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ABSTRACT: Here we report the coupling of a cyclic peptide (VH4127) targeting the low density lipoprotein (LDL) Receptor
(LDLR) non-competitively, to cucurbit[7]uril (CB[7]) to develop a new kind of drug delivery system (DDS), namely CB[7]-
VH4127, with maintained binding affinity to the LDLR. To evaluate the uptake potential of this bismacrocyclic compound,
another conjugate was prepared comprising a high-affinity group for CB[7] (adamantyl(Ada)-amine) coupled to the fluores-
cent tracker Alexa680 (A680). The resulting A680-Ada+CB[7]-VH4127 supramolecular complex demonstrated conserved
LDLR-binding potential and improved LDLR-mediated endocytosis and intracellular accumulation potential in LDLR-
expressing cells. The combination of two technologies, namely mono-functionalized CB[7] and the VH4127 LDLR-targeting
peptide, opens new avenues in terms of targeting and intracellular delivery to LDLR-expressing tissues or tumours. The ver-
satile transport capacity of CB[7], known to bind a large spectrum of bioactive or functional compounds, makes this new DDS
suitable for a wide range of therapeutic or imaging applications.

INTRODUCTION

Cucurbiturils, a class of synthetic macrocycles continue to at-
tract attention.! In this ever growing family of host molecules,?
cucurbit[7]uril (CB[7], Figure 1) has shown a series of key
properties entailing researchers to actively use it in biological
systems. Besides its constricted hydrophobic cavity prone to
welcome a plethora of neutral or/and cationic guests with high
or ultrahigh binding affinity,34 CB[7] is endowed with a good
water solubility,> and its low toxicity is compatible with its use
in biology.6 Early work established the possibility to complex
platinum drugs in CB[7],” which was followed by numerous
complexation studies3# including bioactive compounds (e. g.
amantadine, camptothecin, nitidine, clofazimine, sorafenib,
fasudil, arecoline),® peptides,® proteins,1? but also enabling to
monitor enzymatic activities.!! However, beside their proven
ability to efficiently complex such bioactive compounds, cucur-
biturils suffer from low tissue specificity. Therefore, they
would benefit from conjugation to targeting ligands allowing
them to drive efficient and specific delivery of therapeutic com-
pounds to desired locations. Especially, cucurbiturils can en-
capsulate anticancer drugs,”.12 overcoming their intrinsic limi-
tations such as: i) poor solubility, and ii) side effects,13 while
offering at the same time two key advantages: (i) protection of
the drug until reaching the site of interest and (ii) avoid unnec-
essary modifications of already approved drugs that often re-
sult in altered pharmacological properties. For these reasons, a
drug delivery system (DDS) based on the conjugation of a tar-
geting moiety to a cucurbituril would unlock technological

limitations in anticancer drug delivery improving both solubil-
ization and therapeutic efficacy while minimizing side-ef-
fects.14

The chemical functionalization of CB[7] has long remained a
challenge but several groups have started to report CB[7] con-
jugates featuring for example a PEG chain,!5 fluorescent com-
pounds,16 or DNA strands.!” The first report of a targeting CB[7]
featured conjugation with biotin or an RGD peptide to target
cancer cells.1* The complexation of oxaliplatin in a CB[7]-biotin
conjugate resulted in enhanced in vitro cytotoxicity illustrating
the significance and high potential of this approach.1* However,
this targeting strategy based on receptor-mediated transport
(RMT) does not account for reciprocal competition with the
natural ligands of integrin receptors, rising questions toward
competition and saturation of endogenous receptors.18 To go
further, another targeting strategy relying on non-natural lig-
ands capable of binding a receptor involved in RMT non-com-
petitively, would represent a step forward.

Recently, a family of small synthetic peptide-vectors specifi-
cally targeting the Low-Density Lipoprotein (LDL) Receptor
(LDLR, Figure 1a) was described, with both cross-reactive ro-
dent/human binding potential.20 Importantly, these peptides
bind the LDLR at a site that does not overlap with the LDL bind-
ing site and hence does not compete with their respective bind-
ing and uptake potential, a major prerequisite to avoid any in-
terference of LDLR function toward LDL-related biological pro-
cesses.21 The LDLR is a high-capacity endocytic receptor, allow-
ing efficient intracellular delivery of its ligands. This glycopro-
tein receptor, composed of 860 aminoacids and O-linked
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Figure 1. Concept (a) illustrating the expected non-competitive LDLR binding of a CB[7]-VH vector conjugate allowing cell entry of
different payloads by Receptor-Mediated Transport (RMT). By binding to the EGF-like domain, the CB[7]-VH vector conjugate un-
dergoes LDLR-mediated endocytosis as well as LDL particles, both ligands being efficiently released from LDLR in sorting endosomes
and subsequently delivered in late compartments where the CB[7] guest is expected to progressively egress to the cytosol (not
investigated in this work) where it can find its pharmacological target. Conversely, the LDLR is rapidly recycled from sorting endo-
somes back to the cell surface where it can engage new circulating ligands. Molecular structures (b) of the CB[7]-VH4127 conjugate,
of guests Amantadine (Ama) and Adamantane functionalized Alexa680 (A680-Ada) and of the A680-Ada+CB[7]-VH4127 complex
(the amine group of A680-Ada is considered protonated,!? the structure of Alexa680 is protected by patent and so inaccessible).

oligosaccharides is enriched in some tissues, including the
liver, adrenal glands and duodenum, where it contributes to
major physiological processes, including cholesterol metabo-
lism, steroid hormone synthesis or cell growth/renewal.22 Its
discovery by Brown and Goldstein led to the 1985 Nobel Prize
in physiology or medicine. It is also overexpressed in many can-
cers where it supports rapid cell growth.23 Therefore, LDLR
represents an attractive target for many pathological condi-
tions, including cancers, with the possibility for more efficient
and specific delivery of therapeutic or imaging agents and with
a better safety profile. In particular, the cyclic octapeptide
VH412721 showed high affinity toward LDLR (low nanomolar
range) and high resistance to proteolytic cleavage in plasma,
owing to extensive medicinal chemistry-based optimization.
Not only these properties translate into high and specific LDLR-
dependent intracellular accumulation potential in vitro2!a2 but,
most importantly, lead to fast and specific distribution in LDLR-
enriched tissues in vivo, as shown in wild-type compared to
IdIr-/- mice.21b24 However, for those drugs that cannot be cova-
lently conjugated to a molecular vector without jeopardizing
their respective biological activity, the targeting potential of
such peptide-vectors can be exploited by coupling them at the
surface of some DDS that can complex non-covalently or encap-
sulate intact drugs.

Here we investigated the possibility to mono-functionalize
CB[7] with the LDLR-targeting VH4127 peptide, and the poten-
tial of this CB[7]-VH4127 conjugate to trigger LDLR-mediated
uptake of a prototypic guest in cells expressing the human
LDLR (hLDLR), as shown previously with a reference
Alexa680-VH4127 conjugate.2’2 An Alexa680-Adamantane
conjugate (A680-Ada) was used as a fluorescent guest with ul-
trahigh binding affinity between the Adamantane part of A680-
Ada and the CB[7] part of CB[7]-VH4127 for unequivocal

tracking along endocytic pathways (almost quantitative com-
plexation at sub-nanomolar concentrations), a prerequisite to
evaluate its potential to deliver its guest beyond early and re-
cycling (non-productive) compartments. We show that the
CB[7]-VH4127 conjugate can be generated with acceptable
yields, while keeping both LDLR-binding potential of the pep-
tide moiety and the hosteguest complexation potential of CB[7].
Importantly, the A680-Ada«CB[7]-VH4127 supramolecular
complex allowed LDLR-dependent and efficient productive up-
take of the A680-Ada guest, with strong accumulation into late
endosomal compartments of hLDLR-expressing cells.

RESULTS

Synthesis of conjugates. The CB[7]-VH4127 conjugate was
prepared after CB[7] hydroxylation under UV light,26:27 by func-
tionalization with a propargyl group prior to copper click reac-
tion with azido-VH4127 (Figure 2 and supporting infor-
mation). Briefly, CB[7] was hydroxylated26 and purified by col-
umn chromatography on silica gel as previously reported to ob-
tain several grams of monofunctional CB[7]-(OH)1 in 20% iso-
lated yield,?7 followed by a Williamson reaction with propargyl
bromide to get CB[7]-(0O-propargyl): (60% isolated yield, Fig-
ure 2, left).28 In parallel, the octapeptide sequence Pr-
cM"Thz”"RLRG"Pen”?1 was prepared on solid support (Figure 2,
right) before cleavage of its C-terminus extremity and cycliza-
tion by mild oxidation of the two thiol groups of the cystein and
penicillamine in position 1 and 8, respectively, to generate the
octapeptide Pr-[cM"Thz’RLRG"Pen”]c.21 The non-natural
amino-acids (c: D-cystein, Thz: thiazolidine 4-carboxylic acid
and Pen: penicillamine) improve plasma stability (>4H in-vitro
plasma half-life) and this sequence was optimized for high-af-
finity for LDLR.24 Next, a suitable linker was added on the C-
terminus. The linker was designed to be flexible and to



separate CB[7] from the vector to ensure unperturbed LDLR
binding, and to carry on an azido group for subsequent cou-
pling (Figure 2, right). To identify the best coupling conditions
for the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition, we
first investigated the conjugation between CB[7]-(O-
propargyl): and a model peptide monoazido-VH4142 (struc-
ture and details in supporting information for CB[7]-VH4142).
Finally, CB[7]-(O-propargyl): was conjugated to monoazido-
VH4127 affording the CB[7]-VH4127 conjugate in 27% iso-
lated yield after purification by reverse-phase HPLC (Figure 2).
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Figure 2. Synthesis of the CB[7]-VH4127 conjugate (PB : pro-
pargyl bromide, for details see supporting information).

To efficiently monitor endocytosis, another A680-Ada conju-
gate was prepared!62 (see supporting information) and tested
as a complex with CB[7]-VH4127.

LDLR binding. Binding of the CB[7]-VH4127 conjugate to the
LDL-Receptor was first evaluated by Surface Plasmon Reso-
nance (SPR). Recombinant hLDLR-ECD (extracellular domain)
was first immobilized on the surface of the sensor chip. Com-
pounds were injected sequentially at increasing concentrations
through a microflow system. Amantadine (Ama) was also used
as a high affinity guest for the CB cavity of CB[7]-VH4127 to

assess whether or not cavity occupancy of CB[7] would impact
LDLR-binding of the VH4127 peptide moiety. The ability of this
bioactive compound to form robust hosteguest complexes with
CB[7], with Ka ~1012 M-1,3d29 ensured almost quantitative com-
plexation at sub-nanomolar concentrations, as well as for the
A680-Ada«CB[7]-VH4127 complex which remained stable af-
ter HPLC purification (no dissociation observed).
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Figure 3. LDLR-binding of VH4127 and CB[7]-VH4127 conju-
gates. (a) Binding kinetics parameters (measured kon/on-rate,
kott/ off-rate and calculated Kp) on immobilized hLDLR-ECD us-
ing SPR. (b) Evaluation of hLDLR binding in living cells using a
competition assay. The reference fluorescent compound
AlexaFluor®680-VH4127 (A680-VH4127)21 was co-incu-
bated at sub-saturating concentration (300 nM) with increas-
ing concentrations of indicated compounds on CHO-hLDLR-
GFP cells during 3 hours at 37°C.

CB[7]-VH4127 showed an affinity (Kp = 6.5 nM, Figure 3a and
Table 1) for recombinant hLDLR similar to that of free VH4127
(Kp = 8.6 nM).21 Measurement of binding kinetics parameters
made from experimental sensorgrams (Figure 3a), namely kon
and kofr, revealed very similar values between the CB[7]-
VH4127 conjugate and the free VH4127 peptide (Table 1).



Table 1. hLDLR-binding parameters of free VH4127 peptide, the reference A680-VH4127 conjugate,? the CB[7]-VH4127 conjugate and
its complexes using Surface Plasmon Resonance (SPR) on immobilized hLDLR, or a competition assay in living CHO-hLDLR-GFP cells.[®

Kinetic and thermodynamic parameters assessed by SPR

Compound name k,, (on-rate) k ; (off-rate) K, :(r:/;/’l”)’
M*s™h) (s (nM)

VH4127 (6.59 +2.77) x 10° (4.87 +1.52)x 10” 8.61+4.09 330.1+121.4
A680-VH4127 (6.47 £3.59) x 10° (1.53+0.48)x 10" 22.65+9.33 NA
CB[7]-VH4127 (5.04 +0.55) x 10° (3.29 +0.34)x 10 6.53 +0.18 256.3 + 115.0

AmaeCB[7]-VH4127 (6.34 +0.09) x 10° (4.54 +0.11)x 10 7.16 £0.27 216.1+9.5
A680-Ada*CB[7]-VH4127 (3.94+0.13) x 10° (2.21+0.01)x 10 5.61+0.17 NA

[a] SPR results are expressed as means * SD of 2 to 9 independent experiments. Ki/pp values obtained from competition assays are expressed as means + SD
of n=37 independent experiments for free VH4127, n=3 for CB[7]-VH4127 and n=2 for the AmaeCB[7]-VH4127 complexed conjugate. NA: not applicable.

These results demonstrate that the conjugation of CB[7], which
showed no LDLR-binding alone, to the VH4127 peptide-vector,
does not affect its LDLR-binding potential. Likewise, the pres-
ence of the guest compound Ama (alone or conjugated to the
A680 fluorescent probe) in the CB[7] cavity, had no impact on
hLDLR-binding of the complex (Kp = 7.2 and 5.6 nM, respec-
tively). To confirm the LDLR binding potential of the CB[7]-
VH4127 conjugate in a cellular environment, a competition as-
say was performed on Chinese Hamster Ovary (CHO) cells sta-
bly expressing the hLDLR fused on its C-terminus to the En-
hanced Green Fluorescent Protein (CHO-hLDLR-EGFP cells).21b
Briefly, this assay is based on the competition on living CHO-
hLDLR-EGFP cells between a reference fluorescent compound
(A680-VH4127, endocytic constant Km = 72.2 nM in this cell
line)?2! at a fixed sub-saturating concentration of 300 nM, and
the test compound (CB[7]-VH4127) at increasing concentra-
tions, thereby leading to a concentration-dependent inhibition
of cell-associated A680 signal quantified using flow cytometry.
Fitting of the experimental data allows to determine apparent
inhibition constants (Ki/pp) values for each test compound
(Figure 3b). Attenuation in fluorescence intensity reflects dis-
placement of the reference peptide by the tested compounds.
The curves reflect the affinity of tested compounds toward
hLDLR in a competitive context and in living cells, thereby
providing different, complementary information to Kp values
obtained by SPR. Interestingly, CB[7]-VH4127 and its complex
with Ama showed very similar inhibition curves with respect
to the corresponding free vector. The similar inhibition profiles
and Kiapp values found for the free VH4127 peptide
(330.1+121.4 nM), the CB[7]-VH4127 conjugate (256.3+115.0
nM), and the AmaeCB[7]-VH4127 complex (216.1+9.5 nM),
confirmed that the presence of CB[7], loaded or not, has no im-
pact on the LDLR-binding potential of the conjugated VH4127
peptide on living cells.

Uptake and intracellular accumulation potential. We next
investigated the LDLR-mediated intracellular delivery poten-
tial of the CB[7]-VH4127 conjugate in the CHO-hLDLR-EGFP
cell line. Of note, this cell line was previously validated for its
ability to mediate LDLR-dependent uptake and intracellular
delivery to late endosomal compartments of both the LDL nat-
ural ligand and the reference A680-VH4127 conjugate.21a
Based on this work and that of Isaacs’ and Kim'’s groups,!416a
we prepared and used a fluorescent A680-Ada conjugate with
ultrahigh (1012 M-1) affinity for CB[7] as described for adaman-
tane conjugates, that allowed direct detection (tracking) and
quantification of the A680-Ada«CB[7]-VH4127 complex in

cells using flow cytometry and confocal microscopy. The ultra-
high affinity of this guest was used purposefully to avoid unin-
tentional dissociation and warrant reliable fluorescent track-
ing along the endo-lysosomal pathways. The synthesis of
A680-Ada and of its 1:1 complex with CB[7]-VH4127 (Figure
1b) is described in supporting information. Before starting to
assess intracellular trafficking, we first tested LDLR-binding of
the A680-Ada«CB[7]-VH4127 complex by SPR that showed an
affinity for LDLR similar to that of the free VH4127 and all
other compounds carrying VH4127 (Kp = 5.6 nM, Table 1, Fig-
ure 3a). We monitored endocytosis in CHO-hLDLR-EGFP cells,
and tracked the distribution of the complex in live cells by con-
focal fluorescence microscopy with the A680-Ada<CB[7]-
VH4127 complex (Figure 4).

Based on the assays described previously, the uptake potential
of the A680-Ada*CB[7]-VH4127 complex was assessed in dis-
tinct assays in CHO-hLDLR-EGFP cells and compared to that of
the reference conjugate, A680-VH4127 (Supporting infor-
mation).2!a First, the endocytic potential of these conjugates
was compared by incubating cells during 3 hours at 37°C with
increasing concentrations and the total (specific and non-spe-
cific) cellular A680-associated signal was quantified on fixed
cells using flow cytometry (Figure 4a). As previously shown
with the A680-VH4127 conjugatel2 both the A680-
Ada«CB[7]-VH4127 complex and the reference A680-
VH4127 conjugate showed a much higher uptake potential in
hLDLR-overexpressing vs. hLDLR-negative CHO cells, with a
mean 7-fold (A680-Ada+sCB[7]-VH4127 complex) and 11-fold
(A680-VH4127 conjugate) higher maximal uptake velocity
Vmax (intersection between plateau and y axis), confirming an
endocytic process involving the LDLR. In addition, all uptake
profiles reached a linear plateau around 300 nM, consistent
with specificity and saturability of this endocytic transport sys-
tem, with no or minor nonspecific uptake at higher concentra-
tions. Interestingly, apparent Km values, which represent ligand
concentration allowing uptake at half the maximum velocity in
this system, were found to be very similar between the refer-
ence A680-VH4127 conjugate and the A680-Ada<CB[7]-
VH4127 complex (43.5+8.5 nM and 32.3+6.6 nM, respec-
tively), suggesting similar engagement and velocity of the
LDLR-mediated endocytic process. However, the A680-
Ada«CB[7]-VH4127 complex showed a mean 53% increase in
the maximal uptake velocity Vmax in hLDLR-overexpressing
cells compared to the reference conjugate. Although hLDLR-
negative CHO cells showed much lower uptake of both conju-
gates, the Vmax of the complex was even 2.4-fold higher than



that of the reference conjugate in these cells, most likely reflect-
ing specific and saturable uptake mediated by the low, endoge-
nous levels of the hamster LDLR. The maximal uptake velocity
Vmaxlargely depends on the propensity of the ligand to dissoci-
ate from the LDLR in sorting endosomes and accumulate in late
compartments, thereby allowing each LDLR molecule to

recycle back to the cell surface and take up another ligand, with
hundreds of endocytosis cycles. Therefore, the higher Vmax ob-
served with the A680-Ada+CB[7]-VH4127 complex suggests
an unexpected higher dissociation from LDLR in sorting endo-
somes, resulting in a higher intracellular accumulation poten-
tial compared to the reference A680-VH4127 conjugate.30
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Figure 4. Uptake potential and intracellular accumulation in late compartments of the A680-AdasCB[7]-VH4127 complex in CHO-
hLDLR-EGFP cells. (a) hLDLR-positive and control hLDLR-negative CHO cells were incubated with the indicated A680-coupled con-
jugates at increasing concentrations during 3 h at 37 °C. The total A680-associated signal was then quantified on fixed cells using
flow cytometry. Km and Vmax values were estimated by fitting experimental data with a nonlinear regression. (b) Following a 1-hour
incubation on CHO-hLDLR-EGFP cells of A680-coupled conjugates at the sub-saturating concentration of 300 nM (Pulse), cells were
washed and then incubated for 6 hours with ligand-free medium (Chase). The residual cellular-associated A680 signal was quantified
on fixed cells using flow cytometry and rationalized to the amount measured at the end of the pulse (set at 100%). Results are
expressed as means +SD. *** indicates p<0.001 vs. A680-VH4127 after 6h chase. (c) Cells were subjected to the same pulse-chase
procedure (Pulse 1h / Chase 6h), except that A680-coupled conjugates were co-incubated with Dil-LDL as a marker of the LDLR-
mediated endo-lysosomal pathway. Shown are representative micrographs (merged images) of fixed cells at the end of the 1 h Pulse
and after 6 h Chase (hLDLR-GFP, green; Dil-LDL, red; A680-coupled vector-cargo conjugates, false blue). Arrowheads indicate LDLR-
and LDL-positive early and sorting endosomes; asterisks indicate LDLR-positive and LDL-negative perinuclear endocytic recycling
compartment (PERC); arrows indicate LDLR-negative and LDL-positive late compartments (late endosomes and lysosomes). Scale
bars 10 um; (d) Quantification of intracellular distribution of A680 in either LDLR-positive (early, sorting, and recycling endosomes)
or LDLR-negative (late endosomes and lysosomes) compartments.

This could be due to a unique feature of this complex, the con-
jugated A680-Ada«CB[7] complex destabilizing the ligand /re-

evaluation of the cellular elimination profile of both conjugates
allowed to estimate and compare the percentage of endocy-

ceptor interface in the mild-acidic environment of sorting en-
dosomes, where the LDLR is present in its “closed”, supposedly
restrictive conformation.3! As shown previously using a pulse-
chase procedure with similar LDLR-binding conjugates,?1a

tosed molecules that readily dissociate from the LDLR in sort-
ing endosomes and are subsequently delivered and accumulate
in late compartments (late endosomes/LE and lysosomes). Us-
ing the same procedure, namely short 1-hour pulse/cellular



exposure at sub-saturating concentration as determined in
previous uptake assays, followed by 6-hour chase in ligand-free
medium, the extent of elimination of the A680-Ada«CB[7]-
VH4127 complex was quantified by flow cytometry (Figure
4b). As observed previously?21a ca. 80% of the reference A680-
VH4127 conjugate was eliminated from cells after 6 hours
chase. This profile was shown to result from partial LDLR-

A680-VH4127

A680-AdaeCB[7]-VH4127

mediated recycling from endosomal compartments back to the
cell surface and subsequent release in the ligand-free medium
(non-productive uptake). Conclusively, the A680-Ada«CB[7]-
VH4127 complex was significantly less eliminated, with ca.
55% residual cellular A680-associated signal after 6 hours
chase, consistent with its higher uptake and intracellular accu-
mulation potential.
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Figure 5. Intracellular distribution of A680-VH4127 and of A680-Ada«CB[7]-VH4127 at steady-state in CHO-hLDLR-EGFP cells.
(a) Representative confocal images of fixed cells after incubation with A680-VH4127 and A680-Ada«CB[7]-VH4127 at non-satu-
rating concentration (300 nM) for 6 h at 37 °C (false red color of the near-IR fluorescent dye A680). Arrowheads indicate LDLR-
positive early and sorting endosomes; stars indicate LDLR-positive perinuclear endocytic recycling compartment (PERC); arrows
indicate LDLR-negative late compartments (late endosomes and lysosomes). Scale bars 10 pm; (b) Quantification of intracellular
distribution of A680 in either LDLR-positive (early, sorting, and recycling endosomes) or LDLR-negative (late endosomes and lyso-
somes) compartments, measured by the JAcoP plugin of Image] software (p<0.001 between A680-Ada*CB[7]-VH4127 and A680-

VH4127 in both LDLR+ or LDLR- compartments).

The intracellular distribution and fate of both conjugates was
then analyzed by confocal microscopy using the same pulse-
chase procedure (Figure 4d). At the end of the 1-hour pulse,
both conjugates showed a rather similar co-distribution be-
tween LDLR-positive and LDLR-negative compartments, as
quantified from confocal micrographs. Of note, colocalization of
VH4127 conjugates with co-incubated LDL particles in
early/sorting endosomes (LDLR-positive vesicles) and late
compartments (LDLR-negative vesicles) confirms previous
data showing the absence of competition for the uptake of both
ligands of the LDLR. However, the A680-Ada«CB[7]-VH4127
complex clearly showed a lower relative staining in the LDLR-
positive perinuclear recycling compartment than the reference
conjugate (asterisks in Figure 4c), indicating lower recycling to
the plasma membrane and hence higher potential for delivery
to late compartments. Most importantly after 6 hours chase
both conjugates were mainly found in LDLR-negative and LDL-
positive compartments that were previously described as late
compartments.212 However, the staining intensity of cells incu-
bated with the A680-Ada«CB[7]-VH4127 complex was con-
sistently brighter (lower acquisition parameters were used to
get micrographs with similar intensity and quality), again indi-
cating increased intracellular accumulation in late compart-
ments. This was in line with the much higher residual signal as
quantified in cellular elimination experiments. Finally, ration-
alization of the percentage of late compartment distribution af-
ter 6 hours chase (quantified from imaging experiments) to the

residual amount at the same time (quantified using flow cytom-
etry in cellular elimination experiments) allowed to estimate
the actual amount of conjugates that was readily delivered in
cells (late compartments). Whereas ca. 17% of the reference
conjugate was delivered in cells, consistent with previous find-
ings,21a this value reached ca. 53% for the A680-Ada«CB[7]-
VH4127 complex, definitely confirming a much better intracel-
lular release and accumulation profile. Finally, these findings
were corroborated by steady-state cellular distribution studies
(6-hour continuous incubation, Figure 5). In these conditions
where a distribution equilibrium is reached,?!a the A680-
Ada«CB[7]-VH4127 complex is distributed in significantly
higher amounts in LDLR-negative late compartments than the
reference conjugate (83% vs. 65%, respectively, Figure 5)
which constitutes a key improvement toward an efficient
LDLR-mediated DDS.

DISCUSSION

Most anticancer drugs are poorly soluble and display strong
and non-specific tissue distribution in vivo. Hence, modifying
approved drugs with suitable vectors specific to cancer tissues
has been largely explored. However, chemical modifications of
approved drugs are often difficult to achieve without jeopard-
izing their pharmacological activity. Furthermore, direct conju-
gation of a therapeutic entity to a molecular vector can also
compromise the targeting and intracellular delivery of the lat-
ter. Thus, a versatile DDS combining (i) preserved targeting



potential and specificity, (ii) stable non-covalent drug
transport and (iii) efficient intracellular drug delivery, would
be highly beneficial but remains challenging. The CB[7] mem-
ber of cucurbit[n]urils recently appeared as an attractive mac-
rocyclic host with good compatibility and prerequisites for bi-
ological applications.3-¢ However, beyond initial work from
Isaacs’ group with CB[7]-biotin,1* examples of targeted CB[7]
are sparse, with either the carcinoembryonic antigen targeting
M5A antibody 3233 or the bicyclic heptapeptide phalloidin tar-
geting the intracellular actin.33 Besides, none of these targeting
ligands allowed receptor-mediated endocytosis of the
guesteCB[7]-Ligand complex. Therefore, there remains a high
need to demonstrate the feasibility to generate such a DDS able
to target a cell-surface receptor and trigger efficient endocyto-
sis and intracellular accumulation of the guest.

In this work, we explored the possibility to generate such a
DDS, based on the mono-functionalization of a CB[7] macrocy-
cle to a peptide vector efficiently targeting the LDL-receptor
(LDLR), a cell-surface receptor endowed with high endocytic
potential. The choice of CB[7] was based on its proven ability
to form robust hosteguest complexes with a wide range of bio-
active or functional compounds, including anticancer drugs
such as oxaliplatin, albendazole, temozolomide, irinotecan, or
tamoxifen,”814 even when CB[7] is functionalized.!* On the
other hand, the rationale for using a peptide ligand targeting
the LDLR with high affinity and specificity was based on the fact
that this receptor displays some degree of tissue selectivity that
can be leveraged for tissue-specific pathologies but also for the
numerous cancers overexpressing LDLR.2223 Furthermore, this
cell-surface receptor is endowed with a particularly high endo-
cytic potential, owing to its fast recycling (~10 min) and long
lifespan (~20 h).34 Finally, the VH4127 peptide was already val-
idated for its potential to bind and efficiently target the LDLR
in both in vitro and in vivo settings.21.24 This peptide also has the
advantage to bind the LDLR at a region of the extracellular do-
main that does not overlap the LDL binding site, thereby avoid-
ing any competitive safety issues.20.21 Here, we demonstrated
the feasibility to conjugate this peptide to CB[7]. First, the re-
sulting CB[7]-VH4127 conjugate maintains its LDLR-binding
potential both on the immobilized human LDLR, as assessed us-
ing Surface Plasmon Resonance, and on living cells, as assessed
in a competition assay on a cell line stably expressing the hu-
man LDLR. Second, the use of a Alexa680-Adamantane (A680-
Ada) conjugate as a prototypical fluorescent CB[7] guest al-
lowed direct tracking and spatio-temporal evaluation of intra-
cellular trafficking events following endocytosis in this hLDLR-
expressing cell line. Not only these experiments confirmed spe-
cific and saturable LDLR-dependent uptake, as previously
demonstrated with the reference A680-VH4127 conjugate.21a
But they unexpectedly revealed an even higher intracellular ac-
cumulation potential of the resulting A680-Ada<CB[7]-
VH4127 complex compared to the reference conjugate, with
no competition with LDL particles and co-delivery to late endo-
somal compartments. Although this particular behaviour re-
mains to be fully understood, we hypothesize that it might re-
sult from a higher dissociation from LDLR than the reference
A680-VH4127 conjugate in sorting endosomes, which in turn
would increase delivery to late endosomal compartments (i.e.
productive uptake) rather than partial passive recycling to-
gether with the LDLR back to the cell surface (i.e. non-produc-
tive uptake).

The present work was focused on the chemical feasibility and
LDLR-mediated uptake potential of a model A680-Ada«CB[7]-
VH4127 complex in an engineered cellular model overexpress-
ing the human LDLR. Nonetheless, our results take one step

forward with the application of CB[7] targeted delivery for bi-
ological applications. First, we demonstrated here that this DDS
has a particularly high LDLR-dependent intracellular accumu-
lation potential of a CB[7] guest in LDLR-expressing cells fol-
lowing short, 1- to 3-hour cellular exposure. It is now of para-
mount importance to investigate how this feature translates in
therapeutically relevant in vitro and in vivo models expressing
the LDLR. As an example, this could be further investigated
with new guesteCB[7]-VH4127 complexes incorporating
therapeutic or imaging agents in a model of pancreatic ductal
adenocarcinoma (PDAC), as recently performed with the
VH4127 peptide.35 Another attractive application of the pre-
sent work that is worth investigating is to use the adaman-
tane«CB[7]-VH4127 complex as one stand-alone versatile
platform for a variety of therapeutic applications. Indeed, part
of the in vitro validation of the LDLR-targeting DDS provided
here is based on the covalent association of the Alexa680 fluo-
rescent dye to the amantadine guest to allow investigation of
its intracellular trafficking and fate. But beyond its use in the
present work as a prototypical fluorescent probe, the adaman-
tane group, which displays a remarkably high and stable affin-
ity for CB[7],3429 can also be used as a pivotal anchor point to
bioactive compounds, such as small molecules, peptides or
therapeutic oligonucleotides, enabling stable association in
plasma and efficient LDLR-mediated intracellular delivery of
the drug-adamantaneeCB[7]-VH4127 complex in the dis-
eased tissue. This strategy, together with the possibility to re-
lease the drug in late acidic endosomal compartments by spe-
cific cleavable linkers, is particularly appropriate when direct
conjugation of the VH4127 peptide does not afford conjugates
with the desired functions. Finally, conjugation of VH4127 to
the bigger macrocycle cucurbit[8]uril (CB[8], featured by a
larger cavity) could also largely expand the scope of trans-
ported bioactive compounds (i. e. steroidal hormones,3& or neu-
romuscular block reversal agents).36

CONCLUSIONS

In summary, the proposed LDLR-targeting DDS is composed of
four functionally distinct parts, namely i) an LDLR-targeting
peptide covalently attached to ii) the CB[7] macrocycle as a
host for iii) a high affinity guest that can also act as a strong and
stable anchorage point for iv) a bioactive compound (guest
drug or conjugate). In the present work, we demonstrated that
such DDS retained full LDLR-binding potential together with a
particularly high uptake and intracellular accumulation poten-
tial in cells expressing the human LDLR of a model high affinity
CB[7] guest, namely an Alexa680-Adamantane conjugate. Fur-
ther work is now warranted to evaluate how this potential
translates in relevant LDLR-expressing pathophysiological
models, such as tumor models, for i) imaging applications and
ii) therapeutic applications. This latter application will allow
investigation of drug release from the CB[7] in late acidic com-
partments,37 either passively for drugs with nanomolar affinity
for the cavity of CB[7], or through specific cleavable linkers in
the case of guest-drug conjugates, to escape late compartments
and reach their pharmacological target. This new LDLR-
targeting DDS could open a new wealth of opportunities for tar-
geted delivery of cucurbituriledrug complexes for medical ap-
plications.

EXPERIMENTAL SECTION

General. CB[7]38 and CB[7]-(OH)12627 were prepared ac-
cording to previous papers from our group. Alexa680-NHS (un-
disclosed structure) was purchased from Life Technologies
(Grand Island, NY). His-tagged recombinant human LDLR



(extracellular domain, hLDLR-ECD) was purchased from Sino-
Biological (Beijing, China). All other chemicals were purchased
from commercial sources and used without further purifica-
tion. CHO cells stand for Chinese Hamster Ovary cells. The CHO-
hLDLR-EGFP cell line was engineered by Vect-Horus to stably
express the human LDLR receptor tagged in C-terminal posi-
tion by the GFP (Green fluorescent protein) for detection by
flow cytometry and observations by microscopy.2ta24 CHO-
hLDLR-EGFP cells were cultured in Nutrient Mix/F12 (Ham)
Glutamax medium supplemented with 10% fetal calf serum,
100 U/mL penicillin, 100 pg/mL streptomycin, and 500 pg/mL
Geneticin in a humidified environment at 37°C with 5% CO-.
Cell medium Nutrient Mix/F12 (Ham) Glutamax, fetal calf se-
rum, penicillin, streptomycin, Geneticin and Dubelcco’s Phos-
phate Buffer Saline without calcium and magnesium (D-PBS)
were bought from Life Technologies (Saint Aubin, France).

NMR spectra were recorded at 300K on BRUKER Avance III
nanobay - 300 or 400 spectrometers at frequencies of 300.13
MHz or 400.13 MHz respectively for 'H and 75.46 MHz or
100.60 MHz respectively for 13C. Both spectrometers were
equipped with a multi-nuclei 5 mm BBFO probe with Z-gradi-
ent. Splitting patterns are indicated as follows: s, singlet; d, dou-
blet; t, triplet; m, multiplet. For CB[7]-(OH): and CB[7]-(O-
propargyl)1, the spectra were recorded on the 300 or 400 MHz
spectrometers using D20 as solvent (internal reference, 4.75
ppm, and water suppress sequence when necessary). Excess
cystamine (cys) was added as a guest to increase the solubility
of tested compounds. For A680-Ada, the 1H and 13C NMR spec-
tra were recorded on the 300 or 400 MHz spectrometers using
CDClIs as solvent.

For mass spectra (synthesis of CB and adamantane deriva-
tives), a SYNAPT G2 HDMS mass spectrometer (Waters, Man-
chester, UK) equipped with a pneumatically assisted elec-
trospray ionization (ESI) source was used, operated in the pos-
itive ion mode: electrospray voltage: 2.8 kV; declustering po-
tential: 20 V; nebulization gas flow (nitrogen): 100 L/h. Mass
spectra were obtained with an orthogonal acceleration time-of-
flight (oa-TOF) mass analyzer. Water solution of tested samples
were diluted (1/10, v/v) in methanol before analysis and then
introduced in the ESI source at a 10 puL/min flow rate using a
syringe pump. For HPLC-MS measurements, an ESI mass spec-
trometer on LCQ Fleet (ThermoFisher) was used in positive
mode.

HPLC analyses of CB[7]-Peptide conjugates. Reaction progress
monitoring as well as purity assessment were performed by an
analytical RP-HPLC (Thermo Fisher Ultimate®3000) equipped
with a Kinetex® 2.6 pm €18 1004 LC column (50x4.6 mm) us-
ing a gradient of 0% - 40% B in 10 min (UV Detection: 214 nm).
The elution system consisted of solution A - H20 (0.1% HCOOH)
and solution B - acetonitrile (0.1% HCOOH) with a flow rate of
2 mL/min. The crude product was purified via preparative RP-
HPLC (Thermo Fisher Ultimate®3000 series) on a Luna® 5pm
€18 100A LC column (150x10 mm). The process was moni-
tored at 214 nm. The elution system consisted of solution A -
H20 (0.1% TFA) and solution B - acetonitrile (0.1% TFA) with
a flow rate of 6 mL/min. Ratios of solutions (gradient condi-
tions) are given hereafter. In some cases, there is a small base-
line drift in HPLC traces explained by the UV wavelength we use
for our analyses and the gradient system we worked with.
There is an increased difference in the absorbance during the
elution. Our starting system is composed of solution A which is
a water solution (H20, 0.1% HCOOH) and gradually solution B
(acetonitrile, 0.1% HCOOH) is added to solution A. However,
acetonitrile absorbs more strongly than water, especially at
214 nm which is the wavelength used in our analyses. This

explains the drift observed in the baseline that we observe
which is especially visible when the quantity injected is low.
HPLC analyses of A680-Ada conjugate & A680-AdaCB[7]-
VH4127 complex. Reaction progress monitoring and purity as-
sessment were performed on an analytical RP-HPLC (Thermo
Fisher Ultimate®3000) equipped with a Kinetex® 2.6 um C18
100A LC column (50x4.6 mm) using a gradient of 0% - 100% B
in 10 mins (UV Detection: 214 nm and 680 nm). The elution
system consisted of solution A - H20 (0.1% HCOOH) and solu-
tion B - acetonitrile (0.1% HCOOH) with a flow rate of 2
mL/min. The crude product was purified by preparative RP-
HPLC (Thermo Fisher Ultimate®3000 series) on a Luna® 5um
€18 100A LC column (150x10 mm), monitoring at 214 nm. The
elution system consisted of solution A - H20 (0.1% TFA) and
solution B - acetonitrile (0.1% TFA) with a flow rate of 6
mL/min.

Synthesis of CB[7]-(OH)1. CB[7] (8.6 mmol, 10 g) was dis-
solved in a 300 mL, 10 M HCl/distilled water (1/1 v/v) solution
and placed in a quartz tube before degassing with argon. After
the addition of 600 pL of aqueous hydrogen peroxide (35%
H202, 5.7 mmol) and stirring, the reaction mixture was irradi-
ated with UV light (254 nm) under vigorous stirring for 5 hours
and under argon. The reaction progress was monitored by 'H-
NMR of aliquots taken over time and dried before solubilization
in D20 with cystamine. The solvent was removed via rotary
evaporation yielding a pale-yellow solid. The crude product
composed of a mixture of CB[7]-(OH)n (n=1-5) was purified by
column chromatography on silica gel (eluent: water / acetic
acid / formic acid, 10/10/2). The CB[7]-(OH)n elute from the
column in the order CB[7]-(OH)s, CB[7]-(OH)s, CB[7]-(OH)s3,
CB[7]-(0OH)2, CB[7]-(OH)1 and CB[7]. The solvents were re-
moved under reduced pressure to afford 2 g of CB[7]-(OH)1
(C42H42N28015) as a white powder (isolated yield: 20%). Repet-
itive cycles of addition of cyclohexane, exposure to ultrasound
and evaporation helped removing acetic acid from the product.
1H NMR (300 MHz, D20) & (ppm): 5.87 - 5.73 (m, 12H), 5.62 -
5.54 (m, 14H), 5.35 (s, 1H), 4.56 (d, J = 15.5 Hz, 2H expected,
0.8H observed due to watersupress sequence), 4.34 - 4.25 (m,
12H expected, 11.2 H observed due to watersupress sequence),
consistent with literature data,3° (Figure S1a). Mass spectrom-
etry Figure S1b. HRMS (ESI) m/z: Calcd for C46Hs6N30015S22*
([CB[7]-(OH)1+cys+2H]?*) 666.1986; Found 666.1975. Purity
as assessed by 'H NMR and mass spectrometry was >95%.
Synthesis of CB[7]-(O-propargyl):. CB[7]-(OH)1 (20 mg,
17x10-3 mmol) was dissolved in 1.5 mL of anhydrous DMSO
with the help of ultrasound and under argon before the addi-
tion of NaH (10 mg, 0.4 mmol). The reaction mixture was kept
under argon and allowed to stir at room temperature for 3
hours. The reaction mixture was then cooled to 0 °C with an ice
bath before the dropwise addition of propargyl bromide (0.5
mL, 4.4 mmol). The reaction mixture was further stirred over-
night at room temperature under argon before addition of Et20
to precipitate the crude product. The precipitate was isolated
by centrifugation before washing the yellow solid with metha-
nol three times. The obtained solid was dried under vacuum af-
fording a crude product containing the targeted product and
the starting product (Figure S2b). This crude product was sub-
mitted to another exactly same reaction and work-up affording
12 mg CB[7]-(O-propargyl): (C4sH44N2801s, Figure SZb) as an
off-white powder (isolated yield: 60%). 1H NMR (400 MHz,
D20) &8 (ppm): 5.76 - 5.62 (m, 12H), 5.54 - 5.42 (m, 14H), 5.24
(s, 1H expected, 0.36 H observed presumably due to the water-
supp sequence), 4.41 (d,J = 15.7 Hz, 2H expected, 1H observed
due to the watersupp sequence), 4.28 - 4.16 (m, 14H), 2.84 (s,
1H), consistent with literature data,%0 (Figure S2a). Mass



spectrometry Figure S2b. HRMS (ESI) m/z: Calcd for
C49H58N30015522+ ([CB[7]-(0-propargyl)1+cys+2H]2+)
685.2064; Found 685.2054.

Synthesis of Pr-VH4127-PEGz-K(N3)-NHz  (VH4127:
[cMThzRLRGPen]) and  Pr-VH4142-PEGz-K(N3)-NH:
(VH4142: [CMPRIRGC]c). The peptidyl sequences H-
cMThzRLRGPen-PEG2-K(N3)-resin and  CMPRIRGC-PEG:-
K(Ns3)-resin were synthesized using Fmoc SPPS methodology
with an automated microwave peptide synthesizer (CEM Cor-
poration, Matthews, NC, USA) on a Rink amide resin as previ-
ously described.20 Both peptides were manually N-propio-
nylated using a Pr20/DCM solution (2x5 min). After acid cleav-
age of the peptidyl resin with a mixture of TFA/TIS/H2.0/DTT
for 2h, cyclization was performed on crude peptides by intra-
molecular disulfide bridge formation using Ks[Fe(CN)s] be-
tween the first Cys or D-Cys residue and the last Cys residue.
Cyclic peptides Pr-[cMThzRLRGPen]c-PEG2-K(N3)-NHz and Pr-
[CMPRIRGC]c-PEG2-K(N3)-NHz2 were then purified using Re-
verse-Phase HPLC and their homogeneity and identity were
successfully assessed by analytical LCMS using the conditions
described hereafter. Instruments. HPLC: DIONEX ultimate
3000 series, column: kinetex 2.6pum C18 100A (50x4.6 mm),
gradient: 10 % — 100% B, 1 to 11min, eluents: A = H20
(HCOOH 1%o) B = CH3CN (HCOOH 1%o), flow rate: 2 mL/min,
UV detection: 214 nm. Mass spectrometry: LCQ Fleet Ther-
moFisher using positive electrospray mode. Pr-VH4127-PEG;-
K(N3)-NHz: Purity (HPLC-UV): 99 %, Rt = 3.47 min. Mass spec-
trometry: theoretical: [M+H]*= 1333.60 g/mol, experimental :
[M+H]*=1333.64 Da; [M+2H]?*=667.91 Da. Pr-VH4142-PEG.-
K(N3)-NHz: Purity (HPLC-UV): 97 %, Rt = 2.93 min. Mass spec-
trometry: theoretical: [M+H]* = 1287.62 g/mol, experimental
[M+H]* = 1287.57 Da; [M+2H]?* = 644.84 Da.

Synthesis of the CB[7]-VH4142 conjugate. Peptide mono-
azido-VH4142 ([CMPRIRGC]c) was selected as a model peptide
to optimize the coupling conditions of CB[7]-(0O-propargyl):
with monoazido-VH4127. Based on preliminary results screen-
ing a set of reaction conditions, an excess of monoazido-pep-
tide, of the Cu(I)eTBTA pair as a catalyst, and a short reaction
time were selected as the final reaction conditions. Several
stock solutions were prepared for the conjugation: (1) a CB[7]-
(O-propargyl): solution (2 mg/mL in distilled water); (2) a
freshly prepared 100 mM CuBr solution; and (3) a 100 mM
TBTA solution in DMSO/tBuOH (3/1 v/v). All the solvents were
degassed by nitrogen before use. 750 pL of the CB[7]-(O-
propargyl)1 solution were added into a small glass vial contain-
ing 4.75 mg of VH4142-N3 in 68 pL of distilled water. 50 pL of
the fresh CuBr solution were mixed with 50 pL of the TBTA so-
lution to prepare the Cu(I)/ligand solution which was subse-
quently added to the cucurbituril/peptide solution thereby
starting the coupling reaction that proceeded at room temper-
ature for 15 minutes under stirring. Reaction progress was
monitored by analytical RP-HPLC. The crude product was then
purified by preparative RP-HPLC (Table S1). Purity and charac-
terization of the obtained CB[7]-VH4142 conjugate were as-
sessed by analytical RP-HPLC and ESI mass spectrometry on
LCQ Fleet (ThermoFisher) used in positive mode (Figure S3).
Yield: 39%; Purity: 97%.

Synthesis of the CB[7]-VH4127 conjugate. Based on the ex-
perience gained using monoazido-VH4142, optimized condi-
tions for the CuAAC reaction were used for the conjugation of
monoazido-VH4127 ([cM”"Thz”’RLRG"Pen”]c) with CB[7]-(O-
propargyl)i. Several stock solutions were prepared for the con-
jugation: (1) a CB[7]-(O-propargyl): solution (2 mg/mL in dis-
tilled water); (2) a freshly prepared 100 mM CuBr solution; and
(3) a100 mM TBTA solution in DMSO/tBuOH (3/1 v/v). All the

solvents were degassed by nitrogen before use. For peptide ste-
reochemistry, see Figure 2 of the paper. 1050 pL of the CB[7]-
(O-propargyl): solution were added into a small glass vial con-
taining 6.6 mg of VH4127-N3 in 75 pL of distilled water. 68 pL
of the fresh CuBr solution were mixed with 68 uL of the TBTA
solution to prepare the Cu(I)/ligand solution which was subse-
quently added to the cucurbituril/peptide solution thereby
starting the coupling reaction that proceeded at room temper-
ature for 15 mins. Reaction progress was monitored by analyt-
ical RP-HPLC. The crude product was then purified by prepar-
ative RP-HPLC (Table S2). Purity and characterization of the
obtained CB[7]-VH4127 conjugate were assessed by analytical
RP-HPLC and ESI mass spectrometry on LCQ Fleet (Ther-
moFisher) used in positive mode (Figure S4). Yield: 27%; Pu-
rity 99%.

Synthesis of the A680-Ada conjugate. A680 NHS-ester (2 mg,
Life Technologies, structure patented) was first dissolved in 60
uL of DMF and N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)adaman-
tan-1-amine (18.36 mg, preparation in supporting infor-
mation) was dissolved in 500 pL of DMF. The amine solution
(8.2 pL, 1 pmol, 1 equiv.) was introduced in 0.5 mL of DMF, to-
gether with the A680 NHS-ester solution (36 pL, 1.2 mg) and
1.5 equiv. of DIEA, before stirring at room temperature for 15
minutes. Reaction progress was monitored by analytical RP-
HPLC. The crude product was then purified by preparative RP-
HPLC (Table S3). Because the molecular weight of A680 NHS-
ester is unknown, the molecular weight of purified A680-Ada
was confirmed approximately by ESI mass spectrometry and
the purity was assessed by analytical RP-HPLC (Figure S8).
Yield: 25.5%; Purity 99%.

Preparation of the A680-Ada+CB[7]-VH4127 complex. To
avoid fluorescence interferences that could come from non-
complexed A680-Ada during confocal microscopy, an exact 1:1
A680-Ada«CB[7]-VH4127 complex was required. CB[7]-
VH4127 and A680-Ada were first dissolved in distilled water
to prepare stock solutions. The two solutions were then mixed
assuming a calculated 1:1 host-guest ratio. HPLC-MS was used
to check formation of the complex. Instead of the expected sin-
gle peak corresponding to the desired complex, two peaks were
observed on chromatograms, corresponding to the desired
A680-Ada«CB[7]-VH4127 complex and to free A680-Ada
(Figure S9). The fraction corresponding to the complex was col-
lected and analyzed again by HPLC-MS to check if this result
could have been caused by an instability of the complex in the
conditions of HPLC-MS. The single peak for the complex ob-
served on this chromatogram excluded this possibility. We thus
decided to iteratively add more CB[7]-VH4127 up to the total
disappearance of the peak corresponding to A680-Ada. This
process was followed by HPLC (Figure S10) and the ratio of the
two compounds to produce the desired complex was CB[7]-
VH4127 : A680-Ada = 1.6 : 1. Then the mixture was purified
by preparative RP-HPLC (Table S4) and the desired 1:1 A680-
Ada«CB[7]-VH4127 complex was obtained. The purified com-
plex was further identified by analytical RP-HPLC and ESI mass
spectrometry (Figure S11). Purity: 99%.

Surface Plasmon Resonance (SPR). The association rate con-
stant (on-rate, kon) and dissociation rate constant (off-rate, koff)
of our tested compounds toward LDLR have been measured by
SPR. Their ratio gives access to the equilibrium dissociation
constant Kp (Kp = koft/kon) which is related to the conjugate’s
binding affinity toward LDLR. SPR measurements were per-
formed at 25°C using a Biacore T200 apparatus (Cytiva) and 50
mM HEPES-NaOH pH 7.4, 150 mM NaCl, 0.005% Tween-20
(v/v) as running buffer. The His-tagged recombinant extracel-
lular domain of the human LDL-receptor (hLDLR-ECD,



SinoBiological, Beijing, China) was immobilized on HC1500m
sensorchips (Xantec, Dusseldorf, Germany) by amine coupling
at pH 5, according to manufacturer’s instruction, at a density of
around 125 fmol/mmz2. A flow cell with an irrelevant protein,
the SNAP25 (Synaptosomal-Associated Protein, 25kDa) cou-
pled at pH 4 at the same density was used as control flow cell.
Different concentrations of the analytes (5-640 nM for
VH4127, Ama«CB[7]-VH4127 and A680-Ada+CB[7]-
VH4127; 10-1280 nM for CB[7]-VH4127) were prepared by
two-fold dilutions in running buffer and injected over the flow
cells during 120 seconds at 30 pL./min with a dissociation time
of 600 seconds. Complete dissociation allowed analysis with-
out regeneration. Blank runs of running buffer were performed
in the same condition. Coloured lines of Figure 3: experimental
specific binding curves of molecules at each test concentration
obtained after double subtraction of the signal measured on the
control flow cell (without immobilized LDLR) and a blank run.
Black lines: fit curves of the experimental data with a kinetic ti-
tration 1:1 Langmuir interaction model using Biacore T200
Evaluation version 2.0 software. Data shown are representa-
tive of 2 to 6 independent experiments.

Competition assay in live cells. On-cell competition assay
was used to determine apparent inhibition constant (Ki/app)
values from inhibition curves for each tested compound on
CHO-hLDLR-EGFP cells. The reference fluorescent compound
AlexaFluor®680-VH4127 (A680-VH4127),21a which is of
known affinity for hLDLR, was prepared previously and used
for the measurements. Cells were plated in a 96-well micro-
plate and exposed to increasing concentrations of tested com-
pounds (VH4127, CB[7]-VH4127 and the Ama<CB[7]-
VH4127 complex: 0.001, 0.01, 0.1, 1, and 10 uM) in the pres-
ence of the reference compound A680-VH4127 at a sub-satu-
rating concentration of 300 nM for 3 hat 37 °C. After treatment,
cells were washed by D-PBS and dissociated by incubating with
Trypsin/EDTA for 5 mins at 37 °C, before the addition of cold
culture media (4 °C) to stop the action of Trypsin. Resuspended
cells were transferred in a 96-deepwell plate containing 1%
SVF 0.02% sodium azide in PBS and then centrifuged for 5 min
at 2000 rpm at 4 °C. After removing supernatant, 5 mM EDTA
in D-PBS and 4% paraformaldehyde (PFA) (v/v 1:1) were
added into wells to fix cells for 10 min at room temperature.
PFA was removed by centrifugation (5 min, 2000 rpm) and
cells were resuspended with 5 mM EDTA in D-PBS. Then the
cellular A680-associated fluorescent signals was quantified us-
ing an Attune™ NxT flow cytometer (Thermo Fisher Scientific)
equipped with Attune™ NxT v3.1.2. Inhibition curves were fit-
ted with GraphPad Prism® software using a nonlinear fit to get
the Ki/app values.

Evaluation of endocytic constant Km and maximal uptake
velocity (Vmax, Figure 4a). Sub-confluent CHO-hLDLR-GFP
cells or CHO cells in 96-well plates were incubated with A680-
VH4127 and A680-Ada«CB[7]-VH4127 at increasing concen-
trations for 3 h at 37 °C. After the completion of incubation, the
total cellular A680-associated fluorescent signals were quanti-
fied via flow cytometry (cells were prepared for the flow cy-
tometry assay in the same way as the method in the ‘competi-
tion assay in live cells’ section). Experimental data (means * SD)
were fit with a nonlinear regression (solid lines) using
GraphPad Prism® software to estimate Km and Vmax values. The
value of the endocytic constant Km corresponds to the concen-
tration of tested compounds allowing their binding and endo-
cytosis at half-maximal velocity of hLDLR in this cellular model
and the maximal velocity Vmax value represents the maximum
uptake potential of tested compounds.

Evaluation of cellular elimination. Total cellular elimination
of A680-coupled vector-cargo conjugates was studied on sub-
confluent CHO-hLDLR-GFP cells grown in 48-well plates using
a pulse-chase protocol (1-hour pulse followed by chase in lig-
and-free medium during 6 h). Both A680-VH4127 and A680-
Ada«CB[7]-VH4127 were incubated at the sub-saturating con-
centration of 300 nM (selected based on previous uptake/Km
experiments). At the end of the pulse or after an additional 6-
hour chase, the total cellular A680-associated fluorescent sig-
nals were quantified via flow cytometry (cells were prepared
for the flow cytometry assay in the same way as the method in
the ‘competition assay in live cells’ section). The residual
amount of A680-coupled vector-cargo conjugates at the end of
the pulse-chase procedure was calculated as a ratio to the total
A680-associated signal measured at the end of the pulse (set at
100%).

Evaluation of steady-state intracellular distribution (Fig-
ure 5). CHO-hLDLR-GFP cells grown onto glass coverslips in
24-well plates were incubated with A680-VH4127 and A680-
Ada«CB[7]-VH4127 at the non-saturating concentration of
300 nM for 6 h at 37 °C. At the end of incubation, cells were
washed with cold D-PBS for 3 times and then fixed by 4% PFA
for 10 min at room temperature. Nuclei were stained with
Hoechst 1:1000 solution (Hoechst staining not shown in Figure
5). Coverslips containing cells were mounted on glass slides in
Prolong Gold after washing by PBS for 3 times. Images were ac-
quired using a laser-scanning confocal microscope (LSM700,
Zeiss) equipped with Zen 2012 software. Each fluorophore was
imaged sequentially. JACoP plugin of Image] software was em-
ployed to quantify the intracellular distribution of A680 in ei-
ther LDLR-positive (early, sorting, and recycling endosomes)
or LDLR-negative (late endosomes and lysosomes) compart-
ments. Ten full images (up to five cells in one image) were ana-
lyzed for each group.
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Supporting Information.

NMR and mass spectra of synthesized compounds and HPLC-
MS analyses of the conjugates, CB[7]-VH4142, CB[7]-VH4127,
A680-Ada and of the complex A680-Ada«CB[7]-VH4127 can
be found in the supporting information. This material is availa-
ble free of charge via the Internet at http://pubs.acs.org.
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