Open Access Article. Published on 11 February 2016. Downloaded on 12/4/2025 1:56:25 PM.

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

(cc)

NJC

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: New J. Chem., 2016,
40, 3484

Received (in Montpellier, France)
18th November 2015,
Accepted 10th February 2016

DOI: 10.1039/c5nj0325%n

Supramolecular encapsulation of benzocaine and
its metabolite para-aminobenzoic acid by
cucurbit[7]uril
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An ester-type local anesthetic agent, benzocaine (BZC), and its metabolite, para-aminobenzoic acid (PABA),
both form 1:1 host—guest complexes with cucurbit[7]uril (CB[7]) in aqueous solution and has been observed
by H NMR, UV-visible spectroscopic titrations (including Job's plot), electrospray ionization (ESI) mass
spectrometry, and density functional theory (DFT) molecular modeling. The host—guest binding affinities are
(22 £ 0.2) x 10* ML and (1.5 + 0.2) x 10* M~ for the protonated BZC and PABA, respectively, in acidic
solutions. The binding constants decrease by ~100-fold to approximately 300 and 200 M~* for BZC and
= 74).
However, the encapsulation of these guest molecules by CB[7] only resulted in very moderate pK, shifts.

PABA, respectively, upon deprotonation of these guest molecules in PBS buffered solution (pH

This supramolecular encapsulation of BZC and PABA could potentially find applications in drug formulation
for the purpose of enhancing bio-absorption as well as reducing methemoglobinemia and allergic reactions

www.rsc.org/njc

1. Introduction

It is generally believed that synthetic macrocyclic molecules may
mimic the non-covalent encapsulation behaviour of enzymes.'™
Particularly, a novel family of macrocyclic hosts known as
cucurbit[n]urils (CB[#n]s, n = 5-8, 10 and 14) has shown remarkable
potential in molecular encapsulation and enzymes biomimetics.*”
CB[n] compounds consist of n glycoluril units connected by 2n
methylene groups, and they possess not only a hydrophobic
internal cavity that can encapsulate guest molecules, but also
two carbonyl-fringed portals that are good cation receptors. The
chemical activity of a guest molecule is often altered upon
encapsulation by CB[n]."® Among all of the members of the
CB[n] family, CB[7] (Fig. 1), in particular, has been widely
adopted as a promising molecular capsule of drug molecules
because of both its good water-solubility and its capacity to
encapsulate organic molecules of a wide range of sizes with
binding affinities of up to 10*” M~ *.”7*® Following the seminal
work on the use of CB[7] for the encapsulation of drug mole-
cules,"™* numerous reports regarding the encapsulation of
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caused by the derivation of PABA during the metabolism of BZC.
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Fig.1 Molecular structures of CB[7] and the two guest molecules, BZC

and PABA. The protons of BZC and PABA molecules are numerically
labelled.

\

bioactive molecules by CB[7] have been published and well-
reviewed in recent years."*”'* CB[7] encapsulation often leads to
improved solubility, chemical stability, and therapeutic efficacy as
well as reduced side effects. Our research groups have investigated
the biocompatibility'® of CB[7] and its complexation with a variety of
drug molecules and medically important molecules during the past
decade, which have included imidazolium- and thiazolium-based
model drugs,">"® ranitidine,"” coumarin,'® vitamin B,, and its
coenzyme,'® and MPTP/MPP*.*° Very recently, we reported the
inclusion of a general anesthetic tricaine for fish by CB[7] and
evaluated its biological effects in vivo.>* As a synthetic receptor,
CB[7] accelerated the recovery of anesthetized zebrafish by
encapsulating tricaine in vivo.”* We recently extended our
efforts to study the CB[7] encapsulation of another well-known
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structurally relevant anesthetic agent, benzocaine (BZC) (Fig. 1),
and its metabolite para-aminobenzoic acid (PABA) (Fig. 1).

As an ester-type local anesthetic, BZC is frequently utilized to
relieve topical pain and reduce local sensitivity.>> Due to the
low pK, value of its protonated form, BZC is always present as a
neutral species under physiological conditions®*>* and there-
fore its corresponding poor solubility in aqueous solution has
limited its application in superficial treatments.>” Additionally,
the common problem encountered with local anesthetics is
their short duration,® and the increasing dosage of BZC in
particular often leads to systemic side-effects, as a high concen-
tration of BZC in plasma would be metabolized by esterases
generating toxic PABA and its derivatives thus causing methe-
moglobinemia as well as allergic reactions.”**” In order to
improve its solubility and bio-availability as well as to decrease
the side-effects, various approaches including nanocapsule and
liposome delivery formulations have been developed.”>*”~>° In
addition to the aforementioned methods, supramolecular
encapsulation may also provide a promising pathway toward
achieving such a goal, and it has been reported that BZC
complexation with cyclodextrin and calixarene derivatives
might have this potential.”>*%*" However, the supramolecular
encapsulation of BZC by cucurbit[n]urils is yet to be investi-
gated. Our aim is (1) to obtain a clear understanding of the
complexation behaviour between CB[7] and BZC as well as its
metabolite PABA and (2) to determine the pK, shifts of BZC and
PABA upon binding to the synthetic receptor CB[7]. It is
anticipated that such a supramolecular encapsulation may find
potential applications in the formulation of this local anes-
thetic agent for improved delivery with reduced side-effects.

2. Experimental

2.1. Materials

The host molecule CB[7] was prepared according to a literature
method.*? BZC, PABA and PBS pellets were used as received from
Sigma-Aldrich. The buffer solutions for the pK, investigation
were prepared by using the buffer pairs of NaOAc/HOAc (0.2 M).

2.2. Instrumentation

The 1D '"H NMR spectra were recorded using a BRUKER ULTRA
SHIELD 400 PLUS NMR spectrometer. Meanwhile, the ESI-MS
spectra were acquired using THERMO LTQ ORBITRAP XL
equipped with an ESI/APcI multiprobe. The UV-visible spectra were
all acquired on a HACH DR6000 UV-visible spectrometer using
quartz cells with a 1.0 cm path length. The modelled structures of
the host-guest complexes involved in this investigation were
calculated by energy-minimizations using DFT (B3LYP/6-31G(d))
level of theory using the Gaussian09 Rev. D01 package program,
performed at the computing facility of Aix-Marseille Université.

2.3. Preparation of solutions of the complexes

In order to prepare solutions for "H NMR characterization, a
1 mM solution of BZC and PABA in a D,0/DCI solution (with a
pD of ~2.0) was simply mixed with various amounts of CB[7]
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without changing the BZC and PABA concentrations. The
solutions were sonicated for 3 min before they were character-
ized using "H NMR spectroscopy.

In order to perform the UV-visible spectroscopic titrations
to determine the binding constant, aqueous solutions of BZC
(or PABA) were prepared in PBS buffer solution (pH = 7.4) and
acidic solution of HCI (pH = 2). These BZC (or PABA) solutions
were subsequently titrated with various volumes of solutions
containing the same concentration BZC (or PABA) and an
excess of CB[7] to achieve different ratios of BZC (or PABA):
CB[7], while allowing the BZC (or PABA) concentration to
remain constant during the entire titration.

In order to prepare solutions for continuous variation titrations
for Job’s plot, solutions with the appropriate total concentrations of
BZC (or PABA) and CB[7] were prepared. Among these solutions,
the ratio of CB[7]/([Guest] + CB[7]) was varied from 0 to 1.0 in steps
of 0.1.

In order to conduct pH-dependent UV-visible titration for
the determination of pK, values, 0.2 M solutions of NaOAc and
HOAc were prepared, and a total of 10 mL of buffer solution
with different volumes of the two solutions was utilized to
dilute a certain amount of BZC (or PABA) in the absence and in
the presence of a large excess of CB[7], with pH values range
from 2.5 to 5.8. The solutions with pH values lower than 2.5 were
prepared by the direct dilution of a concentrated HCI solution.

3. Results and discussion

By following the experimental methods described above, the
host-guest binding behaviours of CB[7] with BZC and PABA
were examined, respectively, in detail, and the pK, shifts of both
these guest molecules upon encapsulation by CB[7] were also
determined via UV-vis spectroscopic titrations under various pH
conditions.

3.1. Host-guest binding behaviour study

3.1.1.
sites of the host-guest complexes can be deduced via the
complexation-induced shifts (CIS, Ad = dpound — Ofree) Of the
guest proton resonances on the "H NMR spectra.'” A CIS value
of <0 indicates that the guest protons are shielded due to
encapsulation within the non-polar cavity of CB[n]. Meanwhile,
a CIS value of >0 indicates that the guest protons are located
outside of the cavity, but are adjacent to the carbonyl-lined
portals of CB[n] due to the deshielding effect of the carbonyl
groups. A value of CIS = 0 is usually indicative of the guest
protons located outside of the cavity and far from the carbonyl-
lined portals. As illustrated in Fig. 2a, in a D,O/DCI solution at
pD = 2, the resonances of the two aromatic protons (H(1) and
H(2) protons) of the benzene ring and the ethyl protons (H(3)
and H(4) protons) of BZC in the presence of an increasing
quantity of CB[7] have shifted upfield from those of the free
guest, indicating that the entire BZC molecule is situated
within the cavity of CB[7]. In particular, the H(1) and H(2)
protons have larger CIS values than H(3) and H(4), implying

Binding sites of host-guest complexes. The binding
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Fig. 2 (a) The *H NMR titration spectra of BZC (1 mM) in the presence of
increasing amounts (0, 0.5, 1.2, 2.2, and 3.1 equiv.) of CB[7] at pD = 2;
(b) the *H NMR titration spectra of PABA (1 mM) in the presence of
increasing amounts (0, 0.7, 1.5, and 3.0 equiv.) of CB[7] at pD = 2. The
peaks labelled as (@) and (O) are CB[7] and HOD protons, respectively.

that the benzene ring is located in the centre of the cavity and the
ethyl group is not encapsulated within the cavity, or possibly that
the CB[7] is shuttling between the two groups but encapsulating the
benzene ring for the majority of the time. In addition, with
increasing amounts of CB[7] (e.g. from 0.5 to 1.2 equivalents of
CB[7]), the encapsulated aromatic protons exhibited a broadening
behaviour (and even disappeared due to extreme broadening) on
the "H NMR spectra, indicative of an intermediate exchange rate of
complexation-decomplexation processes between the free and
bound BZC species on the "H NMR timescale.*?

Considering the BZC metabolite PABA (Fig. 2b) in a D,0O
solution at pD = 2, the upfield shift of the resonances of the two
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aromatic protons (H(1) and H(2) protons) on the benzene ring
indicates its location inside the cavity of CB[7]. However, the
H(1) protons and H(2) protons exhibit different CIS values of
0.55 ppm and 0.85 ppm, respectively, implying that H(2) is
situated deeper within the cavity than H(1), which differs
slightly from the case of BZC encapsulation. Similar to BZC,
the broadened (even disappearing when a limiting amount of
CB[7] was added) proton signals that do not exhibit splitting
into free and bound species also demonstrate an intermediate
exchange rate of complexation-decomplexation processes
between the free and bound PABA species on the 'H NMR
timescale. Continuous titration of BZC and PABA guests with
increasing amounts of CB[7] (up to 3.0 equivalents) did not
yield additional CIS values, providing supportive evidence of
the exclusive 1:1 binding stoichiometry with relatively strong
binding affinity.

In addition to "H NMR titration, the gas-phase structures of
the two host-guest complexes, as calculated by virtue of Density
Functional Theory (DFT B3LYP/6-31 basis**), were also employed to
clearly describe the binding geometry of CB[7] on BZC and PABA
molecules, respectively. The molecular modelling provided further
evidence of the 1:1 host-guest complex formation, as well as a
further indication of the guest binding geometries within the host
cavity. As demonstrated in Fig. 3 (left), the full encapsulation of
PABA within the cavity of CB[7], presumably through the hydro-
phobic effect, seems to be consistent with the "H NMR results
(Fig. 2). As expected, the cationic ammonium group is situated at
one of the two carbonyl-lined portals via ion-dipole interactions,
further stabilizing the host-guest complexation. In the case of BZC
(Fig. 3 right), similar to PABA, the entire aromatic ring of the guest
is preferentially encapsulated by the CB[7] cavity, with the cationic
ammonium group sitting at the portal, leaving the ethyl group
outside of the cavity. This seems to contradict the "H NMR results,
where the ethyl group seems to be shielded by the hydrophobic
cavity of CB[7]. This is not surprising, as the "H NMR results give
an average binding geometry in aqueous solution whereas the
DFT modelling proposes one single geometry at a minimized

Fig. 3 Energy-minimized structures (DFT/B3LYP/6-31+G(d)** basis set)
of PABA@CB([7] (left) and BZC@CBI[7] (right).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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energy moment. Very likely, the host is shuttling between the
ethyl and aromatic groups due to the hydrophobic effect, with
the majority of the time being spent with the benzene ring due to
the close proximity with the ammonium group. The CB[7] host
molecule acts not only as a steric barrier (including the whole
aromatic ring) for the guest molecules, but also as a hydrogen
bond acceptor for the nitrogen-based proton and hydroxyl protons,
by positioning the guests within its cavity to facilitate the optimal
hydrogen bonding and cation-dipole interactions.

3.1.2. Binding stoichiometry of host-guest complexes. The
1:1 binding stoichiometry has also been confirmed by the
continuous variation titration method. For the UV-visible version
of this method, the mole fractions of the guest and the host were
varied in aqueous solution, while the total concentrations of both
the guest and the host were kept constant. If the Job plot
exhibits a maximum at 0.5 (the concentration ratio of CB[7] to
the sum of the concentrations of CB[7] and the guest), it is
indicative of a 1:1 binding stoichiometry between the host and
the guest.*** The Job plot for the BZC@CB[7] system (with
[CB[7]] + [BZC] fixed to 0.05 mM), as monitored using UV-visible
spectroscopy (Fig. 4a) at 226 nm, reached a maximum at a
ratio of 0.5 for [[CB[7]]/[CB[7]] + [BZC]]. This behaviour thus
indicated that the 1:1 complexes between CB[7] and BZC
represented the dominant species in this concentration range.
For PABA, in a similar manner, the peak exhibited a maximum at
aratio of 0.5 at 232 nm for [[CB[7])/[CB[7]] + [PABA]] (with [CB[7]] +
[PABA] fixed to 0.2 mM), demonstrating the formation of 1:1
complexes between CB[7] and PABA (Fig. 4b).

Additionally, ESI-MS was performed to further verify the
formation of the 1:1 host-guest complexes as well, as this
method is often considered to provide direct evidence of the
binding stoichiometry. As was expected, the ionized host-guest
complex between CB[7] and BZC was detected, and the singly
charged m/z peak (experimental m/z = 1328.4359) corresponds to
a 1:1 binding ratio, conforming to the calculated m/z value of
1328.4303. Similarly, the ESI-MS spectrum of the PABA@CBJ[7]
complex also showed a singly charged peak with a m/z value of
1300.3981, indicative of a 1:1 binding ratio and consistent with
the calculated m/z value of 1300.3990.

3.1.3. Binding constants of host-guest complexes. The
binding constant of a host-guest complex is often considered
as a vital parameter to evaluate the non-covalent binding
strength between the host and the guest molecules. Since the
pK, value of the amino group in the electron-deficient aromatic
ring of BZC and PABA is less than 2.5,°*%7 the predominantly
neutral species in PBS buffered solution (pH = 7.4) would bind
differently from the protonated form in acidic solutions (pH = 2)
when it comes to complexation with CB[7], thus resulting in a
different binding affinity. For both BZC and PABA, the binding
constants were thoroughly monitored in both PBS buffered
solution (pH = 7.4) and acidic solution (pH = 2) by UV-visible
spectroscopy. The UV-visible absorbance spectrum of the neutral
BZC at pH = 7.4 exhibited an absorption peak at 285 nm (¢ ~ 1.6 X
10* M~" em™"), consistent with the value reported in the literature
(Fig. 5a)." Upon gradual addition of increasing amounts of
CB[7] (up to 30 equivalents) to a solution of 0.04 mM BZC, the
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Fig. 4 (a) Job's plot based on a UV-visible continuous variation titration,
monitored by the changes in the UV-visible absorbance at 226 nm with
[CBI7l] + [BZC] = 0.05 mM in aqueous solution (pH = 2); (b) Job's plot
based on a UV-visible continuous variation titration, monitored by the
changes in the UV-visible absorbance at 232 nm with [CB[7]] + [PABA] =
0.2 mM in aqueous solution (pH = 2). The maximum exhibited at 0.5
indicates the formation of 1: 1 complexes between the guest and the host.

absorbance at 285 nm increased. A subtle hypsochromic shift was
also observed, conforming to the encapsulation-induced environ-
ment change from the bulk surroundings to macrocyclic
microenvironments. Due to the relatively low binding affinity
between the neutral BZC and CB[7], the linear regression method
was employed for the calculation of binding constants in the PBS
solutions.?® The fitting curve of the absorbance reciprocal at 285 nm
against the concentration reciprocal is once again in good
agreement with a 1:1 binding stoichiometry model and provides a
binding constant K, of ~300 M ' (Fig. 5a inset). Under acidic
conditions (pH = 2), the absorbance of BZC experienced a very
moderate hypsochromic shift and decreased dramatically to nearly
5fold (¢ ~ 3.3 x 10> M~ em™ ") with respect to that observed at
neutral pH (Fig. 5b).

After gradual addition of CB[7] to the BZC solution, the
absorbance peak of BZC at 278 nm decreased further, along
with a modest blue shift in accordance with the encapsulation
of the protonated BZC inside of the cavity of CB[7] facing a
macrocyclic microenvironment that is different from that of the
bulk surroundings. The plot of the absorbance of BZC at
278 nm as a function of the CB[7] concentration in acidic
solution (pH = 2) exhibited a non-linear least-squares fit, which
is consistent with the previously discussed 1:1 binding stoi-
chiometry model (Fig. 5b inset), with a binding constant of K, =
2.2 + 0.2 x 10* M. Such a dramatic difference in the binding

New J. Chem., 2016, 40, 3484-3490 | 3487
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Fig. 5 UV-vis titration of BZC (0.04 mM) in PBS buffer (pH = 7.4) (a),
and BZC (0.08 mM) in HCl solutions (pH = 2) (b), with increasing
amounts of CB[7]. UV-vis titration of PABA (0.05 mM) in PBS buffer
(pPH = 7.4) (c) and PABA (0.10 mM) in HCl solution (pH = 2) (d), with
increasing amounts of CB[7]. The insets in the four figures show the best fit
between experimental points and a 1: 1 binding model affording a binding
constant K, of ~300 M™%, 22 £ 0.2 x 10* M™%, 200 M and 1.5 + 0.2 x
10* M~ respectively.
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affinities between BZC@CB[7] and BZCH@CB][7] is likely attributed
to the ion-dipole interaction between the protonated nitrogen and
the carbonyl portal of CB[7]. Additionally, the presence of sodium
cations in the PBS solution may have had some negative effects on
the binding strength between the neutral BZC and CB[7].*

In both PBS buffered solution and acidic solution (pH = 2),
PABA®@CB]|7], the binding behaviours were found to be similar
to those of BZC-CB[7] (Fig. 5¢ and d). The binding constants K,
of PABA and protonated PABA with CB[7] were ~200 and 1.5 +
0.2 x 10* M, respectively.

3.2. CB[7]-induced pK, shifts

The two carbonyl-fringed portals of CB[7] are considered as
cation receptors that may preferentially bind to cationic species
such as protonated amines, thus the pK, values of the guest
molecules often shift upwards upon encapsulation by CB[7].*
With a thorough understanding of the binding behaviours
between CB[7] and the two guest molecules of BZC and PABA,
the effect of the inclusion of CB[7] on the pK, values of the two
guest molecules was investigated by a pH titration method via
UV spectroscopic measurements.'” The absorbance changes of
the guest or the guest-host complexes were monitored with
varying pH in aqueous solutions. In particular, the pK, values of
both BZC and PABA were examined in the absence and
presence of a large excess equivalents of CB[7]. As illustrated
in Fig. 6a, from the plot of absorbance of free BZC at 278 nm
against a range of pH values, the pK, of BZC in the absence of
CB[7] was determined to be 2.71 + 0.03, which is consistent
with the literature reported value.>® From the plot of the
absorbance of BZC@CB[7] complexes at 280 nm against a range
of pH values (Fig. 6b), the pK, value of BZC in the presence of
CB[7] was determined to be 2.80 + 0.04, which is shifted
negligibly (only ~0.1 pK, unit) from that of the free BZC
compound. This extremely negligible pK, shift may be ascribed
to the shuttling of CB[7] between the benzene and ethyl groups
of BZC, as discussed previously, thus resulting in less influential
interactions on the cationic amino group of BZC.

With regards to PABA, the pH dependent absorbance in the
presence and absence of CB[7] showed similar phenomena to
that of BZC. As shown in Fig. 6¢ and d, the pK, of PABA in the
absence of CB[7] is 2.63 + 0.03, which is consistent with the
reported result,’” while the pK, in the presence of a large excess
of CB[7] shifted to 3.12 + 0.07 (approximately 0.5 pK, units).
Such a pK, shift of PABA is more pronounced than that of BZC,
which may be attributed to the full encapsulation of PABA
within the cavity of CB[7], thus optimizing the electrostatic
interactions and hydrogen bonding interactions between the
host carbonyl portal and the guest cationic amino group.

Although it has been recognized that a cation-receptor
driven pK, shift is difficult to predict, theoretically the large
differences (~100-fold) of binding affinities (K,), between the
protonated and deprotonated host-guest species, might result
in approximately a 2 pK, unit shift." However, the binding
strength differences observed in this study might be a result of
the different mediums, as it has been known that competitive
salts (e.g. sodium salt in buffer) may intervene CB[n] based on

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 6 Plots of pH-dependent UV-visible titrations for determining
pK, values of BZC and PABA in the absence and presence of
20 equivalents of CBI[7]; (a) BZC; (b) BZC with CBI[7]; (c) PABA; and
(d) PABA with CB[7]. The concentration of each guestis ~0.1 mM. The
insets in these figures show the best fits of absorbance against pH per
sigmoidal function, affording corresponding pK, values in these
systems.
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the host-guest complexation.>® On the other hand, the medium
was consistently acetate buffered during pH titrations, rendering
reliable determinations of pK, values and the associated pK,
shifts.

4. Conclusions

In summary, we have investigated the host-guest binding
behaviours of benzocaine and its metabolite para-aminobenzoic
acid with cucurbit[7]uril in aqueous solution at different pH values.
The protonated guests formed relatively tight host-guest complexes
with binding affinities in the order of 10* M ". Conversely, the
binding affinities decrease by ~ 100-fold when the guest molecules
are in their neutral forms, in comparison with those of the
corresponding protonated forms in notably different media. Upon
encapsulation by cucurbit[7]uril, benzocaine showed a negligible
pK. shift, while para-aminobenzoic acid exhibited a moderate pK,
shift of 0.5 units. The benzocaine and para-aminobenzoic acid
supramolecular complexation with cucurbit[7]uril may have
potential applications in the development of benzocaine-based
drug formulations, drug delivery, as well as the minimization of
benzocaine’s side effects induced by para-aminobenzoic acid
through supramolecular encapsulation in plasma. We are currently
working along this line of research.
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