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ABSTRACT:  

Aiming for solving the emergence of drug-resistant bacteria worldwide, the 

construction of novel supramolecular self-assembly systems with antibacterial 

functions is attracting growing research attention. Herein, using dynamically reversible 

Schiff-base imine bonds as the assembly strategy, a three-dimensional pure organic 

cage, namely 4-cage, was obtained in high yield. By taking advantage of the bidentate 

chelating capability of its imine-based skeleton, 4-cage was demonstrated to serve as 

an Ag+-carrier. Owing to the acid-induced decomposition of this skeleton, the Ag+-

loaded 4-cage can controllably release Ag+ through pH regulation, hence, as a proof-

of-concept, it is proved to be applicable as a controllable release antibacterial reagent. 

Such pH-responsive Ag+-carried supramolecular architecture may shed light on the 

molecule design strategies for bacterial elimination in different environments, or for 

controllable functions in various other fields. 
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1. Introduction 

Bacteria widely exist in diverse environments, such as soil, ocean, and living 

organisms.1 While some bacteria are demonstrated to be beneficial (e.g., Lactobacilli 

are probiotics that can ferment carbohydrates into lactic acid; methanotroph can 
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decompose trichloroethylene, tetrachloroethylene, and other organic pollutants), most 

of them are harmful. In fact, pathogenic bacterial infection is currently a major cause 

of human death and diseases.2 Therefore, numerous efforts have been devoted to the 

development of antibacterial reagents. Among them, silver(I) ion is one of the most 

commonly used effective agents due to its combined broad-spectrum antimicrobial 

activity and low drug resistance risk.3 At present, Ag+-based antibacterial reagents 

have been extensively used in commercial and medical products (e.g., catheters, burn 

wound dressings, and dental implants),4-5 yet the dose-dependent cytotoxicity, as well 

as the accumulation risk of Ag+ ion inside the living organisms, have greatly hampered 

their further applications. Although these problems, in principle, could be resolved if 

the Ag+ concentration of these reagents could be delicately controlled under certain 

environments, so far, such controllable Ag+-based antibacterial systems are largely 

relied on nanoparticles.6 Developing novel strategies should provide alternative 

options that might be suitable for more potential applications. 

Self-assembly has emerged as a powerful tool for the construction of diverse 

fascinating topologies ranging from basic zero-dimensional (0D) nanoparticles to two-

dimensional (2D) macrocycles and frameworks, and even to three-dimensional (3D) 

cages and aggregates. These supramolecular assemblies have been demonstrated to 

be extraordinary versatile materials in gas adsorption/separation,7-8 ion/molecular 

recognition,9  catalysis,10-11 sensing,12 electroluminescence,13 cell imaging,14 and many 

other fields,15-19 by taking advantage of the highly tunable and dynamic nature of the 

noncovalent interactions. However, although supramolecular self-assembly has an 

inbuilt advantage over its covalent-bonded counterpart in constructing controllable 

drug-release systems, concerning active materials for antibacterial therapies,6, 20-26 

hitherto no relevant reports could be found. 

Herein, we present our findings that by borrowing dynamically reversible and Ag+-

chelatable Schiff-base bond (also called imine bond, ─C=N─) as the assembly 

strategy, a 3D pure organic cage (namely, 4-cage) that is capable of storing Ag+ and 

then releasing it in certain pH environments is acquired. To the best of our knowledge, 

this is the first report on Ag+-preloaded self-assemblies that can stimulatingly release 

Ag+ for controllable antibacterial treatments. The proposed pH-responsive silver-

carrying supramolecular cage shows great promise for antibacterial applications 

especially in acidic microenvironments, such as the living sites of acid-producing 

bacteria and bacterial infected sites in wounds and even tumors.27-29 
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2. Results and Discussion 

To validate that the building block cyclohexanediamine or its bidentate Schiff-base 

derivative is a chelating ligand scaffold that could act as the binding sites for Ag+, 

initially, a structurally simple enamine molecule Model (Figure 1, Scheme S1 and 

Figures S1-S3) was synthesized through facile condensation between benzaldehyde 

(Ph-CHO) and (1S,2S)-(+)-1,2-diaminocyclohexane (CHX-NH2). In addition, the 

Model can also provide indirect structural information on the coordination of Ag+ with 

4-cage, since the combination between 4-cage and Ag+ will produce a precipitate 

(named as Ag+@4-cage) which makes it difficult to be characterized. The binding 

behavior of Model with Ag+ was investigated in a mixed solvent system of 

CDCl3/CD3OD via 1H NMR. As shown in Figure 1b-1g, with increasing Ag+ 

concentration (0→2.0 equiv.), although the NMR signal of most protons has nearly 

unaltered, both the imine Hd’ and cyclohexane He’ protons display a downfield-shifted 

effect, indicating the successful coordination of Ag+ with Model at its imine site. This 

deduction was further confirmed by the electrospray ionization mass spectrometry 

(ESI- MS), where a signal peak at m/z 397.1 that corresponds to the molecular ion 

peak of the Ag+@Model complex was observed (Figure S4). 

 

Figure 1. Partial 1H NMR spectral (400 MHz, 298 K) changes of Model in CDCl3/CD3OD (v/v, 1/1) in the 
presence of 0 (b), 0.4 (c), 0.8 (d), 1.2 (e), 1.6 (f), 2.0 (g) equiv. Ag+. The 1H NMR spectra of the precursors 
Ph-CHO (a) and CHX-NH2 (h) were given for comparison. 
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Inferred from the above results, the Schiff-base bidentate Model is a potential 

recognition site for constructing Ag+ carriers, thus we chemically modify the Model 

molecule with tetraphenylethylene (TPE) to obtain an Ag+ carrier for more entirely store 

the activity of Ag+ through its shielded cavity, and it is likely capable of responsively 

releasing Ag+ and then showing the controllable features. Accordingly, a tetraaldehyde 

precursor 4-CHO was synthesized (Scheme S2 and Figures S5-S6) and then 

condensed with CHX-NH2 in CDCl3 in the presence of a catalytic amount of deuterated 

TFA at 55 °C for 12 h. As depicted in Figure 2b, in this self-assembly system, the 

characteristic signal of the protons of 4-CHO completely disappeared, accompanied 

by the emergence of a set of new 1H NMR peaks, indicating the production of an 

enthalpically favored product in high yield (Scheme S3). Based on the experimental 

findings that two m/z signals at 905.4571 [(M + 3H)3+] and 679.3442 [(M + 4H)4+] were 

discernable in the high-resolution mass spectrum (HRMS) (Figure S7), this large and 

discrete assembly was tentatively attributed to being a trigonal-prismatic cage, that is, 

4-cage. Its structure was further confirmed by 13C NMR, 1H-1H NMR COSY, 1H-1H 

NOESY, and 2D diffusion-ordered 1H NMR spectroscopy (DOSY) characterizations 

(Figures S8-S12), as well as density functional theory (DFT) calculations (Figure S13). 

Notably, the signals of Ha-e protons in 4-CHO were observed to upfield shift and split 

into two sets of signals after assembling into 4-cage. This might originate from the 

weaker electron-withdrawing effect of imine than aldehyde, together with the shielded 

magnetic environment caused by the intimate adjacent TPE units, and/or the non-

equivalent spatial environment by the different orientation of the Ha-e and Ha’-e’ protons.  
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Figure 2. Partial 1H NMR spectra (500 MHz, CDCl3, 298 K) of 4-CHO (a), 4-cage (b), and CHX-NH2 (c). 

 

After acquiring this cage, we tested the binding case between 4-cage and Ag+ ion to 

deactivate the activity of Ag+ through coordination. As displayed in Figure 3d-3e, upon 

addition of Ag+ ions to the CDCl3/CD3OD solution of 4-cage, we were surprised to 

observe that all of its 1H NMR signals disappeared, together with the precipitate 

produced, suggesting the formation of an intact but insoluble complex (that is, Ag+@4-

cage) through the chelation of imine N atoms with Ag+, which is similar to the case of 

Model with Ag+. The successful binding of Ag+ into 4-cage was also identified by 

matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass 

spectrometry since the m/z signal with the highest relative abundance appears at 

2820.2560, which is assigned to the [(4-cage + Ag)+] species (Figure S14). Notably, 

even with six equiv. of Ag+ ions added to the solution of 4-cage, only signals 

corresponding to the complex with a 1:1 stoichiometric ratio of ligand 4-cage and Ag+ 

could be observed, indicative of the preferential binding pattern is one 4-cage with one 

Ag+ ion. This should be ascribed to the poor solubility of Ag+@4-cage in the 

CHCl3/CH3OH mixed solution. Evidently, Ag+ ions should primarily coordinate with 

electron-rich N atoms due to the presence of lone-pair electrons (see electrostatic 

potential energy map of 4-cage in Figure S15). The structure of the Ag+@4-cage 
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complex was further confirmed by Fourier transform infrared spectroscopy (FT-IR) and 

powder X-ray diffraction spectra (P-XRD), where the C=N stretching frequency of 4-

cage shifts from ~1610 cm−1 to ~1600 cm−1 in the presence of Ag+ ion (Figure S16), 

and the peak positions in its P-XRD diffractogram also change significantly (Figure 

S17), indicating the coordination occured at imine sites. In addition, DFT calculations 

reveal the energetically favorable binding of 4-cage with one Ag+ via N∙∙∙Ag 

coordination (see the binding configuration in Figure S18). These results confirmed 

that this self-assembled 4-cage supramolecule chemically coordinates with Ag+ ion 

rather than physical mixing, while this formed complex precipitates out owing to the 

poor solubility in CHCl3/CH3OH solution.  

It is well known that imine bonds are not stable under acidic conditions, which can 

reversibly recover back to the corresponding reactant aldehyde and amine. 

Accordingly, the structural disassembly of 4-cage in its Ag+@4-cage form may trigger 

the release of Ag+ and ultimately achieve the controllable purpose. To evaluate this 

hypothesis, Ag+ releasing capabilities of Ag+@4-cage subject to different equivalents 

of H+ ions (0-6 equiv.) were monitored by 1H NMR titration experiment (Figure 3 and 

Figure S19). As shown in Figure 3c, after adding H+ ions to the Ag+@4-cage-

containing mixture, the appearance of 4-CHO NMR signals were observed (Figure 3b), 

along with the dissolution of the Ag+@4-cage complex, which indicates that this cage 

can disassemble under acidic conditions and thereby release Ag+.  
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Figure 3. (a) Schematic illustration for the coordination of 4-cage with Ag+, as well as the disassembly in 
acidic conditions for Ag+ release. Partial 1H NMR spectra (500 MHz, 298 K) of 4-CHO (b), Ag+@4-cage + 6 
equiv. H+ (c), 4-cage + Ag+ (d), 4-cage (e) in CDCl3/CD3OD (v/v, 1/1). 

 

Subsequently, morphology-related experiments were employed to further 

investigate the influence of Ag+ and pH towards to 4-cage on the aggregation of the 

corresponding species. Dynamic light scattering (DLS) characterization demonstrated 

that the average size of the 4-cage sample is 2-3 nm (Figure 4a) and that the resulted 

sample by adding 6 equiv. of Ag+ increases sharply to 250-400 nm (Figure 4b), but 

acid addition triggers these large aggregates to disassemble (Figure 4c). We noted 

that the average size of the 4-cage nanoclusters formed after acid addition is ~17 nm, 

which may be attributed to the induced aggregation of the as-resulted species after 4-

cage disassembly. In addition, scanning electron microscope (SEM) was also used to 

characterize these samples, with the same trend in the sample sizes revealed, that is, 

no detectable nanoparticle was found for the untreated 4-cage and the acid-added 

sample, but nanosphere-like aggregates were observed in the Ag+-added sample 

(Figures 4d-4f).  

With all the above characterizations and analysis considered, it can be concluded 

that the self-assembly 4-cage indeed coordinates with Ag+ ion to form Ag+@4-cage 

complex thereby deactivating the Ag+ antibacterial activity, while acid can induce this 

complex to release the stored-Ag+ and consequently activate its activity, which may 

offer the opportunity to employ this Ag+-carrying cage for pH-controllable Ag+ release 

for antibacterial purposes. 

 

Figure 4. DLS characterization of the 4-cage sample (a), the Ag+@4-cage sample (b), and the resulted 
sample after adding nitric acid to Ag+@4-cage (c). SEM images of the 4-cage sample (d), the Ag+@4-cage 

sample (e), and the resulted sample after adding nitric acid to Ag+@4-cage (f). 
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The antibacterial activity of Ag+ ions has been applied in many consumer products 

and medical devices since Ag+ can interact with thiol and amino groups of proteins and 

disrupt the protein structure and then efficiently kills microbes including bacteria, 

fungus, and viruses.[3] Given that the disassembly of 4-cage in its Ag+@4-cage form 

triggers the release of Ag+ in acidic conditions, we thus studied the applicability of this 

Ag+-carrying system for bacterial elimination. Gram-negative Escherichia coli (E. coli, 

DH5α strain) was chosen as a model bacterium for the test experiments (Figure 5a). 

After incubation of the bacterial cells with different concentrations of 4-cage and 

Ag+@4-cage at pH=7.0 (12 h, 30 °C), as indicated by the bacterial colony formation 

assay (Figure 5b-5c), increasing Ag+@4-cage concentration was found to decrease 

the number of alive bacterial cells. By contrast, the empty 4-cage did not affect the 

survival of bacterial cells. In addition, the cell cytotoxicity of 4-cage with or without Ag+ 

was measured, and no evident influence on the survival and growth of mammalian 

cells (MEF and HEK 293T) has been found, indicating the promising non-toxic nature 

of 4-cage and Ag+@4-cage for future biomedical applications (Figure S20). 

 

Figure 5. Elimination of E. coli. by Ag+ containing 4-cage.  (a) Schematic illustration of the antibacterial test. 
(b) Photos of E. coli colonies after the indicated treatments for 12 h at pH = 7.0. (c) Quantified antibacterial 
efficacy of Ag+@4-cage. Data are presented as the mean ± standard deviation (SD) from three independent 
experiments. 

 

  As discussed above, the release of Ag+ from the Ag+@4-cage complex is acid-

controllable, we wondered whether lowering the environmental pH promotes its 

antibacterial efficacy. Firstly, Ag+@4-cage at a concentration of 25 ng/mL was chosen 

for verification, which displays no obvious antibacterial efficiency at pH = 7.0 (Figure 
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6a) but efficiently killed the bacteria when the environmental pH gradually decreases 

by the adding HNO3 solution (Figure 6b and Figure S21). A control experiment 

illustrated that without the presence of Ag+@4-cage, HNO3 would not affect the 

survival of the bacteria; while for the empty cage (Ag+-free), even at a concentration of 

100 ng/mL, the survival of bacteria was not affected. Secondly, the alive/dead imaging 

of the bacteria revealed that after adding acid, the release of Ag+ from Ag+@4-cage 

killed the bacteria in a time-dependent manner (Figure 6c). Although Ag+@4-cage has 

no obvious antibacterial activity at lower concentrations and/or neutral conditions, the 

relatively low pH can significantly enhance the antibacterial efficiency of the Ag+@4-

cage sample by way of releasing Ag+ ions. To the best of our knowledge, this is the 

first example of pH-triggered controllable antibacterial and may be practically applied 

to eliminate bacteria in specific acidic microenvironments. 

 

Figure 6. Acid triggered release of Ag+ for antibacterial treatment. (a) Photos of E. coli colonies after treatment 
with different concentrations of Ag+@4-cage for 12 h at pH = 7.0. (b) Photos of E. coli colonies after treatment 
at different pH for 12 h. (c) Alive/dead imaging of bacteria during acid-triggered Ag+ release. The E. coli cells 
expressing green fluorescent protein were incubated with 10 µM propidium iodide to show the dead bacteria 
with compromised membrane permeability. Scale bar represents 10 μm. 

 

3 Conclusion 

In summary, by using imine chemistry, we proposed a molecular design strategy for 

constructing an Ag+-containable pure organic molecular cage that is capable of 

responsively releasing Ag+ at acidic environments to realize pH-triggered controllable 

bacterial elimination. This self-assembly supramolecular architecture bears dynamic 

reversible imine subunits as chelating sites coordinating with Ag+ to deactivate its 

antibacterial activity, whereas specific acid conditions break the imine bonds and 

disassemble this cage triggering Ag+ release to achieve and activate its controllable 

antibacterial properties. Such a responsive bacteria-killing strategy through molecular 

self-assembly not only provides reference to develop novel approaches for targeted 
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antibacterial applications at specific pH conditions but also offers the opportunity for 

scientists to design relevant types of novel materials with controllable functions in 

various other fields. 
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