
u n i ve r s i t y  o f  co pe n h ag e n  

Selenomethionine as alternative label to the fluorophore TAMRA when exploiting cell-
penetrating peptides as blood-brain barrier shuttles to better mimic the
physicochemical properties of the non-labelled peptides

Ýr Þorgeirsdóttir, Dagmar ; Hofman Andersen, Jeppe; Perch-Nielsen, Marcus; Møller, Laura
Hyrup; Grønbæk-Thorsen, Freja; Kolberg, Hannah Grønbech; Gammelgaard, Bente;
Kristensen, Mie

Published in:
European Journal of Pharmaceutical Sciences

DOI:
10.1016/j.ejps.2023.106400

Publication date:
2023

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Ýr Þorgeirsdóttir, D., Hofman Andersen, J., Perch-Nielsen, M., Møller, L. H., Grønbæk-Thorsen, F., Kolberg, H.
G., Gammelgaard, B., & Kristensen, M. (2023). Selenomethionine as alternative label to the fluorophore TAMRA
when exploiting cell-penetrating peptides as blood-brain barrier shuttles to better mimic the physicochemical
properties of the non-labelled peptides. European Journal of Pharmaceutical Sciences, 183, [106400].
https://doi.org/10.1016/j.ejps.2023.106400

Download date: 23. maj. 2023

https://doi.org/10.1016/j.ejps.2023.106400
https://curis.ku.dk/portal/da/persons/hannah-groenbech-kolberg(2b6de42a-7f2f-43ee-a486-9fc33758015b).html
https://curis.ku.dk/portal/da/persons/hannah-groenbech-kolberg(2b6de42a-7f2f-43ee-a486-9fc33758015b).html
https://curis.ku.dk/portal/da/persons/bente-gammelgaard(4ba048dd-88f5-4a5f-8556-10c9a5bd45d3).html
https://curis.ku.dk/portal/da/persons/mie-kristensen(f431ca62-aa71-4250-bc1b-f06ff545ec3d).html
https://curis.ku.dk/portal/da/publications/selenomethionine-as-alternative-label-to-the-fluorophore-tamra-when-exploiting-cellpenetrating-peptides-as-bloodbrain-barrier-shuttles-to-better-mimic-the-physicochemical-properties-of-the-nonlabelled-peptides(08554e78-33a7-40dd-bd6f-9a13967aca61).html
https://curis.ku.dk/portal/da/publications/selenomethionine-as-alternative-label-to-the-fluorophore-tamra-when-exploiting-cellpenetrating-peptides-as-bloodbrain-barrier-shuttles-to-better-mimic-the-physicochemical-properties-of-the-nonlabelled-peptides(08554e78-33a7-40dd-bd6f-9a13967aca61).html
https://curis.ku.dk/portal/da/publications/selenomethionine-as-alternative-label-to-the-fluorophore-tamra-when-exploiting-cellpenetrating-peptides-as-bloodbrain-barrier-shuttles-to-better-mimic-the-physicochemical-properties-of-the-nonlabelled-peptides(08554e78-33a7-40dd-bd6f-9a13967aca61).html
https://doi.org/10.1016/j.ejps.2023.106400


European Journal of Pharmaceutical Sciences 183 (2023) 106400

Available online 5 February 2023
0928-0987/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Selenomethionine as alternative label to the fluorophore TAMRA when 
exploiting cell-penetrating peptides as blood-brain barrier shuttles to better 
mimic the physicochemical properties of the non-labelled peptides 

Dagmar Ýr Þorgeirsdóttir a,1, Jeppe Hofman Andersen a,1, Marcus Perch-Nielsen a,1, Laura 
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A B S T R A C T   

The cell-penetrating peptides (CPPs) Tat and penetratin are frequently explored as shuttles for drug delivery 
across the blood-brain barrier (BBB). CPPs are often labelled with fluorophores for analytical purposes, with 5(6)- 
carboxytetramethylrhodamine (TAMRA) being a popular choice. However, TAMRA labelling affects the physi-
cochemical properties of the resulting fluorophore-CPP construct when compared to the CPP alone. Selenome-
thionine (MSe) may be introduced as alternative label, which, due to its small size and amino acid nature, likely 
results in minimal alterations of the peptide physicochemical properties. With this study we compared, head-to- 
head, the effect of MSe and TAMRA labelling of Tat and penetratin with respect to their physicochemical 
properties, and investigated effects hereof on brain capillary endothelial cell (BCEC) models. TAMRA labelling 
positively affected the ability of the peptides to adhere to the cell membranes as well being internalized into the 
BCECs when compared to MSe labelling. TAMRA labelling of penetratin added toxicity to the BCECs to a higher 
extent than TAMRA labelling of Tat, whereas MSe labelling did not affect the cellular viability. Both TAMRA and 
MSe labelling of penetratin decreased the barrier integrity of BCEC monolayers, but not to an extent that 
improved transport of the paracellular marker 14C-mannitol. In conclusion, MSe labelling of Tat and penetratin 
adds minimal alterations to the physicochemical properties of these CPPs and their resulting effects on BCECs, 
and thereby represents a preferred alternative to TAMRA for peptide quantification purposes.   

1. Introduction 

Brain drug delivery is a major challenge. Potent therapeutic drugs 
are developed, but the blood-brain-barrier (BBB) excludes the far ma-
jority of these from entering the brain upon conventional systemic 
administration; thereby impeding therapeutic effects. Cell-penetrating 
peptides (CPPs) is a class of peptides with inherent ability to not only 
internalize into cells (Jones and Sayers, 2012) but also traverse bio-
logical barriers (Kristensen et al., 2016). Some CPPs have even 
demonstrated potential to permeate the BBB (Kristensen et al., 2020; 
Stalmans et al., 2015) and may serve as BBB shuttles for a conjugated 
peptide drug (Bach et al., 2012; Aarts et al., 2002). The cationic 11-mer 
Tat (Frankel and Pabo, 1988; Vivès et al., 1997) and 16-mer penetratin 

(Derossi et al., 1994; Derossi et al., 1996) peptides are among the most 
studied CPPs, with especially Tat being explored as BBB shuttle for brain 
drug delivery (Bach et al., 2012; Aarts et al., 2002; Schwarze et al., 1999; 
Lim et al., 2015). Tat, penetratin, and other CPPs, are frequently 
detected via a label during in vitro cell culture experiments and in vivo 
biodistribution studies (Kristensen et al., 2020; Al Humaidan et al., 
2022). Labelfree methods including ultra performance liquid chroma-
tography with UV detection (UPLC-UV) and liquid 
chromatography-mass spectrometry (LC-MS) suffer from limited sensi-
tivity in complex biological matrices. These methodologies are therefore 
not applicable for detection of the low amount of CPP e.g. permeating an 
in vitro BBB model or accumulating in the test animal brain (Kristensen 
et al., 2020; Al Humaidan et al., 2022). CPPs are often labelled with 
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fluorophores, which allows sensitive detection for quantification and/or 
visualization purposes with 5-carboxytetramethylrhodamine (TAMRA) 
being a popular choice due to its high photostability, pH-insensitivity, 
and chemical stability (Shiba et al., 2017). However, TAMRA (411 
g/mol) and other fluorophores are relatively large molecules when 
compared to the CPP to which it is conjugated. In addition, fluorophores 
are rigid and hydrophobic, and thus inevitably change the physico-
chemical properties of the resulting fluorophore-CPP construct when 
compared to the CPP alone. Earlier studies have reported that 
TAMRA-conjugation to penetratin affects the resulting hydrodynamic 
radius and the cellular uptake (Hyrup Møller et al., 2015). In addition, 
TAMRA may negatively affect the cellular viability as earlier demon-
strated for TAMRA-conjugation to penetratin (Birch et al., 2017), likely 
due to its membrane interacting potential (Hedegaard et al., 2018). 
Selenium (Se) has recently been introduced as alternative label, which 
allows sensitive detection in complex biological matrices such as cell 
lysates (Hyrup Møller et al., 2015) and plasma (Grønbæk-Thorsen et al., 
2019) using inductively coupled plasma-mass spectrometry (ICP-MS). 
Se may be introduced into the CPP either by addition of Se-methionine 
(MSe) (177 g/mol) to the primary CPP sequence or by exchange of native 
methionine with MSe in the CPP sequence during peptide synthesis 
(Møller et al., 2014). 

With this study, we hypothesize that labelling Tat and penetratin 
with MSe will, due to its small size and amino acid nature, result in 
minimal alterations of the peptide physicochemical properties, when 
compared to TAMRA labelling. We aim to investigate the hydropho-
bicity and secondary folding propensity of the peptides as well as their 
chemical stability and relate these properties to their effect on brain 
capillary endothelial cell (BCEC) viability, interaction with -and uptake 
into BCECs, as well as potential effects on the integrity of a primary BBB 
cell culture model. 

2. Materials and methods 

2.1. Materials 

The peptides Tat (YGRKKRRQRRR-NH2), TAMRA-Tat (TAMRA- 
YGRKKRRQRRR-NH2), MSe-Tat (MseYGRKKRRQRRR-NH2), penetratin 
(RQIKIWFQNRRMKWKK-NH2), TAMRA-penetratin (TAMRA-RQI-
KIWFQNRRMKWKK-NH2), and MSe-penetratin (RQI-
KIWFQNRRMseKWKK-NH2) were purchased as C-terminally amidated 
HCl salts with a purity >95% from CASLO Aps (Kongens Lyngby, 
Denmark). 

Trifluoroacetic acid (TFA) and acetonitrile (MeCN) (both HiPerSolv 
CHROMANORM®) were purchased from VWR Chemicals BDH® 
(Bruchsal, Germany). Methanol (≥99%) was purchased from VWR 
Chemicals (Søborg, Denmark). Tuning solution and Se standard solution 
for ICP-MS were purchased from Perkin Elmer (MA, USA) and SCP 
Science (Quebec, Canada), respectively. The bEND3 cell line was ob-
tained from ATCC (Virginia, USA) and bovine brains for isolation of 
BCECs were obtained as a bi-product from food production (Mogens 
Nielsens Kreaturslagteri A/S, Herlufmagle, Denmark). Foetal bovine 
serum (FBS) and trypsin-ethylenediamine tetraacetic acid (EDTA) were 
purchased from Thermo Fischer Scientific (Slangerup, Denmark). 
Collagenase type III and DNAse I were purchased from Wortington 
Biochemical Corporation (Lakewood, NJ, USA). The 2,3-Bis-(2- 
Methoxy-4-Nitro-5-Sulfophenyl)− 2H-Tetrazolium-5-Carboxanilide 
(XTT) assay was obtained from Roche (Hvidovre, Denmark). Ultima 
Gold 241 TM was purchased from Perkin Elmer, Waltham, MA, USA). 
Remaining chemicals were obtained from Merch Life Science (Søborg, 
Denmark). 

2.2. Peptide hydrophobicity 

The peptide hydrophobicity was evaluated based on their retention 
time during reverse phase-UPLC using an Aeris PEPTIDE XB C18 column 

(100×2.1 mm, particle size 3.6 µm; Phenomenex, Værløse, Denmark) 
connected to a Dionex Ultimate 3000 system (Thermo Fischer Scientific, 
Germering, Germany). 10 µM peptide was injected and a linear gradient 
of 0–75% mobile phase B (MeCN with 0.1% TFA) in mobile phase A 
(ultrapure water with 0.1% TFA) over 6.5 min (0.3 mL/min) was applied 
at 40 ◦C. 

2.3. Peptide secondary structure 

The secondary structure of the peptides was investigated with cir-
cular dichroism (CD) spectroscopy using a 1 mm QS High Precision cell 
(Helma Analytics, Müllheim, Germany) and a Chirascan CD spectrom-
eter (Applied Photophysics, Leatherhead, UK). CD spectra were recor-
ded on 50 µM peptide in ultrapure water at 37 ◦C with an average of 
three scans in the range 180–260 nm. All spectra were background 
corrected and presented as mean residue ellipticity (MRE): 

MRE = MRW x θ
10 x l x c 

Where MRW is the mean residue weight, θ is the molar elipticity, l is 
the path length, and c is the peptide concentration. 

2.4. Peptide stability 

The peptide stability was assessed in Hanks Balanced Salt Solution 
(HBSS) supplemented with 10 mM 4-(2-hydryethyl)− 1-piper-
azineethanesulfonic acid (HEPES) and 0.05% (w/v) bovine serum al-
bumin, pH 7.4 (referred to as buffer) and Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 50 mM N-(Tris(hydroxymethyl) 
methyl)− 2-aminoethanesulfonic acid) (TES) and 1% non-essential 
amino acids, 100 μg/mL penicillin/streptomycin (100 U/mL), 2 mM L- 
glutamine, 312.5 μM 8-(4-CPT) cyclic adenosine monophosphate, 0.5 
μM dexamethasone, and 17.5 μM RO-20–1724 supplemented with 10% 
(v/v) foetal bovine serum (FBS) (referred to as cell culture medium). 50 
µM peptide was incubated in buffer or cell culture medium at 37 ◦C for 4 
h and 40 µL samples were withdrawn at time-points 0, 15, 30, 60, 90, 
120, 180, and 240 min. To precipitate protein from the samples, 100 µL 
6 M urea was added for 10 min at room temperature followed by the 
addition of 100 µL 20% (w/v) trichloroacetic acid in acetone and 
incubated on ice for 10 min. The samples were spun down at 10,000 x g 
for 5 min at 4 ◦C using a Sigma 1–15 centrifuge (Sigma, Osterode am 
Harz, Germany) and the supernatant was filtrated through a 0.2 µm filter 
prior analysis using UPLC as described in Section 2.2. 

2.5. Cell culture 

The mouse brain endothelial cell line bEND3: The cells were main-
tained in a T75 cell culture flask (Corning, Vordingborg, Denmark) at 
37 ◦C and 5% CO2 in High glucose DMEM supplemented with 2 mM L- 
glutamine, 90 µg/mL streptomycin, 90 U/mL penicillin, and 10% FBS 
with medium change every second day. The cells were detached at 
80–90% confluency using trypsin-EDTA and passaged to a new T75 flask 
(3 × 105 cells) for maintenance or seeded (3 × 104 cells/cm2) into 12- 
well plates or 96-well plates for 48 h incubation (37 ◦C, 5% CO2) prior 
experimental use. 

Primary bovine BCECs: Capillary fragments were isolated from 
calves (<12 month) as previously described by Helms and Brodin (2014) 
and cryopreserved. For experimental use, one cryovial containing 
capillary fragments were thawed and cultured in a T75 flask coated with 
collagen type IV and fibronectin (both 0.01 mg/mL in phosphate buff-
ered saline (PBS)) in DMEM supplemented with 1% non-essential amino 
acids, 90 µg/mL streptomycin, 90 U/mL penicillin, and 10% FBS (DMEM 
(+)). After 4–6 h the medium was changed to DMEM(+) supplemented 
with 125 µg/mL heparin and 4 µg/mL pyromycin and BCECs were 
allowed to grow out from the capillary fragments with media change to 
DMEM(+) on day 3. On day 5, the BCECs were detached from the T75 
flask using trypsin-EDTA and seeded (1 × 105 cells/cm2) into collagen 
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type IV and fibronectin (both 0.01 mg/mL PBS) coated 12-well plates or 
96-well plates for 48 h incubation (37 ◦C, 5% CO2). 

In vitro BBB model: Astrocytes were isolated from 2 to 3-days old rats 
(in-house) as described by Hertz et al. (1989) and co-cultured with 
primary bovine BCECs on Transwell® plate permeable supports (Corn-
ing, Corning, NY, USA) as previously described by Helms and Brodin 
(2014). 

2.6. Cellular viability and toxicity 

The cellular viability of the bEND3 cells and primary BCECs seeded 
in 96-well plates as well as of the Transwell® insert-grown primary 
BCECs was assessed following incubation with 25 µM or 50 µM Tat, 
TAMRA-Tat, MSe-Tat, penetratin, TAMRA-penetratin, or MSe-penetratin 
at 37 ◦C with horizontal shaking (90 rpm) for 1 and 3 h, respectively. 
The peptides were dissolved in buffer or DMEM(+) prior incubation 
with the bEND3 cells or primary BCECs, respectively. After peptide in-
cubation, the cells were washed twice with 37 ◦C buffer and the cellular 
viability was assessed using the XTT assay by applying 100 µL 37 ◦C 
buffer and 100 µL XTT labelling mixture followed by incubation for 1 
hour at 37 ◦C with horizontal shaking (90 rpm). 100 µL samples were 
withdrawn from each well and transferred into a new 96-well plate for 
absorbence measurement at 466 nm using a SPECTROstar Nano plate 
reader (BMG Labtech, Ortenberg, Germany). The cellular viability was 
calculated relative to buffer control cells: 

Cellular viability =
Abs(sample) − Abs(Triton X − 100)
Abs(buffer) − Abs(Triton X − 100)

× 100%  

where Abs(sample) is the absorbance of the sample from cells incubated 
with peptide, Abs(Triton-X-100) is the absorbance of the sample from 
cells incubated with 2% Triton X-100 (dead cell control), and Abs 
(buffer) is the absorbance of the sample from cells incubated with buffer 
(live cell control). 

The cellular toxicity of the bEND3 cells and primary BCECs seeded in 
96-well plates was assessed following incubation with 25 µM or 50 µM 
TAMRA-Tat, MSe-Tat, penetratin, TAMRA-penetratin, or MSe-penetratin 
at 37 ◦C with horizontal shaking (90 rpm) for 1 h. The peptides were 
dissolved in buffer or DMEM(+) prior incubation with the bEND3 cells 
or primary BCECs, respectively. The cells were gently washed twice with 
37 ◦C buffer before incubation with 0.2% (w/v) Trypan Blue in buffer at 
37 ◦C with horizontal shaking (90 rpm) for 15 min. The cells were gently 
washed twice with 37 ◦C buffer and images were collected using a Leica 
DMi8 microscope (Leica Microsystems, Wetzlar, Germany) in the last 
washing volume. 

2.7. In vitro peptide distribution in brain capillary endothelial cells 

The peptide cell surface adherence, membrane embedding, and 
cellular uptake was assessed in bEND3 cells and primary bovine BCECs 
grown in 12-well plates as earlier described by Frøslev et al (2022). The 
cells were washed twice in 37 ◦C buffer before incubation with 25 µM 
TAMRA-Tat. MSe-Tat, TAMRA-penetratin, or MSe-penetratin for 3 h at 
37 ◦C with horizontal shaking (90 rpm). The cells were then washed 
thrice with 4 ◦C buffer and placed on ice. The cell surface adhered 
peptide was isolated by the addition of 300 µL 100 µM acetic acid sup-
plemented with 1 μM ethylene-bis(oxyethylenenitrilo)tetraacetic acid 
tetrasodium (EGTA), 1.3 μM MgSO4 heptahydrate, 5 μM KCl, 10 μM 
glucose, 15 μM sodium acetate trihydrate, 100 μM NaCl, and 1% BSA 
adjusted to pH 3 (acetic acid buffer) and incubation for 5 min. 100 µL 
samples were withdrawn for analysis and the cells were washed thrice 
with 4 ◦C buffer prior incubation at − 80 ◦C for minimum 1 h. 150 µL 4 ◦C 
buffer was added to each well and the cells were detached using a cell 
scraper. The cell suspension was subjected to centrifugation for 20 min 
at 13,000 rpm and 4 ◦C using a Sigma 1–15 K centrifuge (DJB Labcare, 
Newport Pagnell, England) and the supernatant was subjected to 

quantification of peptide taken up by the cells. The pellet was resus-
pended in 100 µL 96% ethanol to solubilize the lipid membranes and 
additional 100 µL acetic acid buffer was added for volume. The mem-
brane suspension was subjected to centrifugation for 20 min at 13,000 
rpm and 4 ◦C using a Sigma 1–15 K centrifuge (DJB Labcare, Newport 
Pagnell, England) and the supernatant was subjected to quantification of 
membrane embedded peptide. Samples containing TAMRA-Tat and 
TAMRA-penetratin were transferred to a black clear-bottom 96-well 
plate and the fluorescence was measured using a NOVOstar plate 
reader (BMG Labtech, Offenburg, Germany) with excitation/emission 
set to 485 nm/590 nm and the gain set to 1350. Samples containing 
MSe-Tat and MSe-penetratin were transferred to glass vials prior to flow 
injection analysis using a Dionex Ultimate 3000 UPLC (Thermo Fischer 
Scientific, Germering, Germany) with ICP-MS detection using an Agilent 
8800 ICP-MS Triple Quad equipped with a 2.5 mm quartz torch and 
sampler and skimmer cones made of platinum (Agilent Technologies, 
Santa Clara, CA, USA). The mobile phase consisted of 5% methanol and 
0.1% TFA in ultrapure water. 20 µL samples were introduced with a flow 
rate of 0.3 mL/min via a Micromist U-series nebulizer (Glass Expansion, 
Melbourne, Australia) and a double-pass concentric spray chamber 
(Agilent Technologies, Santa Clara, USA). The carrier gas flow was set to 
1.05 L/min and oxygen was applied as reaction gas. Daily optimization 
was performed using a tuning solution containing 10 µg/L Be, In, and U 
in 1% nitric oxide in ultrapure water followed by a 100 µg/L Se solution 
diluted in mobile phase. Quantification was performed by external 
calibration based on peak areas of Se standards. 

2.8. In vitro blood-brain barrier integrity and 14C-mannitol transport 

The BBB integrity was investigated using primary bovine BCECs 
seeded on Transwell® supports. The BCEC monolayers were equili-
brated to room temperature for 20 min followed by transendothelial 
electrical resistance (TEER) measurements using an Endohm G12 cup 
(World Precision instruments, Sarasota, FL, USA) connected to a 
Millicell-ERS Volt-Ohm metre (Thermo Fischer Scientific, Lough-
borough, England) and re-equilibration to 37 ◦C. The apical chamber 
was spiked with Tat, TAMRA-Tat, MSe-Tat, penetratin, TAMRA- 
penetratin, or MSe-penetratin, reaching a final concentration of 25 µM, 
and the BCEC monolayers were incubated for 3 h at 37 ◦C with hori-
zontal shaking (90 rpm) prior equilibration to room temperature and 
TEER measurements. Next, a transport study was carried out, whereby 
the apical chamber was spiked with the peptides (25 µM) and 14C- 
mannitol (0.66 µCi/mL). 100 µL samples were withdrawn at time-points 
0, 15, 30, 45, 60, 90, 120, and 180 min into scintillation vials and mixed 
with 2 mL Ultima Gold 241 TM. The sampling volume was immediately 
replaced with fresh 37 ◦C cell medium and the samples were analysed 
for 14C-mannitol using a Packard Tri-Carb 2100 TR scintillation counter 
(Packard, Dreieich, Germany). 

2.9. Data and statistical analysis 

Processing of data was performed using Microsoft Office Excel v2016 
(Microsoft, Redmont, WA, United States). Presentation and statistical 
analysis of data was done using GraphPad Prism v8 (GraphPad, La Jolla, 
CA, United States). Figures were prepared using Microsoft Office Power 
Point v2016. Data are presented as mean ± SD and p-values below 0.05 
were considered significant upon application of a one-way ANOVA with 
Tukey’s multiple comparison test. The number of technical and bio-
logical replicates are represented by N and n, respectively. 
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3. Results and discussion 

3.1. TAMRA conjugation to Tat and penetratin increases the 
hydrophobicity and affects the secondary structure to a greater extent than 
selenomethionine 

The peptide constructs included in this study are listed in Table 1 and 
their molecular structures are illustrated in supplementary Figure S1. 
TAMRA was conjugated N-terminal to Tat and penetratin, whereas Mse 

was added to the N-terminus of the Tat sequence and native methionine 
in the penetratin sequence was exchanged with Mse during synthesis. 
The chemical structures of TAMRA and Mse are depicted in Fig. 1. 

First, the hydrophobicity of the peptides was evaluated based on 
their retention time during UPLC analysis (Fig. 2A, B). Mse labelling of 
Tat had little effect on the peptide hydrophobicity, with Tat and Mse-Tat 
displaying retention times of 2.9 min and 3.1 min, respectively, whereas 
TAMRA labelling of Tat resulted in a retention time of 5.3 min (Fig. 2A). 
A similar pattern was observed for penetratin, with unlabelled pene-
tratin, Mse-penetratin, and TAMRA-penetratin having retention times of 
5.0 min, 5.8 min, and 6.7 min, respectively (Fig. 2B). That is in agree-
ment with an earlier study, documenting an increase in penetratin hy-
drophobicity upon conjugation to TAMRA (Birch et al., 2017). 
Penetratin carries two tryptophan residues and is slightly larger than Tat 
(Table 1), thus the general higher degree of hydrophobicity observed for 
penetratin and the penetratin conjugates, when compared to Tat and the 
Tat conjugates, is expected. Next, we studied the potential impact of 
TAMRA and Mse labelling on the resulting secondary structure of Tat and 
penetratin using CD spectroscopy (Fig. 2C, D). MSe labelling of Tat 
resulted in minimal effects on the peptide folding, whereas TAMRA 
labelling appeared to impact the peptide folding to a greater extent 
when compared to native Tat (Fig. 2C). In contrast, both MSe and 
TAMRA labelling appeared to equally affect the penetratin folding when 
compared to native penetratin (Fig. 2D). Overall, neither of the Tat or 
penetratin peptides adapted a well-defined secondary structure in ul-
trapure water, which, for penetratin, is in agreement with earlier studies 
(Hyrup Møller et al., 2015; Hedegaard et al., 2018; Jeong et al., 2016). 
Some studies point towards that a well-defined α-helical secondary 
structure is important for the membrane permeating potential of some 
CPPs (Magzoub et al., 2003; Eiríksdóttir et al., 2010). Earlier studies 
have demonstrated α-helical structure formation of penetratin, with 
characteristic minima at 208 nm and 220 nm, when studied in the 
presence of model lipid membranes (Hyrup Møller et al., 2015; Hede-
gaard et al., 2018; Bahnsen et al., 2013), but not in a simple phosphate 
buffer (Kristensen et al., 2020); thus in agreement with our observation, 
that penetratin lacks secondary structure in water (Fig. 2D) 

3.2. All peptides display limited degradation in buffer whereas penetratin 
and TAMRA-penetratin are extensively degraded in serum supplemented 
cell culture medium 

The stability of the peptides was evaluated during 4 hour incubation 
at 37 ◦C in matrices relevant for upcoming experiments (Fig. 3). In buffer 
supplemented with 0.05% BSA, the Tat (Fig. 3A) and penetratin 
(Fig. 3B) peptides displayed a small degree of degradation leaving 
87.1%, 94.4%, and 83.3% of Tat, TAMRA-Tat, and MSe-Tat, respectively, 

and 93.4%, 83.6%, and 90.9% of penetratin, TAMRA-penetratin, and 
MSe-penetratin, respectively, after 4 hour incubation. In cell culture 
medium supplemented with 10% serum, Tat and MSe-Tat did not display 
degradation over the experimental time-course, whereas 80.9% of 
TAMRA-Tat was left at the end of the experimental period (Fig. 3C); the 
latter in agreement with a recent study (Al Humaidan et al., 2022). 
Surprisingly, both penetratin and TAMRA-penetratin were subjects for 
substantial degradation leaving just 9.1% and 9.5% of the initial con-
centration, respectively, after 4 hour incubation (Fig. 3D), whereas 
MSe-penetratin did not display any degradation. The more extensive 
peptide degradation as observed for penetratin and TAMRA-penetratin 
in the serum supplemented cell culture medium (Fig. 3D), when 
compared to buffer, is somewhat expected as the serum was not 
heat-inactivated and thus carries active enzymes (Lubel et al., 2008). On 
the other hand, is it surprising that neither of the remaining peptides 
displayed noticeable degradation in the serum-supplemented cell cul-
ture medium. Earlier studies have demonstrated that both Tat and 
TAMRA-Tat (Al Humaidan et al., 2022; Macchi et al., 2017) as well as 
penetratin and TAMRA-penetratin (Macchi et al., 2017) may 
self-associate in solution. Thus, one plausible explanation to the differ-
ences observed in the stability of the peptides in cell culture medium 
(Fig. 3C, D), may be due to different modes and/or degrees of 
self-association, thereby affecting the accessibility of the cut-sites 
recognized by the enzymes present in the supplemented serum. 

3.3. The peptides do not affect the overall cellular viability but TAMRA- 
conjugation to Tat and penetratin compromises the cellular plasma 
membranes 

Safety is of key concern when applying functional peptides, such as 
CPPs as BBB shuttles for brain drug delivery. Earlier studies have 
demonstrated some negative effects on the cellular viability upon 
fluorophore-conjugation to penetratin (Birch et al., 2017) or by conju-
gation of a therapeutic peptide moiety to penetratin (Kristensen et al., 
2018). Therefore, we first evaluated the overall cellular viability using 
the XTT assay to assess the metabolic activity of BCECs upon incubation 
with Tat, TAMRA-Tat. MSe-Tat, penetratin, TAMRA-penetratin, or 
MSe-penetratin. Neither of the peptides significantly decreased the 
cellular viability relative to the buffer control cells, when assessed using 
the mouse BCEC line bEND3 (Fig. 4A) or primary bovine BCECs 
(Fig. 4B). However, the viability of the bEND3 cells tended to be nega-
tively affected upon incubation with Tat, TAMRA-Tat, MSe-Tat, and 
penetratin to a higher degree than TAMRA-penetratin and MSe-pene-
tratin. Next, we studied potential plasma membrane compromising ef-
fects of the peptides using Trypan blue staining after peptide incubation 
(Fig. 4C, D), with Trypan blue stained cells considered non-viable. In the 
bEND3 cell line, none of the peptides (at 25 µM) gave rise to Trypan blue 
staining (Fig. 4C), whereas, TAMRA-penetratin incubation with primary 
BCECs clearly resulted in Trypan blue stained cells. Increasing the 
TAMRA-Tat and TAMRA-penetratin concentrations to 50 µM, moreover 
resulted in Tryphan blue uptake of both peptides into the primary BCECs 

Table 1 
Overview of peptides with name, primary sequence, and molecular weight in 
Dalton (Da).  

Peptide Sequence Molecular weight (Da) 

Tat YGRKKRRQRRR-NH2 1559.87 
TAMRA-Tat TAMRA-YGRKKRRQRRR-NH2 1971.32 
Mse-Tat MseYGRKKRRQRRR-NH2 1736.98 
Penetratin RQIKIWFQNRRMKWKK-NH2 2245.78 
TAMRA-Pen TAMRA-RQIKIWFQNRRMKWKK-NH2 2658.20 
Mse-Pen RQIKIWFQNRRMseKWKK-NH2 2292.69  

Fig. 1. Chemical structures of TAMRA (411 g/mol) and selenomethionine (177 
g/mol). 
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Fig. 2. (A, B) Peptide hydrophobicity was evaluated in terms of retention time upon detection using UPLC. Chromatograms (10 µM peptide) were recorded at 280 nm 
with retention times added in brackets. (C, D) The ability of the peptides (25 µM) to adapt a secondary structure in ultrapure water was evaluated by circular di-
chroism spectroscopy. 

Fig. 3. The stability of Tat, TAMRA-Tat, MSe-Tat, penetratin (pen), TAMRA-pen, or MSe-pen. (initially 50 µM) was evaluated by UPLC during incubation at 37 ◦C for 
4 h in a simple physiological buffer supplemented with 0.05% BSA (A, B) or in cell culture medium supplemented with 10% serum (C, D). Data are presented as mean 
± SD (N = 3). 
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(supplementary Fig. S2), whereas Trypan blue staining of the bEND3 
cells was observed upon incubation with TAMRA-penetratin but not 
TAMRA-Tat (supplementary Fig. S3). In contrast, only Tat gave rise to a 
significant decrease in the cellular viability of the primary BCECs 
(supplementary Fig. S4A), but not the bEND3 cells (supplementary 
Fig. S4B), when increasing the peptide concentration from 25 µM to 50 
µM. These somewhat conflicting observations underlines the importance 
of assessing both the cellular viability and cellular toxicity, as in this 
study by employing the XTT assay and Trypan blue staining, respec-
tively. Some peptides, such as the TAMRA-labelled (Fig. 4D, supple-
mentary Fig. S2, S3), compromises the cellular plasma membrane 
leading to death of individual cells, but without affecting the overall 
cellular viability, indicating that the remaining cells in the population 

may speed up their metabolic activity. Again, some peptides, such as Tat 
(supplementary Fig. S4A), may negatively affect the overall cellular 
viability, but in a manner that does not involve plasma membrane 
disruption (supplementary Fig. S3). 

3.4. TAMRA-labelling of Tat and penetratin affects their degree of cell 
surface adherence, membrane embedding, and cellular uptake to a higher 
degree than MSe-labelling 

CPP transport across the BBB is likely to take place via transcytosis, 
whereby the CPP is taken up via endocytosis at the blood side and 
exocytosed at the brain side of the BCEC. Therefore, the potential of 
TAMRA and MSe labelled Tat and penetratin to interact with and embed 

Fig. 4. The cellular viability of bEND3 cells (A) and primary bovine brain capillary endothelial cells (BCECs) (B) was assessed upon 1 hour incubation at 37 ◦C with 
25 µM Tat, TAMRA-Tat, MSe-Tat, penetratin (pen), TAMRA-pen, or MSe-pen. Data are depicted as percentage relative to buffer control. Triton X-100 was included as 
dead cell control. Data are presented as mean ± SD (N = 3, n = 3). Potential cellular plasma membrane damage of bEND3 cells (C) and primary bovine brain capillary 
endothelial cells (BCECs) (D) was evaluated upon 1 hour incubation at 37 ◦C with 25 µM Tat, TAMRA-Tat, MSe-Tat, penetratin (pen), TAMRA-pen, or MSe-pen. 
followed by Trypan blue staining and imaging with bright field microscopy. Scale bar: 50 µm. 
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into the cellular plasma membrane as well as to internalize into bEND3 
cells and primary bovine BCECs was investigated (Fig. 5). In the bEND3 
cells, TAMRA labelling significantly affected the potential of both Tat 
and penetratin to adhere to the cell surface when compared to MSe 

labelling (Fig. 5A). In addition, TAMRA-penetratin embedded into the 
cellular membranes of the bEND3 cells to a significantly larger extent 
than MSe-penetratin, but a tendency towards improved membrane 
embedding of TAMRA-Tat, when compared to MSe-Tat, was also 
observed. Slight tendencies towards a larger degree of peptide uptake in 
the bEND3 cells was observed upon TAMRA labelling, when compared 
to MSe labelling, for both Tat and penetratin. Similarly, in the primary 
BCECs, TAMRA labelling, in general, improved the ability of Tat and 
penetratin to adhere to the cell surface, to embed into the cellular 
plasma membrane, and to internalize into the cells when compared to 
MSe labelling (Fig. 5B). In the bEND3 cells, TAMRA-penetratin out-
competed TAMRA-Tat with respect to cell surface adherence and 
membrane embedding (Fig. 5A). That is in agreement with a recent 
study (Frøslev et al., 2022), and may, to some extent, be explained by the 
more hydrophobic nature of penetratin, and especially 
TAMRA-penetratin, when compared to TAMRA-Tat (Fig. 2A, B). In 
contrast, the opposite tendency was observed in the primary BCECs, 
where TAMRA-Tat displayed a higher degree of membrane adherence 
and embedding, when compared to TAMRA-penetratin (Fig 5B). Here, 

no difference was observed when comparing the membrane embedding 
of TAMRA-penetratin with the MSe labelled Tat and penetratin; despite 
the more hydrophobic nature of penetratin. One suggestion, to the 
observed differences in the two cell culture models, may be due to 
different degrees of enzymatic activity, as we did observe that 
TAMRA-penetratin (Fig. 3D) was more prone to degradation than 
TAMRA-Tat (Fig. 3C). We did, however, detect more fluorescence 
originating from TAMRA-penetratin inside the primary BCECs than 
TAMRA-Tat. That may, however, be explained by the rather toxic nature 
of TAMRA-penetratin, when applied to the primary BCECs, which was 
not the case for TAMRA-Tat (Fig. 4D). 

3.5. TAMRA conjugation to Tat and penetratin decreases the integrity of 
the blood-brain barrier in vitro but not to a degree that affects 14C- 
mannitol permeation 

Next, we investigated whether TAMRA and MSe labelling of Tat and 
penetratin affects the integrity and cellular viability of an in vitro BBB 
model based on primary bovine BCECs co-cultured with primary rat 
astrocytes. The barrier integrity was evaluated through TEER mea-
surements before incubation with the peptides and after 3 hour incu-
bation (Fig. 6A). The initial TEER values ranged from 828 to 1836 
Ω*cm2, thus representing a tight in vitro BBB model (Helms et al., 2016). 

Fig. 5. The cellular peptide distribution as cell surface adhered, membrane embedded, or taken up by the cells following incubation of bEND3 cells (A) or primary 
bovine brain capillary endothelial cells (BCECs) (B) with 25 µM TAMRA-Tat, MSe-Tat, TAMRA-penetratin (pen), or MSe-pen for 1 hour at 37 ◦C. Data are presented as 
mean ± SD (N = 3, n = 3). ***: p < 0.001, ****: p < 0.0001 (one-way ANOVA with Tukey’s multiple comparison test). 
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In cell culture medium, a slight decrease in TEER across the cell 
monolayers (94.5% of the initial value) was observed as a result of 3 
hour incubation with horizontal shaking. Incubation with native Tat or 
MSe-Tat did not significantly affect the barrier integrity, when compared 
to the cell medium control cell monolayers. TAMRA labelled Tat, how-
ever, gave rise to a significant decrease in TEER (78.2% of the initial 
value), which is in agreement with earlier studies documenting lowering 
in the barrier integrity of a primary BBB model (Kristensen et al., 2020) 
and a human stem cell based BBB model (Al Humaidan et al., 2022; 
Frøslev et al., 2022). In contrast, both native penetratin, 
TAMRA-penetratin, and MSe-penetratin significantly affected the barrier 
integrity, when compared to the media control cell monolayers. Incu-
bation with native penetratin and MSe-penetratin gave rise to similar 
degrees of lowering in the barrier integrity (67.9% and 59.1% of initial 
value, respectively), whereas the TEER across cell monolayers incubated 
with TAMRA-penetratin decreased to 31.7% of the initial value. Thus, 
keeping in mind the rather unstable nature of penetratin and 
TAMRA-penetratin in the serum supplemented media (Fig. 3D), these 
two peptides either exert their effect on the cell monolayer integrity 
rather fast or they are broken down to peptide fragments with retained 
cell-penetrating and/or tight junction modulating potential. We then 
studied, whether the observed decreases in cell monolayer integrity was 
associated with effects on the cellular viability, by using the XTT assay to 

assess the cellular metabolic activity (Fig. 6B). Neither of the peptides 
gave rise to a decrease in the overall cellular viability, thereby sup-
porting our earlier observation where we did not detect any effect on the 
overall metabolic activity of proliferating BCECs (Fig. 4A) or bEND3 
cells (Fig. 4B). It is, however, likely, that individual cells within the 
monolayer are dead, as observed for the proliferating BCECs via Try-
phan blue staining after incubation with TAMRA-penetratin (Fig. 4D), 
and thereby gives rise to a decrease in the TEER as observed following 
incubation with TAMRA-Tat, penetratin, TAMRA-penetratin, and MSe--
penetratin (Fig. 6A). Finally, we investigated whether the observed 
decrease in TEER resulting from incubation with TAMRA-Tat, pene-
tratin, TAMRA-penetratin, and MSe-penetratin would give rise to 
enhanced transendothelial permeation of the small hydrophilic marker 
14C-mannitol (Fig. 6C, D), which was not the case. Thus, the observed 
drop in TEER resulting from incubation with TAMRA-Tat, penetratin, 
MSe-penetratin, and especially TAMRA-penetratin may not influence 
drug compound permeation. But the specific label may influence the 
mode of interaction between the CPP and a given drug of interest and 
thereby affect its degree and/or mode of transendothelial permeation. 

4. Conclusion 

With this study we demonstrated that TAMRA labelling of the CPPs 

Fig. 6. Relative transendothelial electrical resistance (TEER) (A) and relative viability (B) of an in vitro blood-brain barrier model based on primary bovine capillary 
endothelial cells co-cultured with primary rat astrocytes. TEER was measured before and after incubation with 25 µM Tat, TAMRA-Tat, MSe-Tat, penetratin (pen), 
TAMRA-pen, or MSe-pen. for 3 h at 37 ◦C. 14C-mannitol flux across the in vitro blood-brain barrier model during incubation with 25 µM Tat, TAMRA-Tat, or MSe-Tat 
(C) or 25 µM pen, TAMRA-pen, or MSe-pen (D) for 3 h at 37 ◦C. Data are presented as mean ± SD (N = 3, n = 3). *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <
0.0001 (one-way ANOVA with Tukey’s multiple comparison test). 
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Tat and penetratin renders the peptide constructs more hydrophobic 
than MSe labelling, which only slightly increased the hydrophobicity 
when compared to native Tat and penetratin. TAMRA, but not MSe 

labelling, affected the secondary structure of Tat, whereas the folding of 
penetratin was affected by both TAMRA and MSe labelling. Neither of 
the peptide constructs displayed noticeable degradation in a simple 
buffer, nor did any of the Tat peptides in serum supplemented cell me-
dium. In contrast, and surprisingly, extensive and fast degradation was 
observed for TAMRA and MSe labelled penetratin. The metabolic activity 
of BCECs was only minimal affected, and in general not to significant 
degrees, upon incubation with any of the peptide constructs. However, 
TAMRA labelling, especially upon conjugation to penetratin, appeared 
to perturb the cellular plasma membrane as evident by Trypan blue 
staining of BCECs after incubation with TAMRA-penetratin and TAMRA- 
Tat, the latter only when applied in the highest tested concentration. 
TAMRA labelling in general improved peptide cell surface adherence 
and cellular uptake and, except for TAMRA-penetratin, also peptide 
embedding into the cell membranes, when compared to the MSe labelled 
peptides. Finally, we demonstrated that TAMRA and MSe labelling of 
penetratin decreased the barrier integrity of BCEC monolayers, whereas 
only the TAMRA labelled Tat affected the monolayer integrity, though 
not to the same extent as TAMRA-penetratin. However, neither of the 
labelled peptides affected the barrier integrity to an extent that 
improved transport of the paracellular marker 14C-mannitol across the 
BCEC monolayers. Taken together, MSe labelling of Tat and penetratin 
adds minimal alterations to the physicochemical properties of these 
CPPs and their resulting effects on BCECs, and thereby represents a 
preferred alternative to TAMRA for peptide quantification purposes 
using ICP-MS. 
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Eiríksdóttir, E., Konate, K., Langel, U., et al., 2010. Secondary structure of cell- 
penetrating peptides controls membrane interaction and insertion. Biochim. 
Biophys. Acta 1798 (6), 1119–1128. 

Frankel, A., Pabo, C., 1988. Cellular uptake of the Tat protein from human 
immunodeficiency virus. Cell 55 (6), 1189–1193. 

Frøslev, P., Franzyk, H., Ozgür, B., et al., 2022. Highly cationic cell-penetrating peptides 
affect the barrier integrity and facilitates mannitol permeation in a human stem cell- 
based blood-brain barrier model. Eur. J. Pharm. Sci. 168, 106054. 

Grønbæk-Thorsen, F., Stürup, S., Gammelgaard, B., et al., 2019. Development of a UPLC- 
IDA-ICP-MS/MS method for peptide quantitation in plasma by Se-labelling, and 
comparison to S-detection of the native peptide. J. Anal. At. Spectrom. 34 (2), 
375–383. 

Hedegaard, S.F., Derbas, M.S., Lind, T.K., et al., 2018. Fluorophore labeling of a cell- 
penetrating peptide significantly alters the mode and degree of biomembrane 
interaction. Sci. Rep. 8 (6227), 1–14. 

Helms, H.C., Brodin, B., 2014. Generation of primary cultures of bovine brain endothelial 
cells and setup of cocultures with rat astrocytes. Methods Mol. Biol. 1135, 205–211. 

Helms, H.C., Abbott, N.J., Burek, M., et al., 2016. In vitro models of the blood-brain 
barrier an overview of commonly used brain endothelial cell culture models and 
guidelines for their use. J. Cereb. Blood Flow Metab. 36 (5), 862–890. 

Hertz, E., Yu, A.C.H., Hertz, L., Juurlink, B.H.J., et al., 1989. Preparation of Primary 
Cultures of Mouse Cortical neurons. In a Dissection and Tissue Culture Manual of the 
Nervous System. Alan R. Liss Inc., New York, NY, USA, pp. 183–186. 

Hyrup Møller, L., Bahnsen, J.S., Nielsen, H.M., et al., 2015. Selenium as an alternative 
peptide label – comparison to fluorophore-labelled penetratin. Eur. J. Pharm. Sci. 67, 
76–84. 

Jeong, C., Yoo, J., Lee, D.Y., et al., 2016. A branched Tat cell-penetrating peptide as a 
novel delivery carrier for the efficient gene transfection. Biomater. Res. 20 (1), 1–8. 

Jones, A.T., Sayers, E.J., 2012. Cell entry of cell penetrating peptides tales of tails 
wagging dogs. J. Control Release 20, 582–591. 

Kristensen, M., Birch, D., Mørck Nielsen, H., 2016. Applications and challenges for use of 
cell-penetrating peptides as delivery vectors for peptide and protein cargos. Int. J. 
Mol. Sci. 17 (185), 1–17. 

Kristensen, M., Nielsen, L.H., Zor, K., et al., 2018. Cellular effects and delivery propensity 
of penetratin is influenced by conjugation to parathyroid hormone fragment 1-34 in 
synergy with pH. Bioconjug. Chem. 29, 371–381. 

Kristensen, M., Kucharz, K., Fernandes, E.F.A., et al., 2020a. Conjugation of therapeutic 
psd-95 inhibitors to the cell-penetrating peptide tat affects blood–brain barrier 
adherence, uptake, and permeation. Pharmaceutics 12 (7), 1–24. 

Kristensen, M., Diedrichsen, R.G., Vetri, V., et al., 2020b. Increased carrier peptide 
stability through pH adjustment improves insulin and PTH(1-34) delivery in vitro 
and in vivo rather than by enforced carrier peptide-cargo complexation. 
Pharmaceutics 12 (10), 1–18. 

Lim, S., Kim, W.-.J., Kim, Y.-.H., et al., 2015. dNP2 is a blood-brain barrier-permeable 
peptide enabling ctCTLA-4 protein delivery to ameliorate experimental autoimmune 
encephalomyelitis. Nat. Commun. 6, 8244. 

Lubel, J.S., Herath, C.B., Velkoska, E., et al., 2008. Angiotensin converting enzyme 2 
(ACE2) activity in fetal calf serum implications for cell culture research. 
Cytotechnology 58 (3), 119–126. 

Macchi, S., Nifosì, R., Signore, G., et al., 2017. Self-aggregation propensity of Tat peptide 
revealed by UV–Vis, NMR and MD analyses. Phys. Chem. Chem. Phys. 19, 
23910–23914. 
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D.Ý. Þorgeirsdóttir et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0004
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0004
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0008
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0008
http://refhub.elsevier.com/S0928-0987(23)00031-3/sbref0008

	Selenomethionine as alternative label to the fluorophore TAMRA when exploiting cell-penetrating peptides as blood-brain bar ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Peptide hydrophobicity
	2.3 Peptide secondary structure
	2.4 Peptide stability
	2.5 Cell culture
	2.6 Cellular viability and toxicity
	2.7 In vitro peptide distribution in brain capillary endothelial cells
	2.8 In vitro blood-brain barrier integrity and 14C-mannitol transport
	2.9 Data and statistical analysis

	3 Results and discussion
	3.1 TAMRA conjugation to Tat and penetratin increases the hydrophobicity and affects the secondary structure to a greater e ...
	3.2 All peptides display limited degradation in buffer whereas penetratin and TAMRA-penetratin are extensively degraded in  ...
	3.3 The peptides do not affect the overall cellular viability but TAMRA-conjugation to Tat and penetratin compromises the c ...
	3.4 TAMRA-labelling of Tat and penetratin affects their degree of cell surface adherence, membrane embedding, and cellular  ...
	3.5 TAMRA conjugation to Tat and penetratin decreases the integrity of the blood-brain barrier in vitro but not to a degree ...

	4 Conclusion
	CRediT authorship contribution statement
	Conflicts of interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


