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Abstract

This work provides a platform for the rapid generation of superstructure assemblies with a wide
range of lengths that can be used to access a variety of metal-organic complex-based soft
superstructures. Metallacage-based microneedles that are nanometers in diameter and millimeters
in length were generated in dichloromethane and ethyl acetate; their size could be controlled by
adjusting the ratio of the two solvents. Interestingly, microflower structures could be formed by
further assembly of the microneedles during solvent evaporation. Our study establishes a feasible
method designed to broaden the range of suprastructures with emissions from blue and green to
red through the co-assembly of lysine-modified perylene. Similar to the co-assembly of lysine-
modified perylene with microflowers, chlorophyll-a and vitamin B4, were introduced into the
microflowers during the assembly process, which may be exploited in studies of energy capture
and nerve repair in the future
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INTRODUCTION

From the formation of lipid bilayers? to molecular-level protein folding,? self-assembly
occurs in nature in various forms.3 A variety of natural structures can arise from repeated
interactions between multiple copies of a single-molecular building block, endowing their
hosts with enhanced functionalities and novel properties. Natural assemblies such as
molecular motors,* enzymes,® viruses, and subcellular structures® often result from the self-
limiting ordered oligomerization of multiple subunits.”

Thus, understanding self-assembly processes could give us a better understanding of life
itself.8 Inspired by natural assemblies, a wide variety of functional suprastructures, including
micelles,® vesicles, 1 ribbons,! films,12 fibers,13 and tubes,1# have been generated using
small molecules,'> macromolecules, 16 and polymers!? as building blocks. Sophisticated
designs and processes are usually needed to meet the required mechanical, electronic,
optical, and magnetic properties.18 Therefore, careful control of the various components is
needed for preparing building blocks,1® and not only the interactions mediating the dynamic
self-assembly of the individual components but also the coexistence and communication of

components of different types within larger, multicomponent ensembles must be considered.
20

Coordination-driven self-assembly provides a bottom-up approach for constructing various
functional metal-organic complexes (MOCs).2! Furthermore, the dynamic nature of
coordination bonds may also enable superstructure disassembly and subsequent reassembly
with an external stimulus.22 The modularity and simplicity of this method enable the
transformation of different materials into modular “bricks” for constructing superstructures
with increasing complexity and functionality, which have been used to construct novel
switchable catalysts,23 guest capture-and-release systems,24 responsive soft materials,?® and
molecular mechanical actuators,25 thus opening up routes toward rationally designed
architectures.2’

For example, Nitschke et al. used MOCs for selective anion extraction,28 signal transduction,
29 the triggering of multiple structural transformations,30 etc. Leigh et al. described a
molecular machine that moves a substrate between different activating sites.31-32 Anderson
et al. reported the template-directed synthesis of a porphyrin nanoball.33 Fujita et al.
prepared palladium metal complexes and used them as catalyst carriers.3# Most of these
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MOCs have dimensions of only several nanometers, and investigations of these structures
rely on the characterization of their crystal structure. However, most of the functional
suprastructures in living organism have dimensions ranging from micrometers to centimeters
and have forms of soft materials (whose structures are difficult to characterize by single-
crystal diffraction).

A variety of species with diverse dimensions, including nanospheres,3° nanodiamonds,3%
nanorods,3” nanofibers,38 membranes,3? films,*0 and gels,* have been generated by the use
of metallacycles*2 and metallacages*? as building blocks.#* These stimuli-responsive
materials# have been used for light emission,*8 cell imaging,*’ heparin detection,*®
antitumor activity,*? etc. However, almost all of these soft suprastructures were formed from
metallacycles,>0 and the resultant structures are supramolecular network polymers.51:52
Despite the tremendous progress made in the design of MOC-based supramolecular
materials, it still remains a challenge to obtain uniform structures with designed size and
shape. Thus, considerable effort has been made to prepare MOC-based hierarchical
suprastructures. For example, van der Boom et al. reported the synthesis of diverse metal—
organic (sub)-microstructures with a high degree of uniformity.>3:54 To the best of our
knowledge, metallacage-based suprastructures with one-dimensional architectures and
dimensions up to the micrometer scale remain rare.>®

Here, we aim to develop an understanding of the formation of MOC (metallacage)-based
soft suprastructures. Metallacages were synthesized using tetra(4-pyridylphenyl)ethylene
(TPPE), dicarboxylate moieties, and c¢/s-(PEt3),Pt(OTf),. In order to minimize the impact of
substituents on the assembly, dicarboxylate ligands without substituents were used as pillars,
and the as-prepared metallacage was used as a model cage (cage 1). By investigating the
interactions between cage 1 with ethyl acetate, we were able to form microneedles with
controllable sizes and emission from blue to green. In order to broaden the emission range,
lysine-modified perylene>6 was then selected as the co-assembly component, and a similar
suprastructure of perylene-containing aggregates was synthesized. The emission of these
needles can be shifted from blue-green to blue-green-red by the co-assembly of lysine-
modified perylene. Furthermore, hybrid materials could be obtained by the co-assembly of a
fat-soluble biomolecule (chlorophyll-a) and a water-soluble biomolecule (vitamin B1y) with
the microneedles.

RESULTS AND DISCUSSION

Cage 1 (Scheme 1) was prepared in acetone/water according to published procedures*® and
was identified by 31P{'H} NMR (Figure S1), 1H NMR (Figure S2), and electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS) data (Figure S3). Solvent
properties can strongly affect self-assembly behaviors as well as the assembled
nanostructures. It is found that cage 1 dissolves well in dichloromethane (DCM) without
forming observable aggregates but is insoluble in ethyl acetate (EA), likely due to the
solvent polarity of EA. We thus chose DCM as a good solvent and EA as a poor solvent, and
the self-assembly was induced via a so-called “phase-transfer” strategy.1® Cage 1 was
initially dissolved in DCM, and the prescribed amount of EA was added to give 10 /M
solutions with different DCM/EA ratios. As shown in Figure S4, cage 1 displays two
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characteristic absorptions at 282 and 336 nm in pure DCM. In pure EA, cage 1 displays a
characteristic absorption at 330 nm (Figure S5). Upon addition of EA to give an 80% EA
solution, the UV-vis spectrum showed a noticeable blueshift, suggesting conversion of the
monomers into supramolecular assemblies (Figures S6). Similar EA-induced self-assemblies
of cage 1 in DCM were further supported by fluorescence characterization (Figures S7-S9).
Figure S9 presents the fluorescence spectrum of 1 at an EA content of 80% after 10 min.
The peaks at 545 nm (DCM) and at 495 nm (EA) disappear, while a new peak at 450 nm
appears. At the same time, a turbid solution could be observed at the interphase between the
DCM and EA, demonstrating the formation of cage 1-based aggregates. These newly formed
aggregates were extracted from the DCM/EA interface and then examined by scanning
electron microscopy (SEM). The images over a large area revealed that cage 1 can form
ordered nanostructures in a DCM/EA mixture containing 80% EA. As shown in Figure 1a,
numerous flower-like clusters can be observed. Magnification (Figure 1b) suggests that these
flower-like clusters are composed of needle-like units. A further magnification of the image
in Figure 1b shows that some overlap occurs among the microflowers (Figure 1c). After 1 h,
the turbid solution diffused from the interface to the whole solution, indicating that more
aggregates formed. These observation are further confirmed by optical microscopy (OM),
polarized optical microscopy (POM), fluorescence optical microscopy (FOM), and
transmission electron microscopy (TEM).

OM is used to characterize the morphology of these assemblies (Figure 1d). As shown in
Figure S10, the average length and standard deviation were determined from the histogram
of the microflowers to be 6.54 + 1.85 xm. Anisotropic photoluminescence was observed
when the flowers were placed between cross polarizers (inset), indicating the presence of
ordered arrays of cage 1 within the microflowers. Autofluorescence of these microflowers
was observed under UV irradiation (Figure 1e) and blue-light irradiation (Figure 1f) and
attributed to the presence of the conjugated system in TPPE. No red emission was observed
under green-light excitation (Figure S11). As shown in Figure 1g, these flower-like
structures can also be observed by TEM, in good agreement with the SEM, OM, POM, and
FOM results. In the TEM image in Figure 1h,i, the intersection between two needles was
observed, indicating that the flower-like structures were formed through the stacking of
needles and not by growth from one center. We detected some intermediates of the
multilamellar structure that gradually converted to a needle during self-assembly, which
suggests a possible mechanism of microneedle formation (by the stacking of thin layers). As
shown in Figure 1j, the magnified needle has a width of 900 nm, suggesting that the
microneedles are formed by the stacking of thin layers. Figure 1k shows an enlarged image
of alternating lamellae, which demonstrates that the ordered arrangement of cage 1 plays a
crucial role in the self-assembly. This observation is important since it highlights the
significance of the stacked layer structure in the process of microneedle self-assembly. Since
the dimensions of single cage 1 do not exceed 2.7 nm, the microneedles correspond to the
alternating lamellae of cage 1-based lamellae. The intermediate between the thin layers and
microneedles was also observed. However, the mechanism of the formation of the
microflowers remains unknown.
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Many microneedles instead of microflowers were observed by OM (Figure 2a), suggesting
that these microneedles might be the precursors of the microflowers. Autofluorescence was
also observed under UV irradiation (Figure 2b) and blue-light irradiation (Figure 2c), in
good agreement with the autofluorescence of the microflowers. Similar to Figure 1e,f, no red
emission was observed under the green-light excitation. The intactness of cage 1 during
assembly is essential to the resulting suprastructures. Therefore, the microneedles formed in
80% EA were centrifuged and redispersed in DCM, and then 31P{1H} and 1H NMR spectra
were obtained to determine the integrity of cage 1. The 31P{!H} NMR spectrum of cage 1 in
Figure S12 shows two doublets of approximately equal intensity at § = 6.44 and 0.62 ppm,
with concomitant 195Pt satellite peaks corresponding to two distinct phosphorus
environments, demonstrating that the Pt(11) centers on cage 1 remain heteroligated. The 1H
NMR spectrum (Figure S13) also confirms that the metallacages were intact after assembly.
As shown in Figure S14, the integrity of cage 1 was further supported by ESI-TOF-MS data,
which showed an intact entity with charge states resulting from the loss of the OTf~
counterions (/m/z = 2044.82 for [M — 30Tf]3+).

The arrangement of molecules in the assemblies was then characterized using small-angle
X-ray scattering (SAXS) and powder X-ray diffraction (XRD) measurements (Figure 3a,b).
Figure 3a shows a broad Bragg reflection peak centered at 0.058 A~1, corresponding to the
ordered structure with an interlayer spacing of 10.8 nm. Given that the length (xaxis), height
(v axis), and width (zaxis) for cage 1 (Figure 3c, Figure S15) are calculated as ca. 2.7 (x
axis), 2.0 (yaxis), and 2.4 nm (zaxis), respectively, this SAXS observation demonstrates
that the ordered structure with 10.8 nm interlayer spacing may have formed by the stacking
of four cages (along the xaxis direction). The assemblies then show a slight peak at a higher
gvalue (0.121 A~1), corresponding to the ordered structure with an interlayer spacing of 5.2
nm (stacking of two cages along the x axis direction), which might be the second-order peak
at ~0.058 A~1, characteristic of a crystalline lamellar packing system. However, these peaks
are weak, possibly because of the partially inhomogeneous lamellar structure within the
microneedles.

The first SAXS peak is centered on 0.058 A~1 (10.8 nm), but this broad peak covers the g
range from 0.031 to 0.082 A1, corresponding to an interlayer spacing between 7.7 and 20.3
nm. The second SAXS peak is centered at 0.121 A~1 (5.2 nm), but this broad peak covers a
grange from 0.110 to 0.130 A1, corresponding to an interlayer spacing between 4.8 and 5.7
nm. This broad range might be caused by the similar size among the length (2.7 nm), the
height (2.0 nm), and the width (2.4 nm) for cage 1, leading to the overlap of three peaks (2.7,
2.0, and 2.4 nm).

The local molecular arrangements for these assemblies at wide-angle regions were also
determined using powder XRD measurements (Figure 3b). The a-spacing corresponding to
the intermolecular stacking is observed at 0.49 nm, in agreement with the —r stacking
distance between benzene rings,>6 which is similar to literature reports (typical 7—r
stacking). On the basis of these SAXS and XRD measurements, it is observed that there are
multiple orders of structure within the assemblies.
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To elucidate the differences in these assemblies as a function of the DCM/EA ratio, the
concentration of the cage was fixed at 10 £V, leaving the proportion of EA/DCM in the
system as the only variable. We found that changing the EA percentage (from 90% to 10%)
still produced microneedles/microflowers, but the size and uniformity of the needles varied.
As shown in Figure 4, the microflowers formed in the presence of 10%, 40%, and 70% EA
were selected for systematic study. In the 10% EA mixture, microflowers together with
some ill-defined structures could be observed (Figure 4a). As can be seen in Figure 4b,
needle-like nanostructures could be observed by TEM. The average length and standard
deviation were determined from their histogram (Figure 4c) to be 2.78 £ 0.52 nm. The
average width and standard deviation were determined from their histogram (Figure 4d) to
be 200 + 9.00 nm. When the EA content was increased to 40%, rigid flower aggregates
became the predominant species (Figure 4e).

TEM results show these one-dimensional structures with wider width and longer length, but
multilayer structures were also observed (Figure 4f). As shown in Figure 4g,h, the average
length and standard deviation were determined from their histogram to be 3.93 + 1.05 ym
(Figure 4g). The width of these microneedles increased with increasing EA content in the
binary solvent. As can be seen in Figure 4h, the average width and standard deviation were
determined from their histogram to be 260 + 14.00 nm.

When the EA content was increased to 70%, flower aggregates with wider widths were the
predominant species (Figure 4i). TEM observation further confirmed the multilayer
structures (Figure 4j). The corresponding length and standard deviation were determined
from their histogram to be 4.86 + 1.40 ym (Figure 4k), and the width and standard deviation
were determined to be 510 + 90.00 nm (Figure 4l). When the EA percentage reached 90%,
the flower structures were not as uniform as those previously observed (with larger
deviations). As shown in Figure S16, the average length and standard deviation were 5.66

+ 1.86 um, and the width of these microneedles increased with increasing EA content in the
binary solvent. XRD revealed that the microflowers had similar structures. Compared with
the system with lower EA% content, more assemblies could be centrifuged to meet the
requirements for XRD characterization, and EA contents from 60% to 90% were selected
for further study. As shown in Figure S17, a set of distinct diffraction peaks were observed,
further supporting the SEM results and confirming that similar structures could be obtained
by different using EA contents. In particular, all the assemblies showed distinct diffraction
peaks at approximately &~ 0.49 nm, close to the result for typical z—r stacking.

Figure S18 presents the fluorescence spectra of cage 1 in solutions with different ratios of
DCM/EA (EA from 60% to 90%) at a concentration of 10 xM. All assemblies show a peak
at approximately 450 nm. This result corresponds well with the SEM and XRD results. As
shown in Figure S19, similar absorption bands were observed for the assemblies formed at
different EA contents (EA from 70% to 90%), in good agreement with the SEM, XRD, and
fluorescence spectra results.

The intermolecular interactions among cages 1 were investigated by 'H NMR (Figure S20a—
d). As shown in Figure S20a,b, the signals of Hy, and Hyy shift from 8.046 and 7.903 ppm
(100% DCM, 0% EA) to 8.040 and 7.886 ppm (10% EA), to 8.038 and 7.882 ppm (20%
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EA), and then to 8.030 and 7.867 ppm (30% EA). Furthermore, upfield (H,. and Hyg) and
downfield (Ho, and Hyp) chemical shifts were observed, which might be caused by the
dicarboxylate ligands’ (pillar) twist in the cages 1.

The 31p{1H} NMR signals (Scheme 1, Figure S20e,h) of cage 1 in the DCM/EA mixture
downfield shift from 5.88 and 0.09 ppm (100% DCM, 0% EA), to 6.00 and 0.25 ppm (10%
EA), to 6.04 and 0.30 ppm (20% EA), and then to 6.13 and 0.44 ppm (30% EA).
Furthermore, the signals become broader with the increase of EA content from 0% to 30%
EA, which further indicates the interactions between the P atoms, due to the increase of
interactions between these cages. DOSY 1H NMR was used to obtain the diffusion of cage 1
in various DCM/EA mixtures. The measured weight-average diffusion coefficients were
4.81 x 10 ~10m 25 =1 for cage 1 in the mixture with 10% EA content (Figure S20i). The
observation of the same diffusion coefficients of TPPE (Ho,, Hop, Hoe, and Hyc) and the
pillar (Haa, Hap, and Hyc) confirmed the integrity of cage 1. In contrast, the measured
weight-average diffusion coefficient of cage 1 in pure DCM was 5.22 x 10 10 m 25 -1
(Figure S20j), which is lower than that in DCM/EA mixtures. These results further support
the formation of aggregates in DCM/EA mixtures.

Microstructure examination via SEM at mixing times of 120 and 240 min revealed a gradual
evolution of shapes and sizes of the resultant microstructures. It is found that the length and
width increased with prolonged time (Figure S21). Elemental mapping analysis and SEM
(Figure S22) indicated homogeneous distributions of N, O, Pt, F, S, and P across the
microspheres, providing evidence that the microflowers were composed of TPPE, cis-
Pt(PEt3),(OTf),, and the carboxylate ligand. Furthermore, temperature has no obvious effect
on the morphology (Figure S23).

We thus propose a possible mechanism for the formation of the microflowers, as illustrated
in Scheme 2: the individual cage 1 molecules dissolve in DCM and stack via -
interactions to form elongated one-dimensional supramolecular assemblies by the addition
of EA, leading to the formation of microneedles (steps 1-3). The EA percentage plays an
important role in the length and width of the microneedles formed, as their length and width
increased with increasing EA content. Subsequently, cage 1-based microflowers formed
during solvent evaporation in a silica wafer/cropper grid (step 4). Magnification of the
microflowers provides the stacking mode of cage 1, as shown in black arrows, growing
along the x, y; zaxes (Figure 3c), which then produces the lamellar packing suprastructures,
in turn resulting in the formation of the cage 1-based microneedles and microflowers.

To broaden the emission range, a lysine-modified perylene (Figure S24) with red emission
was used for co-assembly with the microneedles. Figure 5a—c shows typical SEM images of
the microneedle structures after co-assembly, which indicate that the microneedles have high
monodispersity and that each single needle has a uniform width along its entire length.
Larger microneedles with broader widths were obtained that are several micrometers long.
Figure 5b,c shows individual needles with lengths of approximately 10.30 + 2.26 um (Figure
5d) and widths of approximately 670 + 130 nm (Figure S25).
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OM micrographs further confirmed the microflower morphology (Figure S26a). Anisotropic
photoluminescence was also observed by a polarization microscope (Figure S26b),
providing evidence for the presence of ordered arrays of cage 1 within the microflowers.
Figure S26¢ shows that the individual needles have lengths of approximately 10.11 + 2.00
nm.

The packing information with respect to the assemblies is shown in Figure S27. There was
also a broad Bragg reflection peak centered at 0.051 A1, corresponding to an ordered
structure with an interlayer spacing of 12.3 nm. Autofluorescence was observed under UV
irradiation (Figure 5e) and blue-light irradiation (Figure 5f) and was attributed to the
presence of the conjugated system in TPPE. The lysine-modified perylene-containing
microneedles and microflowers gave a red emission under green irradiation (Figure 5g),
providing additional evidence for the presence of lysine-modified perylene in the
microneedles/microflowers. The average length and standard deviation were determined
from the histogram to be 12.69 £ 2.75 um (Figure 5h), consistent with the SEM and OM
results and the proposed mechanism of formation shown in Scheme 1 (step 5-9). The
31pfIH} NMR spectrum of cage 1 in Figure $28 shows two doublets of approximately equal
intensity at 6= 5.78 and —0.02 ppm, with concomitant 195Pt satellite peaks corresponding to
two distinct phosphorus environments, demonstrating the integrity of cage 1 after the co-
assembly of lysine-modified perylene. No chemical shifts of cage 1 and lysine-modified
perylene before and after mixing were observed, indicating that the interaction between cage
1 and the lysine-modified perylene is not a host-guest interaction but a simple physical
adsorption (Figure S29).

Self-assembled one-dimensional suprastructures®’ have proven useful in the fabrication of
functional materials.® Several groups have fabricated functional materials by utilizing 1D
materials as templates®® and investigated their application in bionanotechnology.59 Inspired
by the preparation of perylene/microneedles composites, we selected chlorophyll-a (Chl-a)
as a model of a fat-soluble biomolecule for its potential application in the energy field (Chl-a
serves as the light-absorbing and energy-transferring components in the assemblies). We
selected vitamin B1, as a model of a water-soluble biomolecule for its potential application
in biomedical sciences;51 for example, it could modulate the transcriptome of the skin
microbiota in acne pathogenesis.52 Herein, we demonstrate the preparation of Chl-a- and
vitamin B1,-containing microflowers by using cage 1-based microneedles as a platform. By
using the microneedles as a template, Chl-a and vitamin By, are introduced by a “phase-
transfer” strategy at room temperature.

It is well known that chloroplasts contain chlorophyll within their thylakoids, which absorbs
light energy and gives chloroplasts their green color. Thus, in order to get chlorophyll-based
functional material, Chl-a was used for the co-assembly with metallacage-based
suprastructures. Figure 6a (right) shows that the initial brown solution (top layer)/white
suspension (bottom layer) are converted into a homogeneous brown suspension, which
suggests the formation of Chl-a/microneedle composites. Figure 6b,c shows the SEM
images of the microneedle structures after co-assembly, indicating that microneedles were
obtained. Furthermore, the 31P{1H} NMR spectrum (Figure 6d) of cage 1 shows two
doublets of approximately equal intensity at § = 6.16 and 0.33 ppm, demonstrating the
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integrity of cage 1 after the co-assembly with Chl-a. FOM was used to observe Chl-a-
containing microneedles. As shown in Figure S30, the Chl-a-containing microneedles and
microflowers gave a red emission under green-light excitation, providing evidence for the
presence of Chl-a (from porphyrin) in the microneedles/microflowers. No chemical shifts of
cage 1 and Chl-a before and after mixing were observed, indicating that the interaction
between cage 1 and Chl-a is not a host—guest interaction but a simple physical adsorption
(Figure S31).

Vitamin B1, was used to construct metallacage-based hybrid materials for its potential
application in biomedical science, such as for nerve injury repair (Figure 6e, left). The initial
pink solution (top layer)/white suspension (bottom layer) are converted into a homogeneous
pink suspension (Figure 6e, inset), which suggests the formation of vitamin B1o/microneedle
composites. Figure 6f,g shows the SEM images of the microneedle structures after co-
assembly. The 31P{1H} NMR spectrum of cage 1 (Figure 6h) shows two doublets of
approximately equal intensity at §=6.12 and 0.26 ppm, demonstrating the integrity of cage
1 after the co-assembly with vitamin B12. Subsequently, FOM was used to observe
microneedles (Figure S32). The vitamin B1,-containing microneedles and microflowers
gave a red emission (from porphyrin), providing evidence for the presence of vitamin Bq».
No chemical shifts of cage 1 and vitamin By, before and after mixing were observed,
indicating that the interaction between cage 1 and vitamin Bq, is not a host—guest interaction
but a simple physical adsorption (Figure S33).

CONCLUSION

The results described here demonstrate the capability of cage 1 to assemble into well-
defined microneedles and microflowers. In contrast to previous studies that mainly dealt
with the formation of metal-organic complexes with dimensions of nanometers, this work
may open an alternative path for the preparation of metal-organic complexes in hierarchical
assemblies. Furthermore, we successfully prepared metal-organic complex microneedle
materials with controllable emission by using perylene as a co-assembly component. The
introduction of various biomolecules into this supramolecular platform could provide diverse
artificial biological units for mimicking and optimizing assembly-based synthetic systems.
We anticipate that this methodology will open an avenue to a new and simple pathway to
metal-organic complex-based hybrid materials and devices.

EXPERIMENTAL SECTION

Materials and Methods.

All reagents were commercially available and used as supplied without further purification.
Deuterated solvents were purchased from Cambridge Isotope Laboratory (Andover, MA).
Compounds 2, 8, and 446 were prepared according to modified literature procedures. NMR
experiments were recorded at room temperature. 1H NMR spectra were recorded in the
designated solvents on a Varian Inova 400 MHz or a Bruker Avance 600 spectrometer.
31pfIH} NMR spectra were recorded on a Varian Unity 300 NMR spectrometer, and
31pfIH} NMR chemical shifts are referenced to an external unlocked sample of 85% H3PO,4
(60.0 ppm). Mass spectra were recorded on a Micromass Quattro Il triple-quadrupole mass
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spectrometer using electrospray ionization with a MassLynx operating system. Ultraviolet—
visible experiments were conducted on a Hitachi U-4100 absorption spectrophotometer.
Fluorescence experiments were conducted on a Hitachi F-7000 fluorescence
spectrophotometer.

Synthesis of Cage 1.

Tetra(4-pyridylphenyl)ethylene (compound 5, 3.20 mg, 5.00 umol), cis-Pt(PEt3),(OTf), (6,
14.60 mg, 20.0 zmol), and carboxylate ligand 8 (2.20 mg, 10.0 zmol) were placed in a 2-
dram vial, followed by the addition of H,O (0.40 mL) and acetone (1.20 mL). After the
mixture was heated at 70 °C for 24 h, all the solvent was removed by a N, flow, and the
solid was dried under vacuum. Acetone (1.00 mL) was then added to the resultant mixture,
and the solution was stirred for 30 min at room temperature. The mixture was filtered to
remove insoluble materials. The resulting tetragonal cage 1 was precipitated with diethyl
ether, isolated, dried under reduced pressure, and dissolved in CD,Cl, for characterization.
The 31P{1H} NMR spectrum of tetragonal cage 1 is shown in Figure S1. 31P{1H} NMR
(CD,Cl,, room temperature, 121.4 MHz) & (ppm): 6.19, 0.38. The 'H NMR spectrum of
tetragonal cage 1 is shown in Figure S2. IH NMR (CD,Cl,, room temperature, 400 MHz) &
(ppm): 8.66 (d, 16H), 8.04 (s, 4H), 7.89 (d, 8H), 7.71 (d, 16H), 7.49 (d, 16H), 7.18 (d, 16H).
The stoichiometry of discrete cages is further supported by the ESI-TOF-MS results. ESI-
TOF-MS (m/z): calcd for [M — 30Tf]3+ (C225H317F15N8031P16Pt8853+), 2044.84 (100%);
found, 2044.83. Fragment, calcd for [M/2 — 20TC]?* (C112H160FsN4014PgPt4S22™),
1495.89 (100%); found, 1495.90.

Self-Assembly of Cage 1 in DCM/EA.

In a typical experiment to prepare microneedles, 100 zL of DCM solution of cage 1 (100
4M) and 100 gL of DCM were mixed in a vial, and then 800 £ of EA was slowly added
over 1 h. For other assemblies, a similar procedure using different amounts of DCM/EA
solutions was applied to tune the ratio of DCM/EA in order to obtain assemblies with
controllable length and width.

Co-Assembly of Cage 1-Based Microneedles with Lysine-Modified Perylene.

For preparation via co-assembly, cage 1-based microneedles (10 M) in DCM/EA with
perylene (1 mM) were dissolved in THF to yield a DCM/EA/THF solution. In a typical
experiment, 200 yL of DCM solution of cage 1 (100 #M) and 200 gL of DCM were mixed
in a vial. Next, 1600 zL of EA was slowly added over 1 h, followed by the addition of 500
L of 100 ¢M perylene to induce the co-assembly of cage 1-based microneedles with
perylene.

Co-Assembly of Cage 1-Based Microneedles with Chlorophyll-a.

For preparation via co-assembly, cage 1-based microneedles (10 xM) in DCM/EA with Chl-
a (1 mM) were dissolved in THF to yield a DCM/EA/THF solution. In a typical experiment,
200 4L of DCM solution of cage 1 (100 M) and 200 L of DCM were mixed in a vial.

Next, 1600 s of EA was slowly added over 1 h, followed by the addition of 200 zL of THF
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and 500 L of a 100 pM Chl-a ethanol solution to induce the co-assembly of cage 1-based
microneedles with Chl-a.

Co-Assembly of Cage 1-Based Microneedles with Vitamin Bq».

For preparation via co-assembly, cage 1-based microneedles (10 #M) in DCM/EA with
vitamin B, (1 mM) were dissolved in THF to yield a DCM/EA/THF solution. In a typical
experiment, 200 yL of DCM solution of cage 1 (100 x#M) and 200 gL of DCM were mixed
in a vial. Next, 1600 zL of EA was slowly added over 1 h, followed by the addition of 200
L of THF and 500 z4 of a 100 xM vitamin B15 ethanol solution to induce the co-assembly
of cage 1-based microneedles with vitamin B1.

NMR Experiments.

1H NMR and 3IP{1H} NMR were used to get insight into the interactions between cage 1
and DCM/EA and the stability of cagel in DCM/EA. NMR spectra were recorded on a
spectrometer at room temperature. The signal of the assemblies (final concentration: 100
4M) could not be detected due to their insolubility at EA contents greater than 30%. Thus,
the signal could only be measured when the EA% was 0-30%, and these samples were
measured to provide information about the interactions among assemblies. In a typical
experiment to prepare a NMR sample, 100 4L of a CD,Cl5 solution of cage 1 (1 mM) and
900 1 of CD,Cl, were mixed in a vial to get the solution of cage 1 with 0% EA. Separately,
100 4L of a CD,Cl5 solution of cage 1 (1 mM) and 800 L of CD,Cl, were mixed in a vial,
and then 100 gL of EA was slowly added to get the solution of cage 1 with 10% EA; 100 s
of CD,Cl5 solution of cage 1 (1 mM) and 700 zL of CD,Cl, were mixed in a vial, and then
200 2 of EA was slowly added to get the solution of cage 1 with 20% EA; and 100 L of
CD,Cl, solution of cage 1 (1 mM) and 600 /i of CD,Cl, were mixed in a vial, and then 300
L of EA was slowly added to get the solution of cage 1 with 30% EA. For solutions of cage
1 with EA content beyond 30%, sediment appears rapidly, which is not suitable for NMR
characterization.

OM Experiments.

OM and POM images were obtained using a Leica Microsystems DM LM/P instrument.
FOM images were acquired on an Olympus 1X73 W.D. 27 mm inverted microscope. For
OM, POM, and FOM, dispersions of aggregates were dried onto glass slides for observation.

TEM Experiments.

TEM investigations were performed on a JEM-2100EX instrument. For TEM, dispersions of
the assemblies were dried onto carbon-coated copper support grids. HRTEM images were
obtained using a Tecnai G2 F30 S-TWIN instrument.

SEM Experiments.

A Zeiss Suprab5 field-emission scanning electron microscope was used to investigate the
assemblies. For SEM, dispersions of the assemblies were dried onto silicon wafers.
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SAXS Experiments.

SAXS experiments were performed at room temperature on a NanoSTAR system (Bruker-
AXS, 30 W). For SAXS, dispersions were loaded into special quartz X-ray capillary tubes
with an internal diameter of 1.5 mm. In a typical experiment to prepare a SAXS sample, 100
L of a DCM solution of cage 1 (100 x#M) and 100 gL of DCM were mixed in a vial, and
then 800 yL of EA was slowly added to get the solution of cage 1 with 80% EA.

XRD Experiments.

XRD data were taken with Cu Ka radiation (1 = 0.154 nm) on a D8 Advance powder
diffractometer (Bruker), operated in the 10-40° (26) range and at a step scan of 26=0.02°.
The tube voltage was 40 kV, and the tube current was 40 mA. The samples were prepared as
a thin film on a glass plate through evaporation of the solvents. In a typical experiment to
prepare an XRD sample, 100 L of a DCM solution of cage 1 (100 x#M) was used, and then
900 i of EA was slowly added to get the solution of cage 1 with 90% EA. Separately, 100
UL of a DCM solution of cage 1 (1 mM) and 100 L of DCM were mixed in a vial, and then
800 2L of EA was slowly added into above solution to get the solution of cage 1 with 80%
EA; 100 /L of a DCM solution of cage 1 (1 mM) and 200 L of DCM were mixed in a vial,
and then 700 gL of EA was slowly added to get the solution of cage 1 with 70% EA. For
solutions of cage 1 with EA content below 70%, evaporation on a glass plate to form a thin
film could not cover the transparent glass substrate efficiently, which is not suitable for XRD
characterization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) SEM images of microneedle-based microflowers formed by cage 1 (10 /M) in a

DCM/EA mixture with 80% EA (inset: optical image showing the assembly method in
binary solvents). (b,c) Corresponding assemblies at different magnifications. (d) Optical
microscopy image of cage 1-based assemblies (10 £M) over a large area (inset:
corresponding digital photo and polarized optical microscopy image). (e,f) Fluorescence
microscopy images of these assemblies under (e) ultraviolet-light excitation and (f) blue-
light excitation. (g) TEM image of microflowers formed by cage 1 (10 tM). (h) TEM image
showing the intersection between two needles. (i,j) TEM images showing the multilayer
structures. (k) Magnified TEM image of the layer structure.
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Figure 2.
(a) Optical microscopy image of cage 1-based assemblies (10 ¢M). Fluorescence

microscopy images of these assemblies under ultraviolet-light excitation and (c) blue-light
excitation.
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Figure 3.
(a) SAXS profile of cage 1 in DCM/EA mixture with 80% EA. (b) Corresponding XRD

profile. (c) Proposed stacking mode of cage 1.
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Figure 4.

, 40% (e—h), and 70% EA (i-1).

SEM images and corresponding size histogram of nanostructures formed from cage 1 (10

4M) in DCM/EA mixtures (freshly prepared) with 10% (a—d)
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Figureb.

(a) SEM images of needle-based flowers formed by cage 1 (10 #M) in a DCM/EA mixture
with 80% EA and lysine-modified perylene (inset: optical image showing the “phase-
transfer” co-assembly process). (b,c) SEM images of the corresponding assemblies at
different magnifications. (d) Histogram of the size distribution of the assemblies according
to SEM. Fluorescence microscopy images of the assemblies under (e) ultraviolet-light
excitation, (f) blue-light excitation, and (g) green-light excitation. (h) Histogram of the size

distribution of the assemblies according to FOM.
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Figure®6.
(a) Chemical structure of Chl-a (right: optical image showing the “phase-transfer” co

assembly process). (b) SEM image of Chl-a-containing microflowers. (c) In situ SEM image
at higher magnification. (d) 31P{*H} NMR spectra of Chl-a-containing microflowers
redispersed in DCM. (e) Chemical structure of vitamin By, (right: optical image showing the
“phase-transfer” co-assembly process). (f) SEM image of vitamin Bq-containing
microflowers. (g) In situ SEM image at higher magnification. (h) 31P{*H} NMR spectra of
vitamin B1,-containing microflowers redispersed in DCM.
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Scheme 1.
[2+8+4] Assembly of 2, 3, and 4 To Furnish Cage 1
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Scheme 2.
Proposed Mechanism of Formation of the Microflowers?

4 Steps 1-4 show the formation of cage 1-based microflowers, and steps 5-9 show the co-
assembly of cage 1 and perylene-based microflowers. The inset shows the chemical
structures corresponding to cage 1 and perylene. Black arrows in the bottom images indicate
magnification of microflowers and microneedles.
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