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The intriguing journey of gH625-dendrimers

A. Falanga,® L. Lombardi,” R. Tarallo,® G. Franci,® E. Perillo,® L. Palomba,® M. Galdiero,”
D. Pontoni,*® G. Fragneto,*® M. Weck*“ and S. Galdiero*®

The knowledge of the mechanism used by vectors to gain access to cell interiors is key to the development
of effective drug delivery tools for different pathologies. The role of the initial interaction with the
membrane bilayer is widely recognized, although not fully understood. We use neutron reflectivity
experiments and internalization studies with cells to reveal the extent of interaction of dendrimers
functionalized with the peptide gH625 with biomimetic membranes. We further investigate the
internalization by use of Caco-2 cells for assessing the membrane permeability properties of the
peptide—dendrimer construct. Neutron reflectivity allowed for the hypothesis that the peptide-
dendrimer is able to pass across the bilayer which was confirmed via permeability studies. We find that
gH625-dendrimers interact more strongly with cholesterol containing membranes. The advances in our
understanding of the mechanism of drug uptake are extremely useful to push further the design of new

rsc.li/rsc-advances drug delivery systems.

Introduction

Membranes surround all living cells and cell organelles and
play an essential role in maintaining and protecting the cell and
its compartments. Being selectively permeable, membranes
allow the penetration of some substances but not others; thus,
non-specific and non-disruptive penetration across the
membrane is only applicable to the adsorption of small mole-
cules, less than approximately 500 Da, while larger molecules
can be adsorbed with low efficiency and usually cause signifi-
cant modifications of the lipid bilayer structure.® Endocytosis
(pinocytosis and phagocytosis) offers a route to large macro-
molecules, which are otherwise incapable of crossing the
membrane, to be taken up by cells. Endosomes fuse with lyso-
somes to form secondary lysosomes and, the macromolecule is
degraded by lysosomal enzymes. Sometimes, following uptake
of a drug via receptor-mediated endocytosis, only some endo-
somes carrying the drug can bypass the lysosomes and release
the un-degraded drug into the intracellular space.

Thus, poor cellular delivery and low bioavailability of drugs
compel to develop novel approaches aimed to transport mole-
cules across the membrane without permanently damaging it
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and without involving endocytic mechanisms of uptake.?
Peptide supported transport of bioactive molecules into cells is
an emerging field and constitutes a promising strategy. More-
over, a variety of drug delivery carriers (polymer nanoparticles,
liposomes, dendrimers, metal nanoparticles) are in preclinical
and clinical development to improve drug bioavailability.?
Among these, dendrimers are nanocontainers able to encap-
sulate or conjugate therapeutic drugs or imaging moieties and
offering the potential for orthogonal multi-functionalization,
a requirement for theranostic platforms. Dendrimers are
a class of well-defined synthetic nanostructured macromole-
cules with a high number of active termini, a polydispersity of
one, a globular shape at higher generations and the potential
for a multivalent display, i.e. the introduction of several func-
tionalities (such as drugs, labelling agents, targeting groups,
cell-penetrating peptides, and/or solubilizing groups) into the
dendrimer structures.*

Despite these advantages, dendrimers usually exploit endo-
cytosis to cross cell barriers;>® thus dendrimers are mainly
entrapped in endosomes with only a small amount finding their
way to the intracellular target. The combination of dendrimers
with cell penetrating peptides (CPPs) significantly helps in
solving this problem. In particular, membranotropic viral
peptides, able to efficiently cross biological membranes, to
promote lipid-membrane restructuring processes and cause
temporary membrane destabilization and reorganization,”"*
represent a challenging opportunity to modify the internalization
mechanism of dendrimers. The peptide gH625 is derived from
herpes simplex virus 1 and was developed in our research group
as the first membranotropic sequence able to enhance drug
delivery.’**® We also previously reported on a poly(amide)-based
dendrimer®*** coupled to gH625, showing its ability to cross the

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra28405a&domain=pdf&date_stamp=2017-01-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28405a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007015

Open Access Article. Published on 30 January 2017. Downloaded on 4/3/2026 9:58:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

membrane bilayer through an energy-independent process,
without evidence of endocytosis, poration, or cytotoxicity.

The gH625-dendrimer presents a high affinity for the
membrane bilayer and deeply penetrates the bilayer where it
does not form holes.”® Our previous data support the hypothesis
that the interaction with the bilayer can be splitted into a first
adsorption step that leads to an increased macromolecule
concentration on the membrane and a second insertion step
which involves the penetration into the lipid bilayer and likely
a conformational change of the peptide bound to the dendrimer
which assumes a helical conformation when in a membrane
mimetic environment. Clearly, the mechanism of lipid associ-
ation is key in the translocation process and thus in cellular
uptake. Further studies, however, are indispensable to fully
clarify the mechanism of translocation and to design and
develop new and effective drug delivery tools.

Liposomes are remarkable model systems because of their
simple and membrane-like composition, their easiness to
prepare, biodegradability, biocompatibility and sufficient
stability over time.*® From the analysis of liposome and den-
drimer interactions, we can draw conclusions about transport
pathways implicated in drug delivery.

Quite a few modes of interaction between dendrimers and
liposomes have been reported.”*** As examples, dendrimers can
pass through the lipid bilayer or dendrimer-lipid micelles can
be generated.** Hydrophobic forces may be involved in the
interaction between the hydrophobic dendrimer interior and
lipid acyl chains.?*”*® The strength of the interaction will depend
on the size and charge of the molecule®***' and the phase of
lipids.**

This work describes the mechanism by which gH625-
dendrimer gains access to the cell interior as determined by
neutron reflectivity (NR) measurements, using model system
membranes composed of cholesterol (Chol) and neutral phos-
pholipids such as phosphatidylcholine (PC). The results
described herein complement previous reports supporting the
view that gH625-dendrimers are able to pass through and do
not disrupt the biological membrane.

Results and discussion
Synthesis of the gH625-dendrimer

The octadecaazide dendrimer was synthetized as previously
reported.®® As shown in Fig. 1 we obtained a symmetrical den-
drimer with 18 azido-termini.

The gH625 peptide sequence (Table 1) was synthesized with
a propargylglycine residue (PrA) at the C terminus to perform
the copper-catalyzed azide-alkyne cycloaddition (CuAAC). The
functionalization of the dendrimer was achieved in a water/
methanol solution (1:1 v/v) using CuSO,-5H,0 as catalyst
and sodium ascorbate as reducing agent. The obtained peptide—
dendrimer was purified by HPLC as reported in the Experi-
mental section. The amount of peptide functionalization was
determined to be 71% by UV analysis (egre25 = 6990 M~ ' em ™
at A = 280 nm).

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
ré Na §N o (g\‘a
Ny
NH NH o NH '3
H 0 o HN/_/_N
o N3
. o //J
O, H
NH O,
Ny 00 W0 N
‘\T-w H o 2 i HJ\)"
H HN “Y\)L N N
/\fN 0 : ﬁ
o
N3 o o I
///)%H o HNg NH o \_\_N;
o)
A @F °t
s NH o o
J_/ N0 PO
N3 /e é 2 N3
N a N3 s
CuSO:- 5(H:0) AR . N
Cuso. SEO) ARILANYIAWRTLTSALGH)
A
g
g
4 0
H N
H & )
: 5 S
H s &
= £ &
N S
< $

o o o
N ¢ 3
A ot (.x*@

St/
e
W

<
A <
. Aocks 7
i o
o
o 'l
S Sl & o
o i A
MN n\/\/‘ 2 nmuwmwmvs,u.un’,/ <
N M
o~ LI ‘—\/’I.NJ/\
N e oM o0 X ,
o't “ ",
”
[i o: “y,
* S U e
s \ 2 "
& F[N'N S\ \)\/‘m AN
& el %, =
S > { N o 2y
& 7 Ch X Noy ",
S & Fi ¢ 2,
e N 4 M P i,
s ‘?é‘ H %, '4,.\_1
fe® & £ 1“'<, %6y, \
- § z ",
$ K
& H %,
& H “,
& é- 2
£
5
£

',
£
v
oSV _

ey
o
A Aﬁmvsnmwm\&nmw
&

Py

Fig.1 Schematic representation of the functionalization step to yield
the target peptide—dendrimer.

Table 1 Peptide sequences

Peptide Sequence

gH625 NH,-HGLASTLTRWAHYNALIRAF-CONH,
NBD-gH625-PrA NBD-HGLASTLTRWAHYNALIRAF-PrA-CONH,
gH625-PrA NH,-HGL-Aq;-STLTRW-A 45-HYN-A 45-LIR-A 45-

F-PrA-CONH,,

Neutron reflectivity (NR)

Neutron reflectometry (NR) allows the study of the interaction
between the peptide-dendrimer and the lipids. NR was chosen
not only because it allows deuteration-based contrast variation
approaches, but also because it is exempt from substrate
charging effects encountered when applying synchrotron X-ray
reflectivity techniques.**** Despite such charging effects do
not induce detectable structural changes in e.g. lipid multilayers
deposited on silicon substrates,*® they may alter the interactions
between the single lipid bilayers and the dendrimers studied
here, thus requiring detailed investigations of possible
irradiation-induced alterations of the dendrimer/lipid-bilayer
system. NR makes such control experiments superfluous, and
despite the available beam flux is considerably lower than at
synchrotrons, the attainable spatial resolution is still sufficient

RSC Adv., 2017, 7, 9106-9114 | 9107
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to detect alterations of the bilayer structure due to the insertion
of the peptide-dendrimer constructs into the lipid bilayers.

Measurements were performed on the lipid bilayers alone
and after their interaction with gH625-PrA-dendrimer. In detail,
two lipid compositions were chosen: in the first experiment the
lipid bilayer was made only of one-chain-deuterated POPC (d-
POPC) while in the second experiment the bilayer comprised
a mixture of fully hydrogenated POPC (h-POPC) with 20%
hydrogenated cholesterol (h-Chol).

As neutron reflectivity is sensitive to isotopic substitution,
not only different isotopic lipid compositions were used, but
also different water contrasts (light water, deuterated water or
a mix of both) were exchanged for the same bilayers both before
and after addition of the peptide-dendrimer. The simultaneous
fitting of NR profiles pertaining to multiple water contrasts for
the same system enhances considerably the reliability of the
results. For all systems, a five-layer model produced the best fits
to the data (Fig. 2) yielding meaningful surface-normal scat-
tering length density profiles for the bare bilayers (Fig. 2A and
C) and after their interaction with the peptide-dendrimer
(Fig. 2B and D). The five layers are representative of (1) the
native silicon oxide sub-nanometre thick layer present on the
silicon crystals, (2) a thin water layer separating the lipid bilayer
from the silicon oxide surface, (3) the polar heads of the inner
bilayer leaflet adjacent to the silicon block, (4) the hydrophobic
tails of both leaflets, and (5) the polar heads exposed to the bulk
solution and belonging to the outer leaflet of the lipid bilayer.
Each layer of the model is characterized by four parameters: (a)
thickness, (b) scattering length density p, (c) percentage of water
present in the layer, (d) roughness of its interface with the
subsequent layer. The best fit parameters for all five layers in
each of the four experiments presented here are summarized in
Table 2.

The NR data measured for the bare d-POPC bilayer (Fig. 2A)
yield the scattering length density profiles reported in Fig. 3A. In
particular, the profile pertaining to H,O (lower curve in Fig. 3A)
presents a central bump caused by the deuteration of one of
the two hydrophobic chains composing the POPC molecule.
This bump hides the headgroup peaks usually seen in fully
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Fig.2 NR profiles of dPOPC bilayer (panel A), dPOPC and gH625-PrA-
dendrimer (panel B), hPOPC and hChol 20% bilayer (panel C), hPOPC
and hChol 20% bilayer and gH625-PrA-dendrimer (panel D).
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Table 2 Layer parameters derived from model fitting the reflectivity
profiles of Fig. 2 and used to produce the scattering length density
profiles of Fig. 3

Thickness p x 107° Roughness

(A (A7) % water  (A)
dPOPC
Silicon oxide 7+1 3.4+ 0.1 0+2 4+1
Water 8+1 — 100 6+2
Inner head 7+1 1.9 £ 0.1 15+5 6+2
Tails 26 +1 3.3 £0.1 5+1 8+t2
Outer head 8+1 1.9 £ 0.1 40 + 12 7+2
dPOPC + gH625-dendrimer
Silicon oxide 7+1 3.5+ 0.1 0+2 4+1
Water 5+1 — 100 3+2
Inner head 10 £ 1 1.90 + 0.1 25+ 8 5+2
Tails 29 +1 3.1 £ 0.1 2.0 £ 0.2 72
Outer head 8§+1 2.0 £ 0.1 40 £+ 10 7+2
hPOPC + hChol 20%
Silicon oxide 8+1 3.4+0.1 0+2 241
Water 4+1 — 100 3+2
Inner head 6+1 1.7 £ 0.1 25+ 8 2+2
Tails 33+1 —0.11 + 0.02 0+1 3+2
Outer head 6+1 1.7 £ 0.1 25+ 8 6+2
hPOPC + hChol 20% + gH625-dendrimer
Silicon oxide 7+1 3.4+ 0.1 0+2 3+1
Water 441 — 100 3+2
Inner head 8+1 2.0 + 0.1 35 + 10 442
Tails 32+1 0+0.1 30+ 5 5+ 2
Outer head 8+1 1.7 £ 0.1 60 + 18 442

hydrogenated POPC bilayers in H,O (lower curve in Fig. 3C) and
makes them appear slightly thicker (7 + 1 and 8 + 1 A) with
respect to the fully hydrogenated case (6 + 1 A). Conversely, the
thickness of the hydrophobic tail layer is slightly smaller (26 + 1
A) than the value usually found (28 = 1 A) in pure hydrogenated
POPC bilayers.*” Although all these differences are essentially
within error bars, this may suggest minor changes of the
internal bilayer structure induced by the partial deuteration of
POPC. However, the total fitted thickness of this d-POPC bilayer,
calculated as the sum of the thicknesses of headgroup and
hydrophobic tails model layers (41 A), is in full agreement with
molecular dynamics simulations of hydrogenated POPC bila-
yers, where the bilayer thickness is usually estimated as the
average distance between the phosphorous atoms of the upper
and lower bilayer leaflets.*®* The p profile for the bare d-POPC
bilayer in D,O (upper line in Fig. 3A) demonstrates that water
can reach the region in between the silicon oxide surface and
the headgroup of the inner bilayer leaflet, thus transforming
a local minimum in the p profile into a local maximum. In
addition, hydration of the hydrophilic headgroups by D,O
makes the profile flatter in the central bilayer region. Most
importantly, in this central region the two profiles in Fig. 3A
never coincide, suggesting that some water can enter also in
between the hydrophobic tails, as indicated by a non-zero value
(5%) of water fraction in the fitted layer representing the
hydrophobic chain region of the bilayer (Table 2). Finally, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Scattering length density profiles corresponding to the reflec-
tivity data of Fig. 2 (in the same order).

solvation of this bare d-POPC bilayer appears to be asymmet-
rical, as demonstrated by a lower (15%) water fraction for the
inner silicon-exposed headgroups with respect to the solution-
exposed ones (40%). The above discussion indicates that the
starting d-POPC bilayer in this experiment does not exhibit the
highest possible structural quality. This may be due to partial-
deuteration effects, preparation conditions for this specific
sample, or combinations of both effects. A more perfect bilayer
structure can be achieved using fully deuterated POPC,* but
these molecules are not commercially available yet. We there-
fore proceeded to study the interaction of this partially deuter-
ated POPC bilayer with our peptide-dendrimer construct.

The interaction between the d-POPC bilayer and the gH625-
dendrimer does not produce dramatic changes in the measured
NR data (Fig. 2B) and corresponding density profiles (Fig. 3B).
The only qualitative changes that are easily observable in Fig. 3B
are a sharper local dip/peak related to the silicon-oxide-adjacent
water layer (its fitted thickness decreases from 8 to 5 A) and
a smaller separation between the profiles in the centre of the
hydrophobic inner region of the bilayer, which translates into
a tail solvation decrease from 5% to 2% (Table 2). Further
inspection of the fitted parameters (Table 2) provides however
useful insights. While the outer polar heads layer remains
basically unchanged, the p value of the tails layer decreases
from 3.3 x 107 °t0 3.1 x 10~° A2, which indicates the presence
of peptide-dendrimer molecules because their p value is esti-
mated to be 1.29 x 10°° A2 (see Experimental section). Most
prominently, the tails layer thickness increases from 26 to 29 A
and the inner heads layer thickens from 7 to 10 A, thus causing
an overall bilayer thickness increase from 41 to 47 A. Finally, the
water content of the inner headgroups increases from 15% to
25%. These findings are all compatible with the deep penetra-
tion of the peptide-dendrimer construct inside the bilayer. The
former would push towards the inner headgroups region some
of the residual water found initially in the tails layer, thus
increasing the inner heads solvation and thinning down (from 8
to 5 A) the water layer intercalated between them and the silicon
oxide surface. The above indications of a deep penetration
of the peptide-dendrimer inside the lipid bilayer were cross-

This journal is © The Royal Society of Chemistry 2017
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checked by investigating a more conventional fully hydroge-
nated POPC (hPOPC) bilayer containing also 20% of hydroge-
nated cholesterol (hChol). The latter is expected to further
promote the interactions between membranotropic peptides
and lipid bilayers.

The structural quality of the starting mixed hPOPC-hChol
bilayer was assessed by measuring NR data (Fig. 2C) using four
different water contrasts, as described in the Experimental
section. All the resulting fitted density profiles (Fig. 3C) coincide
in the central hydrophobic region of the bilayer, indicating that
no water was present initially in between the lipid tails. More-
over, both headgroup layers are better defined (6 A thickness)
and the tails layer is considerably thicker (33 A) with respect to
the dPOPC case (26 A). This determines an overall bilayer
thickness increase from 41 A (dPOPC case) to 45 A, which is
perfectly in line with the known bilayer thickening effects due to
addition of hChol.” Finally, the starting condition with respect
to headgroup hydration is symmetrical in this bilayer (25%
water for both inner and outer head layers), while in the dPOPC
case the outer head layer was more solvated (40% water) than
the inner one (15%). All these findings suggest that the starting
sample for this second NR investigation is better suited than the
dPOPC case for detecting interactions between the bilayer and
the peptide-dendrimer construct.

Indeed when adding gH625-dendrimer to the hPOPC + hChol
bilayer the changes in the NR data (Fig. 2D) and corresponding
density profiles (Fig. 3D) are more pronounced than what found
in the pure dPOPC case. This is well in line with the expectation
that the presence of cholesterol further enhances the bilayer
structural changes induced by its interaction with the peptide-
dendrimer construct. The most striking difference that can be
easily noticed in Fig. 3D is that the density profiles depart from
each other when using different water contrasts, which is the
signature of a dramatic bilayer structural alteration causing the
increase of the water content in the tails layer from 0% to 30%.
After addition of gH625-dendrimer, the water content in the
inner head layer is even higher in the hPOPC + hChol bilayer
(35%) than in the dPOPC case (25%). Also the outer heads
become dramatically more solvated (from 25% to 60%) and the
local peaks associated to both heads in the H,O contrast case
(lowest curve in Fig. 3D) become visibly broader, as attested by
their thickness increase from 6 to 8 A. This translates into a total
bilayer thickness increase from 45 to 48 A after addition of the
gH625-dendrimer. In view of the fact that the p value for the
overall gH625-dendrimer molecule is estimated to be 1.29 x 10™°
A~? (see Experimental section), the p increase from —0.11 x 10~°
A™? to 0 is another indication of the presence of gH625-
dendrimer in the tails region, while the increase of the inner
heads p from 1.7 x 10~° A7 t0 2.0 x 10~® A~? may indicate that
the deuterated amino acids present in the peptides accumulate
within the inner leaflet headgroups. This suggests that the
peptides would transport the dendrimer completely across the
bilayer if this process was not hindered by the presence of the
hard-wall represented by the bilayer-supporting silicon block.

With the 2D detector present on the instrument and that
allows to detect simultaneously specular and off-specular
reflectivity during a single measurement, we did not observe

RSC Adv., 2017, 7, 9106-9114 | 9109
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off-specular signal suggesting the absence of micrometer scale
inhomogeneities in the sample. Despite specular NR yields only
laterally averaged surface-normal structural information,
complementary investigations® suggest that peptide-den-
drimers do not cause poration in model liposomes. The NR data
presented here therefore confirm that gH625-dendrimers enter
POPC bilayers by altering their molecular-level structure both in
the absence and presence of cholesterol. In the latter case in
particular, the effects on the bilayer structure seem to be further
enhanced. In both cases, NR data suggest that the peptide-
dendrimer constructs may be able to fully cross the model
membranes in the absence of the solid silicon support. These
conclusions motivated the cell permeability studies discussed
in the next section.

Cell permeability studies

Caco-2 cells, derived from a human colon adenocarcinoma and
cultured on semipermeable membranes, differentiate into a highly
functionalized epithelial barrier with significant morphological
and biochemical similarity to small intestinal columnar epithe-
lium.* Fully differentiated cell monolayers can be used to deter-
mine membrane transport capabilities of novel molecules.

We tested the ability of gH625 to enhance dendrimer crossing
of a Caco-2 confluent monolayer (Fig. 4A). In particular, in this
experiment we have determined the fraction of NBD-labelled
compounds taken up into Caco-2 cells in order to probe the
ability of gH625 to change the internalization of polyamidoamine
(PAMAM) dendrimers. We incubated the compounds with Caco-2
cells at 37 °C at different peptide concentrations (20, 25 uM) for
30, 60 and 120 min. Data reported in Fig. 4B show that gH625-
dendrimer crosses more efficiently the layer compared to the
un-functionalized dendrimer.

More precisely, the permeability (P) of the monolayer
calculated at 25 uM and 120 min was 8.6 (£0.3) x 10 > cm s~ "
for gH625-dendrimer, approximatively two fold higher than the
P value of 4.5 (+£0.4) x 10 > cm s~ found for the unfunction-
alized dendrimer. Moreover, no changes in control permeability
were observed after exposure to our compounds, indicating that
they did not perturb the integrity of the cell monolayer in the
experimental conditions used for the assay (data not shown).

We isolated the AP, BL and CELL content of dendrimer and
peptide-dendrimer and quantified the content by fluorescence
spectroscopy (Fig. 4B). To better understand the kinetics of
internalization, we incubated the compounds with cells at 37 °C
for various times (30, 60, 120 min) and then determined the
localization of the compounds in the AP, BL and CELL
compartments. Fig. 4B shows the fraction of compounds taken
up by cells at different time points. The analysis of the obtained
results clearly indicates that when the dendrimer is function-
alized with the peptide, the percentage of compound in the BL
and CELL compartments is higher. At 30 min, we observed that
a high percentage of the peptide-dendrimer is located inside
the CELL; at 1 h we observe an increase of the percentage
located in the BL compartment while the quantity in the AP
decreases significantly. In detail, we observed that when we
compare the data obtained for the peptide-dendrimer and the
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Fig. 4 Permeability studies performed on Caco-2 cell monolayers
(panel A). Apical (AP), basal (BL) and cellular (CELL) content were
measured following NBD fluorescence and reported as percentages
for the peptide—dendrimer and for the dendrimer (panel B). P-Value =
0.05.

dendrimer alone, the percentage of peptide-dendrimer located
in the CELL or BL compartments is always greater than that of
the dendrimer. This result clearly indicates that the peptide is
enhancing the internalization of the dendrimer.

Experimental
Materials

Fmoc-protected amino acids, coupling reagents N-hydrox-
ybenzotriazole (HOBT) and N,N,N',N'-tetramethyl-O-(1H-benzo-
triazol-1-yljuronium hexafluorophosphate (HBTU) and rink-
amide p-methylbenzhydrylamine MBHA resin (0.54 mmol g~ ")
were purchased from Novabiochem. Fmoc-L-propargylglycine
(Fmoc-PrA-OH) was purchased from polypeptide, 4-chloro-7-
nitro-1,2,3-benzoxadiazole (NBD-chloride) from Sigma-Aldrich
and r-alanine-N-Fmoc (3,3,3-d; 98%) from Cambridge Isotope
Laboratories. All other reagents and chemicals for the solid-
phase peptide synthesis (piperidine, N,N-diisopropylethyl-
amine (DIPEA), HPLC-grade acetonitrile (ACN), trifluoroacetic
acid (TFA) and dry N,N-dimethylformamide (DMF) were from
Romil Delchimica and Sigma-Aldrich).

This journal is © The Royal Society of Chemistry 2017
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The lipids, hydrogenated and deuterated 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (h-POPC and d-POPC) and
cholesterol, were purchased from Avanti Polar Lipids.

Analytical and preparative reverse-phase high-performance
liquid chromatography (HPLC) was performed on a Shimadzu
LC8 pump setup using Phenomenex Jupiter C4 5 um 300 A 4.6
by 150 mm and Phenomenex Jupiter C4 10 um 300 A 21.20 by
250 mm columns.

Liquid chromatography-mass spectrometry (HPLC-MS)
analyses of the peptide were performed on a Thermo Finnigan
LC-MS with an electrospray source (DECA) on a Phenomenex
Jupiter 4 um Proteo C12 90 A 150 by 4.6 mm column. Transwell
permeable supports 6.5 mm inserts, 24 well plates, 0.4 um
polyester membrane were purchased from Corning. D,O (99.7%
purity) was provided by the Institut Laue-Langevin (ILL).

Peptide synthesis

Two peptides were synthesized. The peptide NBD-gH625-PrA
was used to perform the experiments on transwell permeable
supports while the same peptide without the NBD group,
gH625-PrA, was used for NR measurements (Table 1).

Furthermore, in gH625-PrA the alanine residues were
deuterated. Both peptides were synthesized on a rink amide
MBHA (0.54 mmol g™ ') in DMF using the standard solid phase
method." Briefly, the amide MBHA resin was deprotected (30% v/
v piperidine in DMF, twice for 10 min) to remove 9-fluo-
renylmethoxy carbonyl (Fmoc) group, then the first Fmoc pro-
tected amino acid (Fmoc-PrA-OH, 4 equivalents) was double
coupled with 4 equivalents of 0.45 M HOBT/HBTU and 8 equiv-
alents of 2 M DIPEA (30 min for each coupling). The synthesis
was performed alternating steps of Fmoc deprotection and
double coupling of the amino acids. For NBD-gH625-PrA, after
the whole synthesis, before the cleavage, NBD was bound at the
N-terminus (4 eq. in DMF with 1% v/v DIPEA). The peptides were
cleaved from the resin and deprotected by treatment with TFA/
thioanisole/anisole/water/EDT 82.5/5/5/5/2.5, precipitated in ice-
cold ethylic ether and freeze-dried. The peptides were analysed
by electrospray ionization (ESI) LC-MS using a linear gradient of
acetonitrile (0.1% TFA) in water (0.1% TFA) from 20 to 80% and
purified by preparative reversed-phase high-performance liquid
chromatography (RP-HPLC) using a gradient of acetonitrile (0.1%
TFA) in water (0.1% TFA) from 20 to 80% in 25 min.

Synthesis of the octadecaazide dendrimer

The Newkome-style dendron was coupled to the hemisuccinate
dendron by using 2-7-aza-1H-benzotriazol-1-yl]-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HATU) to obtain a symmetrical
dendrimer. The tert-butyl groups were removed using an acidic
wash to yield the carboxylic group that can be reacted with azide-
terminated amine molecules. Details can be found in the litera-
ture.” The final molecule is an octadecaazide dendrimer.

Peptide-dendrimer preparation

The peptides of choice were attached to the dendrimer via the
copper-catalyzed azide-alkyne cycloaddition (CuAAC) click
reaction between the azide and the alkyne groups, obtaining the
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NBD-gH625-PrA-dendrimer for the experiments on transwell
permeable supports or the gH625-PrA-dendrimer for the neutron
reflectivity studies. In detail, aqueous solutions of NBD-gH625-
PrA (200 pL, 21.6 equiv.), CuSO,-5H,0 (50 uL, 82.8 equiv.), and
sodium ascorbate (40 pL, 120.6 equiv.) were added to the den-
drimer (290 pL, 1 equiv., corresponding to 18 functional groups)
in methanol and the obtained mixture was stirred for one hour at
40 °C and for two days at RT. The peptide-dendrimer was puri-
fied by ultrafiltration in water : methanol : DMSO 50:48:2
versus 30 000 molecular weight cut-off membranes, followed by
reverse phase HPLC on a C4 column with water (0.1% TFA) and
acetonitrile (0.1% TFA) from 30 to 95% over 20 min at 5 mL
min~'. The functionalization of the gH625-dendrimer was
confirmed by determining the amount of peptide attached via UV
analysis (egre25 = 6990 M~ em™ ' at A = 280 nm) and comparing
the result to the initial dendrimer and peptide feed ratio. The
yield of peptide functionalization was determined to be 71%.
Further structural characterization to confirm the functionaliza-
tion were performed as previously reported.*

Neutron reflectivity

For NR experiments, supported lipid bilayers were prepared by
vesicle fusion on a solid support in a flow cell. The solid supports
were 8 x 5 x 1 cm?® silicon (111) single crystals, cleaned with
organic waters and UV/ozone to make the surface hydrophilic.>
Small Unilamellar Vesicles (SUVs) 0.5 mg mL ™", of 25-35 nm in
diameter, were prepared from the multilamellar vesicle (MLV)
suspension by 10 min vortexing and sonication. The lipid
composition was POPC and POPC/Chol 80/20. The SUVs were
injected into the NR flow cell and allowed to diffuse and adsorb
on the silicon surfaces over a period of 30 min. After lipid the
vesicle adsorption and fusion the sample cell was rinsed with
appropriate buffer to remove excess lipids. Neutron reflectometry
measurements were performed on the formed lipid bilayer. After
the measurements meant to characterise the bilayer alone,
a solution of gH625-PrA-dendrimer was injected, the flow cell was
rinsed in order to remove the extra material which had not
interacted with the lipids, and other measurements were carried
to study the effect of the presence of peptide-dendrimer. Neutron
reflectivity measurements were performed on the FIGARO
reflectometer® at the high flux reactor of the ILL, in time-of-flight
mode using a spread of wavelengths, A, between 2 and 30 A at two
incoming angles, 6, of 0.8° and 3°.

In a neutron reflectivity experiment, the specular reflection,
R, at the silicon/water interface, is measured as a function of the
scattering vector modulus g = 47/A sin 6, and is related to the
scattering length density across the interface, p(z), by the
equation®

_ler?

Rlg)= =5 b(q)I”

where p(g) is the one dimensional Fourier transform of p(z),
equal to:

o) = | explign(z)es
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And p(z) is a function of the distance perpendicular to the
interface and related to the composition of the adsorbed species
by the equation

o) = Yo n)b,

where 7;(z) is the number of nuclei per unit volume and b; is the
scattering length of nucleus j.

The scattering length densities of the molecules adsorbed at
the surface give access to the structural information on the lipid
bilayer at the nanometer level and therefore to its interfacial
properties.

Measurements of a sample in different water contrasts
greatly enhance the sensitivity of the method and the reliability
of the results. Samples were measured at 25 °C using four water
contrasts which were H,O (p = —0.56 x 10 °A~2), D,0 (p = 6.35
x 107° A7?), silicon matched water (SMW, a mixture of 38% v/v
D,0 and 62% H,0; p = 2.07 x 10~ ° A~2), and 4 matched water
(4MW, 66% D,O and 34% H,0; p = 4 x 10 ° A~2). The scat-
tering length densities used for the lipids and cholesterol are as
previously reported;>* that of the gH625-dendrimer was evalu-
ated from the atom composition and volume (https://
www.ncnr.nist.gov/resources/activation) to be 1.29 x 107 A2,

Neutron reflectivity profiles were analysed by using the
MotoFIT piece of software.”® It allows the co-refinement of
reflectivity data from the same sample in different water
contrasts by defining models consisting of a series of layers. The
four variable model fitting parameters related to each layer are its
thickness, scattering length density, water volume fraction and
interfacial roughness. Although more than one model can
describe a given experimental curve, prior knowledge of the
system, the definition of physically meaningful upper and lower
limits for the parameters to be optimised and the use of different
isotopic contrasts greatly reduce the number of possible models.

Cell cultures

Caco-2 cells (ATCC HTB-37, Virginia, US) were maintained in
Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, St.
Louis, US) containing 10% FBS (HyClone, Logan, US), 1%
nonessential amino acids, and 2 mM r-glutamine freshly
prepared. Cells were cultured at 37 °C in an atmosphere of 5%
CO, and 95% relative humidity; and were passaged at 80-90%
confluence (every 3-4 days) using trypsin-EDTA solution.
Culture inserts were preincubated with culture medium (1 h, 37
°C) and then seeded with 60 000 cells per cm?® (0.33 cm”® per
insert) on transwell permeable inserts (6.5 mm in diameter, 0.4
pm pores size; Corning Incorporated, Corning, NY, US). 100 puL
and 600 pL complemented DMEM were applied in the upper
and bottom part of the transwell respectively as reported in the
manufacture date sheet. Caco-2 monolayers were fed with fresh
medium 24 h after seeding and then 3 times per week. Caco-2
monolayers were cultured for 15 days before use. Caco-2 cells
were used at passage number 25, after receipt at passage 18
from ATCC. 20 hours after feeding, monolayers were washed
with PBS 1x (Euroclone #ECB4004L). The degree of monolayer
confluence and tight junction development was 100%.
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Permeability assays

Permeabilization assay donor solutions consisted of 20, and 25
uM peptide, dendrimer and peptide-dendrimer in transport
medium containing 100 pM lucifer yellow (molecular probes)
and 1% DMSO (pH 7.4). 1% DMSO was used to enhance solu-
bility of our compounds and was demonstrated to have no effect
on Caco-2 permeability (data not shown). In every test, we used
lucifer yellow, a fluorescent marker for the paracellular
pathway, as an internal control to confirm tight junction
integrity during the assay; in fact, changes in tight junctions
may significantly influence permeability results. For transport
assays we used 100 pL of apical (AP) donor solution and 600 pL
of basolateral (BL) acceptor solution (transport medium, pH
7.4). All experiments were performed in three replicate mono-
layers and statistical filter was applied. The p values of ¢-test was
<0.05 (n = 3). Monolayers were incubated with donor and
acceptor solutions at 37 °C for 30, 60 and 120 min; then BL
compartments, AP compartments and cell lysate (CELL) were
sampled.

Compounds were quantified exploiting the fluorescence of
the NBD group (Aex = 460 nm; Aep, = 520 nm). In detail the BL,
AP and CELL samples were dried and then resuspended in 200
uL of water. The fluorescence was determined. No fluorescence
interference was present.

The permeability P of the monolayer was calculated accord-
ing to the following equation,

ACg

A
p= A 7
C()XS

X VBL

where ACg /At is the increase in fluorescence in the BL
compartment during the time interval A¢, C, is the initial
fluorescence in AP compartment, Vg is the volume of the
acceptor chamber (0.6 mL), and S is the surface area of the filter
(0.33 cm?). The experiments were performed in triplicate.

Conclusions

Dendrimers are well-defined highly branched structures which
are continuously focusing much biomedical research interest for
applications in drug delivery. The internalization mechanism has
straight impacts on the design of drug delivery, cell transfection
and gene therapy agents and in fact many reports in order to
obtain a better understanding of the uptake mechanism and to
increase the targeting efficiency investigate the interactions
between biological membranes and dendrimers. The ideal drug
delivery vehicle should be able to cross membranes without
causing leakage. Data reported in the literature, corroborate the
idea that the type and strength of the interaction is dependent on
charge and size of the molecule. Data indicate that dendrimers
either create holes in a bilayer or can be incorporated into lipid
structures. In this work, we try to dissect the mechanism of
interaction with membranes of a dendrimer with the external
termini modified by a peptide (gH625), which has previously
proved to enhance cell membrane crossing.**** Moreover,
previous characterization of the peptide gH625 indicated that it is
able to establish a strong interaction with large unilamellar

This journal is © The Royal Society of Chemistry 2017
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vesicles (LUVs) without the formation of pores inside the bilayer.
The ability to interact with membranes without the formation of
pores has been considered a mean to avoid/reduce toxicity
problems.”** We have previously shown that the peptide-den-
drimer is more effective than the peptide alone at interacting and
fusing with lipid membranes, demonstrating its effectiveness as
a membrane-perturbing molecule and its ability to translocate
across the bilayer essentially without involving the endocytic
mechanism.***

Previous results from complementary techniques such as
fluorescence spectroscopy, surface plasmon resonance,
isothermal calorimetry, and confocal microscopy, indicated
that also the gH625-dendrimer has a high affinity for the
membrane bilayer and is deeply inserted inside the bilayer.***
The peptide-dendrimer is able to cause membrane fusion but
not holes in the bilayer, differently from the most commonly
used cell penetrating peptides (such as the HIV derived TAT
peptide) and from PAMAM dendrimers, which do not trans-
locate spontaneously across bilayers but rather are taken up by
cells via endocytosis.

The neutron reflectivity data allowed to obtain further
information on the mechanism of uptake. We were able to
better localize the peptide-dendrimer inside bilayers of
different compositions and to compare the results with the
dendrimer alone case. In particular, the gH625-dendrimer
interacts with both lipid compositions (POPC and POPC/
Chol), although the interaction is stronger with cholesterol
containing liposomes. In the presence of cholesterol, the
compound can penetrate deeply. From neutron reflectivity data,
we can hypothesize that the peptide-dendrimer is able to pass
through the lipid bilayer; but, these measurements do not allow
to obtain a clear answer because the lipid bilayers are adsorbed
directly on the surface of a solid substrate representing a kind of
obstacle for the complete crossing.

With the aim to investigate in greater details the trans-
location of the peptide-dendrimer, we measured the perme-
ability of a monolayer of Caco-2 cells with transwell inserts. This
experiment allowed us to discriminate between the unbound
compounds, and those able to internalize into cells or to
translocate on the other side of the monolayer. The advances in
our understanding of gH625-dendrimer mechanism of uptake
are extremely useful to push further the design of new drug
delivery systems that consist of dendrimers incorporating
bioactive molecules.
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