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APPENDICES 

Appendix 1 

Evaluation of pharmacokinetic profile of selected hosts and  

guests by pkCSM 

(http://biosig.unimelb.edu.au/pkcsm/prediction#) 

Principle 

 The pharmacokinetic properties of any compound are crucial in developing 

them into as lead compounds or drugs. pkCSM is a web tool that can be widely 

used to determine the pharmacokinetic parameters (Absorption, Distribution, 

Metabolism, Excretion and Toxicity) of small molecules using SMILES (Simplified 

Molecular Input Line Entry Specification) of the particular compound.  

Water Solubility 

The water solubility of a compound (logS) reflects the solubility of the 

molecule in water at 25ºC. Lipid- soluble drugs are less well absorbed than  

water-soluble ones, especially when they are enteral. This model is built using 

experimental water solubility measurements of 1,708 molecules. 

Results Interpretation 

The predicted water solubility of a compound is given as the logarithm of 

the molar concentration (log mol/L). 

Caco-2 Permeability 

The Caco-2 cell line is composed of human epithelial colorectal 

adenocarcinoma cells. The Caco-2 monolayer of cells is widely used as an in vitro 

model of the human intestinal mucosa to predict the absorption of orally 

administered drugs. This model is based on 674 drug like molecules with Caco-2 

permeability values and predicts the logarithm of the apparent permeability 

coefficient (log Papp; log cm/s). 

http://biosig.unimelb.edu.au/pkcsm/prediction
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Results Interpretation 

A compound is considered to have a high Caco-2 permeability if it has a 

Papp > 8 x 10-6 cm/s. For the pkCSM predictive model, high Caco-2 permeability 

would translate in predicted values > 0.90. 

Intestinal Absorption (Human) 

The Intestine is normally the primary site for absorption of a drug from  

an orally administered solution. This method is built to predict the proportion of 

compounds that were absorbed through the human small intestine. 

Results Interpretation 

For a given compound it predicts the percentage that will be absorbed 

through the human intestine. A molecule with an absorbance of less than  

30% is considered to be poorly absorbed. 

Skin Permeability 

Skin permeability is a significant consideration for many consumer products 

efficacy, and of interest for the development of transdermal drug delivery.  

This predictor was built using 211 compounds whose in vitro human skin 

permeability has been measured 

Results Interpretation 

It predicts whether if given compound is likely to be skin permeable, 

expressed as the skin permeability constant logKp (cm/h). A compound  

is considered to have a relatively low skin permeability if it has a logKp > -2.5. 

P-glycoprotein substrate 

The P-glycoprotein is an ATP-binding cassette (ABC) transporter.  

It functions as a biological barrier by extruding toxins and xenobiotics out of cells. 

P-glycoprotein transport screening is performed using transgenic mdr knockout 

mice and in vitro cell systems. This model was built using 332 compounds that 

have been characterised for their ability to be transported by Pgp. 
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Results Interpretation 

The model predicts whether a given compound is likely to be a substrate  

of Pgp or not. 

P-glycoprotein I and II inhibitors 

Modulation of P-glycoprotein mediated transport has significant 

pharmacokinetic implications for Pgp substrates, which may either be exploited for 

specific therapeutic advantages or result in contraindications. This predictive 

models were built using 1,273 and 1,275 compounds that have been characterised 

for their ability to inhibit P-glycoprotein I and P-glycoprotein II transport, 

respectively. 

Results Interpretation 

The predictor will determine whether a given compound is likely to be a  

P-glycoprotein I/II inhibitor. 

VDss (Human) 

The steady state volume of distribution (VDss) is the theoretical volume that 

the total dose of a drug would need to be uniformly distributed to give the same 

concentration as in blood plasma. The higher the VD is, the more of a drug is 

distributed in tissue rather than plasma. It can be affected by renal failure and 

dehydration. This predictive model was built using the calculated steady state 

volume of distribution (VDss) in humans from 670 drugs. The predicted logarithm 

of VDss of a given compound is given as the log L/kg. 

Results Interpretation 

VDss is considered low if below 0.71 L/kg (log VDss < -0.15) and high if 

above 2.81 L/kg (log VDss > 0.45). 

Fraction Unbound (Human) 

Most drugs in plasma will exist in equilibrium between either an unbound 

state or bound to serum proteins. The efficacy of a given drug may be affected by 

the degree to which it binds proteins within blood, as the more that is bound the 
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less efficiently it can traverse cellular membranes or diffuse. This predictive model 

was built using the measured free proportion of 552 compounds in human blood (Fu). 

Results Interpretation 

For a given compound, the predicted fraction that would be unbound  

in plasma will be calculated. 

Blood Brain Barrier permeability 

The brain is protected from exogenous compounds by the blood-brain 

barrier (BBB). The ability of a drug to cross into the brain is an important parameter 

to consider, that helps to reduce side effects and toxicities or to improve the 

efficacy of drugs whose pharmacological activity is within the brain. Blood-brain 

permeability is measured in vivo in animal models as logBB, the logarithmic ratio 

of brain to plasma drug concentrations. This predictive model was built using  

320 compounds whose logBB has been experimentally measured. 

Results Interpretation 

For a given compound, a logBB > 0.3 is considered as readily cross the 

blood-brain barrier while molecules with logBB < −1 are considered as poorly 

distributed to the brain. 

CNS permeability 

Measuring blood brain permeability is difficult with confounding factors.  

The blood-brain permeability- surface area product (logPS) is a more direct 

measurement. It is obtained from in situ brain perfusions with the compound 

directly injected into the carotid artery. This lacks the systemic distribution effects 

which may distort brain penetration. This predictive model was built using  

153 compounds whose logPS has been experimentally measured. 

Results Interpretation 

Compounds with a logPS > -2 are considered to penetrate the Central 

Nervous System (CNS), while those with logPS < -3 are considered as unable to 

penetrate the CNS. 
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CYP2D6/CYP3A4 substrate 

The cytochrome P450’s are responsible for metabolism of many drugs. 

However, inhibitors of the P450’s can dramatically alter the pharmacokinetics of 

these drugs. It is therefore important to assess whether a given compound is likely 

to be a cytochrome P450 substrate. The two main isoforms responsible for drug 

metabolism are 2D6 and 3A4. These models were built using 671 compounds 

whose metabolism by each cytochrome P450 isoform has been measured. 

Results Interpretation 

The predictor will assess whether a given molecule is likely to be 

metabolised by either P450. 

Cytochrome P450 inhibitors 

Cytochrome P450 is an important detoxification enzyme in the body, mainly 

found in the liver. It oxidises xenobiotics to facilitate their excretion. Many drugs 

are deactivated by the cytochrome P450’s, and some can be activated by it. 

Inhibitors of this enzyme, such as grapefruit juice, can affect drug metabolism  

and are contraindicated. It is therefore important to assess a compound’s ability  

to inhibit the cytochrome P450. Models for different isoforms were built 

(CYP1A2/CYP2C19/CYP2C9/CYP2D6/CYP3A4) using from over 14000 to  

18000 compounds whose ability to inhibit the cytochrome P450 has been 

determined. A compound is considered to be a cytochrome P450 inhibitor if the 

concentration leads to 50% inhibition and is less than 10 uM. 

Results Interpretation 

The predictors will assess whether a given molecule is likely going to be a 

cytochrome P450 inhibitor, for a given isoform. 

Total Clearance 

Drug clearance is measured by the proportionality constant CLtot, and 

occurs primarily as a combination of hepatic clearance (metabolism in the liver and 

biliary clearance) and renal clearance (excretion via the kidneys). It is related to 

bioavailability, and is important for determining dosing rates to achieve steady- 
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state concentrations. This predictor was built using the total clearance data for  

398 compounds. 

Results Interpretation 

The predicted total clearance log(CLtot) of a given compound is given  

in log(ml/min/kg). 

Renal OCT2 substrate 

Organic Cation Transporter 2 is a renal uptake transporter that plays  

an important role in disposition and renal clearance of drugs and endogenous 

compounds. OCT2 substrates also have the potential for adverse interactions with 

coadministered OCT2 inhibitors. Assessing a candidate’s potential to be 

transported by OCT2 provides useful information regarding not only its clearance 

but potential contraindications. This model was built using 906 compounds whose 

transport by OCT2 has been experimentally measured. 

Results Interpretation 

The predictor will assess whether a given molecule is likely to be  

an OCT2 substrate. 

AMES toxicity 

The Ames test is a widely employed method to assess a compounds 

mutagenic potential using bacteria. A positive test indicates that the compound is 

mutagenic and therefore may act as a carcinogen. This predictive model was built 

on the results of over 8,000 compounds Ames tests. 

Results Interpretation 

It predicts whether a given compound is likely to be Ames positive and 

hence mutagenic. 

Maximum Tolerated Dose (Human) 

The maximum recommended tolerated dose (MRTD) provides an estimate 

of the toxic dose threshold of chemicals in humans. The model is trained using 

1222 experimental data points from human clinical trials and predicts the logarithm 
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of the MRTD (log mg/kg/day). This will help guide the maximum recommended 

starting dose for pharmaceuticals in phase I clinical trials, which are currently 

based on extrapolations from animal data. 

Results Interpretation 

 For a given compound, a MRTD of less than or equal to  

0.477 log(mg/kg/day) is considered low, and high if greater than  

0.477 log(mg/kg/day). 

hERG I and II Inhibitors 

Inhibition of the potassium channels encoded by hERG (human  

ether-a-go-go gene) are the principal causes for the development of acquire  

long QT syndrome - leading to fatal ventricular arrhythmia. Inhibition of hERG 

channels has resulted in the withdrawal of many substances from the 

pharmaceutical market. These predictors were built using hERG I and II inhibition 

information for 368 and 806 compounds, respectively. 

Results Interpretation 

The predictor will determine if a given compound is likely to be a hERG I/II 

inhibitor. 

Oral Rat Acute Toxicity (LD50) 

It is important to consider the toxic potency of a potential compound.  

The lethal dosage values (LD50) are a standard measurement of acute toxicity 

used to assess the relative toxicity of different molecules. The LD50 is the amount 

of a compound given all at once that causes the death of 50% of a group of  

test animals. 

Results Interpretation 

The model was built on over 10000 compounds tested in rats and predicts 

the LD50 (in mol/kg). 
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Oral Rat Chronic Toxicity 

Exposure to low-moderate doses of chemicals over long periods of time is 

of significant concern in many treatment strategies. Chronic studies aim to identify 

the lowest dose of a compound that results in an observed adverse effect (LOAEL), 

and the highest dose at which no adverse effects are observed (NOAEL).  

This predictor was built using the LOAEL results from 445 compounds. 

Results Interpretation 

For a given compound, the predicted log Lowest Observed Adverse Effect 

(LOAEL) in log(mg/kg_bw/day) will be generated. The LOAEL results need to be 

interpreted relative to the bioactive concentration and treatment lengths required. 

Hepatotoxicity 

Drug-induced liver injury is a major safety concern for drug development 

and a significant cause of drug attrition. This predictor was built using the liver 

associated side effects of 531 compounds observed in humans. A compound was 

identified as hepatotoxic if it had at least one pathological or physiological liver 

event which is strongly associated with disrupted normal function of the liver. 

Results Interpretation 

It predicts whether a given compound is likely to be associated with 

disrupted normal function of the liver. 

Skin Sensitisation 

Skin sensitisation is a potential adverse effect for dermally applied products. 

The evaluation of whether a compound, that may encountered the skin, can induce 

allergic contact dermatitis is an important safety concern. This predictor was built 

using 254 compounds which have been evaluated for their ability to induce  

skin sensitisation. 

Results Interpretation 

It predicts whether a given compound is likely to be associated with  

skin sensitisation. 



Appendices  

 

Biological Evaluation of pillar[5]arene-Isatin Inclusion Complexes to Combat Wound Infections 198 
 

T. Pryiformis toxicity 

T. Pyriformis is a protozoa bacterium, with its toxicity often used as a toxic 

endpoint. This method was built using the concentration of 1,571 compounds 

required to inhibit 50% of growth (IGC50). 

Results Interpretation 

For a given compound, the pIGC50 (negative logarithm of the concentration 

required to inhibit 50% growth in log ug/L) is predicted, with a value > -0.5 log ug/L 

is considered as toxic. 

Minnow toxicity 

The lethal concentration values (LC50) represent the concentration of a 

molecule necessary to cause the death of 50% of the Flathead Minnows.  

This predictive model was built on LC50 measurements for 554 compounds. 

Results Interpretation 

For a given compound, a log LC50 will be predicted. LC50 values  

below 0.5 mM (log LC50 < -0.3) are regarded as high acute toxicity. 
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Appendix 2 

Characterization of host-guest complexation by 1H NMR spectroscopy 

Host-guest complexation between P[5]A and isatin 

The NMR titration experiments were conducted as follows: 

Preparation of Solutions: A stock solution of decamethoxypillar[5]arene (P[5]A) 

was prepared in a deuterated solvent CDCl3. The concentration of P[5]A was 

adjusted to 8 mM by dissolving 3 mg of P[5]A in 0.5 ml of CDCl3. A stock solution 

of 81.6 mM isatin was prepared in deuterated acetone by dissolving 6 mg of isatin 

in 0.5 ml of acetone-d6.  

Titration with Isatin: Various equivalents of Isatin were added to the P[5]A stock 

solution. The molar ratio of P[5]A to Isatin ranged from 0.2 to 2.0. Each addition of 

Isatin was carefully measured to achieve the desired ratio. After adding each 

aliquot of isatin, the sample was carefully shaken to ensure thorough mixing and 

homogenization of the host and guest molecules. The sample was shaken 

carefully after each addition and 1H-NMR spectra were recorded at 25C. 

Host-guest complexation between BEA and isatin 

The 1H NMR titration experiment was performed as follows: 

Preparation of isatin Solution: 6 mg of isatin was accurately weighed and 

dissolved in 0.5 mL of deuterated acetone (acetone-d6) in a vial. This resulted in 

the preparation of an 81 mM solution of isatin. 

Preparation of BEA Solution: Separately, 2 mg of BEA was accurately weighed 

and dissolved in 0.5 mL of acetone-d6 in a separate NMR tube. This led to the 

preparation of a 4.8 mM solution of BEA. 

NMR Titration with isatin: The 1H NMR titration experiments were conducted by 

sequentially adding 10 μL aliquots of the 81 mM isatin solution to a 4.8 mM solution 

of BEA in the NMR tube. Each addition of isatin introduced incremental changes 

in the concentration of the guest molecule. After the addition of each aliquot of 

isatin, the sample was carefully shaken to ensure thorough mixing and 
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homogenization of the host (BEA) and guest (isatin) molecules. This ensured that 

the host-guest complexes formed uniformly throughout the solution. 1H-NMR 

spectra were recorded at a constant temperature of 25°C after each addition of 

isatin. These spectra provided information about the chemical shifts and peak 

intensities of the resonances, allowing for the monitoring of host-guest interactions 

and the formation of inclusion complexes. 
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Appendix 3 

Assessment of binding constant of synthesized pillar[n]arenes-isatin 

inclusion complexes by the WINEQNMR2 program 

Binding constants were estimated from the 1H NMR titration experiments 

using the WINEQNMR2 program. In the WinEQNMR2 computer program, 

observed chemical shift values and the concentrations of host and guest molecules 

of every titration experiment were entered. In addition, data of expected binding 

stoichiometry, limiting chemical shifts and estimates of binding constants were 

given in the program for refinement. The given parameters were refined by  

non-linear least square analysis until the best fit was observed between the 

calculated and observed chemical shift values. The accuracy of the results was 

analyzed by the plots of observed chemical shifts versus the concentration of 

guests. The input values were varied until the best-fit is obtained for the stability 

constants, and their errors converged. 

The fitplot generated from the WINEQNMR2 program is derived based on 

the experimental data obtained from the 1H NMR titration experiments.  

The WINEQNMR2 program takes as input the experimental 1H NMR titration data, 

which includes the chemical shifts of the host and guest resonances at different 

molar ratios or concentrations. The user specifies the appropriate binding model 

or equilibrium model to fit the experimental data. This model may include different 

types of host-guest interactions, such as 1:1 stoichiometry, 1:2 stoichiometry,  

or other more complex binding equilibria. The program fits the selected model to 

the experimental data by estimating the parameters associated with the binding 

equilibrium, such as the association constant (K) and the stoichiometry of the 

complex. Using the input data and the specified model, the program performs 

curve fitting to generate theoretical binding curves or isotherms. These curves 

represent the expected changes in the chemical shifts of the host and guest 

resonances as a function of the molar ratio or concentration of the host and guest. 

The fitplot is then generated based on the results of the curve fitting 

process. It typically consists of overlaid experimental data points (such as  
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chemical shifts) and the corresponding theoretical curves obtained from the fitted 

model. The fitplot allows for visual comparison between the experimental data and 

the model predictions, enabling the assessment of the goodness-of-fit and the 

validity of the chosen binding model.  

The fitplot is analyzed to evaluate the quality of the fit and to extract relevant 

parameters, such as the association constant and stoichiometry of the host-guest 

complex. Any discrepancies between the experimental data and the theoretical 

curves may indicate limitations of the selected model or experimental factors that 

need to be considered. 
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Appendix 4 

Determination of host-guest chemistry in the synthesized pillar[n]arenes-

isatin inclusion complexes by UV-visible spectroscopy 

Host-guest complexation between P[5]A and isatin 

The UV-visible titration experiment was performed as follows: 

Preparation of Solutions: A series of solutions containing decamethoxypillar[5]arene 

(P[5]A) and isatin were prepared in dimethyl sulfoxide (DMSO). The concentrations 

of both P[5]A and isatin were set to 1 × 10−4 M each. This ensured a constant total 

concentration of the host-guest components in the solution. 

UV-visible Spectroscopy Setup: The instrument was configured to scan the 

wavelength range of interest, typically in the UV-visible region. This allowed for the 

detection of electronic transitions and absorbance changes, which are indicative 

of host-guest complexation. 

Investigation of Host-Guest Complexation: Varying concentrations of isatin 

were added to the solution of P[5]A in DMSO. The volume ratio of the host (P[5]A) 

solution to the guest (isatin) solution ranged from 0.5:4.5 to 4.5:0.5. Importantly, 

the total concentration of both P[5]A and isatin was kept constant at 1 × 10−4 M 

throughout the experiment. 

Spectroscopic Analysis: UV-visible spectra were recorded for each solution after 

the addition of isatin. Changes in absorbance and electronic transitions were 

monitored as indicators of host-guest complexation. 

Data Interpretation: The obtained spectra were analyzed to assess the 

occurrence and extent of host-guest complexation. Changes in absorbance 

intensities and spectral features were correlated with the formation of inclusion 

complexes between P[5]A and isatin. 
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Host-guest complexation between BEA and isatin 

 The UV-visible titration experiment was conducted as follows: 

Preparation of BEA Solution: A solution of BEA at a concentration of 1 × 10−4 M 

was prepared in dimethyl sulfoxide (DMSO). This solution served as the host for 

the isatin guest during the titration experiment. 

Titration with Isatin: Aliquots of isatin were added to the 1 × 10−4 M BEA solution, 

with varying equivalents ranging from 0.2 to 5. Each addition introduced 

incremental changes in the concentration of the isatin guest while maintaining  

a constant concentration of BEA. 

UV-visible Spectroscopy: After each addition of isatin to the BEA solution,  

UV-visible spectra were recorded using a spectrophotometer. These spectra 

captured the absorption patterns and absorbance changes corresponding to the 

host-guest complexation between BEA and isatin. 

Analysis of UV-visible Data: The UV-visible spectra data were analyzed to 

determine the changes in absorbance and peak shifts upon complex formation. The 

interaction between BEA and isatin was assessed based on the observed spectral 

changes, including shifts in absorbance peaks and changes in absorbance intensities. 
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Appendix 5 

Antibacterial efficacy of pillar[5]arene-isatin inclusion complexes  

by Agar well diffusion method 

(CLSI, 2012) 

Principle  

Agar plates are inoculated with a standardized inoculum of the bacteria and 

an antimicrobial disk/well is placed on the inoculated agar plate. The well/disk 

contains the standardized known amount of an antimicrobial agent, which diffuses 

into the agar when in contact with the agar surface. The plate is incubated under 

standardized conditions following Clinical and Laboratory Standards Institute 

(CLSI) guidelines. During incubation, the antimicrobial agent diffuses into the agar 

and inhibits the growth of the bacteria, producing a “zone of inhibition” around the 

disk. Following incubation, the diameter of this zone is measured and the results 

are interpreted as resistant, intermediate, or susceptible using standard guidelines.  

Materials 

✓ Bacterial strains (Staphylococcus aureus, Bacillus subtilis and 

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, 

Salmonella paratyphi A)  

✓ Nutrient agar 

✓ Sterile saline solution 

Procedure 

Standardization of the bacterial inoculums 

The inoculum standardization is an essential step for the accurate 

performance of the assay. Initially, the bacterial colonies (~ 4 to 5 colonies) from 

well-grown nutrient agar plates were carefully taken with the help of a sterile swab 

or loop. Then, the colonies were dispensed into the sterile saline solution.  

The turbidity of the bacteria inoculated solution was adjusted with 0.5 McFarland 

standard. In general, 0.5 McFarland is equal to ~108 CFU/mL.  
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Inoculation of Mueller-Hinton plate with bacterial inoculums and 

pillar[5]arene-isatin inclusion complexes 

A sterile cotton swab was dipped into the standardized bacterial inoculums 

and it was introduced to the sterile media by swabbing method. Swabbing the 

culture on the media was performed several times by rotating the plates 60º each 

time to ensure uniformity. Homogeneous plating is an important parameter to yield 

reliable results. Followed by, ~6 mm wells were punched on the agar surface and 

20 mM stock solutions of isatin, pillar[n]arenes, pillar[5]arene-isatin inclusion 

complexes and chloramphenicol (standard antibiotic) were added into the 

respective wells. The plates were incubated at 37ºC for 24 hours to observe the 

antimicrobial potential of the selected compounds in terms of zone of inhibition 

(diameter in mm).  
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Appendix 6 

Determination of time kill kinetics of selected compounds against 

Staphylococcus aureus and Pseudomonas aeruginosa 

Principle 

The fundamental principle behind the time-kill kinetic study is to determine 

the rate at which a compound kills microorganisms based on survival data 

collected at sufficient exposure times. This allows for the plotting of a graph that 

models the population decline over time to the point of extinction. 

Materials required 

1. Luria Bertani (LB) agar  

Yeast extract  - 5g  

Tryptone   - 5g  

Sodium chloride  - 5g  

Agar    - 10g  

Dissolved all the components in 1liter of distilled water and the final pH was 

adjusted to 7.2 

2. Luria Bertani (LB ) broth  

Tryptone   - 10g  

Sodium chloride  - 5g  

Dissolved all the components in 1liter of distilled water and the final pH was 

adjusted to 7.2  

Procedure  

10 μl of overnight culture of selected bacterial pathogens were added  

to 1ml of culture medium to attain 1:100 dilution. Then, the culture was allowed to 

obtain the logarithmic stage cultures by keeping them in the shaker cum incubator. 

Then, the MICs of isatin, pillar[5]arene and pillar[5]arene-isatin inclusion 
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complexes were added to the log-phase cultures of bacteria. The treated and the 

control groups of bacterial pathogens were incubated at 37ºC with shaking. After 

that, 100µl of culture at different time intervals (0, 60, 120 and 180 minutes) from 

the treated and control tubes were plated on LB agar plates. The plates were 

incubated at 37ºC for 16-24 hours and then colonies were counted. The log 

CFU/ml value was calculated to plot the graph.  
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Appendix 7 

Determination of cellular leakage of bacterial cell wall components (protein) 

treated with pillar[5]arene-isatin inclusion complexes by Lowry’s method 

(Lowry et al., 1951) 

Principle 

 The intensity of the blue colour developed by the reduction of 

phosphomolybdic and phosphotungstic components in the Folin-Ciocalteau 

reagent by the amino acids tyrosine and tryptophan present in the protein  

and the colour developed by the Biuret reaction of the protein with alkaline cupric 

tartarate are measured spectrophotometrically at 670nm. 

Reagents 

1. Solution A: 1% Copper Sulphate 

2. Solution B: 2% Sodium Potassium Tartarate 

3. Solution C: 2% Sodium Carbonate in 0.1N Sodium Hydroxide 

4. Solution D: Mixed just before use, 1ml of solution A, 1ml of solution B and 100ml 

of solution C. 

5. Solution E: Folin-Ciocalteau reagent (Mixed equal volumes of commercially 

available reagent and distilled water just prior to use). Stored and protected  

from light. 

6. Standard BSA:  

a)  Stock solution: A stock solution containing 50mg BSA in 50ml was 

prepared. 1ml of this solution contains 1mg of protein. 

b)  Working standard: Diluted the stock solution in the ratio 1:10 for use as 

working standard.1 ml of this solution contains 100 µg of protein. 

Procedure 

The working standard solution (0.2 to 1.0ml) of BSA and the supernatant of 

treated and untreated Staphylococcus aureus and Pseudomonas aeruginosa were 
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taken into clean dry test tubes. The tubes were then made up to 1ml with 0.1N 

sodium hydroxide and shaken well to treat the protein with alkali. Then, 3 ml 

solution D was added, mixed well and incubated at 37oC for 3 minutes. Followed 

by, 0.3 ml solution E was added, mixed well and incubated at 37oC for 3 minutes 

again. The blue color developed was read at 670 nm against the reagent blank. 

The regression was performed to calculate the amount of protein released from 

the cell walls of treated and untreated bacteria.  
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Appendix 8 

Determination of cellular leakage of bacterial cell wall components 

(glucose) treated with pillar[5]arene-isatin inclusion complexes by 

Anthrone method 

(Ludwig and Goldberg, 1956) 

Principle 

Carbohydrates are dehydrated by conc.H2SO4 to form furfural. Active  

form of the reagent is anthranol, the enol tautomer of anthrone, which reacts by 

condensing with the carbohydrate furfural derivative to give a green colour in dilute 

and a blue colour in concentrated solutions, which is determined colorimetrically. 

The blue - green solution shows absorption maximum at 620 nm. 

Reagents 

1. Anthrone reagent: Dissolve 200mg anthrone in 100ml of ice- cold 95% 

Sulphuric acid. Prepare fresh before use. 

2. Standard Glucose: Stock- Dissolve 100mg in 100ml distilled water. 1.0ml of 

this solution contains 1.0 mg of glucose. 

3. Working Standard: 10ml of stock diluted to 100ml with distilled water. Store 

refrigerated after adding a few drops of toluene. 1.0ml of this solution contains 

100μg of glucose. 

Procedure 

The working standard glucose solution ranging from 0.2 to 1.0 ml was 

pipetted out in a dry test tube. Similarly, the supernatant of treated and untreated 

bacterial pathogens was also taken into another clean & dry test tube. All the tubes 

were made up of 1 ml of distilled water. Following by, 4ml of anthrone reagent was 

added to all the tubes and heated for 8 minutes in a boiling water bath and allowed 

them to cool rapidly. The developed dark green colour was read at 630 nm against 

the reagent blank. The regression was performed to calculate the amount of 

glucose released from the cell walls of treated and untreated bacterial pathogens.  
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Appendix 9 

Morphological characterization of pillar[5]arene-isatin inclusion complexes 

treated and untreated bacterial pathogens by SEM 

(Shukla, 2015) 

Principle 

The scanning electron microscopy (SEM) method was used to examine the 

morphostructural changes in bacterial cells induced by antimicrobial compounds. 

The SEM-based visual approach has referred to the study of bacterial cells and 

their physiological consequences that have been affected by antibacterial agents 

permitting the observation of characteristic morphological defects of cell wall and 

biofilm communities and providing valuable insights into processes involved in 

bacterial cell death. This experiment visualized various step-by-step techniques 

used in the slide preparation of bacterial cells treated with specific antimicrobial 

agents. It is used for analyzing morphological alterations such as an increase of 

cell wall roughness, cell disruption, biofilm inhibition, cell swelling and lysed cell 

formation due to loss of intracellular material using SEM analysis when compared 

with untreated normal cells as a control. The SEM approach used in this visual 

experiment may analyze the antimicrobial effect of any commercially known or new 

compounds in a very conducive manner. 

Reagents  

➢ Bacterial culture broth (Staphylococcus aureus and Pseudomonas 

aeruginosa) 

➢ Phosphate buffer solution 0.05 M (pH 7.4) 

➢ Glutaraldehyde (2.5%) 

➢ Ethanol (50%, 70%, 80%, 90%, 95% and 100%) 
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Procedure 

Preparation of bacterial cell culture 

Initially, inoculated 100 µl of bacterial stock cultures such as 

Staphylococcus aureus and Pseudomonas aeruginosa (approximately 107 

CFU/mL) into the sterile nutrient broth (100 mL) under a laminar air flow hood. 

Then, the inoculated broth was incubated at 37ºC for 16-18 hours. Followed by, 

the pillar[5]arene-isatin inclusion complexes was added to the culture medium. 

Then, transfer 900 µl of bacterial culture in Eppendorf tubes for sample treatment 

as well as for control. Both the treated and untreated bacterial cultures were 

centrifuged at 3,000-4,000 rpm for 5 minutes. The supernatant was discarded and 

the pellet was washed using 1 mL of phosphate buffer solution 0.05 M (pH 7.4). 

The process of washing was repeated with the same buffer. Finally, the pellets of 

both treated and untreated bacterial cultures were collected separately. 

Slide preparation for morphological analysis 

The cultures were made as smear on the glass slided using micropipette  

tip ends. 2.5% glutaraldehyde was used as the fixative solution and placed  

at 4ºC overnight. The smear was washed with phosphate-buffered solution  

(0.05 M) for 1 min. Followed by, the smear was rehydrated and dehydrated  

using the gradient of ethanol 50%, 70%, 80%, 90%, 95% and 100% for each  

about 10 minutes. The slides were stored at -20ºC in the refrigerator. 

Scanning electron microscopic instrumentation and analysis 

 The prepared slides were dried using liquid and gas CO2 at temperatures 

ranging from 20-40ºC. After drying, the slides were mounted on a 10 or 25-mm 

copper cell. The slides on the coating machine (Hitachi W-1030) were placed to 

make a platinum coating on the slide. The coated slides were subjected to the field 

emission–scanning electron microscope. The images were observed by setting 

photo speed, contrast/ brightness and image size. 
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Appendix 10 

Crystal violet method for the determination of biofilms inhibition and 

eradication profiles of selected compounds in Staphylococcus aureus  

and Pseudomonas aeruginosa 

Principle 

Biofilms are surface-attached microbial communities wherein microbial cells 

are embedded in self-produced extracellular polymeric substances. Biofilms cause 

severe problems in clinical as well as industrial settings. A bacterial biofilm is grown 

on the bottom of a microtiter plate which is stained using the crystal violet dye.  

The dye is retained by the biofilm, and the amount of biofilm can be estimated by 

measuring the absorbance of the dye at 540 nm.  

Materials 

✓ Tryptic soy broth 

✓ Bacterial strains (Staphylococcus aureus and Pseudomonas aeruginosa) 

✓ 0.1% Crystal violet dye 

✓ Phosphate buffered saline  

✓ Ethanol 

Procedure 

Initially, the bacterial inoculums (Staphylococcus aureus and Pseudomonas 

aeruginosa) were incubated with sub-inhibitory concentrations of isatin, 

pillar[5]arene and pillar[5]arene-isatin inclusion complexes. After incubation of 

Staphylococcus aureus and Pseudomonas aeruginosa with the different sub-MICs 

of selected compounds, supernatants in terms of planktonic cells were carefully 

removed. Then, it was rinsed thrice with phosphate-buffered saline (PBS) and      

200 μl of methanol was added to fix the biofilm for 15 minutes. Following, 200 μl 

of crystal violet (CV) solution (0.1%) was added and maintained for 5 min. The CV 

solution was removed, and each well was gently washed with distilled water 

multiple times. Then, 200μl of ethanol was added and incubated for 30 minutes. 
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The absorbance value was read at 495 nm using a microplate reader. The 

percentage of biofilm inhibition and eradication was calculated using the formula 

as follows: 

% Biofilm inhibition/eradication = 100−(OD570 sample/ OD570 control × 100) 

OD570 sample = OD value of bacteria treated with the compounds 

OD570 control = OD value of untreated bacteria 
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Appendix 11 

Validation of drug release mechanisms using mathematical models 

Zero order model  

According to the principles of pharmacokinetics, drug release from the 

dosage form can be represented by the equation: C- =C0 +K0 t; Where, Ct – the 

amount of drug released at time t; C0 - initial concentration of drug at time t=0;  

K0- zero-order rate constant. Thus, zero-order kinetics defines the process of 

constant drug release from a drug delivery system. Hence to study the drug 

release kinetics data obtained from in vitro dissolution study was plotted against 

time i.e., cumulative drug release vs. time. Hence the slope of the above plot gives 

the zero-order rate constant and the correlation coefficient of the above plot will 

give information on whether the drug release follows zero-order kinetics or not.  

First order model  

First-order kinetics of drug release profile can be represented by the 

following equation: DC/dt=-K1C. Where K1 is the first order rate constant, 

expressed in time-1 or per hour. Hence it can be defined as that in first order 

process, the rate is directly proportional to the concentration of the drug 

undergoing reaction i.e., the greater the concentration faster the reaction. Hence, 

it follows linear kinetics. After rearranging and integrating the equation, log C=log 

C0 -K1 t/2.303, where, K1 – first-order rate equation expressed in time-1 or per hour, 

C0 is the initial concentration of the drug, C is the percent of drug remaining at time 

t Hence to study the drug release kinetics data obtained from in vitro dissolution 

study is plotted against time i.e., log % of drug remaining vs. time and the slope of 

the plot gives the first order rate constant. The correlation coefficient of the plot will 

give information on whether the drug release follows first-order kinetics or not.  

Higuchi model 

The release of a drug from a drug delivery system (DDS) involves both 

dissolution and diffusion. Several mathematical equations models describe drug 

dissolution and/or release from DDS. In the modern era of controlled-release oral 



Appendices  

 

Biological Evaluation of pillar[5]arene-Isatin Inclusion Complexes to Combat Wound Infections 217 
 

formulations, ‘The Higuchi equation’ has become a prominent kinetic equation in 

its own right, as evidenced by employing drug dissolution studies that are 

recognized as an important element in drug delivery development. The Higuchi 

equation is considered one of the most widely used and most well-known 

controlled-release equations. The Higuchi equation can be represented in the 

simplified form Q=KH × t1/2; where, KH - Higuchi dissolution constant; Q – the 

cumulative amount of drug released in time t per unit area. Therefore the data 

obtained from the in vitro drug release study can be plotted as a cumulative 

percentage of drug release versus the square root of time. Hence if the correlation 

coefficient is higher for the above plot then we can interpret that the prime 

mechanism of drug release is a diffusion-controlled release mechanism. 

Korsmeyer-Peppas model 

To understand the dissolution mechanisms from the matrix, the release data 

were fitted using the well-known empirical equation proposed by Korsmeyer and 

Peppas. Korsmeyer and Peppas put forth a simple relationship described as the 

drug release from a polymeric system following which type of dissolution and 

represented by the following equation: log(Mt/M∞)=log Kkp+nlog t; Where Mt – the 

amount of drug released in time t; M∞ - the amount of drug released after time ∞; 

n- diffusional exponent or drug release exponent; Kkp - Korsmeyer release rate 

constant To study release kinetics, a graph is plotted between log cumulative % 

drug release vs. log time. Hence, the n value is used to characterize different 

release mechanisms. 
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Appendix 12 

Constituents in the preparation of wound healing ointment loaded  

with pillar[5]arene-isatin inclusion complexes 

(Belachew et al., 2020) 

The process of wound healing is a very complex phenomenon where the 

skin or the affected organ after injury repairs itself. World Health Organization 

(WHO), as well as India, has been promoting the use of traditional medicine 

because they are less expensive, easily available and strong belief among the 

community in developing countries. In this regard, the active phytoconstituent of 

Couroupita guianensis was incorporated as a guest molecule into the host 

supramolecular system. This was further formulated as wound healing ointment 

and the base compositions are given as follows: 

Formulation of ointment base 

S. No. Name of ingredient Quantity 

1. Wool fat 0.5gm 

2. Cetostearyl alcohol 0.5gm 

3. Hard paraffin 0.5gm 

4. Yellow soft paraffin 8.5gm 

Composition of developed wound healing ointment 

S. No. Name of ingredient Quantity 

1. Pillar(5)arene 75mg 

2. Isatin 15mg 

3. Ointment base q.s. 10gm 

The wound healing ointment was prepared by weighing all the constituents 

according to computation using the fusion method. Initially, the hard paraffin and 

cetostearyl alcohol were melted by placing them in an evaporating dish on a water 



Appendices  

 

Biological Evaluation of pillar[5]arene-Isatin Inclusion Complexes to Combat Wound Infections 219 
 

bath. To this melted form, add wool fat along with white soft paraffin and then stir 

effectively for complete melting of all components. After completion of the melting 

process, all the constituents strain the contents into another hot dish to remove 

impurities. Stir the mixtures completely, until they become cooled and a 

circumfluous base is attained. Then, the pillar[5]arene-isatin inclusion complex 

was mixed with the ointment base to prepare a smooth paste with 2 or 3 times its 

weight of base, gradually incorporating further bases until it forms a homogeneous 

ointment. After that, the prepared wound healing ointment with pillar[5]arene-isatin 

inclusion complex was transferred to a suitable vessel.  
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Appendix 13 

Determination of cytotoxicity of pillar[5]arene-isatin inclusion complexes 

based ointment by MTT assay 

(Igarashi and Miyazawa, 2001) 

Principle  

MTT is a water-soluble tetrazolium salt that is reduced by metabolically 

viable cells to a coloured water insoluble formazan salt. Live cells convert MTT into 

its formazan derivative, the number of surviving cells can be determined by the 

amount of MTT formazan produced, which is measured in a microtiter plate reader.  

Reagent  

1. PBS (Phosphate Buffer Saline) – pH-7.4  

2. MTT-3mg/ml in PBS  

3. Isopropanol in 0.04N HCl (acid-propanol)  

Procedure  

The pillar[5]arene-isatin inclusion complexes based wound healing 

ointment treated and untreated PBL cells were centrifuged. The supernatant was 

removed and then incubated with 50μl of MTT at 37ºC for 3 hours. After incubation, 

200μl of PBS was added to all tests and the liquid was then carefully aspirated. 

Acid propanol of 200μl was added and left overnight in the dark. The absorbance 

was read at 650nm in a micro titre plate reader (Anthos 2020, Australia).  

The optical density of the control cells was fixed to be 100% viable and the percent 

viability of the cells in the treatment groups were calculated using the formula,  

 (Control OD – Sample OD) 

% Viability = ------------------------------------ × 100 

 Control OD 
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ABSTRACT: The global surge in bacterial infections, compounded by the alarming escalation
of drug-resistant strains, has evolved into a critical public health crisis. Among the challenges
posed, biofilms stand out due to their formidable resistance to conventional antibiotics. This
review delves into the burgeoning potential of pillar[n]arenes, distinctive macrocyclic host
molecules, as promising anti-biofilm agents. The review is structured into two main sections,
each dedicated to exploring distinct facets of pillar[n]arene applications. The first section
scrutinizes functionalized pillar[n]arenes with a particular emphasis on cationic derivatives.
This analysis reveals their significant efficacy in inhibiting biofilm formation, underscoring the
pivotal role of specific chemical attributes in combating microbial communities. The second
section of the review shifts its focus to inclusion complexes, elucidating how pillar[n]arenes
serve as encapsulation platforms for antibiotics. This encapsulation enhances the stability of
antibiotics and enables a controlled release, thereby amplifying their antibacterial activity. The
examination of inclusion complexes provides valuable insights into the potential synergy
between pillar[n]arenes and traditional antibiotics, offering a novel avenue for overcoming biofilm resistance. This comprehensive
review highlights the escalating global threat of bacterial infections and the urgent need for innovative strategies to counteract drug-
resistant biofilms. The unique properties of pillar[n]arenes, both as functionalized molecules and as inclusion complex hosts, position
them as promising candidates in the quest for effective anti-biofilm agents. The exploration of their distinct mechanisms opens new
avenues for research and development in the ongoing battle against bacterial infections and biofilm-related health challenges.
KEYWORDS: Biofilm inhibitors, Biofilm disruptors, Pillar[n]arenes, Host−Guest, Antimicrobial

■ INTRODUCTION

A critical public health crisis has emerged from the worldwide
increase in bacterial infections exacerbated by the alarming
proliferation of drug-resistant strains. The ability of these
pathogenic bacteria to cause harm and illness has necessitated an
increased focus on research. Intensifying the intricacy of this
situation is the worrisome trend of these bacteria developing
resistance to well-established drugs and therapies.1 Drug
resistance has presented a daunting challenge for healthcare
practitioners, as this situation has led to the declining efficacy of
treatments that were once considered most effective and
reliable.2,3 The need to confront these two intertwined
challenges of surging infections and drug resistance has become
a pressing priority in the field of public health. Biofilms,
structured communities of microorganisms enveloped within
the matrix of extracellular polymeric substances (EPSs), have
surfaced as a ubiquitous and complex challenge with wide-
ranging consequences.4−10 Biofilms are very difficult to
eliminate with antibiotics because the extracellular matrix
safeguards bacteria from conventional antibiotics. Pathogens
associated with biofilms are notorious for developing antibiotic
resistance. Despite being recognized as significant contributors

to the onset of various human diseases, our understanding of
biofilm-associated infections and effective treatment strategies is
in early stages.11−15 Conventional treatment methods often
struggle to completely eradicate biofilms. Several treatment
strategies have been explored apart from antibiotics to combat
and eliminate biofilms, including the use of enzymes or
antimicrobial peptides,16−19 quorum sensing inhibitors,20−23

and phage therapy.24−27
In recent years, one such promising avenue has been the use of

pillar[n]arenes as anti-biofilm agents. Pillar[n]arenes, a class of
macrocyclic host molecules with a distinctive pillar-shaped
architecture, exhibit remarkable host−guest interactions,
enabling them to complex with a diverse range of guest
molecules.28−34 Their significant properties stem from their
unique structural features, rendering them promising candidates
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for various applications in supramolecular chemistry.35−47

Modifiable functionalities and unique structural characteristics
of pillar[n]arenes hold promise for developing materials
specifically tailored for biological applications.48−55 Pillar[n]-
arenes have been shown to possess inherent antimicrobial
properties against a broad range of planktonic bacteria, including
both Gram-positive and Gram-negative strains.51,56 Biocompat-
ibility and safety are the essential aspects of any potential anti-
biofilm agents for human use. Preliminary investigations suggest
pillar[n]arenes and their derivatives as safe and biocompatible
agents; hence they exhibit low cytotoxicity and minimal adverse
effects.57−62 The unique properties of pillar[n]arenes extend
beyond their antimicrobial potential, encompassing artificial
transmembrane transport capabilities.63−67 Pillar[n]arene de-
rivatives possess the capacity to facilitate the transport of specific
molecules across cell membranes. This notable feature holds
significant implications for drug delivery.
This comprehensive review explores the recent advances in

developing anti-biofilm agents based on pillar[n]arenes. The
ability of pillar[n]arene-based supramolecular materials to fight
bacterial biofilms can be attributed to two main factors: either
the modified structure of the macrocycles themselves or
antibiotics and other antibacterial agents encapsulated within
the cavities of pillar[n]arenes. As a result, this review categorizes
the literature reports based on pillar[n]arenes and related
macrocycles into two main sections: (1) Functionalized
pillar[n]arenes as anti-biofilm agents: The first section of the
review focuses on materials created by functionalizing the
pillar[n]arenes to improve their anti-biofilm potentials. By
introducing specific functional groups or modifications,
researchers have tailored the pillar[n]arene macrocycles to
directly exert biofilm inhibition and/or biofilm disruption
effects. (2) Pillar[n]arene-based inclusion complexes to mitigate
biofilms: The second section of this review highlights materials
fabricated by forming inclusion complexes with antibiotics and
other antibacterial drugs. The intrinsic hydrophobic cavities of
pillar[n]arenes can encapsulate antibiotics and other antibacte-
rial agents inside their cavities,51,56,68−71 which improves the

stability and controlled release of these therapeutic agents,
leading to more effective antibacterial activity.
This review provides an overview of the fundamental

concepts, innovative strategies, and recent advances in the use
of pillar[n]arenes with a particular emphasis on cationic
derivatives72−76 as they have exhibited effective antibacterial
potential. This review investigates how pillar[n]arenes can help
to overcome bacterial resistance and biofilm-associated
infections and also discusses the challenges and opportunities
in designing biocompatible, stable, and effective antibacterial
materials. The aim of this review is to provide a holistic overview
of the progress made in this rapidly developing research area. By
understanding the unique approaches of functionalized pillar-
[n]arenes and inclusion complexes, we hope to stimulate further
inquiries and innovations in the development of next-generation
anti-biofilm agents with broader applications in medicine,
materials science, and other related fields.

■ PILLAR[N]ARENE-BASED ANTI-BIOFILM AGENTS

Functionalized Pillar[n]arenes as Anti-biofilm Agents.
In a notable contribution, Cohen and co-workers77,78 high-
lighted the significant combination of chemical features required
to mitigate biofilms and combat associated infections with a
focus on cationic pillar[5]arenes as well as pillar[6]arenes. They
assessed the capacity of pillar[n]arene derivatives P5-1 to P5-7
and P6-1 (Figure 1) to inhibit the formation of biofilms caused
by both Gram-positive (Staphylococcus aureus subsp. aureus
Rosenbach ATCC 33592, S. aureus ATCC 29213, S. aureus
BAA/043, Enterococcus faecalis ATCC 29212, Staphylococcus
epidermidis RP62A, Streptococcus mutans ATCC 700610) and
Gram-negative (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa PAO1) pathogens.
The Minimum Biofilm Inhibitory Concentration at which at

least 50% inhibition of biofilm formation occurred (MBIC50)
was determined for the pillar[n]arenes P5-1−P5-7 and P6-1.
Inhibition of biofilm formation was selective for Gram-positive
strains, and none of the cationic pillar[n]arenes tested inhibited
biofilm formation by Gram-negative strains E. coli ATCC 25922

Figure 1. Molecular structures of cationic pillar[5]arene derivatives (P5-1−P5-6), anionic pillar[5]arene (P5-7), and pillar[6]arene (P6-1).
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and P. aeruginosa PAO1. The MBIC50 values are listed in Table
1.
Notably, P5-1 and P5-6 displayed impressive biofilm

inhibition, especially against clinically significant strains like
methicillin-resistant S. aureus subsp. aureus Rosenbach ATCC

33592 and E. faecalis ATCC 29212. Structural modifications
were evaluated, revealing that replacing the quaternary
trimethylammonium head groups in P5-1 with more hydro-
phobic triethyl quaternary ammonium groups in P5-2 resulted
in comparable biofilm inhibition. However, elevating hydro-

Table 1. Biofilm Inhibitory Activity, MBIC50 (μM), against Gram-Positive Strains

bacterial strain

compound
S. aureus subsp. aureus Rosenbach ATCC

33592
S. aureus ATCC

29213
S. aureus
BAA/043

E. faecalis ATCC
29212

S. epidermidis
RP62A

S. mutans ATCC
700610

P5-1 0.9 3.5 3.5 0.9 3.5 1.8
P5-2 1.5 5.9 5.9 1.5 5.9 5.9
P5-3 >12 >12 >12 >12 >12 >12
P5-4 1.1 4.4 8.8 1.1 2.2 8.8
P5-5 1.7 6.6 >13 1.7 1.7 6.6
P5-6 0.8 1.6 1.6 0.4 3.2 6.4
P5-7 >23 >23 >23 >23 >23 >23
P6-1 0.4 1.5 2.9 0.4 0.7 2.9
TMA-Cl >292 >292 >292 >292 >292 >292
TMA-Br >208 >208 >208 >208 >208 >208

Adapted with permission from ref 77. Copyright 2016 American Chemical Society.

Figure 2.Molecular structures of cationic pillar[5]arene derivatives (P5-8−P5-18), pillar[6]arene derivativesP6-2 andP6-3, and pillar[5]arene-based
rotaxane P5-19.
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philicity through hydroxyethyldimethyl quaternary ammonium
groups in P5-3 led to a pronounced loss of activity. The impact
of halogen ions on biofilm inhibition was explored using the
chloride analogue (P5-4) of P5-1, showing similar MBIC50
values against certain strains but higher values against others,
indicating the influence of the halogen ion type. The elongation
of the aliphatic linker from an ethyl group in P5-1 to a propyl
chain in P5-5 led to a meaningful decrease in biofilm inhibition.
P5-6 generally exhibited lower MBIC50 values, except against S.
mutans ATCC 700610, indicating a higher inhibitory activity.
P5-7 with negatively charged carboxylate head groups showed
no biofilm inhibition, emphasizing the importance of a positive
charge. Tetramethylammonium chloride (TMA-Cl) and
tetramethylammonium bromide (TMA-Br) demonstrated no
biofilm inhibition, suggesting that neither the quaternary
ammonium head groups nor the halogen ions alone are
responsible for the biofilm inhibitory effects observed in the
pillar[n]arene derivatives. To explore the impact of quaternary
ammonium cluster size and overall positive charge, P6-1, the
pillar[6]arene analog of P5-1, was synthesized. P6-1 demon-
strated a notable 20% increase in overall positive charge
compared to P5-1, coupled with a significant enlargement in
cavity diameter (6.7 Å for P6-1 vs 4.6 Å for P5-1). Compared to
P5-1, the pillar[6]arene derivative P6-1 exhibited 2−5-fold
lower MBIC50 values against four Gram-positive pathogens
forming biofilms. No significant difference in biofilm inhibition
was observed between P5-1 and P6-1 for S. aureus BAA/043,
but for S. mutans ATCC 700610, P5-1 showed slightly greater
activity. These findings suggest that the structural modifications
in P6-1 generally enhance biofilm inhibition with some strain-
specific variations compared to the pillar[5]arene counterpart. It
was also observed that pillar[n]arenes P5-1 and P6-1, despite
being the most potent inhibitors of biofilm formation, were
unable to completely eradicate mature biofilms. The Gram-
positive strains exhibited MIC values over 16 times higher than
the highest MBIC50 value for P6-1. This suggests that the
inhibition of biofilm formation is not due to a bactericidal effect.
The testing on rat red blood cells demonstrated a lack of
hemolysis, suggesting a favorable safety profile for membrane
interactions. Additionally, P6-1 showed no adverse effects on
the viability of human monocytic THP1 cells (ATCC TIB 202)
and cystic fibrosis human bronchial epithelial IB3-1 (ATCC
CRL2777) cells which supported the potential use of P6-1 as an
antimicrobial agent with specific efficacy against Gram-positive
strains and a low likelihood of adverse effects on mammalian
cells.
Continuing their pursuit to establish the comprehensive

Structure−Activity Relationship (SAR) for cationic pillar[n]-
arene derivatives that can inhibit biofilm formation by clinically
relevant Gram-positive pathogens, Cohen and colleagues have
synthesized 15 additional cationic pillar[5,6]arene derivatives, as
illustrated in Figure 2.78 TheMBIC50 results (Table 2) obtained
from the crystal violet assay revealed that most of the cationic
pillar[5,6]arene derivatives effectively inhibited biofilm for-
mation, with exceptions for specific compounds such as P5-10,
P5-13, P5-18a, and P5-18b. Compound P5-18a, characterized
by the presence of isomeric mixtures, and compound P5-18b,
distinguished as the symmetric isomer, share a commonality of
possessing 5 positive charges. Intriguingly, these two com-
pounds demonstrated a noteworthy reduction in potency,
roughly by an order of magnitude, in comparison to their
counterparts each harboring 10 or more positive charges and
exhibited significantly greater potency. This observation high-

lights the importance of the number and distribution of positive
charges in influencing the biological activity of these
compounds, with compounds featuring a higher positive charge
content demonstrating enhanced effectiveness. Extending the
length of one or two of the substituents had minimal impact, but
a notable increase in hydrophobicity completely eliminated the
activity. Altering cationic headgroup types or increasing the
number of positive charges hadminimal impact. Furthermore, to
understand the role of pillar[5]arene cavity on anti-biofilm
properties, they also successfully created a water-soluble
rotaxane P5-19 from P5-1, which sustained its anti-biofilm
effectiveness. This suggests that the cavity within the pillar[5]-
arene structure was not pivotal for hindering biofilm growth.
Despite their cationic amphiphilic nature, pillar[n]arene
derivatives P5-1, P5-8, P5-9, P5-11, P5-12, P5-14, P5-15,
P5-16, P5-17, and P5-19 exhibited no hemolysis even at
concentrations exceeding 100-fold their MBIC50 values. Note-
worthy, the hydrophobic pillar[n]arene derivatives P5-10, P5-
13, P5-18a, and P5-18b displayed hemolytic effects comparable
to CTAB.
The compounds that demonstrated proficiency in hindering

biofilm formation exhibited nonhemolytic attributes (lack of
harm to red blood cells) and showed no impact on bacterial
proliferation. These findings yield valuable insights for the
development of efficient materials targeting the prevention of
biofilm establishment by Gram-positive bacteria.
Zhang and co-workers79 also conducted a comprehensive

investigation on the synthesis and characterization of quaternary
ammonium (P5-1) and pyridinium (P5-15) functionalized
pillar[5]arene derivatives and systematically studied their effects
on bacterial growth, adhesion, and biofilm formation with a
particular emphasis on activity against a drug-resistant Gram-
negative pathogen, P. aeruginosa PAO1. During investigation of
their effects on P. aeruginosa PAO1, macrocycles P5-1 and P5-
15 were observed to exert a degree of inhibitory impact on
bacterial growth. However, it is important to note that these
effects were moderate in nature even at higher concentrations.

Table 2. Biofilm Inhibitory Activity, MBIC50 (μM), against
Gram-Positive Strains

bacterial strain

compound
S. aureus subsp. aureus Rosenbach

ATCC 33592
E. faecalis ATCC

29212

P5-1 0.45 (1) 0.45 (1)
P5-8 0.37 (1) 0.19 (0.5)
P5-9 0.31 (1) 0.31 (1)
P5-10 >8.7 (>32) >8.7 (>32)
P5-11 0.61 (2) 0.61 (2)
P5-12 0.32 (1) 0.32 (1)
P5-13 >7.72 (>32) >7.72 (>32)
P5-14 0.35 (1) 0.35 (1)
P5-15 0.40 (1) 0.40 (1)
P5-16 0.71 (2) 0.36 (1)
P5-17 0.95 (4) 0.47 (2)
P5-18a >14.94 (>32) >14.94 (>32)
P5-18b 14.94 (32) 7.47 (16)
P6-2 0.69 (2) 0.69 (2)
P6-3 0.63 (2) 0.63 (2)
P5-19 0.35 (1) 0.18 (0.5)

Adapted with permission under a Creative Commons Attribution
License (CC-BY 4.0) from ref 78. Copyright 2021 American
Chemical Society.
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The results showed that pyridinium functionalized pillar[5]-
arene (P5-15) exhibited stronger bactericidal and anti-biofilm
formation activity against P. aeruginosa compared to tetraalky-
lammonium functionalized pillar[5]arene (P5-1) at 1/2 MIC
concentration, i.e., 0.051 mmol L−1 which is approximately
equivalent to 63 μg·mL−1. This notably high MBIC50
concentration observed in P5-15 aligns with observations
made by Cohen and colleagues in their study against the
Gram-negative P. aeruginosa PAO1 for cationic pillar[n]-
arenes.77 These findings emphasize the critical role played by
different cationmoieties on the pillar[5]arene rims. Importantly,
P5-15 demonstrated consistent antibacterial efficacy without
developing resistance even after multiple passages.
To probe the influence of chemical identity of the cations on

biofilm inhibition, Cohen and co-workers80 have synthesized
phosphonium-decorated pillar[5]arene derivatives P5-20 and
P5-21 (Figure 3) and compared the biofilm inhibition
properties with analogous quarternary ammonium derivatives
of pillar[5]arene, P5-5 (Figure 1) and P5-22, respectively. It is
worth noting that P5-5 had been previously studied by the same
researchers in their earlier report.77,78 The effects of cationic
pillar[5]arene derivatives P5-20, P5-21, P5-5, and P5-22, were
investigated for their impact on biofilm formation by two Gram-
positive bacterial strains, S. aureus ATCC 33592 and E. faecalis
ATCC 29212. The MBIC50 values obtained from crystal violet
assay showed that the phosphonium-derived pillar[5]arenes P5-
20 and P5-21 and ammonium-derived pillar[5]arenes P5-5 and
P5-22 effectively exhibited potent anti-biofilm activity as shown
in Table 3.
The results also supported that while the positive charges

were crucial for anti-biofilm activity, the nature of the charges
(ammonium or phosphonium) had a marginal effect. The
influence of hydrophobicity on biofilm inhibition was explored
by comparing compounds P5-21 and P5-22 with compounds
P5-20 and P5-5. Despite differences in carbon atom counts,
theirMBIC50 values did not significantly differ, indicating similar
effectiveness in preventing biofilm formation. The MBIC50
results also revealed that neither monomer M1 nor M2 caused
measurable inhibition of biofilm formation, highlighting the
crucial role of cumulative charge organization on the pillar[5]-
arene scaffold for anti-biofilm activity, potentially attributed to a
multivalency effect. To assess whether the inhibitory effect of

compounds P5-20, P5-21, P5-5, and P5-22 on biofilm
formation was due to potential antimicrobial activity, they also
determined the minimal inhibitory concentrations (MICs)
against the tested bacterial strains. These MIC values were more
than 16 times higher than the highest MBIC50 values measured
for biofilm inhibition, indicating that the observed anti-biofilm
effects were not solely attributed to antibacterial activity.
Gao and colleagues81 focused on designing a zwitterionic

pillar[5]arene (P5-23) and related model compounds (P5-24,
P5-2, M3, and M4, Figure 4), exploring their self-assembly
tendencies in aqueous solutions using transmission electron
microscopy (TEM) and cryogenic transmission electron
microscopy (Cryo-TEM) studies. The investigations confirmed
the spontaneous formation of nearly spherical nanoaggregates
(30 to 50 nm) for P5-23. Zeta potential measurements indicated
a weakly positive charge (13.3 ± 1.22 mV) on the nano-
aggregates, suggesting a prevalence of positive charges. NMR
spectrum analysis revealed hexyl sulfate groups within the
pillar[5]arene cavity, driven by hydrophobic and C−H···π
interactions, influencing charge distribution. P5-23 demon-
strated stronger antibacterial effects compared to those of model
compounds P5-24, P5-2,M3, andM4 against Gram-negative E.
coli (DH5α) and Gram-positive S. aureus (SH1000). This
enhanced activity was attributed to the hydrophobic pillar[5]-
arene skeleton, alkyl chains, sulfate, and ammonium groups in its
structure. These positively charged nanoaggregates engaged
bacterial biofilms through a combination of electrostatic and

Figure 3. Molecular structures of pillar[5]arene derivatives P5-5 and P5-20−P5-22 and monomers M1 and M2.

Table 3. Biofilm Inhibitory Activity, MBIC50 (μg mL−1),
against Gram-Positive Strains

bacterial strain

compound
S. aureus subsp. aureus Rosenbach ATCC

33592
E. faecalis ATCC

29212

P5-20 1.55 (4) 1.55 (4)
P5-21 1.33 (4) 0.67 (2)
P5-5 1.66 (4) 1.66 (4)
P5-22 0.71 (2) 1.41 (4)
M1 >317 (160) >317 (160)
M2 >340 (160) >340 (160)

Adapted with permission from ref 80. Copyright 2016 Royal Society
of Chemistry.
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hydrophobic interactions, culminating in the disruption of
bacterial cell membranes and, consequently, cell death. P5-23
exhibited antibacterial activity against both E. coli (DH5α) and
S. aureus (SH1000), and it can efficiently disrupt pre-established
E. coli biofilms without leading to rapid resistance development
with MBIC50 and MBEC (minimum biofilm eradication
concentration) values of 80 and 200 μM, respectively. The
cytotoxicity of P5-23 was evaluated by MTT assay with NIH/
3T3 cells and MCF7 cells. The key findings are that the P5-23
nanoaggregate exhibited lower toxicity to mammalian cells than
to bacteria. Successful design of the zwitterionic P5-23 with
multifunctional properties opens up new avenues for exploring
innovative approaches to combat antibiotic resistance and
improve current strategies for managing biofilm-related
infections. The findings not only broaden the understanding
of anti-biofilm strategies but also lay the groundwork for future
investigations on the combination of zwitterionic properties and
the formation of positively charged nanoaggregates to fabricate
the design of effective antibacterial compounds and enhance
current biofilm-related infection management strategies.
Stoikov and co-workers82 have developed a biocompatible

supramolecular system based on a modified pillar[5]arene (P5-
25, Figure 5A) that has the potential to inhibit the growth of
pathogenic microorganisms, specifically S. aureus biofilms. The
pillar[5]arene molecule P5-25was designed in such a way that it
could interact with DNA via electrostatic as well as hydrogen
bonding interactions. The modified macrocycle contains
thioether and tertiary amino groups, making it capable of
forming a stable self-association and nanosized complex with
DNA as shown in Figure 5A. The binding stoichiometry of
complexation between P5-25 and DNA was estimated from
UV−vis titration experiments which suggested the groove
binding of one molecule of P5-25 to the phosphate fragments of
two pairs of nucleic bases as depicted in Figure 5B. Importantly,
P5-25 exhibited a remarkable characteristic of being nontoxic to
human lung adenocarcinoma cells and bovine embryonic lung
epithelial cells. Across the entire concentration range studied
(0.5−100 μg/mL, corresponding to 1.7× 10−8 to 3.4× 10−5M),
the pillar[5]arene macrocycle P5-25 did not exhibit reductions

in the viability of both normal epithelial cells and A549 model
cells. This suggests a promising therapeutic window, indicating a
lack of significant cytotoxic effects of P5-25 within the tested
concentration range. This exceptional biocompatibility is a
significant advantage, as it suggests the safety and potential
utility of the cationic pillar[5]arene in biomedical applications.
The capability of P5-25 to effectively bind with DNA within
biofilm matrices was utilized to reduce the thickness of S. aureus
biofilms. Specifically, at a concentration of 10−5 M, it led to a
significant 15% reduction in the thickness of these biofilms. As a
synthetic, nontoxic DNA-binding agent, it has the potential to
significantly enhance the effectiveness of combination therapy
against infectious diseases.

Host−Guest Complexation of Pillar[n]arenes to Miti-
gate Biofilms. Pillar[n]arenes can act as hosts for various guest
molecules through noncovalent interactions, such as hydrogen
bonding and van derWaals forces.83 The hydrophobic cavities of
pillar[n]arenes can selectively accommodate certain guest
molecules based on their size, shape, and chemical properties.
The encapsulation of drugs/antibiotics within the pillar[n]arene
cavities can provide protection against degradation.84 This
stabilization is particularly relevant for therapeutic agents aimed
at disrupting biofilms. By shielding these molecules within the
host−guest complex, pillar[n]arenes can enhance their bioavail-
ability and effectiveness. The structure of pillararenes can be
modified to tailor their host−guest interactions. Researchers can
design pillar[n]arenes with specific functional groups or adjust
the size of the cavities to optimize interactions with biofilm-
related molecules. This tunability makes them versatile tools for
targeted biofilm mitigation strategies. Pillar[n]arene-based
inclusion complexes can also serve as drug delivery systems for
antimicrobial agents.56 The controlled release of drugs from the
complexes, facilitated by noncovalent interactions, allows for
sustained and targeted delivery to biofilm-associated micro-
organisms.
Selective recognition is crucial in the context of biofilms as it

allows pillar[n]arenes to target specific molecules involved in
biofilm formation or stability. Pillar[n]arene-based inclusion
complexes can interfere with biofilm formation by interacting

Figure 4.Molecular structures of P5-2, P5-23, P5-24,M3, andM4 and schematic representations of the self-assembly of P5-23 to positively charged
nanoaggregates of P5-23. Adapted with permission from ref 81. Copyright 2019 John Wiley and Sons.
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with key molecules. For example, they may disrupt the signaling
pathways involved in quorum sensing, a process by which
bacteria coordinate their behavior in response to the population
density. By inhibition of quorum sensing molecules through
hydrogen bonding or other interactions, pillar[n]arenes can
impede the formation of biofilms. Recently, Linder and their
team conducted research with the objective of utilizing host−
guest chemistry to combat bacterial virulence and eradicate
biofilms, particularly in the context of multidrug-resistant P.
aeruginosa and Acinetobacter baumannii.85 To explore potential
interactions between cavity-containing macrocycles and bacte-

rial signaling molecules, the authors screened a diverse family of
macrocycles such as crown ethers, calix[n]arenes, resorcin[n]-
arenes, cucurbit[n]uril, cyclodextrins, and pillar[5]arene with
varying inner cavity sizes (1.5−11.7 Å) and molecular weights
(172−2260 g/mol). The screening aimed to understand the
affinities, preferences, and determinants of these interactions
with six different homoserine lactones (HSLs) that had diverse
acyl chains, including branched carbon, carboxyl groups, and
hydroxyl groups (Figure 6). This approach was undertaken to
shed light on the link between cavity size and HSL affinity,
considering the limited knowledge about these aspects in

Figure 5. (A) Concept of using P5-25 as a DNA-binding agent to suppress the development of pathogenic biofilms and (B) proposed mechanism of
binding of P5-25 to DNA. Adapted with permission from ref82, which is an open access article distributed under the Creative Commons Attribution
License (CC-BY 4.0), MDPI.
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previous efforts. To facilitate the screening, a fluorescent E. coli
reporter system was developed capable of detecting the six
different HSLs. Among the testedmacrocycles,P5-1 showed the
highest concentration-dependent signal ratio, exhibiting varied
binding strengths with different HSLs, indicating its potential as
a versatile virulence inhibitor. Then, they focused their
investigation particularly on interactions between a quaternary
ammonium functionalized pillar[5]arene (P5-1, Figure 1) and
critical bacterial virulence factors, specifically, N-acyl homo-
serine lactones (HSLs, Figure 6) and lipopolysaccharides

(LPSs). Despite the fact that P5-1 exhibited binding with all
six HSLs, its binding varied. It ranged from minimal binding to
G1 (18%) with a very short acyl chain to strong binding to G5
(64%) and G6 (96%), both featuring longer acyl chains (Figure
6b). P5-1 exhibited comparable effects on biofilm formation in
P. aeruginosa isolate PAO1, which was associated with HSL-
regulated quorum sensing. Pyocyanin, an exotoxin characterized
by its vivid green color, is directly regulated by quorum sensing
(QS) and serves as a surrogate indicator of virulence. The
introduction of P5-1 led to a concentration-dependent decrease

Figure 6. Host−guest interactions between macrocycle P5-1 and bacterial homoserine lactones selective for HSLs with prolonged acyl chains. (a)
Structure of P5-1. (b) Molecular structures and bacterial species of all QS HSLs used in the study. (c) Schematic representation of HSL quorum
sensing in Gram-negative bacteria (left), along with a virulence inhibition approach (right). Adapted from ref 85, which is an open access article
distributed under the Creative Commons Attribution License (CC-BY 4.0), Springer Nature.
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in pyocyanin levels, with discernible effects starting at P5-1
concentrations as low as 10 μM and complete suppression
observed at 1 mM and higher concentrations. P5-1 also
demonstrated similar effects on biofilm formation in P.
aeruginosa isolate PAO1, closely associated with HSL-regulated
QS, as evidenced by the crystal violet assay, and displayed
concentration dependence analogous to the observed trends in
pyocyanin assessment. To address antibiotic resistance, the
effectiveness of P5-1 was tested against carbapenem- and
cephalosporin-resistant strains of P. aeruginosa and A.
baumannii, resulting in a statistically significant decrease in
biofilm formation. Notably, P5-1 showed efficacy against highly
resistant strains, emphasizing its potential as a valuable
treatment option for challenging “superbug” pathogens.
The design of quaternary ammonium functionalized P5-1 is

noteworthy, as it incorporates a lipophilic core along with
hydrophilic quaternary ammonium functionalities. This unique
molecular structure equips it with the ability to selectively bind
to specific HSLs that possess hydrophobic long acyl chains.
They explored the potential of this polycationic pillar[5]arene to
form host−guest complexes with both HSLs and LPSs and

hence inhibit biofilms in multidrug-resistant P. aeruginosa and A.
baumannii as shown in Figure 6c.
Wang and co-workers86 introduced a novel guanidinium-

functionalized pillar[5]arene (P5-26, Figure 7) that demon-
strated impressive antibacterial activity against both Gram-
negative E. coli and Gram-positive S. aureus strains. P5-26
exhibited remarkable ability to disrupt preformed E. coli biofilms
with MBEC of 100 μM by penetrating through the biofilm
barriers and destroying the biofilm-enclosed bacteria. Confocal
laser scanning microscopy (CLSM) analysis of biofilms treated
with P5-26 showed significant structural disintegration and
reduced cell viability, comparable to the positive control
polymyxin B. Notably, P5-26 exhibited biofilm-disrupting
activity even in mature biofilms aged for 5 days, surpassing the
effectiveness of polymyxin B. The exceptional biofilm disruption
properties of P5-26 can be attributed to its distinctive structure,
characterized by densely preorganized guanidinium moieties
integrated on the hydrophobic pillar[5]arene skeleton. These
guanidinium groups engage bacterial cell walls and membranes
throughmultiple electrostatic interactions, leading tomembrane
permeation followed bymembrane rupture and cell lysis (Figure

Figure 7. Structures of P5-26 and CFZ, and disruption of biofilms by P5-26 and P5-26⊃CFZ. Adapted with permission from ref 86. Copyright 2020
John Wiley and Sons.
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7). This mechanistic insight underscores the potential of P5-26
as a promising biofilm disruptor. To enhance biofilm disruption,
P5-26 was conjugated with the broad-spectrum antibiotic
cefazolin sodium (CFZ). An intriguing finding is that P5-26 can
form host−guest complexes with a conventional antibiotic,
CFZ, which otherwise showed minimal activity against biofilms.
The encapsulation of CFZ by P5-26 was confirmed through
various experiments, demonstrating a binding affinity of (5.92±
0.50) × 104 M−1. While CFZ alone shows little activity against
biofilms, P5-26⊃CFZ is significantly more effective than both
free P5-26 and free CFZ, with a median MBEC of 25 μM. Live/
dead cell staining further confirmed the enhanced reduction in
bacterial viability and density within the biofilm upon P5-
26⊃CFZ treatment. The synergistic action of P5-26 and CFZ
within the biofilm matrix contributed to the improved biofilm
disruption and antibacterial activities of P5-26⊃CFZ. The
authors hypothesized that the increased effectiveness of
disrupting biofilms attributed to CFZ encapsulated in P5-26,
denoted as P5-26⊃CFZ, can be elucidated through several
mechanisms. First, P5-26⊃CFZ exhibits notable penetrability
through biofilms, facilitating its efficient access to bacterial
membranes. Once inside the biofilm, P5-26⊃CFZ can more
effectively breach bacterial membranes, reaching the periplasmic
space. The localized presence of both P5-26 and CFZ in this
environment enables them to serve as potent antibiotic agents.
The synergistic collaboration between P5-26 and CFZ within
the biofilm matrix amplified their combined antibacterial
activities, leading to a more robust disruption of the biofilm.
This synergistic strategy contributed to the overall efficacy of
P5-26⊃CFZ in targeting bacteria within biofilms. This host−
guest complex showcased a synergistic enhancement in
disrupting E. coli biofilms, suggesting a promising supra-
molecular platform to effectively combat drug-resistant biofilms.
Recently, biphen[n]arenes (where n = 4, 5), a macrocyclic

family related to pillar[n]arenes were synthesized with
quaternary ammonium per-functionalization by Li and co-
workers (Figure 8).87 Biphen[n]arenes demonstrated a dual

capability, effectively inhibiting biofilm assembly and eliminat-
ing mature biofilms produced by both Gram-positive S. aureus
(ATCC 25923) and Gram-negative E. coli (ATCC 25922)
bacterial strains. Both biphen[n]arenes BP[4]A and BP[5]A
demonstrated a dose-dependent inhibition effect, with MBIC50
values ranging from 0.62 to 0.72 μM and an impressive biofilm

inhibition concentration of 6.25 μM against both bacterial
strains. However, no inhibition of biofilm formation was
observed for the noncyclic monomer model compound BPM,
even at a concentration of 125 μM. Both BP[4]A and BP[5]A
also exhibited potent biofilm eradication capabilities, as
evidenced by MBEC50 values ranging from 4.94 to 6.82 μM
against both S. aureus and E. coli biofilms. In this case also, the
dicationic monomer, BPM, highlighted its ineffectiveness in
disruptingmature biofilms of either bacterial strain, even at a 125
μM concentration. Moreover, CFZ was encapsulated within the
cavities of biphen[n]arenes, and the resulting stable inclusion
complexes played a crucial role in regulating the distribution,
and site-specific concentration of the two bioactive components
led to the synergistic healing efficiency. A MBEC50 assay was
conducted to assess the impact of host−guest complexation on
the biofilm disruption efficacy. Remarkably, both the CFZ
encapsulated biphen[n]arenes were significantly more effective
than either individual macrocyclic hosts or CFZ alone in
eradicating mature biofilms, with a MBEC50 range of 1.15−1.51
μM. Moreover, the MBEC value was reduced to 6.25 μM. They
also investigated the wound healing potential of the inclusion
complex in an E. coli-infected Kunming mouse model.
Treatments with CFZ encapsulated biphen[n]arenes acceler-
ated the wound healing process compared to other treatments.
Wounds treated with these complexes exhibited a significant
reduction in size, nearly reaching the levels observed in
uninfected mice within 9 days. These findings highlight the
promising therapeutic implications of inclusion complexes in
enhancing wound recovery and mitigating bacterial complica-
tions.
Zhang and co-workers88 conducted an extensive investigation

on the design and synthesis of a pillar[5]arene-based acid-
triggered supramolecular photosensitizer utilizing the electro-
static interaction between carboxylato-pillar[5]arene (P5-7,
Figure 9) and quaternary ammonium-functionalized tetrafluor-
ophenyl porphyrin (TFPP-QA, Figure 9). The design of this
supramolecular photosensitizer was intriguing, with the
sensitizer tetrafluorophenyl porphyrin anchored to the
ammonium cation through a long alkyl spacer. The cationic
quarternary ammonium ions were strategically incorporated to
attract negatively charged bacterial membranes, while the
hydrophobic part aimed to disrupt bacterial cell membranes,
potentially leading to bacterial cell death. However, a significant
challenge in using quaternary ammonium compounds for
antibacterial purposes is their broad cytotoxicity, which limits
their application. To overcome this challenge, an acid-
responsive carboxylato-pillar[5]arene (P5-7) was employed to
complex with the quarternary ammonium cation, forming a
supramolecular photosensitizer via host−guest inclusion and
electrostatic interactions. This approach improved the bio-
compatibility of the quaternary ammonium compound. Under
acidic conditions, the cationic quarternary ammonium group
dissociated from P5-7 due to the formation of neutral carboxylic
acid, enhancing the binding of TFPP-QA to bacterial
membranes. The design was strategically aligned with the acidic
environment typically found at bacterial infection sites. Confocal
laser scanning microscopy (CLSM) was used to examine the
binding between TFPP-QA and the bacteria. Under normal
physiological conditions (pH 7.4), TFPP hardly binds to
bacteria. However, in an acidic environment (pH 5.5), TFPP-
QA/P5-7 nanoparticles exhibited strong fluorescence, indicat-
ing quaternary ammonium groups targeting bacteria. The
antibacterial activity of pH-sensitive TFPP-QA/P5-7 was

Figure 8. Structures of biphen[n]arenes (BP[4]A and BP[5]A) and
the noncyclic monomer BPM.
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evaluated using minimum inhibitory concentration (MIC)
assays against Gram-positive bacteria (MRSA) and Gram-
negative bacteria (E. coli). Without light, treatments have
minimal impact on bacterial viability, except for TFPP-QA,
which shows weak bacterial cytotoxicity. With 660 nm light
irradiation, TFPP-QA demonstrates pH-independent antibacte-
rial efficacy, attributed to positively charged quaternary
ammonium groups and generated reactive oxygen species
(ROS). Notably, pH-responsive TFPP-QA/P5-7 exhibited
strong antibacterial effects, with the MIC90 for MRSA decreased
from 40 to 20 μg mL−1 and the MIC50 for E. coli decreased from
60 to 20 μg mL−1 as the pH changes from 7.4 to 5.5. The
difference in antibacterial ability between MRSA and E. coli is
attributed to their distinct cell wall compositions. In vitro tests
demonstrated effective antibacterial properties, with the supra-
molecular photosensitizer showing a remarkable dispersion of
bacterial biofilms under light irradiation. Crystal violet assay was
used to assess biofilm dispersion and quantify biofilm mass. In
groups without light irradiation, the biofilm remained relatively
intact, while under 660 nm light irradiation, TFPP-QA exhibited
moderate dispersion and TFPP-QA/P5-7 showed excellent
dispersion, which was attributed to the ROS production
damaging biofilm proteins and enzymes. In a MRSA-infected
mouse wound model, the supramolecular photosensitizer
exhibited substantial antibacterial effects and accelerated
wound healing. In vivo evaluation using a mouse model with
biofilm-colonized catheters demonstrated visible improvements
in the TFPP-QA/P5-7 under irradiation groups, showing
minimal abscesses and a tendency to heal compared to the
control groups. Agar plate experiments using leaching solutions
from catheters confirmed the potent anti-biofilm infection
capability of TFPP-QA/P5-7 under light irradiation, as bacterial
survival was significantly reduced. Overall, the supramolecular

photosensitizer TFPP-QA/P5-7 proved effective in attenuating
pathogenic biofilms and demonstrated powerful anti-biofilm
infection capabilities under light irradiation. This innovative
strategy showcased the potential of using pillar[5]arene-based
supramolecular photosensitizers for photodynamic antibacterial
therapy with enhanced biocompatibility and targeted anti-
bacterial action in acidic environments. This strategy not only
enhances biocompatibility but also offers targeted antibacterial
action in acidic environments, opening new avenues for the
treatment of bacterial infections and biofilm-related challenges.
Stoikov and his team conducted a fascinating study where

they synthesized polymers P5-27 and P5-28 (Figure 10) using
mercapto-functionalized pillar[5]arene and demonstrated the
remarkable self-healing properties of these materials.89 The
introduction of mercapto functional groups into the pillar[5]-
arene enabled these polymers to exhibit self-healing character-
istics through thiol−disulfide redox dynamic exchange reactions.
Specifically, these reactions formed reversible disulfide bonds
with mercapto-functionalized cross-linkers such as trimethylol-
propane tris(3-mercaptopropionate) and pentaerythritol
tetrakis(3-mercaptopropionate). The copolymers synthesized
from mercapto-functionalized pillar[5]arene and cross-linkers
resulted in the formation of films capable of self-healing through
a dynamic disulfide exchange mechanism. The self-healing
polymer materials were combined with the antibacterial drug
moxifloxacin (MOXI, Figure 10), and the effectiveness of the
MOXI/P5-27 and MOXI/P5-28 systems was evaluated against
biofilm formation byGram-negative andGram-positive bacteria.
The results were quite promising, demonstrating that surfaces
modified with these systems had the capacity to reduce the
biomass of biofilms formed by S. aureus and Klebsiella
pneumoniae pathogens. Notably, the inclusion of MOXI in the
polymer film helped maintain its antibacterial efficacy against

Figure 9. Schematic presentation of an acid-triggered supramolecular photosensitizer and its antibacterial activity under light irradiation. Adapted with
permission from ref 88. Copyright 2021 John Wiley and Sons.
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biofilm formation, even in changing environmental conditions,
thus preventing its easy washout from surfaces. Furthermore, the
study proposed a mechanism for the gradual release of MOXI
from the MOXI-loaded films. This mechanism utilized a guest
exchange process, where amino acids like arginine and lysine
were suggested as potential candidates due to their strong
affinity for encapsulation within the cavity of the pillar[5]arene.
This gradual release of moxifloxacin could ensure a sustained
concentration of the active form of the drug within the biofilm
matrix, enhancing its effectiveness against pathogenic micro-
organisms.
Mechanically interlocked molecules, such as rotaxanes, have

also emerged as intriguing candidates for the inhibition of
biofilms. In a notable development, a series of heterovalent
glyco[2]rotaxanes (Figure 11) have been explored for their
potential in this regard by Vincent et al.90 These glyco[2]-
rotaxanes are composed of a central galactosylated pillar[5]-
arene, a tetrafucosylated dendron, and a tetraguanidinium tail,
representing a sophisticated example of supramolecular self-
assembly. In biofilm inhibition assays conducted on P.
aeruginosa, it was found that glyco[2]rotaxanes P5-29−P5-31,
which lack polycationic motifs, did not exhibit biofilm
inhibition. It was observed that replacing the fucosidic subunits
in the axle of P5-30 and P5-31with the polyguanidinium groups
in rotaxane P5-32 led to a significant increase in biofilm

inhibition, reaching 70% at a MBIC50 of 37.5 μM. A comparable
effect was also noted for P5-33. Extending the aliphatic
monostoppered axle resulted in a comparable decrease in
biofilm formation, but at a significantly lower MBIC50 of 2.4 μM
for rotaxane P5-34. These observations indicated that the
presence of a polycationic motifs emerged as a crucial factor for
achieving potent inhibition of biofilm formation, as evidenced by
the effectiveness of rotaxanes P5-32−P5-34. The comparative
analysis of glyco[2]rotaxanes P5-32−P5-34 revealed that their
anti-biofilm activity is only moderately influenced by the length
and structure of the central axle of the rotaxanes. Importantly,
their mechanism of action does not involve bactericidal effects,
providing a distinct and innovative approach to combating P.
aeruginosa infections. This research highlights the potential of
mechanically interlocked molecules like glyco[2]rotaxanes as
promising tools in the fight against biofilm-related challenges,
offering a new avenue to address infections caused by bacteria
such as P. aeruginosa.

■ CHALLENGES AND FUTURE PROSPECTS

Despite the exciting advancements in the field, challenges
remain and continued research is required to improve their
biocompatibility and efficacy in biological systems. Additionally,
the design of multifunctional pillar[n]arenes, capable of
integrating various functionalities, will open up new possibilities

Figure 10. Molecular structures of P5-27, P5-28, and moxifloxacin hydrochloride (MOXI).89
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for advanced applications. While current developments in using
pillar[n]arenes against biofilms are promising, there are several
challenges that need to be addressed: While studies have shown
encouraging results in vitro, the effectiveness of pillar[n]arenes
as biofilm disruptors in vivo remains to be fully elucidated.
Further research is needed to evaluate their performance in
animal models and eventually in clinical trials. The successful
application of pillar[n]arenes as biofilm disruptors will depend
on the development of suitable formulations and delivery
methods. Ensuring the stability and controlled release of these
molecules at the site of infection is crucial for their therapeutic
potential. Biofilms are highly heterogeneous structures, and their
response to treatment can vary significantly. Designing pillar-
[n]arenes that can target a wide range of biofilm types and adapt
to the complexities of different biofilm environments will be
essential for their widespread applicability.

Tackling infections associated with biofilms presents a
complex challenge in the field of antibacterial research. One of
the central challenges revolves around the development of anti-
biofilm agents that can specifically target and disrupt biofilms
without inadvertently affecting the growth and viability of the
bacteria themselves.91 Non-antimicrobial anti-biofilm agents
offer a promising avenue as these agents aim to disrupt the
formation, maintenance, or structural integrity of biofilms
without necessarily exerting direct antimicrobial activity. By
targeting the unique aspects of biofilm development, such agents
may represent a breakthrough in combating biofilm-associated
infections. Strategies may include interference with quorum
sensing, disruption of extracellular polymeric substances, or the
modulation of bacterial adhesion mechanisms. This level of
selectivity is crucial, as it aims to spare beneficial bacteria and
safeguard the well-being of human cells during treatment.

Figure 11. Molecular structures of P5-29−P5-34. Adapted with permission from ref 90. Copyright 2021 American Chemical Society.
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Achieving precision in targeting biofilms while sparing other
essential biological entities is of paramount importance. In
pursuit of this selectivity, recent studies have delved into the
intricate task of optimizing the chemical characteristics of
cationic pillar[n]arenes. These investigations have underscored
the critical need for a comprehensive understanding of the
specific chemical attributes that are most conducive to effective
anti-biofilm action. The challenge at hand lies in the meticulous
identification of the precise combination of cationic function-
alities, the level of hydrophobicity, and the appropriate
arrangement of positive charges that collectively optimizes the
potential of anti-biofilm agents. Additionally, a common hurdle
in the field of antibacterial research pertains to the broad
cytotoxicity associated with quaternary ammonium compounds.
These compounds, while effective against bacteria, often exhibit
a range of detrimental effects on various cells, including human
cells. Addressing this issue presents a dual challenge: reducing
the cytotoxicity of these compounds while preserving their
antibacterial potency. Future research endeavors should be
directed toward developing strategies that strike this delicate
balance, allowing for effective antibacterial action without
causing harm to other biological components. Biofilm resistance
is yet another formidable challenge that confronts researchers in
the battle against bacterial infections. Biofilms possess an
inherent ability to develop resistance to conventional anti-
bacterial agents, rendering many treatment approaches less
effective over time. Overcoming this biofilm resistance is a
pressing concern that calls for a deep understanding of the
mechanisms that biofilms employ to thwart eradication efforts.
Finding innovative strategies to circumvent these resistance
mechanisms is pivotal in the pursuit of successful anti-biofilm
treatments. Furthermore, a critical consideration in the
development of anti-biofilm materials is their safety for use in
biomedical applications. While these materials may exhibit
promising anti-biofilm properties, it is imperative that they are
biocompatible and do not pose any harm to normal cells.
Ensuring the biocompatibility of anti-biofilm materials is a
significant challenge that must be addressed to pave the way for
their application in medical contexts.
The concept of selective toxicity, particularly in the context of

pathogenic biofilms, offers a promising avenue for the
development of more targeted antibacterial approaches. This
selectivity is rooted in the ability of anti-biofilm agents to
specifically target and harm the biofilms formed by pathogenic
bacteria while sparing mammalian cells. The significance of this
approach lies in its potential to minimize harm to human tissues
and cells during treatment, making antibacterial therapies safer
and more precise. Future developments in this direction are
poised to revolutionize antibacterial treatments by further
enhancing their safety and efficacy. A comprehensive under-
standing of these interactions is vital for designing anti-biofilm
agents that can more effectively disrupt and eradicate biofilms.
This knowledge will enable the development of anti-biofilm
agents that are highly specific in their action, targeting the
structural and molecular components of biofilms with precision.
Furthermore, studies in this field should emphasize the

importance of combining anti-biofilm agents with traditional
antibiotics. The rationale behind this approach is that the
synergy between anti-biofilm agents and antibiotics can
potentially lead to a more robust and effective antibacterial
strategy. While supramolecular anti-biofilm agents target the
biofilms themselves, traditional antibiotics can focus on
planktonic bacteria within the biofilmmatrix. This dual-pronged

approach has the potential to offer a synergistic enhancement to
disrupting biofilms and eradicating bacterial infections. These
endeavors aim to make antibacterial therapies safer, more
targeted, and more potent in their ability to combat biofilm-
associated infections.
In conclusion, pillar[n]arenes hold significant promise as

biofilm disruptors due to their unique structural features and
inherent antimicrobial activity. However, further research and
development are needed to fully harness their potential as
effective and safe agents in the fight against biofilms. With
continued advancements and innovative strategies, we envisage
that pillar[n]arenes may pave the way for more efficient and
targeted biofilm control in various industrial, medical, and
environmental applications.
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ABSTRACT
Host–guest complexation of decamethoxypillar[5]arene and difunctionalized pillar[4]arene[1]qui-
none with isatin were demonstrated by 1H NMR titration experiments. The antibacterial potentials 
of isatin, decamethoxypillar[5]arene, difunctionalized pillar[4]arene[1]quinone and their isatin 
inclusion complexes were evaluated against both Gram-positive and Gram-negative bacteria by 
the well-diffusion method. The results of the antibacterial assay revealed that decamethoxypillar[5] 
arene displayed very good antibacterial activity than the difunctionalized pillar[4]arene[1]quinone. 
Isatin inclusion complex of decamethoxypillar[5]arene showed very good antibacterial activity as 
that of chloramphenicol with S. aureus, P. aeruginosa, K. pneumoniae and E. coli. Checkerboard 
assay revealed synergic effects of P[5]A and isatin combinations against selected microorganisms. 
In silico toxicity predictions suggested the potential of isatin, decamethoxypillar[5]arene and the 
difunctionalized pillar[4]arene[1]quinone as prospective drug candidates.
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Introduction

Classical prodrugs mainly consist of covalently linked drug 
molecules onto molecular systems that impart efficient 
pharmacokinetic properties than the drug molecule [1]. 
The main disadvantage of covalent prodrugs is their ineffi-
cient release at the target cells. Supramolecular host– 
guest–based drug delivery systems [2][3] attracted much 
attention in recent years owing to their control over the 
encapsulation and delivery of drug molecules depending 

on the microenvironment. The dynamic and reversible nat-
ure of supramolecular interactions imparts salient stimuli- 
responsive characteristics to supramolecular prodrugs [4]. 
Several reports are available in the literature demonstrating 
the use of macrocyclic hosts for encapsulation and stimuli- 
responsive delivery of drugs [5]. Among various supramo-
lecular hosts, pillar[5]arenes and their derivatives attracted 
burgeoning interest in the recent past due to their rigid, 
symmetric and tubular architecture with electron-rich inter-
ior cavities capable of encapsulating small molecules via 
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supramolecular interactions [6]7,8 [9]. Recent reports 
revealed the possibility of using pillar[n]arenes for biologi-
cal and related applications [10] such as artificial transmem-
brane transporters [11][12],13, cell adhesives [14], DNA 
binders [15], drug delivery systems [16] and sensors for 
biologically relevant molecules [17][18]. A very limited num-
ber of reports based on pillar[n]arenes and related materials 
were shown to demonstrate antibacterial activities [19][20] 
21–23[24]. For instance, Gao and co-workers demonstrated 
the antibacterial activity against E. coli and S. aureus and the 
biofilm-disrupting property of pillar[5]arene-based zwitter-
ion molecule.[12c] Cohen and co-workers demonstrated the 
inhibition of biofilm formed by Gram-positive pathogens 
by cationic pillar[5]arenes [25]. Very recently, Wang et al. 
showed the synthesis and biofilm disruptor characteristics 
of guanidinium-functionalised pillar[5]arene against both 
Gram-positive and Gram-negative pathogens.[12a]

Isatin is one of the high-profile indole-based natural 
alkaloids abundantly present in plants, and its deriva-
tives reported to show biological activities like antimi-
crobial, anticonvulsant, anticancer, etc [26]. It is also 
found as a metabolite derivative of the adrenaline 
hormone [27]. Herein, we report the host–guest com-
plexation studies of decamethoxypillar[5]arene (P[5]A) 
and difunctionalized pillar[4]arene[1]quinine derivative 
(BEA) with isatin and explored the antibacterial activ-
ities of P[5]A and its inclusion complex with isatin (P 

[5]A isatin) against Gram-positive and Gram-negative 
bacteria. We have also studied the antibacterial activ-
ities for ethanolamine-functionalised pillar[4]arene[1] 
quinone derivative (BEA) and its isatin inclusion com-
plex, BEA isatin. Molecular structures of P[5]A [28], 
BEA [29] and isatin are shown in Chart 1. Initial inves-
tigation by 1H NMR titration experiments suggested 
the formation of inclusion complexation between P 

[5]A and isatin and the stoichiometry of host–guest 
complexation was probed by 1H NMR titration experi-
ments. 1H NMR titration experiments of isatin with 
BEA showed weak complexation with 1:1 host–guest 
binding stoichiometry. The Well-diffusion method was 
used to reveal the antimicrobial potentials of P[5]A, 

BEA and their isatin inclusion complexes against both 
Gram-positive and Gram-negative bacteria. The anti-
bacterial assay showed that P[5]A and P[5]A isatin 

exhibited very good antibacterial activity against 
S. aureus, P. aeruginosa, K. pneumoniae and E. coli as 
that of chloramphenicol than BEA and BEA isatin. In- 
silico toxicity predictions revealed the potential of isa-
tin, decamethoxypillar[5]arene and the difunctionalized 
pillar[4]arene[1]quinone as a possible drug candidates 
against Gram-positive and Gram-negative bacteria. 

Chart 1. Molecular structures of P[5]A, BEA and isatin.

Results and discussion

Host–guest complexation studies in solution

The binding affinity of P[5]A towards Isatin was first tested 
by 1H NMR titration experiments. Upon mixing the equi-
molar mixture of P[5]A and Isatin in CDCl3-acetone-d6, 
significant changes in the chemical shift values of both P 

[5]A and Isatin were observed (Figure 1). All the aryl–CH 
protons in isatin have experienced

inclusion-induced deshielding effect upon host– 
guest complexation. Chemical shifts of Ha, Hb, Hc and 
Hd of isatin were shifted from 9.95, 7.02, 7.60 and 7.10 to 

Figure 1. Partial 1H NMR (400 MHz) spectrum of (A) P[5]A, (B) 
a mixture of P[5]A and isatin and (c) only isatin. *Residual solvent 
signals.
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9.78, 6.99, 7.57 and 7.09 ppm; chemical shifts of aryl – 
C-H protons of P[5]A labelled as H1 and methoxy pro-
tons labelled as H3 were shifted from 6.87 and 3.72 to 
6.86 and 3.74 ppm, respectively (Figure 1). These NMR 
spectral observations supported the inclusion complex 
(P[5]A Isatin) formation between P[5]A and Isatin. 
1H NMR titration experiments were performed to esti-
mate the binding constants and host–guest binding 
stoichiometry between P[5]A and Isatin. Isatin is soluble 
in acetone and insoluble in chloroform. On the other 
hand, P[5]A is soluble in chloroform and insoluble in 
acetone. We have attempted to perform 1H NMR experi-
ments in 1:1 v/v mixture of CDCl3/acetone-d6. 
Unfortunately, the samples precipitated in NMR tube, 
which restricted us to perform 1H NMR experiments in 
a mixed solvent system. Hence, titration experiments 
(Figure 2A) were performed by adding aliquots of isatin 
in acetone-d6 (81.6 mM) with the constant concentration 
of CDCl3 solution of P[5]A (8 mM) in the NMR tube. Job’s 
plot analysis of the 1H NMR titration data showed 1:1 
host–guest binding stoichiometry between P[5]A and 
Isatin (Figure S1, see Supporting Information). 1H NMR 
titration data were fitted for 1:1 host–guest stoichiome-
try using WINEQNMR2 (Figure S3, see SI) [30]. 
Association constant log K estimated for the binding of 
P[5]A and isatin is 3.3 ± 0.4. The plots of mole fraction 
against equivalents of isatin (Figure 2B) show that the 
equimolar mixture of P[5]A and Isatin resulted in the 
formation of almost 80% complexation in solution. The 
observed binding constant does not solely reflect the 
host–guest complexation because the 1H NMR titration 
experiments were performed with varying ratios of 
CDCl3 and acetone-d6, and the solvent polarity might 
also have affected the binding affinity. UV–vis spectro-
scopic analysis was performed to get further insight on 
the host–guest complexation between P[5]A and isatin. 

UV–Vis spectrum of isatin in 1:1 CHCl3-acetone (v/v) 
medium displayed a characteristic strong band with 
maxima at 296 nm and a broad band at 417 nm 
(Figure 3). Job’s plot analysis of the UV–Vis titration 
data confirmed 1:1 host–guest binding stoichiometry 
between P[5]A and isatin (Figure S5).

We also performed host–guest complexation studies 
between BEA and isatin by 1H NMR titration experi-
ments. Unlike P[5]A, the complexation between isatin 

with BEA is very weak and very little changes in chemical 
shifts were observed in 1H NMR titration experiments 
(Figure S2) even after the addition of four equivalents of 
Isatin to BEA. The weak binding between Isatin and 

BEA is reflected in the binding constant value (log K = 
2.0 ± 0.6) calculated from 1H NMR titration experiments 

Figure 2. (A) Partial 1H NMR (400 MHz) titration spectra of P[5]A (8 mM) with various equivalents of Isatin in CDCl3: acetone-d6 at 
25°C. Ratios of [P[5]A]/[Isatin]: (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (e) 1.0, (f) 1.2, (g) 1.4, (h) 1.6, (i) 1.8 and (j) 2.0. (B) Plots of mole fractions of 
P[5]A (blue) and P[5]A Isatin (Orange) versus equivalents of Isatin.

Figure 3. UV-Vis titrations of P[5]A (0.1 mM) with varying con-
centrations of Isatin in 1:1 chloroform-acetone mixture.
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plotted against 1:1 stoichiometry using WINEQNMR2. 
We also probed the host–guest binding of BEA with 
Isatin by UV–Vis spectroscopic analysis. BEA showed

characteristic absorbance maxima 294 nm and 353 
nm in acetone. The addition of aliquots of Isatin to the 10 
μM acetone solution of BEA showed a decrease in absor-
bance intensity at 353 nm and an increase in intensity at 
294 nm and 450 nm with clear isobestic points at 328 nm 
and 304 nm. Job’s plot analysis of the UV–Vis titration 
data showed 1:1 BEA-Isatin binding stoichiometry in 
solution (Figure S6, see Supporting Information).

Antibacterial activities of P[5]A, BEA and their isatin 

inclusion complexes

The antibacterial activities of P[5]A and P[5]A isatin 
complex were screened against Gram-positive bacteria 
(S. aureus and B. subtilis) and Gram-negative bacteria 
(P. aeruginosa, K. pneumoniae, E. coli and S. paratyphi A) 
using well-diffusion method (Figure 4). Chloramphenicol 
was used as positive control, and DMSO is monitored as 
a negative control. The diameter of the zone of inhibi-
tion for the Isatin, P[5]A, P[5]A Isatin, BEA and 
BEA Isatin against the selected microorganisms are 
listed in Table 1. It is observed from the zone of inhibi-
tion results (Figure 4) that P[5]A (7.3 ± 1 mm) and isatin 

(7.7 ± 0.6 mm) alone have good antibacterial activity 
(Figure S7A, see Supporting Information) against 

a Gram-positive bacteria S. aureus comparable to that 
of chloramphenicol (6.7 ± 0.6 mm). P[5]A Isatin dis-
played significantly increased antimicrobial inhibition 
(12.3 ± 0.6 mm) against S. aureus, which is almost double 
the zone of inhibition shown by chloramphenicol. On 
the other hand, the structurally similar macrocyclic host 
BEA showed poor antibacterial activity (1.7 ± 0.6 mm) 
against S. aureus (Figure S7B). BEA Isatin displayed 
a comparable zone of inhibition as that of isatin and 
chloramphenicol, which might be due to the presence 
of isatin in the complex. For another Gram-positive bac-
teria B. subtilis, Isatin, P[5]A, BEA and BEA isatin com-
plex showed comparatively lesser antibacterial activity 
than the positive control (Figure S8, see Supporting 
Information). P[5]A Isatin showed comparable antibac-
terial potential with that of positive control against 
B. subtilis (Figure S8, see Supporting Information). 
Antibacterial potentials of Isatin, P[5]A, P[5]A Isatin, 

BEA and BEA Isatin were also studied for Gram- 
negative bacteria P. aeruginosa (Figure S9, see 
Supporting Information), K. pneumoniae (Figure S10, 
see Supporting Information), E.coli (Figure S11, see 
Supporting Information) and S. paratyphi A (Figure S12, 
see Supporting Information). The zone of inhibition 
results suggested that P[5]A Isatin showed enhanced 
antibacterial activity against P. aeruginosa (8.7 ± 
0.6 mm), K. pneumoniae (12.0 ± 0.6 mm) and E. coli 
(11.7 ± 1.2 mm) than positive control and comparable 
bacterial inhibition against S. paratyphi A (7.7 ± 1.2 mm).

Figure 4. Antibacterial of DMSO solution of chloramphenicol, P[5]A, Isatin, P[5]A Isatin, BEA and BEA Isatin.

Table 1. Antibacterial activity of DMSO solutions of P[5]A, BEA, Isatin, P[5]A isatin and BEA isatin#.

Microorganism

Diameter of zone of inhibition (mm)

Chloramphenicol P[5]A BEA Isatin P[5]A Isatin BEA Isatin

Gram-positive bacteria S. aureus 6.7 ± 0.6 7.3± 1.2 1.7 ± 0.6 7.7 ± 0.6 12.3 ± 0.6 7.7 ± 0.6
B. subtilis 10.0 ± 0.6 4.7± 0.6 1.0 ± 0 6.3 ± 0.6 8.7 ± 0.6 5.7 ± 0.6

Gram-negative bacteria P. aeruginosa 5.3 ± 1.0 4.7± 0.6 1.3 ± 0.6 5.3 ± 0.6 11.7 ± 0.6 5.3 ± 0.6
K. pneumoniae 3.3 ± 0.6 3.7± 1.2 1.7 ± 0.6 8 ± 1.0 8.7 ± 0.6 6.3 ± 0.6
E. coli 9.7 ± 0.6 4.3± 0.6 2.7 ± 0.6 6.3 ± 0.6 11.7 ± 1.2 8.3 ± 0.6
S. paratyphi A 8.3 ± 0.6 3.0± 1.0 1.3 ± 0.6 4.3 ± 0.6 7.7 ± 1.2 6 ± 1.0

#Values are mean ± standard deviation of at least 3 independent experiments.
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Moreover, zone of inhibition results suggested that isa-

tin alone displayed good antibacterial activity against 
P. aeruginosa and K. pneumoniae. The minimum inhibitory 
concentration (MIC) was assessed by microdilution method 
using series of diluted test samples of P[5]A, Isatin and P 

[5]A Isatin complex in sterile nutrient broth. MIC values of 
P[5]A Isatin against Gram-positive and Gram-negative 
bacteria are listed in Table 2. MIC results of P[5]A Isatin 

complex against Gram-positive and Gram-negative bac-
teria showed that P[5]A Isatin complex exhibited the 
lowest MIC against E. coli, describing the potency of the 
isatin-drug conjugate as a potential drug candidate.

Synergistic effects of P[5]A and Isatin

To explore the synergistic antibacterial effects between 
P[5]A and Isatin, we have performed checkerboard 
assay against the microorganisms. The MICs of different 
combinations are summarised in Table 3.

The MICs of combinations of P[5]A and Isatin depicted 
in Table 3 are reduced compared with the MICs of P[5]A 

and Isatin alone against all the microorganisms studied. 
The fractional inhibitory concentration index (FICI) values 
suggest synergistic effect for the combination of P[5]A and 
isatin against E. Coli, S. paratyphi A and B. subtilis.

In-silico toxicity prediction of Isatin, P[5]A and P[5] 

A isatin complex

In-silico toxicity studies to predict the drug-likeness of 
Isatin, P[5]A and BEA were performed using pkCSM 
online server (Table 4).

Both P[5]A and BEA proposed to have hERG II inhibition 
potentials. According to the predicted toxicity results, isa-

tin, P[5]A and BEA are found to be non-carcinogenic. 
Hepatotoxicity predictions suggested that Isatin and P[5] 

A are non-toxic, and maximum tolerated doses of P[5]A, 

isatin and BEA suggested that they are safe.

Table 2. MIC values (mg/ml) of P[5]A Isatin.
Category of pathogen Pathogenic Bacteria MIC values (mg/ml)

Gram-negative bacteria E. coli 2.5
K. pneumoniae 5
S. paratyphi A 10
P. aeruginosa 10

Gram-positive bacteria S. aureus 5
B. subtilis 5

Table 3. MIC of combination of P[5]A and Isatin against selected microorganisms.

Microorganisms
MIC (mg/ml) 
P[5]A/Isatin

FIC of P[5]A 
(A)

FIC of Isatin 
(B) FICI (A+B) FICI interpretation

E. coli 1.88/0.19 0.25 0.25 0.5 Synergistic
K. pneumonia 3.75/0.38 0.5 0.25 0.75 Additive
S. paratyphi A 1.88/0.09 0.125 0.0625 0.1875 Synergistic
P. aeruginosa 3.75/0.75 1.0 0.5 1.5 Indifferent
S. aureus 1.88/0.38 0.5 0.5 1.0 Indifferent
B. subtilis 0.94/0.18 0.125 0.125 0.25 Synergistic

Table 4. In-silico toxicity predicted values of Isatin, P[5]A and BEA using pkCSM 
online server.

Predicted parameters

Predictions

Isatin P[5]A BEA

AMES toxicity No NO NO
Max. tolerated dose (log mg/Kg/day) 0.139 0.378 0.26
hERG I inhibitor No No No
hERG II inhibitor No Yes Yes
Oral rat acute toxicity (LD50) (mol/Kg) 2.158 2.352 2.745
Oral rat acute toxicity (LOAEL) 

(log mg/Kg-bw/day)
1.641 0.096 3.041

Hepatotoxicity No No Yes
Skin sensitisation Yes No No
T.Pyriformis toxicity (log μg/L) 0.497 0.285 0.285
Minnow toxicity (log mM) 2.068 −9.563 −1.661
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Conclusion

The synergic combination of pillar[5]arene (P[5]A) and 
isatin enables increased efficacy against both Gram- 
positive and Gram-negative bacteria. The results 
observed in this study suggest the use of pillar[5]arene- 
isatin complexes as a promising drug candidate to com-
bat various infections caused by pathogens. Efforts are 
underway for the synthesis of bio-compatible pillar[5] 
arene-based drug inclusion complexes for practical 
applications to combat the infections and mechanism 
of their antimicrobial potential and biofilm inhibition 
abilities.

Experimental section

Materials

All solvents and reagents were purchased from commer-
cial sources and used without further purification. P[5]A 

[28] and BEA [29] were synthesised according to pre-
viously published procedures.

Physical methods

1H NMR spectroscopic analyses were performed on 
a Avance III HD Nanobay 400 MHz NMR spectrometer 
operating at 400 MHz with TMS or residual undeuterated 
solvent as an internal standard. Chemical shifts are reported 
as δ in parts per million (ppm). NMR data were processed 
from MestReNova NMR software, and binding constants 
were calculated from 1H NMR titration data using the 
WINEQNMR2 program.

HOST–guest complexation studies in solution

NMR spectra were recorded at room temperature in 
CDCl3/acetone-d6. Chemical shifts are reported as δ in 
parts per million (ppm). 1H NMR titration experiments 
were performed to establish the formation of host–guest 
complexation between P[5]A and Isatin. Isatin solution 
was prepared by dissolving it (5.5 mM) in 0.5 mL of 
acetone-d6, and the P[5]A solution was prepared by 
dissolving it (60 mM) in 0.5 mL of CDCl3. 1H NMR titra-
tions were performed by the addition of 10 μL aliquots 
of isatin to P[5]A solution in the NMR tube. The sample 
was shaken carefully after each addition, and 1H-NMR 
spectra were recorded at 25°C. NMR data were pro-
cessed from MestReNova NMR software, and binding 
constants were calculated from 1H NMR titration data 
using the WINEQNMR2 program [30].

UV–vis titration experiments

Host–guest complexation of isatin was probed by UV– 
Vis spectroscopy by adding varying concentrations of 
isatin with P[5]A and BEA. A series of solutions of P[5]A 
and Isatin were prepared in DMSO. The volume of host 
and guest solutions varied from 0.5:4.5 to 4.5:0.5, respec-
tively, with the constant total concentration of P[5]A and 
Isatin to be 1 × 10–4 M. To the 1 × 10–4 M solution of BEA, 
aliquots of Isatin were added with varying equivalents 
from 0.2 to 5, and UV–Vis spectra were recorded.

Antibacterial experiments

Test microorganisms

Test microorganisms used in the present study were the 
clinical isolates collected from PSG Hospitals, 
Coimbatore. Microorganisms used in this study are 
Staphylococcus aureus, Bacillus subtilis, Pseudomonas aer-
uginosa, Klebsiella pneumoniae, Escherichia coli and 
Salmonella paratyphi A.

Agar well-diffusion method

Inoculums of the test pathogens were prepared from 
the culture grown overnight in nutrient broth. Agar 
plates were inoculated by spreading microbial inocu-
lum over the entire agar plate surface. By using the 
sterile tip, a hole with a diameter of 6–8 mm was 
punched aseptically. 20 mM stock solutions of P[5]A 

(15 mg ml−1), BEA (17 mg ml−1), Isatin (3 mg ml−1), P 

[5]A Isatin (18 mg ml−1), BEA Isatin (20 mg ml−1) 
were prepared by dissolving the compounds in DMSO. 
20 μl of the antimicrobial agent was introduced into 
the well. The plates were covered and placed in an 
incubator at 37°C for 24 hrs. The plates were then 
removed, and the zone of inhibition for each sample 
was measured and reported in millimetres.

MIC study

The minimum inhibitory concentration (MIC) was 
determined by microdilution method using a serially 
diluted test sample. The test sample was diluted to get 
a series of concentrations in a sterile nutrient broth. 
The microorganism suspension of 50 μl was added to 
the broth dilutions. These were incubated for 18 hours 
at 37°C. MIC of each test sample was taken as the 
lowest concentration that did not give any visible 
bacterial growth.
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Evaluation of synergistic effect by checkerboard 

assay

The protocol reported by Bellio et al. was followed for the 
evaluation of checkerboard assay [31,32]. The concentra-
tions of P[5]A was varied from 7.5 mg/ml to 7 μg/ml and 
isatin was varied from 3 mg/ml to 50 μg/ml. P[5]A and 
isatin alone were monitored as control. The fractional inhi-
bitory concentration index (FICI) values were calculated by 
comparing the MIC of P[5]A and isatin with the MICC values 
of P[5]A and isatin in combination as follows: 

FICI ¼ FIC of P 5½ �A þ FIC of isatin 

where, FIC of P[5]A = (MIC50 of P[5]A in combination)/(MIC50 

of P[5]A alone) and FIC of isatin = (MIC50 of isatin in 
combination)/(MIC50 of isatin alone). FICI ≤ 0.5 was inter-
preted as synergy, 0.5 < FICI ≤ 1 as additive, 1 < FICI ≤ 4 as 
indifferent and 4 < FICI as anatogonistic.

In-silico toxicity studies

The molecular structures of Isatin, P[5]A and BEA were 
drawn using the Chemdraw drawing tool and were con-
verted into SMILES molecular file format for in-silico predic-
tion studies using pkCSM platform[19] (pkCSM (unimelb. 
edu.au)) which uses graph-based signatures. AMES toxicity, 
hERG I, II inhibitor potentials, oral rat acute toxicity, hepa-
totoxicity, skin sensitisation, T.Pyriformis toxicity and 
Minnow toxicity were analysed using pkCSM platform.
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