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PREFACE 

 

The thesis deals with novel strategies for the construction of charge reversal mesoporous 

silica and temporally regulated functional systems. 

The thesis is consisting of seven chapters categorized into two parts. 

Chapter-1.1 briefly introduces mesoporous silica and provides an overview of important 

advances in the field of mesoporous silica pore engineering towards controlling 

molecular transport.  

In Chapter-1.2, we introduce a simple noncovalent strategy to modulate the surface 

charge of the mesoporous silica by making use of the molecular assembly of ionic 

amphiphiles within the pores. The hexyl pendant groups covalently attached to the 

surface of the silica provided hydrophobic room for the facile assembly of charged 

amphiphiles. These charge-switchable surfaces were used for fast and charge selective 

adsorption of dyes from aqueous solutions. 

Chapter-1.3 deals with a logic gate-controlled release of cargo from mesoporous silica 

by utilizing the change in pH of the surrounding medium by multiple enzymatic 

reactions. By choosing appropriate enzymes and substrates, Boolean logic gate (OR and 

INH) controlled release of cargo was achieved.  

Functional events occurring in the natural systems are temporally regulated via signaling, 

enzymatic regulatory networks, feedback loops, energy dissipation etc. In the recent 

years, there has been an urge to mimic these machineries (therefore to achieve precise 

temporal regulation of structural or functional feature of the system) into the man-made 

systems as an attempt to fabricate intelligent, autonomous and self-regulated functional 

systems. Chapter-2.1 provides an overview of temporally regulated functional systems 

with an emphasis on various design principles. 

In Chapter-2.2, we demonstrate a biochemical reaction driven temporal regulation of 

mass transport in mesoporous silica. The pH-responsive nanochannel was rationally 



[viii] 
 

fabricated through a hetero functionalization approach utilizing propylamine and 

carboxylic acid moieties. At the basic pH, cationic small molecules can diffuse into the 

compartment which releases back to the solution at the acidic pH. The ‘molecule 

entrapped’ state is temporally controlled using a base as fuel along with esterase enzyme 

as the mediator. The slow enzymatic hydrolysis of a dormant deactivator (ethyl acetate) 

determines the transient lifetime of ‘molecules entrapped’ state, which is program easily 

by modulating the enzymatic activity of esterase. This system represents a unique 

approach to create autonomous artificial cellular models. 

Recently, inorganic nanoparticles showing enzyme-like activity (nanozyme) have been 

emerged with several advantages compared to their natural counterparts. That triggered 

research for integrating them into certain biochemical reaction networks such as cascade 

networks. In Chapter-2.3, we report a successful construction of simple artificial 

biochemical reaction network consisting of a nanozyme and an enzyme. The peroxidase 

mimicking activity of the nanozyme is temporally regulated by urease mediated 

hydrolysis of urea in a fuel-driven manner. The system represents a close mimic of the 

fuel-driven temporally regulated enzymes networks in biology. 

In Chapter-2.4, we have demonstrated temporally regulated switching of light 

transmittance and electrical conductance in polyaniline films by employing enzyme-

catalyzed biochemical reaction. The enzymatic reaction produces feedback induced 

transient pH profile whose lifetime could be pre-programmed via enzyme concentration. 

This autonomous, temporally regulated polymer film represents an advancement to the 

existing switchable materials that operate at equilibrium. 
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Chapter-1.1 

 

Introduction to Surface Engineering in Mesoporous Silica: 
Regulated Mass Transport through Mesochannels 

 
Summary: 

 Mesoporous materials have generated a lot of interest over the past few decades 

owing to their wide range of applications in catalysis, separation, drug delivery, sensors, 

adsorption, photonics, nanodevices etc. To realise such applications, it is necessary to 

regulate the transport of molecules through the mesochannels which resulted in a surge 

of interest to manipulate the pore size, surface charge and philicity. This chapter 

provides an overview of important advances made in mesoporous silica for controlling 

the molecular transport across the channel and their implications in drug delivery, bio-

inspired membranes and catalysis.   
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1.1.1. Introduction 

 In the last few decades, tremendous advances have been made in synthesis of 

ordered porous solids with controlled pore size, shape and regularity of the pores.1-5 

Among them, ordered mesoporous silica stands out due to their high surface area, ease 

of synthesis and chemical modifications, high thermal stability and bio-compatibility.6-

10 Mesoporous silica is generally synthesized via organic-inorganic assembly of 

amphiphilic surfactants and silicate species (produced by base or acid catalysed 

hydrolysis of silane precursors, tetraalkoxysilane). The amphiphilic surfactants act as 

structure directing agents or templates. After the condensation of silicates species around 

the superstructures formed by surfactant molecules (template), the solid mesoporous 

silica can be obtained by removing the template (via calcination or ion exchange or 

simple washing).11-12  

 The term ‘surface engineering’ in the context of mesoporous silica is primarily 

associated with controlling the parameters like pore structure, pore philicity and surface 

charge. Since, these parameters define the mass transport through the mesopores, it is 

necessary to optimise them for their applications in drug delivery10, 13-16, sensing17, 

catalysis18-19, bio-mimetic channels20-21 etc. This chapter highlights various strategies 

adopted such as gating, incorporation of receptor molecules, philicity and surface charge 

modifications to regulate the mass transport in mesoporous silica. 

1.1.2. Pore Gating 

 Pore gating is an important strategy to control the movement of cargo molecules 

from the pores of the mesoporous silica to the solution and vice versa, in response to pre-

programmed stimulus (Figure 1).22 In this approach, the entrapped cargo molecules are 

physically blocked from releasing via pore blocking agents (polymers23-25, 

cyclodextrins26-27, nanoparticles28-31  etc.) attached at the entrance of the nanochannels. 

Once an appropriate stimulus is applied, the pore blocking agent is removed from the 

mesoporous silica to release the cargo molecules. The gated mesoporous silica 

nanodevices have demonstrated the potential of achieving pre-designed functions by 

means of mass transport regulation. The most studied applications of such systems are 

related to the drug delivery32 and smart catalysis.33-34 
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Figure 1. Schematic representation of a gated material for on-command controlled 

release. Reproduced with permission from reference 22. Copyright 2016, American 

Chemical Society 

1.1.2.1 Molecular Entities for Pore Gating. Several molecular motifs such as (bio)-

polymers24, 35,36, DNA aptamers37-38, lipids39-40, coumarin41, thymine42 etc. have been 

successfully used as effective pore blocking agents at mesoporous silica surface. For 

instance, Kleitz et al. designed and synthesised a β-lactoglobulin functionalized 

mesoporous silica for pH dependent release of ibuprofen (Figure 2).25 At pH < 5 β-

lactoglobulin on mesoporous silica surface undergoes a gelation process, leading to the-  

 

Figure 2.  Schematic representation of the post-grafting, bio-functionalization, and pH-

responsive release of drug or dye from basic pH sensitive MNPs. (Reproduced with 

permission from reference 25. Copyright 2013, Wiley-VCH (Germany). 



Introduction to Surface Engineering in Mesoporous Silica 

5 
 

-formation of intermolecular hydrogen-bonded β-sheet. This conformational change is 

associated with lower solubility of the β-lactoglobulin in acidic media, resulting in a pH 

dependent “gel-shell” around the mesoporous silica. This gel will prevent the drug 

molecule release from the mesopores. At pH > 5, β-lactoglobulin becomes permeable, 

allowing the drug to get released. Recently, He and co-workers synthesised a controlled 

release system in which polymer containing coumarin moieties was used to gate the 

mesoporous silica (Figure 3).22, 41 Irradiation with 365 nm UV light leads to the formation 

of coumarin dimers which cross-link the polymer and effectively block the entrapped 

cargo molecules. However, when the hybrid was irradiated at 264 nm UV light, the 

coumarin moieties returned to the monomer form, therefore, open up the pores that leads 

to the release of entrapped cargo. 

 

Figure 3. Gated MSNs loaded with pyrene and capped with a methyl methacrylate and 

7-(2-methacryloyloxy)-4 methylcoumarin copolymer. Pyrene was released upon 

irradiation at 254 nm. Reproduced with permission from reference 22.  Copyright 2016, 

American Chemical Society 
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1.1.2.2 Supramolecular Entities for Pore Gating. Supramolecular motifs like cyclo-

dextrins43-45, cucurbitural26, 46, crown-ethers47-48 and pillararenes49-50 having molecular 

dimensions are of the order of pore size of mesoporous silica (2-3 nm) have also been 

utilized as pore gating agents. For example, azobenzene which is known to have a strong 

binding affinity with β-cyclodextrin in its trans form have been used widely on 

mesoporous silica surface as a light responsive supramolecular motif. Stoddart, Zink, and 

co-workers prepared mesoporous silica nanoparticles (MSNs) with outer surface 

modified with (E)-4-((4- (benzylcarbamoyl)phenyl)diazenyl)benzoic acid derivative.22, 

43 The azo-modified MSN were capped with β-cyclodextrins (β-CDs) via the formation 

of inclusion complexes with trans isomer of the grafted azobenzenes. Cargo delivery was 

triggered by irradiation with a laser light of 351 nm which switch the azobenzene from 

trans isomer to cis form as shown in Figure 4. The β-cyclodextrins are unable to thread 

to the stack (cis-form of azobenzene) as a consequence, the entrapped cargo (RhB) 

molecules were released.  

 

Figure 4. Azobenzene functionalized mesoporous silica loaded with Rh B and capped 

with β-CD. Rh B was released upon irradiation at 351 nm. Reproduced with permission 

from reference 22. Copyright 2016, American Chemical Society. 
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1.1.2.3 Nanoparticles for Pore Gating. Various nanoparticles of diameter around 3 nm 

have been utilized to effectively block the pores of mesoporous silica. These 

nanoparticles are generally attached to the external surface by stimuli responsive 

covalent linkages such as imide bonds, disulfide bonds, boronic ester bonds etc. Some of 

the nanoparticles utilized for this purpose are gold nanoparticles28, 51-52, CdS 

nanoparticles53, Fe3O4 nanoparticles30-31 etc. For instance, Lin and co-workers 

immobilized cadmium sulfide (CdS) nanoparticles on mesoporous silica surface using 

disulfide linkages (Figure 5)53 which were then used to block the encapsulated drug 

molecules -vancomycin and ATP. When disulfide bond-reducing molecules like 

dithiothreitol was used as a trigger, encapsulated drug molecules were released from the 

mesopores.  

 

Figure 5. (a) Schematic representation of CdS nanoparticle-capped MSN-based drug 

delivery system. The controlled release mechanism of the system is based on chemical 

reduction of the disulfide linkage between the CdS caps and the MSN hosts. (b) The DTT-

induced release profiles of Vancomycin (dotted) and ATP (tringle) from the CdS-capped 

MSN system. (DTT: dithiothreitol) over time. (c) The DTT concentration-dependent 

releases of Vancomycin (dotted) and ATP (tringle). Reproduced with permission from 

reference 53. Copyright 2016, American Chemical Society. 
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1.1.3. Incorporation of receptor molecules.  

 Incorporation of receptor motifs on to mesoporous silica is a well-accepted 

strategy to achieve specific uptake of molecules / ions from solution.54 Owing to the 

facile silane chemistry on mesoporous silica surface, various receptor molecules with 

specific interactions to the adsorbate of interest could be immobilized on the silica 

surface to achieve controlled mass transport of specific molecules / ions. For example, 

mesoporous silica covalently functionalised with thiol, thiourea and thioether containing 

ligands (having soft electron donor atoms) showed high uptake for Hg2+ions.55-56 Further, 

by increasing the surface coverage of the thiol motifs, affinity for Hg2+ could be 

improved.57 Similarly, mesoporous silica grafted with terminal amino-based (amine, 

urea, polyamidoamine, etc.) or carboxylic groups have shown efficient binding 

properties to many heavy metal ions (such as Cu2+, Zn2+, Cr3+ Fe3+, Cd2+ and Ni2+).58-61 

The uptake involves direct coordination of metal ions to these surface grafted motifs.  

 

Figure 6. (a) Schematic representation of viologen modified mesoporous silica. (b) 

Chemical structures of donor molecules used in the study. (c) Experimental breakthrough 

curves for an equimolar mixture of CS and PS flowing through a bed of SBA-V, exhibiting 

clear separation and high selectivity. (d) Photographs of the bed of SBA-V (located 
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between the dashed lines) at various stages of the breakthrough experiment. Reproduced 

with permission from reference 62. Copyright 2013, American Chemical Society. 

 Recently, Pawan et. al. demonstrated viologen (electron accepter) functionalized 

mesoporous silica (SBA-V) showing selective adsorption towards donor moieties, the 

anion components of pyranine, perylene (PS) and coronene (CS) salts (Figure 6).62 SBA-

V selectively bind to donors to form charge transfer complex (CT complex). The binding 

constant for the respective CT complex was found to increase within the nanochannels 

of the silica compared to the solution. The difference in the binding abilities for the 

respective CT complex was utilized for the separation of donors, CS and PS in a 

breakthrough column. The CS binds strongly to the SBA-V compared to PS therefore, 

was eluted first with respect to CS. 

1.1.4. Pore Philicity Modulation.  

Pore philicity play vital role in defining the molecular transport through the 

mesochannels. A hydrophilic pore prefers hydrophilic molecules to accumulate within. 

On the other hand, hydrophobic pore prefers hydrophobic molecules. For example, a 

hydrophilic mesoporous silica (SBA-V) and its hydrophobic derivatives (SBA-V-PC6 

and SBA-V-PC12) tested for their selective uptake towards hydrophilic, FITC-labelled 

dextran and hydrophobic protein myoglobin, respectively. The molecular dimensions of 

myoglobin and 4 kDa dextran are similar (2.9×3.6×6.4 nm and 3 nm respectively). The 

SBA-V-PC12 and SBA-V-PC6 exhibited stronger uptake for myoglobin (hydrophobic) 

than dextran (hydrophilic) indicating hydrophobicity driven uptake. However, SBA-V 

shows a higher uptake for dextran than myoglobin implying hydrophilicity driven 

uptake.62 

 Similar philicity driven molecular transport have been recently utilised for 

advanced applications such as ‘smart catalysis’. For example, DK Singh et. al. reported 

a pH switchable catalyst based on functionalized mesoporous silica (Figure 7).63 The 

smart catalyst consisted of propylamine functionalized mesoporous silica having gold 

nanoparticles immobilized inside the pores (Au-SBA-NH2). The catalytic activity of this 

system was tested using p-nitrophenol reduction in aqueous phase as a model reaction. 

The protonated amine groups make the pores hydrophilic in aqueous medium which in 

turn allows the reactant p-nitrophenol (and the reducing agent- borohydride) to get into 
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the pores and get reduced to aminophenol on the gold surface.  However, when the pores 

were reversibly modified by alkyl chains through dynamic covalent bond between amine 

and aldehyde (imine chemistry), the pores became hydrophobic. The reductant dissolved 

in water now could not reach the gold nanoparticles through the hydrophobic channels 

and hence no reduction of p-nitrophenol occurred. The pore philicity can be switched 

between hydrophilic and hydrophobic in a pH responsive manner as the imine bonds are 

labile to acidic pH, demonstrating the pH responsive catalysis within the porous silica. 

 

Figure 7. (a) Illustration depicting reversible engineering of the pore size and philicity 

of mesoporous SBA via dynamic covalent chemistry triggered by changes in pH. (b) 

Catalysis in water medium. (i) Schematic showing gold nanoparticles (encircled in 

white) immobilized in the pores of SBA-Au-AM, carrying out catalytic reduction of p-

nitrophenol. (ii) UV-Vis spectra indicating complete reduction of p-nitrophenol to p-

aminophenol within 30 min by SBA-Au-AM (arrow indicating the decrease in intensity 

with time). (iii) Illustration showing the absence of catalytic activity due to de-wetting of 

the pores caused by hydrophobicity of SBA-Au-IM. (iv) Corresponding UV-Vis spectra 

indicating no catalytic reduction. Reproduced with permission from reference 63. 

Copyright 2015, Royal Society of Chemistry.  

1.1.5. Surface Charge Modulation 

 The transport of charged molecules through mesoporous silica is governed 

predominantly by surface charge on the pore surface due to the fact that size of these 

pores are comparable to the Debye length.64 Therefore, the electrostatic potential does 
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not decay to the bulk values even at the centre of the pore.65-66 This create asymmetry of 

ion distribution inside the nanochannels/nanopores (counter-ion in nanochannels is 

enriched while the co-ion concentration decreased) due to the electrostatic interactions 

between ions and the charges of the nanopores (Figure 8). The asymmetric ion-

distribution within nanopores makes them permselective with respect to ion transport by 

favouring the movement of counter ion.67 This permselective nature of mesoporous silica 

nanochannels have been explored for various applications such as sensing68, fabrication 

of abiotic nanochannels69, charge mediated delivery70, electrochemical energy 

conversion71 etc.  

 

Figure 8. (a) Schematics showing the distribution of ions in a flat surface. Distribution 

of electric potential as a function of distance from the surface. The electric potential 

decay exponentially within Debye length. (b) The ion distribution in a nanochannel is 

almost unipolar in nature because its dimensions are smaller than the Debye length. In 

the case of nanochannels the electric potential even at the centre of the channel is 

influenced by the surface charge. Note that the concentration of the cations are higher 

in the nanochannels compared to anions. However, in the case of microchannels where 

the diameter is higher than that of Debye length, the electric potential rapidly drops to 

its bulk value and hence it shows similar concentrations of anions and cations within it. 

Reproduced with permission from reference 67. Copyright 2010, Royal Society of 

Chemistry. 

1.1.5.1 Surface Charge Modulation and Charge Reversal in Nanopores. The surface 

charge in nanochannels have been typically modulated by attaching certain charge 

bearing group(s) such as quaternium ammonium70, viologen groups72 etc. For instance, 

Omar Azzaroni et al. have used phosphate-bearing polymer brushes that shows pH 
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responsive charging to modulate the surface charge inside the pores of SBA-16 thin films 

and therefore modulate their perm selective properties (Figure 9).73 The pKa of these 

phosphate groups are 7.7 and 4.5, therefore, below 4.5 the phosphate groups are 

unionized giving a non-selective ion transport. However, at pH 5 the surface becomes 

negatively charged owing to the ionization of phosphate groups and the channels show 

strong cation selective transport.  

 

Figure 9. Schematic representation of the inner environment of the phosphate-bearing 

polymer brush attached mesoporous silica film. (a) In the case of pH <5, the phosphate 

groups are protonated and the nanochannels show no perm selectivity. (b) For pH >5, 

the ionization of phosphate groups give rise to negative surface charge inside the 

channels therefore they show strong cation selective transport. Comparative cyclic 

voltammograms displaying the molecular transport through PMEP-modified 
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mesoporous thin films as a function of pH using (c) Fe(CN)6 3− as an anionic redox probe 

and (d) Ru(NH3)6 3+ as a cationic redox probe. Reproduced with permission from 

reference 73. Copyright 2012, American Chemical Society. 

 It is possible to switch the surface charge of nanochannels from one state to other 

by functionalizing them with molecules capable of switching the charge between positive 

and negative in response to various stimuli such as pH,74-77 light,78-80 redox81 etc. (a 

stimuli responsive charge reversal). This in turn give rise to switchable ion transport 

which is important for various applications. Harry L. Anderson et al. demonstrated a pH 

responsive charge reversal surface by attaching aminodicarboxylic acid units to fused 

porous silica surfaces (Figure 10).82 The anionic and cationic dye adsorption capabilities 

of these surface was studied to identify the charge reversal. At the acidic pH of around 

1, the surface became positively charged owing to the protonation of tertiary amine 

groups.  At this ionic state, the surface shows enhanced anionic dye adsorption through 

electrostatic attraction. On the other hand, the surface becomes negatively charged at pH 

7 due to ionization of carboxylic acid groups. At this pH the surface shows enhanced 

adsorption for cationic dyes.  

 

Figure 10. Schematic representation of fused porous silica surfaces designed for the pH 

responsive charge reversal. The pH dependent cationic and anionic dye adsorption to 

this surface. Reproduced with permission from reference 82. Copyright 2003, American 

Chemical Society. 

It is also possible to achieve charge reversal through hetero-functionalization 

strategy. In this approach two or more types of molecules are anchored to the surface to 

synergistically achieve certain total surface charge.83-84 The magnitude of the total charge 

can be easily modulated via controlling the ration of charge bearing molecules. For 
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example, Pavan et al. have demonstrated a hetero-functionalization approach to create a 

dual stimuli responsive (pH and glucose) charge reversal mesoporous surface.85 This was 

achieved by functionalizing mesoporous silica with propylamine and phenylboronic acid 

groups in a 1:1 ratio (Figure 11). At pH 3, the surface is highly positive owing to the 

protonation of amine groups and it can be switched to negative upon increasing the pH 

to 9 where the phenylboronic acid groups start to ionize due to the binding of hydroxyl 

ions. Further, the surface ionization can be modulated via addition of glucose which 

binds to phenylboronic acid and lower the pKa of the ionization equilibrium. Therefore 

the negative surface could readily be obtained at much lower pH (ca. 7.4).  

 

Figure 11. Schematic representation of dual mode charge reversal in a hetero-

functionalized mesoporous silica. Reproduced with permission from reference 85. 

Copyright 2014, American Chemical Society.  
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1.1.6. Covalent and Non-covalent Approaches for Surface Functionalization.    

Typically, post-synthetic surface modification in mesoporous silica have been 

carried out via covalent routes utilizing organically modified silanes to condense to the 

silica surface.86 Desired surface charge can be achieved by wisely selecting silanes.70, 72 

Further, already attached organic functional groups on the surface of mesoporous silica 

can be used to perform regular organic modifications such as EDC coupling85, O- 

alkylation87, thiol-ene reaction88 etc. to bring respective motifs on to the surface. 

Covalent modifications provide stable irreversible surface groups. However, this route 

provide no room for further manoeuvrability with custom designed functionalities.   

Figure 12. Schematic representation of infiltration of polyallylamine (PAH) inside the 

mesoporous silica nanochannels leading to the electrostatic assembly of the 

polyelectrolyte on the pore surface and subsequently the perm selectivity is influenced. 

Reproduced with permission from reference 90. Copyright 2011, American Chemical 

Society. 

 Recently, non-covalent approaches have been gaining increased attention 

towards reversible and dynamic surface functionalization.62, 89 Omar Azzaroni et al. 

showed the use of electrostatic assembly of polyelectrolytes to manipulate the ion 

transport through mesoporous silica nanochannels (Figure 12).90 The as-synthesized 
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mesoporous silica nanochannels are negatively charged due to the ionized silanol groups, 

thus showing a strong cation selective transport. However, the infiltration of cationic 

polyelectrolyte (poly(allylamine hydrochloride)) neutralizes the silica surface via 

electrostatic self-assembly which leads to the non-selective (allow both positive and 

negative ions) ion transport. Owing to the reversible nature of the assembly, this system 

could be switched between two ionic states through simple washing and re-assembly, 

hence, demonstrate high reversibility and post-synthetic flexibility.   

1.1.7. Conclusions 

 In summary, surface engineering of mesoporous silica with suitable 

functionalities to precisely regulate the mass transport has broadened the scope of their 

applications in various fields such as adsorption, sensing, separation, photonics, drug 

delivery etc. The control of molecular transport through the mesopores can be achieved 

by physically blocking the pore and by manipulating parameters such as pore size, pore 

philicity and pore surface charge through surface functionalization. The traditional 

approaches towards surface functionalization of silica are based on covalent routes and 

utilize silane condensation strategy. Covalent routes render the pore surface with 

irreversible modifications. There are few reports on non-covalent approaches towards 

the reversible functionalization of mesoporous silica which is expected to elevate their 

application arena.  
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Chapter-1.2 
 

Simple Approach to Create Modular Charge Reversible 

Mesoporous Silica via Hydrophobic Anchoring of Ionic 

Amphiphiles 

 

Summary: 

 Charge reversible mesoporous silica surfaces have gained a great deal of interest 

in recent years due to their variety of applications. Conventional approach to create such 

charge reversal systems involves covalent attachment of charge bearing motifs on to the 

silica surface. However, the covalent chemistry often leads to irreversible pore 

modification limiting their wider applicability. Herein, we introduce a simple non-

covalent strategy to modulate the surface charge of the mesoporous silica by making use 

of molecular assembly of ionic amphiphiles within the pores. The hexyl pendant groups 

covalently attached to the silica surface provides hydrophobic room for the facile 

assembly of charged amphiphiles. These charge-switchable surfaces were used for fast 

and selective adsorption of dyes from aqueous solutions. 

 

Publication based on this work has appeared in ACS Appl. Mater. Interfaces 2017, 9, 

9136-9142 
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1.2.1. Introduction 

 Electrostatic modulation of molecular transport through charged pores finds a lot 

of interest in the field of environmental remediation1-3, sensing4, interface engineering5-

6 and drug delivery.7-9 In recent years, mesoporous silica has emerged as an important 

class of charged scaffolds with the capability of modulating their surface charge.10-13 This 

leads to the realization of various advanced applications compared to their conventional 

uses in adsorption and catalysis. The fabrication of mesoporous silica based charge 

reversal surface typically involves chemically attaching one or more charge bearing 

groups via post-synthetic grafting14 or co-condensation approach.15 In grafting, silanes 

of desired functionalities are used to modify the silica surface post synthesis. On the other 

hand, in co-condensation, the silane is used along with the silica precursor during the 

synthesis. The usual charge bearing functional groups are quaternary ammonium (for 

cationic surface)16, sulphonyl groups (anionic surface)17 etc. In addition, stimuli 

responsive charging of surface could be achieved by using moieties such as amino 

acids,18 viologen,19-20 spiropyran21 etc.  Further, by choosing appropriate functional 

groups (or a combination of functional groups),22-24 it is possible to achieve charge 

switchable surfaces. Nevertheless, these covalent approaches often modify the surface 

irreversibly and hence leave no room for the modulation after functionalization.  

 To overcome the inherent limitation associated with covalent functionalization, a 

few strategies have emerged in the recent past utilizing supramolecular interactions.25-27 

Recently, Pavan et al introduced a non-covalent design strategy based on redox 

responsive charge transfer (C-T) modules (viologen and pyranine derivatives).28 

Viologen, an electron acceptor was covalently attached to the mesoporous silica surface 

which gave rise to a cationic surface. By employing pyranine (an electron donor), they 

were able to show surface charge switching from cationic to anionic as a consequence of 

which, the ion transport properties also switched from anionic transport to cationic 

transport. The C-T interaction between donor and acceptor motifs could be broken by 

reducing the viologen using a mild reducing agent. Further, the C-T interactions could 

be re-established by oxidizing the viologen back to its electron deficient state. In 

addition, pH responsive ion transport was achieved in this system by supramolecularly 

attaching a pH responsive electron donor (coronene tetracarboxylic acid). This example 

demonstrates the significance of supramolecular approaches in achieving modular, 

flexible mesoporous silica. However, continuous redox cycles to switch the pore 
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characteristics could cause acceptor moieties to degrade over time, limiting its potential 

for recyclability over a large number of cycles. Thus, there exists a need for robust 

noncovalent strategies to enable the fabrication of highly reversible charge-convertible 

systems that can withstand a considerable number of cycles. 

 

Figure 1. (a) Scheme showing the supramolecular functionalization of viologen modified 

nanopores with anionic donor- pyranine (coronene tetracarboxylic acid) to switch the 

ion-transport properties of mesopores from anion selective to cation selective. (b) Cyclic 

voltamograms of anionic and cationic electrochemical probes obtained using viologen 

functionalized mesoporous silica coated ITO as working electrode and corresponding 

schematics. Viologen modified mesoporous silica films before (i and ii) and after soaking 

in pyranine solution for 3 hours (iii and iv) and 16 hours (v and vi). Reproduced with 

permission from reference 28. Copyright 2013, Wiley-VCH (Germany). 

1.2.2. Scope of the present investigation 

 In this chapter, we introduce a noncovalent approach utilizing hydrophobic 

interactions and charged amphiphiles (surfactants) to reversibly manipulate surface 

charge of mesoporous silica (Scheme 1). The silica surface modified with hexyl groups 

can noncovalently anchor the charged amphiphiles to the pore surface, by hydrophobic 

coassembly, to modulate the surface charge of the mesopores. Further, the surface charge 

of these materials can be reversibly modified by regeneration of the parent material by 

washing with a suitable solvent followed by reloading with an appropriate charged 

amphiphile. Due to the soft nature of the interactions and regenerative treatment, the 

system could demonstrate remarkable reversibility in switching the surface charge. 
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Scheme 1. (a) Non covalent functionalization of hexyl modified mesoporous silica. The 

charged amphiphiles (SDS or MTAB) self-assembled within the hydrophobic 

mesoporous channels. Reversible manipulation of surface charges is achieved by 

breaking the assembly in an appropriate solvent, which allows the pore form a new 

assembly. Conversion from one charge state to other is also possible through competitive 

amphiphile replacement. 

1.2.3. Experimental section 

Synthesis of SBA- 15. Monodispersed SBA- 15 rods were synthesized following a 

previously reported procedure.29 In a typical synthesis procedure, a mixture containing 

4.0 g of Pluronic P123, 30 g of water and 120 g of 2 M HCl aqueous solution in a Teflon-

lined container was stirred at 35 °C overnight. To this mixture, 8.50 g of TEOS was 

added under vigorous stirring. After 5 min of stirring, the mixture was kept under static 

conditions at 35 °C for 20 h, after which the temperature was raised to 100 °C and 

maintained for 24 h. The solid product was collected via suction filtration and washed 

with copious amount of water. The white solid powder was dried at 60 °C over night 

before subjecting to calcination at 550 °C. 

Synthesis of SBA- C6. 1 g of calcined mesoporous silica rod was degassed for 5 h under 

vacuum and dispersed in dry toluene (100 mL) under ultra-sonication. To this dispersion, 

2 mL of trichloro(hexyl)silane (10 mmol) was added under N2 bed and stirred overnight 

at room temperature. The obtained SBA- C6 was washed with toluene (1 x 40 mL), and 
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ethanol (1 x 40 mL) and subjected to soxhlet extraction in ethanol for overnight. The 

product was dried at 60 °C for overnight under vacuum. 

Molecular assemblies of surfactant within mesoporous channel. 50 mg of SBA- C6 

was dispersed in 300 µL of ethanol under sonication. To this dispersion, a 5 mL of 

aqueous solution of surfactant (10 mM, SDS or MTAB) was added. The mixture was 

stirred for 3 h at room temperature for surfactant self-assembly. The surfactant assembled 

SBA- C6 was collected through centrifugation. The solid was washed with water (2 x 10 

mL) and dried at 60 °C overnight. 

Disassembly of surfactant molecules from mesopores. 50 mg of surfactant assembled 

SBA- C6 (SBA-C6 -SDS or SBA-C6 -MTAB) was dispersed in 5 mL of methanol under 

sonication. The dispersion was heated at 60 °C under vigorous stirring for 30 min. The 

surfactant removed SBA- C6 was collected via centrifugation. The solid was washed with 

water (2 x 10 mL) and dried at 60 °C overnight. 

Zeta potential measurements.  10 mg of surfactant assembled SBA-C6 (SBA-C6-

MTAB or SBA-C6-SDS) was dispersed in 0.1 mL of ethanol under sonication for 2 min. 

This dispersion was diluted by adding 3 mL of water. The pH of the dispersion was 

measured using a pH meter before the zeta potential analysis. The temperature was 

always kept at 25 oC with the help of inbuilt thermostat in Zetasizer Nano ZS. 

Dye adsorption studies. 10 mg of surfactant assembled SBA-C6 (SBA-C6-MTAB or 

SBA-C6-SDS) was dispersed in 50 µL of ethanol. To this dispersion, a 950 µL of aqueous 

solutions containing known amount of the respective dye was added. The mixture was 

stirred at room temperature for 1 h. The dispersion was centrifuged to collect the solid 

product and washed extensively with a known volume of water. The supernatant solution 

was collected to quantify the amount of dye loading using UV-Vis spectroscopy. 

Calculation of hexyl pedant groups in SBA-C6 and surfactant loading. The weight 

of organic functionalization determined by TGA was utilized to calculate amount of 

hexyl pendant groups and surfactant loading.  

Overall organic functionalization in SBA-C6 is 13.65 wt % (with respect to SBA-15) 

Thus 1 g of SBA-C6 contain 0.1365 g of organic functionalization.   

Molecular weight of hexyl groups = 85.18 g/mol. 
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Hexyl functionalization in terms of mmol per gram of SBA-15 = 0.1365/85.18 

                = 1.6 mmol/g 

Overall organic functionalization in SBA-C6 -SDS is 18.52 % 

Weight corresponding to SDS loading = 18.52- 13.65 

              = 4.87 wt % (with respect to SBA-15) 

Thus 1 g of SBA-C6 -SDS contain 0.0487 g of SDS.  

Molecular weight of SDS = 288.37 g/mol. 

Thus amount of SDS loading terms of mmol per gram of SBA-15 = 0.0338/288.37 

     = 0.168 mmol/g 

Similarly,  

Overall organic functionalization in SBA-C6 -MTAB is 25.44 % 

Weight corresponding to MTAB loading = 25.44 - 13.65 

              = 11.79 wt % (with respect to SBA-15) 

Thus 1 g of SBA-C6 -MTAB contain 0.1179 g of MTAB.  

Molecular weight of MTAB = 336.39 g/mol. 

Thus amount of MTAB loading terms of mmol per gram of SBA-15 = 0.1196/336.39 

     = 0.350 mmol/g 

Calculation of quantitative coverage of surfactants.  

In the case of SBA-C6:  

Amount of hexyl groups = 1.6 mmol/g (From TGA measurements) 

Number of molecules of hexyl groups = 1.6 mmol x NA /g 

= 9.63 x 1020 molecules/g 

Surface area of SBA-15 = 500 m2/g 

= 500 x 1018 nm2/g 

Number of hexyl groups per nm2 = 9.63 x 1020 molecules / 500 x 1018 nm2 

= 1.92 molecules/nm2 
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In the case of SBA-C6-MTAB:  

Amount of MTAB assembled to SBA-C6 = 0.35 mmol/g (From TGA 

measurements) 

Number of molecules of MTAB assembled to SBA-C6 = 0.35 mmol x NA 

/g = 2.107 x 1020 molecules/g 

Number of MTAB molecules per nm2 = 2.107 x 1020 molecules / 500 x 

1018 nm2 

= 0.421 molecules/nm2 

Quantitative coverage of MTAB assembly on SBA-C6 = 22 % 

 

For SBA-C6-SDS: 

Amount of SDS assembled to SBA-C6 = 0.168 mmol/g (From TGA 

measurements)  

Number of molecules of SDS assembled to SBA-C6 = 0.168 mmol x NA 

/g  

= 1.01 x 1020 molecules/g  

Number of SDS molecules per nm2 = 1.01 x 1020 molecules / 500 x 1018 

nm2  

= 0.202 molecules/nm2 

Quantitative coverage of SDS assembly on SBA-C6 = 11 % 

 

Langmuir model for calculating binding constant. The binding constant for the 

interaction of charged dye molecules with amphiphile assembled SBA-C6 was calculated 

using Langmuir model of adsorption.30-32 The Langmuir model is a good approximation 

for this case because of the following reasons: 

1. The adsorption of charged dye molecules onto the oppositely charged scaffold 

follows surface neutralisation and hence a monolayer adsorption model (that 

consider the strong binding interactions between the adsorbent and adsorbate) 

would be ideal.  

2. The adsorption sites are non-uniform in the case of functionalized mesoporous 

silica due to clustering of silane functionalization. Nevertheless, it could still be 

a reasonable model to obtain a rough estimate of the binding constant. 
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The Langmuir binding constant is determined by using the following mathematical 

expression.33-34  

1

𝑥
=  

1

𝐾𝑐𝑥𝑚
+

1

𝑥𝑚
 

x — moles of dye adsorbed per gram of adsorbent 

xm — moles of dye adsorbed to form a monolayer per gram of adsorbent 

K — binding constant 

c — concentration of the adsorbate (dye) in equilibrium.  

The binding constant calculated by plotting the inverse of moles of dye adsorbed per 

gram of adsorbate against the inverse of equilibrium concentration of adsorbate in 

solution. The intercept of this plot divided by the slope gives the Langmuir binding 

constant (K).   

1.2.4. Characterization 

 Please see the appendix for the details of the instrumentation of UV-Visible 

spectroscopy, X-ray diffraction, Transmission electron microscopy (TEM),  Field 

emission scanning electron microscopy (FESEM), nitrogen sorption analysis, 

thermogravimetric analysis, infra-red spectroscopy, zeta potential measurements.  

1.2.5. Results and discussion 

 Mesoporous silica, SBA-15 short rods of 1- 2 µm length have been synthesised 

using a non-ionic block copolymer, P123 as template following a reported sol-gel method 

(Figure 2). The as prepared SBA-15 rods were subjected to high temperature calcination 

at 550 OC to remove the organic template. The pores were functionalized with 

hexyltrichlorosilane to obtain covalently attached hexyl groups on the silica surfaces 

(SBA-C6) (Figure 3). The successful covalent functionalization was confirmed using 

Fourier transformed infrared spectra (FT-IR) of SBA-C6 which showed intense C-H 

stretching vibrations between 2850 and 3000 cm-1 (Figure 4a). The X-ray diffraction 

patterns of SBA-15 and SBA-C6 showed a small angle corresponding to the (100) plane 
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associated with hexagonal pore periodicity, revealing the retention of mesostructure 

(Figure 4b). The transmission electron micrographs (TEM) of SBA-15 and SBA-C6 also 

suggest retention of mesoporous periodicity upon hexyl functionalization (Figure 2c and 

2d).  

 

Figure 2. (a-b) FESEM images of SBA-15 at different magnifications showing 

monodispersed short rods like morphology. TEM image of (c) SBA-15 and (d) SBA-C6 

showing hexagonally arranged channels.   

 The amount of hexyl groups attached to the silica surface was found to be 1.6 

mmol/g (13.6% w/w) by thermogravimetric analysis (TGA) (Figure 5a). The nitrogen 

physisorption isotherms for SBA-15 and SBA-C6 obtained at 77 K were type IV 

isotherms typical of mesoporous materials with narrow pore size distribution (Figure 5b). 

The Barrett−Joyner−Halenda (BJH) pore size distribution showed a shift of the average 

pore size (∼1.7 nm) from 10.3 nm for SBA- 15 to 8.6 nm for SBA-C6 (Figure 5b, inset). 

Further, the number of hexyl groups on SBA-C6 was calculated to be 1.9 molecules per 

nm2 area using TGA and nitrogen physisorption measurements.  
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Figure 3. Schematic showing the synthetic strategy for SBA-C6. 

 

Figure 4. (a) FT-IR spectra of SBA-15 and SBA-C6. (b) Powder X-ray diffraction 

patterns of SBA-15 and SBA-C6 showing retention of mesostructural ordering with the 

functionalization.    

 

Figure 5. (a) Thermogravimetric analysis curves of SBA-15, SBA-C6, SBAC6-MTAB, and 

SBA-C6-SDS. (b) Nitrogen sorption isotherms of SBA-15 and SBA-C6 at 77 K. (Inset) 

Corresponding normalized BJH pore size distribution.  
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 Covalent functionalization of silica with hexyl groups rendered the pore surface 

of SBA-C6 hydrophobic in contrast to pristine SBA-15 which is polar in nature. To 

enable the coassembly, an aqueous solution of charged amphiphiles/surfactants was 

mixed with SBA-C6. For instance, myristyltrimethylammonium bromide (MTAB, 

CH3(CH2)12CH2N
+(CH3)3Br-), a positively charged surfactant with 14-carbon alkyl chain 

(Figure 6b), was noncovalently assembled in the mesopores of SBA-C6 to form SBA-C6-

MTAB by soaking SBA-C6 in MTAB solution for 3 h. (the textural parameters of SBA-

15 and all its derivatives are given in Table 1). 

 

Figure 6. Molecular structures of surfactants used in this study: (a) sodium dodecyl 

sulphate (SDS), (b) myristyltrimethylammonium bromide (MTAB). 

The amount of MTAB assembled into the pores of SBA-C6 was found to be 

0.35 mmol/g (11.8% (w/w)) (determined by TGA). The assembly of MTAB within the 

pores was followed through nitrogen physisorption isotherms, which showed a reduction 

in the average pore size from 8.6 to 7.4 nm (Figure 7a-b). This reduction of pore size 

didn’t commensurate with the molecular length of the MTAB (∼2.1 nm). This difference 

suggests that the assembled MTAB molecules are arranged in a slanted orientation within 

the mesopores. The pore size distributions of SBA-C6 and SBA-C6-MTAB exhibited 

more or less similar full width half-maximum (FWHM), suggesting uniform assembly 

of MTAB within the mesochannels. The density of MTAB molecules covering the SBA-

C6 pore surface was calculated (see the experimental section for details) to be 0.421 

molecules/nm2 area. This corresponds to 22% coverage with respect to hexyl groups, 

which is significant enough to influence the pore characteristics. Regeneration to parent 

material (SBA-C6) was achieved by washing SBA-C6-MTAB with hot methanol, which 

weakened the hydrophobic interactions between the hexyl groups and MTAB (Figure 
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7a-c). As the assembly of surfactant is based on the hydrophobic interactions, one would 

expect its organization inside the pores would be favoured with all types of surfactants 

irrespective of their charge in the head groups. Indeed, a negatively charged surfactant, 

sodium dodecyl sulfate (SDS, CH3(CH2)10CH2SO4
-
Na+, Figure 6a) within SBA-C6 pores 

(SBA-C6-SDS) also resulted in a concomitant reduction of pore size by 0.7 nm as shown 

by the pore size distributions (PSDs) calculated from the nitrogen sorption isotherms 

(Figure 7d). Similar to MTAB assembly, SDS assembly also caused a reduction in pore 

size that is not in commensuration with the molecular length of SDS (∼1.9 nm), which 

suggests that SDS molecules are also arranged in a slanted orientation inside the 

mesopores. The amount of SDS assembled into the pores was found to be 0.168 mmol/g 

(4.9% (w/w)), nearly two times lower than that of the MTAB. This value corresponds to 

0.202 molecules of SDS per nm2 (11% quantitative coverage with respect to hexyl 

groups). 

 

Figure 7. (a) Nitrogen adsorption isotherms of SBA-C6, SBA-C6-MTAB, and SBA-C6 

after washing off the MTAB assembly showing the reversibility of the assembly. (b) BJH 

pore size distributions (normalized) of SBA-C6 and SBA-C6-MTAB showing the decrease 
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in pore size upon MTAB attachment. Recovery of pore size upon removal of MTAB is 

indicated by the dotted arrow. Schematic illustrates the reversibility of pore size on 

addition or removal of MTAB. (c) Variation of pore size (monitored through nitrogen 

sorption isotherms) on addition and removal of MTAB to SBA-C6 (with initial pore 

diameter of 8.6 nm). (d) Nitrogen sorption isotherms of SBA-C6 and SBA-C6-SDS at 77 

K (inset showing corresponding BJH pore size distribution).  

 

Figure 8. (a) Zeta potential distribution of SBA-C6 at pH 5.5. (b) Variation of zeta 

potential up on successive immobilization and washing of MTAB to the SBA-C6 surface. 

(c) Zeta potential of SBA-15 (i), SBA-C6 (ii), SBA-C6-MTAB (iii) and SBA-C6- SDS (iv) 

and SBA-15-MTAB (v).  

The switchable assembly of charged amphiphiles into SBA-C6 was further 

confirmed through zeta potential measurements. SBA-C6 dispersed in water/ethanol 

mixture was negatively charged ca. -15.0 ± 4 mV at pH 5.5 due to ionized silanol groups 

(Figure 8a). Upon addition of MTAB to SBA-C6 the zeta potential increased to +26 ± 

0.5 mV, owing to the binding of MTAB to SBA-C6 surfaces (Figure 8b). Washing with 

hot methanol removed MTAB from the SBA-C6 surface, and consequently, the zeta 
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potential dropped to -3.7 ± 2 mV (nearly neutral). It is worth noting that the surface 

charge is not turning negative (as that of SBA-C6) probably due to neutralization of the 

silica surface by the remaining electrostatically bound MTAB molecules. In order to 

check the recyclability of this noncovalent approach, MTAB was reattached to SBA-C6 

by soaking it again in MTAB solution, upon which the zeta potential increased to +27.7 

± 2 mV, which can be repeated for more than 4 cycles. However, when MTAB was 

mixed with unfunctionalized SBA-15, the surface charge varied from negative to near 

zero value due to charge neutralization. This suggests that hexyl pendant groups are 

important in charge reversal inside mesopores by self-assembly of more than excess 

MTAB surfactant molecules required for neutralization of negative surface charge 

(Figure 8c). The positive surface of SBA-C6 bound with MTAB (SBA-C6-MTAB) 

showed a charge reversal to ca. -28.2 ± 0.5 mV on addition of SDS after the removal of 

MTAB by washing with hot methanol (Figure 9a). This charge conversion was highly 

reversible (shown in Figure 9a) signifying the modularity of the strategy. It is worth 

noting that the charge reversal can happen even without having an intermediate washing 

step. For example, positively charged SBA-C6-MTAB (zeta potential +31 ± 2 mV) 

becomes negative (zeta potential = -30 ± 2 mV) upon soaking with SDS solution of 

higher concentration (10 mM), suggesting replacement of MTAB with SDS. Similar 

competitive binding (replacement of SDS with MTAB) was observed in the case of SBA-

C6-SDS upon soaking with MTAB solution (Figure 9b). 

 

Figure 9: (a) Charge conversion of SBA-C6 upon MTAB and SDS assembly. MTAB 

assembly on SBA-C6 showed a positive zeta potential which changed to negative when 

MTAB was removed followed by SDS assembly. (b) Dynamism of Assembly: Zeta 

potential of (i) SBA-C6-MTAB, (ii) after soaking in SDS solution, (iii) SBA-C6-SDS, (iv) 

after soaking in MTAB solution. 
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Figure 10. Molecular structures of charged dye molecules used in this study: (a) 

methylene blue (MB) and (b) congo red (CR). 

 

Figure 11. (a) Complete uptake of dye from the individual solution by respective 

surfactant bound SBA-C6: UV-Vis spectra of individual dye solutions before and after 

the dye uptake. (b) UV−vis spectrum of equimolar mixture of MB and CR (1). (2 and 3) 

UV−vis spectra of MB and CR recovered from the mixture using SBA-C6-MTAB and 

SBA-C6-SDS, respectively (inset shows corresponding photographs).  

In order to further understand the charge reversal achieved in our system/strategy, 

adsorption studies were conducted with charged chromophores to evaluate the extent of 

the surface charge reversal as the adsorption proceeds by charge neutralization primarily. 

Methylene blue (MB; cationic dye) and Congo red (CR; anionic dye) were used as model 

dyes in this study (Figure 10a, b). When ethanol wetted SBA-C6-MTAB and SBA-C6-

SDS were mixed with aqueous solutions of CR and MB, respectively, complete uptake 

of dye from solution was observed (Figure 11a). Photographs show the stock solution of 
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respective dyes and the clear supernatant after complete uptake (Figure 11a inset). 

Charge selective adsorption/separation of charged chromophores from a mixture using 

MTAB- or SDS-bound SBA-C6 was also studied. When SBA-C6-MTAB mixed with an 

aqueous solution containing an equimolar mixture of dyes, CR (negatively charged) was 

selectively adsorbed leaving MB in the supernatant. Similarly, when SBA-C6-SDS was 

used, MB was selectively adsorbed leaving CR in the supernatant (Figure 

11b). 

 

Figure 12.  Kinetics of adsorption of (a) congo red to SBA-C6-MTAB and (b) methylene 

blue to SBA-C6-SDS.  

 The kinetics of this uptake was found to be very fast (complete uptake within ∼2 

min for both dyes) (Figure 12). The binding titration curves of MTAB/SDS-assembled 

SBA-C6 with respective dyes were constructed to study the adsorption in 

greater detail (Figure 13a). The adsorption of MB to the SBA-C6-SDS showed a saturated 

uptake of around 0.4 mmol/g, whereas the adsorption for CR onto SBA-C6-MTAB was 

around 0.2 mmol/g, nearly one-half that of MB. The intercepts of MB and CR in linear 

Langmuir adsorption isotherm showed that the monolayer capacity of CR is about half 

of that of MB (Figure 14). However, Langmuir binding constants for both dyes were 

the same (∼1.3 × 105 M-1), suggesting a similar interaction strength operational in both 

cases. CR is having two negative charges which can form a neutralizing monolayer on 

the surface with one-half of the number of molecules as compared to MB (which is 

having one positive charge) (see the inset schematics in Figure 13a). This suggests that 

both anionic and cationic surfactant assemblies give rise to a similar magnitude of 

charge inside the mesopores. In order to de-convolute the extent of silanol participation 

in the adsorption of MB on to SBA-C6- SDS, a control study was carried out in which 
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the saturation uptake of MB on to SBA-C6 was found to be 0.15 mmol/g 

(Figure 15a) lower than that for SBA-C6-SDS. It clearly suggests that the SDS assembly 

provides additional charge on the SBA-C6 surface to achieve higher uptake of positive 

chromophores. 

 

Figure 13. (a) Charged dye adsorption to the surface: Binding curves for MB (blue) and 

CR (red) on to SBA-C6-SDS and SBA-C6-MTAB respectively. (b) Reversal of dye 

adsorption: SBA-C6-MTAB showed a high loading of CR which reversed to MB up on 

washing followed by SDS assembly. Further, when same scaffold subjected to MTAB 

assembly, a high loading of CR was restored.   
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Figure 14. Linear Langmuir plots for the adsorption of MB (blue) and CR (red) onto 

SBA-C6-SDS and SBA-C6-MTAB respectively.  
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Figure 15. (a) Saturation uptake of MB on to SBA-15 (i), SBA-C6 (ii), and SBA-C6-SDS 

(iii). Soaking concentration of MB was 0.8 mmol/g for all. (b) Normalized uptake of MB 

and CR on to SBA-C6.  

 To evaluate the effects of salt concentration on the dye adsorption process, we 

carried out adsorption of dyes at higher ionic strength (Figure 16). In principle, one would 

expect relatively low adsorption of dye at higher ionic strength due to electrostatic 

screening of charges. However, the adsorption of MB on SBA-C6-SDS (and CR on SBA-

C6-MTAB as well) at higher ionic strength was found to be similar to that in water. In 

the case of CR on SBA-C6-SDS (MB on SBA-C6-MTAB as well) the effect of 

electrostatic repulsion was clearly observed in water evident by negligible adsorption. 

However, once the electrostatic interactions are screened at higher ionic strength the 

adsorption got enhanced. The enhanced adsorption under high ionic strength was 

previously observed and attributed to the reduced repulsion between the adsorbing dyes 

facilitating multilayer adsorption.35 These results clearly indicate that the electrostatic 

interactions dominate over hydrophobic interactions in our system. However, once the 

electrostatic interactions are screened the hydrophobic interactions become pronounced 

in governing adsorption process. 

The recyclability of these materials for dye adsorption was demonstrated by 

washing the dye-loaded MTAB/SDS assembly. The same binding titration curve was 

observed when an existing assembly was removed, and subsequently, fresh surfactant 

was assembled (Figure 13a). Furthermore, dye adsorption behaviour of surfactant-bound 

SBA-C6 could be completely reversed by simply changing the surfactant, clearly 

demonstrating the modularity of these materials. SBA-C6 was first bound with MTAB, 

which showed maximum adsorption for CR, which when washed off and subjected to 
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SDS assembly resulted in a maximum adsorption for MB (Figure 13b). The same 

scaffold was washed off and further put through MTAB assembly to obtain the maximum 

sorption to CR. 

 

Figure 16. Relative amount of dyes adsorbed on to (a) SBA-C6-MTAB and (b) SBA-C6-

SDS in water and 1 M NaCl solution (Dye added= 0.1 mmol/g. Normalized with respect 

to the uptake of individual dye).   

 

Table 01: Textural parameters of SBA-15 and its derivatives used in this study.   

1.2.6. Conclusions  

 In this chapter, we demonstrated a highly reversible and modular approach to 

fabricate mesoporous silica-based charge-convertible surfaces. The strategy is based on 

hydrophobic interactions between hexyl pendant groups and surfactant molecules of the 

desired charge. The reversible nature of the assembly was confirmed by N2 sorption, zeta 

potential measurements, and dye sorption experiments. The modularity of this approach 
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was utilized for engineering highly recyclable materials for charge-based adsorption and 

selective separation of dye molecules. 
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Chapter- 1.3 
 

Molecular Logic Gate: Integrating Multi-Analyte Response in 

Mesoporous Silica for Logic Controlled Release 

 

Summary: 

 Stimuli-responsive release of cargo from mesoporous silica-based systems have 

gained significant attention by virtue of their applications in drug delivery, sensing, 

bioassay etc. Recently, these systems are being explored as logically programmable 

devices utilizing the molecular logic gate principles. A molecular logic gate performs a 

logic operation based on one or more physical or chemical inputs and a single output. 

However, they rely on functionalized responsive motifs which limit the number of logic 

operations obtained. In this chapter, we report a generic approach to integrate multi-

analytes responsive release of cargo from pH-responsive mesoporous silica 

nanoparticles. We utilized a pH switchable medium consisting of different enzymes which 

selectively act on respective substrates (analytes) to trigger the release of cargo from 

mesoporous silica, thereby, achieving multi-analytes responsive release. Further, by 

choosing appropriate enzymes and substrates, Boolean logic gate (OR and INH) 

controlled release of cargo was obtained.  

 

  

 

Manuscript based on this work is under preparation.  
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1.3.1. Introduction 

Since the pioneering works of Aviram and de Silvia on application of Boolean 

algebra to chemical systems, stimuli-responsive systems are currently being envisioned 

as computational devices that process chemical or physical inputs to generate outputs 

based on simple logic operations.1-21 Till date, a plethora of molecular22-27, 

supramolecular28-31 and hybrids systems32-35 that respond to temperature36-37, light38-39, 

pH40-42, redox potential43, small molecules33, metal ions34, 44-46 etc. have been employed 

as processing units for various Boolean logic functions. These processing units report 

“YES” or “NO” outputs depending on the input combinations and the in-built logic 

functions and therefore potential candidates for a wide variety of applications such as 

data security24, intelligent sensing47, disease diagnosis48, automatic therapy processing27, 

data and signal processing49-50 etc.  

Recently, mesoporous silica have been utilized for the logic operations in which the 

release of cargo from the channels is interpreted as “YES” output.51-57 The standard 

strategy for fabricating such units often rely on the functionalization of silica surface with 

responsive molecules.58 For instance, Jeffrey I. Zink and co-workers recently 

demonstrated “AND” gate-controlled release of cargo molecules from dual responsive 

mesoporous silica. They utilized surface-functionalized azobenzene motifs as 

nanoimpellers and the pore opening was blocked with a pH-responsive nanovalve.53 The 

release of guest molecules was obtained only in presence of both base and 448 nm light 

(inputs) and therefore showed an AND gate-controlled release. Further, Yanlin Song and 

co-workers demonstrated a DNA functionalized mesoporous silica showing dual logic 

operations (OR gate & AND gate).52 The DNA strand was grafted into mesoporous silica 

and the pores were gated using gold nanoparticles capped with complementary DNA 

(Figure 1). The OR gate was executed by choosing heat and K+ ion as inputs. In presence 

of any of these inputs, the gated DNA unbind from the grafted DNA which leads to the 

release of cargo (Figure 1a). In case of AND gate, they have used a different 

complementary DNA strand with certain unhybridized portion which has specific 

interaction with adenosine (target 2). The presence of adenosine (target 2) destabilizes 

the DNA hybridization but not to the extent of complete breakage, therefore, cargo would 

be still within the pores. However, the presence of both adenosine (target 2) and cocaine 

(target 3) breaks the DNA binding completely, thereby cargo gets released which 

indicates an AND gate-controlled release (Figure 1b). Whilst, these examples 
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demonstrate the utility of mesoporous silica as the logical processing units, the complex 

functionalization steps remain as a bottleneck for further developments. Hence, there is 

a demand for a generic strategy to install more number of logic functions into the 

mesoporous silica (without rigorous functionalization steps) to obtain high performing 

systems.  

 

Figure 1. DNA functionalized mesoporous silica for logic gate-controlled release of 

cargo (a) Schematic showing the OR gated release. The mesoporous silica system is 

functionalized with DNA strand and a complementary DNA attached gold nanoparticles 

were used as gatekeepers. (b) Schematic representation of AND gate-controlled release. 

Here, the complementary strand DNA is having certain un-hybridized portion which 

specifically interacts with target 2 (adenosine). In presence of target 2, the double-strand 

get destabilized. Further, addition of target 3 (cocaine) induces complete de-binding of 

double-strand and the cargo gets released. Reproduced with permission from reference 

52. Copyright 2012, Royal Society of Chemistry. 

1.3.2. Scope of the present investigation 

In this chapter, we demonstrated a new methodology to achieve Boolean logic 

gate-controlled release of cargo from mesoporous silica by integrating them with enzyme 

driven biochemical reactions. The generic strategy used a pH-dependent charge reversal 

mesoporous silica having the capability to control the release of charged cargos from the 

channels, in response to pH change. This mesoporous silica was integrated into a pH 

switchable solution containing enzymes and respective substrates (analytes) (Scheme-1) 

to demonstrate some of the fundamental logic gate functions. The hetero-functionalized 

mesoporous silica consisting of carboxylic acid and propylamine functional groups in 
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certain proportion give rise to pH-dependent charge reversal surface (i.e. cationic surface 

at acidic pH due to protonation of amine groups and anionic surface at basic pH due to 

deprotonation of carboxylic acid groups). The cationic dye (cargo) was loaded into the 

mesoporous silica at basic pH utilizing the electrostatic attractions between dye 

molecules and anionic surfaces. The loaded cargo could be quantitatively released by 

decreasing the pH to the acidic range. Further, by employing the enzyme or combination 

of enzymes (to install respective biochemical reactions that change the solution pH), 

multi-analytes responsive release from mesoporous silica (regulated by respective logic 

gate functions- OR and INH) was demonstrated. 

 

Scheme 1. Multi-stimuli responsive, logic gate-controlled release of cargo from 

mesoporous silica. (a) CV+ loaded MCM-Z was taken at pH 8.0. Switching the pH of 

the dispersion to an acidic value triggers the release of CV+ from the mesochannels. The 
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pH of the dispersion could be switched via different biochemical reactions. (b) By 

appropriately selecting the enzymes and substrates (analytes), two elementary logic 

gates (OR and INHIBIT) were demonstrated. 

1.3.3. Experimental section 

Synthesis of MCM-41. Mesoporous silica nanoparticles (MCM-41) were synthesized 

by following a previously reported procedure.59 In a typical synthesis, 1.0 g (2.74 mmol) 

of hexadecyltrimethyl-ammonium bromide (CTAB) and 0.28 g of NaOH were dissolved 

in 480 mL of water under stirring and the temperature was raised to 80°C. 5 ml (22.4 

mmol) of tetraethyl orthosilicate (TEOS) was added dropwise to the reaction mixture and 

stirred for 2 h at 80 °C. The white solid product was centrifuged, washed thoroughly with 

water followed by ethanol, and dried in an oven for overnight. The surfactant (CTAB) 

was removed by refluxing it for 6 h in acidic ethanol solution (50 mL EtOH containing 

0.5 mL concentrated HCl (37 %)). The precipitate was thoroughly washed with water 

and ethanol. 

Synthesis of MCM-N.  1.0 g of surfactant-free MCM-41 (1.0 g) and 1.0 mL (5.67 mmol) 

of (3-aminopropyl)triethoxysilane (APTES) were added to 80 mL anhydrous toluene and 

ultra-sonicated to get a homogenous dispersion. The mixture was refluxed along with 

stirring under N2 atmosphere for 24 h. The reaction mixture was centrifuged and the 

precipitate was washed thoroughly with toluene, hexane followed by ethanol, finally 

dried under high vacuum at 353 K for 6 h. 

Synthesis of MCM-Z.  0.5 g of MCM-N was dispersed in 25 mL 1,4-dioxane and ultra-

sonicated for 5 minutes.  To this dispersion, a solution of 60 mg of succinic anhydride 

(0.6 mmol) in 12.5 mL of 1,4-dioxane was added under stirring. This mixture was heated 

at 80 oC for 1 h. The resultant product was centrifuged, and washed thoroughly with 

water followed by ethanol, and dried in an oven for overnight. 

Ninhydrin test for the estimation of amine groups. The ninhydrin solution was 

prepared as follows: 0.266 g (1.49 mmol) of ninhydrin was dissolved in 10 mL dimethyl 

sulfoxide (DMSO) and 0.04 g hydrindantin was added. The mixture was sonicated for 

10 min to form a clear solution and 3.3 mL of lithium hydroxide/acetic acid buffer (4 N) 

was added to form ninhydrin stock solution. The solution was purged with N2 gas for 10 

min before use.  
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To construct a calibration plot, 1 mL of ninhydrin solution was added to 1 mL of 

n-propylamine standard solutions (concentration range: 0.2 mM to 0.8 mM) and 

thoroughly mixed. All of these solutions were placed in closed containers and heated at 

80 oC for 30 min. After 30 min the reaction mixture was immediately placed in an ice-

bath. The mixture was diluted by adding 20 mL of 1:1 ethanol-water mixture. This 

mixture was further diluted three times before being subjected to UV-Vis spectroscopy. 

The absorbance at 572 nm was used for all calculations.  

For determining the amount of the amine groups in MCM-N and MCM-Z:  1 mL 

of ninhydrin solution was added to the dispersions of 5 mg MCM-N in 1 mL of water 

and 5 mg MCM-Z in 1 mL water each. The resultant mixtures were placed in closed 

containers and heated at 80 oC for 30 min. After 30 min, the reaction mixture was 

immediately placed in the ice-bath. The precipitate was removed through centrifugation 

and the supernatants were diluted by adding 20 mL of 1:1 ethanol-water mixture. This 

mixture was further diluted three times before subjected to UV-Vis spectroscopy. 

 

Figure 2. Schematic showing the synthetic strategy for functionalization of MCM 

nanochannels to create pH-responsive hetero functionalized MCM-Z nanochannels. 

Calculation of quantitative coverage of functionalization. 

For MCM-N:  

Amount of propylamine groups present in MCM-N = 2.0 mmol/g (From TGA 

measurements). 
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Number of molecules of propylamine = 2.0 mmol x NA /g 

       = 1.204 x 1021 molecules/g 

Surface area of MCM-41 = 965 m2/g 

       = 965 x 1018 nm2/g 

Number of propylamine groups per nm2 = 1.204 x 1021 molecules / 965 x 1018 nm2 

               = 1.25 molecules / nm2 

For MCM-Z:  

Amount of carboxylic acid groups present in MCM-Z = 1.13 mmol/g 

Number of molecules of carboxylic acid moieties = 1.13 mmol x NA /g 

               = 6.804 x 1020 molecules/g 

Number of carboxylic acid groups per nm2 = 6.804 x 1020  molecules / 965 x 1018 nm2 

              = 0.71 molecules/ nm2 

Zeta potential measurements. A dispersion of MCM-N or MCM-Z having a 

concentration of 0.5 mg/mL in respective buffers was used for the zeta potential 

measurements. The measurements were carried out in a Zetasizer Nano ZS (Malvern, 

UK) employing a 532 nm laser at a backscattering angle of 173o. The temperature was 

always kept at 25 oC with the help of inbuilt thermostat in Zetasizer Nano ZS.   

CV+ dye loading to MCM-Z. Loading of CV+ into the mesoporous channels of MCM-

Z was achieved as follows. 5 mg of MCM-Z was dispersed in 1.95 mL pH 8.0 Tris-HCl 

buffer (10 mM). To this, a 0.05 mL of CV+ solution (stock concentration of 0.5 mM) was 

added and the resultant dispersion was mixed well. After 15 min of gentle shaking, the 

dispersion was centrifuged to collect the CV+ loaded MCM-Z and the supernatant was 

subjected to UV-Vis spectroscopy to calculate the loading amount.  

The pH-dependent CV+ release from MCM-Z. The CV+-loaded MCM-Z (5 mg) was 

dispersed in 3 mL buffer (10 mM) of respective pH. The aliquots (0.2 mL) were taken at 

regular intervals of 5 minutes to monitor the CV+ release and the volume of the sample 

was adjusted with respective buffer. The amount of CV+ released was monitored by UV-

visible absorption spectroscopy. 
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Stepwise release of CV+ from MCM-Z. CV+ loaded MCM-Z (5 mg) was dispersed in 

3 mL buffer (pH 8.5, 10 mM Tris-HCl buffer). The release was monitored every 5 

minutes by collecting the supernatant by centrifugation. The pH of the dispersion was 

gradually decreased in small steps to pH 3.8 by sequentially replacing the supernatant 

with the same volume of the buffer solution of lower pH (pH 8.5, 7.0, 6.4, 5.0 and 3.8) 

at pre-determined time intervals.  

OR gate regulated release. 5 mg of CV+ loaded MCM-Z was dispersed in 2.5 mL buffer 

(pH 8.5, 10 mM) consisting of 5 U/mL of acetylcholinesterase (AChE) and 10 U/mL 

porcine liver esterase (PLE). A 0.5 mL buffer (pH 8.5, 10 mM) consisting of analytes 

(EA and acetylcholine as determined by the truth table) was prepared and the amount of 

analytes was taken in such a way that the final concentration of each analyte was 20 mM. 

The analytes solution was added to the above dispersion to trigger the release of cargo. 

The release was monitored via UV-Vis spectroscopy every 5 minutes by collecting the 

supernatant by centrifugation.   

INHIBIT gate regulated release. 5 mg of CV+ loaded MCM-Z was dispersed in 2.5 

mL buffer (pH 8.5, 10 mM) consisting of 5 U/mL of acetylcholinesterase (AChE). A 0.5 

mL buffer (pH 8.5, 10 mM) consisting of analytes (acetylcholine and neostigmine as 

determined by the truth table) was prepared and the amount of analytes was taken in such 

a way that the final concentration of acetylcholine was 20 mM and same for neostigmine 

was 30 µM. The analytes solution was added to the above dispersion to trigger the release 

of cargo. The release was monitored via UV-Vis spectroscopy every 5 minutes by 

collecting the supernatant by centrifugation.    

1.3.4. Characterization  

Please see the appendix for the details of the instrumentation of UV-Visible 

spectroscopy, X-ray diffraction, FT-IR spectroscopy, Transmission electron microscopy, 

Field emission scanning electron microscopy (FESEM), nitrogen sorption analysis, 

thermogravimetric analysis (TGA), zeta potential measurements and pH measurements.  

1.3.5. Results and discussion 

Mesoporous silica spheres (MCM) (Figure 3a-c) were synthesized following a 

well-known sol-gel procedure and the surface was covalently modified with (3-
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aminopropyl)triethoxysilane to obtain MCM-N with amine-functionalized surface. A 

portion of amine groups was then reacted with succinic anhydride to form MCM-Z with 

zwitterionic nature having carboxyl and amine groups on the nanochannel surface 

(Figure 2).  

 

Figure 3. FE-SEM images of (a-b) MCM-41 at different magnifications. TEM images of 

(c) MCM and (d) MCM-Z. 

The observation of low angle peak (at 2θ ≈ 2.2) in the XRD patterns of MCM, 

MCM-N and MCM-Z suggests that the hexagonal mesostructure was retained during 

functionalization (Figure 4b). Retention of mesostructure was also confirmed via 

transmission electron microscopy (Figure 3d). Thermogravimetric analysis (TGA) 

suggested propylamine functionalization in MCM-N was around ca. 2.0 mmol g-1 

(Figure. 4a).  The carboxylic acid groups (–COOH) in MCM-Z was determined to be 

around ca. 1.1 mmol g-1 using TGA (Figure. 4a) and ninhydrin test (Figure. 5), which 

suggest that approximately 56% of amine groups were covalently connected (via amide 

linkage) to carboxylic acid groups in MCM-Z. 
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Figure 4. (a) Thermogravimetric analysis (TGA) curves of MCM, MCM-N and MCM-

Z.  (b) PXRD patterns of MCM, MCM-N and MCM-Z. 

Nitrogen adsorption-desorption analyses were carried out at 77 K to evaluate the 

progress of functionalization inside the nanochannels (Figure 6a). The 

Barrett−Joyner−Halenda (BJH) pore size distributions showed a gradual reduction in 

average pore size from ca. 2.9 nm for MCM to 2.5 nm for MCM-N which further 

decreased to 2.2 nm for MCM-Z suggesting the progress of functionalization inside the 

nanochannels (Figure 6b). Furthermore, the number of propylamine groups on MCM-N 

was calculated to be 1.25 molecules per nm2 area from N2 sorption studies and TGA (see 

the experimental section for details). Similarly, in the case of MCM-Z, the number of 

carboxylic acid groups present was around 0.71 molecule per nm2. 

 The successful formation of MCM-Z was also confirmed via zeta potential 

measurements (Figure 7a). The zeta potential of MCM-N at pH 8 was found to be around 

+ 30 ± 2 mV which changed to - 41 ± 1 mV for MCM-Z owing to the deprotonated 

carboxylic acid groups on the surface of the silica.  The charge reversal of mesoporous 

silica (MCM-Z) was characterized though zeta potential measurements at different pH. 

When the pH was ca. 4.0, the surface showed a zeta potential about + 38 ± 1 mV due to 

protonation of amine groups. Upon increasing the pH, the zeta potential decreased to 

zero at a pH of about 6.0 (isoelectric point) and further decreased to – 40 ± 0.5 mV at pH 

8.0 due to the formation of carboxylate groups (Figure 7b). 
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Figure 5. (a) UV-visible spectra of the ninhydrin complex in the propylamine solutions 

used for calibration. (b) Linear calibration plot showing an increase in absorbance with 

increase in propylamine used in the standard solution. This calibration plot was used to 

determine the concentration of amine groups in MCM-N and MCM-Z. (c) UV-visible 

spectra of the ninhydrin test to quantify the amount of amine groups in MCM-N and 

MCM-Z. The propylamine functionalization in MCM-Z is half of that in MCM-N. 

The nanochannels with charged surfaces are known to display charge selective 

transport properties associated with the surface charge-dependent gating phenomena.60 

The pH-responsive charge reversal in MCM-Z was further demonstrated via charge 

based adsorption and desorption of a positively charged dye, crystal violet (CV+), which 

maintain a positive charge in the pH range 3.0 to 10 (Figure 8a).61-62 The CV+ was first 

loaded into the MCM-Z at pH 8.5 (about 5 µmol/g loading) where the negatively charged 

silica surface and positively charged dye molecule attract each other via electrostatic 

interactions. The loaded CV+ could be quantitatively released by carefully adjusting the 

surrounding pH. The pH dependent release of CV+ from MCM-Z studied at different pH 

(Figure 8b), showed no significant release of dye at pH 8.5 owing to the strong 
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electrostatic attraction between the silica surface and dye molecules. However, a 

substantial release of CV+ was observed at pH 3.8 owing to the electrostatic repulsion- 

 

Figure 6. (a) Nitrogen adsorption-desorption isotherms and (b) Barrett-Joyner-Halenda 

pore size distribution curves of MCM, MCM-N and MCM-Z. 

 

Figure 7. (a) Normalized zeta potential distribution curves of MCM-N and MCM-Z (in 

10 mM tris buffer, pH 8.0). (b) Normalized zeta potential distribution of MCM-Z at 

different pH.  

- (see the schematics in Figure 8b). It is interesting to note that the pH-dependent release 

of CV+ from MCM-Z is highly quantitative in nature (Figure 8c). The desorption 

response was 8 % and 10 % at pH 8.5 and 7.0 respectively. However, the CV+ desorption 

from MCM-Z was significantly increased to 28 % and 67 % at pH 5.0 and 3.8 

respectively. It should be noted that CV+ is not completely desorbed at pH 3.8, even 

though zeta potential measurements suggest positive surface charge at all pH less than 

6.0. This can be explained by the fact that MCM-Z is a heterogeneously functionalized 
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system and the zeta potential provides only an overall charge of the system but not its 

spatial distribution.63 

 

Figure 8. (a) The pH-dependent equilibrium existing in the case of CV+. During all our 

studies, the cationic state of CV+ was utilized. (b) The release profile of CV+ from the 

MCM-Z at pH 3.8 and pH 8.6. Schematics representing electrostatic attraction and 

repulsion between the CV+ and the MCM-Z surface at respective pH. (c) Stepwise 

release profiles of CV+ with increasing pH from MCM-Z. 

Having established the release characteristics of CV+ from MCM-Z, we went 

ahead with integrating the multi-analyte response in this MCM-Z. For this purpose, two 

enzymes were chosen- acetylcholinesterase (AChE) and porcine liver esterase (PLE). 

The substrates (analytes) were ethylacetate (EA), acetylcholine (Ach, which is the 

neurotransmitter used at the neuromuscular junction)64 and neostigmine (a 

pharmaceutical drug used in the treatment of myasthenia gravis).65 These enzymes and 

analytes were employed to change the pH of the solution in which CV+ loaded MCM-Z 

was dispersed so that the release of CV+ could be obtained in response to the analytes. 

Further, a combination of enzymes and analytes were used to construct a logic gate 

controlled release system. Before such a construction, it is necessary to make sure that 

the given enzyme only acts on the respective analyte. For this purpose, pH of the solution 
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was measured for AChE and PLE in presence of EA or ACh substrates (Figure. 9). 

Clearly, a pH change was observed only when the right enzyme-substrate combination 

was used. This high selectivity of enzymes for their respective substrates was illustrated 

using a 2 × 2 identity matrix where the value 1 represents the enzyme reaction leading to 

pH fall whereas the value 0 represents no reaction (Figure. 9a). Further, the release of 

CV+ from MCM-Z at pH 8.5 was also studied to confirm the substrates (in the absence 

of enzymes) used are not inducing any significant release (Figure. 10). 

Figure 9. Control studies demonstrating the selectivity of the substrates towards the 

respective enzymes. (a) Identity matrix showing the high selectivity of enzymes to the 

respective substrates. Variation of the pH as a function of time for  solution containing 

(b) 5 U/mL of acetylcholinesterase and (c) 10 U/mL porcine liver esterase with different 

substrates (acetylcholine and ethylacetate) 

 

Figure 10. Effect of substrates (Neostigmine (Neost), Acetylcholine (ACh) and 

Ethylacetate (EA)) on the release of CV+ from MCM-Z at pH 8.0.  
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Figure 11. OR Logic gate-controlled release of CV+ from MCM-Z: (a-b) Construction 

of OR gate using acetylcholine esterase and porcine liver esterase together. Presence of 

any one of the substrates or both together (ethylacetate or (and) acetylcholine) produces 

acetic acid and therefore triggers the release of CV+ from MCM-Z. (c) The truth table 

corresponding to the OR logic gate. (d) The pH profiles of the solution consisting of both 

acetylcholine esterase and porcine liver esterase with different combinations of 

substrates. (e) Release profiles of CV+ from MCM-Z in presences of different 

combinations of substrates showing an OR gated release.  

After establishing the pH-responsive release properties of MCM-Z and high 

selectivity of enzymes, we devised a general strategy to obtain logic gate-controlled 

release by suitably programming the surrounding solution. Firstly we opted to 

demonstrate an OR gate (Figure. 11b-c). For this purpose, we have taken AChE and PLE 

in the solution (5.4 U/mL and 10 U/mL respectively) along with CV+-loaded MCM-Z 

(Figure. 11a) at pH 8.5. This system was expected to reduce the pH of the solution in 
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presence of either of the substrates or both. In presence of acetylcholine, AChE acts on 

this substrate to produce acetic acid and choline (Figure. 11a). The acetic acid formed 

reduces the pH close to the pKa of the acetic acid (Figure. 11d). Similarly, in presence 

of ethylacetate (EA), PLE acting on it to produce acetic acid which again brings down 

the pH to about 4.5. If both the substrates were present, a similar reduction of pH was 

again observed. This pH reduction triggers the release of CV+ from MCM-Z owing to 

the pH-dependent charge reversal in the nanochannels (Figure. 11e). In absence of any 

of the substrates, only a marginal release of CV+ was observed. However, in presence of 

both EA and ACh or either of EA or ACh, CV+ loaded MCM-Z showed significant 

release of more than 40 %. It represents a typical OR logic gate with corresponding truth 

table (Figure 11c). These release profiles in response to various combinations of analytes 

mark a successful attempt to develop MCM-Z and enzymes based processing unit with 

OR gate operation. 

The strategy was further extended to construct an INH gate (Figure. 12b). For 

this we have utilized AChE enzyme and its inhibitor – neostigmine (Figure. 12a). 

Neostigmine binds to the esteric and anionic sites of AChE effectively inhibiting the 

activity of the enzyme. The pH profile of this INHBIT logic system shows a pH response 

(from ca. 8.0 to ca. 4.5) in presence of acetylcholine (Ach) alone (Figure. 12d). When 

both Ach and neostigmine were present, the pH did not change initially. However, after 

some time, pH slowly started to decrease because of the competitive nature of AChE 

inhibition by neostigmine. Nevertheless, the pH didn’t decrease below ca. 7.0 which is 

still in the regime where MCM-Z shows negative surface charge and therefore only 

marginal release was observed. The release profile of CV+ from MCM-Z clearly showed 

a significant release only in the presence of acetylcholine (Ach) alone (corresponding to 

an input of (0, 1)) (Figure 12 c, e). In the case of both ACh and neostigmine, the inhibition 

of AChE caused a low release of CV+ from MCM-Z. Similar marginal release was 

observed when no inputs or only neostigmine was used (Figure 12 c, e). These release 

profiles in response to various combinations of analytes demonstrate a successful effort 

to obtain MCM-Z and enzymes based processing unit with INHBIT gate operation. 
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Figure 12. INH Logic gate controlled release of CV+ from MCM-Z:  (a-b) Construction 

of INHIBIT gate using acetylcholine esterase. Presence of acetylcholine substrate 

produces acetic acid and therefore trigger the release of CV+ from MCM-Z. Neostigmine 

inhibit the activity of the acetylcholine esterase, and hence no acetic acid formation so 

no release of CV+ will be observed. (c) The truth table corresponding to INHIBIT logic 

gate. (d) The pH profiles of the solution consisting of acetylcholine esterase and different 

combinations of substrates (neostigmine and acetylcholine). (e) Release profiles of CV+ 

from MCM-Z in presences of different combinations of substrates showing a INHIBIT 

gated release.  

1.3.6. Conclusions 

 In conclusion, we have successfully demonstrated a generic strategy to utilize the 

mesoporous silica in combination with certain enzymes as a logic gate information 

processing unit. The release of cargo from mesoporous silica was interpreted as the 

output read out. The strategy involves a pH dependent charge reversal silica and pH 
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switchable medium consisting of selected combination of enzymes. In this proof-of-

concept design, release of cargo from the mesoporous silica was achieved via an OR 

gated and INH gated manner in response to substrates such as ethylacetate, acetylcholine 

and neostigmine. The generic strategy presented in this chapter could further extended 

to achieve number of other logic gates as well and therefore expected to widen the scope 

of mesoporous silica based information processing and security systems.  
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Chapter 2.1 

 

Introduction to Bio-inspired Temporally Regulated Functional 
Materials 

 
Summary: 

 Living systems are distinctly different from man-made systems in terms of their 

features such as metabolism, energy consumption, temporal regulation, adaptation, self-

replication and transience. These features often result from the spatiotemporal control 

of structures and functions. The spatiotemporal regulations occur via signalling, 

enzymatic regulatory networks, feedback loops, energy dissipation etc. Recently, efforts 

have been made to mimic these machineries for fabricating intelligent, autonomous, 

transient functional systems. This chapter aims to provide an overview of temporally 

regulated transient functional systems with an emphasis on various design principles. 
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2.1.1. Temporal Control in Stimuli-Responsive Switchable Systems.  

 Smart materials with stimuli-responsive features are getting increasing attention 

in recent years for their on-demand performance in controlled release1-2, actuation3-4, 

photonics5-6 etc. These materials switch between states, functionally active and inactive 

states in response to stimuli such as light7-8, temperature9-10, pH11-13, redox conditions14-

15 etc., and such switchability often relies on the responsiveness of constituent molecular 

motifs. On a conceptual level, such transitions are passive (classical responsive systems), 

where they always need an outside trigger to induce one-way transformation between 

two or more thermodynamically stable states.16-17 When moved from one stable state to 

another, they remain stable unless otherwise an external trigger is used to revert the 

system to the initial state. Clearly, this type of stimuli-responsive systems does not show 

the self-regulation or autonomous temporal control over their functional states (passive 

in the time domain). On the contrary, biological systems show autonomous, temporally-  

 

Figure 1. Self-regulated systems temporally regulated state B (transient) by employing 

the appropriate activation and deactivation pathways. The activation of switching from 

state A (initial state) is faster compared to the deactivation step (kactivation >> kdeactivation). 

By carefully tuning the rates of these pathways, the lifetime of the transient B state can 

be regulated.  

-controlled switching between the active and inactive states orchestrated through energy 

dissipative and kinetically controlled processes (self-regulated, temporally controlled 

systems).18-20 The term ‘temporal control’ is used in this context to collectively describe 

the processes of activation and deactivation, which leads to transient (temporary) active 

state with pre-programmed lifetime (Figure 1). Such transient states can be achieved by 

employing appropriate activation and deactivation pathways.21 Further, these pathways 
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need to be precisely regulated in the time co-ordinate. The system can adopt either 

temporally regulated activation pathway (with unregulated deactivation)22 or temporally 

regulated deactivation pathways (with unregulated activation).18 In addition, systems can 

also have temporal control over both activation and deactivation pathways.23   However, 

the principal condition is that activation pathway (or process) should be significantly 

faster than the deactivation.18 In the deactivation process the system (which is in the high 

energy state) reaches the original state by energy dissipative mechanism or else it 

(deactivation) can be induced through kinetically controlled catalytic processes.18, 24-25 In 

this chapter, we will discuss energy dissipative mechanism and kinetically controlled 

approaches for achieving temporally controlled transient state in switchable systems.  

2.1.1.1 Systems with Energy Dissipative Deactivation Route.  In case of energy 

dissipation, the active state is maintained far from equilibrium with a constant supply of 

energy. They have inherent structural urge to return to their low energy state (i.e. the 

initial state) by dissipating energy to the surrounding.26 The energy dissipative system 

can be identified depending upon the energy source: i.e., chemical fuel molecules27-28 or 

external energy sources such as light22, 29-30, magnetic field31 etc. 

Chemically fuelled dissipative systems offer a higher level of temporal regulation 

(or autonomous behaviour) as the activation and deactivation processes occur through 

direct chemical modification of building blocks (Figure 2a).27-28 These activation and 

deactivation processes can be fine-tuned to precisely control the time domain of the 

active state. A well-studied example for temporally controlled energy dissipative system 

is microtubule (an important component for cellular functions such as mobility and cell 

division).32-34 The microtubules are formed through the self-assembly of the building 

block (the tubulin proteins). The tubulin is a dimer consisting of two closely related 

polypeptides, namely α–tubulin and β–tubulin (Figure 2b). The microtubules are 

consisting of tubulin dimer arranged in a head-to-tail manner. Therefore, the 

microtubules can be seen as polar structures with two distinct ends (β-tubulin monomer 

pointing towards the faster-growing end (plus end) and their α-tubulin monomer exposed 

at the slower-growing end (minus end)) (Figure 2b). The polymerization of tubulin dimer 

to microtubule occurs only if the monomers are activated by a chemical fuel molecule, 

GTP (Guanosine triphosphate) binding (the activation route). The self-assembled 

activated building blocks are at the high energy state and therefore, the GTP bound to 
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the β–tubulin is prone to hydrolysis (to result in GDP-tubulin) which deactivation route. 

Once the hydrolysis does occur, the microtubules become highly unstable as the stored 

energy in the lattice is released, and this results in a rapid shrinking of the microtubule 

(Figure 2c). 

 

Figure 2. (a) Energy driven activation and dissipative deactivation in temporally 

regulated switchable systems. (b) Structure of microtubules. α- and β-tubulin dimer 

polymerizes to form microtubules (linearly assembled α- and β-tubulin dimer) assembled 

around a hollow core. The β-tubulin monomer pointing towards the faster-growing end 

(plus end) and their α-tubulin monomer exposed at the slower-growing end (minus end). 

(c) Temporally regulated assembly and disassembly of microtubules. Dynamic instability 

of microtubules arose from the energy-driven polymerization and delayed 

depolymerization processes. Reproduced with permission from reference 18 (Copyright 

2015, Royal Society of Chemistry) and from reference 33. (Copyright 2009, Nature 

Publishing Group).  

Inspired by energy dissipative self-assembly of tubulin proteins in biological 

systems, van Esch and co-workers developed the first synthetic strategy towards 

chemically fuelled dissipative self-assembly (SA) (Figure 3).35 They have used a simple 

hydrogelator, dibenzoyl-L-cystine (DBC) which could be activated through double 

alkylation using methyl iodide (MeI) as chemical fuel (Figure 3a). The alkylation 
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transforms the non-gelating diacid to gelating diester. The competing dissipative reaction 

is slow hydrolysis of diester back to diacid. Initially, the esterification process outruns 

the hydrolysis and by this means the fibers are formed about 100 hours after the addition 

of fuel. Later, the formed fibers started disappearing after 120 hours due to the hydrolysis 

of the activated building blocks (Figure 3b). 

 

Figure 3. Temporal control of assembly-disassembly of DBC by energy dissipation 

mechanism. (a) Chemically fuelled transient fiber formation in a closed system. DBC 

(state A) is activated by the fuel molecule (methyl iodide) MeI through double alkylation. 

The activated DBC (DBC diester) self-assemble to form fibers. The energy is dissipated 

through the hydrolysis of ester groups and the system return back to state A. (b) The time-

dependent fiber formation monitored through light scattering experiments. The refuelling 

has been done by adding 1 mM MeI after 400 hours. Reproduced with permission from 

reference 35. Copyright 2010, Wiley-VCH (Germany).  
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Similar systems can also be fabricated using external energy sources such as UV- 

light, magnetic field etc. for activation step. For instance, Grzybowski, Klajn, and co-

worker demonstrated light (as an external energy source) induced transient self-

assembly of noble metal nanoparticles (capped with azobenzene ligands) (Figure 4).22 

The UV irradiation triggers the photoisomerization of azobenzene motifs from trans to 

cis form (with larger dipole moment) which leads attractive dipole-dipole interactions 

between the particles and cause AuNPs assembly. Once the energy supply (i.e. light) is 

stopped, the metastability of the cis isomer determines the life-time of the assembly. The 

efficiency of the initial isomerization is decided by the wavelength, intensity and the 

duration of light supply and hence these parameters can be utilized to fine-tune the life-

time of the assembly. 

 

Figure 4. (a) Light-activated transient assembly (State B) of azo-MUA capped AuNPs 

via cis- to trans- isomerization of azobenzene groups. The disassembly back to state A is 

occurs through spontaneous transformation of cis-azobenzene to trans-azobenzene.  

(b)The transient assembly of nanoparticles utilised for self-erasing writings. After 

irradiating UV light through a lithography mask. AuNPs assembled state is seen in blue 

colour. Reproduced with permission from reference 22. Copyright 2009, Wiley-VCH 

(Germany).  
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2.1.1.2 Systems with Kinetically Controlled Deactivation Route. In this case, both 

initial and active states of the system are at equilibrium; a transient active state (with 

programmable lifetime) can be realised by employing kinetically controlled deactivation 

pathway which revert the system to the initial state. For example, Ulijn and co-workers 

employed the kinetic control of activation and deactivation by using enzymes to- 

 

Figure 5. (a) Temporally regulated self-assembly via kinetic control. Biochemically 

regulated transient peptide self-assembly to form nanofibers. Α-chymotrypsin catalyzed 

the activation of NH2-Phenyl-CONH2 (state A) to a dissipative gelator (Nap-Phenyl-

Phenyl-CONH2 ) by consuming the fuel molecule Nap-Phenyl-Ome. The subsequent 

hydrolysis of gelator to non-gelating monopeptide acid (Nap-Phenyl-OH) along with the 

recovery of NH2-Phenyl-CONH2 deactivates the system and return to the initial state B. 

(b) The lifetime of transient gel can be tuned by varying the enzyme concentration. 

Reproduced with permission from reference. 18 (Copyright 2015, Royal Society of 
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Chemistry) and reference 36 (Copyright 2013, American Chemical Society (United 

States)).  

-temporally control the time domain of self-assembly (SA).36 They used the enzyme- α-

chymotrypsin – to transiently form the peptide-based hydrogelator which self-assembles 

to nanofibers (Figure 5a). In the initial state A, the system contained an amino acid amide 

(NH2- Y-CONH2, Y = tyrosine, [1]) that is converted to an activated hydrogelator 

dipeptide amide (Nap-YY-NH2, [3]), by reaction with a naphthalene monopeptide ester 

(Nap-Y-OMe, [2]) (fuel) enzymatically. This transacylation quickly yields a self-

standing gel (state B). The kinetically controlled deactivation occurs through the 

enzymatic hydrolysis of hydrogelator dipeptide amide (Nap-YY-NH2, [3]) yielding 

naphthalene monopeptide acid (Nap-Y-OH) and the amino acid amide (NH2- Y-CONH2, 

[1]) which leads to back to the initial sol state (A). The life-time of the SA was 

programmed in this system through of hydrolysis rate which could be modulated via 

enzyme concentration (Figure 5b-c).  

Another interesting example of kinetically controlled transient self-assembly 

system was reported by Prins and co-workers based on C16TACN·Zn2+ surfactant (Figure 

6).37 This surfactant formed a vesicular structure in presence of adenosine 5′-triphosphate 

(ATP) owing to its ability to interact simultaneously with multiple surfactant molecules 

(activation step). To demonstrate self-regulated, temporally controlled self-assembly, 

they installed additional deactivation step using enzyme potato apyrase which hydrolyses 

ATP into adenosine 5′ monophosphate (AMP) and two molecules of orthophosphate. 

Evidently, the hydrolysis products do not stabilize the vesicles and therefore it breaks 

into monomeric units. Further, the lifetime of this transient vesicle could be controlled 

by regulating the hydrolysis rate of ATP via varying the enzyme concentrations (Figure 

6). 

A facile and generic kinetic strategy to manage the time domain of self-assembly 

(SA) was introduced by Walther and co-workers for which they employed an internal 

feedback loop system (IFS) that generates a transient pH profile to which the building 

blocks of SA could respond to.23, 38-40 The IFS comprises of a fast activator and a dormant 

deactivator (DD). For an IFS with acidic transient pH profile, activator could be an acid 

or acidic buffer, which instantaneously decrease the pH upon addition. On the other hand, 

dormant deactivator could be any molecule which slowly produces base upon chemical- 
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Figure 6. (a) Schematic representation of the transient self-assembly of vesicles through 

kinetically controlled hydrolysis of ATP (adenosine triphosphate). The ATP molecules 

stabilise the vesicles of surfactant, C16TACN·Zn2+, through multi-valent interactions. In 

presence of potato apyrase, the stabilizing ATP molecules are slowing hydrolysed to 

AMP (adenosine monophosphate) and consequently the vesicles decayed in to the initial 

monomeric states as AMP does not have the stabilising capabilities. Reproduced with 

permission from reference 37. Copyright 2016, Nature Publishing Group.    
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-reaction. The lifetime of the transient SA can be managed by modulating the base 

releasing chemical reaction. To this end, Walther and co-workers first reported such a 

SA by coupling IFS and pH-responsive building block (Figure 7).40 The system consisted 

of a pH-responsive Fmoc-Leu-Gly-OH dipeptide, which self-assembles to nanofibers at 

pH below ca. 5.8 and urease enzyme. At the initial solution state (pH around 8), the 

gelator was unable to self-assemble, which upon addition of acidic buffer and dormant 

deactivator (urea), self-assembles due to protonation of acidic groups (state B). At lower 

pH urease enzyme slowly hydrolyses urea to produce ammonia, which gradually 

increases the pH back to the basic and the self-assembly breaks due to deprotonation of 

hydrogelator. The rate at which the urea hydrolysis occurs determine the lifetime of the 

assembly and this rate can be fine-tuned by enzyme concentration, urea concentration, 

and buffer capacity. 

 

Figure 7. (a) Temporal regulation of pH-dependent Fmoc-Leu-Gly-OH dipeptide 

assembly through coupling it with an acidic IFS. (b) Series of photographs showing the 

temporally programmed dipeptide hydrogel formation. (c) The gel life-time can be 

modulated through urease enzyme concentration. Reproduced with permission from 

reference 40. Copyright 2015, Wiley-VCH (Germany).  
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Figure 8. (a) Temporal regulation of pH-dependent DEAEMA block-co-polymer 

aggregation through coupling it with a basic IFS consisting of lactone. (b) Series of 

photographs showing the temporally programmed aggregation of DEAEMA block-co-

polymer with life-time programmed via different concentration of δ-GL. (c) The 

aggregated state lifetime can be modulated through lactones with different hydrolysis 

rate. Reproduced with permission from reference. 38. Copyright 2015, American 

Chemical Society (United States).  

It is also possible to achieve a basic transient pH profile using a base or basic 

buffer as activator and lactone as dormant deactivator as demonstrated by Walther and 

co-workers. The system consisted of a pH-responsive block- copolymer, EO-co-

DEAEMA and lactone as dormant deactivator (Figure 8).38 The block- copolymer, EO-

co-DEAEMA was having a ternary ammonium group in their repeating unit which 

undergoes protonation at pH below ca. 7, making the polymer soluble in aqueous 

medium. However, at the basic condition, the block- copolymer was insoluble due to the 

deprotonation of ternary ammonium group, leading the polymer to self-assemble to 

vesicular morphology. In the starting state, the pH of the solution was around 4.0, where 
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the polymer chains were soluble. Addition of base instantaneously increases the pH 

above ca. 8 where the polymer assembled to vesicle. Simultaneously, the lactone 

(dormant deactivator) (present in the system) started hydrolyzing to corresponding 

carboxylic acid which slowly reduced the pH back to initial state. Along with this pH 

change, the polymer vesicles also breakdown to the protonated building blocks and 

therefore the system reached back to the initial state. The lifetime of this basic transient 

state can be programmed via the amount of activator, buffer capacity and the type of 

lactone used. In this report, Walther et al. showed modulating the lifetime of transient 

basic state from minutes to hours to days by using gluconic acid δ-lactone, methyl 

formate, and ε-caprolactone, respectively. 

In short, there are two important strategies to construct self-regulated, temporally 

controlled transient systems: the energy dissipation approach and the kinetic control 

approach. These strategies have been well-established for creating switchable self-

assembly systems because the initial focus was to mimic the biological self-assembly.  

Recently, the principles of managing the time domain of self-assembled systems 

have been applied in developing new types of functional systems (other than self-

assembly) with temporally regulated transient functional states. These functional systems 

are expected to show new types of applications which demand higher operational 

freedom.37, 41-48 

One of the early reported functional systems with the self-regulated functional 

state was by Walther and co-workers. They demonstrated a photonic device operating 

out of equilibrium with precise temporal control over its illumination properties.41 They 

have used a pH-responsive photonic film based on PS528-b-P2VP533 diblock copolymer 

(the numbers denote the degree of polymerization), along with the internal feedback loop 

system (IFS) which produces a transient acidic pH profile (Figure 9). The presence of 

pyridine groups gives rise to strong pH responsiveness leading to a hydrophilic and 

hydrophobic switching of the P2VP layer which provides subsequent swelling of the 

film. Below pH ca. 3.2, the pyridine groups get protonated and the electrostatic repulsion 

results in a volume expansion, leading to a photonic bandgap in visible region. At the 

initial state with basic surrounding pH, the film is transparent. Upon addition of acid, the 

pH immediately decreases and film shows green colour owing to the photonic bandgap 

in visible region. At lower pH, the IFS comprising urea (as dormant deactivator) and 
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urease slowly increase the pH due to the generation of ammonia. This brings the photonic 

film back to the transparent initial state. Walther and co-workers have further 

demonstrated how the temporal programmability helps in achieving memory, signal 

propagation and sensing in their system. 

 

Figure 9. Temporal regulation of the reflective state of a polymer gel photonic crystal. 

(a) The protonation of the pyridine group in the PS-b-P2VP block-co-polymer (BCP) 

photonic film changes its thickness and therefore the wavelength of the refractive light. 

(b) pH dependent stop band position of the BCP film. (c-d) The pH dependent photonic 

film is coupled with an acidic IFS to temporally regulate the reflectance state of the film. 

The IFS consisted of urease enzyme and urea (dormant deactivator). Addition of 

promotor (acid) resulted in a transient pH profile (orange trace). The structural response 

of the film follow the pH change. (e-f) The life time of the transient state can be regulated 
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via urease enzyme concentration. (g) The snapshot showing the photonic films life time 

programmed with different enzyme concentration. Reproduced with permission from 

reference 41. Copyright 2017, Wiley-VCH (Germany).  

Recently, Prins and co-workers elegantly designed a DNA-based receptor system 

showing transient loading and release of molecular cargo (Figure 10).42 They employed 

a clamp-like DNA based receptor that can recognize a specific 9-base DNA cargo which 

forms a triplex structure (Figure 10b, resting-state or state A). They used an 18-base 

RNA strand that as fuel which binds to the loop portion of the DNA receptor and causes 

a conformational change that induces an opening of the triplex complex leading to the 

release of the DNA cargo (Figure 10b, transient state or state B). As the deactivation 

route, they employed the endoribonuclease enzyme (RNase H) which selectively 

hydrolyzes the RNA fuel strand. Therefore, once the fuel is consumed by the enzyme, 

the cargo DNA gets bound to the receptor and system reaches the resting state back. The 

life-time of the released state (state B) could be programmed via both fuel concentration 

and enzyme concentration (Figure 10c-d). 

 

Figure 10. (a) Schematic representation of a self-regulated fuel-driven release system. 

(b) A DNA-based receptor (grey/blue strand) for the transient release of cargo (orange). 
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Kinetic traces showing the transient release of the cargo (3×10-8M) from the receptor 

(3×10-8M) after addition of the fuel strand (10-7M) and (c) at different concentrations of 

RNase H and (d) at different concentrations of fuel. Reproduced with permission from 

reference 42. Copyright 2018, Wiley-VCH (Germany). 

 

Figure 11. (a) The self-regulated swelling and shrinking of hybrid microgel with 

automatic fluorescence ON/OFF switching achieved through acidic IFS. The microgel 

consisted of crosslinked block-co-polymer of poly(ethyleneglycol), poly(N,N-

dimethylaminoethylmethacrylate) and poly(fluorescein-O-methacrylate) along with 

covalently linked urease enzyme. (b) The transient acidic pH state can be fine-tuned 

through urea concentration. (c-d)The life-time of the swelled, non-fluorescent state can 

be regulated via urea concentration. Reproduced with permission from reference 45.  

Copyright 2017, Wiley-VCH (Germany). 

Another representative example was reported by Jan C. M. van Hest and co-

workers (Figure 11). They demonstrated a temporally controlled breathing of polymer 

microgel by coupling it with an internal feedback loop system (IFS).45 The pH-

responsive cross-linked polymer microgel was poly[(oligoethylene glycol methacrylate)-

(POEGMA) - DEAEMA- ethylene glycol dimethacrylate (EGDMA).]. The microgel was 

fluorescein tagged to provide fluorescence feedback. The pH-responsive part of the 

microgel was DEAEMA which have a ternary ammonium group. At the basic condition 
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(pH above 8.0), the microgel was shrunken due deprotonation of ammonium group and 

microgel showed fluorescence due to the ionized fluorescein molecules. Upon the 

addition of acidic activator (citric acid in this case), the microgel immediately goes to 

swollen state due to the protonation of DEAEMA groups and at this state the fluorescence 

gets quenched due to the protonation of fluorescein molecules. At the lower pH, the IFS 

comprising urease starts hydrolyzing the urea to produces ammonia which slowly 

increases pH back to initial pH. In response to this pH change, the microgel return to its 

initial shrunken and fluorescent state. The life-time of the transient swollen state could 

be controlled by concentration of IFS components. This system represents temporally 

regulated breathing microgel, which may have application as autonomous delivery 

platforms. 

2.1.2. Conclusions  

In summary, we have discussed the strategies to construct temporal regulated 

transient switchable systems. These approaches are well studied with respect to 

supramolecular self-assembly systems. Recently, the research in this area has been 

focusing towards the self-regulated temporally controlled functional materials/systems 

(for catalysis, controlled release, optical and electronic functionalities etc.). These 

systems and concepts are necessary to achieve next generation intelligent responsive 

materials. It is expected that these systems may bring out interesting applications that 

could never be achieved by currently existing switchable materials.  
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Chapter- 2.2 

 

Bio-inspired Temporal Regulation of Ion-Transport in 

Nanochannels. 

 

Summary: 

Temporal regulation of mass transport across the membrane is a vital feature in 

biological systems. Such regulatory mechanisms relay on complex biochemical reaction 

networks, often operating far from equilibrium. Here in, we demonstrate a biochemical 

reaction driven temporal regulation of mass transport in silica mesochannels, a 

biomimetic compartment. A rationally designed silica compartment showing pH 

responsive electrostatic gating was fabricated through a hetero functionalization 

approach utilizing propylamine and carboxylic acid moieties. At a basic pH, cationic 

molecules can diffuse into the mesochannels (entrapped) which permeate back to the 

solution at an acidic pH. The ‘entrapped’ state was temporally controlled using base as 

a fuel along with esterase enzyme as the mediator. The slow enzymatic hydrolysis of a 

dormant deactivator (ethyl acetate) determines the transient life-time of ‘entrapped’ 

state, which is programmed by modulating the enzymatic activity of esterase.    

 

Publication based on this work has appeared in Nanoscale Adv., 2019, 1, 1847-1852 
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2.2.1. Introduction 

 Biological systems have been a long standing inspiration for temporal control 

over self-assembled nanostructures and functions. From precise control over circadian 

rhythms to translocation of molecules across membranes, natural systems use complex 

chemical reaction networks facilitated by cascade of enzymes.1-2 Inspired by this, 

scientists attempt to create adaptive materials with temporal control over structure and 

function. In this direction, many active self-assembled materials have been synthetically 

designed recently via fuel-driven, non-equilibrium structural/conformational changes.3-6 

However, autonomous, temporal control on biomimetic functions still remains a 

challenge and needs to be addressed to design life-like materials. 

Recent attempts to achieve temporal regulation are, in general, concerned with 

transient assembly or conformational changes of supramolecular polymers and of 

colloidal systems.7-17 However, temporally programmed functions similar to natural 

systems are very few.18-20 Prins and co-workers designed systems showing transient 

signalling and transient catalysis.21-23 Using a transient pH switch, Walther and co-

workers have exemplified the applications in out-of-equilibrium photonics.24 Very 

recently Ulijn and co-workers elegantly designed enzyme responsive chromophores for 

transient electronics.25 

Amongst a plethora of autonomous functions, selective transport of molecules in 

and out of the cellular compartments is a vital feature of biological systems. In order to 

achieve this selective transport, cell employs various sophisticated membrane channel 

proteins.26 There have been significant efforts to mimic such selective transport of 

molecules across the cell membrane in artificial nanochannels.27-38 However, all such 

artificial systems that demonstrated selective transport of molecules often operate in a 

passive manner and lack autonomous behaviour, unlike their natural counterparts.34, 39-47 

Very recently, Lei Jiang and co-workers demonstrated an artificial nanochannel system 

that control the ion transport (across it) autonomously and periodically by integrating it 

with a chemical oscillator (Figure 1).48  In this chapter, we attempt to fabricate a simpler 

system showing fuel-driven, temporally regulated ion-transport through its channels 

controlled via enzyme catalysed biochemical reactions.  
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Figure 1. Autonomous oscillatory control of K+ ion transport across artificial conical 

nanochannels. (a) Experimental setup for the oscillatory nanochannel system. A 

NaBrO3 solution (I) and a mixed solution of Na2SO3, K4Fe(CN)6, and H2SO4 (II) are 

pumped slowly and simultaneously from reservoirs into the continuously stirred two half-

cells to form the oscillating reaction solution (III). Real-time pH variation of the 

oscillating reaction solution and real-time ionic current oscillation induced by the 

channel gating are recorded simultaneously by a pH meter and a picoammeter, 

respectively (b) Schematic illustration of the cyclic opening and closure of the 
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nanochannel driven by the chemical oscillator. (c) Observed autonomous, and periodic 

pH oscillation of the reaction solution. (d) Ionic current oscillation of the nanochannel 

induced by the cyclic opening and closing of the nanochannel driven by the pH 

oscillation. Reproduced with permission from 48. Copyright 2017, American Chemical 

Society. 

2.2.2. Scope of the present investigation 

 In this chapter, we report a temporal regulation of ion transport in synthetic 

nanochannels using a bio-inspired, chemical fuel-driven strategy. We have used pH 

responsive, heterogeneously functionalized nanochannels of mesoporous silica particles 

as a model system (Scheme 1). Mesoporous silica functionalized with propylamine and 

carboxylic acid moieties on the surface shows pH responsive charge reversal with a pHiso 

(isoelectric point) of 6. Owing to the mesochannels within the Debye length range, these-  

 

Scheme 1. Enzyme regulated temporal regulation of ion transport in nanochannels: 

The pH responsive charge reversal of nanochannels in mesoporous silica are integrated 

with a non-linear pH modulating biochemical reaction of ethyl acetate (dormant 

deactivator, DD) hydrolysis by esterase. At the equilibrium state (pH ~ 5.0), the transport 

of a cationic dye (crystal violet, CV+) to the nanochannels is blocked due to electrostatic 
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repulsion. Injection of chemical fuel (base) along with dormant deactivator (ethyl 

acetate) reverses the surface charge of the nanochannels, leading to the uptake of CV+. 

At basic pH, enhancement of enzymatic hydrolysis of ethyl acetate (DD) brings down the 

pH to acidic thereby releasing the dye from the mesopores.  

-compartments display electrostatic gating of ion transport. When the pH is lower than 

pHiso (~ 6.0), the nanochannels block the cationic guest molecule from entering inside 

the pores due to electrostatic repulsion. Upon increasing the solution pH above pHiso (> 

6.0), the nanochannels strongly attract the cationic molecules and entrap them inside. 

Importantly, further switching of the pH back to acidic condition induces the release of 

entrapped molecules to the surrounding medium. By integrating these pH responsive 

channels with a non-linear pH switching biochemical reaction (esterase catalysed 

hydrolysis of ethylacetate), temporal control of cations transport was achieved. Addition 

of base (OH-) to the resting state (pH < 5.0, where the cationic molecules are in the bulk 

solution), immediately raised the pH (pH > 8.0) hence entrapped all cationic molecules 

inside the nanochannels. Simultaneously, the esterase started hydrolysing ethylacetate 

which changes the solution pH slowly back to the resting pH thereby cationic molecules 

are released from the nanochannels. The life-time of this release could be controlled by 

manipulating the biochemical reaction. 

2.2.3. Experimental section 

Synthesis of MCM-41. Mesoporous silica nanoparticles (MCM-41) were synthesized 

by following a previously reported procedure.49 In a typical synthesis, 1.0 g (2.74 mmol) 

of hexadecyltrimethyl-ammonium bromide (CTAB) and 0.28 g of NaOH was dissolved 

in 480 mL of water under stirring and the temperature was raised to 80 °C. 5 ml (22.4 

mmol) of tetraethyl orthosilicate (TEOS) was added drop wise and the reaction mixture 

was stirred for 2 h at 80 °C. The white solid product was centrifuged, washed thoroughly 

with water followed by ethanol, and dried in an oven overnight. The surfactant template 

(CTAB) was removed by refluxing the product for 6 h in acidic ethanol solution (50 mL 

EtOH containing 0.5 mL concentrated HCl (37 wt %)). The precipitate was thoroughly 

washed with water and ethanol. 

Synthesis of MCM-N. 1.0 g of surfactant free MCM-41 (1.0 g) and 1.0 ml (5.67 mmol) 

of (3-aminopropyl)triethoxysilane (APTES) were added to 80 ml of anhydrous toluene 

and ultra-sonicated to get a homogenous dispersion. The mixture was refluxed with 
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stirring under N2 atmosphere for 24 h. The reaction mixture was centrifuged and the 

precipitate was washed thoroughly with toluene, hexane followed by ethanol, finally 

dried under high vacuum at 353 K for 6 h. 

Synthesis of MCM-Z. 0.5 g of MCM-N was dispersed in 25 mL 1,4-dioxane and ultra-

sonicated for 5 min.  To this dispersion, a solution of 60 mg of succinic anhydride (0.6 

mmol) in 12.5 mL of 1,4-dioxane was added under stirring. This mixture was heated at 

80 oC for 1 h. The resultant product was centrifuged, and thoroughly washed with water 

followed by ethanol, and dried in oven overnight. 

 

Figure 2. Schematic showing the synthetic strategy for functionalization of MCM 

nanochannels to create pH responsive hetero functionalized MCM-Z nanochannels. 

Zeta potential titration measurements. A dispersion of MCM-N or MCM-Z in 

respective buffers (0.5 mg/mL) was used for the zeta potential measurements. The zeta 

titration was carried out by an Autotitrator (MPT 2 Titrator, Malvern Instruments). The 

pH was adjusted using 10 mM stock solutions of HCl or NaOH. The temperature was 

always kept at 25 oC with the help of inbuilt thermostat in Zetasizer Nano ZS. 

Passive CV+ transport studies. The loading of cationic dye (CV+) into the channels of 

MCM-Z at different pH buffers were studied as follows. 10 mg of MCM-Z was 

dispersed in 3 mL buffer solution (15 mM) of respective pH (3.0, 4.0, 5.0, 6.0, 7.0 and 

8.0) containing 3.34 µM of CV+. The mixture was agitated in a vortex mixer for 10 min 

at room temperature. The dispersion was then centrifuged and the supernatants were 

subjected to absorption spectroscopic studies to determine the amount of CV+ loaded into 



Chapter- 2.2 

104 
 

the MCM-Z using Beer-Lambert law. The release of entrapped CV+ from MCM-Z was 

also estimated in the same method. 10 mg of CV+ loaded MCM-Z was dispersed in a 3.0 

mL buffer solution (15 mM) of respective pH (3.0, 4.0, 5.0, 6.0, 7.0 and 8.0). The mixture 

was agitated in a vortex mixer for 10 min at room temperature. The dispersion was then 

centrifuged and the supernatants were subjected to UV-Vis absorption spectroscopy 

studies to determine the amount of CV+ released from the MCM-Z.  

CV+ uptake cycling. The recyclability of MCM-Z towards the CV+ transport was 

studied as follows. 10 mg of MCM-Z was dispersed in 3 mL of pH 3.0 buffer solution 

(15 mM) containing 3.34 µM of CV+. The mixture was agitated in a vortex mixer for 10 

min at room temperature. The dispersion was then centrifuged and the supernatants were 

subjected to absorption spectroscopy to determine the amount of CV+ loaded. The 

precipitate was collected and re-dispersed in 3 mL pH 8.0 buffer solution (15 mM) 

containing 3.34 µM of CV+. The mixture was agitated in a vortex mixer for 10 min at 

room temperature. The supernatant was collected and the amount of CV+ loaded was 

quantified. Before the second cycle, the precipitate was washed with 3 mL pH 3.0 buffer 

solution (15 mM) to remove the loaded CV+ dye molecules. The precipitate was further 

subjected to second cycle of CV+ loading at pH 3.0 and 8.0 following same procedure.  

Temporal regulation of CV+ transport. 10 mg of MCM-Z was dispersed into 2.5 mL 

0.3 mM sodium citrate/citric acid buffer solution (pH 4.2) containing varying amount of 

esterase enzyme (0 – 3.6 U/mL), 0.3 mM sodium citrate/citric acid buffer solution (pH 

4.2) and 4.0 µM CV+. The mixture was agitated in a vortex mixer at room temperature. 

0.5 mL of tris base solution (0.1 M) containing ethyl acetate (80 mM) was added to the 

above mixture to activate the system to “CV+ entrapped state”. The final concentration 

of the components in 3 mL mixture were: esterase enzyme (0 – 3 U/mL), CV+ dye (3.34 

µM), ethyl acetate (66 mM) and tris base (16 mM). The mixture was centrifuged and the 

supernatant was subjected to absorption spectroscopy at the predetermined time interval 

to determine the amount of CV+ entrapped in MCM-Z.  

Refuelling the system. To demonstrate the refuelling capabilities of the system, 10 mg 

of MCM-Z was dispersed in 2.5 mL of 0.3 mM sodium citrate/citric acid buffer (pH 4.2) 

containing varying amount of esterase enzyme (0 – 3.6 U/mL), and 4.0 µM CV+. The 

mixture was agitated in a vortex mixer at room temperature. 0.5 mL of tris base (0.1 M) 

containing ethyl acetate (80 mM) was added to the above mixture to attain a “CV+ 
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entrapped state”. Once the equilibrium state was reached, another 0.5 mL of tris buffer 

(0.1 M) containing ethyl acetate (80 mM) was added to refuel the system and to activate 

again to the “CV+ entrapped state”. Similarly, the refuelling process was carried one more 

cycle.  The mixture was centrifuged and the supernatant was subjected absorption 

spectroscopy at the predetermined time interval to determine the amount of CV+ 

entrapped to MCM-Z 

2.2.4. Characterization  

Please see the appendix for the details of the instrumentation of UV-Visible 

spectroscopy, X-ray diffraction, FT-IR spectroscopy, Transmission electron microscopy, 

Field emission scanning electron microscopy (FESEM), nitrogen sorption analysis, 

thermogravimetric analysis, zeta potential measurements and pH measurements.  

2.2.5. Results and discussion 

For a transient ion transport system based on electrostatic interactions, the first 

condition is to synthesize charge-switchable nanochannels that can undergo charge 

reversal (due to pH change) on addition of an external chemical fuel (activation). The 

second requirement is to have a chemical reagent that can revert the changes (bringing 

back the original pH and hence reverse the surface charge) in a temporal manner 

(deactivation). Accordingly, the charged cargo will be taken up from the solution when 

the channels are oppositely charged and will be released when they have the same charge 

as the cargo. Importantly, the steps (activation and deactivation) should work in tandem, 

with the rate of activation higher than the rate of deactivation. As the chemical fuel is 

consumed, the rate of deactivation becomes higher and the system 

comes to an equilibrium. To achieve this, we have heterogeneously functionalized the 

nanochannels of mesoporous silica particles with pH responsive amine and carboxylic 

acid functional groups (Scheme 1). Mesoporous silica spheres (MCM-41, hereafter 

referred as MCM) were synthesized following a well-known sol–gel procedure and the 

surface was covalently modified with (3-aminopropyl)triethoxysilane to obtain MCM-N 

with amine functionalized surface.49-50 A portion of amine groups was then reacted with 

succinic anhydride to form MCM-Z (Figure 3a) with zwitterionic nature having carboxyl 

and amine groups on the nanochannel surface as described in Chapter 1.3. The thorough 

characterizations of MCM-Z were described in Chapter 1.3.  
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To monitor the surface charge of these biomimetic nanochannels, we employed 

zeta potential measurements. The variation of zeta potential with pH for both MCM-N 

and MCM-Z are shown in Figure 3b. As expected, propylamine functionalized MCM 

(MCM-N) showed a zeta potential of ca. +46 ± 0.5 mV at pH 3 that reduced to +24 ± 2 

mV at pH 8.5. In the case of MCM-N, no charge reversal occurred on going from low 

pH to high pH (Figure 3b). On the other hand MCM-Z (that have both amine groups and 

carboxylic acid groups on the surface) showed a clear charge reversal with respect to pH. 

At a pH of ca. 3, MCM-Z was positively charged with a zeta potential of ca. +44 ± 0.5 

mV associated with the protonation of free amines in MCM-Z. The surface charge 

became zero at around pH 6 (isoelectric point) and further increase in pH caused charge 

reversal from positive to negative with a zeta potential of ca. 32 ± 1 mV at pH 8.5. This 

can be attributed to the generation of carboxylate groups along with the neutralization of 

amines. As a result, the functionalized nanochannels became anionic above the 

isoelectric point of pH 6.0 and cationic below pH 6.0. 

 

Figure 3. (a) TEM image of MCM-Z. (b) The pH dependent zeta potential variations for 

MCM-N, MCM-Z.  

 The pH dependent charge switchable property of nanochannels was explored to 

encapsulate and release cationic dye molecules. For this purpose, a cationic dye, crystal 

violet (CV+) was chosen which maintains the cationic nature in the pH range of 3 to 

8.5.51-52 The dye uptake and release were quantitatively probed via UV-Vis spectroscopy 

(Scheme 1, Figure 4). To investigate the amount of CV+ encapsulation, 10 mg MCM-Z 

was soaked in a 3.34 µM aqueous solution of CV+ dye at pH 8 for 10 minutes. The 

absorption spectra of CV+ stock solution and supernatant solution after soaking with 
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MCM-Z was compared (Figure 5a). The disappearance of CV+ absorption band for the 

supernatant solution suggested an efficient encapsulation of cationic dye into the 

negatively charged nanochannels at pH 8 via electrostatic attraction. The encapsulation 

is driven by electrostatic attraction between the CV+ and silica surface. There are no 

physically entrapped dye molecules inside the pores as it is evident from ‘zero’ leak 

release of CV+ from silica pores at pH > 8.0 (Figure 5c). The uptake of CV+ calculated 

from the UV-vis spectra was found to be ca. 1 µmol g-1 (Figure 5b). Similar encapsulation 

experiment done at pH 3 shows only a negligible uptake, confirming the strong 

electrostatic gating of MCM-Z nanochannels at pH 3 towards the cationic dye (Figure 

5b). 

 

Figure 4. (a) UV Vis spectra (known concentrations) of crystal violet. (b) Calibration 

curve used for estimating crystal violet. 

 Next, we studied the CV+ dye uptake in MCM-Z and its release as a function of 

pH (Figure 5c). The MCM-Z (10 mg) was incubated in a 3.34 µM CV+ solution at 

different pHs (in the range of 3–8) for 10 minutes and the encapsulation was probed with 

absorption spectra. A gradual increase in the uptake of CV+ was observed with an 

increasing pH and a maximum uptake was seen at pH 8 (ca. 1 µmol g-1) which can be 

explained based on the nature of surface charge developed at different pH as shown in 

Figure 3b. Release profile of CV+ encapsulated in MCM-Z at pH 8.0 (high uptake due 

to electrostatic interactions) showed a maximum release at pH 3.0 due to charge repulsion 

between the positively charged nanochannels and the cationic dye (Figure 5c). We 

further investigated the recyclability of the charge reversal and dye encapsulation by 

sequentially changing the pH of the MCM-Z dispersion containing 1 µmol g-1 CV+ 

between 3 and 8. The encapsulation and release of CV+ in and out of MCM-Z was 



Chapter- 2.2 

108 
 

studied and a significant amount of dye uptake was observed up to three cycles (>80%) 

(Figure 5d). Thus, we obtained an efficient recycling, validating the adaptability and 

reversibility of these nanochannels to solution pH variations. 

 

Figure 5. Transportation of CV+ in MCM-Z nanochannels: (a) absorption spectra of 

CV+ stock (3.34 µM) solution and the supernatant after loading CV+ into MCM-Z at pH 

8. (b) Amount of encapsulation of CV+ into MCM-Z at pH 3 and pH 8 (CV+ stock solution 

concentration was ca. 3.34 µM and MCM-Z was ca. 10 mg). Photographs showing the 

supernatant solution after soaking CV+ with MCM-Z for 10 min in (i) pH 3 and (ii) pH 

8. (c) Encapsulation and release of CV+ in MCM-Z at different pH. *For release studies, 

CV+ was first encapsulated into MCM-Z at pH 8 and the released amount at different 

pH was normalized w.r.t. loading at pH 8. (d) Cycling of CV+ encapsulation into MCM-

Z at pH 3 and 8. 

Further, we investigated the structural stability of MCM-Z in basic aqueous 

solution (pH > 8.0) to evaluate the robustness of the nanochannels. The MCM-Z was 

dispersed in a tris buffer solution of pH 9.0 (10 mM) and the zeta potential was measured 

at regular time intervals up to 3 hours, which showed no change even after 2.5 hours 
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(Figure 6a). The XRD pattern (Figure 6b) and N2 sorption analysis (Figure 6c) also 

confirmed the structural stability of MCM-Z nanochannels in basic conditions. This 

suggests that the functionalization of MCM with (3-aminopropyl)triethoxysilane gives 

protection to silica from OH- attack.  

 

Figure 6. (a) Zeta potential measurement of MCM-Z dispersed in pH 9.0 buffer at 

different soaking time. (b) XRD pattern of MCM-Z before and after soaking in pH 9.0 

buffer for 2 h. (c) Nitrogen adsorption isotherms and (d) Barrett-Joyner-Halenda pore 

size distribution curves of MCM-Z before and after soaking in pH 9.0 buffer for 2 h. 

The encapsulation and release strategy of dye (CV+) molecules in MCM-Z 

channels in response to pH induced charge reversal (by on demand addition of base or 

acid), was then extended for the system showing a temporally controlled pH change to 

realise ‘transient ion transport’. For this purpose, we have designed a feedback-controlled 

chemical processes which temporally modulates the pH of the surrounding solution.53 

When we first inject a base to the acidic dispersion of MCM-Z, the increase in pH (ca. 

9.0) deprotonates the carboxylic acid functional groups (and ammonium cations) 

resulting in the formation of anionic nanochannels (activation step). Furthermore, the 
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high pH initiates hydrolysis of ethyl acetate (by esterase enzyme) that gradually 

decreases the pH (due to the formation of acetic acid). As a result, amine and carboxylate 

functional groups get protonated and nanochannels become cationic (deactivation step). 

Since ethyl acetate decreases the pH of the system only through kinetically controlled 

hydrolysis (by esterase enzyme) it is referred to as dormant deactivator. The 

instantaneous activation (formation of anionic nanochannels) by the addition of base and 

the slow deactivation (leading to cationic nanochannels) due to ethyl acetate hydrolysis 

allow the nanochannels to exist in transient anionic state (Figure 7a).  

We first investigated the efficiency to obtain temporal control on pH by varying 

the amount of esterase. The chemical fuel (tris(hydroxymethyl)aminomethane (base)) 

and ethyl acetate (DD) in appropriate concentrations were mixed and injected to a 

dispersion of MCM-Z containing ~1.0 µmol g-1 CV+ and esterase enzyme (0–3 U mL-1) 

and a time dependent pH variation was monitored (Figure 7b). An initial increase in pH 

to ~ 9 was observed which gradually decreased to pH 5.0, the equilibrium state, due to 

the formation of acetic acid (by the hydrolysis of ethyl acetate at high pH). The kinetics 

of ethyl acetate hydrolysis is dependent on the concentration of esterase. The increase in 

the concentration of enzyme (at constant concentration of ethyl acetate) resulted in higher 

rate of ethyl acetate hydrolysis and a corresponding decrease in the lifetime of transient 

alkaline pH state. For ca. 0.7 U mL-1 of esterase enzyme, it took more than 180 ± 3 min 

to attain the pH back to ca. 5; however, it took only 50 ± 4 min when the enzyme amount 

was increased to ca. 2.8 U mL-1 (Figure 7b, Figure 8b). On the other hand, the pH 

remained at 9.0 when no esterase enzyme was used. Interestingly, the temporal variation 

of solution pH showed three distinct slopes which were in agreement with the previously 

reported activity profile of esterase.53 

The temporal control achieved on pH was then explored to autonomously control 

the permeation of ions in and out of the pH adaptive MCM-Z nanochannels using 

cationic dye (CV+) as a model system (Figure 5). To achieve a temporal control on ion 

transport, MCM-Z, CV+ and esterase enzyme at pH 4.2 were taken. The system stays at 

equilibrium and no significant encapsulation of CV+ by MCM-Z was observed even after 

10 min of soaking (Figure 8a). However, addition of tris base (chemical fuel) and ethyl 

acetate (dormant deactivator), resulted in an instantaneous increase in pH that facilitated 

the spontaneous CV+ encapsulation in MCM-Z nanochannels. Subsequent, hydrolysis 
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of ethyl acetate (DD) by esterase gradually reduced the pH and a slow release of CV+ 

back into the solution was observed.  

 

Figure 7. (a) Schematic showing transient ion transport with a base (tris base) driven 

activation and acid driven (ethyl acetate hydrolysis to acetic acid by esterase enzyme at 

high pH) deactivation steps. (b) The temporal change in pH of the system containing 

MCM-Z, esterase and ethyl acetate (DD). The equilibrium state pH is ca. 4.2 and 

addition of tris base (chemical fuel) increases the pH of the system to ca. 9.0. The 

transient basic pH state slowly comes back to equilibrium acidic state ca. (pH 5.0) as 

esterase catalyzed hydrolysis of ethyl acetate proceeds. 

Further, the lifetime of the transient ‘CV+ encapsulated state’ was programmed 

by modulating deactivation rate via enzyme concentration. In the case of 2.8 U mL-1 

esterase concentration, within 38 ± 6 min complete of release CV+ was seen; on the other 

hand, when the esterase concentration was reduced to 0.7 U mL-1, it took longer time to 

reach complete release (>135 ± 5 min) (Figure 8). Interestingly, we noted that at any 



Chapter- 2.2 

112 
 

esterase concentration, time taken for resetting pH back to the equilibrium pH (i.e. 5.0) 

(tlead) was higher than the time required for the complete release (tresponse) (Figure 8b). 

 

Figure 8. (a) Temporal regulation of CV uptake in MCM-Z. The lifetime of CV entrapped 

state is programmed by concentration of esterase. (b) Comparison between the lead time 

(tlead, time taken for resetting pH to ca. 5.0) and response time (tresponse, time taken for 

reaching 100 % CV release). (c) Photographs showing enzyme regulated temporal 

variation of the colour of supernatants. *The CV+ encapsulation is normalized w.r.t. 

amount of encapsulation at [esterase] = 0 U/mL.  

The system was further tested for its ability to undergo multiple cycles on 

refueling chemical fuel (tris base) (Figure 9). For this purpose, a dispersion containing 

MCM-Z, CV+ (~1.0 µmol g-1) and 2.8 U mL-1 esterase was taken at a pH of around 4.2 

and the pH and CV+ uptake was monitored (Figure 9). As expected no uptake was 

observed at this equilibrium state. However, an instantaneous entrapment of CV+ was 

observed upon the addition of tris base (chemical fuel) (same amount used in the previous 

experiments). The entrapped CV+ was then gradually released as ethyl acetate (DD) 

hydrolysis proceeds (ethyl acetate was added along with chemical fuel). On reaching the 

equilibrium state (pH ~5), system refuelling again (with the same amount of tris base) 
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showed a similar temporal profile. Refueling the system for the third time also resulted 

in a similar trend. Nevertheless, there was a dampening observed in the time required for 

complete release of CV+ as the cycles proceeded. This can be attributed to the 

accumulation of waste products in the closed system.  

 

Figure 9. Refuelling the system showing the recyclable nature of CV+ encapsulation and 

release in MCM-Z along with corresponding pH trace. Red arrows indicate addition of 

fuel along with ethyl acetate (DD). 

2.2.6. Conclusions 

 In summary, we demonstrated the construction of mesoporous silica based 

biomimetic nanochannels having enzyme mediated autonomous (temporal) regulation of 

ion transport. The fuel driven encapsulation of ions into the nanochannels and temporal 

control of their release have been shown for the first time in such nanochannels. The pre-

programmable lifetime of transient ion transport was shown along with its refuelling 

capabilities. The nanochannels were also found to be very robust in terms of structural 

stability in basic medium. These temporally switchable and adaptive nanochannels shall 

pave the way for future on demand devices or delivery vehicles. 
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Chapter- 2.3 
 

Bio-inspired Temporal Regulation of Catalytic Activity of a 

Nanozyme 

 

Summary: 

 Biochemical reaction networks where one enzyme temporally regulates the 

activity of the other are hallmarks of biological systems. Often, such temporal regulation 

is achieved via dissipative machineries operating far-from-equilibrium. Inspired from 

this, there have been tremendous efforts to construct artificial enzyme networks 

operating either at equilibrium (without temporal regulations) or far-from-equilibrium 

(with temporal regulations). Recently, inorganic nanoparticles showing enzyme-like 

activity (nanozyme) have been emerged with several advantages compared to their 

natural counterparts. Subsequently, nanozymes have been utilized to construct artificial 

chemical networks for various sensing applications. However, in these networks (unlike 

their natural counterparts) temporal regulation was never demonstrated. In this chapter, 

we report a successful construction of simple artificial biochemical reaction network 

consisting of a nanozyme and an enzyme. The peroxidase mimicking activity of nanozyme 

is temporally regulated by the base producing urease activity (on urea) in a fuel-driven 

manner. The system represents a close mimic of the fuel-driven temporally regulated 

enzymes networks in biology. 

 

 

 

Manuscript based on this chapter is under preparation.  
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2.3.1. Introduction 

The elegance with which nature constructed biochemical reaction networks 

consisting of multiple enzymes operate in tandem towards precise temporal occurrence 

of events have always inspired chemists to construct similar man-made counterparts.1-4 

In this direction, initial efforts have been mostly focused onto cascade enzyme systems 

where two or more enzymes were connected in a manner that the product of the first 

enzymatic reaction would be the substrate for second and so on.5-12 Often these enzymes 

have been incorporated inside certain vessels like lipid vesicles7, proteinosomes13-14, 

polymersomes15-16, colloidasomes17 etc. Such network systems have been well-

established towards applications in the field of sensing and diagnostics.18-27  

 

Figure 1. Nanozyme as peroxidase mimic for colorimetric sensing of H2O2 and glucose 

when combined with glucose oxidase. In presence of glucose, the enzyme glucose oxidase 

convert it to gluconic acid and hydrogen peroxide (H2O2). In presence of H2O2, the 

nanozyme (peroxidase mimic) catalyses the oxidation of a chromogenic substrate (ABTS) 

to a coloured product (oxidized ABTS). The colour development is used as a visual 

response. Reproduced with permission from reference 28. Copyright 2013, Royal Society 

of Chemistry. 

In the past decade, a new type of enzyme mimics (well-known as nanozyme) have 

been emerged.28-36 These are inorganic nanoparticles intrinsically possessing the 

catalytic activities similar to their natural counter-parts such as superoxide dismutase 

(SOD)37, catalase38, peroxidase35, glucose oxidase39, RNase40 etc. By virtue of their 

advantages such as high stability, wide operating conditions (pH and temperature), low 

cost etc. nanozymes find tremendous applications and often they are used in a network 

with another natural enzymes.32 A cascade network consisting of glucose oxidase and 
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peroxidase-like nanozyme (Fe3O4 nanoparticles, gold nanoparticles, graphene oxide, 

V2O5 nanowires etc.) towards glucose sensing is a typical example (Figure 1).41-43 Similar 

networks were also used for the sensing of a variety of analytes such as galactose44-45, 

choline46, cholesterol47, xanthine48 etc. While these network systems (both enzyme-

enzyme and nanozyme-enzyme) represent one aspect of natural reactions networks, the 

fuel-driven temporal regulation in these systems are largely unexplored. 

 

Figure 2. Feedback-induced temporal control of “breathing” polymersomes to create 

self-adaptive nanoreactors (a) Schematic overview of feedback-induced temporal 

control of polymersome nanoreactors. (b) Temporal variation of size changes of the 

polymersome nanoreactor along with variation of pH solution. (c) UV absorbance at 416 

nm of the oxidation of ABTS by nanoreactors upon the addition of different 

concentrations of urea. Reproduced with permission from reference 51. Copyright 2018, 

American Chemical Society 

Inspired by recent developments in fuel-driven non-equilibrium self-assembly49-

50, some efforts have been made to demonstrate enzyme networks operating far-from 

equilibrium with temporally regulated catalytic activity.51-55 For instance, van Hest and 

co-workers elegantly designed a network of urease and horseradish peroxidase (HRP) 

enzymes encapsulated within a polymersome having pH dependent permeability (Figure 

2).51 At the resting state, the polymersome was impermeable, therefore, substrates of 

HRP (ABTS and H2O2) were unable to reach at enzyme active site and hence no catalytic 
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reaction occurred. Addition of fuel (acid) decreased the pH and the polymersome became 

permeable and catalytic reaction started to occur (ON state). This ON state was 

temporally regulated by urease enzyme present in the polymersome. Thomas R. Ward 

and co-workers demonstrated a similar biochemical reaction network using an artificial 

metalloenzyme and urease towards temporal regulation of the catalytic activity of 

metalloenzyme.52 However, such examples of fuel-driven temporally regulated enzymes 

(or artificial enzymes) networks are limited to these two reports. In order to expand the 

scope of such systems and therefore their functions, it is necessary to design many such 

fuel-driven temporally regulated self-adaptive biochemical reaction networks.  

2.3.2. Scope of the present investigation 

In this chapter, we demonstrated for the first time a self-adaptive nanozyme-

natural enzyme network with temporally regulated catalytic activity. The envisioned 

network system with feedback-induced temporal controlled peroxidase-like catalytic- 

 

Scheme 1. Bio-catalytic fuel-driven temporal control of catalytic activity of nanozyme. 

(a) The peroxidase mimicking nanozyme (Fe3O4 nanoparticles) convert chromogenic 

substrate (ABTS) in to a coloured product at a pH less than ca. 5.5. At the resting state 

(pH > 7), the nanozyme is inactive towards ABTS oxidation (OFF state). Upon addition 
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of acid (fuel) the nanozyme becomes active and this ON state is temporally regulated by 

the pH re-setting urea hydrolysis reaction mediated by urease enzyme. (b)Fe3O4 

nanozyme catalyses the H2O2 mediated oxidation of a chromogenic reactant (2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid). The oxidized product shows green colour 

with an absorption maximum at 416 nm.   

-activity is illustrated in scheme 1. The network consists of urea and urease feedback 

machinery and Fe3O4 nanoparticles (the nanozyme with intrinsic peroxidase like 

activity). The catalytic activity of Fe3O4 nanoparticles was designed to switch temporally 

in a fuel driven manner. The complete switching cycle (OFF to ON to OFF) consisted of 

fast activation and a slower deactivation processes. At the initial state or resting state (pH 

> 5.5), the catalytic activity of Fe3O4 nanoparticle is switched OFF. The faster activation 

by the addition of acid (fuel) activate the nanozyme, thereby switching the activity ON. 

Over time, a gradual increase of the pH occur via catalytic hydrolysis of urea to ammonia. 

Therefore, the system comes back to the resting state and subsequently the activity gets 

switched OFF again. This system represents a unique, self-adaptive, nanozyme-natural 

enzyme network operating closely to the natural biochemical reaction networks (having 

features like cross regulation, self-adaptive and temporal regulation). 

2.3.3. Experimental section 

Synthesis of Fe3O4 nanoparticle. The nanoparticles were prepared by co-precipitation 

of Fe2+ and Fe3+ in the molar ratio of 1:2. A 100 mmol of FeCl3.6H2O and 50 mmol of 

FeCl2.4H2O were dissolved in a 250 mL de-aerated water. The temperature of the 

solution was slowly increased to 80 oC under nitrogen atmosphere. Solution was 

vigorously stirred to prevent the formation of large polycrystalline particles. Turbulence 

was maintained by keeping the reaction flask under sonication. After 2 mins of mixing, 

75 mL of NH4OH solution (25%) was added under vigorous mechanical stirring. The 

black precipitate formed indicating the formation nanoparticles. The mixture was further 

allowed to stir for another 30 min. After completing the reaction, the precipitate was 

thoroughly washed with water till the supernatant pH became neutral. The precipitate 

was then dried under vacuum.  

Catalytic activity of Fe3O4 nanoparticle. The peroxidase-like activity of Fe3O4 

nanoparticle was determined by using ABTS ((2,2'-Azinobis [3-ethylbenzothiazoline-6-

sulfonic acid]-diammonium salt)) as substrate. The formation of oxidation product (ox-
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ABTS) was monitored by UV−vis spectroscopy. The final concentrations of the 

components were following: ABTS (0.6 mM), Fe3O4 nanoparticles (20 µg/mL) and 
H2O2 (200 mM). The final volume of the reaction mixture was 2 mL and the pH of the 

buffer was 4.0. The UV-Vis spectra were recorded every 2 – 3 minutes. The kinetics of 

the reaction was determined by using time dependent absorption measurements at 414 

nm. The absorbance values were converted to the amount of ox-ABTS by using 

previously reported molecular absorption coefficient of 3.6 × 104 M-1 cm-1. The pH 

dependent activity of the Fe3O4 nanoparticles were tested using the same procedure as 

above except for varying pH buffers in the range of 3 to 7.0.  

The kinetic analysis of Fe3O4 nanoparticle (Michaelis Menten kinetics). The kinetic 

measurements were carried out in ‘time drive’ mode (absorbance vs. time) by monitoring 

the absorbance change at 414 nm for every 5 seconds. In order to investigate the kinetic 

parameters, the initial rate of the reaction was determined for different concentrations of 

ABTS at a constant H2O2 concentration (200 mM).  The apparent kinetic parameters 

were calculated based on the Lineweaver–Burk plot (the double reciprocal plot of the 

Michaelis–Menten kinetics plot). 

𝟏𝟏
𝒗𝒗

= �𝑲𝑲𝒎𝒎
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎� � ×

𝟏𝟏
𝑪𝑪

+  
𝟏𝟏

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎
 

where v is the initial velocity, Km is the Michaelis-Menten constant, Vmax is the maximal 

reaction velocity and C is the concentration of substrate, ABTS.  

These measurements were carried out at room temperature in 10 mM buffer of pH 4.0 (3 

mL). 

Temporal regulation of catalytic activity of Fe3O4 nanoparticle. A mixture consisting 

of ABTS (0.6 mM), Fe3O4 nanoparticles (20 µg/mL) and H2O2 (200 mM) were taken in 

a pH buffer of 7.0 (buffer concentration of 2.5 mM) along with urease enzyme of varying 

concentrations (0 to 15 U/mL). The total volume of the solution was 2.5 mL. To this 

mixture, 0.5 mL of citrate buffer (1 mL stock prepared by mixing 0.3 mL sodium citrate 

solution (0.1 M) and 0.7 mL citric acid solution (0.1 M)) with dissolved urea (18 mg, 

0.37 mmol) was added to activate the system. The final concentration of urea in the 

solution was 100 mM. The rise of absorbance at 414 nm was monitored in ‘time drive’ 

mode (absorbance vs. time) to obtain the temporal changes of oxidation.  
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2.3.4. Characterization 

Please see the appendix for the details of the instrumentation of UV-Visible 

spectroscopy, X-ray diffraction, Transmission electron microscopy, X-ray photoelectron 

spectroscopy and pH measurements. 

2.3.5. Results and discussion  

The Fe3O4 nanoparticles (which is a peroxidase nanozyme) were synthesised via 

a typical co-precipitation method as previously described.56 The transmission electron 

microscopy image (Figure 3a) shows nearly monodispersed nanoparticles with an 

average size around 15 nm. The Powder X-ray diffraction (PXRD) analysis shows 

crystalline feature of Fe3O4 nanoparticles. The nanoparticle form of the Fe3O4 was also 

evident- 

 

Figure 3. (a) Transmission Electron Microscopy image of Fe3O4 nanoparticles. Inset 

showing the ED pattern of Fe3O4 nanoparticles. (b) Powder X-ray diffraction pattern of 

Fe3O4 nanoparticles. (c) Magnetization curve (B-H curve) of Fe3O4 nanoparticles. (d) 

X-ray Photoelectron Spectra (Fe 2p) of Fe3O4 nanoparticles. 



Bio-inspired Temporal Regulation of Catalytic Activity of a Nanozyme 

127 
 

-from the broad peaks in the XRD pattern. The Scherrer analysis shows that the 

crystalline domain size of Fe3O4 nanoparticles was around 12 nm. The magnetization 

curve at room temperature suggest the superparamagnetic nature of the nanoparticles 

(Figure 3c). The X-ray photoelectron spectrum of the Fe 2p region (Figure 3d) revealed 

the presence of both Fe2+ and Fe3+ valence states which is essential for the peroxidase-

like activity.57 The satellite peak situated at about 718 eV is a characteristic peak of Fe3+ 

in γ-Fe2O3, suggesting that the nanoparticle was consisting of mixed phases of Fe3O4 and 

γ-Fe2O3 (nonstoichiometric Fe3O4+δ).58 

 

Figure 4. Peroxidase-like activity of Fe3O4 NPs towards the oxidation of chromogenic 

substrate ABTS. UV-Vis spectra of (i) 0.03 mM ABTS, (ii) ABTS (0.6 mM) and Fe3O4 

nanoparticles (20 µg/mL), (iii) ABTS (0.6 mM) and H2O2 (200 mM), (iv) ABTS (0.6 mM), 

Fe3O4 nanoparticles (20 µg/mL) and H2O2 (200 mM).Total volume of all the solutions 

was 2 mL. 

The intrinsic peroxidase like activity of Fe3O4 nanoparticles have been previously 

reported.35 We tested this catalytic activity using 2,2′-Azino-bis(3-ethylbenzothiazoline-

6-sulfonic acid) diammonium salt (ABTS) in presence of H2O2 at pH around 4.0. As 

shown in the Figure 4, the Fe3O4 nanoparticles were able to catalyse the oxidation of 

ABTS by H2O2 to produce an intense green colour. The maximum absorption of the UV 

spectrum of the oxidized ABTS is around 414 nm. A set of control experiments were 



Chapter- 2.3 
 

128 
 

conducted with ABTS in the absence of Fe3O4 nanoparticles or H2O2 and no oxidative 

reaction was found suggesting that both the components are necessary for the reaction as 

in the case of horseradish peroxidase (HRP) – a natural enzyme known to carry out ABTS 

oxidation in presence of H2O2. Further, we looked in to the temporal changes of the 

absorption spectra of oxidized ABTS as reaction proceeds (Figure 5a). Indeed, a 

conspicuous ascension of absorbance at 414 nm was observed in the case of Fe3O4-H2O2 

–ABTS system. The absorbance value at 414 nm was utilized to quantify the amount of 

oxidized ABTS using molecular absorption coefficient (ca. 3.6 × 104 M-1 cm-1). The 

given catalytic system could produce ox-ABTS as high as 5.3 µmol within 20 min 

(Figure 5b).  

The peroxidase-like catalytic activity of Fe3O4 nanoparticle was further 

investigated at pH 4.0 using steady-state kinetics (Figure 6). The kinetic data were 

acquired by varying the concentration of ABTS while keeping the H2O2 concentration 

constant. The initial reaction rates for each ABTS concentration were determined and 

applied to construct Michaelies-Menten kinetic plot for ABTS. The Km (Michaelies-

Menten constant) and Vmax (maximal reaction velocity) were determined by Lineweaver–

Burk plots (Figure 6b) and found to be around 0.38 mM and 1.85×10-8 Ms-1 respectively 

which fall within the previously reported range.59 The current Km value of Fe3O4 

nanoparticle suggests its decent affinity towards ABTS. 

Construction of nanozyme with self-regulated catalytic activity (by integrating 

Fe3O4 nanoparticles with urease based pH resetting feedback system) requires Fe3O4 

nanoparticles to have pH switchable catalytic activity. This was tested in detail. Figure 

7a shows the pH dependent catalytic activity of Fe3O4 nanoparticles towards ABTS 

oxidation. Clearly, the maximum activity was observed for a pH around 3.5 and the 

activity got completely switched off for all pH higher than ca. 5.5. Interestingly, the 

catalytic activity could be switched on by adding an acid as a trigger (initially all the 

components were taken in a buffer of pH 7.0 where nanozyme was in OFF state) (Figure 

7b). Further, the nanozyme in its ON state could be brought to the OFF state by adding 

a base as a trigger (Figure 7c-d). This ON-OFF switching was demonstrated for more 

than one cycle which clearly suggests the robustness of nanozyme for switching between 

ON and OFF states by the addition of antagonistic pH stimuli (Figure 7d).  
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Figure 5. Peroxidase-like activity of Fe3O4 NPs towards the oxidation of chromogenic 

substrate ABTS. (a) UV-Vis spectra showing the evolution of ox-ABTS in the reaction 

mixture as a function of time at pH 4.0 (b) The kinetics of oxidation of ABTS with (i) all 

components present, (ii) without Fe3O4 nanoparticles and (iii) without H2O2. The pH of 

the reaction mixture is 4.0. 

Temporal control of the catalytic activity of nanozyme was realized by integrating 

it with urease based chemistry.  Firstly, the ability of urease based system to produce a 

temporal acidic pH profile by self-regulating the pH change upon addition of acid fuel 

was studied (Figure 8a). To this end, we have taken all the components of catalytic 

system (Fe3O4 nanoparticles (20 µg/mL), H2O2 (200 mM) and ABTS (0.6 mM)) along 

with urease (0-15 U/mL) at a pH of around 7.0 (total volume taken was 2.5 mL) and the 

time dependent pH variation was monitored (Figure 8b). The citric acid/ sodium citrate 

buffer (chemical fuel, 0.5 mL, 0.1 M) along with urea (dormant deactivator, 0.37 mmol) 

was added to the reaction mixture to activate the nanozyme. An initial decrease of pH to 

around 4.5 was observed that gradually increased to an equilibrium pH state of about 6.0 

due to the formation of ammonia through the hydrolysis of urea by urease enzyme. The 

kinetics of urea hydrolysis was proportional to the amount of urease enzyme used. An 

increase of urease enzyme resulted in a higher rate of urea hydrolysis and subsequently 

resulted in a faster pH recovery. The pH remained around 4.5 if no urease enzyme was 

used signifying the importance of urease enzyme to construct the acidic pH temporal 

profile.  



Chapter- 2.3 
 

130 
 

 

Figure 6. Steady-state kinetic study of Fe3O4 nanoparticles. (a) The reaction velocity of 

ABTS oxidation by Fe3O4 nanoparticles at varying concentration of ABTS. (b) Double 

reciprocal plot of reaction rates versus substrate concentrations for Fe3O4 NP catalyzed 

oxidation of ABTS. 

The pre-programmable temporal pH profile was then integrated to the peroxidase-

like nanozyme to achieve a network of nanozyme - natural enzyme, working in tandem 

towards a temporally regulated activity. The above mentioned in situ pH modulation was 

expected to adjust, the activity of nanozyme autonomously (Figure 8c). At the initial 

equilibrium pH (around 7.0), no activity was observed. However, addition of citric acid/ 

sodium citrate buffer (chemical fuel) along with urea (dormant deactivator) activated the 

nanozyme and the oxidized ABTS started to produce. In case of higher amounts (> 10 

U/mL) of urease, the ABTS oxidation came to a stop as pH resettled to higher than 5.5. 

In the case of 8.2 U/mL urease amount, the catalytic switch OFF state was not observed 

within the time frame of the study which is in commensurate with the corresponding 

temporal pH profile (Figure 8b).  The lifetime of the catalytic ON state could be 

modulated depending on the urease amount (Figure 8c-d). For example, in the case of 

11.4 U/mL urease, the system took about 14 ± 3 min to reset the activity, while for 14.7 

U/mL urease, it took only about 8 ± 2 min for the same. This clearly demonstrates the 

temporal programmability of nanozyme’s catalytic activity. Further, it should be noted 

that the lead time (the time taken for resetting the pH back to ca. 5.5) and response time 

(the time taken for stopping the catalytic activity) showed reasonable agreements 

suggesting the quick response of the nanozyme (in terms of catalytic activity) to the 

change in pH of the surrounding solution.  
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Figure 7. The pH dependent switching of catalytic activity of Fe3O4 nanoparticles. (a) 

Relative activity of Fe3O4 nanoparticles for oxidation of ABTS substrate at different pH. 

(b) Acid induced activation of Fe3O4 nanoparticles towards oxidation of ABTS. At the 

beginning, pH of the solution was 7.0, which upon addition of CA/Na3C buffer dropped 

to pH 3.1 thereby initiated the oxidation of ABTS. (c) Switching the catalytic activity ON 

at any point by decreasing the solution pH. Initial pH was around 7.0 (1) The kinetics of 

oxidation of ABTS without any interruption. (2) The base was added to the reaction 

mixture after 4 min which switched off the catalytic activity. (d) Manual addition of acid 

or base to switches on/off the reaction up to three cycles. (   ) and (   ) represent addition 

of acid and base respectively.  

Interestingly, we observed that the initial rate of catalytic reaction was influenced by the 

urease enzyme (Figure 8c). This significant enhancement lead us to do few control studies 

(Figure 9). Firstly, we investigated the effect of urease enzyme alone (without the urea) at pH 

4.0. Indeed, the activity of the nanozyme increased as a function of urease amount (Figure 9a). 

This increment could be due to the interaction of amino acid residues in the urease enzyme with 

Fe3O4 nanoparticles as previously reported.60 In a second set of experiments, the effect of urea 

on the catalytic activity of nanozyme was studied (Figure 9b). However, no significant change 
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in catalytic activity was observed for nanozyme in presence of different concentrations of the 

urea. Further, we also investigated if urease alone (without Fe3O4 nanoparticles) has any role in 

catalysing the oxidation of ABTS by H2O2 and found no influence (Figure 10).   

 

Figure 8. Temporal regulation of catalytic activity of Fe3O4 nanoparticles. (a) 

Temporal regulation of catalytic activity of Fe3O4 nanoparticles. (a)  Bio-chemical 

reaction driven temporal regulation of pH of the system. The life-time of acid pH state 

can be regulated by urease catalyzed urea decomposition. (b) The temporal change in 

pH of the system containing Fe3O4 nanoparticles, ABTS, H2O2, urease enzyme and urea. 

The amount of urease determine the life-time of acidic pH state. (c) The active state of 

Fe3O4 nanoparticles towards oxidation of ABTS is temporally regulated using urease 

enzyme (0-15 U/mL), urea concentration (100 mM). (d) The time taken for resetting pH 

to 5.5 is in commensurate with life-time of the nanozyme’s active state. (  ) represent the 

addition of acid fuel.  

Finally, the robustness of this self-adaptive catalytic network system was 

scrutinized for the multiple fuelling cycles (Figure 11). The system with higher amount 

of urease (20 U/mL) was chosen for this purpose. The catalytic system was activated by 

adding acid fuel and the system switched from OFF state to ON state with concurrent 
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oxidation of ABTS. This oxidation reaction comes to a rest within 1 minute which marks 

the end of first cycle. The second addition of acid fuel activated the system again and 

oxidation reaction started to occur and a similar temporal profile was observed. This 

fuelling cycles were continued up to 4 cycles and each time a similar trend was observed 

which clearly demonstrates the robustness of this self-adaptive catalytic function. 

 

Figure 9. Influence of urease and urea on the activity of Fe3O4 nanoparticles. (a) The 

activity towards oxidation of ABTS is modulated in presence of urease. (b) The activity 

was not influenced by urea. (All the measurements were carried out in pH 4.5). 

 

Figure 10. The activity towards oxidation of ABTS is modulated in presence of urease. 

However, urease alone didn’t show any significant activity. (1) ABTS+Fe3O4+H2O2+ 

Urease (8.2 U/mL), (2) ABTS+H2O2+Urease (8.2 U/mL), (3) ABTS+Fe3O4+H2O2 and 

(4) ABTS+H2O2. 
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Figure 11. Re-fuelling the activity of Fe3O4 nanoparticles. First addition of acid (fuel) 

initiate the oxidation of ABTS and eventually turn off once fuel is completely consumed. 

Off-state of nanozyme is re-initiated upon further addition of acid. (Amount of urease 

used is 20 U mL-1).  

2.3.6. Conclusions 

In summary, we have successfully constructed a self-adaptive, temporally 

regulated nanozyme-natural enzyme network using Fe3O4 nanoparticles and urease 

enzyme for the first time. The inherent pH dependent peroxidase-like activity of Fe3O4 

nanoparticle was utilised to integrate them into urease based autonomous feedback 

system (which cause temporal pH change) to achieve temporally regulated catalytic 

network. The pre-programmable lifetime of the catalytically active state was 

demonstrated along with the refuelability. This self-adaptive catalytic network and its 

design principles are expected to promote engineering of advanced intelligent chemical 

network systems.  
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Chapter- 2.4 
 

Bio-inspired Temporally Programmed Switching in Dual 

Functional Polymer Film  

Summary: 

 The next generation of bio-inspired materials are expected to be active, adaptive, 

autonomous and intelligent by incorporating biological principles of non-equilibrium 

dynamics through complex chemical feedback loops. Recently, such efforts are being 

reported where classical switchable materials are re-engineered to operate in a temporal 

manner driven either by non-equilibrium dynamics or via kinetically controlled 

antagonistic chemical reactions. In this study, we have demonstrated a temporally 

regulated switching of light transmittance and electrical conductance in polyaniline 

films by employing enzyme-catalysed biochemical reaction. The enzymatic reaction 

produces feedback induced transient pH profile, whose life-time could be pre-

programmed via enzyme concentration. This autonomous, temporally regulated polymer 

film represents an advancement to the existing switchable materials that operate at 

equilibrium.    

 

 

A manuscript based on this chapter is under preparation 
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2.4.1 Introduction 

Living systems features unique characteristics such as self-regulation, adaptation, 

autonomy etc., owing to their precise spatiotemporal regulation of structures and 

functions through non-equilibrium dynamics and kinetic control mechanisms 

orchestrated via biochemical reaction networks.1-5 Inspired by this, chemists tried to 

mimic life-like materials with autonomous temporal control over structures and 

functions.2, 6-18 Initially, the focus was mostly devoted to the out-of-equilibrium structural 

or conformational switching driven by chemical fuels.19-42 A few transient functional 

systems have been reported recently whose active functional state is temporally regulated 

in an autonomous manner.43-46 van Hest and co-workers reported self-adaptive 

nanoreactors that are capable of temporally regulating the permeation of the reactants 

into the nanoreactors and therefore autonomously regulating the catalytic function.47 

Walther and co-workers reported a photonic gel operating out-of-equilibrium showing 

the temporally modulated optical property which they further used for transient memory 

and signal propagation.48 Recently, Ulijn and co-workers demonstrated supramolecular 

nanostructures with self-regulated electrical conductance.49 These systems demonstrated 

single function modulated in a self-regulated temporal manner. Recently, Prins and co-

workers designed functionalized gold nanoparticle system showing temporal control on 

dual functions; signal generation and catalysis (Figure 1).50 However, system exhibiting 

temporal control for dual-functions are very few and several such systems need to be 

evolved to expand the scope of bio-inspired adaptive materials.  

Polyaniline (PANi) has gathered significant interest owing to their switchable 

electrical conductivity and colour.51-52 Its colour (transparent/ blue/ green) and electrical 

conductivity (insulating/ conducting) can be switched by electrical potential or pH.53-55 

By virtue of these switchable functionalities, PANi has been well-exploited to construct 

various devices such as sensors56-62, memory devices63-64, electrochromic devices52, 65-66, 

actuators67-69, optoelectronic applications70-72 etc., and the next level of advances could 

be achieved by temporally switching these functional states with pre-programmable life 

time. Such functional devices would find interesting applications in signalling, sensing, 

logics and computation that are otherwise difficult to achieve with conventional, stimuli-

responsive systems operating at equilibrium.6, 48  
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Figure 1. (a) Schematic representations of 1,4,7-triazacyclononane (TACN)●Zn2+ 

capped gold nanoparticles (AuNP-1) and chemical structures of fluorescence reporter 

and chemical fuel, adenosine triphosphate (ATP). (b) The activation and deactivation 

cycles in the current system. (c) The transient signal generation due to the transient 

displacement of fluorescence reporter molecules from AuNP surface. (d)  Catalysis of 

the transphosphorylation of HPNPP by AuNP 1. (e) Relative reaction rates (v/v0) as a 

function of the concentration of either ATP or the mixture AMP and 2Pi. Presence of 

ATP significantly inhibit the catalytic activity. (f) Transient down-regulation of catalytic 

activity of AuNP 1 through transient binding of ATP to AuNP 1. Reproduced with 

permission from reference 50. Copyright 2015, Nature Publishing Group.  
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2.4.2 Scope of the present investigation 

In this chapter, we demonstrate the integration of flexible polyaniline film with 

an autonomous feedback system (AFS)41, 73 to achieve self-regulated, temporally 

programmed switching of electrical and optical functional states. The AFS consists of 

urease enzyme as the acid-activated feedback unit (Scheme 1). The emeraldine oxidation 

state of polyaniline is utilized as the pH-responsive functional unit whose electrical 

conductivity and optical properties are switchable via acid (H+) doping and de-doping 

processes. At the equilibrium (resting) state (where pH is about 8.0), polyaniline exists- 

 

Scheme 1. Bio-inspired enzyme controlled temporally regulated switching of 

functionally active state of polyaniline film. (a) Emeraldine form of polyaniline supported 

on transparent PET substrate. At resting pH (~ 8.0), the film adopts emeraldine base 

form. Injection of chemical fuel (citric acid and urea) switch the polymer to its 

functionally active emeraldine salt form and instantaneously kick start the urease 

enzymes to generate the ammonia. The slow generation of ammonia neutralizes the acid 
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fuel added and slowly bring the polymer back to the resting emeraldine base form and 

therefore switching the functionally active state back to the inactive state. (b) The 

chemical structures of pH switchable emeraldine form of polyaniline. (c) The schematic 

representation of the temporal profiles of electrical resistance and optical transmittance 

of the polyaniline film. 

-in neutral emeraldine base (EB) form which is electrically insulating and characterized 

by its intense blue colour. Addition of chemical fuel (citric acid/sodium citrate buffer) 

along with urea results in an instantaneous decrease of pH which in turn converts the 

functionally inactive emeraldine base to optically transparent (for wavelengths in the 

range of 500 nm – 600 nm), electrically conducting emeraldine salt form (activation 

process). Once the system reaches low pH, urease enzyme starts generating ammonia (by 

hydrolysis of urea) which neutralizes the acid fuel added into the system and slowly 

increases the pH to its equilibrium (resting) state. This increase in the pH converts the 

polyaniline film back to the functionally inactive emeraldine base (de-activation 

process). The life-time of the active state of the system could be programmed via the 

urease concentration.    

2.4.3 Experimental section 

Fabrication of PANi deposited PET films. Firstly, PET films were cut into a size of 2 

cm × 5 cm. These PET films were thoroughly cleaned with isopropanol and blow-dried 

under N2 flow. The oxidative polymerization of aniline monomer74 was carried out at 

room temperature in presence of cleaned PET films in order to fabricate PANi deposited 

PET (PANi@PET) films. In a typical synthesis procedure, a 50 mL aqueous solution 

containing 0.5 M H2SO4 and 0.2 M aniline was taken. To this mixture, 1.14 g of 

ammonium persulfate (5 mmol) was quickly added and sonicated. To this mixture, five 

cleaned PET substrates were immersed and kept static for 1 hour (Figure 3 a-c). The 

polymer deposited films were taken out and thoroughly washed with a copious amount 

of 0.1 M H2SO4 (Figure 3d). The films were blow-dried under the flow of N2. 

Electrochemical characterization of as synthesised PANi Films. PANi was 

synthesized on an ITO coated glass slide (1 cm × 2 cm) by immersing it in the 

polymerization solution (50 mL) containing 0.5 M H2SO4, 0.2 M aniline and 1.14 g of 

ammonium persulfate (5 mmol). After polymerization is complete (1 h), the ITO slide 

was washed thoroughly with 0.1 M H2SO4 solution. This slide was used as a working 
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electrode along with Ag/AgCl as a reference electrode and Pt wire as a counter electrode 

in a typical three-electrode configuration. The electrolyte used was 0.1 M H2SO4. The 

cyclic voltammograms were reordered within the window of -0.2 V to 0.8 V against 

Ag/AgCl at a scan rate of 50 mV/s.  

Autonomous Feedback System (AFS).  3 mL tris- HCl buffer (pH 8.5 and 10 mM 

concertation) solution consisting of urease enzyme (varying amount between 0- 30 

U/mL) was taken. To this solution, 0.05 mL of 1 M citric acid (fuel) and 36 mg of urea 

(0.6 mmol) (dormant deactivator) were added to activate the system.  

 

Figure 2. (a) Polymerization solutions with PET substrates dipped in it (before 

polymerisation started). (b) Green colouration indicates the starting of polymerisation. 

(c) After 1 h of polymerization (d) Photograph of as-synthesized PANi@PET film.  

Transient optical transmission measurements. The PANi@PET film was cut into a 

size of 20 mm × 7 mm and placed inside an optical cuvette. The cuvette was placed in a 

UV-Vis spectroscopy in such a way that the light would pass through the film. The 

cuvette was then filled with AFS solution and the optical response of the film was 

recorded in ‘time drive’ mode (absorbance at single wavelength vs. time).  
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Transient optical filter to control the excitation light.  The experiments were carried 

out (in a photoluminescence spectroscopy) by placing the PANi@PET film on one side 

of the inner wall of a 10 mm quartz cuvette which would face the excitation light source. 

The film was placed in such a way that the excitation light would fall into the rhodamine 

B solution only through the film (Figure 3). The concentration of rhodamine B was 0.01 

mM in the AFS solution. 

 

Figure 3. The top view schematic of the experimental setup. The excitation light and the 

detector are placed at right-angles to each other so that no direct light falls on to the 

detector. The PANi@PET film was placed on inner wall of the cuvette towards the light 

source.  

Resistance measurements. The resistance measurements on PANi@PET film (that is in 

contact with AFS solution) were carried out using a custom-made cell. A cylindrical vial 

of 12 mm diameter having a slit (approximately 5 mm length) at the bottom was taken. 

The PANi deposited PET films were cut into a size of 5 mm × 30 mm and placed inside 

the vial with about 5 mm length protruding out through the slit. The film was then 

immobilized using the nail polish which would also seals the vial (Figure 4). After proper 

drying of the nail polish, the vial containing PANi@PET was placed upright and 

connections from the top and bottom ends of the films were made using alligator clips. 

A high precision resistance meter with real-time data logging was utilized to monitor and 

record the resistance of the film.  
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Figure 4. (a) Photographs showing the home-built set up to measure the resistance of 

the film while in contact with AFS solution. The AFS solution was added to the vial till 

the red-line mark. (b) A schematic showing the experimental setup.  

2.4.4. Characterization  

Please see the appendix for the details of the instrumentation of UV-Visible 

spectroscopy, Photoluminescence spectroscopy, FT-IR spectroscopy, high accuracy 

multi-meter, electrochemical workstation, X-ray photoelectron spectroscopy and pH 

measurements. 

2.4.5. Results and discussion 

The dual-functional film based on polyaniline was synthesized by in situ 

oxidative polymerisation of aniline monomer in presence of poly(ethylene terephthalate) 

(PET) substrate (Figure 2). The successful deposition of PANi on to the PET substrate 

was evident from the greenish appearance of the resultant films (Figure 5a). FT-IR 

spectra of the PANi@PET showed characteristic peaks for PANi at 1578 cm-1 which 

corresponds to quinoid ring deformations of the aromatic ring. A peak at 1501 cm-1 is 

due to the stretching vibrations of C-N+. Absence of these two peaks in the blank PET - 

(a) 

(b) 
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Figure 5. (a) UV-Vis spectra of blank PET substrate and PANI deposited as-synthesized 

film. Inset showing the photographs of the (A) PANi deposited PET film, (B-I) blank PET 

films and (B-II) PANi deposited PET film (PANi@PET). (b) The ATR-FTIR spectra of 

blank PET substrate and PANI deposited as-synthesized film. (c)  XPS spectra in the N1s 

region of PANi@PET.  (d) Cyclic voltammogram of PANi obtained using PANi deposited 

ITO as working electrode. 

-indicated successful deposition of PANi on the PET film (Figure 5b). XPS spectrum of 

PANi film in N1s region (Figure 5c) is composed of three sub-peaks centred at about 399 

eV (-N=, imine nitrogen), 400 eV (-NH-, amine nitrogen) and 401.6 eV (N+ positively 

charged nitrogen) which are consistent with previous reports.75-76 To prove further the 

formation PANi during in situ polymerization, an ITO (indium tin oxide) coated glass 

slide was immersed in the polymerisation solution and got it deposited with PANi. This 

PANi@ITO was used as a working electrode in the three electrode configuration to 

record cyclic voltammogram (CV) (Figure 5d). The CV of the PANi films clearly shows 

two sets of redox peaks. The first set between 0 and 0.25 V vs. Ag/AgCl corresponding 

to the conversion of fully reduced leucoemeraldine base to the partially oxidized 

emeraldine. The second set of redox peak (0.6 to 0.8 V vs. Ag/AgCl) is associated with 

the conversion of emeraldine to the fully oxidized pernigraniline form.77 This distinctive 
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electroactive nature of the polymer confirms the formation of PANi through oxidative 

polymerisation. The field emission scanning electron microscope (FESEM) image of 

PANi@PET shows that the PET film is covered with PANi particles of uniform size 

(Figure 6).   

 

Figure 6. FESEM images of (a) blank PET substrate and (b) PANi deposited PET 

substrate. 

 

Figure 7. (a) UV-Vis absorption spectra of PANi@PET film in the pH range 3.0 to 9.2. 

Inset showing the photographs of the film immersed at pH 3.0 and pH 9.2. (b) 

Absorbance of the PANi@PET film at 590 nm and 800 nm as a function of pH.  (c) 

Switching of emeraldine salt form of PANi@PET film to its base form by sequentially 
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changing the pH between ca. 3.0 and ca. 9.0. (d) Variation of absorbance of PANi@PET 

film at 800 nm as a function of time upon changing the pH between ca. 3.0 and ca. 9.0 

(the blue star indicate the addition of basic buffer and the green star indicate the addition 

of acid buffer).  

PANi deposited PET films (PANi@PET) were examined for their pH dependant 

optical properties. The greenish appearance of the as-synthesized film corresponds to the 

emeraldine salt form of PANi (Figure 5a). Absorption spectra of the film at pH ca. 3.0 

shows peak around 800 nm corresponds to doping level and the formation of polaron in 

the emeraldine salt form (Figure 7a). Upon increasing the pH from ca. 3.0 to 9.2, the 

peak at 800 nm significantly decreased with emergence of a new peak at 590 nm which 

corresponds to the exciton absorption of the quinoid ring of emeraldine base form (Figure 

7b). Owing to this strong absorption, the film immersed at pH 9.2 buffer showed intense 

blue colour (Figure 7a inset). The conversion between the emeraldine base form and salt 

form could be cycled up to 5 cycles by sequentially changing the pH between 3 and 9.0 

(Figure 7 c-d).   

 Autonomous Feedback System (AFS) constitutes of two chemical processes 

working in tandem to produce a transient acidic pH profile. They are two antagonistic 

triggers one quickly decreases the pH whereas, the other slowly increase the pH in a 

feedback-driven manner (Figure 9a). The kinetics of these chemical reactions need to be 

subtly programmed in order to obtain a clear transient state. In addition, the response of 

PANi@PET to the pH changes in the surrounding solution should be reasonably faster 

for successful integration. We first investigated the kinetics of response of PANi@PET 

film to the pH of the surrounding solution. (Figure 8). The film in its emeraldine base 

state (by immersing the film in pH ca. 9.0 for 30 min) was immersed in pH 3.0 buffer 

and the absorbance at 800 nm was recorded as a function of time to understand the time 

taken for its transformation to emeraldine salt form. Similarly, the transformation 

kinetics of conversion of emeraldine salt to base form was also studied. It is evident from 

the studies that the conversion of emeraldine base to its salt form is relatively faster as 

compared to the switching of emeraldine salt (ES) to emeraldine base (EB).This would 

not cause any trouble to the measurement as the lower limit of the life-time of the AFS 

we are operating in this study is above 10 min (which is higher than the time scale of 

ES/EB and EB/ES conversions).  
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Figure 8. Variation of the absorbance of PANi@PET film at 800 nm upon converting 

emeraldine base form to salt form and visa- versa by immersing in the respective pH 

buffer. (Inset showing the schematics of the directions of conversions. Red curve for ES 

to EB and black curve for EB to ES).  

The PANi@PET film was further integrated with AFS to obtain a transient 

emeraldine salt state with programmable life-time (Figure 9a). The AFS used in this 

study is based on urea-urease chemistry.41, 73 We started with the initial (resting) alkaline 

pH of ca. 8.5 where the PANi@PET film displays intense blue colour and low 

absorbance at 800 nm owing to the emeraldine base form. The quick addition of acid (the 

fuel) to the system (the activation process) decreases the pH of the solution to about 3.4. 

At this pH, the urease enzyme is active enough to rise the pH (by acting on urea) back to 

8.5 (the deactivation process) within definitive time period (determined by the enzyme 

concentration). The deactivation pH profile shown in Figure 9b consisted of three distinct 

slopes which are in agreement with the previously reported bell-shaped pH dependent 

activity profile of urease enzyme.41 In the region of pH 3.0- 4.0 and also at pH above 8.0, 

the activity of enzyme is minimum and hence the rate of increase in pH is relatively low. 

However, in the intermediate pH range, the activity of enzyme (for urea hydrolysis) is 

high which is reflected in the sharp change in the slope in this region. The life time of 

the ASF could be programmed via the enzyme concentrations and the relation between 

the half-life of the AFS (the time taken for the pH to come back to 6, the half way between 

the initial and final pH) is found to be linear with urease concentration (Figure 9b, inset).  
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Figure 9. (a) Schematic representation of transient acidic pH state achieved using AFS 

driven by a biochemical reaction catalysed by urease enzyme. (b) The temporal change 

in pH of the AFS solution consisting of 200 mM urea and varying concentrations of 

urease enzyme. The points at which the dotted line is cutting the temporal profiles are 

taken as the half-life of the profile. Inset showing the programmability of the life time of 

AFS by varying the urease concentration. 

We also looked into the corresponding optical changes in the PANi@PET films 

in response to the surrounding solution pH modulations. At the initial resting state, the 

PANi@PET exhibited an intense blue colour under visible light which blocks the light 

in the wavelength range of 500 – 600 nm (by absorbing the light) owing to the emeraldine 

base state (Figure 7a). A quick addition of acid (fuel) triggered the switching of film to 

its emeraldine salt form (activation) (Figure 10b). At this state, the film allowed the light 

in the wavelength range of 500 nm – 600 nm to pass through (Figure 10a). 

Simultaneously, the urea starts to hydrolyse by urease enzyme which eventually changes 

the pH back to the resting pH and therefore the film comes back to the emeraldine base 

form (we monitored this temporal changes via absorption changes at 800 nm). This cycle-  
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Figure 10. Enzyme regulated temporal control of the optical states of the PANi film. 

(a) Schematics showing the transient optical switching with chemical fuel-driven step as 

activation and urea hydrolysis (catalysed by urease enzyme) step as deactivation 

(proving the successful integration of AFS with the film). (b) The temporal changes of 

the absorbance at 800 nm of the PANi film. The life-time of the transient emeraldine salt 

(ES) state could be programmed by enzyme concentrations (urea used was 200 mM). The 

horizontal dotted line represents point of half-life calculations. (c) The snapshots 

showing the temporal change in the colour of the PANi@PET films. (d) Snapshots of the 

PANi coated stencil showing transient writing with different life times as programmed 

by enzyme concentrations. (e) Comparison of half-life of AFS pH profiles (time taken for 

the pH to reset back to pH 6.0 (the half way between the initial and final pH) and the 
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response of the film (time taken for the film to come back to half of its total absorbance 

change at 800 nm). (f) The temporal changes of the absorbance at 1200 nm of the PANi 

film.   

-of EB to ES to EB was also evident from the snapshots showing the temporal variation 

of film colour (Figure 10c). The life time of transient emeraldine salt state could be 

regulated using the enzyme concentration (Figure 10e). This programmable PANi was 

further used to create transient writings. For this purpose, a PET based stencil was used. 

The PANi polymer was deposited to the stencil using the same protocol used for the PET 

films. The number grooves on the stencil act as reservoir for AFS solution (Figure 10d). 

The addition of acid (fuel) to the grooves triggered the switching of emeraldine base 

(deep blue) to emeraldine salt (green) and subsequently each digit appeared green 

(remaining portion of the stencil maintained deep blue colour). The deactivation step 

slowly changed the colour back to the deep blue and therefore erased the green writing. 

By using different enzyme concentration in grooves, the life-time of the writing could be 

programmed.   

 

Figure 11. Refuelling the system for multiple cycles. Above panel shows temporal 

variations of pH upon successive fuelling events and the below panel shows the 

corresponding fuel-driven autonomous switching of PANi@PET between EB and ES 

forms (urease = 22 U/mL and urea = 200 mM). The syringe clipart marks the point of 

acid addition.  
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Figure 12. (a)Utilization of transient transmittance of PANi@PET film for the transient 

excitation of fluorophore. (b)UV spectra of PANi@PET and rhodamine B clearly 

showing the overlap region. (c) Emission spectra of rhodamine B at different pH 

(showing no pH dependency). (d) Emission spectra of rhodamine B at different pH with 

PANi@PET film at the path of excitation light. (e) The temporal variations of the 

emission intensity of rhodamine B (in presence of PANi@PET film) at different urease 

enzyme concentrations. The discontinuity in curves is due to the 30 sec we used for 
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aligning the film properly after mixing fuel. (f) The life-time of the emissive state could 

be programmed via enzyme concentrations.  

The recyclability of the present system upon subsequent addition of fuel was 

tested. For this purpose, AFS consisting of 22 U/mL of urease was used. The first 

addition of fuel, resulted in complete cycle of activation and deactivation within 10 

minutes. Second addition of fuel was done after the system came back to resting state. 

This fuelling event again resulted in activation-deactivation cycle but took more time 

than the previous cycle. The last cycle also resulted in a similar trend but with longer 

time period. The increase of the life time upon subsequent refuelling event could be 

attributed of the accumulation of waste products in the closed system. 

One of the probable applications of this system could be in the field of adaptable smart 

windows showing rhythmic change in visible light transmittance. Furthermore, their 

ability to regulate the infra-red (IR) light transmittance helps in controlling the room 

temperature.78-79 Thanks to the broad absorption spectrum of PANi@PET, it shows a 

significant cut-off of the infra-red (IR) light in its emeraldine salt state and therefore a 

transient state showing low IR transmittance could be achieved by coupling with AFS 

(Figure 10d). 

 Further, this emeraldine salt state was utilized for the transient excitation of a 

fluorophore which demonstrated its applicability in generating transient signalling.30, 50 

Rhodamine B was used as the fluorophore for its absorption in the range 500 to 600 nm 

(Figure 12b) and its pH independent emission at 590 nm (Figure 12 c). The film was 

placed inside the cuvette in the path of the excitation light and the emission detector was 

kept at 90o to the excitation light (Figure 12a). At a pH of ca. 9.0, the film absorbs most 

of the excitation light (wavelength ~ 550 nm) and therefore very minimum emission was 

observed from RhB solution (Figure 12d). At pH around 3.0, the film exists in the form 

of emeraldine salt, which allows the excitation light to pass through the film and therefore 

RhB gets excited. Consequently, a higher emission intensity was observed. This high 

emission state was transiently switched by coupling the entire system with AFS and the 

life time of the transient emission state was regulated via enzyme concentrations. (Figure 

12 e-f).    
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Figure 13. Kinetics of the pH dependent switching between the insulating emeraldine 

base state and the conducting emeraldine salt state. 

 

Figure 14. (a) Enzyme controlled temporal regulation of the electrical conducting 

properties of the film (switching between the insulating and conducting states). (b) The 

temporal variation of the resistance of the PANi@PET film. The life time of the 
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conducting state could be programmed via urease concentrations. (c) A PNP transistor 

based switching circuit for switching the LED on and off depending on the resistance of 

the PANi@PET film. (d) Photographs showing the temporally regulated switching of a 

LED light. The temporal variation of the PANi@PET film driven by AFS is coupled with 

a switching circuit to switch the LED in a self-regulated manner. The control shows ON 

state of the LED when the PANi@PET film immersed in pH 8.5 buffer solution.  

 After successful integration of PANi@PET film with AFS, we envisioned that 

the transient switching of PANi@PET film between the emeraldine base and emeraldine 

salt form could give rise to a transient electrical conducting nature in the film (Figure 

14a). To study this, we have utilised a home-made setup where PANi@PET film was 

partially immersed in AFS solution yet both the ends were connected to a precision 

resistance meter with real-time data logging capabilities (Figure 4). The film in its 

emeraldine base state was electrically insulating with the resistance in the order of ~ 50 

MΩ. This film when exposed to the buffer solution of pH 3.0, the electrical resistance 

rapidly reduces to about 500 kΩ owing to the formation emeraldine salt (Figure 13). In 

a control study, a blank PET film without PANi was also studied for its electrical 

conductance in presence of pH 3.0 buffer. However, the blank PET film was electrically 

insulating suggesting that the electrical property is solely originated from the PANi 

polymer. The switching of the film from emeraldine salt to emeraldine base was studied 

and found to be slower than that of the reverse case (Figure 13) commensurating with 

the observations made on optical changes (Figure 8). Further, the PANi@PET film 

integrated with AFS to obtain the transient conducting state (Figure 14). The PANi@PET 

film at pH ca. 8.0 was taken where PANi existed as insulating emeraldine base which 

corresponds to zero electrical response as per the equation (1-R/Ro). Addition of the fuel 

(acid) along with urea to the AFS solution immediately decreased the pH to acidic region 

and the film switched in to emeraldine salt form with low resistance of about 500 kΩ 

(maximum response). This state remained for certain period of time before returning to 

the resting emeraldine base form as the pH raised back to the resting pH. The life time 

of the transient electrically conductive state was programmed by modulating the enzyme 

concentration (Figure 14b).  

Further, we utilised this transient resistance switching of the PANi@PET to 

switch a LED light on and off. For this purpose, a simple circuit consisting a PNP 

transistor was employed where the PANi@PET film was used between the Vin and base 
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terminal of the transistor. A low power LED was connected between the collector and 

emitter terminals of the transistor as shown in the circuit schematics (Figure 14c). In this 

configuration, the LED light would be switched on if the Rfilm is high and the same get 

switched off, if the Rfilm is smaller (less than 2 MΩ). At the resting state, the PANi@PET 

film show insulating behaviour due to the emeraldine base form because of which the 

LED was switched on (Figure 14d). Addition of the acid to the system immediately 

switched off the LED light due to low resistance of the PANi@PET film at the acidic pH 

and as pH raised towards the resting state, the LED switched on again within ~ 10 min. 

As a control, another set of PANi@PET film was immersed in the pH 8.5 buffer during 

the entire time of this experiment and found to be resulted in a LED on state throughout 

the time, which clearly indicates that the switching of the LED occurred through 

successful integration of the fuel driven AFS with the PANi@PET films. This 

demonstration represents a significant step towards bio-mimetic life-like electronics 

which would open up arena of new types of applications and opportunities.  

2.4.6. Conclusions 

In summary, we have demonstrated fuel-driven temporally regulated switching 

of optical and electrical states of polyaniline film by integrating it with an autonomous 

feedback system (AFS) having a transient pH profile. The temporally regulated optical 

state of the polymer film was utilized for remote generation of fluorescent signals. On 

the other hand, the fuel-driven temporally regulated electrical conductivity was utilized 

for self-regulated switching in an electronic circuit. On a larger context, this proof-of-

concept demonstration of integrating the enzyme chemistry with a functional system 

expands the scopes and opportunities of fuel-driven self-regulated autonomous systems.   
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Conclusions and Outlook 

 

This thesis mainly focuses on various synthetic strategies adopted for installing 

charge reversal in porous materials and for introducing temporally controlled 

functionalities in switchable porous and non-porous systems.  

Chapter-1.1 briefly introduces mesoporous silica and present various surface 

modification approaches and their implications in regulating molecular transport in the 

mesochannels.  

In chapter-1.2, a simple noncovalent strategy to create highly recyclable charge 

reversal mesoporous silica is introduced. The approach utilizes the hydrophobic 

interaction between alkyl functionalized mesoporous silica and ionic surfactant 

molecules. However, this approach is not limited to the ionic amphiphiles alone. It can 

be extended to reversibly immobilize other functional groups as well. In future, the 

generic nature of this strategy could be established. 

In chapter-1.3, we demonstrate an approach to install the logic gate-controlled 

release of cargo from pH-dependent mesoporous silica by coupling it with pH switchable 

medium (consisting of multiple enzymes). To expand the scope of this generic approach, 

we attempted to demonstrate an AND gate control using glucose oxidase enzyme where 

glucose and molecular O2 were used as the inputs. However, the hydrogen peroxide 

produced (during glucose oxidation reaction) decolourised CV+ cargo molecules and 

hence the CV+ release could not be studied. This issue should be addressed either by 

using cargo molecules that are resistant to oxidative decolorization or by replacing 

molecular O2 with other electron acceptors. 

Chapter-2.1 provides an overview of switchable materials having the self-

regulated transient state. In this chapter, we illustrate various design principles through 

some of the representative examples.     

In chapter 2.2, the temporal regulation of ion transport in mesoporous silica 

nanoparticles was studied by monitoring the adsorption and desorption of dye molecules. 

The concepts presented in this chapter can be readily translated to porous membrane 

models (such as conical nanochannels) where the ion transport can be monitored by 
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transmembrane current measurements. Development of such membrane systems where 

the ionic current is autonomously self-regulated will have tremendous applications in the 

field of sensing and biomedical engineering.  

In chapter-2.3, a network of enzyme and nanozyme is presented. The network is 

constructed in such a way that the catalytic activity of the nanozyme is temporally 

regulated (autonomously) by the enzyme. It should inspire future research in the field of 

intelligent colorimetric sensing.  

Chapter-2.4 describe a successful integration of dual-functional polymer film 

with an autonomous pH switching system for demonstrating self-regulated temporally 

controlled switching of functional states. 

A major concern associated with the artificial, temporally controlled switchable 

materials is the lack of proper means to remove the waste products. Nature has evolved 

with sophisticated methods to remove the waste and therefore last for a longer time (a 

large number of cycles). However, almost all the artificial systems reported so far are 

having a limited number of cycles due to the waste accumulation. In the near future, 

significant emphasis should be given to solve this challenge to make use of these systems/ 

materials for realistic applications.  
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Appendix 

 

 

Instrumentation and Techniques for  

Characterization 

 

Transmission Electron Microscopy (TEM)  images were obtained using a JEOL JEM 

3010 operating at an accelerating voltage of 300 kV. Samples for TEM analysis were 

prepared by dispersing the sample in either ethanol or water. A 10 µl of dispersion was 

transferred on to holey carbon Cu grid and dried properly before loading to the TEM 

chamber. 

Field Emission Scanning Electron Microscopy (FESEM) images were obtained using 

a NOVA NANOSEM 600 (FEI, Netherlands). A drop of ethanol or water dispersions of 

the sample was dried over aluminium stub for imaging.  

Nitrogen adsorption-desorption analysis was performed on an Autosorb-1C 

(Quantachrome corp.). The samples were outgassed at 80 °C for 12 h under high vacuum 

before analysis. The specific surface areas and pore size distributions were calculated 

according to the BET method using the Quantachrome software (ASiQwin). Ultrahigh 

pure gases (99.9995%) were used for all experiments. 

Powder X-ray Diffraction (XRD) patterns were recorded with a Bruker D8 Advanced 

diffractometer using Cu Kα radiation. The average crystallite size was calculated by 

using the Debye-Scherrer formula 

t = 0.9 λ / (β cos θ) 

where t is the mean size of the ordered (crystalline) domains, β is the full width at half 

maxima in radians, λ is the wavelength of X-ray used and θ is the Bragg angle. 

Thermogravimetric Analysis (TGA) was carried out on a Mettler-Toledo-TG-850 

instrument. 5-10 mg of sample was loaded into a small alumina boat for the analysis.  
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UV-Vis absorption spectroscopy – Spectra were recorded on Perkin-Elmer Lambda 

750 UV/VIS/NIR spectrometer.  

Fluorescence spectroscopy – Emission spectra were recorded on Horiba modular 

Nanolog Spectrofluorometer luminescence spectrometer. Emission spectra were 

recorded in right-angle geometry using a 10 mm cuvette. 

 Infrared spectroscopy- FT-IR spectra were recorded using Bruker IFS 66v/S 

spectrometer. 1-2 mg of sample was mixed with 100 mg of dry KBr and pelletized for 

recording spectra. Dry KBr pellets were used to correct for background. 

 Dynamic light scattering and zeta potential measurements were carried out using a 

NanoZS (Malvern, UK) employing a 532 nm laser at a backscattering angle of 173o. The 

temperature was always kept at 25 oC with the help of inbuilt thermostat in Zetasizer 

Nano ZS. The zeta titration was carried out by an Autotitrator (MPT 2 Titrator, Malvern 

Instruments). The pH was adjusted using 10 mM stock solutions of HCl or NaOH. 

pH measurements were carried out using an Orion Star™ A211 pH Benchtop Meter 

equipped with a ROSS Sure-Flow glass-body pH electrode. The electrode was calibrated 

with ROSS pH buffer solutions of standard pH (4.00, 7.00 and 10.01) before the 

measurements. The temporal change in pH was recorded by interfacing the pH meter 

with a computer and recording the pH every 5 seconds.   

X-ray photoelectron spectroscopy (XPS) analyses were performed using Omicron 

photoelectron spectrometer equipped with Al Kα (hν = 1486.6 eV) as the X-ray source. 

Electrochemical measurements were performed on an electrochemical work station 

(CH instruments, USA) using polymer coated ITO slide as a working electrode, aqueous 

Ag/AgCl as a reference electrode and Pt wire as a counter electrode. 

Magnetization curve (B-H curve) was obtained using a SQUID (Superconducting 

Quantum Interference Device) based MPMSXL-3-type magnetometer (Quantum 

Design, San Diego, USA).  

Electrical resistance measurements were carried out using a Matrix+™ Digital 

Multimeter DM620. The temporal variations of resistance were recorded by interfacing 

the multimeter with a computer.   

Digital photographs were taken using a Canon™ EOS 1300D digital camera.  
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