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Coordination-directed self-assembly of nano-
cages: metal ion-change, ligand-extending, shape-
control and transdermal drug deliveryf

Ying Zhang,? Chi-Yu Sun®? and Lin Lin® *?

The combination of different pyridyl ligands and metal ions has proven to be a very reliable strategy for
controlling the coordination mode of the heterometallic coordination nano-cages. Adjusting the length
of the ligands could result in the selective synthesis of several heterometallic coordination nano-cages,
either [8Rh + 2M]-4L, [8Rh + 2M]-5L or [8Rh + 4M]-6L cages, derived from the very same precursors
(LH3tzdc) through half-sandwich rhodium self-assembly. Moreover, a series of [8Rh + 4M]-6L cages was
chosen to exemplify the preparation. The rigidity of various pyridyl donor ligands caused the vertical
nano-cage to be energetically preferred and was able to change the self-assembly process through
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1. Introduction

Over the past two decades, coordination-driven self-assembly
has developed into an efficient way to construct diverse metal-
organic metallacycles and nano-cages with well-defined shapes,
sizes and applications.’” The structural outcomes of metalla-
supramolecular self-assembly processes are largely controlled
by factors such as the building blocks, metal ions, and organic
ligands.® By choosing an appropriate ligand, it is possible to
influence the size, geometry, and functionality of the resulting
metalla-supramolecular assembly. Heterometallic coordination
complexes have attracted considerable attention due to their
aesthetically pleasing structures and also their potential appli-
cations in catalysis, electronic, magnetic, host-guest, drug
delivery and other fields.”"® However, the construction of well-
defined metalla-supramolecular coordination complexes, espe-
cially stable large structures, presents a challenge because
changing the metal ions or an increase in linker length may lead
to an increase in structure flexibility and multiple stereochem-
ical configurations. Therefore, the use of different metal ions
and ligands to control the assembly of metallosupramolecular
coordination complexes is a well-established methodology.

The metal centers can be an extremely important consider-
ation when designing heterometallic assemblies and represent
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ligand flexibility to selectively give the inclined nano-cage and cross nano-cage.

a significant advantage. Supramolecular chemistry based on
Cp*M (M = Ir, Rh) and (p-cymene) Ru units has grown rapidly
since the first report of the organometallic Cp*Rh fragment
being used as a building block for the construction of discrete
heterometallic architectures with metal acceptor units and
nitrogen donor ligands.**> The coordination of pyridyl-based
ligands with Cp*Rh or Cp*Ir fragments has proven very useful
for constructing a wide array of metallamacrocycles, which has
enabled the construction of a variety of metal-organic cages.*>*

In our previous work, structures ranging from a one-
dimensional (1D) organometallic chain up to 3D discrete hetero-
metallic nano-cages have been constructed from half-sandwich
Cp*Rh units with triazole proligand 1,2,3-triazole-4,5-
dicarboxylate (LHjtzdc) and linear N-donor ligands of different
lengths.*?* Scheme 1 shows the design and self-assembly of
discrete coordination cages based on three modes. The rigid
ligands are a prerequisite for the assembly of four-ligand coordi-
nation nano-cages and flexible ligands tend to favor diverse
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coordination cage coordination cage coordination cage

Scheme 1 The three modes of self-assembly of heterometallic
coordination cages observed in this work, with different metal centers
and ligands (pink for Rh, red for Zn, Ni, or Na; purple for Zn or Ni;
yellow for Na or K, green for Cu).
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complexes of five-ligand coordination nano-cages. On changing
the center metal ions, it is also possible to influence the metal
nuclearity, quantity of ligands and the resulting six-ligand coor-
dination mode of the assemblies. Therefore, the strategic
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Fig. 1 (a)-(e) Single-crystal structures of 1-5 (gray for C, blue for N,
red for O, green for Cu, pink for Rh, orange for Na, yellow for S,
fluorescent green for F; Na some hydrogen atoms and solvent
molecules or anions are omitted for clarity).
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adjustment of the length of the pyridyl donor ligands and
changing the metal center ions allowed us to control the self-
assembly behavior of the systems.**** Transdermal drug delivery
systems (TDDSs) are an innovative approach for delivering drugs
into the blood at a controlled rate via the skin. TDDSs avoid the
first-pass effect and improve patient compliance because they are
applied topically. Heterometallic cage compounds are expected to
be outstanding TDDS materials but to the best of our knowledge,
such materials have yet to be reported in the literature. However,
the construction of well-defined metalla-supramolecular coordi-
nation complexes, especially stable larger structures, presents
a challenge because changing the metal ions or increasing the
linker length may lead to an increase in the structural flexibility
and multiple stereochemical configurations. Therefore, the use of
different metal ions and ligands to control the assembly of met-
allosupramolecular coordination complexes is a well-established
methodology (Fig. 1).

2. Results and discussion

As shown in Scheme 2, a variety of supramolecular coordination
assemblies, from a 1D chain structure to 2D (M = Cu) polygons
and 3D (M = Cu, Na) nano-cages, have been constructed by using
metal ions to tune their cage sizes for potential applications.**>*
The sodium or potassium salt of LH3tzdc was added to a solution
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Scheme 2 The synthetic routes to 1D chain structures, 2D polygons and 3D nano-cages.
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of [Cp*RhCl,], in MeOH. The reaction mixture was stirred with
AgOTf for 12 h, and then sixfold pyridyl donor ligands (L1 to L5)
with the metal salt Cu(NO3),-3H,0 were added to the mixture,
and five kinds of [8Rh + 4Cu]-6L cages were obtained respectively.
In such an assembly process, it is crucial to select appropriate
metal ions that can be linked by the ligands. Cu-O linkages are
more flexible and have versatile coordination behavior and
favorable hard-soft combination. A variety of heteroleptic com-
plexs 1-5 nano-cages were generated from the combination of
sixfold pyridyl donor ligands. In Fig. 2a, the vertical nano-cage of
complex 1 consists of eight Cp*Rh fragments at the corners, and
the two pairs of [4Rh + 2Cu] units are bridged with sixfold L1.
Each [4Rh + 2Cu] unit is formed by two Cu(u) ions and four
Cp*Rh units, which are chelated by two LHtzdc units. By utilizing
LHtzdc-based units that coordinate with Cu(u) ions as building
blocks, we have synthesized the nano-cage complex 2 in Fig. 2b,
displaying a Rh1A---Rh1B distance of 13.5242(4) A, Na1A---Na1B
distance of 13.3227(7) A and a CulA---CulB distance of
13.4794(4) A. The nano-cage of complex 1 is quite similar to that
of complex 2 and has a cuboid cavity with dimensions of 6.19 x
11.21 x 10.48 A according to Rh---Rh non-bonding distances,
which is much larger than that of complex 9 6.20 x 13.52 x 10.40
A. Complexes 3 (Fig. 2c) and 4 (Fig. 2d) are inclined cuboid nano-
cages with six L3 or L4 units in a symmetrical arrangement. In
complex 3, each copper ion is coordinated to four oxygen atoms
from the carboxylate groups of symmetry-related LHtzdc with
Cu1A-Cu1B distances of 6.3602(2) A.

Fig. 2e shows a cross nano-cage, with four ligands forming
the side walls and two ligands coordinating to the four Cu(u)
ions. Inside the structure, each Cu(u) ion is distinctly coordi-
nated to two L5 ligands and two oxygen atoms from two LHtzdc.
Interestingly, the two L5 ligands resemble a cross occurring in
the interior of the structure, and the crossed coordination motif
resembles a “helicate”. Complex 5 shows CulA---CulB
distances of 15.6461(6) A, with an inclination angle (Rh4-Rh1-
Cu1l) of 65.363(1) °. Outside of the nano-cage, four L5 ligands
are coordinated to eight Cp*Rh units, similarly generating
a right-handed helical mode. Despite many attempts, no
incorporation of guest molecules in the cavities of the struc-
tures was observed (except for solvent molecules).

In Fig. 2, the release of Febuxostat tablets from the complexes
was investigated using a classic transdermal drug release study

release

Time (h)

Fig. 2 In vitro drug release of Febuxostat tablets with complexes.
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with a two-chamber diffusion cell. Except for complex 2, the
other four complexes can lead to a significant increase in drug
release as compared with the control, which indicates that the
interaction between Febuxostat tablets and the complexes for 24
hours is beneficial for drug release. These four complexes play
a role in the sustained release of drugs to different degrees,
which can effectively reduce the number of times that the drugs
need to be taken, reduce the toxicity and side effects of drugs and
reduce the total amount of drugs used. Complexes 4 and 5 have
better effects; 4 is a linear-type nano-cage with a larger inner
cavity and 5 is a screw-type nano-cage. Although the structures of
the two compounds are different, the effects are not much
different, which shows that all the nano-cage compounds can
play a good role in drug delivery.

An in vitro skin penetration assay is one way to predict drug
penetration in vivo and has been validated by in vitro correlation
studies. The amount of skin penetration in complex 3 was 280
ug ecm™>; the results from the caged drug-loading were the best
when the side arms of the caged molecules were longer and
there was no cross-coordination in the caged molecules (Fig. 3).
The experimental results showed that the drug-loading perfor-
mance of the compound can be improved by extending the side
arm of the molecular cage with divalent copper ions as the
center. However, a longer side arm was not better for complex 4
because the side arm of complex 4 is flexible enough to cross-
coordinate, and the internal space of the molecular cage is
small; the drug-loading effect of complex 5 with the longest side
arm is not ideal because the drug-carrying molecules will
specifically choose the size of nano-cage and diameter.

The biocompatibility of the complexes with skin was
assessed by a non-invasive in vivo skin erythema test. As shown
in Fig. 4, in the group of 10% SDS, the AEI increased signifi-
cantly, indicating that the skin reacted normally to irritants.
The application of the complexes suspended in water did not
increase AEI, indicating high biocompatibility with skin.

3. Experimental
3.1 Synthesis and characterization of complexes 1-5

3.1.1 Synthesis of complexes 1-5. 1,23-triazole-4,5-
dicarboxylic acid (LHtzdc) (157 mg, 0.1 mmol) and NaOH

skin penetration

—&— control

Q72h (ug/cm2)
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Time (h)

Fig. 3 In vitro skin penetration of Febuxostat tablets released from the
complexes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Biocompatibility of the complexes.

(12.0 mg, 0.3 mmol) or KOH (17.1 mg, 0.3 mmol) were stirred
strongly in 10 mL of MeOH at room temperature for 12 h,
affording a slight yellow creamy slurry of the sodium salt. The
solvent was removed by filtration and the remaining solid was
washed with Et,0O (20 mL), followed by the addition of the solution
of [Cp*RhCL,], (61.8 mg, 0.1 mmol), and sodium salt (20.1 mg,
0.1 mmol in 10 mL of MeOH). The metal salt Cu(NO;),-3H,0
(12.1 mg, 0.05 mmol) was then added to the solution. AgOTf
(51.2 mg, 0.2 mmol) was stirred in the dark at room temperature
for 12 h, and then filtered to remove insoluble materials. After that,
L1 (23.4 mg, 0.15 mmol), L2 (27.3 mg, 0.15 mmol), L3 (31.5 mg,
0.15 mmol), L4 (33.8 mg, 0.15 mmol), or L5 (36.3 mg, 0.15 mmol)
was added to the mixture. After 12 h of stirring, a yellow-green
mixture resulted, and MeOH was evaporated under a vacuum.
Crystals of complexes 1-5 that were suitable for an X-ray diffraction
study were obtained by the slow diffusion of diethyl ether into
a mixture solution in MeOH and CH3CN (1:1).

3.1.2 Characterization of complex 1. Green solid, yield:
89.4%, 114.2 mg. Anal. caled for C,g,H319Cu F;1gN3,Na0109-
RhgSe: C, 34.43; H, 4.92; N, 7.06; found: C, 34.66; H, 4.56; N,
7.28; IR (KBr disk): 3649, 3629, 3481, 2923, 1611, 1577, 1529,
1491, 1384, 1274, 1168, 1073, 1032, 937, 820, 785, 640, 576, 518,
454 cm™",

3.1.3 Characterization of complex 2. Green solid, yield:
88.5%, 127.2 mg. Anal. calcd for C;94Hj44Cu,F30N,gNa,Og,-
RhgSq0: C, 37.02; H, 3.91; N, 6.23; found: C, 37.31; H, 3.70; N,
6.02; IR (KBr disk): 3447, 1612, 1430, 1384, 1280, 1258, 1224,
1160, 1068, 1031, 1168, 836, 784, 638, 573, 557, 517, 473 cm ™.

3.1.4 Characterization of complex 3. Green solid, yield:
87.1%, 128.9 mg. Anal. caled for C;9,H,46Cu,F,4,N,1NaO5,Rhg-
Sg: C, 37.85; H, 4.07; N, 9.42; found: C, 37.48; H, 4.24; N, 9.25; IR
(KBr disk): 3482, 3132, 2920, 1577, 1552, 1530, 1405, 1354, 1384,
1275, 1224, 1161, 1069, 1030, 937, 782, 652, 638, 613, 454 cm ™ 1.

3.1.5 Characterization of complex 4. Green solid, yield:
85.9%, 130.1 mg. Anal. caled for C,34H;70.4CusF30K;N4067 -
RhgSy0: C, 42.97; H, 4.17; N, 5.14; found: C, 42.64; H, 4.31; N,
5.39; IR (KBr disk): 3511, 2927, 1659, 1611, 1521, 1501, 1430,
1386, 1344, 1257, 1158, 1100, 1065, 1031, 843, 787, 638, 573,
559, 517, 472, cm ™",

3.1.6 Characterization of complex 5. Green solid, yield:
88.7%, 135.5 mg. Anal. calcd for C;g,H,3,Cu, Fp4N,4Na,0g,RhgSg:
C, 35.35; H, 3.78; N, 9.97; found: C, 35.71; H, 3.48; N, 9.68; IR (KBr

© 2023 The Author(s). Published by the Royal Society of Chemistry
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disk): 3447, 1712, 1615, 1582, 1508, 1384, 1333, 1281, 1225, 1212,

1160, 1064, 1030, 837, 788, 639, 574, 556, 517 cm ™.

3.2 Invitro drug release study

Drug-in-adhesive patch with 5% materials and 4% ketoprofen
(KP) was prepared using solvent evaporation method. A drug
release study was conducted with modified Franz diffusion cells
at 32 °C. The patch was pasted on a cellulose membrane and
then fixed onto the receptor cell with phosphate buffer solution
(PBS, pH 7.4) of 4.5 mL. Samples of 2.0 mL were collected at 0.5,
1,1.5,2,3, 4,6, 8, 10, 12, 24, 26, 28, 30, 32, 34, 36, 48, 50, 52, 54,
56, 58, 60 and 72 h, and then replaced with the same volume of
fresh PBS. The drug concentration was determined by Hitachi
HPLC (Tokyo, Japan), which consisted of a pump L-2130, auto
sampler L-2200 and UV-detector L-2420 and Waters C18
reversed-phase column (Waters, America) (200 x 4.6 mm, 5
um). The mobile phase of KP was a mixture of methanol, water
and acetic acid solution (60:40:0.2, v/v), and the pH was
adjusted to 6.8 with triethylamine. The column temperature
was 40 °C and the flow rate was 1 mL min~". The wavelength of
the detector was set at 260 nm.

A simplified Higuchi equation was used to describe the drug
release behavior as follows:

Dll/2
R= 200W = kvt (1)

where D and & are the diffusion rate and diffusion length,
respectively. The release percent R was plotted against /¢, and k
is the release rate.

3.3 Invitro skin penetration study

Male Wistar rats (180-220 g, 68 weeks old) were supplied by
Liaoning Changsheng (Liaoning, China). All the procedures
were performed in accordance with the NIH guidelines for the
Care and Use of Laboratory Animals and were approved by the
Animal Ethics Committee of Shenyang Medical College. Full-
thickness skin was prepared as follows. The hair of the
abdomen skin was shaved after the rat was anesthetized with
urethane (20%, w/v, 6 mL kg~ ', i.p.). Abdomen skin was excised
after the rat was sacrificed. The adhering subcutaneous tissues
were removed carefully.

The patch was pasted on the stratum corneum and then
assembled onto the modified Franz cells. Methods of sample
collection and drug concentration determination were the same
as for the drug release study, except that sample collection was
conducted at 2, 4, 6, 8, 10, 12, 24, 26, 28, 30, 32, 34, 36, 48, 50, 52,
54, 56, 58, 60, 72 h. The cumulative drug skin penetration
amount was determined by drug concentration and the volume
of the sampling point.

0= (i2-sci_0~sci—2>/14 (i=2,4,0,..) (2)

=2

where Q is the cumulative skin permeation amount, C; is the
concentration in the receiver compartment at time i and A is the
effective diffusion area (1.5 ¢cm?). The cumulative amount
permeated from the unit area versus time i was plotted.
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3.4 Invivo skin erythema study

The experimental method is as follows: Mexameter® (MX 16,
Courage & Khazaka Co., Germany) was used to evaluate the
biocompatibility of the complexes by measuring the erythema
index (EI) of the rabbit skin. Here, a 10% (w/v) aqueous solution
of sodium dodecyl sulfate (SDS) was used as the positive
control. The dorsal skin of the rabbits was shaved and divided
into 5 separate sections (2.5 cm x 2.5 cm). Before the applica-
tion of 500 pL of PBS, the complexes (10% in PBS), or 10% SDS
to their separate sections, the initial EI values were measured as
EIO0. After 8 h, the solutions were removed and the areas were
gently cleaned with cotton wool swabs. The EIt was measured
and AEI was calculated (AE = EIt — EIO). The experiment was
performed in quadruplicate.

4. Conclusions

A large number of nano-cages and metallacycles with well-
designed N-donor ligands and the LHtzdc ligand have been
constructed using a range of central metal atoms. By choosing
the template with copper ion as the central metal, we can obtain
six-sided compounds, and five kinds of [8 + 4] core semi-
sandwich rhodium molecular cages by adjusting the length
and rigidity and flexibility. Among these, 1,2,3-triazole-4,5-
dicarboxylic acid is located on the upper and lower planes of
the cage, and the upper two oxygens chelate with the central
metal, and the eight vertices coordinate with the rhodium
metal, forming a hexahedral structure in which the side arms of
each cage choose linear ligands with different lengths. Because
of their different levels of rigidity and flexibility, the cage
configuration changes in the form of inclination and cross-
coordination. In this way, because the coordination mode of
Cu-O bridge makes the compounds have more flexible and
changeable coordination behavior and good hardness, various
cages with complex structures (various pyridine-based ligands
with 6 times the amount of side arms) are formed. The metalla-
supramolecular assemblies prepared include [8Rh + 4M]-6L
heterometallic nano-cages (complexes 1-5). This study demon-
strates how the choice of corner metal centers and ligands in
the construction of heterometallic supramolecular complexes
can influence the geometry and composition of the resulting
assemblies. Furthermore, the use of ligands of different lengths
leads to nano-cages with different cavity sizes, which may lead
to their application in transdermal drug delivery. We are
currently exploring other methods of functionalization of these
multicomponent nano-cages, and the use of coordination-
driven self-assembly to prepare new micro-reactors.
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