal. Those are in agreement with the 

flow cytometry results depicted in Fig. 11. 

 

 

Fig.12 Subcellular distribution of Rn and NuBCP-9-Rn conjugates. 

MDA-MB-231 cells were incubated with (A) 2 or (B) 10 μM fluorescein labelled Rn and NuBCP-

9-Rn (n = 6, 8, 10, 12 and 14) conjugates (green) for 30 min at 37℃ and observed by CLSM. 
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Lysotracker Red (red) and Hoechst 33342 (blue) were also added in peptides contained medium for 

lysosomes and nuclei staining, respectively. Scale bars: 10 μm. 

 

3.4. Investigation of uptake mechanism of NuBCP-9-R8 conjugate by amino acid 

replacement of NuBCP-9 

 To investigate the presence of a hydrophobicity switch with respect to the uptake 

of NuBCP-9-R8 conjugate in MDA-MB-231 cells, I synthesized NuBCP-9-R8-derived 

conjugates (FA-R8 and AA-R8) with differ hydrophobicity resulting from a molecular 

change at their distal ends (Tab. 1). FA-R8 conjugate replaced leucine with alanine at 

C-terminus of NuBCP-9-R8 conjugate. At 10 μM, there was an approximately 300% 

decrease in the uptake of FA-R8 conjugate relative to NuBCP-9-R8 conjugate. AA-R8 

conjugate replaced phenylalanine with alanine at N-terminus of FA-R8 conjugate. 

There was an approximately 700% decrease in the uptake of this modified conjugate at 

10 μM relative to FA-R8 conjugate (Fig. 13B). The NuBCP-9- R8-derived conjugate 

with low hydrophobicity at both its distal positions, AA-R8 conjugate, in fact had an 

uptake level similar to that of unconjugated R8. At 2 μM, all the hydrophobic 

replacement showed little influence on the cellular uptake of R8 (Fig. 13A).  

 

 

Fig.13 Uptake efficiency of conjugates with modified hydrophobicity. 

MDA-MB-231 cells were incubated with (A) 2 or (B) 10 μM fluorescein labeled R8, NuBCP-9-R8 

conjugate, FA- R8 conjugate, and AA-R8 conjugate for 30 min at 37℃. The uptake level was 

quantified by flow cytometry. Each value represents the mean ± SD from triplicate experiments. 

(ANOVA, Bonferroni test, *** p < 0.001). 10,000 counts were measured for each sample. 

 

3.5. Uptake pathways of Rn and NuBCP-9-Rn conjugates 

 For understanding the uptake pathways of Rn and NuBCP-9-Rn conjugates, I 

focused on three typical pathways: clathrin-mediated endocytosis, caveolae-mediated 
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endocytosis and macropinocytosis. Chlorpromazine (CPZ), genistein and EIPA were 

used as inhibitors of each uptake pathways in this part, respectively21,51,52. Additionally, 

the uptake of CPPs was also influenced by temperature39,53. The uptake of Rn and 

NuBCP-9-Rn conjugates under lower temperature was also determined.  

 

3.5.1. Influence of treatment dose of uptake inhibitors on cell survival 

 The cytotoxicity of three uptake inhibitors needs preliminary check52 for finding 

suitable treatment dose in MDA-MB-231 cells. The cell viabilities of MDA-MB-231 

cells after 1h co-incubation with each uptake inhibitors were preliminarily evaluated 

with WST-8 assay kits. From the results in Fig. 14, the cell viability was decreased 

when the treatment concentration of CPZ or EIPA increased. The maximum acceptable 

concentration of CPZ and EIPA was 50 μM and 100 μM, respectively. On the other 

hand, even 300 μM genistein was harmless to MDA-MB-231 cells. Thus, 50 μM, 100 

μM and 200 μM was selected as the dose of CPZ, EIPA and genistein based on the 

previous study, respectively54–56.  

 

 

Fig. 14 Cytotoxicity of uptake inhibitors in MDA-MB-231 cells. 

Viability of MDA-MB-231 cells following a 1 h incubation with indicated concentration of 

chlorpromazine, genistein or EIPA. Each value represents the mean ± SD from triplicate 

experiments. 

 

3.5.2. Influence of uptake inhibitors on cellular uptake of Rn and NuBCP-9-Rn 

conjugates 

 Uptake level of Rn and NuBCP-9-Rn (n= 8, 10, 12 and 14) conjugates in the 

presence of CPZ, genistein or EIPA were analyzed under flow cytometer. From the 

results in Fig. 15, in the presence of CPZ or EIPA, Rn and NuBCP-9-Rn conjugates 

entry were suppressed significantly in MDA-MB-231 cells at 2 μM and 10 μM. 
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Particularly, the inhibition rate was increased with 100 μM EIPA when concentration 

of peptides was switched from 2 μM (Fig.15A) to 10 μM (Fig.15B). Co-incubation with 

200 μM genistein did not inhibited the uptake of all peptides at both two concentrations. 

 

 

Fig.15 Influence of uptake inhibitors on cellular uptake of Rn and NuBCP-9-Rn conjugates. 

MDA-MB-231 cells were incubated for 30 min with (A) 2 or (B) 10 μM fluorescein labeled Rn or 

NuBCP-9-Rn (n= 8, 10, 12 and 14) conjugates in the absence or presence of 50 μM CPZ, 200 μM 

genistein, or 100 μM EIPA, respectively. Uptake of peptides was quantified by flow cytometry. The 

results are expressed as a percent of the fluorescence measured in the absence of inhibitors. Each 

value represents the mean ± SD from triplicate experiments. 10,000 counts were taken for each 

sample. (ANOVA, Dunnett’s test, * p < 0.05, ** p < 0.01, *** p < 0.001) 

 

3.5.3. Influence of uptake inhibitors on cellular distribution of Rn and NuBCP-9-

Rn conjugates 
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 At concentrations of 2 or 10 μM (Fig. 16), when compared with control group (no 

inhibitors), the uptake level of peptides was suppressed under chlorpromazine or EIPA 

treatment. In addition, the subcellular distribution was changed, with staining in the 

nucleolus or diffuse cytoplasmic staining becoming much dimmer than that seen in the 

control group. Cells co-incubated with peptides and genistein showed no changes in 

cellular distribution of the peptides or fluorescence staining intensity when compared 

with the control group cells. 
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Fig.16 Influence of uptake inhibitors on cellular distribution of Rn and NuBCP-9-Rn conjugates. 

The cellular distribution of (A) 2 or (B) 10 μM fluorescein labeled Rn or NuBCP-9-Rn (n =8, 10, 

12, and 14) conjugates in the absence or presence of 50 μM chlorpromazine, 200 μM genistein, or 

100 μM EIPA, respectively. Uptake of peptides (green) were analyzed by confocal microscopy. 

Lysotracker Red (red) and Hoechst 33342 (blue) were also added in peptides contained medium for 

lysosomes and nuclei staining, respectively. Arrows indicate peptide labelling of nucleolus. Scale 

bars: 10 μm. 

 

3.5.4. Influence of temperature on cellular uptake of Rn and NuBCP-9-Rn 

conjugates 

 MDA-MB-231 cells were treated under a lower temperature condition (4 ℃) to 

determine if the uptake of peptides was energy dependency. After pretreatment and 

incubation with peptides for 30 min at 4 ℃, the cellular uptake of peptides was partly 

inhibited for 2 μM and 10 μM (Fig.17), while the inhibition rate was diverse (Tab.4). 

4 ℃ treatment led more inhibition on the uptake of NuBCP-9-Rn conjugates than Rn at 

both two concentrations. 
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Tab. 4 Inhibition rate on uptake of Rn and NuBCP-9-Rn (n = 8, 10, 12, 14) conjugates at 4 ℃. 

 

Inhibition rate 

(%) 

Rn NuBCP-9-Rn 

2 μM 10 μM 2 μM 10 μM 

8 27.08 ± 1.03 31.61 ± 2.18 49.86 ± 4.12 73.29 ± 6.57 

10 44.85 ± 2.59 25.70 ± 1.13 53.49 ± 0.73 76.82 ± 3.13 

12 75.42 ± 0.83 60.70 ± 1.65 86.99 ± 1.00 38.15 ± 4.02 

14 83.54 ± 0.50 35.75 ± 2.48 88.77 ± 0.31 42.34 ± 4.99 

Each value represents the mean ± SD from triplicate experiments. 

 

 

Fig.17 Influence of temperature on cellular uptake of Rn and NuBCP-9-Rn conjugates. 

MDA-MB-231 cells were incubated with (A) 2 or (B) 10 μM fluorescein labelled Rn and NuBCP-

9-Rn (n =6, 8, 10, 12 and 14) conjugates for 30 min at 4 ℃ prior to trypsin treatment and heparin 

washing, then peptide uptake was quantified by flow cytometry. The results are expressed as a 

percent of the fluorescence measured in the absence of inhibitors. Each value represents the mean 

± SD from triplicate experiments. 10,000 counts were taken for each sample.  

 

3.5.5. Influence of temperature on cellular distribution of Rn and NuBCP-9-Rn 

conjugates 

 After that the cellular distribution of peptides was observed under 4 ℃ treatment. 

Comparing with the view under 37 ℃ (Fig. 12), the internalization level of all peptides 

was significantly suppressed at 4 ℃ (Fig. 18). Unlike the punctate endosomal labelling 
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under 37 ℃, low temperature treatment led modest cytoplasmic diffuse labelling of 

peptides in MDA-MB-231 cells at 2 μM (Fig. 18A). Similar with the results with uptake 

inhibitors CPZ or EIPA (Fig.16), nucleolus staining was occurred in some cells (Fig.18).   

 

 
Fig.18 Influence of temperature on cellular distribution of Rn and NuBCP-9-Rn conjugates. 

MDA-MB-231 cells were incubated with (A) 2 or (B) 10 μM fluorescein labelled Rn and NuBCP-
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9-Rn (n = 6, 8, 10, 12 and 14) conjugates (green) for 30 min at 4 ℃ and observed by CLSM. Arrows 

indicate peptide labelling of nucleolus. Scale bars: 10 μm. 

 

4. Discussion 

 Oligoarginines, as a type of CPP, have been commonly utilized for intracellular 

delivery of therapeutic peptides because of the simple synthesis procedure and high 

uptake efficiency of conjugates13. NuBCP-9, a Bcl-2 targeting proapoptotic peptide, has 

been proven to have synergy with R8, and the resultant conjugate exhibited enhanced 

uptake efficiency while also inducing a degree of non-specific membrane disruption31. 

Although such an enhanced uptake effect has been seen with other CPPs after reverting 

the hydrophobicity of other cargo peptide, the degree of enhancement has generally 

relied on the intrinsic uptake efficiency of the CPPs used25. In the case of oligoarginines, 

uptake efficiency has been shown to be dependent on the number of arginines present 

in the oligomer19. Therefore, Rn of different lengths may perform differently in terms 

of uptake efficiency and non-specific cytotoxicity following conjugation with NuBCP-

9. I first evaluated the uptake efficiency and cellular distribution of Rn before and after 

conjugation with NuBCP-9, to investigate how NuBCP-9 influences the uptake 

behavior of Rn of different lengths.  

 Without conjugating of Rn, NuBCP-9 was difficult to be delivered into cells, while 

NuBCP-9-Rn conjugates showed significant higher uptake (Fig.11), it suggests that Rn 

(n=8, 10, 12, and 14) may be the vectors to induce the uptake of NuBCP-9. The uptake 

levels of unconjugated Rn and NuBCP-9-Rn conjugates at 2 μM were slightly different 

(Fig. 11A), but uptake of NuBCP-9-Rn conjugates at 10 μM was significantly elevated 

compared to that of unconjugated Rn at the same concentration (Fig.11B). The uptake 

behavior of cationic CPPs including oligoarginines has been shown to demonstrate 

differing behavior above and below a concentration threshold in previous studies as 

well57,58. The uptake level of R8 exhibited a mild increase according to a cumulative 

gradient of treatment concentration, but the uptake efficiency of NuBCP-9-R8 

conjugate increased dramatically after reaching a 4 μM concentration threshold (Fig. 

10). This suggests that a threshold concentration of peptides may be critical for 

promoting internalization of Rn following conjugation with NuBCP-9, which could 
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explain the differing performance of NuBCP-9-Rn conjugates at concentrations of 2 

μM and 10 μM. The most effective length for intracellular delivery of NuBCP-9 was 

R10, although unconjugated R12 showed higher uptake efficiency at a concentration of 

10 μM (Fig. 11). Many studies have similarly shown that a longer oligoarginines has a 

higher uptake capacity with a variety of peptide cargo57,59,60. With respect to cellular 

distribution of the internalized peptides, CLSM (Fig. 12) showed results similar to those 

obtained by flow cytometry (Fig. 11). Unconjugated R8 was distributed into a punctate 

structure (Fig. 12A), whereas cytosolic labelling was observed in cells treated with 

NuBCP-9-R8 conjugate at 10 μM (Fig. 12B). It has been reported that R12 shows 

diffuse cytosolic labelling when its concentration crosses the threshold level57. The 

differing cellular distribution between Rn and NuBCP-9-Rn conjugates administered at 

concentrations of 10 μM suggests that NuBCP-9 may reduce threshold concentration 

for effective cytosolic distribution. Overall, NuBCP-9-Rn conjugates may promote 

cellular uptake at a relatively high concentration.  

 Many studies have shown that hydrophobic modification increases the uptake 

efficiency of CPPs25,26. Although previous studies considered the N-terminal 

phenylalanine of NuBCP-9 was important in the enhanced uptake of R8, there is little 

information about the influence of the C-terminal leucine31. In this study, I replaced C- 

terminal leucine of NuBCP-9-R8 conjugate (FSRSLHSLL-R8) with alanine (FA-R8 

conjugate). I found that this Leu-Ala replacement led to a significant decrease in R8 

uptake, and that a subsequent replacement of the N-terminal phenylalanine with alanine 

reduced it further still. My results showed that the N-terminal phenylalanine played a 

greater role in uptake enhancement than the C-terminal leucine at 10 μM (Fig. 13B). 

As far as I know, the affinity between Rn and cell membrane decides the cell surface 

concentration of peptides, which may result in the change of uptake efficiency. The 

cellular permeability of Rn partly bases on the electrostatic interaction between their 

guanidinium group with proteoglycan on cell membrane28. A enhancement of this 

interaction may reach because the hydrophobic side chain of amino acids in cargo 

peptides could immerse into the fatty acid portion of membrane, which reflect the 

enhancement of affinity28. Higher hydrophobic value of phenylalanine from its 
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aromatic side chain was expected to promote stronger interaction between peptides and 

membrane than leucine which have an aliphatic side chain61. Meanwhile, the aromatic 

moieties played important role on protein-carbohydrate interactions62 which may lead 

more cooperation between NuBCP-9-Rn conjugates entity with proteoglycan on 

membrane and higher uptake through macropinocytosis. On the other hand, when the 

treatment concentration was 2 μM, such hydrophobicity replacement had little effect 

on uptake of R8 (Fig. 13A), which suggests although the enhancement of affinity 

through hydrophobicity modification may increase the cell surface concentration of 

peptides, the cell surface concentration may not reach the threshold concentration for 

effective uptake with relative low treatment concentration. This work suggests that with 

relative high treatment dose, not only phenylalanine but also leucine in the amino acid 

sequence of NuBCP-9 makes a contribution to the enhanced uptake of Rn.  

 For investigating whether the enhanced uptake efficiency of NuBCP-9-Rn 

conjugates is related to a change in uptake pathway being used, I analyzed the uptake 

behaviors of Rn and NuBCP-9-Rn conjugates using specific uptake inhibitors. 

Inhibitors of endocytosis, clathrin-mediated endocytosis22,23, caveolae-mediated 

endocytosis23 and macropinocytosis21–23, have been proven to partly influence Rn 

uptake. The uptake behavior of both Rn and NuBCP-9-Rn conjugates were suppressed 

following treatment with chlorpromazine or EIPA (Fig. 15). In agreement with these 

findings, Kawaguchi et al reported that the uptake of R8 was mediated by both clathrin-

mediated endocytosis and macropinocytosis, but not caveolae-mediated endocytosis22. 

Particularly, the inhibition rate with EIPA treatment on uptake of 10 μM peptides was 

higher than that of 2 μM peptides. Futaki et al concluded that macropinocytosis became 

more prominent when the certain cell surface concentration of Rn was increased20,53,63. 

It suggests that relative high treatment dose lead cell surface accumulation of peptides 

result in promoted involvement of macropinocytosis on the uptake of Rn and NuBCP-

9-Rn conjugates. It is worth noted that F-actin played important role in the 

macropinocytosis process21,48. After using cytochalasin D which is used for inducing 

depolymerization of F-actin, the reversible cell morphology and reduced internalization 

of Rn was observed. While, in my results, both clathrin-mediated endocytosis and 
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macropinocytosis contribute to the internalization of Rn and NuBCP-9-Rn for MDA-

MB-231 cells. I discovered that as a commonly used cell line model for studying 

metastasis, MDA-MB-231 cells have higher F-actin content on membrane for its 

mobility and migration64–66. As a blocker of Na+/H+ exchange, EIPA caused 

reorganization of the F-actin in epithelial cells67, while CPZ inhibited the effect of 

phospholipase C 68 which is important to regulate the actin dynamics69. So, the other 

reason for this inhibited effect might depend on the F-actin content of cells, and it needs 

further study in the future.  

 In addition to these endocytosis pathways, direct transduction of oligoarginines has 

also been reported33,34. In the presence of chlorpromazine or EIPA, I clearly observed 

nuclear staining (Fig. 16) in MDA-MB-231 cells treated with Rn or NuBCP-9-Rn 

conjugates, suggesting nuclear transport of peptides unmediated by endocytosis23,33.  

 With low temperature (4 ℃), the internalization pathway preferred to transduction 

instead of endocytosis, as shown in Fig.18, indicating more cytoplasmic distribution 

which has also been discovered by other researchers24. 4 ℃ treatment showed higher 

inhibited effect on the uptake of NuBCP-9-Rn conjugates than Rn, especially at 10 μM 

for NuBCP-9-R8 and NuBCP-9-R10 conjugates (Fig.17), which suggests high 

participation of endocytosis on uptake of NuBCP-9-Rn conjugates. This might be the 

other explanation for the enhancement of uptake with NuBCP-9-Rn conjugates. As 

mentioned before, involvement of macropinocytosis on the uptake of Rn and NuBCP-

9-Rn conjugates was promoted at 10 μM (Fig. 15B). Thus, such high participation of 

endocytosis with NuBCP-9-Rn conjugates treatment might be related with high 

involvement of macropinocytosis at 10 μM. Besides, promoted macropinocytosis might 

be related with peptides accumulation on cell membrane caused by higher affinity of 

NuBCP-9-Rn conjugates. Those observations, in agreement with previous studies, 

indicate that the uptake of Rn and NuBCP-9-Rn conjugates are partly regulated by 

clathrin-mediated endocytosis and macropinocytosis, and partly by direct transduction. 

Besides, NuBCP-9 conjugation on Rn may result in higher participation of endocytosis, 

especially of macropinocytosis with relative high treatment dose, which may be one 

possible reason for the enhancement of uptake with NuBCP-9-Rn conjugates.   
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5. Conclusion 

 I synthesized peptides in acceptable qualities for evaluating. After analyzing with 

flow cytometry and CLSM, NuBCP-9 conjugated with Rn enhanced cellular uptake at 

relative high concentration, which partly involved clathrin-mediate endocytosis and 

macropinocytosis uptake pathways and partly direct transduction. NuBCP-9-R10 

conjugates possessed the highest uptake efficiency at 10 μM. When the treatment dose 

increased, macropinocytosis became more prominent. Higher participation of 

endocytosis on uptake of NuBCP-9-Rn conjugates was observed under 4 ℃ treatment. 

Not only phenylalanine but also leucine in the amino acid sequence of NuBCP-9 makes 

a contribution to the enhanced uptake of Rn. Therefore, the hydrophobicity of NuBCP-

9 might increase the affinity between NuBCP-9-Rn conjugates and cell membrane, 

promote peptide accumulation on cell surface and activate medication of 

macropinocytosis, consequently result in the difference of uptake efficiency between 

NuBCP-9-Rn conjugates and Rn, which needs further study to prove.   
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Chapter II  

Investigation of cytotoxicity of Rn and NuBCP-9-Rn 

conjugates 
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1. Introduction  

 As been proved in chapter I, the uptake of NuBCP-9-Rn conjugates mainly 

mediated through endocytosis, which suggests the cellular uptake level that measured 

with flow cytometry including the amount that entrapped in the endosomes. Effective 

biological based therapy not only depends on the cellular uptake of therapeutic agent 

via various delivery vectors but also on the ability to escape from endosomes to reach 

intracellular target for eliciting its effect16. Especially for biological macromolecules, it 

will be faced the acidic and enzymic endosomal environment and endosome membrane 

barrier70. It has been reported that R16 possessed 7 times higher uptake than R8 but 

they induced similar level of apoptosis when were utilized for delivering pro-apoptotic 

PAD peptide21. Similarly, R8-modified liposomes showed similar internalized capacity 

with K8-modified liposomes but significant higher gene expression was observed71. 

Those suggest that it is essential to evaluate the biological effect of therapeutic reagent 

for confirming efficient cytosolic delivery.  

 B cell lymphoma 2 (BCL-2) family proteins are key regulators of mitochondrial 

outer membrane permeabilization (MOMP), which is the crucial event to control 

apoptosis72–74. BCL-2 proteins can be divided into anti-apoptotic BCL-2 proteins and 

pro-apoptotic BCL-2 proteins, all of them share BCL-2 homology (BH) 1- 4 domains75. 

Anti-apoptotic BCL-2 proteins includes Bcl-2 and Bcl-XL which share all those four 

BH domains. Pro-apoptotic BCL-2 proteins can be subdivided into effectors and BH3-

only proteins. BAX and BAK are typical members of effectors, which share BH 1-3 

domains, the oligomerization of effectors is required for inducing MOMP76,77. BH3-

only proteins, such as tBid, share only α-helical BH3 domains and transduce signals to 

stimulate oligomerization of effectors78. Anti-apoptotic BCL-2 proteins can interact 

with BH3-only proteins and then sequester its pro-apoptotic effect, which may be one 

reason for drug-resistance in Bcl-2 overexpression cancer cell lines79. Many BH3 

peptide–based approaches have been studied for neutralizing the effect of anti-apoptotic 

BCL-2 proteins, through competitive binding to release the BH3-only proteins and 

inhibit anti-apoptotic BCL-2 proteins, eventually induce apoptosis of tumor80–82. 

 In this research, the therapeutic reagent is NuBCP-9 peptide, which was shown as 
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a converter of Bcl-2 to promote apoptosis. NuBCP-9 may interact with the loop of Bcl-

2 to lead conformation change of Bcl-2 accompany with exposing the BH3 domain of 

Bcl-2. Release the inhibition of tBid to promote the activation of effectors, in the 

meantime act as BH3 peptide to bond with Bcl-XL to inhibit its anti-apoptotic effect30. 

Although NuBCP-9 was firstly proved to act specifically in Bcl-2 overexpression cell 

lines, Watkins et al. have demonstrated the non-specific cytotoxicity of R8 was 

magnified by NuBCP-9 conjugation which is unrelated to Bcl-2 expression31. Thus, in 

this chapter, I firstly evaluated the cell viability after treating with NuBCP-9-Rn 

conjugates. Additionally, for distinguishing the membrane disrupted effect and Bcl-2 

related effect, LDH leakage level and apoptosis level were measured in Bcl-2 

overexpression cell line, MDA-MB-231. After confirming the efficient cytosolic 

delivery of NuBCP-9 through the apoptosis results, the suitable length of Rn for 

intracellular delivery of NuBCP-9 was selected.  

 

2. Materials and Methods  

2.1. Materials and Instruments 

 

2.2. Cell line 

The cell lines and culture protocol were same with the description in Chapter I, 2.2.  

 

Name Source 

Rn and NuBCP-9-Rn conjugates peptides Synthesized and Purified in chapter 1 

RPMI-1640 Wako, Japan 

Heat-inactivated fetal bovine serum (FBS) AusGene X, Australia 

Penicillin Wako, Japan 

Streptomycin Wako, Japan 

Cell Counting Kit-8 Dojindo Molecular Technologies, Japan 

LDH assay kits Dojindo Molecular Technologies, Japan 

Annexin V-FITC apoptosis assay kit ImmunoChemistry, United States 

24-well and 96-well cell culture plate Violamo, Japan 

Falcon 5 ml round-bottom tube, with cell strainer cap Corning, United States 

iMarkTM microplate absorbance reader Bio-Rad Laboratories, United State 

BD LSRFortessa X-20 flow cytometer BD bioscience, United States 
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2.3. Cell viability under Rn and NuBCP-9-Rn conjugates treatment 

2.3.1. Influence of co-incubation time on the cell viability   

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 

96-well plates and cultured for 24 h. Change medium with 100 μL of 15 μM NuBCP-

9-GX-R8 conjugate contained culture medium and keep incubating for indicated 

duration at 37 ℃ with 5% CO2. After incubation, washed cells with 100 μL PBS for 2 

times. Cells were continuously incubated in 100 μL peptide-free fresh medium until the 

total incubation time reaches 24 h at 37 ℃ with 5% CO2. Then 100 μL Cell Counting 

Kit-8 (CCK-8) contained culture medium (CCK-8 : medium = 1 : 10 v/v) was added 

and keep incubating for 1 h at 37 ℃ with 5% CO2. Measure the absorbance at 450 nm 

using microplate absorbance reader.  

Cell viability (%) = (T-B) / (C-B) ×100                      -----  Equation 1 

T: absorbance of treatment group, C: absorbance of control group, B: absorbance of 

blank (CCK-8 kits contained medium) 

 

2.3.2. Influence of uptake inhibitors on the cell viability 

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 

96-well plates and cultured for 24 h. Change culture medium with 100 μL uptake 

inhibitors contained culture medium (chlorpromazine, EIPA, and genistein at 

concentrations of 50, 100, and 200 μM, respectively), pre-incubated cells for 30 min at 

37 ℃ with 5% CO2. Then, the cells were incubated with 15 μM NuBCP-9-R8 conjugate 

in the absence or presence of inhibitors in 100 μL medium for 2 h at 37 ℃ with 5% 

CO2. Or incubated with 100 μL each inhibitor contained medium for 2 h at 37 ℃ with 

5% CO2 as control group, respectively. After incubation, washed cells with 100 μL PBS 

for 2 times. Cells were continuously incubated in 100 μL inhibitors and peptide-free 

fresh medium for 22 h at 37 ℃ with 5% CO2. The following steps were same with the 

description in 2.3.1. 

 

2.3.3. Evaluating cell viability under Rn and NuBCP-9-Rn conjugates treatment 

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 
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96-well plates and cultured for 24 h. Change medium with 100 μL peptide contained 

culture medium and keep incubating for 2 h at 37 ℃ with 5% CO2. After incubation, 

washed cells with 100 μL PBS for 2 times. Cells were continuously incubated in 100 

μL peptide-free fresh medium for 22 h at 37 ℃ with 5% CO2. Then 100 μL CCK-8 

contained culture medium (CCK-8 : medium = 1 : 10 v/v) was added and keep 

incubating for 1 h at 37 ℃ with 5% CO2. The following steps were same with the 

description in 2.3.1. 

 

2.4. Membrane disrupted effect caused by Rn and NuBCP-9-Rn conjugates 

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 

96-well plates and cultured for 24 h. Media change was given with 100 μL medium 

containing 10 μM peptides, and the cells were incubated for 2 h at 37 ℃ with 5% CO2. 

For making high control, 10 μL lysis buffer was added into wells which were incubated 

with peptide-free medium and incubated for 30min at 37 ℃ with 5% CO2. After 

incubation, added 100 μL Working Solution into each well, and incubate the plate at 

37 ℃ for 15min protected from light. Then 50 μL Stop Solution was added. Measure 

the absorbance of plate at 450 nm using microplate absorbance reader. 

LDH leakage level (%) = (T-C) / (H-C) ×100                -----  Equation 2 

T: absorbance of treatment group, C: absorbance of low control group, H: absorbance 

of high control group 

 

2.5. Apoptosis level induced by NuBCP-9-Rn conjugates  

2.5.1. Determination of the treatment condition for making positive control group 

 4.5 × 104 /cm2 MDA-MB-231 cells (in 100 μL culture medium) were seeded into 

96-well plates and cultured for 24 h. Change medium with 100 μL camptothecin 

contained culture medium and keep incubating for 4 h at 37 ℃ with 5% CO2. The 

following steps were same with the description in 2.3.2.  

 

2.5.2. Apoptosis level induced by peptides  

 4.5 × 104 /cm2 MDA-MB-231 cells (in 0.5 mL culture medium) were seeded into 



 49 

24-well plates and cultured for 24 h. Then, the cells were incubated in 0.4 mL culture 

medium containing 10 μM peptides for 2 h at 37 ℃ with 5% CO2. The cells were 

washed with 0.5 mL PBS and continuously incubated in 0.5 mL peptide-free culture 

medium for 22 h at 37℃ with 5% CO2. In the positive control group, cells were 

incubated in 0.4 mL culture medium containing 5 μM camptothecin for 4 h at 37℃ with 

5% CO2. After trypsinization, the cells were collected and centrifuged at 300 g for 3 

min. Following a PBS wash, cells were suspended in 100 μL ice-cold 1× binding buffer 

(10× binding buffer : diH2O = 1 : 9 v/v). Then, the cells were labeled with 5 μL fresh 

Annexin-V-FITC staining solution (200× Annexin V-FITC reagent : PBS = 1 : 9 v/v) 

and 5 μL fresh propidium iodide (PI) staining solution (250 μg/ml PI reagent : PBS = 

1 : 1 v/v) on ice for 10 minutes in the dark. 10,000 cell pellets were analyzed 

immediately by BD LSRFortessa X-20 flow cytometer. The blue 488-nm laser was used 

for excitation of FITC and PI, and their fluorescence intensity was detected by a 525/30 

BP filter and 575/26 BP filter, respectively.  

 

2.6. Statistical Analysis 

 All comparisons of mean values were performed using analysis of variance test 

(ANOVA). Multiple comparisons among all groups were performed using two-way 

ANOVA with Bonferroni test. For comparisons between control and treatment groups, 

Dunnett test was used. Results yielding a p value less than 0.05 were considered 

statistically significant. 

 

3. Results  

3.1. Cell viability under Rn and NuBCP-9-Rn conjugates treatment 

 The WST-8 assay is one of the most popular tests to assess the toxicity of potential 

compounds83. Tetrazolium salt reduction to formazan occurs in the mitochondria of 

living cells due to the activity of mitochondrial dehydrogenases (in particular, succinate 

dehydrogenase)84,85. The amount of the formazan dye, generated by the activities of 

dehydrogenases in cells, is directly proportional to the number of living cells. In this 
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part, WST-8 assay was used for evaluating the cell viability due to its convenience and 

sensitivity. 

3.1.1. Influence of co-incubation time on the cell viability  

 Firstly, the cell viability of MDA-MB-231 cells that were treated with 15 μM 

NuBCP-9-GX-R8 conjugate was determined after different co-incubation time. As can 

be seen in Fig. 19, with the extension of co-incubation duration, the cell viability was 

decreased, but there was no significant difference between 2 h and 4 h co-incubation 

group. Considering with the cellular uptake results in chapter I (Fig.9), 2 h co-

incubation duration might be sufficient for intracellular delivery of peptide. Thus, 2 h 

was chose as the co-incubation duration for the following studies. 

 

Fig.19 Influence of co-incubation time on the cell viability of MDA-MB-231 cells. 

Viability of MDA-MB-231 cells following 30 min, 1, 2, 4, 24 h co-incubation with 15 μM NuBCP-

9-GX-R8 conjugate contained medium and continuous incubating in peptide-free medium at 37 ℃ 

with 5% CO2 until the total incubation time reaching 24 h. Each value represents the mean ± SD 

from triplicate experiments.  

(ANOVA, Bonferroni test, compare with 2 h-treatment group, * p < 0.05, ** p < 0.01, *** p < 0.001) 

 

3.1.2. Influence of uptake inhibitors on the cell viability  

 As been proved in chapter I, the uptake of NuBCP-9-Rn was inhibited by CPZ and 

EIPA (Fig.15). Thus, it is valuable to investigate if such uptake suppression has effect 

on the cytotoxicity of MDA-MB-231 cells that caused by NuBCP-9-R8 conjugate. 

After treating MDA-MB-231 cells with 15 μM NuBCP-9-R8 conjugate in absence or 

presence of three uptake inhibitors, 50 μM CPZ or 100 μM EIPA significantly reduced 

the cytotoxicity that caused by NuBCP-9-R8 conjugate, while there is little effect of 

200 μM genistein on the toxic-effect of NuBCP-9-R8 conjugate (Fig.20).  
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Fig.20 Influence of uptake inhibitors on the cell viability of MDA-MB-231 cells. 

Viability of MDA-MB-231 cells following 2 h treatment with 15 μM NuBCP-9-R8 conjugate in the 

absence or presence of 50 μM CPZ, 200 μM genistein or 100 μM EIPA, respectively and continuous 

incubating in inhibitors and peptide-free medium for 22 h at 37 ℃ with 5% CO2. Each value 

represents the mean ± SD from triplicate experiments.  

(ANOVA, Dunnett test, compare with control group, ** p < 0.01, *** p < 0.001) 

 

3.1.3. Evaluating cell viability under Rn and NuBCP-9-Rn conjugates treatment 

 The cell viability was measured in Bcl-2 overexpress cell line MDA-MB-231. In 

this research, I used the linker sequence GGG for conjugating NuBCP-9 with 

oligoarginines, it showed that no significant difference of cytotoxicity of NuBCP-9-R8 

comparing with peptide using the linker GAhx (GX) which was used in published 

articles30 (Fig.21A). Up to 15 μM, negative control peptide FA - R8 and AA - R8 were 

relatively non-toxic, while NuBCP-9-R8 conjugate induced 56.85% ±  6.18% cell 

death (Fig.21B). The results (Fig.21C) showed that the cells treated with NuBCP-9, 

NuBCP-9-R4 or NuBCP-9-R6 conjugates were viable up to 15 μM. When the arginine 

residuals of Rn were more than eight, NuBCP-9-Rn (n = 8, 10, 12, and 14) showed 

concentration dependent cytotoxicity. NuBCP-9 with longer Rn had lower IC50 (Tab.5). 

When the cells treated with Rn, there was little cytotoxicity with R8, R10 and R12 up 

to 15 μM. R14 showed low toxicity under 10 μM，but only 46.08% ± 6.58% cells 

were survival at 15 μM (Fig.21D).  
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Fig. 21 Cell viability of MDA-MB-231 cells under Rn and NuBCP-9-Rn conjugates treatment. 

Viability of MDA-MB-231 cells following a 2 h incubation with 0 - 15 μM indicated unlabeled 

peptides and then a 22 h incubation in the absence of peptides at 37 ℃ with 5% CO2. Each value 

represents the mean ± SD from triplicate experiments. Unlabeled peptides refer to (A) NuBCP-9-

R8 and NuBCP-9-GX-R8 conjugates (B) NuBCP-9-R8, AA-R8 and FA-R8 conjugates (C) NuBCP-

9-Rn (n = 0, 4, 6, 8, 10, 12, and 14) conjugates (D) Rn (n = 8, 10, 12 and 14), respectively. 

 

Tab. 5 IC50 of Rn and NuBCP-9-Rn conjugates (n = 8, 10, 12 and 14) in MDA-MB-231 cells. 

 

Number of arginine (n) 
IC50 (μM) 

Rn NuBCP-9-Rn 

8 N.D. 13.51 

10 N.D. 8.31 

12 N.D. 6.08 

14 14.58 4.10 

(Abbreviation: N.D., not done) 

 

3.2. Membrane disrupted effect caused by Rn and NuBCP-9-Rn conjugates 

 The cytotoxicity of NuBCP-9-Rn conjugates did not correlate well with their 

uptake efficiency as determined by flow cytometry. Rn induces non-specific 

cytotoxicity at high doses owing to its strong electrostatic interaction with the cell 

membrane19,21. Furthermore, a non-specific necrotic effect induced by NuBCP-9-R8 
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conjugate has also been demonstrated in previous studies. Therefore, I considered the 

possibility that membrane integrity may be disturbed by short-time incubation of cells 

with the peptides. 

 When the cell membranes are compromised or damaged, lactate dehydrogenase 

(LDH) is released into the surrounding extracellular space. Since this only happens 

when cell membrane integrity is compromised, the present of this enzyme in the culture 

medium can be used as a biomarker for cytolysis86. It has been widely used to evaluate 

the destruction of membrane integrity by positive charged components such as cationic 

liposomes87, cationic polymers88, and penetrating peptides89. Thus, in this part I 

measured cellular LDH leakage levels after treatment with peptides to estimate 

membrane disruption.  

 As can be seen in Fig. 22, following conjugation with NuBCP-9, LDH release 

increased with increasing length of Rn. NuBCP-9-R12 and NuBCP-9-R14 conjugates 

induced 43.97% ± 0.65% and 76.09% ± 1.59% (n = 3) LDH release at 10 μM, 

respectively. While unconjugated Rn (n = 8, 10, and 12) caused negligible membrane 

disruption in MDA-MB-231 cells at 10 μM, the most toxic peptide, R14, disturbed 

membrane integrity of 5.94% ± 0.32% cells, which is still significantly less membrane 

damage than that caused by the conjugates. 

 

Fig. 22 LDH leakage level induced by Rn and NuBCP-9-Rn conjugates. 

LDH leakage level in MDA-MB-231 cells following a 2 h incubation with 10 μM unlabeled Rn and 

NuBCP-9-Rn (n = 8, 10, 12 and 14) conjugates at 37 ℃ with 5% CO2. Each value represents the 

mean ± SD from triplicate experiments. 

 

3.3. Apoptosis level induced by NuBCP-9-Rn conjugates 
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 For apoptosis and necrosis measurement, Annexin V-FITC/PI method is commonly 

used90. In early-apoptotic cells, phosphotidylserine (PS) flips from the inside of the cell 

membrane to the surface of the cell membrane. Annexin-V, a Ca2+-dependent 

phospholipid binding protein, could conjugate to PS sites on the membrane surface with 

high affinity. Propidium iodide (PI) labeled the cellular DNA in necrotic cells where 

the cell membrane has been totally compromised91. This combination could distinguish 

the cell state among early apoptotic cells (Annexin-V positive, PI negative), necrotic 

cells (Annexin-V positive, PI positive), and viable cells (Annexin-V negative, PI 

negative)92. Thus, Annexin-V FITC/PI staining was used for analyzing the apoptosis 

level that induced by NuBCP-9-Rn conjugates in this part. 

3.3.1. Determination of the treatment condition for making positive control group 

 Before determining the apoptosis level induced by NuBCP-9-Rn conjugates, the 

suitable condition for making positive control should be determined. It is recommended 

that apoptosis may be induced with 2 - 4 μg/mL (5.7 μM - 11.5 μM) camptothecin over 

4 h treatment following kits protocol, while the results may be various with each cell 

line. Camptothecin has been proved to induce apoptosis in various cell lines93,94. Thus, 

I measured the cell viability of MDA-MB-231 following 4 h treatment with 0 – 10 μM 

camptothecin. From the results in Fig. 23, all the treatment with camptothecin showed 

significant cytotoxicity. When treatment dose was over 4 μM, the degree of cytotoxicity 

change was decreased. Considering with the published articles95,96, 4 h treatment with 

5 μM camptothecin was decided as condition for making positive control group.     

 
Fig. 23 Cell viability of MDA-MB-231 cells under camptothecin treatment. 

Viability of MDA-MB-231 cells following a 4 h incubation with 0 - 10 μM camptothecin at 37 ℃ 

with 5% CO2. Each value represents the mean ± SD from triplicate experiments. 

(ANOVA, Dunnett test, compare with non-treatment group, *** p < 0.001) 
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3.3.2. Apoptosis level induced by peptides 

 The mechanism of cell death caused by NuBCP-9 has been reported as pro-

apoptosis, occurring through exposing BH3 domain of Bcl-230. In our study, we 

detected the level of apoptosis induced by 10 μM of NuBCP-9-R8 conjugate, NuBCP-

9-R10 conjugate, and R10. Following staining with annexin V-FITC and propidium 

iodide (PI), MDA- MB-231 cells were analyzed by flow cytometry. From Fig. 24, it 

can be seen that R10- treated cells and the negative control group showed similar levels 

of apoptosis. NuBCP-9-R10 conjugate induced more apoptosis and necrosis than 

NuBCP-9-R8 conjugate at 10 μM. 

 

Fig. 24 Apoptosis levels induced by peptides in MDA-MB-231 cells. 

After a 2 h incubation with 10 μM unlabeled NuBCP-9-R8, NuBCP-9-R10 conjugates and R10 and 

then a 22 h incubation in their absence, apoptosis was induced in MDA- MB-231 cells. 4 h treatment 

with 5 μM camptothecin at 37 ℃ with 5% CO2 was proceeded as positive control group. The level 

of apoptosis was determined from Annexin-V/PI staining observed by flow cytometry. 10,000 

counts were taken for each sample. 

 

4. Discussion 

 Effective uptake and endosomal escape are important to ensure cellular efficacy of 

the therapeutic entity. The aim of research in this part is to study cellular cytotoxicity 

caused by NuBCP-9 conjugation Rn of different lengths for confirming the efficient 

cytosolic delivery of peptides.  

 Firstly, WST-8 assay was used for evaluating cell viability after peptides treatments. 

Through the cell viability results with different co-incubation duration (Fig. 19), 2 h 

may be sufficient for intracellular delivery of NuBCP-9-Rn conjugates. Tunnemann et 

al showed that the peptides comprising the proliferating cell nuclear antigen binding 

domain was fused with CPPs (TAT), even 10 min co-incubation duration with following 



 56 

6h peptide-absent incubation was sufficient to inhibit proliferation of about 30% mouse 

myoblasts97. Thus, 2 h co-incubation duration was selected as the conditions for 

following studies. 

 In chapter I, the uptake of NuBCP-9-Rn conjugates was partly mediated by 

clathrin-mediated endocytosis and macropinocytosis. The treatment with uptake 

inhibitors CPZ or EIPA partly decreased the cytotoxicity by 15 μM of NuBCP-9-R8 

conjugate, but not with genistein (Fig.20). It suggests the cytotoxicity by NuBCP-9-R8 

conjugate partly due to its Bcl-2 targeted proapoptotic effect, which related with the 

uptake level.   

 Up to a concentration of 15 μM, NuBCP-9, NuBCP-9-R4 and NuBCP-9-R6 

conjugates induced slight toxicity, while NuBCP-9 with longer Rn (n = 8, 10, 12, and 

14) resulted in greater cytotoxicity at the same dose (Fig. 21C). Without conjugation, 

only R14 led to severe cellular toxicity at 15 μM (Fig. 21D), suggesting that NuBCP-9 

is the source of the differing cytotoxicity between conjugated and unconjugated Rn. 

NuBCP-9-R14 conjugate showed the highest cytotoxicity in MDA-MB-231 cells. 

However, NuBCP-9-R10 conjugate exhibited the most effective uptake as determined 

by flow cytometry in chapter I (Fig.11B). This limited correlation between uptake level 

and cytotoxicity suggests that the Bcl-2-based mechanism of internalized peptides was 

not the only source of NuBCP-9-Rn conjugates-induced cytotoxicity.  

 The non-specific cytotoxicity from relatively long Rn was caused by membrane 

disruption resulting from the high density positive charge formed around the cell 

membrane. This can also be seen in studies where R16 exhibits higher non-specific 

cytotoxicity and uptake efficiency than R819,21,58. Furthermore, a non-specific necrotic 

effect induced by NuBCP-9-R8 conjugate has also been demonstrated in previous 

studies31. Thus, it is assumed that the poor correlation between uptake level and 

cytotoxicity is the result of necrosis unrelated to Bcl-2. Therefore, to evaluate non-

specific cytotoxicity, I chose to determine the level of membrane disruption caused by 

Rn and NuBCP-9-Rn conjugates. NuBCP-9 conjugated with R12 and R14 induced 

more LDH release at a concentration of 10 μM and were therefore deemed to cause 

intolerable non-specific cytotoxicity. However, without NuBCP-9 conjugation, even 
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R14 had only negligible effects on membrane integrity, as shown in Fig. 22. These 

results suggest NuBCP-9 aggravates the membrane perturbance caused by R12 and R14. 

For this reason, R12 and R14 may not be suitable choices for conjugation with NuBCP-

9 in this context.  

 On a related point, the decreasing uptake levels of NuBCP-9-R12 and NuBCP-9-

R14 conjugates at concentrations of 10 μM in MDA-MB-231 cells when compared to 

that of the NuBCP-9-R10 conjugate in chapter I (Fig. 11B) might be explained by non-

specific cytotoxicity resulting in poor membrane integrity, which in turn makes it 

impossible for the internalized peptides to remain within the cells long enough to exert 

their full effects.  

 Finally, NuBCP-9 has been proven to act through Bcl-2 to induce apoptosis30. After 

evaluating the LDH leakage level, I detected the level of apoptosis induced by NuBCP-

R8 and NuBCP-9-R10 conjugates. Just as in chapter I-Fig. 11B, Fig. 24 shows that 

NuBCP-9-R10 conjugate induced a higher level of apoptosis than NuBCP-9-R8 

conjugate, which might reflect the correlation between uptake capacity and intracellular 

activity. Nakase et al. showed that the level of apoptosis induced by pro-apoptotic 

domain peptide (PAD)-Rn conjugates was related to intracellular uptake level21. Taking 

this into consideration, the higher level of apoptosis induced by NuBCP-9-R10 

conjugate may be related to its relatively high cellular uptake and efficient cytosolic 

delivery, which can lead to more specific interaction between NuBCP-9 and Bcl-2 in 

MDA-MB-231 cells. 

 

5. Conclusion 

 NuBCP-9-Rn conjugates showed Rn length-dependent cytotoxicity in MDA-MB-

231 cells, which limited correlation with uptake level shown in chapter I. It suggests 

that the Bcl-2-based mechanism of internalized peptides was not the only source of 

NuBCP-9-Rn conjugates-induced cytotoxicity. The reason for this limited correlation 

is that NuBCP-9 conjugation significantly enhanced the membrane disrupted effect of 

Rn. In this case, R12 and R14 led intolerable membrane disruption after conjugating 

with NuBCP-9, which suggests they are not suitable for the therapeutic use of NuBCP-



 58 

9. NuBCP-9-R10 conjugate induced highest level of apoptosis, which reflected the 

efficient cytosolic delivered level of peptides. Overall, NuBCP-9-R10 conjugate is the 

most suitable compound for pro-apoptotic therapeutic application of NuBCP-9.  
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Conclusion 

 In this study, I have synthesized the Rn and NuBCP-9-Rn conjugates for following 

studies. The cellular uptake and distribution of Rn have been compared before or after 

conjugating with NuBCP-9. Through hydrophobic replacement and analyzing uptake 

pathways, the uptake mechanism of NuBCP-9-Rn conjugates has been discussed. The 

membrane disrupted effect and apoptosis level have been studied for resolving the 

cytotoxicity of NuBCP-9-Rn conjugates. 

 

1. Cellular uptake and distribution of Rn and NuBCP-9-Rn conjugates 

 In MDA-MB-231 cells, the uptake of NuBCP-9-R8 conjugate was found to be 

significantly higher than that of R8 when the peptide dose was above 4 μM. NuBCP-9-

Rn (n= 6, 8, 10, 12 and 14) conjugates showed significantly increased uptake than Rn 

with same numbers of arginine at 10 μM but not at 2 μM. R12 was the most effective 

length for cellular delivery of NuBCP-9 at 2 μM, while it altered to be R10 at 10 μM. 

Under CLSM, 2 μM Rn and NuBCP-9-Rn conjugates labelled punctate vesicles. 

Besides, at 10 μM, NuBCP-9 conjugation promoted the cytoplasmic diffusion of 

peptides. The NuBCP-9-R10 conjugate exhibited the strongest cellular fluorescence 

signal. Those are in agreement with the flow cytometry results. Overall, at relative high 

dose, NuBCP-9 conjugation promoted the uptake of Rn. While the enhanced degree 

was various with different Rn. NuBCP-9-R10 conjugate possessed highest uptake 

efficiency at 10 μM in MDA-MB-231 cells.  

 

2. Uptake mechanism of Rn and NuBCP-9-Rn conjugates 

 Distal hydrophobic amino acids replacement played a role in uptake enhancement 

of NuBCP-9-R8 conjugate than R8 at 10 μM. The uptake of Rn and NuBCP-9-Rn 

conjugates was mediated by clathrin-mediated endocytosis and macropinocytosis. 

When treatment dose of peptides was increased from 2 to 10 μM, the involvement of 

macropinocytosis was increased. Treatment of 4 ℃ significantly suppressed the uptake 
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of peptides, especially for NuBCP-9-Rn conjugates. Cytoplasmic diffusion and nucleus 

staining were observed when the uptake of peptides was partly inhibited by 4℃ 

treatment or uptake inhibitors, which suggests the participation of direct transduction 

in the uptake of Rn and NuBCP-9-Rn conjugates. The hydrophobicity of NuBCP-9 

might increase the affinity between NuBCP-9-Rn conjugates and cell membrane, 

promote peptide accumulation on cell surface and activate medication of 

macropinocytosis, consequently result in the difference of uptake efficiency between 

NuBCP-9-Rn conjugates and Rn. 

 

3. Cytotoxicity of Rn and NuBCP-9-Rn conjugates  

 As the length of Rn increased, the cytotoxicity of NuBCP-9-Rn conjugates were 

increased in MDA-MB-231 cells, which had limited correlation with uptake level. It 

suggests that the Bcl-2-based mechanism of internalized peptides was not the only 

source of NuBCP-9-Rn conjugates-induced cytotoxicity. Following conjugation with 

NuBCP-9, LDH release increased with increasing length of Rn. NuBCP-9-R12 and 

NuBCP-9-R14 conjugates induced severe membrane damage at 10 μM. It suggests that 

R12 and R14 may not be suitable choices for conjugation with NuBCP-9. NuBCP-9-

R10 conjugate induced more apoptosis than NuBCP-9-R8 conjugate at 10 μM. It 

suggests the higher level of apoptosis induced by NuBCP-9-R10 conjugate may be 

related to its relatively high cellular uptake level, which reflected its cytosolic delivery 

level. 

 

 In this study, the influence of NuBCP-9 conjugation on cellular uptake and 

cytotoxicity have been discussed. NuBCP-9-R10 conjugate has been selected as the 

most suitable compound for pro-apoptotic therapeutic application of NuBCP-9. The 

information in this study will be valuable in the design of therapeutic peptide 

conjugated with oligoarginines for anti-cancer therapy. 
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