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Abstract: Background: The use of peptides as drug carriers across the blood-brain barrier (BBB) has increased 
significantly during the last decades. PepH3, a seven residue sequence (AGILKRW) derived from the α-helical 
domain of the dengue virus type-2 capsid protein, translocates across the BBB with very low toxicity. Somehow 
predictably from its size and sequence, PepH3 is degraded in serum relatively fast. Among strategies to increase 
peptide half-life (t1/2), the use of the enantiomer (wholly made of D-amino acid residues) can be quite successful 
if the peptide interacts with a target in non-stereospecific fashion.  
Methods: The goal of this work was the development of a more proteolytic-resistant peptide, while keeping the 
translocation properties. The serum stability, cytotoxicity, in vitro BBB translocation, and internalization mecha-
nism of DPepH3 was assessed and compared to the native peptide.  
Results: DPepH3 demonstrates a much longer t1/2 compared to PepH3. We also confirm that BBB translocation 
is receptor-independent, which fully validates the enantiomer strategy chosen. In fact, we demonstrate that inter-
nalization occurs trough macropinocytosis. In addition, the enantiomer demonstrates to be non-cytotoxic towards 
endothelial cells as PepH3.  
Conclusion: DPepH3 shows excellent translocation and internalization properties, safety, and improved stability. 
Taken together, our results place DPepH3 at the forefront of the second generation of BBB shuttles. 
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1. INTRODUCTION
The integrity of the blood-brain barrier (BBB) is crucial for

homeostasis of the central nervous system (CNS) [1]. Disruption of 
BBB integrity is critical in the progression of diseases such as Alz-
heimer´s (AD), Parkinson´s (PD), or multiple sclerosis (MS), 
among others [2]. Treatment of these conditions requires the deliv-
ery of therapeutic drugs by BBB translocation, a challenging task as 
only 2% of described drugs can cross the BBB [3]. 
 Among the various approaches to traverse the BBB [4], the 
safest include: 1) transporters, such as those for glucose or amino 
acids; 2) receptors, such as those for transferrin or insulin; and 3) 
modulation of BBB biophysical properties, such as charge or lipid 
composition [5]. Approaches 1 and 2 above, namely carrier-
mediated transcytosis (CMT) and receptor-mediated transcytosis 
(RMT), respectively, have important limitations such as saturation 
and interference with the biochemical processes associated to the 
natural ligands [4, 6], potentially disturbing brain homeostasis. In 
addition, the same carriers/receptors may be present in other body 
regions, thus leading to off-target interactions with adverse effects 
[7, 8]. In contrast, approach 3, also known as adsorptive-mediated 
transcytosis (AMT), does not have the intrinsic limitations of trans-
porters and receptors. AMT is typically effected by positively 
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charged peptide shuttles that mediate translocation by electrostatic 
interaction with negatively charged proteoglycans [9, 10], forming 
vesicles that transport the conjugates across the endothelial cell 
network layer [11]. 
 Recently, our group has shown that viral proteins are an inter-
esting source of cell-penetrating peptides (CPPs) [12]. Dengue virus 
type-2 is particularly relevant as some short sequences of its capsid 
protein (DEN2C) translocate endothelial cells by receptor-
independent routes [13, 14]. We performed a systematic study of 
the α-helical domains of DENC2 and were able to identify a pep-
tide, named PepH3, with very good brain penetration both in vitro 
and in vivo [15]. The ability of PepH3 to carry large cargos across 
the BBB was tested using a cellular in vitro BBB model, which 
showed 31.91 ± 3.02% translocation of PepH3-conjugated GFP 
after 5 h [16]. PepH3 was also conjugated to anti-β-amyloid protein 
42 (bAP42) single-domain antibody (sdAb) (anti-bAP42 sdAb) and 
evaluated in vivo [17]. Biodistribution studies in healthy mice re-
vealed significant brain uptake of radiolabeled PepH3 at 5 min 
post-injection: 0.31 ± 0.07% injected dose per gram of tissue (ID/g 
of tissue). Interestingly, the conjugate showed a brain accumulation 
of 1.5 ± 0.50% ID/g at PepH3. In addition, only 0.04 ± 0.01% ID/g 
of the conjugate was found in the brain at 1h post-injection, sug-
gesting that peptide is capable of returning to the bloodstream. 
However, none of these studies addressed the stability of the mole-
cules.  
 The high proteolytic degradation rate represents a major draw-
back in peptide drug development [18] and several strategies have 
been explored to overcome this issue in the last decade [19, 20]. 
Among them, the use of D-amino acids has been one of the most 
frequently applied. D-peptides display higher resistance towards 
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enzymatic degradation than their natural counterparts, thus having 
increased half-life times (t1/2). In the present work, the stability of 
DPepH3 in human serum was compared to that of PepH3 and the 
translocation efficacy mechanism was studied as well. 

2. MATERIALS AND METHODS 
2.1. Peptide Synthesis and Purification 
 PepH3 (AGILKRW-amide) and DPepH3 (aGilkrw-amide) were 
made in a Prelude synthesizer (Gyros Protein Technologies, Tuc-
son, AZ) running Fmoc (FastMoc) SPPS protocols at 0.1 mmol 
scale on a Fmoc-Rink-amide ChemMatrix resin (Table 1). 
Sidechain functionalities were protected with NG-2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Arg), and Nα-tert-
butyloxycarbonyl (Lys, Trp) groups. Eight-fold excess of Fmoc-L- 
or Fmoc-D-amino acids and HBTU, in the presence of a double 
molar amount of DIEA, were used for the coupling steps, with 
DMF as a solvent. After chain assembly, full deprotection and 
cleavage were carried out with TFA/H2O/TIS (95:2.5:2.5, v/v, 90 
min, room temperature (r.t.). The fluorescent analogues of both 
peptides were similarly synthesized (Table 1). Briefly, 5(6)-
carboxyfluorescein (CF) was coupled manually to the protected 
peptide-resin with 4-fold excess in the presence of an equivalent 
amount of DIPCDI in DMF. After deprotection and cleavage with 
TFA/H2O/TIS (95:2.5:2.5, v/v, 90 min, r.t.), peptides were isolated 
by precipitation with cold diethyl ether and centrifugation at 4,000 
×g, 4 °C for 20 min, taken up in H2O and lyophilized.  
 Analytical reversed-phase HPLC was performed on a Luna C18 
column (4.6 mm × 50 mm, 3 µm; Phenomenex, USA). Linear gra-
dients of solvent B (0.036% TFA in MeCN) into solvent A (0.045% 
TFA in H2O) were used at a flow rate of 1 mL/min and with UV 
detection at 220 nm. Preparative HPLC runs were performed on a 
Luna C18 column (21.2 mm × 250 mm, 10 µm; Phenomenex) using 
linear gradients of solvent B (0.1% TFA in MeCN) into solvent A 
(0.1% TFA in H2O) at a flow rate of 25 mL/min and with UV de-
tection at 220 nm. Fractions of adequate HPLC homogeneity and 
with the expected mass were combined and lyophilized. LC-MS 
was performed in a LC-MS 2010EV instrument (Shimadzu, Kyoto, 
Japan) fitted with an XBridge C18 column (4.6 mm × 150 mm, 3.5 
µm; Waters, Spain), eluting with linear gradients of HCOOH/ 
MeCN (0.08% v/v) into HCOOH/H2O (0.1% v/v) over 15 min at 1 
mL/min. Peptide stock solutions (1 mM) in filtered H2O were 
stored at -20°C. 

2.2. Large Unilamellar Vesicles (LUVs)  
 LUVs were prepared as described before [21, 22]. Briefly, the 
lipid mixture was dissolved in chloroform in a round bottom flask, 
chloroform was evaporated under a constant nitrogen flow and the 
resulting lipid film was dried in vacuum overnight (o.n.). A mul-
tilamellar vesicle suspension (MLV) was obtained after lipid film 
rehydration with 10 mM sodium phosphate (75.4 mM Na2HPO4, 
24.6 mM NaH2PO4, pH 7.4) and 10 freeze/thaw cycles. MLV sus-
pensions were extruded through a 100 nm track-etched polycar-

bonate membrane (Whatman, United Kingdom) in a LiposoFast-
Basic plus Stabilizer setup (Avestin, Germany). POPC, 
POPC:POPS (3:2), and POPC:POPS (1:4) mixtures were prepared. 
LUV hydrodynamic diameter (DH) and sample polydispersity were 
characterized by dynamic light scattering (DLS). 

2.3. Circular Dichroism 
 Circular dichroism (CD) spectra of the different peptides were 
acquired in a J-815 spectropolarimeter (Jasco, Japan) at 25°C in the 
190-260 nm wavelength range, with a bandwidth of 1 nm and a 
scan speed of 50 nm/min, using a 0.1 cm quartz cell [23]. 50 µM 
peptide solutions were prepared in 10 mM sodium phosphate (75.4 
mM Na2HPO4, 24.6 mM NaH2PO4, pH 7.4) in the absence or pres-
ence of 2 mM lipid vesicles (POPC, POPC:POPS (3:2), or 
POPC:POPS (1:4)) (Sigma-Aldrich, Spain). The final spectra for 
each peptide were the average of three consecutive scans per sam-
ple after the subtraction of buffer baselines. Results were expressed 
as mean residue ellipticity ([θ]MRW) (deg × cm2 × dmol-1), as fol-
lows: 

[θ]!"# = (!!"#×!"#)
!"#$

              Equation 1 

where Θobs is the observed ellipticity in degrees, MRW is the mean 
residue weight, d is the cell path length and c is the peptide molar 
concentration.  

2.4. Hemolytic Assays 
 Fresh human blood was collected in EDTA tubes and centri-
fuged at 1000 ×g for 10 min at 4°C. The supernatant was dis-
charged and the pellet containing red blood cells (RBCs) was 
washed three times with 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 
mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) and suspended in 1× 
PBS to obtain a 1.0% (v/v) suspension. Then, RBCs were added to 
centrifuge tubes containing 2-fold serially diluted peptides to a final 
concentration ranging from 0.01 to 100 µM. The suspension was 
incubated for 24 h at 37°C with gentle stirring. After that, the sam-
ples were centrifuged for 2 min at 1000 ×g. Supernatants were 
transferred to 96-well plates, and the hemoglobin released measured 
by absorbance at 570 nm in an Infinite F200 TECAN plate reader 
[24]. 1× PBS with no peptides and Triton X-100 at 1% and 4% 
(v/v) were used as negative and positive controls, respectively. 
Hemolytic activity (%) was determined using the following equa-
tion:  

Hemolytic  activity   % = !"#!"!!"#!"
!"#!"!!"#!"

         Equation 2 

where AbsPT is the absorbance of treated samples, AbsNC is the 
absorbance from negative control, and AbsPC absorbance from posi-
tive control. 
 HC50 values were determined using the GraphPad Prism 7.0 
software using a log(inhibitor) vs. normalized response. Experi-
ments were performed on different days using independent blood 
donors.  

Table 1. Peptides synthesized. 

Peptide Amino Acid Sequence1 Modification Mass (Da), Calculated (Found) HPLC tR (min)2 Purity (%) 

PepH3 AGILKRW-amide None 842.8 (843.0) 5.5 99.5 

CF-PepH3 CF-AGILKRW-amide Fluorophore 1202.2 (1201.4) 6.3 96.3 

DPepH3 aGilkrw-amide D-enantiomer 842.8 (842.5) 5.7 99.8 

CF-DPepH3 CF-aGilkrw-amide D-enantiomer + fluorophore 1202.2 (1201.2) 6.1 95.8 
1By convention, D-residues are shown in lower case; L-residues and (non-chiral) Gly in upper case. 
2See experimental part for details. 
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2.5. Serum Stability 
 Aliquots (500 µL) of human serum (Sigma-Aldrich, Spain) and 
peptide (1 mM in H2O) were incubated for 2 h at 37°C with gentle 
swirling. At different time points (0, 1, 5, 10, 30, 60, and 120 min), 
120 µL aliquots were taken and treated with 120 µL of 96% ethanol 
for 30 min at 4°C, and centrifuged at 13,000 rpm for 10 min to 
remove serum proteins [25]. The supernatant was analyzed by 
HPLC on a PerkinElmer Series 200 on a Luna C18 column (4.6 mm 
× 50 mm, 3 µm, Phenomenex, USA), eluting with linear gradients 
of HCOOH/MeCN (0.1%, v/v) into HCOOH/H2O (0.1%, v/v) over 
15 min at 1 mL/min. UV detection was at 220 nm. 

2.6. Cell Culture 
 Human cerebral microvascular endothelial cells (HBEC-5i, 
ATCC® CRL-3245) were cultured as a monolayer on 0.1% gelatin 
(Gibco/ Thermo Fisher, USA)-coated T-flasks in DMEM:F12. The 
medium was supplemented with 10% fetal bovine serum (FBS), 1% 
penicillin/streptomycin (Gibco/Thermo Fisher, USA), and 40 
µg/mL endothelial growth supplement (ECGS) (Sigma-Aldrich, 
Spain), according to the manufacturer´s instructions. Cells were 
grown in a humidified atmosphere of 5% CO2 at 37°C (MCO-
18AIC (UV), Sanyo, Japan), with the medium changed every other 
day.  

2.7. Cell Proliferation Assay 
 The cytotoxicity of PepH3 and DPepH3 towards HBEC-5i cells 
was determined using CellTiter-Blue® Cell Viability Assay 
(Promega, USA), according to the manufacturer’s instructions. The 
assay is based on the ability of viable cells to reduce resazurin into 
resorufin, a highly fluorescent metabolite. Non-viable cells are not 
able to generate resorufin. Using this approach, it is possible to 
distinguish between metabolic and non-metabolic cells, and indi-
rectly determine the cytotoxicity of different compounds. HBEC-5i 
cells were seeded onto gelatin pre-coated well plates (Corning, 
USA) at 20,000 cells/100 µL/well and incubated for 24 h. After 
medium removal, 100 µL of previously diluted peptides (0.01 - 100 
µM) in DMEM:F12 medium were added to the wells. After 24 h 
incubation with peptides, 20 µL CellTiter-Blue® reagent was added 
to each well and incubated for 3 h in a humidified atmosphere of 
5% CO2 at 37°C. The fluorescence intensity was measured with 
excitation and emission λ of 560 and 590 nm, respectively, using an 
Infinite F200 TECAN plate reader. Medium and 1% Triton X-100-
containing medium were used as a positive control (100% cell via-

bility) and negative control (0% cell viability), respectively. HBEC-
5i cell viability (%) was determined using the following equation: 

Cell  Viability  (%) = !!!!!"
!!"!!!"

×100              Equation 3 

where Fp is the fluorescence intensity of peptide-treated cells, FNC 
that for negative controls, and FPC that for positive controls. Exper-
iments were performed on different days using independently 
grown cell cultures. 

2.8. In vitro BBB Translocation Assay 
 An in vitro BBB model consisting of endothelial cells growing 
on the apical side of a porous membrane was used [26, 27]. HBEC-
5i cells were allowed to grow until confluence in a culture T-flask. 
Then, cells were carefully harvested with trypsin-EDTA (Gibco/ 
Thermo Fisher, USA) and seeded (8,000 cells/well) onto gelatin-
coated tissue culture 24-well inserts (transparent polyester mem-
brane with 1.0 µm pores) (BD Falcon, USA). The medium was 
changed every other day for 8 days, after which cells were washed 
twice with 1× PBS and once with DMEM:F12 medium without 
phenol red (Gibco/Thermo Fisher, USA). Then, peptides diluted in 
DMEM:F12 without phenol red to a final concentration of 1 µM 
were added to the apical side of the in vitro BBB model (Fig. 1). 
Experiments were performed on different days using independently 
grown cell cultures.  
 The translocation of 5(6)-carboxyfluorescein-labeled peptides 
(CF-PepH3 and CF-DPepH3) was determined by fluorescence emis-
sion. After 24 h incubation, samples from the apical and basolateral 
side were collected and analyzed. Fluorescence was measured using 
an Infinite F200 TECAN plate reader. The percentage (%) of trans-
location was calculated using the following equation: 
Translocation   % = (!!!!"#$$%

!!"!#$%"
)×100                            Equation 4 

where Fi is the recovered fluorescence intensity, Fcells is the recov-
ered fluorescence intensity from cells without peptide, and Fpeptide is 
the fluorescence intensity of total peptide initially added to the 
transwell apical side. 

2.9. In vitro BBB Integrity Assay 
 After 24 h incubation with peptides, an in vitro integrity assay 
was performed [15]. Briefly, cells were washed twice with 1× PBS 
and once with DMEM:F12 medium without phenol red. Then, pre-
viously diluted fluorescein isothiocyanate-dextran with an MW of 4 
kDa (FD4) (Sigma-Aldrich, Spain) was added to the apical side and 
incubated for 2 h. FD4 was diluted in DMEM:F12 medium without 

 
Fig. (1). In vitro BBB model representation. The in vitro BBB model consists of a transwell system with an insert in which HBEC-5i cells are grown in two 
separate chambers. The insert, or apical side, corresponds to the blood side, while the basolateral side (bottom chamber) corresponds to the brain side. (A high-
er resolution / colour version of this figure is available in the electronic copy of the article). 
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phenol red to an absorbance of 0.1. Samples were collected from 
the apical and basolateral side, and fluorescence intensity was 
measured with excitation and emission λ of 560 and 590 nm, re-
spectively, using an Infinite F200 TECAN plate reader. The integri-
ty of the barrier was determined as follows:  

Integrity   % = 100 − ( !!!!!"##$
!!"#!!!"#$%&

×100)            Equation 5 

where Fi is the recovered fluorescence intensity, Fcells is the recov-
ered fluorescence intensity from cells without FD4 incubation, FFD4 
is the fluorescence intensity of total FD4 initially added to the 
transwell apical side, and FMedium is the fluorescence intensity of 
DMEM:F12 medium without phenol red. 

2.10. Evaluation of the Internalization Mechanism  
 A protocol described elsewhere was used to quantify peptide 
internalization by flow cytometry and fluorimetry (Scheme 1) [28]. 
Briefly, HBEC-5i cells were harvested after the confluence with cell 
dissociation buffer (Gibco/Thermo Fischer, USA), centrifuged at 
1,000 ×g for 10 min and suspended in DMEM:F12 medium. To as-
sess the internalization pathway, cells (2.0 × 106 ) were treated with 
different internalization inhibitors for 1 h (Table 2), then incubated 
with 100 µL of peptide (10 µM in DMEM:F12 medium). After incu-
bation, cells were centrifuged at 1,000 ×g, 4°C, for 10 min, the cell 
pellet was washed with cold 1× PBS, centrifuged at 1,000 ×g and 
resuspended in 800 µL. One half of the suspension was used to quan-
tify peptide internalization by flow cytometry (see below), the other 
half to quantify internalization by fluorimetry (Scheme 1). 
 To analyze internalization by flow cytometry, one half of the 
cell suspension (500,000 cells/(200 µL) was used to measure the 

total fluorescence (membrane-bound + internalized peptide). The 
other half was treated with 0.2% Trypan Blue (Gibco/Thermo 
Fischer, USA) to quench membrane-bound fluorescence (internal-
ized peptide). The fluorescence intensity of 20,000 cells was ana-
lyzed with a BD LSRFortessa X-20 flow cytometer. The mean fluo-
rescence of a sample was obtained by subtracting the autofluores-
cence of cells from the measured mean fluorescence of cells in the 
presence of fluorescent peptide. 
 For quantification by fluorimetry, half of the cell suspension 
(500,000 cells/200 µL) was incubated with trypsin-EDTA for 5 min 
at 37°C to hydrolyze membrane-bound (internalized) peptide. After 
addition of 100 µL of enzyme inhibitors (Roche, USA) diluted in 
0.1% BSA to a final concentration expressed on Table 2 for 1h, 
cells were transferred to a centrifuge tube, centrifuged (2,000 ×g, 10 
min), washed with 1 mL of 50 mM Tris, pH 7.4, 0.1% BSA, and 
lysed in 200 µL 50 mM Tris, pH 7.4, 1M NaCl, 1% NP40. The 
samples were then sonicated for 30 min and centrifuged for 10 min 
at 16,000 ×g. To obtain the total amount of cell-associated peptide 
(membrane-bound + internalized peptide), cells were directly lysed 
in 200 µL 50 mM Tris pH 7.4, 1M NaCl, 1% NP40, sonicated for 
30 min and centrifuged for 10 min at 16,000 xg. Fluorescence in-
tensity in the supernatants was monitored with an FS900 fluorome-
ter (Edinburgh Instruments, UK) between 500 and 600 nm (0.2 
sec/0.5 nm). The maximal intensity detected (ca. 520 nm) was used 
to build a calibration curve for subsequent sample quantification. 
The amounts of total or internalized peptide were calculated by 
referring to the fluorescence intensity of the sample to the calibra-
tion curve. Samples for the calibration curve were prepared in par-
allel. All experiments were performed in duplicates and repeated at 
least three independently.  

 
Scheme 1. Protocol used to quantify the relative and absolute amount of peptides internalized in HBEC-5i cells after incubation with different endocytic and 
non-endocytic inhibitors. Adapted from [28]. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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2.11. Confocal Microscopy 
 HBEC-5i cells were seeded (25,000 cells/200 µL) on an ibi-
Treat-coated 8-well µ-slide (Ibidi, Germany) for 24 h, then washed 
carefully twice with 1× PBS and once with medium and incubated 
for 1 h with labeled peptides at a final concentration of 10 µM. 
After 1 h, cells were washed again twice with 1× PBS and once 
with medium and nucleus was stained with Hoechst 33342 (Thermo 
Fisher, USA) at a final concentration of 5 µg/mL for 10 min at  
37°C. Finally, cells were washed twice with 1× PBS and imaged. 
 The acquisition was made on a confocal point-scanning Zeiss 
LSM 880 microscope (Carl Zeiss, Germany) equipped with an alpha 
Plan-Apochromat X 20 dry objective (0.80 numerical aperture). Di-
ode 405-30 was used to excite Hoechst 33342 (Sigma-Aldrich, 
Spain). The 488 nm line from an Ar laser was used to excite peptide 
labeled with CF. In the normal confocal mode, × 0.6 zoom images 
were recorded at 3440 × 3440 resolution. ZEN and Fiji softwares 
were used for image acquisition and image processing, respectively. 
At least 12 total images were acquired in three independent replicates. 

2.12. Statistical Analysis 
 All data points are presented as mean ± standard deviation (SD) 
of results obtained on different days and repeated at least two times. 
Statistical significance was calculated by applying one-way ANNO-

VA followed by Dunnett´s multiple comparison test, and nonpara-
metric Mann-Whitney, Kruskal-Wallis and two-tailed unpaired t-
tests. *** p-value<0.001, ** p-value<0.01, * p-value<0.05. GraphPad 
Prism 7.0 software package was used for quantitative data processing. 

3. RESULTS 
3.1. Secondary Structure of Peptides 
 The conformational features of PepH3 and DPepH3 were stud-
ied by CD (Fig. 2). The spectrum of PepH3 reveals a single nega-
tive band with a minimum at 195 nm in aqueous buffer or in either 
POPC or POPC:POPS (3:2) vesicles, which shifts to 205 nm in 
POPC:POPS (1:4) vesicles (Fig 2A). The spectrum of DPepH3 is 
the mirror image of PepH3, as expected from its composition in D-
amino acids (Fig. 2B). While the spectral signatures of both pep-
tides in aqueous or POPC or POPC:POPS (3:2) media are charac-
teristic of random-coil conformation, in POPC:POPS (1:4) vesicles, 
which mimic the lipid composition of endothelial cells [29], the 
observed shift to 205 nm minimum/maximum is characteristic of α-
helical structure. This vesicle type-induced conformational shift 
plausibly bears upon the translocation capabilities of both peptides. 

3.2. Serum Stability 
 The susceptibility to proteolysis in human serum was evaluated 
for both peptides. Fig. (3A) shows proteolysis kinetics for PepH3 

Table 2. Inhibitors of internalization used in different assaysa Inhibitors and mechanism of inhibition used in the experiments are 
listed below. 

Inhibitora Reference Action Concentration 

Incubation at 4°C - ATP-dependent endocytosis - 

Dynasore hydrate Sigma-Aldrich, Spain Dynamin dependent vesicle formation 50 µM 

Chlorpromazine hydrochloride (CPZ) Sigma-Aldrich, Spain Clathrin pits 50 µM 

Methyl-β-cyclodextrin (MβCD) Sigma-Aldrich, Spain Lipid rafts / caveolae 5 mM 

Amiloride (EIPA) Sigma-Aldrich, Spain Macropinocytosis 50 µM 

Phloretin Sigma-Aldrich, Spain Reduction of membrane dipole potential 30 µM 

Heparinase Sigma-Aldrich, Spain Digestion of heparin sulfate proteoglycan 0.6 UN 

Brefeldin A Sigma-Aldrich, Spain Golgi vesicle formation 10 µg/mL 
aAll the inhibitors were incubated for 1h prior to peptide addition. 

 

 
Fig. (2). Secondary structure of peptides. CD spectra of (A) PepH3 and (B) DPepH3 in aqueous buffer (black solid line), in contact with POPC vesicles (black 
dashed line), POPC:POPS (3:2) vesicles (grey solid line), and POPC:POPS (1:4) vesicles (grey dashed line). (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 
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and DPepH3 obtained by the integration of chromatograms in Fig. 
(3B), as well as the t1/2 obtained from regression fitting. For a small 
peptide rich in basic residues, PepH3 was rather stable to proteoly-
sis, with t1/2 = 21.07 min. LC-MS analysis showed the most sub-
stantial cleavage to occur at the Lys-Arg bond, giving rise to the 
fragments AGILK-carboxyl and RW-amide. As expected, DPepH3 
was basically impervious to degradation, with ~90% unaltered at 
the longest incubation time tested (120 min).  

3.3. Cytotoxic Activity  
 Toxicity of PepH3 and DPepH3 towards healthy cells was eval-
uated in two ways: (i) in a hemolysis assay, both peptides failed to 
induce hemolysis of human erythrocytes up to 100 mated Fig. (4A). 
In contrast, melittin, a well-known membranolytic peptide used as a 
positive control, showed a low HC50 of 6.17±1.48 µM; (ii) toxicity 
was also assessed towards the HBEC-5i brain endothelial cells used 
in the in vitro BBB model, in order to understand the possible effect 
of both peptides on BBB integrity. Again, neither peptide was 
shown to be toxic up to 100 µM after 24 h incubation (Fig. 4B). 

3.4. In vitro BBB Translocation and Integrity Evaluation 
 The translocation capabilities of both peptides were evaluated 
by adding 5(6)-carboxyfluorescein-labeled peptides (CF-PepH3 and 
CF-DPepH3) to the apical (top) chamber of the in vitro BBB model 
(Fig. 1). The apical and basolateral (bottom) side volumes were 
recorded after 24 h, and the fluorescence of each chamber meas-
ured.  
 As expected, PepH3 was shown to efficaciously translocate the 
BBB model, with up to 52.98 ± 4.36% of fluorescence found in the 

bottom chamber after 24 h (Fig. 5A). A 34.02 ± 4.39% retained 
peptide, resulting from internalization and membrane binding, was 
concurrently found. DPepH3 followed a similar pattern, with 49.35 
± 3.50% and 40.38 ± 3.32% BBB translocation and retention, re-
spectively (Fig. 5A) The comparable in vitro translocation profiles 
suggest a receptor-free mechanism for both peptides. Moreover, the 
rather similar peptide contents (40-50%) found at each chamber of 
the transwell device (Fig. 1) for both PepH3 and DPepH3 strongly 
suggest an equilibrium distribution, in tune with an AMT mecha-
nism.  
 The integrity of the endothelial barrier was evaluated by the 
leakage of fluorescently labeled 4 kDa dextran (FD4) (Fig. 5B) 
[30]. Outflow of fluorescent probe from the apical side in the pres-
ence or absence of peptide was negligible, which demonstrated the 
lack of peptide-induced fenestration or paracellular leakage.  

3.5. Mechanism of Peptide Cellular Internalization 
 A systematic analysis of potential peptide internalization mech-
anisms of PepH3 and DPepH3 across HBEC-5i cells was undertak-
en by selective inhibition of one or more traffic pathways. The in-
ternalization of both peptides was significantly challenged by low 
temperature (4°C) (Fig. 6A1, B1), clearly hinting at energy-
dependent uptake. Next, endocytosis inhibitors (Dynasore [31], 
CPZ [31], MβCD [32], and EIPA [33]) were tested, of which only 
EIPA caused a significant drop in internalization for both PepH3 
and DPepH3, suggesting that macropinocytosis is playing an active 
role in translocation. Internalization was also hampered by phloretin 
[34] and brefeldin A [35] (Fig. 6). The first inhibitor reduces 

 
Fig. (3). Stability of PepH3 and DPepH3 in 50% (v/v) human serum. (A) Peptide extinction curves obtained from chromatogram peak integration for PepH3 
and DPepH3 in human serum. The t1/2s were calculated by fitting the experimental data to an exponential decay model. Data points in the plot are the mean of 
three experiments and the corresponding 95% CI is shown. (B) Elution profiles after peptide incubation with 50% (v/v) human serum at representative times 
(0, 30, 60, and 120 min), using a 0% - 95% ACN gradient over 15 min. (A higher resolution / colour version of this figure is available in the electronic copy of 
the article). 
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Fig. (4). In vitro toxicity. (A) To evaluate the toxicity of PepH3 and DPepH3 against RBCs as healthy cell models, an RBC suspension (1.0%, v/v) was incubat-
ed with 0.01 to 100 µM peptide for 24 h. Hemolysis (%) was determined by the absorbance of hemoglobin released into the supernatant. Melittin was included 
as a positive control (B) The cytotoxicity of both peptides against HBEC-5i cells was also assessed with the same 0.01 to 100 µM concentration range for 24 h. 
Cell death (%) was determined using a CellTiter® Blue reagent assay. The experiment was repeated on different days using independently grown cell cultures. 
No statistical significant differences were found in either hemolytic activity or cytotoxicity between PepH3 and DPepH3. 
 

 
Fig. (5). In vitro BBB translocation. (A) Translocation in an in vitro transwell BBB model. A total of 1 µM of 5(6)-carboxyfluorescein-labeled peptides (CF-
PepH3 and CF-DPepH3) was initially added to the apical (top) side. After 24h incubation, the amount of PepH3 (white bars) and DPepH3 (grey bars) in the 
apical and basolateral (bottom) side were quantified, referred to the initial amount added (at top) and expressed as percentage of recovered fluorescence at 
either compartment. Retention is defined as the difference (in %) between the initial (100%) and the aggregated top and bottom amounts. (B) Determination of 
transwell in vitro BBB integrity. After 24 h incubation, FD4 (MW 4 kDa) fluorescence intensity in the basolateral compartment was measured in the absence 
(“Cells” bar) or the presence of peptides, and referred to the amount of FD4 initially added to the top. Controls (leftmost bars) were the FD4 stock solution and 
the naked filter (no cells attached). Data are from triplicates of three independent experiments. No statistical significant differences were found in either trans-
location of the peptide (basolateral) or FD4 between PepH3 and DPepH3. (A higher resolution / colour version of this figure is available in the electronic copy 
of the article). 
 
membrane dipole potential, affecting membrane charge. The later 
affects Golgi trafficking, which intervenes in vesicle formation and, 
consequently, on peptide internalization and exocytosis. The results 
obtained with fluorimetry were in line with those from flow cytom-
etry (Fig. 6A2, B2), both at low temperature and with endocytic 
inhibitors.  

3.6. Peptide Intracellular Localization  
 To investigate how peptides were distributed within cells, con-
focal microscopy was performed on HBEC-5i cells after incubation 
with CF-PepH3 and CF-DPepH3 for 1 h. Images in Fig. (7) show 
both peptides inside the cells, demonstrating internalization. The 
comparable fluorescence intensities observed for PepH3 and 
DPepH3 suggest that the peptides have similar structures and effica-
cies upon translocation.  
4. DISCUSSION 

 The use of CPPs as delivery systems to increase the concentra-
tion of therapeutic agents in the CNS is an active field of research 

[36]. Our group has contributed to it with the discovery of PepH3, a 
seven residue peptide derived from DEN2C [15] and shown to effi-
ciently penetrate the brain, either in free form or conjugated to pro-
teins [15-17]. As with many other peptides [37, 38], PepH3 is rather 
susceptible to proteolysis, with t1/2= 21.07 min (Fig. 3). To address 
this limitation, the D-amino acid version of the peptide, DPepH3, 
was made and shown to be practically impervious to proteolysis, t1/2 
> 120 min (Fig. 3), as proteases do not recognize peptides with D-
residues [39, 40] (Fig. 8A).  
 Although mechanisms driving CPP internalization and BBB 
translocation do not always receive adequate attention [41, 42], this 
information is valuable to understand the selectivity and toxicity of 
these peptides. Herein, we used a systematic approach to explore 
the pathways of PepH3 and DPepH3 across the BBB. Some CPP 
sequences have been found to be quite efficient in BBB transloca-
tion by receptor-independent routes [13, 14], where no enantiose-
lective discrimination applies [43, 44]. This is indeed also the case 
for DPepH3, for which uptake levels quite comparable to the 
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Fig. (6). Internalization Mechanism. HBEC-5i cells were incubated with different inhibitors for 1 h at 37°C, as detailed in Table 1. Then, PepH3 (A1 - A2) and 
DPepH3 (B1 - B2) at 10 µM were added to cells and incubated for 1 h at 37°C or 4°C (“Cold”). After incubation, cells were distributed into centrifuge tubes 
and analyzed by flow cytometry (A1 and B1) or fluorimetry (A2 and B2). A one-way ANOVA statistical test followed by a Dunnett´s test was used to compare 
each condition with cells without inhibitor (“None”). (*p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). All experiments were performed in duplicates 
and repeated at least twice independently.  
 

 
Fig. (7). Confocal microscopy of PepH3 and DPepH3. HBEC-5i cells were treated with 10 µM of peptides for 1h at 37°C. Cell morphology can be visualized 
with bright field (left corner). Nuclei are stained with Hoechst (blue) and CF- labeled peptides appear in green. Bar represents 50 µm. (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 
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Fig. (8). Representation of the different mechanisms behind peptide internalization, and protease resistance. (A) Scheme of the protease resistance mechanism 
responsible for the long half-life of the enantiomer. Enzymes are stereoselective, thus, they recognize specific peptide conformations. By changing peptide from 
L to D amino acids, enzymes are not able to recognize peptides with the same affinity. (B) Schematic representation of the transcytosis of extracellular peptide 
conjugated to a protein cargo in endothelial cells. Firstly, by electrostatic interaction between positive charge peptide and negative charge endothelial cells, 
peptide interacts with an endothelial membrane. Secondly, the conjugate is uptake via macropinocytosis. Finally, inside the cell, the conjugate might be either 
released into the cytoplasm or continue intracellular traveling and be released on the opposite side of the endothelial cell (transcytosis). (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 

 

enantiomer (49.35 ± 3.50% vs. 52.98 ± 4.36%, respectively) have 
been determined (Fig. 5), the statistically non-significant difference 
in percentage thus ruling out RMT. Also, the roughly equal 
amounts (ca. 50%) of either PepH3 or DPepH3 at each of the 
transwell chambers strongly suggest an equilibrium distribution 
coherent with the reversible nature of an AMT mechanism. AMT is 
known to be triggered by electrostatic interaction between a cation-
ic molecule and an anionic cell surface [9], as is the case with 
PepH3 and BECs [29]. The CD results showed that interaction with 
negatively charged lipids induces structuration as an α-helix for 
both PepH3 and DPepH3, which might increase their translocation 
propensity (Fig. 2). Further, in support of a non-receptor, electro-
statically-driven AMT mechanism, PepH3 and DPepH3 adsorption 
onto BEC membranes were demonstrated using phloretin (Fig. 6), 
an inhibitor of the dipolar interaction at the membrane level [45-
47].  
 Molecule uptake through membranes may occur through ener-
gy-independent or -dependent routes [48, 49]. The first route con-

sists of direct penetration, which is fast and impaired by low tem-
perature (e.g., 4°C) that reduces membrane fluidity [50, 51]. The 
second route includes pathways such as macropinocytosis, mi-
cropinocytosis, clathrin-dependent endocytosis and caveolae/lipid 
raft-mediated endocytosis, which can be elucidated by endocytosis-
specific inhibitors (Table 1) [52, 53]. In our case, PepH3 internali-
zation is inhibited at 4°C (Fig. 6), confirming an energy-dependent 
route. On the other hand, the macropinocytosis EIPA inhibitor sig-
nificantly reduced internalization, suggesting that after initial 
PepH3 or DPepH3 electrostatic interaction with negatively charged 
BEC surfaces (Fig. 8B) a macropinosome is formed that traverses 
the BEC lumen and releases the peptide shuttle (and its cargo) at 
the other side of the endothelium.  
 Finally, both peptides are safe towards healthy human cells 
(Fig. 4) and do not interfere with BBB integrity (Fig. 5), an im-
portant feature for systemic administration and brain homeostasis.  
 “Giving the D-peptide properties: good translocation, good 
serum stability, and safety in vitro, we foresee its application in 
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vivo. First, to evaluate its pharmacokinetics parameters, such as 
AUC, Cl, and t1/2, as well as organ biodistribution, with emphasis in 
its brain uptake. Secondly, to assess its application as delivery sys-
tem to the brain, DPepH3 can be conjugate to a therapeutic mole-
cule. The potential of the system will be confirmed by its efficacy 
in the treatment of a brain disease.” 

CONCLUSION 
 In this work, we have addressed the limited serum half-life of 
PepH3 by exploring the structural and functional features of its D-
version, a recognized strategy to enhance peptide stability. When 
conformationally defined (i.e., in structure-promoting anionic lipid 
environment), the enantiomer DPepH3 was predictably the mirror 
image (a left-handed α-helix) of PepH3 and, not surprisingly, ex-
ceedingly more stable than the L version. The touchstone of this 
approach was obviously showing that the enantiomer strategy did 
not curtail the functional fitness of DPepH3 as a BBB shuttle. This 
was indeed the case, our results showing that both enantiomers 
display similar behaviors in their translocation and internalization 
mechanisms in a transwell in vitro BBB model. Differences in 
translocation levels were not statistically significant, consistent with 
receptor-independent uptake. Plus, the equilibrium distribution of 
peptide between both sides of the transwell setup, as well as the 
affinity towards anionic vesicles, support AMT as a translocation 
mechanism. Finally, when exploring the pathway of peptide inter-
nalization by two independent techniques, namely fluorimetry and 
flow cytometry, micropinocytosis emerged as a plausible route. 
Taken together, our results portray DPepH3 as an improved version 
of PepH3 that paves the way to a new generation of short, proteoly-
sis resistant, efficacious peptide BBB shuttles.  

LIST OF ABBREVIATIONS 
Abs = Absorbance 
AD = Alzheimer´s disease 
AMT = Adsorptive-mediated transcytosis 
bAP42 = β-amyloid protein 42 
BBB = Blood-brain Barrier 
BEC = Brain endothelial cell 
BSA = Bovine serum albumin 
CD = Circular dichroism 
CF = 5(6)-carboxyfluorescein 
CMT = Carrier-mediated transcytosis 
CNS = Central nervous system 
CPP = Cell-penetrating peptide 
CPZ = Chlorpromazine hydrochloride 
DEN2C = Dengue virus type-2 capsid protein 
DH = Hydrodynamic diameter 
DIEA = N,N-Diisopropylethylamine 
DIPCDI = N,N'-Diisopropylcarbodiimide 
DLS = Dynamic light scattering 
DMF = N, N-Dimethylformamide 
ECGS = Endothelial growth supplement 
EDTA = Ethylenediaminetetraacetic acid 
EIPA = Amiloride 
FBS = Fetal bovine serum 
FD4 = Fluorescein isothiocyanate-dextran with a MW of 

4 kDa 
HBEC-5i = Human cerebral microvascular endothelial cells 
HBTU = N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-

yl)uronium hexafluorophosphate 

HPLC = High Performance Liquid Chromatography 
LC-MS = Liquid chromatography–mass spectrometry 
LUV = Large unilamellar vesicle 
MLV = Multilamellar vesicle 
MRW = Mean residue weight 
MS = Multiple sclerosis 
MβCD = Methyl-β-cyclodextrin 
PBS = Phosphate buffer saline 
POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
POPS = 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine 
r.t. = Room temperature 
RBCs = Red blood cells 
RMT = Receptor-mediated transcytosis 
sdAb = Single-domain antibody 
t1/2 = Half-life 
TAT = Human Immunodeficiency Virus Trans-activator 

of transduction 
TFA = Trifluoroacetic acid 
TIS = Triisopropylsilane 
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