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An enzyme-responsive supra-amphiphile constructed 

by pillar[5]arene/acetylcholine molecular recognition 

Guocan Yu,* Jie Yang, Danyu Xia and Yong Yao  

A novel molecular recognition motif between a water-soluble pillar[5]arene (WP5) and 

acetylcholine is established with an association constant of (5.05 ± 0.13) × 104 M−1. Based on 

this molecular recognition motif, an enzyme-responsive supra-amphiphile is constructed by 

introducing an amphiphilic guest (PyCh) that is sensitive to acetylcholinesterase. Furthermore, 

supramolecular hybrid materials are prepared by introducing golden nanoparticles (AuNPs) 

into these supramolecular systems, which show enzyme-responsive catalytic abilities for the 

borohydride reduction of 4-nitroaniline. 

 

 

Introduction 

Supra-amphiphiles1 are amphiphiles that are linked by 

noncovalent interactions, such as π-π stacking interactions, hydrogen 

bonding, charge-transfer interactions, and electrostatic interactions.2 

Because supra-amphiphiles are synthesized through noncovalent 

interactions, the need for time-consuming organic synthesis can be 

greatly reduced. Furthermore, functional supramolecular 

nanostructures can be easily constructed by introducing building 

blocks with stimuli-responsive functional moieties into the supra-

amphiphiles. Numerous external stimuli such as temperature change, 

pH-change, redox, and light have been utilized in the construction of 

stimuli-responsive self-assembly systems.3 Among them, enzyme-

responsive self-assembly is especially attractive on account of its 

good biocompatibility and sensitivity, and therefore displays 

potential applications in biological materials and drug delivery 

systems.4 Enzymes play significant roles in a series of biochemical 

processes and aberrations in the enzyme expression level often cause 

many diseases. Acetylcholine (ACh), one of many neurotransmitters 

in the autonomic nervous system, has functions both in peripheral 

nervous system and central nervous system, and is the only 

neurotransmitter used in the motor division of the somatic nervous 

system.5 Damage to the cholinergic (acetylcholine-producing) 

system in the brain has been shown to be plausibly associated with 

Alzheimer's disease.5a,b Moreover, in cardiac tissue acetylcholine 

neurotransmission has an inhibitory effect, lowering heart rate. 

Consequently, the construction of a supra-amphiphile which can be 

responsive to cholinesterases, such as acetylcholinesterase (AChE), 

is of particular interest and importance not only in fundamental 

research but also in practical application to biotechnology and 

medicine, because only a limited amount of endeavour has been 

devoted so far to this research area. 

Pillar[n]arenes, mainly including pillar[5]arenes6 and 

pillar[6]arenes,7 are a new kind of macrocyclic hosts, next to crown 

ethers, cyclodextrins, calixarenes, and cucurbiturils.8,9 Compared 

with the basket-shaped structure of meta-bridged calixarenes, 

pillar[n]arenes are linked by methylene (-CH2-) bridges at para-

positions of 2,5-dialkoxybenzene rings, forming a unique rigid pillar 

architecture. The unique symmetrical structure and easy 

functionalization of pillararenes have afforded them superior 

properties in host–guest recognition. Pillararenes act as useful 

platforms for the construction of various interesting supramolecular 

systems, including liquid crystals,7g cyclic dimers,10 chemosensors,11 

supramolecular polymers,12 drug delivery systems,13 transmembrane 

channels14 and cell glue.15 A series of external stimuli, such as 

temperature change,16a,d light,16b pH-change16c and redox,16e have 

been utilized to develop sophisticated pillararene-based 

supramolecular systems which were employed in various fields. 

However, enzyme-responsive pillararene-based self-assembly has 

not been reported up to now. 

 
Scheme 1. Synthetic route to PyCh. 

Considering that the preparation of self-assemblies possessing 

novel stimuli-responsiveness is extremely important for the potential 

application in a broad range of fields, such as memory storage, smart 

supramolecular polymers, drug delivery systems, sensors, protein 

probes, and functional nanodevices,17 we are interested in the 

construction of enzyme-responsive pillararene-based supra-

amphiphiles to obtain functional supramolecular systems. Herein, we 

designed and fabricated an enzyme-responsive supra-amphiphile 

comprised of a water-soluble pillar[5]arene (WP5) and an 

amphiphilic guest (PyCh) with choline as the hydrophilic part and 

pyrene derivative as the hydrophobic section. Guest PyCh itself self-

assembled in water to form nanosheets driven by π-π stacking 

interactions between the pyrenyl groups. Upon addition of WP5, the 

nanosheets transformed into nanoparticles due to steric hindrance 

and electrostatic repulsion generated upon insertion of the anionic 
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hosts. Because of the enzyme-responsiveness of PyCh, both the 

nanosheets formed by PyCh and the nanoparticles formed by the 

host–guest complex WP5⊃PyCh changed into nanoribbons in the 

presence of AChE. Considering the existence of trimethylammonium 

groups on the surfaces of nanosheets and negative carboxylate 

anions on the surfaces of nanoparticles, these self-assemblies were 

further employed to prepare supramolecular hybrid materials by 

fabrication with gold nanoparticles (AuNPs), which were utilized as 

catalysts for the borohydride reduction of 4-nitroaniline. 

 

Fig. 1 Structural illustration of the building blocks (WP5, 

PyCh and acetylcholine) and schematic representation of the 

resulting enzyme-responsive self-assembly. 

Results and discussion 

Host–guest interactions molecular recognition between 

pillar[5]arene and acetylcholine. The host–guest interactions 

between WP5 and PyCh were firstly studied by 1H NMR 

spectroscopy by using acetylcholine iodide (M) as a model 

compound due to the relatively poor solubility of PyCh. Compared 

with the spectrum of free M (a in Fig. 2a), the resonance peaks 

related to protons H1, H2, H3 and H4 of M displayed substantial 

upfield shifts (∆δ = −0.14, −0.31, −0.24 and −0.14 ppm for H1, H2, 

H3 and H4, respectively) in the presence of an equivalent amount of 

WP5 (c in Fig. 2a). The reason was that these protons were shielded 

by the electron-rich cyclic structure upon forming a threaded 

structure between WP5 and M. Moreover, extensive broadening 

effects were observed for the peaks corresponding to protons on M 

due to complexation dynamics.16b On the other hand, the protons on 

WP5 also exhibited slight chemical shift changes due to the 

interactions between WP5 and M. The resonance peaks related to 

protons Hb on the benzene rings and Hc on the methylene bridges 

shifted downfield (∆δ = 0.04 and −0.03 ppm for Hb and Hc, 

respectively). From our previous work, we knew that the cavity of 

pillar[5]arene could only encapsulate four methylenes.6b Therefore, 

we speculated that the ester and methyl groups were situated in the 

cavity of WP5, while the methylenes and trimethylammonium group 

resided on the rim of WP5 due to the electrostatic interactions 

between the carboxylate anions on the host and the 

trimethylammonium cation on the guest.  

 

Fig. 2 (a) Partial 1H NMR spectra (400 MHz, D2O, 295 K): A. M 

(2.00 mM); B. WP5 (2.00 mM) and M (6.00 mM); C. WP5 (2.00 

mM) and M (2.00 mM); D. WP5 (2.00 mM). (b) Microcalorimetric 

titration of M with WP5 in water at 298.15 K. Top: raw ITC data for 

29 sequential injections (10 µL per injection) of an M solution (2.00 

mM) into a WP5 solution (0.100 mM); Bottom: net reaction heat 

obtained from the integration of the calorimetric traces. 

2D NOESY NMR spectroscopy is a useful tool to study the 

relative positions of the components in host−guest inclusion 

complexes. It was used to investigate the complexation between 

WP5 and M. A nuclear Overhauser effect (NOE) correlation was 

observed between the signals related to protons H1 on M and protons 

Hb on WP5 (Fig. S13), while no NOE was observed between 

protons H2, H3 and H4 on M and protons on WP5, suggesting that 

protons H1 were located in the cavity of WP5. To provide further 

evidence for the host−guest interactions between WP5 and M and to 

obtain insight into the binding geometry in complex WP5⊃M, 

molecular modeling was performed (Fig. S15). The molecular 
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geometry optimization of WP5⊃M shows that the guest is tightly 

wrapped within WP5. Noticeably, the cationic segment of M is 

located on the upper side of WP5 to successfully achieve multivalent 

electrostatic interactions with carboxylate groups on WP5, and the 

tail of M containing ester and methyl groups locates inside the cavity 

of WP5. The results obtained from 2D NOESY NMR spectroscopy 

and molecular modelling were in good agreement with our 

speculation mentioned above. 

Isothermal titration calorimetry (ITC) experiments were 

performed to provide thermodynamic insight into the inclusion 

complexation between WP5 and M. From Fig. 2b and Fig. S14, the 

Ka value of WP5⊃M was determined to be (5.05 ± 0.13) × 104 M−1 

in 1:1 complexation. The binding affinity of this host−guest system 

can be attributed to the cooperativity of multiple electrostatic 

interactions between the carboxylate anionic groups on the rigid 

pillar[5]arene receptor platform and the cationic trimethylammonium 

part and hydrophobic interactions between the alkyl chain and the 

host. Furthermore, the enthalpy and entropy changes were obtained 

(∆H° < 0; T∆S°>0; |∆H°| < |T∆S°|), indicating that this complexation 

was primarily driven by the entropy change with enthalpic assistance 

(Fig. S14). 

Enzyme-responsive self-assembly of the supra-amphiphile. 

After the establishment of the pillar[5]arene/acetylcholine 

recognition motif in water, we applied it to construct an enzyme-

responsive supra-amphiphile and studied the controllable self-

assembly of this supra-amphiphile. The self-assembly of amphiphilic 

PyCh in water was investigated first. From Fig. S18, the critical 

aggregation concentration (CAC) of PyCh was determined to be 

1.25 × 10–6 M using the concentration-dependent conductivity. 

Transmission electron microscopy (TEM) experiments assisted in 

the visualization of the self-assembly nanostructure of PyCh. As 

shown in Fig. 3a, two-dimensional nanosheets were observed clearly 

with very thin thickness. Fluorescence microscopy (Fig. 3d) and 

scanning electron microscopy (SEM) were further utilized to 

confirm the morphology of the self-assemlies formed by PyCh, 

coinciding with the results obtained from TEM. The thickness of the 

nanosheets was calculated to be about 5 nm (Fig. 3h and Fig. S23c). 

Notably, the extended length of PyCh is ∼2.3 nm, close to half the 

thickness of the nanosheets, indicating a bilayer packing mode of 

PyCh in the nanosheets (Fig. 1). The packing pattern of PyCh in the 

nanosheets was studied by UV-vis spectroscopy and X-ray 

diffraction (XRD). An increase in the concentration caused a blue 

shift (Fig. S22), which indicated an H-aggregation form, suggesting 

that adjacent pyrene aromatic rings underwent considerable overlap 

through π-π stacking interactions (Fig. 1).16c Moreover, the bilayer 

structure of the membrane was confirmed by XRD. As shown in Fig. 

S21a, the thickness of the bilayer was calculated to be 4.5 nm, close 

to the length of two PyCh molecules with antiparallel packing and 

overlapped pyrene rings (Fig. 1),18a in accordance with the results 

obtained from TEM and SEM images. 

Interestingly, the critical aggregation concentration of PyCh in 

the presence of an equivalent amount of WP5 increased to 1.52 × 

10−4 M (Fig. S19). The CAC value of PyCh was enhanced 

pronouncedly by a factor of ca. 122 due to its host−guest 

complexation with WP5. Moreover, the resultant self-assemblies 

changed from nanosheets to nanoparticles with an average diameter 

of about 250 nm (Fig. 3b). SEM also provided convincing insight 

into the transformation from nanosheets for PyCh to nanoparticles 

for WP5⊃PyCh (Fig. 3g−i). Dynamic light scattering (DLS) was 

further empolyed to confirm the size of the aggregrates formed by 

WP5⊃PyCh. As shown in Fig. S20, the main diameter distribution 

of the aggregates was around 263 nm, which was in harmony with 

the corresponding TEM and SEM images. It should be pointed out 

that the diameter of the nano-aggregates measured by DLS was little 

larger than that obtained in TEM images, attributed to the swelling 

effect of the spherical structures in water.7d 

A mechanism was proposed to explain the morphological 

transformation from nanosheets for PyCh to nanoparticles for 

WP5⊃PyCh (Fig. 1). The self-assembled structure of the aggregates, 

formed by the two distinct bilayers, is determined by the curvature of 

the membrane.18 For PyCh alone, highly directional π-π stacking 

interactions between the pyrene aromatic rings are achieved in water, 

thus leading to the formation of 2D self-assembly in a bilayer 

structure. The size of trimethylammonium cation group is smaller 

than the cavity of WP5,6b so the anionic hosts insert into the 

membrane of the nanosheets and form 1:1 [2]pseudorotaxanes upon 

complexation with WP5. Due to the existence of steric hindrance 

and electrostatic repulsion generated upon the insertion of WP5, the 

membrane curvature of the nanosheets become higher, resulting in 

the formation of nanoparticles with a spherical structure.18 

Fig. 3 TEM images: (a) PyCh; (b) WP5⊃PyCh; (c) WP5⊃PyCh 

treated with AChE. Bright field images: (d) PyCh; (e) WP5⊃PyCh 

treated with AChE. (f) Fluorescence microscopic image of 

WP5⊃PyCh treated with AChE. SEM images: (g) PyCh; (h) 

enlarged image of (g); (i) WP5⊃PyCh; (j) WP5⊃PyCh treated with 

AChE; (k) enlarged image of (j); (l) enlarged image of a broken 

nanoribbon. The concentrations of PyCh and WP5⊃PyCh were 

higher than their corresponding CAC values. It should be noted that 

the samples were coated with golden nanoparticles in SEM 

experiments, and the particles on the nanosheets (Fig. 3h) were the 

golden nanoparticles. 

PyCh contains an alkanoylcholine that can be hydrolyzed to the 

corresponding acid (PyH) and choline by cholinesterases (Fig. 1), 

thereby affecting the morphologies of the self-assemblies. Mass 

spectral measurements were performed to monitor the enzymatic 

cleavage of the ester bonds of PyCh. As shown by mass spectra of 

PyCh at different time points in the presence of AChE, the peak at 

418.0 corresponding to [PyCh − I]+ weakened after 5 h (Fig. S25), 

and almost disappeared 12 h later (Fig. S26), in concert with the 

appearance of the peaks at 105.0 and 332.1 related to choline and 
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PyOH, respectively, indicating that almost all of the ester bonds 

were cleaved. Interestingly, the self-assembly structures of both 

PyCh and WP5⊃PyCh underwent dramatic changes as revealed by 

TEM in the presence of AChE. Nanoribbons several micrometers in 

length and 200–300 nm in width were observed by culturing the 

nanoparticles formed by WP5⊃PyCh with AChE at 37 oC. Notably, 

the coexistence of nanoparticles and nanoribbons was also observed 

(Fig. 3c and Fig. S23a), demonstrating the gradual transformation 

from nanoparticles to nanoribbons caused by the hydrolysis of PyCh 

in the presence of AChE. SEM images provided useful information 

about the morphological changes of the self-assemblies (Fig. 3j−l). 

Compared with the nanoparticles, dendritic aggregates with much 

larger size, several micrometers, were observed after the solution 

had stood for 2 weeks (Fig. 3j) in the presence of AChE. More 

exciting, we found that these dendritic superstructures were 

composed of nanoribbons in the plane-to-plane packing mode (Fig. 

3k, l). The thickness of the nanoribbons was ∼20 nm, as observed 

from a broken multiple-nanoribbon (Fig. 3l and Fig. S23d), 

indicating that the nanoribbons had a multi-layer structure. Similarly, 

the nanosheets formed by PyCh alone also changed into 

nanoribbons in the presence of AChE, as verified by TEM (Fig. 

S23b). We also knew that the bilayer structure was retained when the 

nanosheets transformed into nanoribbons through XRD data (Fig. 

S21b). It should be noted that the hydrolysis rate of the host–guest 

complex WP5⊃PyCh by AChE was much slower than that of free 

PyCh because there existed a dynamic equilibrium between the 

complexed and uncomplexed states of PyCh, and AChE attacks only 

the free species.8r 

PyCh both in the nanosheets and in the nanoparticles was 

hydrolyzed into PyH and choline in the presence of AChE, and the 

amphiphilic PyH self-assembled in water through π-π stacking 

interactions. On the other hand, interlayer mutiple hydrogen bonds 

due to the existence of carboxylic acid groups on the surface of the 

nanoribbons caused the formation of multi-layer aggregates. 

However, the nanosheets self-assembled from PyCh did not pack 

together to generate larger aggregates owing to the presence of the 

cationic groups on the surface and the attendant electrostatic 

repulsion between the nanostructures. It should be pointed out that 

there was no interaction between PyH and WP5, so the 

morphologies of the self-assemblies obtained from hydrolysis of the 

nanosheets and from the nanoparticles were the same, whether or not 

WP5 was present. 

Prepation of Supramolecular Hybrid Materials and 

Application in Borohydride Reduction of 4-Nitroaniline. With 

the enzyme-responsive self-assemblies in hand, we explored possible 

applications of these novel supramolecular systems. Considering the 

existence of trimethylammonium groups on the surfaces of 

nanosheets and negative carboxylate anions on the surfaces of 

nanoparticles, these two self-assemblies could be employed to 

prepare supramolecular hybrid materials with gold nanoparticles.19 

Self-assembled organic aggregates have been demonstrated to be 

useful in the fabrication of metallized self-assemblies.19b By using 

the present nanosheets and nanoparticles as the templates, gold 

nanoparticles were directly loaded onto the surfaces of the self-

assemblies at room temperature to form supramolecular hybrid 

materials (AuNPs@nanosheets and AuNPs@nanoparticles). As 

shown in TEM images (Fig. 4a−c), we found that the AuNPs 

adhered to the surface of the self-assemblies with an average 

diameter of about 6 nm (Fig. S27). As shown in UV−vis spectra (Fig. 

S28), the well-known surface plasmon resonance (SPR) of AuNPs 

around 520 nm was observed, suggesting the successful preparation 

of supramolecular hybrid materials. Moreover, Fourier transform IR 

spectroscopy (Fig. S29) and energy dispersive spectrometry (EDS) 

experiments (Fig. S30, S31) were conducted to confirm the 

successful preparation of supramolecular hybrid materials.6j   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 TEM images: (a) AuNPs@nanosheets; (b) enlarged image of 

(a); (c) enlarged image of (a); (d) AuNPs@nanoparticles; (e) 

AuNPs@nanosheets treated with AChE; (f) AuNPs@nanoparticles 

treated with AChE. Cartoon illustration of the prepration of 

supramolecular hybrid materials and application in the reduction of 

4-nitroaniline. 

Naturally, these hybrids also displayed excellent enzyme 

responsivity due to the presence of PyCh. For the hybrids, the 

diameters of the AuNPs became larger and their shapes became 

smoother and rounder by treatment with AChE due to Ostwald 

ripening (Fig. 4e, f),6j because the total surface area can be 

minimized by the formation of spherical particles, and larger 

particles are more energetically favored than smaller particles. 

Furthermore, we applied TEM to characterize the aggregation 

process of AuNPs at the nanoscale before and after aggregation 

induced by AChE. A greater degree of aggregation was observed for 

the AuNPs corresponding to AuNPs@nanosheets after hydrolysis by 

AChE (Fig. 4f). The reasons were as follows: the choline was 

attached to the surface of AuNPs when PyCh in 

AuNPs@nanosheets hydrolyzed into PyH and choline, resulting in 

the growth of AuNPs into larger aggregates (Fig. 4b). However, for 

the AuNPs@nanoparticles, the choline derived from PyCh formed a 

stable host−guest complex with WP5. Owing to the presence of 

carboxylate anionic groups on the macrocyclic ring, the host−guest 

complex WP5⊃choline can be considered as a cluster of carboxylate 

groups and sodium, providing a shell of anions and cations around 

the gold nanoparticles, thus stabilizing them in aqueous solution. 

Therefore, relatively smaller changes in the size of AuNPs occurred 

for AuNPs@nanoparticles after the hydrolysis of PyCh (Fig. 3e). 

The physical and chemical properties are closely related to the 

morphology and size of the nanomaterials. In our systems, the sizes 

of AuNPs in these supramolecular hybrids underwent significant 

changes after hydrolysis, naturally affecting their properties. As we 

know, one of the important applications of AuNPs is to catalyze 

reactions that are otherwise not feasible. Therefore, we examined the 

performance of these hybrids as catalysts for the borohydride 
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reduction of 4-nitroaniline as a model reaction. The peak at 400 nm 

corresponding to the characteristic absorption of 4-nitroaniline 

remained unaltered for a long time in the absence of AuNPs, 

indicating that the reducing agent NaBH4 itself was unable to reduce 

4-nitroaniline.16a On the contrary, the absorption band at 400 nm 

decreased gradually with the concomitant appearance of new peaks 

at 300 nm and 240 nm upon addition of the supramolecular hybrids 

(AuNPs@nanosheets or AuNPs@nanoparticles) into the reaction 

system, indicating that 1,4-diaminobenzene was produced (Fig. S32, 

31), accompanied by a color change from yellow to transparent (Fig. 

4). The kinetic reaction rate constants for the reduction with 

AuNPs@nanosheets and AuNPs@nanoparticles were estimated to 

be (1.85 ± 0.15) × 10−3 s−1 and (2.61 ± 0.28) × 10−3 s−1, respectively. 

Notably, the kinetic reaction rate constant of AuNPs@nanoparticles 

decreased to (1.78 ± 0.11) × 10−3 s−1 after treatment with AChE for 

12 h (Fig. S34), which was higher than that of AuNPs@nanosheets 

after the same treatment ((1.01 ± 0.09) × 10−3 s−1, Fig. S35). The 

reasons was that the catalytic activity of the AuNPs is possibly 

through electron transfer from the BH4
− anion to nitro compounds 

mediated by the large Fermi level shift of the nanoparticles.19a 

Compared with the AuNPs@nanosheets and AuNPs@nanoparticles, 

the sizes of AuNPs became larger due to the hydrolysis of PyCh by 

the AChE, resulting in the reduction of their specific surface area. 

For the AuNPs@nanoparticles, the hydrolyzate WP5⊃choline could 

act as clusters to protect AuNPs from aggregating to some extent, so 

the corresponding kinetic reaction rate was relatively larger. 

Conclusions 

In summary, a new pillar[5]arene/acetylcholine molecular 

recognition motif was established. Based on this molecular 

recognition motif, an enzyme-responsive supra-amphiphile was 

constructed by introducing an amphiphilic guest PyCh, which was 

sensitive to enzyme AChE. In contrast to the nanosheets self-

assembled by PyCh alone through π-π stacking interactions 

between the pyrenyl groups, the host−guest complex WP5⊃PyCh 

self-assembled into nanoparticles induced by a curvature-dependent 

mechanism. PyCh was hydrolyzed into PyH and choline in the 

presence of AChE, resulting in the transformation of the nanosheets 

and nanoparticles into multi-layer nanoribbons. Intermolecular 

hydrogen bonds between the carboxylic acid groups on the surfaces 

of the nanoribbons played a significant role in the generation of 

these aggregates. Due to the existence of trimethylammonium 

groups on the surfaces of the nanosheets and negative carboxylate 

anions on the surfaces of the nanoparticles, supramolecualr hybrid 

materials were prepared by introducing golden nanoparticles 

(AuNPs). Furthermore, these hybrids exhibited excellent catalytic 

abilities for the borohydride reduction of 4-nitroaniline as a model 

reaction. The specific surface areas of AuNPs in these 

supramolecular hybrids underwent significant changes after 

hydrolysis due to the growth of the AuNPs, resulting in the reduction 

of their catalytic abilities. These results exemplify the enormous 

potential of enzyme-responsive self-assembly for the construction of 

well-defined nanostructures that can be applied in many fields, 

including supramolecular polymers, nanoelectronics, and sensors. 

Experimental 

Synthesis of 1. Methyl 6-bromohexanoate (5.16 g, 20.0 mmol) 

and K2CO3 (6.62 g, 48.0 mmol) were added to a solution of 1-

pyrenol (2.18 g, 10.0 mmol) in CH3CN (100 mL). The mixture was 

heated in a three-necked flask under nitrogen atmosphere at reflux 

for 24 h. The cooled reaction mixture was filtered and washed with 

chloroform. The filtrate was evaporated under vacuum, and the 

residue was purified by flash column chromatography on silica gel 

(dichloromethane/petroleum ether = 1:5, ν/ν) to afford 1 as a white 

solid (3.54 g, 83%), mp 112.5−113.8 °C. The proton NMR spectrum 

of 1 is shown in Fig. S1. 1H NMR (400 MHz, chloroform-d, room 

temperature) δ (ppm): 8.45 (d, J = 8.0 Hz, 1H), 8.09 (t, J = 8.0 Hz, 

3H), 8.01 (d, J = 8.0 Hz, 1H), 7.96−7.03 (m, 2H), 7.87 (d, J = 8.0 Hz, 

1H), 7.51 (d, J = 8.0 Hz, 1H), 4.31 (t, J = 8.0 Hz, 2H), 3.68 (s, 3H), 

2.40 (t, J = 8.0 Hz, 2H), 2.02−1.99 (m, 2H), 1.84−1.76 (m, 2H), 

1.71−1.63 (m, 2H). The 13C NMR spectrum of 1 is shown in Fig. S2. 

13C NMR (125 MHz, chloroform-d, room temperature) δ (ppm): 

174.11, 153.11, 131.76, 131.71, 127.26, 126.32, 126.08, 125.86, 

125.49, 125.19, 124.99, 124.94, 124.22, 124.12, 121.24, 120.42, 

109.12, 68.61, 51.55, 34.06, 29.21, 25.91, 24.80. LRESIMS is 

shown in Fig. S3: m/z 346.9 [M + H]+ (100%). HRESIMS: m/z calcd 

for [M + H]+ C23H23O3, 347.1647, found 347.1655, error 2 ppm. 

Synthesis of 2. A solution of 1 (3.46 g, 10.0 mmol) in 

CH3CH2OH (40 mL) was treated with 40% aqueous sodium 

hydroxide (80 mL) at reflux for 12 h. The mixture was concentrated 

under reduced pressure, diluted with water (10 mL), and acidified 

with HCl. The precipitated product 2 was collected by filtration, 

washed with water and dried under vacuum as a white solid (3.09 g, 

93%), mp 126.8−128.3 °C. The proton NMR spectrum of 2 is shown 

in Fig. S4. 1H NMR (400 MHz, DMSO-d6, room temperature) δ 

(ppm): 12.09 (s, 1H), 8.37 (d, J = 8.0 Hz, 1H), 8.24 (d, J = 8.0 Hz, 

1H), 8.18 (t, J = 4.0 Hz, 2H), 8.13 (d, J = 8.0 Hz, 1H), 8.06 (t, J = 

8.0 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.75 

(d, J = 8.0 Hz, 1H), 4.35 (t, J = 8.0 Hz, 2H), 2.29 (t, J = 8.0 Hz, 2H), 

1.97−1.92 (m, 2H), 1.68−1.58 (m, 4H). The 13C NMR spectrum of 2 

is shown in Fig. S5. 13C NMR (100 MHz, DMSO-d6, room 

temperature) δ (ppm): 174.53, 152.67, 131.22, 131.08, 127.29, 

126.37, 126.26, 126.00, 124.92, 124.62, 124.46, 124.30, 124.14, 

124.09, 120.83, 119.33, 109.79, 68.37, 33.79, 28.63, 25.35, 24.39. 

LRESIMS is shown in Fig. S6: m/z 330.9 [M − H]− (100%). 

HRESIMS: m/z calcd for [M − H]− C22H19O3, 331.1334, found 

331.1341, error 2 ppm. 

Synthesis of 3. To a solution of 2 (1.66 g, 5.00 mmol) and 

N,N'-dimethylethanolamine (1.78 g, 20.0 mmol) in dry CH2Cl2 (100 

mL), 4-dimethylaminopyridine (DMAP, catalytic amount) and 1-(3’-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 

1.79 g, 10.0 mmol) were added under nitrogen atmosphere. The 

mixture was stirred overnight at room temperature. The solution was 

evaporated under vacuum and the residue was purified by flash 

column chromatography on silica gel (dichloromethane/petroleum 

ether = 2:1, ν/ν) to afford 3 as a white solid (1.57 g, 78%), mp 

104.1−106.4 °C. The proton NMR spectrum of 3 is shown in Fig. S7. 
1H NMR (400 MHz, chloroform-d, room temperature) δ (ppm): 8.45 

(d, J = 8.0 Hz, 1H), 8.09 (t, J = 8.0 Hz, 2H), 8.03 (d, J = 8.0 Hz, 1H), 

7.95−7.93 (m, 2H), 7.87 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 

4,31 (t, J = 8.0 Hz, 2H), 4,31 (t, J = 8.0 Hz, 2H), 3.71 (t, J = 8.0 Hz, 

2H), 2.55 (t, J = 8.0 Hz, 2H), 2.43 (t, J = 8.0 Hz, 2H), 2.26 (s, 6H), 

1.84−1.64 (m, 6H). The 13C NMR spectrum of 3 is shown in Fig. S7. 
13C NMR (100 MHz, chloroform-d, room temperature) δ (ppm): 

173.75, 153.11, 131.76, 131.71, 127.26, 126.32, 126.07, 125.85, 

125.49, 125.18, 124.98, 124.21, 124.12, 121.25, 120.41, 109.12, 

68.62, 57.81, 45.67, 34.21, 29.22, 25.89, 24.76, 18.43. LRESIMS is 

shown in Fig. S9: m/z 404.0 [M + H]+ (100%). HRESIMS: m/z calcd 

for [M + H]+ C26H30NO3, 404.2226, found 404.2214, error −3 ppm. 

Synthesis of PyCh. A mixture of compound 3 (2.02 g, 5.00 

mmol) and CH3I (5.68 g, 40.0 mmol) was heated in N,N'-

dimethylformamide (50 mL) at 50 °C for 12 h. The solvent was 

evaporated, and the residue was washed with CH2Cl2 to give PyCh 

as a light yellow solid (1.66 g, 61%), mp 116.4−118.1 °C. The 

proton NMR spectrum of PyCh is shown in Fig. S10. 1H NMR (400 

MHz, DMSO-d6, room temperature) δ (ppm): 8.38 (d, J = 8.0 Hz, 
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1H), 8.25 (d, J = 8.0 Hz, 2H), 8.20 (t, J = 8.0 Hz, 2H), 8.14 (d, J = 

8.0 Hz, 1H), 8.08 (d, J = 8.0 Hz, 1H), 8.03 (t, J = 8.0 Hz, 1H), 7.97 

(d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.0 Hz, 1H), 4.48−4.46 (m, 2H), 

4,37 (t, J = 8.0 Hz, 2H), 3.67−3.65 (m, 2H), 2.45 (t, J = 8.0 Hz, 2H), 

2.00−1.93 (m, 2H), 1.76−1.67 (m, 2H), 1.65−1.60 (m, 2H). The 13C 

NMR spectrum of PyCh is shown in Fig. S11. 13C NMR (100 MHz, 

DMSO-d6, room temperature) δ (ppm): 172.32, 152.62, 131.22, 

131.06, 127.28, 126.41, 126.27, 126.01, 124.93, 124.66, 124.49, 

124.36, 124.11, 120.78, 119.32, 109.79, 68.30, 63.72, 57.69, 54.90, 

52.90, 33.32, 28.55, 25.23, 24.01. LRESIMS is shown in Fig. S12: 

m/z 418.0 [M − I]+ (100%). HRESIMS: m/z calcd for [M − I]+ 

C27H32NO3, 418.2382, found 418.2393, error 3 ppm. 

Critical Aggregation Concentration (CAC) Determination. 

Some parameters such as the conductivity, osmotic pressure, 

fluorescence intensity and surface tension of the solution change 

sharply around the critical aggregation concentration. The 

dependence of the solution conductivity on the solution 

concentration is used to determine the critical aggregation 

concentration. Typically, the slope of the change in conductivity 

versus the concentration below CAC is steeper than the slope above 

the CAC. Therefore, the junction of the conductivity-concentration 

plot represents the CAC value. To measure the CAC value of PyCh 

(or WP5⊃PyCh), the conductivities of the solutions at different 

concentrations were determined. By plotting the conductivity versus 

the concentration, we estimated the CAC value of PyCh (or 

WP5⊃PyCh). 

Preparation of Supramolecular Hybrid Materials. In a 

typical experiment, 0.10 mL of 1.0 × 10−4 M HAuCl4 and 6.0 mL of 

PyCh (or WP5⊃PyCh) aqueous solution were mixed in a 10 mL 

bottle. Then aqueous sodium borohydride (0.20 mL, 0.0125 g/mL) 

was injected into the above solution under vigorous stirring. The 

solution became wine red, indicating that supramolecular hybrid 

materials AuNPs@nanosheets and AuNPs@nanoparticles were 

immediately obtained. 

Transmission Electron Microscopy (TEM) and Dynamic 

Light Scattering (DLS) Studies. The nanostructures of the self-

assemblies were revealed using TEM. The concentrations of the 

solutions were higher than the corresponding critical aggregation 

concentrations of PyCh and WP5⊃PyCh. A solution of PyCh (or 

WP5⊃PyCh) was prepared first in water. TEM samples were 

prepared by drop-coating the solution on a carbon-coated copper 

grid. TEM experiments were performed on a HT-7700 instrument. 

The solution of WP5⊃PyCh was left to stand overnight and the 

insoluble precipitate was eliminated by using a microporous 

membrane before being used for DLS tests. The diameters of the 

assemblies were measured on a Nano-ZS ZEN3600 instrument.  

Catalytic Reduction of 4-nitroaniline. The catalytic reduction 

of 4-nitroaniline was studied as follows. To a standard quartz cell 

with a 1-cm path length and about 4 mL volume, 3 mL of 0.20 mM 

4-nitroaniline and 0.03 g of NaBH4 (large excess) were added. Then 

the addition of supramolecular hybrids (0.04 mL) to the mixture 

caused a decrease in the intensity of the absorption of 4-nitroaniline. 

The absorption spectra were recorded in a scanning range of 

200−700 nm at room temperature. The control experiment was also 

carried out in the absence of supramolecular hybrids. 
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