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ABSTRACT 

SELF-ASSEMBLY AND STIMULI RES PONSIVE DISASSEMBLY OF 
DENDRITIC  AND OLIGOMERIC AMPHIPHILES 

 
FEBRUARY 2016 

KRISHNA R. RAGHUPATHI,  

B.PHARMACY, OSMANIA UNIVERSITY 

M.S., UNIVERSITY OF SOUTH DAKOTA 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Sankaran Thayumanavan 

 

 Stimuli response is a fundamental process prevalent in all living systems, 

where a specific function (response) is generated in the presence of a given 

environmental cue (stimulus). Engineering materials for this process is often 

accomplished through another basic process, �ò�•�‡�Ž�ˆ-�ƒ�•�•�‡�•�„�Ž�›�ó�ä��By understanding the 

key aspects of these processes scientists have developed a broad range of materials 

for a wide array of applications. This dissertation will primarily focus on developing 

stimuli responsive nanocarriers based on supramolecular assemblies of amphiphilic 

dendrimers and oligomers for safe transport and selective release of molecular 

cargo. Our concurrent goal is to also investigate several parameters which affect the 

molecular encapsulation and/or release through systematic structure property 

relationships. 

 Dendrimeric and Oligomeric amphiphiles are chosen as components of 

stimuli responsive assemblies, as they offer desirable assembly properties as 
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polymers (low CAC and better stability) combined with desired molecular 

characteristics as small molecules (uniformly disperse and reproducible). With 

amphiphilic dendron based assemblies: we have not only demonstrated their utility 

in stimuli responsive delivery using a biological (enzyme) and non-biological 

(temperature) stimulus,  but also established the key assembly properties which 

dictate the nature of stimuli response. Specifically, we have deciphered the effect of 

unimer-aggregate equilibrium, kinetics of host and guest exchange, amphiphile 

molecular weight, and assembly size on stimuli responsive characteristics. 

 Oligomeric amphiphiles lack systematically branched architecture as 

dendrons, nonetheless they offer a good platform to study structure property 

correlations. We explore this aspect with temperature as well as photo responsive 

oligomeric amphiphiles. More importantly we have also shown that through rational 

molecular design variations (length and backbone) oligomeric amphiphile 

assemblies exhibit features similar to dendrimer amphiphiles. In addition to this, 

the ease of oligomer synthesis and the simplicity of molecular designs make them 

good candidates for a wide range of applications.  
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CHAPTER 1 

INTRODUCTION 

 

 Construction of functional materials at atomic or molecular level in nanoscale 

dimensions is termed as nanotechnology. The unique and interesting properties of 

materials at nanoscale dimensions have led to a broad range of applications such as 

in medicine, food, sensors, electronics, and fuels. Traditionally, the synthesis of 

these materials is accomplished either by a top-down or a bottom-up approach. 

Top-down approach as the name suggests, involves systematic scaling down of a 

macroscale material into much smaller nanoscale dimensions using progressively 

finer tools. This process however is limited to relatively larger geometries and also 

needs sophisticated equipment. On the other hand bottom approach uses molecular 

interactions such as hydrogen bonding, hydrophobic and hydrophilic effects, 

electrostatics, �N- �N���•�–�ƒ�…�•�‹�•�‰�á��van der waals, and coulomb forces to self-assemble the 

materials of interest into desired lengths and shapes.1-3 This process is both faster 

and cost-effective, and with rational molecular design they are also very 

reproducible. 

1.1 Supramol ecular Self-Assembly 

Self-Assembly is a fascinating and very prevalent process in nature ranging from 

length scales of nanoscale molecules to far-fetched galaxies.  The fundamental 

driving force in all these entities is to establish an order through energy 

minimization. Supramolecular self-assembly is a spontaneous organization of 
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molecules driven by predominantly non-covalent forces as discussed earlier. The 

nature of these self-assembled structures is dictated by the inherent nature of the 

molecules, surrounding environment, and inter and/or intra molecular  forces 

governing their assembly. Depending on these variations the self-assembled 

aggregates formed can be classified into micelles, reverse micelles, liposomes, lipid 

bilayers, self-assembled monolayers, etc. 

 Micelles are a class of supramolecular aggregates formed from self-assembly 

of amphiphilic molecules in aqueous solutions. The hydrophobic container 

properties of these aggregates have led to their use in fields such as detergents, 

sensing, drug delivery, and diagnostics. However the utility of micelles in these 

applications is better realized at minimal concentrations of amphiphiles due to 

factors such as toxicity and sensitivity in drug delivery and sensing respectively. 

This is achieved by the use of polymeric, dendrimeric, or oligomeric amphiphiles, 

�™�Š�‹�…�Š�� �ˆ�‘�”�•�� �•�‹�…�‡�Ž�Ž�‡�•�� �ƒ�–�� �Ž�‘�™�� �…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•�� �‹�ä�‡�ä�� �Ž�‘�™�� �������ï�•�� �����”�‹�–�‹�…�ƒ�Ž�� ���‰�‰�”�‡�‰�ƒ�–�‹�‘�•��

Concentrations).4-6  

 Micelles like other self-assembled aggregates are dynamic structures owing 

to the relatively weak nature of non-covalent interactions that drive their assembly. 

This makes them reversible structures where the fidelity of the aggregates is a fine 

balance between the forces which hold them together and the forces which disrupt 

them. This dynamic nature of the assemblies not only helps in the process of guest 

encapsulation and release but also provides a unique opportunity to tailor the 

stability of the aggregates depending on the specific application. For instance, 
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applications needing sustained release can prefer more stable assemblies, than the 

applications which necessitate burst release. This stability of the micelle assemblies 

can be tuned through, i). Amphiphile design (incorporation of functionalities which 

contribute to stability), ii). Molecular weight (greater stability with larger 

amphiphiles), or iii). Cross-linking (physical or chemical). 

1.2 Stimuli Responsive Supramolecular Systems 
 

Functional systems which respond to a certain change in environment with a 

specific stimulus are prevalent in nature from molecular to macroscopic levels. For 

example, regulation of blood glucose levels in the body through feedback regulation 

of insulin and glucagon can be deemed a stimuli responsive system at a molecular 

level. Similarly, nociception (processing of harmful stimuli) by nervous system is an 

example of stimuli response at macroscopic level. By understanding and mimicking 

the nature, several synthetic supramolecular systems are being studied for a broad 

range of applications such as controlled and/or targeted drug delivery, diagnostics, 

biosensors, tissue engineering, and coatings.  

In the field of drug delivery significant strides have been made in diffusion 

based passive targeting i.e EPR (enhanced permeability and retention) effect,7,8 and 

ligand recognition based active targeting. However, complete translation of these 

concepts into the clinic remains unfulfilled. An attractive alternative for this can be 

delivery systems which can respond to a specific stimulus and respond in a spatio-

temporal fashion to release the drug payload. This is achieved by modifying the 

supramolecular assemblies such a way that they undergo a significant physical 
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and/or chemical transformation in response to a stimulus (specific change in 

environment). This transformation is expected to affect the fidelity of 

supramolecular assemblies in such a way that they gradually or suddenly 

(depending on specific need) lose their container properties and hence release the 

encapsulated cargo.  

Depending on the source of stimulus, these responsive assemblies can be 

broadly classified into exogenous (external stimulus) and endogenous (internal 

stimulus). Exogenous stimuli refers to a stimulus which can be used as remote 

control to modulated the drug release, examples of such stimulus are Light, 

Magnetic field, Temperature, Ultrasound, and Electric field. Endogenous (internal) 

stimuli are based on microenvironments in cells and tissues such as pH, redox, 

sugars, enzymatic and non-enzymatic proteins.  

1.2.1 Exogenous Stimulus 

 Among the several exogenous stimuli reported, temperature and light are the 

stimuli which are extensively studied owing to their wide applicability combined 

with  the need for simpler apparatus. 

1.2.1.1 Temperature  Responsive Assemblies  

 Thermo/Temperature responsive systems are most widely studied class of 

stimuli responsive systems, where a small temperature change (most commonly 

elevated temperatures) results in a significant solubility change (response) of the 

colloidal aggregates. This change in solubility of colloidal assemblies affects their 

container properties resulting in the release of encapsulated guest molecules. These 
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systems are a significant improvement over thermal therapy where the temperature 

is increased locally at a cancer cells leading to their  localized cell death.9,10 Though 

straightforward this mode of therapy suffers from limitations such as prolonged 

exposure time, very high temperatures, and heat tolerance by cancer cells over time 

has limited its usage.11-13 

 Thermoresponsive assemblies are designed by incorporating a thermo-

sensitive moiety as a hydrophilic or hydrophobic component of the constituting 

amphiphiles. Poly(N-isopropylacrylamide) (poly(NiPAM)) and poly ethylene glycol 

(PEG) have been investigated the most as thermos-sensitive components. These 

polymers undergo reversible phase transition at elevated temperatures termed as 

lower critic al solution temperature (LCST),14 and thereby affect the hydrophilic 

lipophilic balance (HLB) of the amphiphile. This change in HLB therefore affects the 

colloidal assembly leading to molecular release.  

 The phase transition behavior of poly(NiPAM) and PEG at LCST are perceived 

to be due to the differential hydration of these components as a function of 

temperature. At temperatures below LCST these polymers are extensively hydrated 

and therefore exist as random coil structures, however at LCST they result in 

formation of hydrophobic globules due to excessive dehydration. Nonetheless, as 

hydrogen bonding is a dynamic process, this phase transitions are reversible and 

reproducible. The LCST of these assemblies can also be precisely tuned by molecular 

weight variation of thermo-sensitive component or by varying the composition of 

other components in the amphiphile. 
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 PEG containing assemblies in addition to their thermo-responsive behavior 

also have a cumulative advantage as drug delivery vehicles due to �����
�ï�• stealth 

property . Presence of PEG as a hydrophilic shell around the delivery vehicle protects 

it from the opsonization process and therefore increases its blood circulation 

time.15,16 Increase in blood retention time significantly increases the accumulation 

of these assemblies at targeted site (cancer tissue) due to EPR effect. Localized 

thermal treatment at these sites therefore results in a good pharmacological action 

at that specific target. In addition to their use as drug delivery vehicle thermo-

responsive systems are widely studied for their self-healing and sensing 

applications.  

1.2.1.2 Light/Photo Responsive Assemblies 

 Light as a stimulus is an attractive tool owing to its non-invasiveness and the 

opportunity to achieve a remote control of the stimuli -response. The simplicity of 

stimulus and the flexibility to adjust its parameters such as wavelength, duration, 

and intensity has attracted much interest in developing several light-responsive 

molecular designs. Based on the structural and chemical transformation of the 

molecular designs in response to light, they can be classified as reversible and 

irreversible  systems. 

 Reversible light responsive systems take advantage of the light induced 

isomerization of the responsive units which result in destabilization of the 

supramolecular assembly resulting in a microscopic response such as guest release 

or a macroscopic response such as sol-gel transformation. Photo isomerization of 
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azobenzene derivatives is widely studied in this regard; here irradiation at 300-380 

nm and visible light results in trans-cis and cis-trans transformations respectively. 

For example liposomes formed by phosphocoline lipids with azobenzene group as a 

hydrophobic unit showed high drug encapsulation when in trans conformation, 

however irradiation of these assemblies resulted in disruption of liposome packing 

due to trans-cis isomerization, resulting in guest release.17,18 Similarly tr ans-cis 

isomerization is also used to affect the HLB of the amphiphile in gene delivery.19 

Some other reversible photo isomers which are studied include azopyridine, 

stilbenes, and spiropyrans.    

 Irreversible light responsive assemblies on the other hand are achieved by 

incorporation of a light-sensitive aromatic protecting groups which cleaves upon 

light ir radiation to affect the HLB, hence prompting a guest release. Nitrobenzyl 

esters are well studied in this class; a saturated hydrocarbon conjugated 

nitrobenzene group is used as a hydrophobic tail of the amphiphile, which is cleaved 

upon UV-irradiation hence affecting the HLB and the release of encapsulated 

contents.20 Similarly, pyrenylmethyl esters were also studied as light cleavable 

hydrophobic functionalitie s; here pyrene cleavage of pyrene moiety which drives 

micellization is cleaved with 365 nm light source causing disassembly.21 Other 

functional groups which irreversibly transform under light irradiation are malachite 

green, and 2-diazo-1,2-napthoquinone moieties.  

 Though light responsive assemblies are promising the systems which use UV 

and low wavelength visible light have drawbacks in their utility as drug delivery 
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vehicles;  i). low penetration depth (due to scattering of low wavelength light by the 

soft tissues), and ii). UV light induced damage of healthy skin tissue. However, this 

can be resolved by using  either (a). photo-sensitive groups which can respond to 

higher wavelength near infrared (NIR) radiation,22 or by exploiting a two-photon 

technology which can be used with the existing systems that respond to UV light,23 

albeit without above mentioned limitations. 

1.2.2 Endogenous Stimulus  

 Endogenous (internal) stimuli are a class of stimuli responsive drug delivery 

vehicles which respond to environment inherent to certain physiological conditions 

or a certain pathological state. Three of the most widely studied stimuli pH, redox, 

and enzyme stimuli are discussed below. 

1.2.2.1 pH Responsive Assemblies 

 Physiological pH in the body is 7.4, and this is required for optimal function 

of enzymes and to maintain homeostasis.  Except the gastro intestinal tract where 

the pH gradient tends to be rather drastic and sharp, the pH variations are very 

minimal at cellular and sub-cellular levels. However a sharp pH gradient does exist 

across the body at both cellular as well as systemic levels in certain pathological 

states. These abnormalities indicate an infected, inflamed, or malignant tissue, 

where the extracellular pH tends to be slightly acidic (5-7). On the other hand pH 

gradient after cellular uptake is also well defined with early endosome (5-6), late 

lysosome (4-5). These pH graduations (extracellular and intracellular) thus provide 

a great opportunity in drug delivery through smart molecular designs. 
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 At a molecular level it can be perceived that assembly forming molecules 

containing ionizable functionalities such as amines, carboxylic acids are best suited 

for this purpose. Since the charge is directly associated with solubility, variations in 

pH can be used to prompt a charge generation or removal which affects the HLB 

significantly. Contrarily pH responsive assemblies are also designed using pH labile 

functionalities such as acetals, ketals, hydrazine, and imines to cause an irreversible 

change in HLB (Scheme 1.1) 

 

 Several pH responsive systems are reported based on the above mentioned 

molecular design criteria on several platforms such as polymer-drug conjugates, 

micelles, polymerosomes, nanogels, and dendrimers.  Among them dendrimers offer 

a promising platform due to the multivalent nature of pH sensitive units which can 

lead to a sharp change in assembly characteristics. Additionally, dendrimers and 

hyperbranched polymers are also explored as drug conjugates where the drug 

 
 
 
Scheme 1.1. pH cleavable functionalities and their pH sensitive range. 
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molecules are covalently conjugated to the dendrons through pH cleavable units as 

prodrugs. 

1.2.2.2 Redox Responsive Assemblies 

 Redox responsive systems utilize the huge disparity in of redox potential that 

exist in extracellular environment (~ 2 - 10 µM Glutathione (GSH)) vs the 

intracellular environment  (~ 2 �� 10 mM Glutathione). Additionally extracellular 

tumor microenvironments are also known to have significantly higher 

concentration of GSH in comparison to normal tissues. This provides an excellent 

opportunity for applications requiring  intracellular delivery and tumor directed 

delivery respectively. Though there are several delivery platforms used for 

generation of redox responsive assemblies, most of the systems are exclusively 

based on disulfide linkages, which are prone to cleave in reducing environments.  

 Intracellular gene delivery is one of the widely explored classes of redox 

responsive systems where a plasmid DNA or siRNA (payload) is protected from 

extracellular components and cross the cell membrane to reach cytosol and thereby 

achieve significantly greater transfection efficiencies. This is done either by 

complexation/conjugation with positively charged polymers or by encapsulation in 

disulfide crosslinked micelles and liposomes. Similarly several researches have 

reported targeted release of anti-cancer drug payloads with disulfide crosslinked 

assemblies with a good control over the release kinetics.  
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1.2.2.3 Enzyme Responsive Assemblies 

 Amongst the endogenous stimuli responsive systems, enzymes/proteins can 

be considered primary imbalances as altered expression of enzymes such as 

proteases, glycosidases, acyl transferases and phospholipases are directly 

associated with several pathological conditions. Therefore designing 

supramolecular assemblies which can undergo morphological transformation in the 

presence of a specific enzyme gives a unique opportunity in the field of drug 

delivery owing to the highly specific nature of the enzyme transformations.  

 

 While the molecular design of most stimuli responsive assemblies do not 

need significant emphasis on the spatial placement of the responsive functionalities, 

this factor is of greater importance in enzyme responsive assemblies considering 

the macromolecular nature of both the enzymes and supramolecular assemblies 

 

 
 
Scheme 1.2. Enzyme cleavage substrates and the cleavage site of enzymatic reaction. 
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(diffusion/collision  limited).  For example it has been reported that factors such as 

substrate accessibility24 and assembly size25 play a critical role in altering the 

kinetics of enzyme response and the subsequent molecular release. The common 

theme in the design is however to affect the HLB of supramolecular assembly by 

influencing the molecular interactions through a hydrolytic cleavage of enzyme 

substrates. 

 In drug delivery, enzyme responsive assemblies which can precisely deliver 

the payload in intracellular as well as extracellular compartments have been 

reported. Short peptide sequences which are designed and conjugated on to the 

supramolecular assemblies for ���ƒ�–�”�‹�š�� �•�‡�–�ƒ�Ž�Ž�‘�’�”�‘�–�‡�‹�•�ƒ�•�‡�ï�• ���������ï�• ���á�� �=-

Chymotrypsin, and Thermolysin are few examples of enzymes prompting 

extracellular drug release. On the other hand peptide sequences which can be 

phosphorylated by kinases (predominantly overexpressed in inflamed cells) and 

substrates which can be degraded by Cathepsin B(overexpressed in malignant 

tumors) are examples of intracellular delivery.  Though significant literature has 

been report on enzyme mediated drug release, their utility in vivo still needs further 

evaluation to recognize the precise enzyme amounts to prompt drug release. 

1.3 Stimuli Responsi ve Facially Amphiphilic Molecules  

 Amphiphilic molecules where the water soluble hydrophilic and water 

insoluble hydrophobic domains are separated by a rigid longitudinal axis are 

considered facially amphiphilic. Our group has reported a unique class of facially 

amphiphilic molecules with dendrimer  architecture, composed of hydrophilic and 
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hydrophobic components in each repeat unit.  This was achieved by using a biaryl 

based AB2 monomer as the core followed by iterative synthesis with corresponding 

AB2 monomers (aryl or biaryl) to achieve amphiphilic dendrons of different 

generations (proportional to number of iterations) where the amphiphilic 

functionalities are placed on each repeat unit.26,27 We hypothesized that the 

inherent twist  associated with the biaryl core and the macromolecular features of 

these molecules would make them facially amphiphilic. 

 

 These dendrons spontaneously self-assemble to form micelle type aggregates 

at micromolar to sub-�•�‹�…�”�‘�•�‘�Ž�ƒ�”�� �…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•�� ���Ž�‘�™�� �������ï�•���� �ƒ�•�†�� �ƒ�Ž�•�‘�� �•�‡�“�—�‡�•�–�‡�”��

hydrophobic guest molecules in their interiors. It should be noted that the 

assemblies achieved from these amphiphiles (100 �� 200 nm) were relatively large in 

comparison to conventional micelles, which was verified to be due to the lack of 

 

 
Figure 1.1. Facially amphiphilic dendron structure with biaryl AB2 core. Micelle type 
assemblies formed from these amphiphiles. 
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conformational flexibility in the amphiphile backbone.28 Nonetheless the unique 

�•�—�’�”�ƒ�•�‘�Ž�‡�…�—�Ž�ƒ�”�� �ˆ�‡�ƒ�–�—�”�‡�•�� �‘�ˆ�� �–�Š�‡�•�‡�� �†�‡�•�†�”�‘�•�•�� �•�—�…�Š�� �ƒ�•�� �Ž�‘�™�� �������ïs, container property, 

and uniformly disperse nature (molecular weights) offer an excellent opportunity to 

study structure-property relationships in regards to the importance of precise 

molecular designs in several applications. 

 

 

 

Figure 1.2. Schematic representation showing the role of unimer-aggregate equilibrium 
in stimuli responsive facially amphiphilic dendron assemblies. 
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 Unlike classical dendrimeric micelles (unimolecular micelles),29,30 the 

aggregates formed from these dendrons are self-assembled thermodynamic 

structures, which are assumed to be in equilibrium with their corresponding 

unimeric amphiphiles. The nature of this equilibrium is therefore dictated by the 

stability of the aggregates. By designing the amphiphiles such that their assembly is 

adversely affected in the presence of a specific stimulus we have demonstrated a 

series of stimuli responsive systems as shown in Figure 1.2. The insights obtained 

from these studies were also applied to relevant facially amphiphilic polymeric and 

oligomeric designs developed in our laboratory. 

  

1.4 Summary and Dissertation Overview  

 In this chapter, an introduction to stimuli responsive systems based on 

supramolecular self-assembly was discussed. Fabrication of functional 

nanomaterials through self-assembly directed bottom up approach is not only a 

faster process but also economically more feasible. By understanding the molecular 

forces which drive self-assembly combined with a rational molecular design, 

nanomaterials can be achieved with good precision. Considering the reversible 

nature of self-assembled structures, additional stabilization such as crosslinking is 

required in applications where the integrity of self-assembled structures need to be 

maintained. 

 In stimuli responsive applications, the reversible nature of supramolecular 

interactions is utilized to disrupt the self-assembly and achieve corresponding 
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molecular release in the presence of a specific stimulus. Based on the origin of 

stimulus, the stimuli used in drug delivery were classified as exogenous or 

endogenous. The significance of each stimulus, the molecular design parameters 

that need to be considered, and an overview of few reported examples were 

discussed.  Stimuli responsive facially amphiphilic molecules and their unique 

properties owing to their peculiar molecular design and self-assembly properties 

were also discussed. 

 The focus of this dissertation is to understand the unimer-aggregate 

equilibrium in  stimuli responsive facially amphiphilic dendron assemblies, followed 

by the translation of these principles into synthetically more feasible oligomeric 

designs. In Chapter 2, enzyme responsive assemblies with tunable guest release will 

be discussed. Photo crosslinking of dendron assemblies is explored to understand 

the role of unimer-aggregate equilibrium as well as to tune the molecular release. In 

Chapter 3, temperature responsive facially amphiphilic dendron assemblies which 

exhibit unique sub-LCST characteristics will be discussed. The effect of this sub-

LCST phenomenon of host and guest exchange dynamics will be presented. In 

Chapter 4, the molecular design basis for the sub-LCST phenomenon is explored 

with a series of oligomeric molecular designs. The role of backbone rigidity in sub-

LCST behavior of amphiphilic assemblies and factors which contribute to the 

backbone rigidity will be discussed. In Chapter 5, general conclusions of the 

dissertation followed by future directions to i). further understand the unimer-

aggregate equilibrium with dendron assemblies and ii). photoresponsive assemblies 

using oligomeric amphiphiles will be disused. 
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CHAPTER 2 

GUEST RELEASE CONTROL IN ENZYME SENSITIVE, AMPHIPHILIC DENDRIMER 
BASED NANOPARTICLES THROUGH PHOTOCHEMICAL CROSSLINKING 

 Used with permission from Raghupathi, K. R.; Azagarsamy, M. A.; 

Thayumanavan, S. Guest release control in enzyme sensitive, amphiphilic dendrimer 

based nanoparticles through photochemical crosslinking. Chemistry A European 

Journal 2011 , 17, 11752 �� 11760. Copyright © 2011 Wiley. 

 

2.1 Introduction  

 For supramolecular assemblies to have a broad impact, it is essential that 

they not only sequester guest molecules, but also release these bound guest 

molecules in response to a specific trigger. Among supramolecular assemblies, 

micelles have attracted great interest due to their ability to sequester lipophilic 

guest molecules in an aqueous environment.1-5 This ability, combined with the fact 

that micellar assemblies are often nanoscopic in size, renders these assemblies of 

interest in a variety of applications, including drug delivery.6-11 To this end, there 

have been several reports on stimuli-responsive micellar assemblies that respond to 

variations in pH, redox conditions, light, and temperature.12-25 Assemblies that 

respond to variations in enzymatic activity, though not as prominent in the 

literature, 26-31 are also of great interest, because aberrations in enzymatic activity or 

protein concentration are the primary biological imbalances associated with many 

diseases.32-34 
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Amphiphilic assemblies generated from macromolecules, such as polymers 

and dendrimers, exhibit added advantages as stimuli-responsive systems, since 

these assemblies exhibit low critical aggregate concentrations (CAC) and high 

inherent stabilities.35-38 Dendrimers are particularly interesting, allowing for precise 

control over molecular weights, thus providing a unique opportunity for developing 

fundamental structure��property correlations.7 Enzyme-responsive dendrimers 

have been reported, wherein an enzyme-induced cleavage of a bond triggers a 

cascade of events that results in the covalent disassembly of the dendritic 

molecules.27,46-50 In these cases, the molecules, to be released in response to the 

enzymatic reaction, are covalently attached to the dendrimer. It is interesting to 

develop strategies in which there is no necessity for covalently modifying the guest 

molecules to be released, as they allow for using a broad range of lipophilic guest 

molecules. Our research group has recently reported on such a possibility using our 

facially amphiphilic dendrimers as the host scaffold.51 In this system, the guest 

molecules are non-covalently sequestered within the dendrimer assembly, and are 

then released in response to an enzymatic reaction, because of the change in the 

hydrophilic ��lipophilic balance (HLB) caused by the cleavage of the substrate 

functionality. In that preliminary communication, we have demonstrated some 

degree of control over the guest release that can be obtained by varying the dendron 

generation. However, the tunability in the release rate was relatively limited. Thus, 

we have been interested in developing an approach where systematic control over 

guest-molecule release can be conveniently achieved. Herein, with the aid of 

photochemical reactions, we demonstrate that the tunability in the guest-molecule 
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release can be achieved by controlling the availability of the substrate 

functionalities in the dendrimers to the enzymes. We arrived at this strategy by 

seeking a correlation between the enzymatic reaction that causes the amphiphilic 

dendrimer to lose its hydrophilic-lipophilic balance and the release of non-

covalently encapsulated guest molecules. We detail our findings on both of these 

aspects in this manuscript. 

 

2.2 Molecular Design and Synthesis  

 To understand the correlation between the extent of enzyme-induced bond 

cleavage and the guest-molecule release, it is important that we introduce a reporter 

element in our dendrons, in which the cleavage reaction is reliably analyzed along 

with the release of the non-covalently encapsulated guest molecules (Figure 2.1). 

Fluorescence is a convenient and sensitive technique for this purpose. In our 

molecular design, it is essential that the enzyme-induced cleavage reaction 

 

Figure 2.1. Schematic representation of enzyme induced release of covalently attached 
reporter units and non-covalently encapsulated guest molecules. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F1/
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disconnects the lipophilic component of the amphiphilic dendrimer thus resulting in 

a more hydrophilic functionality at the dendron end. This change forms the basis for 

the stimulus-induced change in HLB, which will result in the release of the guest 

molecules. Therefore, we searched for a lipophilic fluorophore that is rendered non-

fluorescent when attached to the dendron, but becomes fluorescent upon liberation 

from the dendritic backbone due to the enzymatic reaction. The hydroxycoumarin 

derivative, 4-methylumbelliferone (MUF), is highly fluorescent; however, the ester 

derivative of this molecule is not fluorescent.52-54 Therefore we sought to utilize the 

esterase-induced cleavage of the ester functionality in molecule A (Figure 2.2), as 

the fluorescence reporting event. However, we found the hydrolytic stability of the 

phenolic ester in A to be poor even in the absence of the enzyme. Since it has been 

reported that the alkoxy coumarins are also non-fluorescent, we utilized the acetal-

modified coumarin ester B. In this case, the esterase-induced cleavage of the ester 

would produce a hemiacetal, which is expected to decompose in situ to afford the 

fluorescent molecule MUF. When B was subjected to an enzymatic cleavage reaction, 

the solution indeed turned highly fluorescent with time, indicating the formation of 

MUF. 

 

 

Figure 2 .2. Coumarin based substrates for enzymatic cleavage. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F2/
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 We envisaged the use of the 1,3-dipolar Huisgen cycloaddition reaction, 

popularly referred to as click reaction, to attach the fluorophore precursor to the 

dendritic backbone. Accordingly, our target dendron structure is shown as 

structure 1 (Scheme 2.1). In this structure, the pentaethyleneglycol unit forms the 

hydrophilic functionality of the dendritic molecule, while the coumarin derivative 

constitutes the lipophilic component. We anticipated that the enzymatic cleavage of 

the ester bonds in dendron 1 by porcine liver esterase (PLE), should afford the 

carboxylic acid based dendron product 2 that contains hydrophilic functionalities at 

either face of the dendron and thus would lose its ability to non-covalently 

sequester hydrophobic guest molecules (Scheme 2.1). 

 

 

Scheme 2.1. Enzymatic action on target dendron 1. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F10/
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 Synthesis of molecule 1 was approached in a modular fashion. The dendritic 

precursor to target molecule 1 is represented by molecule 5 in Scheme 2.2. 

Molecule 5 was assembled from the biaryl building block unit 3 and peripheral 

unit  4. We have previously reported the synthesis of the biaryl building 

block 3 containing the pentaethyleneglycol and propargyl functionalities.9 The 

reaction between 3 and 4 was carried out under potassium carbonate conditions to 

obtain 5 which was then treated with the acetal-functionalized coumarin 6 

containing an azide moiety to obtain the targeted dendron 1 in 70% yield under 

click chemistry conditions.55-58 Compound 6 was obtained from a reaction between 

MUF, dibromomethane, and 6-azidohexanoic acid in 36% yield (Scheme 2.2). 

 

S
cheme 2.2. Synthesis of target dendron 1. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F11/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F11/
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2.3 Characterization of the Assembly  

 We were first interested in confirming the micelle-type assemblies formed by 

G1 dendron 1. We have previously reported that the most drastic change in the 

critical aggregation concentration (CAC) occurred from the monomer to G1-

dendron; the CAC gain from the G1 to G2 dendron was relatively small.31,51,59 

Therefore, we focused on the simpler G1 dendron for the studies outlined here. It is 

essential, however, that we confirm that the CAC for the G1 dendron 1 synthesized 

here is indeed in the micromolar range. We decided to determine the CAC of 1 by 

using the same lipophilic molecule that will be used for observing the non-covalent 

guest release. To concurrently analyze the release of the non-covalently sequestered 

guest molecule, it is essential that the photophysical features of the guest dye 

molecule are very different from that of the coumarin derivatives. Accordingly, we 

�…�Š�‘�•�‡�� �s�á�s�"-dioctadecyl-�u�á�u�á�u�"�u�"-tetramethylindo carbocyanine perchlorate (DiI) as 

the guest molecule, which absorbs at 530 nm and emits at 573 nm. DiI is a 

hydrophobic molecule and is therefore not soluble in water by itself. However, when 

it is embedded in the hydrophobic interior of the micelles in aqueous solution, a 

finite concentration of this dye molecule would be present in the aqueous solution 

(Figure 2.3a). 

 The CAC for the assembly was determined from the plot of fluorescence 

response of DiI as a function of the dendron concentration.14 A sudden change in the 

�‡�•�‹�•�•�‹�‘�•���‹�•�–�‡�•�•�‹�–�›���‘�ˆ�����‹�����™�ƒ�•���‘�„�•�‡�”�˜�‡�†���ƒ�”�‘�—�•�†���{�ä�v�r���JM concentration of G1; this can 

be attributed to the onset of micelle formation (Figure 2.3b). To confirm the 

formation of the micellar assemblies, dynamic light scattering (DLS) experiments 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F3/
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�™�‡�”�‡�� �…�‘�•�†�—�…�–�‡�†�� �ƒ�–�� �s�r�� �JM concentration of G1 dendron 1. The excellent correlation 

function obtained in these measurements suggests that these micellar aggregates 

have an average hydrodynamic radius of 120 nm and a narrow polydispersity 

(Figure 2.3c). Note that this is a rather large size for a micellar assembly from these 

dendrimers. We believe that these are micelle-type aggregates, rather than a 

classical micelle. The reason for suggesting that these are indeed micelle-type 

aggregates is that these sequester lipophilic guest molecules and the lipophilicity of 

their interiors is similar to that observed in classical micellar assemblies (when 

 
 

Figure 2.3. Micelle-type assembly. a) Emission spectrum of an aqueous solution of DiI in 
the presence and absence of G1 dendron 1 (lex=530 nm), b) CAC calculation for 1 by 
plotting fluorescence intensity of DiI vs. concentration of G1 dendrimer (lex=530 nm; 
lem=573 nm), c) size of the assembly determined by DLS at 10 µM concentration of 1, d) 
TEM image of G1 dendron 1 confirming formation of assemblies. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F3/
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tested using fluorescent probes).19,31,51 The studies, outlined below, were all 

�…�‘�•�†�—�…�–�‡�†�� �ƒ�–�� �t�w�� �JM concentration of G1 dendron 1 (well above its CAC) in 50 mM 

HEPES buffer at pH 7.2. At this concentration, the dendrons assemble to form the 

micelle-type aggregates of similar size even in the buffer, as confirmed by DLS. The 

formation of the assemblies was also confirmed in the dry state by TEM (Figure 

2.3d). 

2.4 Enzyme Sensitive Behavior of Dendrimer A ssemblies 

 One of the main objectives of this study is to understand the correlation 

between the guest-molecule release and the extent of enzymatic cleavage. To realize 

this objective, it is essential that we first understand the rate of enzymatic cleavage 

alone, before we test its correlation with the rate of guest-molecule release. To 

accomplish this, we have designed our dendrimer such that the enzymatic cleavage 

of the substrate will result in liberation of the fluorescent MUF. As a proof of 

concept, the enzyme sensitive nature of these dendrimers was tested by treating 25 

�JM dendrimer with 0.�t�� �JM of the enzyme porcine liver esterase. The extent of 

enzymatic cleavage was then measured by monitoring the fluorescence of the 

enzyme-cleaved MUF by exciting it at 365 nm. The fluorescence intensity of MUF 

increased constantly with time and reached a saturation point at about 400 min 

(Figure 2.4a). The fluorescence turn-on from this reaction was evident even upon 

visual inspection of the solution (Figure 2.4b). This result confirms that this 

dendrimer is indeed sensitive to the enzyme and also that the extent of enzymatic 

cleavage can be monitored through the fluorescence turn-on of MUF.  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F4/
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 The MUF fluorescence not only provides a firsthand report of the enzymatic 

event, but also indicates the extent of imbalance brought into the micellar aggregate. 

This is because when the enzyme cleaves the hydrophobic substrate, the lipophilic 

termini are converted to carboxylic acid functionalities, thereby affecting the HLB. 

This resultant change in HLB can be observed by conveniently monitoring the 

 
 

Figure 2.4. Turn-on fluorescence of coumarin (MUF) following the enzymatic action 
represented by a) emission spectra (lex=365 nm), b) photograph showing a visual 
evidence of the fluorescence turn-on upon substrate cleavage. 

 

 
 
Figure 2.5. Enzyme concentration dependent release of a) MUF, and b) DiI. 



30 
 

release of the pre-encapsulated (non-covalently sequestered) guest molecules. To 

test this hypothesis, guest molecule DiI was non-covalently encapsulated in a 25 

�JM dendrimer solution in 50 mM HEPES Buffer. This dendrimer solution was treated 

with increasing concentrations (0.0�w���JM, 0.�s���JM, and 0.�t���JM) of PLE and the release 

of MUF and DiI were monitored by exciting at 365 nm and 530 nm, respectively. It 

can be noted from Figure 2.5 that the percentage release of both MUF and DiI 

increased proportionally with the enzyme concentration. This indicates that the 

change in HLB (indicated by DiI release) is indeed directly proportional to the 

extent of enzymatic cleavage (indicated by the MUF release), thereby suggesting a 

clear correlation between these two processes. Also, though enzymatic cleavage 

affects the HLB and causes the release of non-covalent guest molecule (DiI), it 

should be noted that there exists a residual assembly from the product dendron, as 

observed by DLS. Albeit with much lesser efficiency, due to the altered HLB, these 

residual aggregates are capable of retaining some of the guest molecules, as seen 

from the incomplete release of the DiI. 

2.5 Photo-crosslinking of the D endritic Micelles  

 While the observed difference in release rate can be attributed to differences 

in the enzymatic activity, it is desirable that we exert control over the extent of 

enzymatic reaction and the ensuing guest-molecule release, based on the inherent 

molecular characteristics of the supramolecular assembly. The difference in 

dendron generation has been shown to provide some control over release 

kinetics,51 but it does not exhibit the level of systematic control desired. To develop 

such a possibility, we first examined the two limiting mechanistic possibilities for 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F5/
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the enzymatic reaction upon the substrate containing dendrons: 1) the enzyme 

transiently penetrates into the micellar interior to access the lipophilic substrate 

functionality or 2) the enzyme gains access to the substrate through the monomer��

aggregate equilibrium, in which the monomeric state of the dendrons provide clear 

access to the substrate functionalities. We conceived that it is unlikely that the 

enzyme will access the lipophilic interior of a rather large micellar aggregate since 

the energetic penalty for such a step would be high. Therefore, scenario 2 (i.e., 

presentation of monomeric dendron through monomer��aggregate equilibrium) 

seems to be a more reasonable pathway for the observed enzyme-based guest 

release. With this assumption, we hypothesized that limiting the availability of the 

monomeric aggregates in solution should significantly affect the enzymatic reaction 

and thus the release kinetics. 

 

 
 
Figure  2.6. Schematic representation, showing the effect of aggregate��monomer 
equilibrium on enzymatic action. 
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 One possible way of limiting the availability of the dendron in its monomeric 

state in solution would involve crosslinking the micellar interior in its aggregated 

state. As the degree of crosslinking increases, the availability of the dendrons in 

their monomeric state should decrease. We show three different scenarios in Figure 

2.6: 1) no crosslinking, 2) low crosslinking density, 3) high crosslinking density. We 

decided to utilize the coumarin functionality to controllably crosslink the aggregates 

formed by the dendron. Photodimerization of coumarin functionalities by [2+2] 

 

 

 
 
Figure 2.7. a) Reversible photodimerization of coumarin units (dimerized structure 
inferred from decrease in absorbance at 320 nm16a , b) UV absorption spectra indicating 
the increase in crosslinking density with increasing irradiation (365 nm) time, c) plot 
showing the swelling behavior of the crosslinked assemblies at 25 µM dendrimer 
concentration by varying the percentage of DMF. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F6/
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cycloaddition reaction is well known60-63 (Figure 2.7a). For effective crosslinking of 

these aggregates, we need at least three coumarin functionalities per molecule 

involved in the assembly. Molecule 1 is the simplest dendritic structure that 

presents three units. It is also interesting to note that the presence of only three 

units presents the opportunity to more precisely correlate the extent of the reaction 

with dendrons available in the monomer��aggregate equilibrium. In the case of 

dendrons with a higher number of coumarin units, a small percentage of reaction 

can cause extensive crosslinking of the overall structure. This is another reason for 

our choice of a simple G1 dendron for these studies (in addition to the observation 

of the best CAC gain upon going from G0 to G1, rather than from G1 to G2). 

 Crosslinking was achieved by irradiating a solution of 1 at 365 nm. It is 

known that hydrophobic environments greatly enhance the rate of coumarin 

dimerization.63 Since this is the case with our system, we anticipated the 

crosslinking reaction to be efficient. We observed that the required irradiation times 

for crosslinking are rather short and that the extent of crosslinking can also be 

tuned by simply varying the irradiation time. As shown in Figure 2.7b, the 

absorption peak at 320 nm, corresponding to the coumarin units in 1, decreases 

with increasing irradiation time and reaches saturation at approximately 30 min of 

irradiation. The extent of crosslinking at different irradiation times was estimated 

using the initial absorbance at 320 nm (that is, at t=0 with no irradiation) as 0% 

crosslinked and the absorbance at saturation as 100% crosslinked (that is, at t=30 

min of irradiation  (Figure 2.9). 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/#SD1
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To test if the observed photochemical transformation had resulted in crosslinking of 

the micellar aggregates, the stability of these nanostructures was tested. It is known 

from our previous studies that these facially amphiphilic dendrimers tend to lose 

their ability to aggregate, when subjected to a non-aqueous polar medium such as 

dimethylformamide (DMF).64 Thus, the stability of the dendritic aggregates formed 

from the non-crosslinked dendron 1 and crosslinked dendron solutions with 

varying percentages of DMF were investigated using DLS. As expected, the non-

crosslinked dendron solutions exhibited very poor correlation function in DLS and a 

broad PDI with just 20% of DMF, confirming the instability of the amphiphilic 

aggregate in this medium (Figure 2.10). On the other hand, the crosslinked dendritic 

�•�‘�Ž�—�–�‹�‘�•�•�� ���ƒ�Ž�Ž�� �•�‘�Ž�—�–�‹�‘�•�•�� �Š�ƒ�†�� �ƒ�� �ˆ�‹�•�ƒ�Ž�� �…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�� �‘�ˆ�� �t�w�� �JM of the dendron 1 with 

varying DMF/H2O ratio) did not lose their aggregation behavior even at 60% DMF. 

In addition, the DLS also showed excellent correlation function and a narrow PDI, 

independent of the percentage of DMF. These observations confirm that the 

photochemical irradiation indeed crosslinks the dendritic micellar interiors. As 

 

 
 

Figure 2.8. Temporal release of a) MUF and b) DiI (normalized), at different 
crosslinking densities. 
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would be expected of a crosslinked nanostructure, these crosslinked particles did 

show a linear increase in size with increasing percentage of DMF (Figure 2.7c) 

which might be due to swelling. 

 

 Upon validation of the variation in crosslinking density based on the 

irradiation time, we were interested in testing whether there would be a differential 

availability of the dendrons for enzymatic reaction. Accordingly, we subjected a 25 

�JM solution of the dendrons to photochemical irradiation (365 nm) for different 

times to obtain the nanoaggregates with 0, 20, 52, and 87 % crosslinks (Figure 2.8). 

First, we tested the release of MUF in response to the enzyme and observed a clear 

correlation between the extent of crosslinking and MUF release from these dendritic 

assemblies. For instance, only a small percent release of MUF was observed with 

87% crosslinked nanoaggregates even after 6 h, while 80% of MUF was released 

with uncrosslinked nanoaggregates. This observation has an important caveat; note 

that if the enzyme molecules were to access the interior of the dendron and cleave 

the ester bonds of the dimerized coumarin, then the fluorescence from MUF would 

not be observed, since the hydroxy version of the dimerized coumarin does not 

 
 

Figure 2.9. (a) Plot showing decrease in absorbance at 320 nm with increasing 
irradiation time. (b) Percentage crosslinking calculated by considering absorbance at 
0 and 30 minutes as 0 and 100 percent crosslinking respectively. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F8/
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fluoresce at this wavelength. This observation simply suggests that the extent of 

MUF release is controlled by different irradiation times. However, if we 

concurrently examine the release of the noncovalently sequestered guest molecule, 

DiI, further insights can be gained. 

 

Note that if the enzyme were able to access the interior of the micelle and 

cleave the ester bonds, this cleavage reaction would simultaneously uncrosslink the 

dendritic aggregates and thus cause changes in HLB, independent of the crosslinking 

 

Figure 2.10. (a) DLS plot showing increase in the size of crosslinked aggregates with 
increase in the concentration of DMF. (b) Plot showing variation in the size of 
aggregates (non-crosslinked) with increase in concentration of DMF. (c) Crosslinked 
aggregates showing excellent correlation function independent of the DMF 
concentration. (d) Micellar aggregates (non-crosslinked) showing poor correlation 
function with increase in DMF concentration. 
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density. These changes in HLB should then cause the amphiphilic aggregates to 

release the non-covalently sequestered guest molecules. On the other hand, if the 

enzymes do not have access to the interior of these particles, there should be a clear 

correlation between the previously observed MUF release and the release of the 

non-covalently sequestered DiI molecules. To differentiate these possibilities, we 

examined the release of DiI molecules from these assemblies by subjecting the 25 

�JM solutions of 1 to PLE. Here also, a very small percent release of DiI was observed 

in the case of the 87% crosslinked structure in 6 h, compared to about 83% release 

from the uncrosslinked structure over the same time period. The structures with 

intermediate crosslink densities exhibit intermediate release profiles. These 

observations support our assertion that the enzyme does not have access to the 

 

 
 

Figure 2.11. Decrosslinking and the dye-release studies. a) Absorption spectra showing 
partial recovery of non-crosslinked coumarin, b) time dependent MUF release, and c) 
DiI release. 
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interior of these assemblies. The utilization of the monomer��aggregate equilibrium 

to execute the enzymatic reaction and thus affect the HLB of the dendrons in 

solution seems to be the most reasonable alternate mechanism. 

 

 This observation can be further augmented by reversibly enriching the 

monomer to aggregate concentration through the decrosslinking of crosslinked 

aggregates. This should then allow more accessible dendrons (in monomeric form) 

to the enzyme, and thereby show enhanced guest release. The decrosslinking of 

crosslinked aggregates was achieved through photochemical irradiation of the 

crosslinked aggregates at 254 nm wavelength. However it is known from the 

literature 65 that irradiation at 254 nm not only causes photocleavage of dimerized 

coumarin but also the photodimerization and finally reaches the equilibrium 

(photostationary state). This limits the recovery of the uncrosslinked dendrons to a 

maximum of about 50%.65-68 The extent of decrosslinking at (250 nm) was 

 

Figure 2.12. (a) UV absorption spectra indicating the recovery of absorption at 
320 nm upon irradiation at 250 nm wavelength. (b) Plot showing percentage de-
crosslinking with increase in irradiation time with 250 nm light. 
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calculated by considering the absorbance at 320 nm before and after irradiation 

(365 nm) as 100 and 0%, respectively (Figure 2.12). 

 As the decrosslinking efficiency was limited to approximately 50%, it is 

import ant to note that significant number of crosslinkers are still intact in the 

crosslinked aggregate and these should be sufficient for retaining the majority of 

trapped guest molecules. To test this scope, dye-release experiments were 

conducted on three sets �‘�ˆ�� �t�w�� �JM G1 dendrimer solutions: 1) no crosslinking, 2) 

crosslinked, 3) decrosslinked following initial crosslinking. The absorption spectra 

depicting these three cases are shown in Figure 2.11a; the re-emergence of the peak 

at 320 nm wavelength corresponds to the decrosslinking of the dimerized 

(crosslinked) MUF. These solutions were then subjected to the enzyme PLE and the 

dye release was monitored. In the case of covalently attached MUF, the non-

crosslinked and crosslinked samples showed 90% and 5% release respectively, 

whereas about 20% release was observed in the case of decrosslinked sample 

(Figure 2.11b). A similar trend was observed for the non-covalently encapsulated 

DiI (Figure 2.11c). This observation therefore further validates that the enzyme 

does access the substrate in the monomeric form, provided through the monomer 

aggregate equilibrium. However, it is also important to note another possibility in 

which an individual monomer unit (present in the aggregate) transiently presents 

the lipophilic units at the surface of the aggregate, during which the enzyme can 

accesses its substrate functionality. At this time, we are unable to distinguish this 

possibility with the one based on the monomer��aggregate equilibrium. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3343743/figure/F9/
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2.6 Conclusions 

 We have designed and synthesized a dendritic molecule containing lipophilic 

fluorescent precursor functionality, which can self-assemble in aqueous solution to 

form nanoscopic micelle-like aggregates. Subjecting these dendrons to an enzymatic 

reaction releases a fluorophore, which has been utilized to monitor the release rate 

of the lipophilic fluorophore from the dendritic backbone. Since this enzymatic 

reaction also causes a change in the hydrophilic��lipophilic balance in the dendrons, 

the amphiphilic supramolecular nanostructures lose their micellar nature in 

response to the enzyme stimulus. Monitoring the release of non-covalently 

sequestered guest molecules during the deformation of the assembly suggests that 

there is a clear correlation between covalent bond cleavage and guest-molecule 

release. This observation led us to test the possibility of utilizing these dendrons for 

controlling the release of the guest molecules by limiting the extent of dendron 

availability in a monomer��aggregate equilibrium. We utilized the photochemical 

dimerization of coumarin to test this possibility. Indeed, we observed that the extent 

of guest-molecule release can be precisely controlled by manipulating the extent of 

crosslinking in these nanoassemblies. These observations also allowed us to rule out 

the possibility of enzymes accessing the interior of the micellar aggregates to 

execute the enzymatic reaction. We believe that the molecular-design strategies that 

emerge from these observations can impact a variety of areas, particularly those 

involving controlled molecular release. 
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2.7 Experimental  Details  

2.7.1 Synthesis and Characterization  

 All chemicals and reagents were purchased from commercial sources and 

were used as received, unless otherwise mentioned. Compounds 3 and 4 were 

synthesized following the previously reported procedures. 1H-NMR spectra were 

recorded on 400 MHz Bruker NMR spectrometer using the residual proton 

resonance of the solvent as the internal standard. Chemical shifts are reported in 

parts per million (ppm). When peak multiplicities are given the following 

abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. 13C-NMR 

spectra were proton decoupled and measured on a 100 MHz Bruker spectrometer 

using carbon signal of the deuterated solvent as the internal standard. 

2.7.1.1 Synthesis of compound 6  

 4-Methylumbelliferone (3.36 g, 19.09 mmol), dibromomethane (6.64 g, 38.20 

mmol), K2CO3 (5.80 g, 42.00 mmol), and 18-crown-6 (0.84 g, 3.18 mmol) were 

mixed together in acetone (125 mL) and refluxed for 1 h under argon, azido 

hexanoic acid (2.50 g, 15.90 mmol), and dibromomethane (3.31 g, 19.04 mmol) 

were then added and refluxed for 15 h. The reaction mixture was concentrated in 

vacuo and the residue was dissolved in water and extracted twice with ethyl acetate, 

the combined extracts were then dried over anhydrous Na2SO4. Upon evaporation 

of the solvent, the crude product was purified by silica gel column chromatography 

(using combiflash) to afford 1.99 g (36%) of product 6. 1 H NMR (400 MHz, �������Ž�u�����A��

7.54 (d, J = 8 Hz, 1H), 7.01 (s, 1H), 6.97 (d, J = 8 Hz, 1H), 6.20 (s, 1H), 5.82 (s, 2H), 

3.23 (t, J = 16 Hz, 2H), 2.42 (s, 3H), 2.40 (t, J = 12 Hz, 2H), 1.69 �� 1.55 (m, 4H), 1.40 
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(m, 2H); 13���� �������� ���s�r�r�� �����œ�� �������Ž�u���� �A�� �s�y�t�ä�t�á�� �s�x�s�á�� �s�w�{�ä�x�á�� �s�w�w�á�� �s�w�t�ä�v�á��126, 115.3, 

113.3, 113.1, 103.5, 84.7, 51.2, 34, 28.6, 26.2, 24.2, 18.8. FAB/MS m/z (r.i) (M+ 49), 

189 (72), 177 (100). 

2.7.1.2 Synthesis of compound 5  

 

Compund 5 was synthesized using previously reported procedure.51 

 

2.7.1.3 Synthesis of compound 1  

 

 The dendritic acetylene compound 5 (30 mg, 0.023 mmol), and azide 

compound 6 (71 mg, 0.2 mmol) were dissolved in THF/H2O (1:1) solvent mixture. 

To that was added CuSO4.5H2O (2.9 mg, 0.011 mmol), sodium ascorbate (2.3 mg, 

0.011 mmol) and heated to 50o C for 36 h. The reaction mixture was then 

concentrated in vacuo to remove THF and extracted twice with ethyl acetate; the 

combined extracts were then dried over anhydrous Na2SO4. Upon evaporation of 

the solvent the crude mixture is purified by silica gel column chromatography to 
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afford 37 mg of product 1. 1H NMR (400 MHz, CDCl3�����A���y�ä�w�{���� 7.49 (m, 5H), 7.20 (s, 

1H), 6.97 �� 6.91 (m, 6H), 6.64 �� 6.46 (m, 12H), 6.15 �� 6.13 (m, 3H), 5.79 -5.75 (m, 

6H), 5.12 �� 4.67 (m, 12H), 4.30 �� 4.27 (t, J = 12 Hz, 4H), 4.13 �� 4.05 (m, 9H), 3.82 �� 

3.80 (m, 5H), 3.69 �� 3.49 (m, 55 H), 3.35 �� 3.33 (m, 9H), 2.38 �� 2.28 (m, 15 H), 1.88 �� 

1.24 (m, 24H). 13���������������s�r�r�����œ���������Ž�u���� �A���s�y�s�ä�v�t�á���s�y�s�ä�u�{�á���s�x�r�ä�u�w�á���s�w�z�ä�z�v�á���s�w�z�ä�u�y�á��

155.78, 154.29, 151.82, 143.88, 143.21, 142.10, 139.03, 135.37, 125.36, 125.34, 

122.25, 121.92, 118.86, 114.59, 112.63, 112.34, 112.28, 109.89, 105.79, 104.69, 

102.77, 102.75, 100.39, 100.27, 84.09, 71.33, 70.00, 69.90, 69.86, 69.06, 66.92, 

64.48, 62.87, 61.39, 58.45, 49.46, 49.30, 33.10, 33.04, 31.01, 29.29, 29.07, 25.23, 

23.31, 23.24, 18.11, 13.55; MALDI��ToF m/z calculated for C120H150N9O39- Na+ : 

2368.5; found 2368.0. 

2.7.2 Dynamic Light Scattering  

 The size distribution of the micelles was determined by Nano series Nano-ZS 

(Malvern Instrument) Zetasizer. In a typical experiment a stock solution of 100 µM 

dendrimer was prepared in milli-Q water by stirring the solution overnight inside 

the refrigerator. The resultant solution was then diluted to 25 µM with 50 mM 

HEPES buffer (pH 7.2). This solution was then filtered through 0.22 µm filter and the 

size of the micelles was measured at room temperature. 

2.7.3 Spectroscopic Measurements  

 UV-Visible spectra were collected using a Cary 100 Spectrophotometer. 

Emission spectra were recorded on a JASCO (FP-6500) spectrofluorimeter using 1 

mL disposable fluorescence cuvettes. The emission spectra for DiI were recorded by 

exciting at 530 nm, with the excitation and emission bandwidth set at 3 and 5 nm 
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respectively. On the other hand MUF was excited at 365 nm, with excitation and 

emission bandwidth set at 3 and 3 respectively. 

2.7.4 Encapsulation of Guest Molecules 

 To a vial pre-weighed with required amount of dendrimer was added 50 µL 

of 1mg/mL DiI (in acetone), followed by evaporating the acetone with mild blow of 

Argon. To this was added milli-Q water to make the desired concentration of 

dendrimer and stirred at 5o C in a refrigerator for 48 hrs. The resultant solution is 

then passed through 0.22 µm filter to remove the non-encapsulated DiI, followed by 

stirring the solution at room temperature for 2 hours to remove any residual 

acetone present in the solution. This stock solution was accordingly diluted with 

50mM HEPES Buffer (pH 7.2) to achieve required concentration of the dendrimer. 

2.7.5 Dye Release  

 To the 1 mL of dendrimer stock solution encapsulated with DiI was added 

HEPES buffer (50 mM, pH = 7.2) to make the desired concentration of dendrimer 

solution. To this dendrimer solution was added varying amounts of 100 µM PLE 

stock solution (50 mM HEPES, pH = 7.2) and mixed well. The emission spectra of 

MUF and DiI were then recorded at every time interval by exciting at 365 nm and 

530 nm respectively. The MUF, and DiI release were monitored using the emission 

intensities observed at 448 nm, and 573 nm respectively. The percentage release of 

MUF was calculated by considering the saturation point in the sample with highest 

PLE concentration (0.2 µM) as 100 percent release, whereas the percentage release 

of DiI was calculated by considering the control (with no enzyme) as zero percent 

release. The temperature was maintained at 25 o C throughout the experiment. 
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2.7.6 Photo crosslinking of Dendron Aggregates 

 Aqueous dendrimer solution in a scintillation vial was placed under a XX-

�s�w������ ���‡�•�…�Š�� ���ƒ�•�’�� ������������ �™�‹�–�Š�� ������ �Ž�‹�‰�Š�–�� ���I�� �1�� �u�x�w�•�•���� �ƒ�–�� �ƒ�� �{�ä�w�� �…�•�� �†�‹�•�–�ƒ�•�…�‡�ä�� ���Š�‡��

degree of crosslinking was varied by changing the time of exposure (Figure 2.10a). 

The percentage crosslinking is then determined form the exponential curve fitting 

as shown in the Figure 2.12b. The optimum time needed for complete crosslinking 

was observed to be 30 minutes. 

2.7.7 Stability of the Crosslinked Aggregates 

 The stability of the crosslinked and non-crosslinked dendrimer aggregates 

was determined by testing their aggregation stability upon exposure to the 

increasing concentrations of a non-aqueous polar medium DMF. It can be observed 

from Figure S2.b,d that the non-crosslinked aggregates are polydisperse and have 

very poor correlation coefficients with just 20 % DMF. On the other hand, the Figure 

2.11. (a) Plot showing decrease in absorbance at 320 nm with increasing irradiation 

time. (b) Percentage crosslinking calculated by considering absorbance at 0 and 30 

minutes as 0 and 100 percent crosslinking respectively. Crosslinked aggregates 

showed enhanced stabilities with excellent correlation coefficients (Figure 2.10.a, c) 

even at 60 % DMF. 

2.7.8 De-Crosslinking of the Crosslinked Aggregates 

 To test the scope of reversibly de-crosslinking the crosslinked aggregates, 

aqueous dendrimer solution was initially crosslinked at 365 nm following the procedure 

mentioned above. This crosslinked solution was then placed under a XX-15LW Bench 

Lamp (UVP) with UV ligh�W�� ������ �a�� �������� �Q�P���� �D�W�� �D�� �������� �F�P�� �G�L�V�W�D�Q�F�H���� �7�K�H�� �G�H�J�U�H�H�� �R�I�� �G�H-
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crosslinking is then monitored through the gain in absorbance observed at 320 nm. It can 

be observed from Figure S3.a that the absorbance at 320 nm saturates after 30 minutes of 

irradiation. The degree of de-crosslinking was then calculated through exponential curve 

fitting by considering the absorbance at 320 nm of completely crosslinked sample (i.e 

after 30 min of irradiation at 365 nm) as 0 percent de-crosslinking and absorbance of the 

non-crosslinked sample (i.e no UV irradiation) as 100 percent de-crosslinking. 

 

2.8 NMR Spectra 
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CHAPTER 3 

TEMPERATURE-SENSITIVE TRANSITIONS BELOW LCST IN AMPHIPHILIC 

DENDRITIC ASSEMBLIES: HOST-GUEST IMPLICATIONS 

 Adapted with permission from Jack M. Fuller,���� Krishna R. Raghupathi,����

Rajasekhar R. Ramireddy, Ayyagari V. Subrahmanyam, Volkan Yesilyurt, and S. 

Thayumanavan.  Guest release control in enzyme sensitive, amphiphilic dendrimer 

based nanoparticles through photochemical crosslinking. Journal of the American 

Chemical Society 2013 , 135, 8947 �� 8954. Copyright © 2013 American Chemical 

Society. 

 

3.1 Introduction  

 Stimuli-sensitive supramolecular assemblies have captured our attention, 

because of their impact on a variety of applications, including biosensing, drug 

delivery, and diagnostics.1-9 It is often desirable, in many of these applications, that 

the surface moieties interfacing with the aqueous milieu do not exhibit any 

nonspecific binding characteristics. Oligo- and poly(ethylene glycol) based 

hydrophilic functional groups have been quite popular in this context.10-13 In 

addition to the desirable nonspecific binding features, these functional groups are 

also capable of imparting temperature-sensitive character to a supramolecular 

assembly.14-17 Considering the prevalence of ethylene glycol based functional groups 

in biomaterials, it is critical that we understand the factors which underlie the 

thermal sensitivity. It is widely accepted that the thermal sensitivity arises from the 

fact that the degree of hydrogen bonding between the ethylene glycol moieties and 
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water is inversely proportional to the temperature.14,18,19 This feature has been 

observed in the form of macroscopic phase changes, where a polymer or a 

supramolecular assembly phase separates from the aqueous phase in response to 

increased temperature. This phase tra�•�•�‹�–�‹�‘�•�� �‹�•�� �”�‡�’�‘�”�–�‡�†�� �ƒ�•�� �–�Š�‡�� �•�‘�Ž�‡�…�—�Ž�‡�ï�•�� �Ž�‘�™�‡�”��

critical solution temperature (LCST) or the cloud point.20,21 Molecules are soluble 

below their cloud point but will precipitate above this temperature due to 

weakened hydrogen bonding with the aqueous medium. In effect, ethylene glycol 

units become less hydrated (i.e., less hydrophilic) in an elevated thermal 

environment, resulting in increased intermolecular aggregation and ultimately 

precipitation. Numerous reports describe cloud-point-mediated triggers in drug 

delivery,22-24 sensing,25-27 and catalysis28-30 as precipitation-mediated responses. 

While the cloud-point phase transition is an easily observed macroscopic 

phenomenon, we have found no studies investigating the thermal properties of 

these molecules below their cloud point. This is especially important in amphiphilic 

assemblies that feature these temperature-sensitive functional groups, because the 

change in hydrophilic��lipophilic balance (HLB) above and below the LCST results in 

dramatically altered supramolecular structures. Since the fidelity of an amphiphilic 

assembly depends on the HLB,31-33 if there is a temperature-dependent effect prior 

to the macroscopic phase change in its building blocks, then it will likely alter the 

assembly itself. Here, we report such a phenomenon in facially amphiphilic 

dendrons.34,35 Specifically, we have observed a sub-LCST transition in which the 

molecular organization, host��guest encapsulation properties, and dynamics of the 

supramolecular assemblies are affected by temperature (Figure 3.1). In this paper, 
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we explore the previously unreported thermoresponsive behavior as demonstrated 

by temperature-dependent dynamic light scattering (DLS), dynamic FRET-based 

guest exchange, and host exchange, as monitored by an excimer-based fluorescence 

probe. This work provides insight into the self-assembly and thermoresponsive 

properties of ethylene glycol containing molecules by experimentally revealing a 

sub-LCST dynamic to static supramolecular transition. 

 

 We chose oligo(ethylene glycol) (OEG)-containing facially amphiphilic 

dendrons (Scheme 3.1) for this study, because (i) these dendrons are known to 

exhibit LCST behavior,17 (ii) the monodisperse nature of the dendrons33,36-

39 provides the opportunity to systematically vary the structure of the building 

blocks of the amphiphilic assembly and investigate its effect upon the temperature-

dependent host characteristics, and (iii) the amphiphilic assemblies from these 

dendrons can act as hosts for noncovalently binding guest molecules. 

 

Figure 3.1. Schematic representation of the proposed sub-LCST supramolecular 
transition at ~ 17.5 °C and LCST at ~ 42 °C respectively. 
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3.2 Molecular Designs and Aggregation Properties  

 Facially amphiphilic dendrons, with a five-repeat OEG unit as the hydrophilic 

moiety and a decyl group as the lipophilic moiety, have been shown to organize into 

spherical assemblies in the aqueous phase.17 Host��guest studies revealed that these 

assemblies contain a hydrophobic interior for sequestering lipophilic guest 

molecules, reminiscent of micelle-like structures. However, size measurements 

using dynamic light scattering (DLS) and transmission electron microscopy (TEM) 

reveal that these are about 160 nm in diameter at 25 °C.17 This rather large size, for 

 

Scheme 3.1. Structure of temperature sensitive facially amphiphilic dendrons 

 



57 
 

a micellar assembly, and the facially amphiphilic structure of the dendrons led us to 

assume that the hydrophobic interior (as probed by the microenvironment of 

fluorescent guest molecules) is composed of lipophilic alkyl and buried OEG 

moieties. This is understandable, because unhydrated OEG units are thought to be 

hydrophobic. Considering these possibilities, we were interested in investigating 

whether the temperature-dependent hydration of the OEG units would alter the 

HLB, where a greater number of OEG units are exposed to the solvent at lower 

temperatures.

 

To investigate this, we first measured the size of the assembly obtained from 

our first -generation facially amphiphilic dendron 1, using DLS at 10 °C. Indeed, we 

found that the size of the amphiphilic assembly formed from the dendron is much 

smaller (�ý30 nm), in comparison to that observed at ambient temperature (�ý160 

nm) (Figure 3.2a). Considering this observation, we carried out systematic 

temperature-dependent DLS studies for the dendron 1. The results from these 

 

Figure 3.2.  Temperature dependent size variations as observed by dynamic light 
scattering (DLS). a) A large change in the DH of 1 was observed for 25 °C (160 nm) and 10 
°C (30 nm) assemblies. b) The temperature responsiveness of dendrons 1, 2, and 3 were 
determined.  Dendron 1 showed a sharp change in the hydrodynamic radius between 15 
and 17.5 °C, while the assemblies from dendrons 2 and 3 were temperature insensitive. 
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studies highlight a sharp transition in the size of the aggregate between 15 and 17.5 

°C (Figure 3.2b). The PDI values of all assemblies were between 0.110 and 0.306 

with correlation functions of >0.82. The correlation functions were slightly lower 

(0.70 and 0.71) for the smaller assemblies at the two lowest temperatures studied, 

10 and 12.5 °C (Figure 3.5). Note that the classical cloud point or the LCST transition 

for this molecule is 42 °C (Figure 3.9)17 and there seems to be a previously 

unobserved transition at a lower temperature. Interestingly, when the second- and 

third -generation dendrons (2 and 3) were investigated, no temperature-dependent 

size change was observed at lower temperatures within the temperature ranges 

investigated; the LCST values of these dendrons were 32 and 31 °C, respectively.17 

Thus, the following are the noteworthy features of this preliminary finding: (i) 

dendron 1 exhibits a macrophase separation, resulting in an anisotropic mixture at 

40 °C, the so-called LCST, (ii) below the LCST, some higher order aggregation does 

occur, but the assembly does not exhibit any macrophase separation, (iii) far below 

the LCST, there exists a second, sub-LCST transition, resulting in smaller aggregates 

presumably due to greater hydration of the OEG units, and (iv) this three-phase 

system is unique to 1, in comparison to second- and third-generation dendrons 

(2 and 3). We speculate that the higher number of amphiphilic units that are 

covalently tethered in these dendrons results in a larger energetic penalty for 

reorganizing the assembly formed at ambient temperature, thus preventing a sub-

LCST transition.40,41 It is critical then to understand the dynamic nature of the 

supramolecular assembly from the first-generation dendron, in comparison to the 

second- and third-generation facially amphiphilic dendrons. 
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3.3 Temperature Dependent Host Exchange 

 At first glance, it seems obvious that a size change with decreasing 

temperature should dictate that the dendron host also exchanges. Note that our 

previous experiments do suggest that there would be a change in the size upon 

decrease in temperature. However, once an assembly is at a particular temperature, 

we do not know whether or not the host molecule rapidly exchanges among the 

amphiphilic assemblies. Therefore, it is interesting to investigate whether host 

exchange dynamics is dependent on temperature. For this purpose, we synthesized 

a G1 dendron (6; Scheme 3.2) �™�‹�–�Š�� �ƒ�� �’�›�”�‡�•�‡�� �•�‘�‹�‡�–�›�� �ò�…�Ž�‹�…�•�‡�†�ó�� �ƒ�–�� �‹�–�•�� �ˆ�‘�…�ƒ�Ž�� �’�‘�‹�•�–�ä��

Dendron 6 forms an assembly much like that of 1, with the exception that we now 

have a covalently bound fluorescent probe at the interior of the aggregate with 

which we can monitor thermosensitivity of the host exchange. In the amphiphilic 

supramolecular assembly, pyrene units would be forced into close proximity. This 
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state can be probed through the formation of an excited state dimer (excimer), 

which spectroscopically reveals itself through a broad emission peak with a large 

Stokes shift. If we mix the dendron 6 with the pyrene-less dendron 1 and if there 

were a rapid exchange of the dendron molecules among the aggregates, then the 

concentration of the pyrene units within an aggregate will decrease (Figure 3.3a). 

 

Figure 3.3. Dendron exchange via mixed micellar assemblies. Exchange rates are 
extracted using a covalently linked pyrene probe 6 in a mixed assembly experiment. (a) 
Dendritic supramolecular assemblies are in equilibrium with individual dendrons in 
solution; mixing 1 and 6 results in a mixed assembly (1*6), where the effective 
concentration of pyrene units will be reduced. (b) The change in the excimer/monomer 
ratio upon 1*6 formation allows us to directly monitor dendron exchange via time-lapse 
fluorescence measurements. (c) Mixing solutions of 1 and 6 at multiple temperatures 
while monitoring the pyrene monomer emission shows a distinct change in dendron 
exchange rates. (d) Ramping the temperature by 1 °C increments from 25 to 19 °C 
shows the dramatic change in the equilibrium between supramolecular assemblies and 
individual dendron units in solution. The change in assembly dynamics, coupled with 
the change in hydrodynamic radius, suggests the presence of two organizationally 
distinct assemblies below the LCST of the material. 
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This decrease should result in reduced excimer emission and a corresponding 

increase in the emission that corresponds to the pyrene monomer. To first 

investigate the viability of this experiment, we first mixed different concentrations 

of dendron 1 �™�‹�–�Š�� �ƒ�� �t�r�� �J���� �•�‘�Ž�—�–�‹�‘�•�� �‘�ˆ 6 and monitored the pyrene fluorescence. 

Note that the pyrene excimer emission indeed decreases with a concurrent increase 

in the monomeric emission, when the concentration of 1 is increased in the solution 

(Figure 3.3b). 

 

 

 

Figure 3.4. (a) Excitation of DiO at 450 nm results in FRET, when a mixed assembly is 
present. (b) The leakage coefficient (�&) is derived from the acceptor�«donor ratio as the 
slope of the FRET ratio (see inset for linear region of dye exchange). (c) The temperature 
sensitivity of 1 was shown to have an inverse effect on the guest exchange dynamics 
with exchange at 4 °C complete within 10 min and virtually no exchange observed at 37 
°C. (d) Guest molecule mixing studies were performed with 1�«3 to test any generation 
dependence on the exchange rates. Exchange was only observed for the first-generation 
dendron 1. 
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 To allow for a direct correlation between dendron exchange rates and 

temperature sensitivity, we used time-lapse fluorescence, where we monitored the 

increase in monomer emission with time. Solutions of 1 and 6 ���t�w�� �J������ �™�‡�”�‡��

brought to the target temperature (±1 °C) for 30 min prior to mixing. The solutions 

were then combined in the fluorescence cuvette holder at a pre-equilibrated 

temperature. The emission intensity at 379 nm (monomeric pyrene) was monitored 

with one measurement every 10 s (Figure 3.3c). The peak intensity at 379 nm 

increased rapidly, when the temperature was 10 °C. On the other hand, there was no 

change in the emission intensity at 25 °C. In other words, the dynamics of host 

exchange is faster at lower temperatures. If our hypothesis that the higher 

 

Figure 3.5. . Correlograms of G1(a), G2(b), G3(c) OEG dendrimers and G1 zwitterionic 
dendrimer(d) as determined by DLS.  
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generation dendrons pay a larger energetic penalty for dissociating from the 

amphiphilic aggregate were correct, then those two dendrons should not exhibit 

host exchange at any temperature (or exhibit this behavior at even lower 

temperatures). Indeed, dendrons 2 and 3 did not exhibit any exchange over the 

temperature range of 10��25 °C, when the experiments were carried out with a 

mixture of these dendrons with the dendron 6 (Figure 3.8). These results further 

support the tighter association of the host molecules in the higher generation 

dendrons. 

In analyzing the data in Figure 3.3c, we noticed not only that there was a 

strong temperature dependence upon the dendron exchange but also that the 

transition from a non-exchanging mixture to an exchanging mixture was rather 

sharp between 22.5 and 20 °C. Assuming first order, we calculated the rate 

constants at these temperatures using their half-lives and found that there was a 

significant increase in rate from 22.5 to 20 °C, where the rate constants obtained at 

these temperatures were 8.5468 × 10��4 and 2.6557 × 10��3 s��1, respectively. The rate 

further increases with decreasing temperature and reaches 8.557 × 10��3 s��1 at 10 °C, 

which is an order of magnitude higher than the rate observed at 22.5 °C (Figure 

3.10). To independently investigate the sharpness of the transition observed in 

Figure 3.3c, from a static to a dynamic assembly, the temperature of a single mixed 

micelle solution was decreased from 25 to 19 °C by 1 °C increments. 

The 1*6  solution was allowed to equilibrate at each temperature, and the exchange 

coefficients were calculated. The transition from negligible dendron exchange to a 

very rapidly exchanging assembly occurs over a �ý2 °C range (Figure 3.3d). The 
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slight discrepancy in the transition temperature range from the temperature 

ramping experiments and constant temperature mixing experiments is attributed to 

the possible difference in pre-equilibration times. Finally, to understand if the 

increase in dynamics of host exchange observed at lower temperatures (Figure 3.3c) 

is associated with any sub-LCST size transition, variable-temperature DLS was 

performed with assemblies from 6 and 1*6 . Surprisingly, assembly from 6 alone did 

not show a size transition at lower temperatures, presumably due the increased 

hydrophilicity in lipophilic chain due to pyrene. However, assembly from 1*6  did 

show a temperature-dependent size transition, suggesting that the host 6 is indeed 

also dynamic at lower temperatures (Figure 3.11). 

 

3.4 Temperature Dependent Guest Exchange 

 Considering the temperature-dependent assembly behavior, as well as host 

exchange, we were interested in investigating the implications of this behavior in 

guest exchange. We neither anticipated nor observed any significant difference in 

the extent of encapsulation of guest molecules based on minor temperature 

variations in the assembly. However, we were interested in identifying the 

    

Figure 3.6.  G1 carboxylate dendrimer (4) was shown to have high encapsulation 
stability at low temperatures by the lack of FRET evolution at all temperatures. 
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implications of the temperature-dependent changes in the amphiphilic assembly 

upon the dynamics of guest exchange between the host and the bulk solvent, which 

is referred to as the encapsulation stability.42 Note that the host��guest interactions 

in these amphiphilic assemblies are driven by solvophobic interactions. Therefore, if 

the solvation of the host molecule were to differ with temperature, then it should 

follow that the encapsulation stability would also be different.  

 

That is, the dynamics of guest exchange should be higher at lower temperatures, 

since the dendron becomes more hydrophilic at lower temperature. In terms of the 

general relationship between dynamics and temperature, this seems 

counterintuitive at first. However, when we account for the solvation of the host, 

this seems possible. The dynamics of guest exchange and thus the leakage 

coefficient can be measured using a recently developed fluorescence resonance 

energy transfer (FRET) based method.42 Briefly here, two different solutions of the 

host��guest assembly are generated: one containing a FRET donor dye as the guest 

molecule and the other containing the corresponding FRET acceptor guest molecule. 
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Figure 3.7.  G1 zwitterionic dendrimer (5) was shown to have high encapsulation 
stability at low temperatures by the lack of FRET evolution at 4 �|C and 25 �|C.  Some guest 
exchange was seen at 37 �|C, most likely due to an increase in guest leakage by an 
increase in diffusion.  This highlights the importance of oligoethylene glycol hydration on 
the observed inverse temperature sensitive dynamics of guest exchange. 
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When these two solutions are mixed, if there is a rapid guest exchange the FRET 

donor and acceptor guest molecules will result in the same supramolecular 

assembly; this can be discerned by a decrease in the donor emission with a 

concurrent increase in the acceptor emission, when the donor molecule is excited. If 

there is no guest exchange, there should be no evolution of the relative emission 

intensities with time. 

 

 ���•�� �‘�—�”�� �‡�š�’�‡�”�‹�•�‡�•�–�•�á�� �™�‡�� �—�•�‡�†�� �u�á�u�"-dioctadecyloxacarbocyanine perchlorate 

�����‹���á�� �	�������� �†�‘�•�‘�”���� �ƒ�•�†�� �s�á�s�"-dioctadecyl-�u�á�u�á�u�"�á�u�"-tetramethylindocarbocyanine 

perchlorate (DiI, FRET acceptor) as the lipophilic FRET pair. The dye molecules 

were encapsulated in 1 in separate solutions, referred to as 1-DiO and 1-DiI. The 

two solutions were then mixed, and the evolution of FRET was monitored over time 

 

Figure 3.8.  The emission of pyrene at 379 nm was followed over time.  There is no 
significant exchange of 2 or 3 with 6 as shown by the lack of a sustained increase in the 
emission at 379 nm (pyrene monomer emission).  The increase in fluorescence intensity 
with the decreasing temperature is a phenomenon observed for all fluorescent 
molecules in our dendritic assembly and does not correspond to a dendron host 
exchange process. Rapid exchange of dendrons is observed upon the addition of 1 to the 
system as seen by the dramatic increase in emission as observed with 1*6 formations. 
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(Figure 3.4a). Indeed, when the DiO molecule was selectively excited in the solution, 

the emission intensity from DiO decreased with time, while the emission from DiI 

�‹�•�…�”�‡�ƒ�•�‡�†�ä�����Š�‡���Ž�‡�ƒ�•�ƒ�‰�‡���…�‘�‡�ˆ�ˆ�‹�…�‹�‡�•�–�����&���á���™�Š�‹�…�Š���‹�•���–�Š�‡���•�Ž�‘�’�‡���‘�ˆ���–�Š�‡���Ž�‹�•�‡�ƒ�”���ˆ�‹�–���‘�ˆ���–�Š�‡���	��������

�”�ƒ�–�‹�‘���‘�˜�‡�”���–�‹�•�‡���ƒ�–���‹�•�‹�–�‹�ƒ�Ž���–�‹�•�‡�•�á���™�ƒ�•���ˆ�‘�—�•�†���–�‘���„�‡���&���±���r�ä�r�w���ˆ�‘�” 1 at 25 °C (Figure 3.4b). 

The FRET ratio is defined as Ia/( Ia + Id), where Ia and Id are the intensities of the 

acceptor and donor emissions at their respective emission maxima.42,43 

 

  

 

Figure 3.9.  Temperature-dependent macroscopic phase change observed by increase in 
high tension voltage, triggered by precipitation-based scattering.  The data in Figure 2c is 
reproduced from a previous publication for comparison.17 

 

 

 

 
 

  

Figure 3.10.  Rate constants for host exchange at different temperatures (283 K  to 
295.5 K). It can be seen that the rate increase by an order of magnitude going from 
295.5 K to 283 K. 
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Considering our findings with temperature-dependent change in the size of 

the amphiphilic assembly, we investigated the dynamics of guest exchange in these 

assemblies at different temperatures. Mixing experiments utilizing 1-DiO and 1-DiI 

were first performed at 4 and 37 °C. Interestingly, an increase in the exchange 

dynamics of guest molecules was observed at 4 °C, as a complete guest exchange 

�‘�…�…�—�”�•���‹�•���Ž�‡�•�•���–�Š�ƒ�•���s�r���•�‹�•���™�‹�–�Š���&���µ���s�ä�z�{�y�ä�����‘�•�˜�‡�”�•�‡�Ž�›�á���‡�•�•�‡�•�–�‹�ƒ�Ž�Ž�›���•�‘���	���������‡�˜�‘�Ž�—�–�‹�‘�•��

�™�ƒ�•�� �‘�„�•�‡�”�˜�‡�†�� �ƒ�–�� �u�y�� �¹���á�� �™�Š�‹�…�Š�� �ƒ�ˆ�ˆ�‘�”�†�•�� �&�� �¶�� �r�ä�r�r�s�ä�� ���Ž�–�Š�‘�—�‰�Š�� �‡�š�…�Š�ƒ�•�‰�‡�� �†�›�•�ƒ�•�‹�…�•�� �‹�•��

typically expected to be faster at higher temperatures, note that the guest exchange 

is extremely rapid at lower temperatures and nonexistent at higher temperatures in 

this assembly in the aqueous phase. This is taken to indicate that the guest molecule 

exchange is heavily influenced by the hydration state of OEG for the first-generation 

dendron 1 (Figure 3.4c). 

In order to further test our hypothesis that the temperature-dependent size 

changes and guest exchange dynamics are likely due to differences in hydration of 

the OEG units, we tested the temperature-dependent studies with two control 

dendrons, the carboxylate dendron 4 and the zwitterionic dendron 5. These 

dendrons are structurally similar to 1, except that the hydrophilic OEG unit is 

replaced with carboxylate and zwitterionic moieties, respectively. Both 4 and 5 self-

assemble into micelle-like aggregates, which are capable of sequestering guest 

molecules. Dendron 4 was shown to be temperature insensitive with respect to both 

aggregate size and encapsulation stability (Figure 3.6). It should be noted that, as a 

polyelectrolyte, counterion effects could have significant effects on the solution 

properties of 4. Dendron 5 addresses this concern, as it is a neutral zwitterionic 
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molecule that should not be affected by changes in temperature. Theoretically, both 

dendrons should be insensitive to any hydrogen-bonding effects, as the interfacial 

interaction with water is strong enough not to be affected in the temperature range 

of this study. We therefore expect no size change as a function of temperature or 

inverse temperature dependence on guest exchange. We were gratified to observe 

no difference in assembly size with temperature. Similarly, the FRET-based guest 

exchange studies with 5 revealed that no guest exchange is observed at room 

temperature or at lower temperatures. Slightly elevated guest exchange was 

observed for higher temperatures, most likely due to the classical increased 

diffusion at higher temperature (Figure 3.7). 

Guest exchange experiments for the higher generation 

dendrons 2 and 3 showed no FRET evolution with time, indicating that the lipophilic 

guest molecules are stably encapsulated in these amphiphilic assemblies 

(Figure 3.4d). This exchange dynamics, or lack thereof, was found to be temperature 

insensitive, suggesting that the host properties of higher generation dendrons are 

not affected by the possible increased hydration of OEG. The insensitivity of the 

larger dendrons is most likely correlated to a larger energetic penalty of 

rearrangement, which has the effect of providing a stable hydrophobic environment 

for guest encapsulation. The difference in guest encapsulation stability of 1 can be 

explained by considering the two limiting scenarios for the dynamics of guest 

exchange. The first scenario is where the guest molecules are able to diffuse in and 

out of the assembly through Fickian diffusion, resulting in an unassisted guest 

exchange among the host molecules present in solution. The second scenario 
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involves a dynamic exchange of individual dendrons among the aggregates, where a 

dendron dissociates from an aggregate and the monomeric form then reassembles 

with one of the other aggregates. Here guest molecules, closely associated with an 

exchanging amphiphilic dendron, could be simultaneously transported until a 

recombination event occurs with another assembly. This process would also 

manifest itself as a guest exchange with respect to the FRET-based measurement. It 

is also important to note that these processes are not mutually exclusive. In 

addition, the latter scenario would be consistent with our hypothesis that the larger 

dendrons afford stable encapsulation, because there is a larger energetic penalty for 

molecular rearrangement. 

The dynamic and static nature of dendrons observed from the host exchange 

as well as the guest exchange experiments below and above a specific temperature 

could be viewed as a sub-LCST transition, on the basis of a phenomenon that occurs 

well below the macrophase separation temperature defined by the LCST 

(Figure 3.1). The presence of a sub-LCST in this system and the effect it has upon the 

host��guest capabilities of the dendron assembly illustrate the importance of the 

temperature-mediated properties of OEG-based supramolecular assemblies. Further 

computational and spectroscopic studies on these systems are warranted for an 

even greater understanding of the underlying physical properties affecting OEG 

hydration and supramolecular behavior. 
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3.5 Conclusions 
 A study of amphiphilic supramolecular assemblies, containing OEG units as 

hydrophilic functionalities, at temperatures below their LCST reveals that there is 

also a possibility of sub-LCST transitions in these supramolecular assemblies. We 

found the following. (i) The size of the supramolecular assemblies can significantly 

change in response to temperature variations. This is attributed to the enhanced 

hydration of the OEG units in the amphiphilic dendron. (ii) The size change and the 

ensuing temperature-dependent variations in the host��guest properties of the 

dendrons is unique to the first-generation dendron. Structurally similar, but larger, 

 

Figure 3.11.  Variable temperature DLS of a). 6 ,  b). 1 , and c). 1:1 mixture of 1 and 6 
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second- and third-generation dendrons do not exhibit these features. We speculate 

that the higher number of amphiphilic units that are covalently tethered in these 

dendrons results in a larger energetic penalty for reorganizing the assembly formed 

at ambient temperature. (iii) Concurrent with the temperature-dependent size 

change, the guest encapsulation stability of the dendrons also decreases with 

decreasing temperature. While guest molecules are stably encapsulated at ambient 

temperature, the dynamics of guest exchange is much faster at lower temperatures. 

(iv) In addition to the rapid guest exchange at lower temperatures, the dendritic 

host also rapidly exchanges at low temperatures. When analyzing the temperature 

at which the dendritic host transitions from being in a static assembly to a dynamic 

one, we identified that there is a rather sharp transition temperature, which we call 

a sub-LCST transition temperature (Figure 1). The fact that this temperature-

dependent host exchange dynamics is present in 1, but not in 2 and 3, further 

supports the hypothesis that there is a larger energetic penalty for reorganizing the 

assembly in higher generation dendrons. Amphiphilic assemblies have been of 

interest for a variety of applications. Ethylene glycol based amphiphilic systems are 

often targeted for biological applications, because these systems are known to 

provide enhanced circulation times and nonfouling hydrophilic surfaces.13,44,45 The 

commonly anticipated temperature-dependence feature in these assemblies 

involves the macroscopic phase separation of these assemblies from solution, often 

described as the LCST. The findings here that there can be temperature-dependent 

transitions in these amphiphilic assemblies well below their LCST and that these 

sub-LCST transitions have a significant impact on the host��guest properties of the 
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assemblies, will have important implications in the design and utility of such 

amphiphil ic molecules in these applications.  

3.6 Experimental Details  

3.6.1 Synthesis and Characterization  

 All chemicals and reagents were purchased from commercial sources and 

were used as received, unless otherwise mentioned. Compound C was 

synthesized following the previously reported procedure.1 1H-NMR spectra were 

recorded on 400 MHz Bruker NMR spectrometer using the residual proton 

resonance of the solvent as the internal standard. Chemical shifts are reported in 

parts per million (ppm). When peak multiplicities are given the following 

abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. 13C-NMR 

spectra were proton decoupled and measured on a 100 MHz Bruker 

spectrometer using carbon signal of the deuterated solvent as the internal 

standard. 

3.6.1.1 Synthesis of Compound A 

 

 Pyrenebutyric acid (1.25 g, 4.34 mmol), 4-dimethylaminopyridine  (0.158 g, 

1.29 mmol), N-(3-dimethylaminopropyl) -���"-ethylcarbodiimide (0.995 g, 5.19 

mmol), and triethylamine (0.526 g, 5.2 mmol) were mixed together in dry DMF for 

15 minutes under argon atmosphere at 0 oC, to this reaction mixture was added 5-

aminopentanol (0.447 g, 4.33 mmol) drop wise and stirred at 0 oC - room 
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temperature for 5 hours. The reaction mixture was then diluted with ethyl acetate 

and extracted with water three times to remove DMF from the organic extract; this 

extract was then dried over anhydrous Na2SO4. The solvent was then evaporated 

under vacuo and the crude product obtained was purified by silica gel column 

chromatography (using combiflash) to afford 1.16 g (72 %) of product. NMR and MS 

data. 1H-NMR (400 MHz, CDCl3�����A���z�ä�u�r�����†�á���
���±���z�����œ�á���s�����á���z�ä�s�z-8.15 (m, 2H), 8.12 (m, 

1H), 8.10 (s, 1H), 8.03 (s, 2H), 8.01 (t, J = 8 Hz, 1H), 7.87-7.85 (d, J = 8 Hz, 1H), 5.37 

(s, 1H), 3.63  (t, J = 8 Hz, 2H), 3.41 (t, J = 4 Hz, 2H), 3.27 (q, J = 8 Hz, 2H), 2.29 �� 2.18 

(m, 4H), 1.57 �� 1.34 (m, 6H).  13C-NMR (100 MHz; CDCl3���ã�� �A�� �s�y�t�ä�x�á�� �s�u�w�ä�z�á�� �s�u�s�ä�v�á��

130.8, 129.9, 128.7, 127.4, 127.4, 127.3, 126.7, 125.8, 125.0, 124.9, 124.9, 124.7, 

123.3, 39.3, 36.0, 32.7, 32.1, 29.4, 27.4, 23.0. FAB/MS m/z calculated for C25H27NO2 

374.21200; measured 374.21122. 

3.6.1.2 Synthesis of Compound B 

 

 To compound A (0.5 g, 1.34 mmol) dissolved in THF was added 

triethylamine (0.16 g, 1.6 mmol) and stirred for 10 minutes at room temperature, to 

this was added methanesulfonyl chloride ( 0.31 g, 2.68 mmol) and stirred at room 

temperature for another 4 hours. After confirming the conversion of compound A to 

corresponding mesylate through thin layer chromatography, solvent (THF) is 

evaporated under vacuo to obtain a crude mesylate of compound A. This crude 

mixture was then dissolved in acetonitrile and to this was added sodium azide (0.17 

g, 2.68 mmol) followed by refluxing the reaction mixture at 65 oC for 12 hours. The 
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solvent was then evaporated under vacuo and the crude product obtained was 

purified by silica gel column chromatography (using combiflash) to afford 0.53 g (95 

%) of product.  1H-NMR (400 MHz; CDCl3���ã���A�����z�ä�t�z�����†�á���
���±���z�����œ�á���s�����á���z�ä�s�x�����†�á���t�����á���z�ä�r�{��

(d, J = 8 Hz, 2H), 8.04 - 7.96 (m, 3H), 7.83 (d, J = 8 Hz, 1H), 5.40 (s, 1H), 3.36 (t, J = 8 

Hz, 1H), 3.20 �� 3.17 (m, 4H), 2.25 - 2.15 (m, 4H), 1.54 �� 1.25 (m, 8H). 13C - NMR (100 

MHz; CDCl3���ã�� �A�� �s�y�t�ä�w�á�� �s�u�w�ä�z, 131.4, 130.8, 129.9, 128.7, 127.4, 127.3, 127.3, 127.0, 

126.7, 125.8, 125.0, 124.9, 124.9, 124.7, 123.3, 51.3, 39.3, 36.0, 32.7, 29.5, 28.7, 27.4, 

26.4, 26.3. FAB/MS m/z calculated for C25H26N4O 413.23; measured 413.24. 

3.6.1.3 Synthesis of Compound C 

 

 Compound C is synthesized by previously reported procedure1 from our 

group. 1H-NMR (400 MHz; acetone-�†�x���ã���A�����x�ä�z�y�����•�á���s�����á���x�ä�z�r�����•�á���s�����á���x�ä�x�x���� 6.59 (m, 

7H), 6.46 (t, J = 2.2 Hz, 2H), 5.62 (s, 2H), 5.05 (s, 4H), 4.67 �� 4.65 (m, 4H), 4.14 �� 4.12 

(m, 4H), 4.08 �� 4.05 (m, 2H), 3.99 (t, J = 6.5 Hz, 4H), 3.82-3.80 (m, 4H), 3.67-3.43 (m, 

54H), 3.27 (s, 9H), 3.01 (t, J = 2.4 Hz, 1H), 2.83 �� 2.79 (m, 3H), 2.09 (s, 3H), 1.80-1.73 

(m, 4H), 1.48 - 1.28 (m, 32H), 0.90 �� 0.86 (m, 6H). 13C-NMR (100 MHz; acetone-d6): 

�A�� �s�x�r�ä�w�á�� �s�x�r�ä�u�á�� �s�w�{�ä�s�á�� �s�w�x�ä�{�á�� �s�w�w�ä�x�á�� �s�v�u�ä�y�á�� �s�v�u�ä�y�á�� �s�v�r�ä�r�á�� �s�u�x�ä�s�á�� �s�s�z�ä�{�á�� �s�s�r�ä�w�á�� �s�r�w�ä�{�á��
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105.7, 104.5, 104.4, 100.6, 100.3, 79.2, 75.9, 71.7, 70.5, 70.5, 70.4, 70.3, 70.3, 70.3, 

70.2, 70.1, 69.5, 69.4, 69.2, 68.6, 67.7, 67.5, 63.8, 63.7, 57.9, 55.9, 54.0, 31.7, 25.9, 

22.4, 13.5; MALDI-TOF m/z calculated for C83H132O24 + Na : 1536.91; found 1537.49. 

3.6.1.4 Synthesis of Compound 6 

 

The dendritic acetylene compound C (50 mg, 0.033 mmol), and azide 

compound B (26 mg, 0.066 mmol) were dissolved in 1:1 THF/H2O mixture. To this 

was added CuSO4.5H2O (4.1 mg, 0.0165 mmol), sodium ascorbate (3.26 mg, 0.0165 

mmol) and stirred at room temperature for 24 hours. The reaction mixture was then 

concentrated in vacuo to remove THF and extracted twice with ethyl acetate; the 

combined extracts were then dried over Na2SO4. Upon evaporation of the solvent 

the crude mixture is purified by silica gel column chromatography to afford 40 mg of 

product 5.  1H-NMR (400 MHz; acetone-�†�x���ã�� �A�� �� �z�ä�v�u�� ���†�á�� �
�� �±�� �{�ä�u�����œ�á�� �s�����á�� �z�ä�t�v���� 8.15 

(m, 4H), 8.08 (d, J  = 1.2 Hz, 2H), 8.02 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 8 Hz, 1H), 7.65 (s, 

1H), 7.00 (t, J = 2.2 Hz, 1H), 6.92 (s, 1H), 6.79 (s, 1H), 6.70 �� 6.65 (m, 6H), 6.59 (t, J = 

2.2 Hz, 1H), 6.43 (t, J = 2.2 Hz,  2H), 5.11 (s, 2H), 5.01 (s, 4H), 4.66 �� 4.65 (m, 2H), 

4.37  (t, J = 5.5 Hz, 1H), 4.25 (t, J = 8 Hz, 2H), 4.13 �� 4.04 (m, 7H), 3.95 (t, J = 4 Hz, 
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4H), 3.80 -3.35 (m, 64H), 3.26 �� 3.25 (m, 9H), 3.19 �� 3.13 (m, 2H), 2.31 (t, J = 7 Hz, 

2H), 2.15 �� 2.11 (m, 2H), 1.80 �� 1.68 (m, 7H), 1.45 �� 1.20 (m, 42H), 0.89 �� 0.84 (m, 

8H). 13C-NMR (100 MHz; acetone-�†�x���ã�� �A�� �s�y�s�ä�x�á�� �s�x�r�ä�v�á�� �s�x�r�ä�s�á�� �s�w�z�ä�{�á�� �s�w�x�ä�y�á�� �s�w�x�ä�t�á��

143.7, 143.5, 139.9, 136.6, 136.1, 131.3, 130.8, 129.7, 128.6, 127.4, 127.1, 126.4, 

125.8, 124.8, 124.7, 124.6, 123.5, 123.0, 118.5, 110.4, 105.8, 105.0, 104.5, 104.1, 

100.5, 100.1, 71.6, 70.4, 70.3, 70.2, 70.2, 70.2, 70.1, 70.1, 70.0, 69.4, 69.3, 69.1, 68.3, 

67.6, 67.3, 63.7, 63.6, 62.5, 57.8, 49.4, 38.6, 35.2, 32.5, 31.6, 28.2, 25.9, 25.8, 25.7, 

22.3, 13.3. MALDI-TOF m/z calculated for C83H132O24 + K: 1950.22; found 1949.34. 

3.6.1.5 Characterization of Zwitterionic Dendron 5  
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 1H-�������� ���v�r�r�� �����œ�â�� ���‡�������ã�� �A�� �z�ä�z�s�� ���•�á�� �t�����á�� �z�ä�v�u�� ���•�á�� �s�����á�� �x�ä�{�s�� ���•�á�� �s�����á��

6.83 (s, 1H), 6.78 (s, 2H), 6.72 (s, 2H), 6.64 (t, J = 2.2 Hz, 1H), 6.61 (t, J = 2.2 Hz, 2H), 

6.46 (d, J = 2.1 Hz, 2H), 5.45 (s, 4H), 5.27 (s, 2H), 5.22 (s, 4H), 5.08 (s, 2H), 5.04 (s, 

4H), 4.67 (s, 2H), 4.37 (s, 6H), 3.98 (t, J = 6.36, 4H), 3.90 (t, J = 6.08, 2H), 3.81 (s, 3H), 

1.81-1.74 (m, 4H), 1.57-1.45 (m, 4H), 1.59-1.19 (m, 40H), 0.94-0.84 (m, 9H). 13C-

�������� ���s�r�r�� �����œ�â�� ���‡�������ã�� �A�� �s�x�z�ä�x�á�� �s�x�v�ä�r�á�� �s�x�t�ä�{�á�� �s�x�t�ä�v�á�� �s�v�z�ä�t�á�� �s�v�y�ä�z�á�� �s�v�u�ä�s�á�� �s�t�y�ä�x�á��
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113.7, 109.9, 109.2, 105.3, 104.3, 87.3, 87.2, 84.0, 83.9, 82.8, 82.6, 81.9, 81.8, 81.5, 

81.1, 79.8, 78.7, 78.6, 77.4, 77.4, 73.3, 72.3, 71.6, 68.8, 67.5, 65.4, 64.2, 61.9, 56.1, 

55.0, 35.3, 33.0, 32.9, 32.8, 32.7, 32.5, 31.4, 31.3, 29.5, 29.4, 26.1, 21.9, 17.5. MALDI-

TOF m/z calculated for C75H106N9O15 [M++H]: 1373.69; found 1374.84. 

3.6.2 Preparation of Dendrimer Solutions  

 Stock solutions of dendrimers were prepared by dissolving dendrimer in 

milli -Q purified water at 0.3 mg/mL. The solution was vortexed for 30 s, sonicated 

for one hour, and stirred at 4 °C overnight for one month without drastic changes in 

the aggregation properties.  Subsequent dilutions were made to the target 

concentrations for FRET, mixed micelle, or DLS experiments. 

3.6.3 Dye Loading and Fluorescence Parameters  

 FRET studies were performed on a Jasco-6500 spectrofluoremeter. Dye 

loading was performed thrice for each solution as follows: 3 µL of 1 mg/mL dye (DiO 

or DiI) in acetone was added to a 6 mL glass vial.  The acetone was evaporated and 2 

mL of dendrimer solution added, the mixture was sonicated for one hour, stirred at 

4 °C for three hours, and filtered. Encapsulation efficiency was monitored by UV-vis 

absorbance on a Cary-100 scan UV-Vis spectrophotometer. Temperature dependent 

exchange experiments were controlled by storage of dendrimer solutions in a 

refrigerator at 4 °C, in a warm water bath for 25 °C, and a hot water bath for 37 °C.  

DiO was excited at 450 nm, DiO and DiI emission were monitored at 508 and 571 

nm respectively for the calculation of leakage coefficients. 
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3.6.4 Dynamic Light Scattering  

 DLS was performed on a Malvern nano-zeta sizer instrument with a 637 nm 

laser source with non-invasive backscattering technology detected at 173�|.  All sizes 

are reported as the hydrodynamic diameter (DH) and were repeated in triplicate. All 

samples were filtered to exclude any aggregates over 0.22 µm and maintained at 

±0.1 °C with an equilibration time of seven minutes for each sample.  

3.6.5 Time -lapse Fluorescence with Mixed Micel les 

 Time-lapse studies were performed on a Jasco FP-6500 fluorimeter with a 

xenon flash power supply and TC125 temperature controller. Solutions of 1 and 6 

(25 µM) were pre-equilibrated at the target temperature ±1 °C for 30 min prior to 

mixing.  6 (0.5 mL) was added to a fluorescence cuvette in a thermoelectric cuvette 

holder and allowed to equilibrate.  1 (0.5 mL) was syringed directly into the 

fluorescence cuvette and the emission at 379 nm was monitored. Instrument 

settings were as follows: Ex-339 nm, em-379 nm.  The system was maintained at the 

target temperature ±0.1 °C and stirred at low rpm. Each temperature mixing was 

performed in triplicate and an average exchange coefficient was calculated from the 

linear regression of the pyrene monomer emission versus time. Temperature 

ramping experiments were performed with the same mixing procedure as the 

described for the mixed micelle emission.  Mixing was started at 25 °C and held for 

�³�s�w���•�‹�•���ƒ�•�†���–�Š�‡�•���†�‡�…�”�‡�ƒ�•�‡�†���„�›���s���¹�����‹�•�…�”�‡�•�‡�•�–�•�ä�������ƒ�…�Š���–�‡�•�’�‡�”�ƒ�–�—�”�‡���™�ƒ�•���Š�‡�Ž�† for 15 

min or until reaching a stable exchange rate.  
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3.7 NMR Spectra 
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CHAPTER 4 

INFLUENCE OF BACKBONE CONFORMATIONAL RIGIDITY IN TEMPERATURE-

SENSITIVE AMPHIPHILIC SUPRAMOLECULAR ASSEMBLIES 

 

 Adapted with permission from Krishna R. Raghupathi, Uma Sridhar, Kevin 

Byrne, Kishore Raghupathi, S. Thayumanavan. Influence of backbone 

conformational rigidity in temperature -sensitive amphiphilic supramolecular 

assemblies. Journal of the American Chemical Society 2015, 137, 5308 �� 5311. 

Copyright © 2015 American Chemical Society. 

 

4.1 Intro duction  

 Stimuli responsive systems have garnered significant attention due to their 

utility in several applications such as drug delivery, sensing, tissue engineering, and 

diagnostics.1-5  Self-assembling systems such as micelles and liposomes have been 

quite popular in this context, as the morphology of these assemblies can provide an 

observable response to a specific environmental change.1,6-8 Among various stimuli, 

temperature has been of interest, where the thermo-responsive components of the 

assembly undergo a phase transition at a specific temperature, commonly referred 

to as cloud point or lower critical solution temperature (LCST).9-18 Among thermo-

sensitive components, oligo(ethylene glycol) (OEG) and poly(ethyleneglycol) (PEG) 

based systems have been subjects of exploration in recent years.19-21  The LCST of 

OEG containing amphiphilic assemblies is the result of the fact that OEG units are 

only hydrophilic, because they hydrogen bond with water molecules.22-24   When the 

temperature of the solution is increased, the OEG units become hydrophobic 



87 
 

because of the temperature-induced decrease in hydrogen bonding.  This change in 

the hydrophilicity of the molecule is the reason for the observed LCST transitions.  

The structure-property correlations studied with temperature-sensitive polymers 

are most often studied as a phenomenon that involves a noticeable macroscopic 

phase change at higher temperatures.9-18 It has been recognized only recently that 

there exists interesting morphological transition in these amphiphilic aggregates at 

temperatures below the typical LCST, the so-called sub-LCST transition.25 In our 

efforts to understand the underlying structural requirements that endow molecules 

with sub-LCST characteristics (Figure 4.1), we have uncovered an interesting effect 

of the shape of the amphiphile on their aggregation state and their temperature 

sensitive behavior.  We disclose these preliminary findings in this manuscript. 

 

4.2 Role of PEG in Size Transition Phenomenon  

 The molecule in which the sub-LCST phenomenon was previously observed 

is shown as structure 1 in Scheme 4.1.  We started with a simple hypothesis that the 

presence of OEG moieties in molecule 1 and its ability to self-assemble to form 

 

Figure 4.1. Schematic representation of temperature dependent size transition of 
amphiphilic assemblies, and the potential role of amphiphile shape in this phenomenon. 
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amphiphilic aggregates are the key criteria for the observed sub-LCST behavior.  If 

this were the case, then other ethylene glycol based amphiphiles, which do form 

amphiphilic assemblies in water, should also exhibit similar features.  We tested this 

hypothesis by studying several PEG containing amphiphiles: Tween-20, Brij-35, 

Triton -X-100, and Brij-L4.  A simple size analysis of these assemblies at different 

temperatures suggests that these molecules do not have the propensity to exhibit a 

sub-LCST transition, akin to that observed with molecule 1 (Figure 4.2). These 

results suggest that although the sub-LCST behavior is indeed a temperature 

responsive event, the presence of PEG moieties in the amphiphile alone is not a 

sufficient criterion for this phenomenon. 

 

 

Scheme 4.1. Structures of temperature responsive trimeric (1, 2, 3, and 4) and monomeric (5) 
used in this study. 
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 Next, we tested the possibility that the functional group composition 

inherent to molecule 1 (e.g. pentaethylene glycol and decyl unit as the amphiphile 

combination) that dictates this behavior.   We have already shown that the second 

generation dendron with the same amphiphilic units do not exhibit this behavior.25 

We attributed this observation to a frozen aggregate formed by the higher 

generation amphiphile.  To fully test this possibility however, it is essential that we 

also test the lower generation amphiphile containing the same amphiphilic units.  

Accordingly, we synthesized molecule 5, which exhibited an LCST phase transition 

at ~35 °C, but no sub-LCST features were observed in this molecule (Figure 4.3). 

 

  

Figure 4.2. Temperature dependent size analysis (DLS) of several PEG containing 
surfactant assemblies. 
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4.3 Hypothesis and Molecular Design  

 From the observations so far, we next hypothesized that the sub-LCST 

transition might be associated with the geometry of the functional groups 

presented, in addition to the presence of thermo-sensitive OEG moieties.  

Considering this, we next designed and synthesized two linear trimeric amphiphiles 

2 and 3, with similar amphiphilic functionalities as 1 (Scheme 4.1). Our rationale for 

choosing these two amphiphiles was to test if the assembly properties observed 

with 1 is due to its trimeric architecture. The difference between 2 and 3 lies simply 

in the nature of amide backbone. Molecule 2, which is composed of two secondary 

amides and a tertiary amide, is expected to be slightly more hydrophilic and hence 

have better water solubility in comparison to molecule 3 which contains three 

tertiary amides. We envisioned that these two molecules would therefore also help 

�—�•�� �—�•�†�‡�”�•�–�ƒ�•�†�� �–�Š�‡�� �”�‘�Ž�‡�� �‘�ˆ�� �ƒ�•�’�Š�‹�’�Š�‹�Ž�‡�ï�•�� �„�ƒ�…�•�„�‘�•�‡�� �‹�•�� �‘�„�–�ƒ�‹�•�‹�•�‰�� �–�Š�‡�� �–�‡�•�’�‡�”�ƒ�–�—�”�‡-

sensitive assembly characteristics observed with molecule 1. The synthetic scheme 

and characterization of these amphiphiles is shown in Scheme 4.2. 

 

             

Figure 4.3. Temperature dependent size measurement of molecule 5 assembly by DLS. 
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  We first tested the LCST of amphiphilic assemblies 2 and 3 by monitoring the 

turbidity with temperature (Figure 4.4) and found both their LCSTs to be ~45 °C.  In 

addition, we also noticed that molecule 2 assembly showed a small change in 

turbidity at ~25 °C, well before reaching its LCST (Figure 4.4a).  This indicated that 

there is a possible transition in the nanoscale assembly at temperatures below LCST. 

To understand this further, the size of these assemblies was measured at different 

temperatures using dynamic light scattering (DLS). Indeed, we found that the 

assembly from molecule 2 showed temperature dependent size transition at ~ 25 

°C, consistent with the slight change in turbidity during the LCST measurements 

(Figure 4.5a & Figure 4.6). 

 

It is also noteworthy that the size transition observed with 2 is very sharp (± 

2 oC) and reversible (Figure 4.7), underlining the utility of such property in 

thermoresponsive applications. Interestingly, on the other hand, assemblies from 

molecule 3 did not exhibit any sharp size transition (Figure 4.5c).  The size of the 

assembly changed from about 18 nm at 40 °C to 7 nm at 15 °C.  But, these size 

changes are not sharp at any particular temperature; they are rather small and 

             

Figure 4.4. LCST measurements plotted as HT Voltage (turbidity indicator ) vs 
Temperature, of (a) Molecule 2, and (b) Molecule 3 
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systematic changes.  Since both 2 and 3 are trimeric amphiphiles with very similar 

structural features, the stark contrast in their assembly properties was indeed 

surprising.  A simple-minded conclusion here is that these results indicate that the 

sub-LCST behavior is not applicable to all trimeric amphiphiles. 

 

 

 

Scheme 4.2. Synthesis of Oligomers 2 �� 4 & 6 - 12. 
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4.4 Role of Amphiphile Backbone Rigidity  and Hydrogen Bonding  

 Realizing that the only difference in molecular designs of 2 and 3 is the amide 

backbone, we were interested in investigating its role. Our initial hypothesis of the 

difference in hydrophilicity of the amide backbones could not explain this sub-LCST 

observation as molecule 3 (less hydrophilic backbone) surprisingly had much better 

solubility than molecule 2 at room temperature. Since the presence of secondary 

amides in 2 is not contributing to its solubility in water, we hypothesized a scenario 

where the molecule 2 is stabilized by intramolecular hydrogen bonding between the 

 

Figure 4.5.  Temperature-dependent size variation as observed with dynamic light 
scattering (DLS) of (a) Molecule 2 and (c) Molecule 3 respectively. Corresponding TEM 
images of (b) 2 and (d) molecule 3 assemblies at 25 oC indicating formation of spherical 
assemblies. 
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two secondary  amides at the termini, as shown in Figure 4.8.  The reason for this 

hypothesis stems from the possibility that such a conformation would have 

molecule 2 assume a shape similar to that of molecule 1 (Figure 4.8), which could be 

the reason for the similarity in their temperature-sensitive assembly features. On 

the other hand, such a conformational stabilization is not possible in molecule 3 due 

to the lack of hydrogen bonding protons in its backbone, which could explain the 

deviation of its assembly properties. 

 Since all these studies are carried out in water, it is reasonable to question 

the existence of such intramolecular hydrogen bonding as water (bulk solvent) can 

effectively compete for hydrogen bonding.  However the reasons for our assertion 

on the existence of such a possibility are: (i) Note that our initial assembly size is 

>200 nm.  Considering that the observed aggregates are solid spheres and not water 

filled (as observed from TEM in Figure 4.5b, 4.6 and hydrophobic guest 

incorporation in Figure 4.9), these complex micelle-like aggregates have a high 

percentage of the amphiphiles within their solvent-excluded interior. 

 

 

Figure 4.6. TEM images of Trimer 2 assemblies formed at (a) 18 oC and (b) 25 oC 
respectively. 
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 This water-excluded environment is conducive for intramolecular hydrogen 

bond formation in natural and artificial systems.26-28 (ii ) Amide-amide hydrogen 

bond strengths have been found to be comparable or greater than amide-water 

hydrogen bond strengths.29-31 These factors prompted us to first investigate the 

possibility of intramolecular hydrogen bonding in 2. However, this proved to be 

hard to decipher, because molecule 2 exists as nanoscopic assembly in water and 

NMR peaks were not easily discernible. It is understandable that the buried amides 

in a large aggregate are particularly difficult to visualize, because of low segmental 

mobility.  

 

 We were however interested in evaluating whether molecule 2 is capable of 

intramolecular hydrogen bonding.  We utilized a nonpolar solvent for this purpose, 

as the internal environment of the assembly is nonpolar.  Thus, we studied the 

hydrogen bonding possibilities in 2 in CD2Cl2 using NMR. The 1H NMR spectra of 

molecule 2 showed a downfield shift of amide protons clearly indicating the 

 

Figure 4.7. Reversibility of the size transition in Molecule 2 assembly as measured by 
DLS. 
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presence of hydrogen bonding. To decipher if this is due to intramolecular 

hydrogen-bonding rather the possible intermolecular hydrogen bonding, we 

monitored the chemical shifts of amide protons at several concentrations. We found 

that the hydrogen bonding in molecule 2 is indeed intramolecular, as the chemical 

shifts of the amide protons were independent of concentration change (Figure 4.10). 

 

If the intramolecular hydrogen bonding were indeed present in 2, the 

molecule is likely to be conformationally more rigid and thus be more similar to 1 in 

the relative placements of the amphiphilic moieties within the trimer ( Figure 4.8). 

To test this hypothesis, we designed and synthesized molecule 4, which should have 

similar amphiphile shape as the conformationally rigid version of 2, but is 

structurally similar to 3 in that it does not have any secondary amides (Figure 4.11).  

In fact, the only difference between these molecules is that the terminal methyl 

groups of 3 have been tied together to form 4.  Interestingly, size characterization of 

molecule 4 at different temperatures by DLS has revealed that this molecule also 

exhibits a rather drastic and sharp size transition feature at ~ 23 oC (Figure 4.11).  

 

Figure 4.8. Similarity in the shape of dendron amphiphile 1, and hypothetical 

representation of hydrogen bond stabilized trimer 2. 
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Considering that 4 is structurally similar to 3, but conformationally similar to the 

proposed intramolecularly hydrogen bonded 2, and considering that its assembly 

behavior is similar to that of 2, these results signify the importance of 

conformational rigidi ty for the observed sub-LCST transition. 

 

 

 

 

Figure 4.9. Picture of micelle solution formed from molecule 2 (right), indicating 
encapsulation of hydrophobic guest molecules (DiI). 

 

 

Figure 4.10. 1H NMR spectra of molecule 2 in CD2Cl2 at different concentrations, 
showing the chemical shifts of amide protons.  
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4.5 Effect of sub-LCST on Guest Encapsulation Stability     

Finally, we were interested in understanding the implications of the sub-

LCST behavior exhibited by 2 and 4 on the encapsulation stabilities of these 

assemblies. We have done this by analyzing the exchange dynamics of encapsulated 

guest molecules at different temperatures, using a recently reported fluorescence 

resonance energy transfer (FRET) based method.32 Briefly, poor encapsulation 

stability should result in a dynamic exchange of encapsulated guest molecules, and 

therefore an exponential FRET evolution; in contrary there should be minimal or no 

evolution of FRET with time for assemblies with good encapsulation stability.  We 

observed that both 2 and 4 assemblies show stable encapsulation at higher 

temperatures (Figure 4.12). However, significant increase in guest exchange was 

observed when the temperature approached their corresponding size transition 

points, 25 °C and 23 °C for 2 and 4 respectively (Figure 4.12).  At first sight, this 

seems counterintuitive that the guest exchange dynamics is faster at lower 

temperature.  Note however that these results simply suggest that the smaller 

 

Figure 4.11. (a) Temperature-dependent size variation of molecule 3 assembly, from 
DLS. (b) Cyclic trimer (3) depicted with shape similar to 1 & 2. 
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supramolecular assembly below the sub-LCST transition is a poorer host for guest 

encapsulation compared to the larger supramolecular assembly observed at higher 

temperatures.  Since these are two different assemblies, the observations do not 

violate any laws of thermodynamics. 

 

We interrogated molecule 3 for encapsulation stability as well.  Note that 

there were small size changes with temperature in molecule 3 as well, which we 

dismissed as relatively insignificant.  However, if there were any significant guest 

encapsulation differences with this molecule at different temperatures, these small 

changes can be significant.  We found that assemblies from 3 exhibited spontaneous 

guest exchange irrespective of temperature as shown in Figure 4.13 (i.e. poor 

encapsulation stability at all temperatures).  These results support our earlier 

hypotheses. 

 

Figure 4.12 . Guest exchange dynamics as a function of temperature in (a) Trimer 1, and 
(b) Cyclic Trimer 4 assemblies respectively.  
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4.6 Role of Amphiphile Multiplicity in sub -LCST Phenomenon 

 In previous sections we have discussed the role of amphiphile backbone and 

how the rigidity imparted to it through hydrogen bonding 2 or covalent bonding 4 

imparts sub-LCST property to the resultant assembly. Though this study resulted in 

understanding several key fundamental parameters which influence the sub-LCST 

phenomenon, it was  

limited to the amphiphiles only with a trimeric architecture. To investigate if this 

sub-LCST feature can be extended to oligomers of different amphiphile 

multiplicities , there is a need to extend the current repertoire of amphiphiles. Here 

we propose to do this by systematically studying the assembly properties of 

oligomers with variable number of amphiphilic units 5, 7, 9 (Scheme 4.3). As 

  

  

Figure 4.13. Fluorescence spectra of molecule 3 assembly after mixing (DiO and DiI 
containing assemblies), indicating spontaneous guest exchange irrespective of 
temperature change. The fluorescence intensity of DiI due to FRET did not change 
considerably after initial measurement.  
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discussed earlier (section 4.3), elimination of secondary amide lead to a significant 

change in assembly properties, in this context corresponding oligomers with 

methylation of terminal amides 6, 8, 10 were also designed. The synthesis of these 

amphiphiles is shown in Scheme 4.2 and, the characterization of is discussed in 

section 4.8.1. 

 

 

4.6.1 Case Study of Monomeric Amphiphiles  

  Since monomer 6 is essentially the basic amphiphilic component of all the 

higher order oligomeric amphiphiles, we first tested the assembly features of this 

amphiphile in the context of its temperature responsive behavior. We have 

observed that the monomer 6 exhibited an interesting low LCST, where the phase 

transition  is observed at ~ 35 oC (Figure 4.15a). To further  test if this assembly 

exhibits any sub-LCST features, we investigated the size of the assembly at several 

temperatures below LCST. As shown in Figure 4.15b, the increase in size of the 

    

Figure 4.14. NMR spectrum of control molecule with just one amide functionality showing 
the corresponding amide proton at ~ 6.1 ppm  
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assemblies observed with temperature was rather systemic and lacked any size 

transition peculiar to the sub-LCST phenomenon. It should be noted that the 

molecule 6 also has a secondary amide which can hydrogen bond in intermolecular 

fashion with other corresponding amides or with the water molecules (solvent 

medium). We speculate if this low LCST observed (Figure 4.15a) is due to this 

feature, as the change in hydration with temperature of these amides can result in a  

 

Scheme 4.3. Schematic of Amphiphiles with (6, 8, 10) and without H-bonding backbone 
(7, 9, 11) 
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concomitant change in its solubility. To test this hypothesis we synthesized 

molecule 7 (elimination of H-bonding amide by methylation) and tested the LCST 

and the temperature responsive size of the assembly. Interestingly the molecule 7 

assembly showed significantly higher LCST phase transition therefore suggesting 

that the presence of H-bonding amide is indeed responsible for lower LCST. 

Additionally we have also observed that molecule 6 has a lower CMC in comparison 

to molecule 7, possibly due to stabilization from H-bonding in the former assembly. 

Though a sub-LCST feature has not been observed in the case of monomeric 

amphiphiles, this study provided an understanding on the role of amide 

 

 

Figure 4.15 . Temperature responsiveness of monomer 6 and methylated monomer 7 
assembly, (a) LCST calculation using UV-Vis at 1mM concentration in water, (b) Size 
analysis using variable temperature DLS.  
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functionality in influencing the stability as well as temperature responsive nature of 

the amphiphilic assemblies.  

 

 

4.6.2 Case Study of Dimeric Amphiphiles  

 As observed in the above section the monomeric amphiphile 6 was 

composed of just one amide in its backbone, therefore eliminating the possibility of 

any intramolecular H-bonding induced rigidity as observed in the case of trimer 2. 

 

Figure 4.16 . CMC of amphiphilic assemblies of (a) monomer 6 and (b) methylated 
monomer 7 

 

 

Figure 4.17 . Size Analysis of amphiphilic assemblies of (a) monomer 6 and (b) 
methylated monomer 7 
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Nonetheless, this aspect can be tested with a dimeric amphiphile 8, which also has 

two amides that can hydrogen bond intramolecularly. When assembly features of 

molecule 8 were studied we found that it had surprisingly poor solubility in water ; 

even when solubilized with an aid of an organic solvent (miniscule amount of 

acetone) it did not form assemblies (noted from very poor correlation function in 

DLS) (Figure 4.17a). This is an interesting phenomenon because the monomer 

(smaller) as well as the trimeric (larger) amphiphiles 6 and 2 respectively, both 

formed assemblies and had better solubility in water.  Nonetheless it should be 

noted that molecule 2 (hydrogen bonding) also had poor solubility in comparison to 

its methylated counterpart 3 as discussed in section 4.3. We contemplated if poor 

solubility of molecule 8 is also due to rigidity induced in its backbone through 

intramolecular hydrogen bonding. This assumption was supported by NMR spectra 

(section 4.9), where the amide protons have shifted significantly downfield (in 

comparison to molecule 6) suggesting that they are H-bonded. This hypothesis was 

further tested by studying the assembly of dimeric amphiphile 9, where the 

secondary amides are methylated to eliminate H-bonding possibility . We were 

delighted to observe that the solubility of 9 significantly increased, and also resulted 

in formation of stable assemblies (Figure 4.17b). Though the contrasting assembly 

features of 8 and 9 do suggest the presence of intramolecular hydrogen bonding in 

molecule 8, at this point we were not able to deduce a reason for its poor water 

solubility and the absence of assembly. However we reason that the rigidity 

imparted into the backbone of molecule 8 through intramolecular hydrogen 
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bonding might limit the  flexibility of the resulting amphiphile to form an assembly 

(Figure 4.18)   

 

4.6.3 Case Study of Tetrameric Amphiphiles  

 Investigation of monomeric and dimeric amphiphiles has suggested that the 

presence of H-bonding amides can influence properties such as solubility, LCST, 

CMC, and assembly forming ability. However these shorter amphiphiles did not 

exhibit the unique sub-LCST phenomenon that was observed in trimeric 

amphiphiles (1, 2, and 4). To test if this can be achieved with higher order oligomers 

we have synthesized and tested the tetrameric amphiphile 10. As shown in figure 

4.19a, the molecule 10 indeed formed micelle type assemblies and also exhibited 

temperature dependent sub-LCST size transition. This observation highlighted that 

the sub-LSCT phenomenon is not exclusive to just the amphiphiles which are 

trimeric. Similar to molecule 2 we speculated that the sub-LCST observed in 

molecule 10 is also due to the backbone rigidity induced by H-bonding. This was 

 

 

Figure 4.18 . Hypothetical representation of rigidity in backbone of molecule 8 due to H-
bonding and absence of such feature in molecule 9 
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verified using molecule 11 where the amides are methylated to avoid H-bonding 

interactions. We were gratified to observe that molecule 11 also indeed did not 

exhibit sub-LCST size transition, therefore highlighting the role of rigidity in 

backbone even in the case of a tetramer. 

  

 To further test the role of amphiphile rigidity in sub-LCST, we synthesized 

molecule 12 which is identical to molecule 11, except for a covalent bond 

connecting the terminal methyl groups. This should result in an amphiphile with 

rigid backbone and therefore resemble intramolecularly H-bonded tetramer 10 

(Figure 4.20). Temperature dependent size of assemblies from amphiphile 12 did 

result in a size transition; however the magnitude of the size change is significantly 

smaller in comparison to sub-LCST transition in other amphiphiles (1, 2, 4, and 10). 

 Similar to molecule 1, 2, and 4 assemblies we expected that the sub-LCST 

observed in molecule 10 should affect the encapsulation ability of its assembly. This 

was tested using FRET based method discussed earlier. As expected the assemblies 

 

Figure 4.19 . Temperature responsive size of Tetramer 10 (a) and Methylated tetramer 
11 (b) assemblies using DLS. 
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were leaky below sub-LCST temperature, but stably encapsulated the guest 

molecules at temperatures above sub-LCST (Figure 4.21).      

 

 

   

 

 

Figure 4.20 . Tetrameric amphiphiles and their hypothetical amphiphile shape 
representation. Flexible backbone in case of 11. Rigid backbone in case of H-bonded 10 
and covalently bonded 12. 

 

Figure 4.21 . (a). Temperature dependent size analysis (DLS) of cyclic tetramer 12 
assembly . (b). Guest encapsulation stability of molecule 10 assembly using FRET 
method. 
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4.7 Conclusions 

 In summary, we have investigated the structural requirements for oligomeric 

amphiphiles to exhibit a unique temperature sensitive transition below its LCST 

(sub-LCST). We find the mere presence of a temperature-responsive oligoethylene 

(or polyethylene) glycol unit does not endow molecules with sub-LCST behavior.  

Rigidity in the amphiphile backbone was found to be an essential criterion, in 

addition to the presence of OEG moieties. We also found that intramolecular 

hydrogen-bonding within the amphiphile can induce such rigidity in the amphiphile 

backbone.  Guest encapsulation property of these assemblies was found to be 

significantly altered as a result of temperature responsive size change.  We show 

that excellent guest encapsulation stability can be achieved at higher temperatures 

in assemblies from more rigidified amphiphiles.  The reversibility and sharpness of 

the size change illustrates the applicability of this phenomenon in many 

temperature responsive applications. The supramolecular design parameters 

studied here can be translated in to more robust and biodegradable systems, which 

is one of the current foci in our laboratories.  

 

4.8 Experimental Methods  

4.8.1 Synthesis and Characterization  

 All chemicals and reagents were purchased from commercial sources 

and were used as received, unless otherwise mentioned. Compound A was 

synthesized following the previously reported procedure20. 1H-NMR spectra were 

recorded on 400 MHz Bruker NMR spectrometer using the residual proton 
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resonance of the solvent as the internal standard. Chemical shifts are reported in 

parts per million (ppm). When peak multiplicities are given the following 

abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. 13C-NMR spectra 

were proton decoupled and measured on a 500 MHz Bruker spectrometer with 125 

MHz frequency by using carbon signal of the deuterated solvent as the internal 

standard. 1H NMR of the methylated amphiphiles showed incorrect integrations and 

were rounded to the expected values. To clearly confirm the formation and purity of 

those products mass spectrometry was performed and reported. 

4.8.1.1 Preparation of Jones Reagent 

 Chromium trioxide (7 g, 70 mmol) is dissolved in 10 mL of water in a 

50 mL Erlenmeyer flask. The solution is then cooled using an ice bath followed by 

addition of 6.1 mL of concentrated sulfuric acid (18 M) slowly. The resultant 

solution is then diluted with 20 mL of water with constant stirring. 

 

4.8.1.2 Synthesis of Acid Precursor  

 

 Compound A (0.77 g, 1.49 mmol) was dissolved in acetone and cooled 

using an ice bath. To this solution was added a cooled solution of Jones reagent (4 

mL, 2.7 mL/mmol) drop wise, and stirred for 4 hours. Upon complete conversion of 

the reaction (checked by TLC (thin layer chromatography), the reaction mixture was 

filtered to remove a green precipitate formed. To this filtrate was added excess of 
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isopropyl alcohol and filtered again to remove any new precipitate formed. The 

reaction mixture was then concentrated in vacuo and the residue was dissolved in 

water and the pH of this aqueous phase was adjusted to pH < 3, followed by 

extracting twice with ethyl acetate, the combined extracts were then dried over 

anhydrous Na2SO4. Upon evaporation of the solvent, the crude product was purified 

by silica gel column chromatography (using combiflash) to afford 0.6 g (76%) of 

compound B. 1H-NMR (400 MHz; Acetone-d6���ã�� �A�� �� �y�ä�s�y-7.16 (m, 2H), 6.75 (t, J = 2.3 

Hz, 1H), 4.18 (t, J = 4.7 Hz, 2H), 4.04 (t, J = 6.5 Hz, 2H), 3.84 (t, J = 4.7 Hz, 2H), 3.68-

3.54 (m, 14H), 3.47-3.45 (m, 2H), 3.28 (s, 3H), 1.82-1.75 (m, 2H), 1.53-1.45 (m, 2H), 

1.41-1.28 (m, 14H), 0.88 (t, J = 6.9 Hz, 3H). 13-���������������s�t�w�������œ�â�����…�‡�–�‘�•�‡���ã���A���s�y�r�ä�{�á��

167.3, 161.27, 161.09, 133.3, 108.8, 108.6, 106.8, 72.7, 71.44, 71.29, 71.25, 71.06, 

70.3, 68.92, 68.75, 60.5, 58.8, 32.6, 26.7, 25.7, 23.3, 20.8, 14.50, 14.36. 

 

4.8.1.3 General procedure for synthesis of Oli gomers 2 & 4 

 To a solution of compound B in methylene chloride was added excess of 

thionyl chloride and the mixture was refluxed for 4 hours. The reaction mixture was 

then concentrated in vacuo to remove unreacted excess of thionyl chloride. The 

crude acid chloride product obtained was then dried for an additional 2 hours under 

vacuo and redispered in methylene chloride. To this solution of acid chloride was 

then added appropriate equivalents of the corresponding amine and triethylamine 

and stirred at room temperature for 24 hours. The reaction mixture was then 

concentrated in vacuo and the residue was dissolved in water and extracted twice 

with ethyl acetate, the combined extracts were then dried over anhydrous Na2SO4. 
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Upon evaporation of the solvent, the crude product was purified by silica gel column 

chromatography (using combiflash) to obtain respective oligomer. 

4.8.1.4 Molecule 2  

 

 1H-NMR (400 MHz; Acetone-d6���ã�� �A�� �� �y�ä�{�w�� ���•�á�� �t�����á�� �y�ä�r�v�� ���•�á�� �v�����á�� �x�ä�x�u�� ���•�á�� �t�����á��

6.46-6.38 (m, 3H), 4.14 (s, 4H), 4.01-3.99 (m, 4H), 3.92-3.89 (m, 2H), 3.81-3.54 (m, 

52H), 3.46 (t, J = 4.9 Hz, 6H), 3.28 (s, 9H), 1.76 (s, 4H), 1.70-1.63 (m, 2H), 1.46-1.31 

(m, 48H), 0.88 (t, J = 6.7 Hz, 9H). 13-C NMR (125 MHz; Acetone-d6���ã���A���s�y�t�ä�y�á���s�x�s�ä�t�s�á��

161.05, 160.96, 160.7, 140.0, 106.7, 106.3, 105.7, 105.4, 105.0, 103.1, 72.6, 71.36, 

71.21, 71.02, 70.2, 68.8, 68.6, 68.3, 58.8, 39.0, 23.3, 14.4. MALDI-ToF m/z 16657.316 

(C88H151N3O24+Na+ requires 1657.0598)  

4.8.1.5 Molecule 4  

 

 1H-NMR (300 MHz; Acetone-d6���ã���A�����x�ä�w�w-6.34 (m, 9H), 4.11 (t, J = 3.8 Hz, 6H), 

3.95 (t, J = 6.3 Hz, 6H), 3.79-3.54 (m, 56H), 3.47-3.44 (m, 6H), 3.28 (s, 9H), 1.84-1.70 
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(m, 8H), 1.43-1.30 (m, 42H), 0.88 (t, J = 6.3 Hz, 9H). 13-C NMR (125 MHz; Acetone-

d6���ã�� �A�� �s�y�t�ä�y�á�� �s�x�s�ä�u�y�á�� �s�x�s�ä�t�z�á�� �s�x�s�ä�r�á�� �s�u�{�ä�z�á�� �s�r�x�ä�v�á�� �s�r�x�ä�r�á�� �s�r�w�ä�w�á�� �s�r�u�ä�s�á�� �y�t�ä�y�á�� �y�s�ä�v�s�á��

71.30, 71.27, 71.08, 70.3, 68.8, 68.6, 58.8, 51.1, 23.4, 14.4. MALDI-ToF m/z 1683.766 

(C120H206N4O32+Na+ requires 1683.0698). 

4.8.1.6 Molecule 3  

 

 1H-NMR (400 MHz; Acetone-d6���ã�� �A�� �� �x�ä�w�y-6.41 (m, 9H), 4.16-3.55 (m, 60H), 

3.46 (t, J = 4.8 Hz, 6H), 3.28 (s, 9H), 3.06 (s, 3H), 2.66 (s, 3H), 1.79-1.65 (m, 6H), 1.33 

(d, J = 75.8 Hz, 42H), 0.88-0.86 (m, 9H). 13-C NMR (125 MHz; Acetone-d6���ã���A���s�y�t�ä�r�á��

171.6, 161.21, 161.06, 161.00, 160.94, 160.74, 139.7, 106.32, 106.24, 106.11, 

105.91, 105.54, 105.43, 103.70, 103.52, 103.1, 102.9, 72.6, 71.37, 71.32, 70.28, 

70.13, 68.82, 68.72, 68.58, 68.43, 58.8, 23.3, 14.4. MALDI-ToF m/z 1685.493 

(C90H155N3O24+Na+ requires 1685.0898). 

4.8.1.7 Molecule 5  

 

1H-NMR (400 MHz; CDCl3���ã���A�����x�ä�z�z�����†�á��J = 1.7 Hz, 2H), 6.58 (t, J = 2.0 Hz, 1H), 

6.16 (bs, 1H), 4.14 (t, J = 4.7 Hz, 2H), 3.95 (t, J = 6.6 Hz, 2H), 3.84 (t, J = 4.7 Hz, 2H), 

3.72-3.62 (m, 14H), 3.54 (m, 2H), 3.37 (s, 3H), 2.98 (d, J = 4.8 Hz, 3H), 1.76 (quintet, J 
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= 7.2 Hz, 2H), 1.43-1.27 (m, 14H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (125 MHz; CDCl3): 

�A�� �s�x�z�ä�s�á�� �s�x�r�ä�u�á�� �s�w�{�ä�{�á�� �s�u�x�ä�y�á�� �s�r�w�ä�y�á�� �s�r�w�ä�t�á�� �s�r�v�ä�w�á�� �y�s�ä�{�á�� �y�r�ä�y�z�á�� �y�r�ä�x�t�á�� �y�r�ä�w�{�á�� �y�r�ä�w�r�á��

69.7, 68.3, 67.7, 59.0, 31.9, 29.58, 29.57, 29.37, 29.33, 29.17, 26.9, 26.0, 22.7, 14.1. 

ESI-MS m/z 564.358 (C29H51NO8 + Na+ requires 564.349). 

4.8.1.8 Molecule 6  

 

1H-NMR (400 MHz; CDCl3���ã���A�����x�ä�w�s�����•�á�����t�����á���x�ä�v�{�����•�á���s�����á���v�ä�s�r�����–�á��J = 4.8 Hz, 2H), 3.92 

(t, J = 6.6 Hz, 2H), 3.84 (t, J = 4.8 Hz, 2H), 3.73-3.63 (m, 14H), 3.54 (dd, J = 5.7, 3.6 Hz, 

2H), 3.37 (s, 3H), 3.08 (s, 3H), 2.96 (s, 3H), 1.75 (dt, J = 14.4, 7.0 Hz, 2H), 1.44-1.33 

(m, 14H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (125 MHz; CDCl3���ã���A���s�y�s�ä�v�á���s�x�r�ä�v�á���s�w�{�ä�{�á��

138.2, 105.8, 105.4, 102.7, 72.0, 70.92, 70.72, 70.69, 70.67, 70.62, 69.7, 68.4, 67.7, 

59.1, 39.6, 35.4, 32.0, 29.68, 29.67, 29.48, 29.43, 29.28, 26.1, 22.8, 14.2. MALDI-ToF 

m/z 578.40 (C30H53NO8+Na+ requires 578.3698). 

 

4.8.1.9 Molecule 7  

 

 1H-NMR (400 MHz; Acetone-d6�������/�����������������E�V�������+�������������������G����J = 2.0 Hz, 4H), 6.63 

(t, J = 2.2 Hz, 2H), 4.16 (t, J = 4.7 Hz, 4H), 4.01 (t, J = 6.5 Hz, 4H), 3.82 (t, J = 4.7 Hz, 

4H), 3.67-3.54 (m, 28H), 3.46 (dd, J = 5.8, 3.9 Hz, 4H), 3.27 (s, 6H), 1.78 (quintet, J = 
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7.2 Hz, 4H), 1.52-1.30 (m, 28H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (125 MHz; Acetone-

d6������ �/�� ����7.7, 161.2, 161.0, 137.8, 106.7, 106.4, 104.9, 72.6, 71.41, 71.28, 71.26, 71.23, 

71.22, 71.04, 70.3, 68.8, 68.6, 58.8, 41.0, 23.3, 14.4. ESI-MS m/z 1103.7143 

(C58H100N2O16 + Na+ requires 1103.6997). 

4.8.1.10 Molecule 8  

 

 1H-NMR (400 MHz; Acetone-d6���ã�� �A��6.53-6.38 (m, 6H), 4.15-3.55 (m, 44H), 

3.46 (dd, J = 5.8, 3.9 Hz, 4H), 3.28 (s, 6H), 3.05 (s, 6H), 1.77-1.67 (m, 4H), 1.48-1.30 

(m, 28H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (125 MHz; Acetone-d6���ã�� �A�� �s�y�s�ä�v�á�� �s�x�s�ä�r�á��

160.8, 140.0, 106.1, 105.9, 103.1, 72.7, 71.4, 71.1, 70.2, 68.7, 68.5, 58.8, 44.8, 37.8, 

23.3, 14.4. ESI-MS m/z 1131.7344 (C60H104N2O16 + Na+ requires 1131.7298). 

4.8.1.11 Molecule 9  

 

 1H-NMR (400 MHz; Acetone-d6���ã���A�����z�ä�u�v�����„�•�á���s�����á���y�ä�z�u�����„�•�á���s�����á���y�ä�s- 7.07 (m, 

4H), 6.63-6.37 (m, 8H), 4.14-3.46 (m, 88H), 3.29 (s, 12H), 1.76-1.45 (m, 64H), 0.90 

(t, J = 6.1 Hz, 12H). 13C NMR (125 MHz; Acetone-d6���ã���A���s�y�s�ä�{�á���s�y�s�ä�w�á���s�x�s�ä�r�y�á���s�x�s�ä�r�t�á��
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160.8, 140.0, 139.5, 106.2, 105.95, 105.86, 105.5, 103.6, 103.0, 72.7, 71.3, 70.23, 

70.16, 68.74, 68.60, 68.46, 58.8, 23.4, 14.4. MALDI-ToF m/z 2210.4948 

(C118H202N4O32+Na+ requires 2211.4198). 

4.8.1.12 Molecule 10  

 

  

 1H-NMR (400 MHz; Acetone-d6���ã�� �A�� �x�ä�w�u-6.39 (m, 12H), 4.16-3.46 (m, 88H), 

3.28 (s, 12H), 3.00 (s, 3H), 2.67 (s, 3H), 1.78-1.30 (m, 64H), 0.88 (d, J = 5.5 Hz, 12H). 

13C NMR (125 MHz; Acetone-d6���ã���A���s�y�s�ä�{�á���s�y�s�ä�w�á���s�x�s�ä�r�y�á���s�x�s�ä�r�t�á���s�x�r�ä�z�á���s�v�r�ä�r�á���s�u�{�ä�w�á��

106.2, 105.95, 105.86, 105.5, 103.6, 103.0, 72.7, 71.3, 70.23, 70.16, 68.74, 68.60, 

68.46, 58.8, 23.4, 14.4. MALDI-ToF m/z 2237.464 (C120H206N4O32+H+ requires 

2238.3898). 

 

4.8.1.13 Molecule 11  
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1H-NMR (400 MHz; Acetone-d6�������/������������-6.25 (m, 12H), 4.18-3.55 (m, 92H), 3.46 

(t, J = 4.8 Hz, 8H), 3.28 (s, 12H), 1.76 (s, 8H), 1.47-1.29 (m, 56H), 0.88 (t, J = 5.8 Hz, 

12H). MALDI -ToF m/z 2237.464 (C120H206N4O32+H+ requires 2238.3898). 

 

4.8.2 Dynamic Light Scattering  

 DLS was performed on a Malvern nano-zeta sizer instrument with a 637 nm 

laser source with non-invasive backscattering technology detected at 173�|. All sizes 

are reported as the hydrodynamic diameter (DH) and were repeated in triplicate. All 

samples were prepared in water at pH 7 by brief sonication and vortexing at room 

temperature. Variable temperature DLS experiments were performed by 

equilibrating the aqueous solutions for 6 minutes at the respective temperature 

before the size measurements. 

4.8.3 Guest Exchange experiments using FRET 

 FRET studies were performed on a PTI spectrofluorometer with a XenoFlash 

power supply and Quantum TC125 temperature control. Dye loading (DiI and DiO) 

in the micelles was always done at 1 wt % of the corresponding amphiphile as 
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�ˆ�‘�Ž�Ž�‘�™�•�ã���t�r���J�����‘�ˆ���r�ä�w���•�‰���•�����†�›�‡�������‹�����‘�”�����‹�������‹�•���ƒ�…�‡�–�‘�•�‡���™�ƒ�•���ƒ�†�†�‡�†���–�‘���ƒ���t�r���•�����‰�Ž�ƒ�•�•��

vial containing 1 mg of amphiphile (2 or 4), to this mixture was added additional 40 

�J���� �‘�ˆ�� �ƒ�…�‡�–�‘�•�‡�� �–�‘�� �Š�‘�•�‘�‰�‡�•�‡�‘�—�•�Ž�›�� �•�‹�š�� �ƒ�Ž�Ž�� �–�Š�‡�� �…�‘mponents. The acetone was then 

evaporated using a mild argon flow, followed by addition of calculated amount of 

�™�ƒ�–�‡�”���–�‘���•�ƒ�•�‡���t�w���J�����ƒ�•�’�Š�‹�’�Š�‹�Ž�‡���•�‘�Ž�—�–�‹�‘�•�•�ä�����‡�•�’�‡�”�ƒ�–�—�”�‡���†�‡�’�‡�•�†�‡�•�–���‰�—�‡�•�–���‡�š�…�Š�ƒ�•�‰�‡��

�‡�š�’�‡�”�‹�•�‡�•�–�•���™�‡�”�‡���†�‘�•�‡���ƒ�•���ˆ�‘�Ž�Ž�‘�™�•�ã���t�w���J�����ƒ�•�’�Š�‹�’�Š�‹�Ž�‡����2 or 4) solution loaded with 

DiO was equilibrated at corresponding temperature in the fluorimeter cell for 6 

�•�‹�•�—�–�‡�•�á���•�‹�•�‹�Ž�ƒ�”�Ž�›���t�w���J�����ƒ�•�’�Š�‹�’�Š�‹�Ž�‡���•�‘�Ž�—�–�‹�‘�•���…�‘�•�–�ƒ�‹�•�‹�•�‰�����‹�����™�ƒ�•���‡�“�—�‹�Ž�‹�„�”�ƒ�–�‡�†���ƒ�–���–�Š�‡��

same temperature outside using an ice bath or hot water bath for 6 minutes, upon 

equilibration DiI containing solution was briskly transferred into a 1 mL syringe and 

added to DiO containing solution. DiO was excited at 440 nm, and DiI emission was 

monitored at 567 nm at different time points using time-lapse fluorescence 

measurements. 

4.9 NMR Spectra 
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CHAPTER 5 
SUMMARY AND FUTURE DIRECTIONS 

   5.1 Summary  

 Stimuli-responsive systems based on self-assembled aggregates such as 

micelles, liposomes, and thin films offer a robust and versatile platform in a broad 

range of applications such as sensing, diagnostics, and drug delivery.1-3 The 

molecular features which influence the self-assembly and stimuli responsive nature 

of these systems are extensively studied.4-6 However most of these systems are 

based on polymeric systems; while polymers offer several advantages such as low 

�������ï�•�á��good colloidal stability, and high loading capacity they do not allow for the 

study of fundamental structure property relationships owing to their inherent 

dispersity. The broad objective of this thesis was to present and analyze unique 

stimuli responsive micelle assemblies based on dendron and oligomer amphiphiles. 

This choice of these amphiphiles gives us a unique opportunity to understand the 

fundamental structure property relationships which influence the stimuli 

responsive properties. Chapter 1 focus on introducing self-assembling stimuli 

responsive systems and our versatile molecular design strategy based on micelle 

equilibrium and amphiphile HLB. 

 In Chapter 2,7 we presented an enzyme responsive amphiphilic dendron 

which forms micelle type assemblies in aqueous solution and releases encapsulated 

hydrophobic guest molecules in response to a specific enzyme stimulus. By 

conjugating a pro-fluorophore to the enzyme substrate on the dendron we were 
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able to monitor the enzymatic reaction firsthand, and were also able to correlate 

this to the ensued guest release (after effect of enzyme reaction).   Additionally , the 

photo-crosslinking feature incorporated into these dendrons was used to tune the 

extent of guest molecule release through variable crosslinking (stabilization) of 

aggregates. This crosslinking strategy has more importantly enabled us to also study 

the role of micelle-unimer equilibrium  in enzyme response. Here the enzymatic 

response was found to be inversely related to the stability of aggregates. 

 LCST is a well-established phase change phenomenon observed in 

temperature responsive systems containing polyethylene glycol (PEG). In Chapter 

3,8 we studied the temperature sensitive amphiphilic dendron assembly below its 

LCST and have discovered that there exists another temperature responsive 

phenomenon (sub-LCST) where the size of aggregates changes by an order of 

magnitude. This sub-LCST was then investigated for its effect on guest encapsulation 

stability  and unimer-aggregate equilibrium. It was found that the smaller aggregates 

(temperature below sub-LCST) exhibited poor guest encapsulation stability, and a 

dynamic unimer-aggregate exchange in comparison to the larger aggregates 

(temperature above sub-LCST and below LCST). Though the LCST feature was 

observed in amphiphilic dendrons of all generations (variable amphiphilic units), 

the sub-LCST feature was interestingly found to be exclusive only to generation one 

dendron (three amphiphilic units). 

 In Chapter 4,9 the molecular design features responsible for the unique sub-

LCST phenomenon in amphiphilic dendron were investigated with a series of PEG 
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containing amphiphiles. It was found that the presence of PEG is not the sole 

criterion for the sub-LCST feature nor was the trimeric architecture of the 

amphiphile akin to the dendron amphiphile. The sub-LCST feature was found to be 

due to the rigidity of the amphiphile which was validated by several molecular 

designs with trimeric as well as tetrameric architecture. Interestingly it was also 

found that the intramolecular hydrogen bonding in the amphiphile backbone can 

also induce this rigidity. The interesting molecular design findings are now applied 

to develop biocompatible molecular designs (peptide amphiphiles) which have a 

scope in temperature responsive delivery of encapsulated guests at lower 

temperatures. 

5.2 Future Directions  
 

5.2.1 Aggregate �� Unimer Equilibrium Pathways: A Case study of Enzyme 
Responsive Assemblies 

 Micelles, due to their widespread applications such as in detergents, wetting 

agents, foaming agents, drug delivery vehicles, etc., have acquired considerable 

attention. A significant amount of research has been done to study the intricacies of 

the micelle formation itself, and factors which might affect the micelles formed. 

Though there are seemingly different viewpoints about the mechanism of micelle 

formation, it is widely accepted that once formed, the micelles always coexist with 

their unimeric entities.7,10-11 The coexisting unimers and micelles are thought to be 

in thermodynamic equilibrium, suitably adjusting their equilibrium depending on 

the external perturbations. Small molecule surfactants are widely used to study the 

behavior of micelles; though important, they do not address the questions in the 
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realm where polymers are predominantly the molecules of interest. Dendrimers due 

to their large molecular weights mimic polymers; at the same time due to their 

uniformly disperse nature they can also be treated like surfactants to conduct 

fundamental studies. In this work we propose to study one aspect of the micelles i.e. 

unimer-micelle equilibrium. We are specifically interested in the nature of 

equilibrium/ s existing between the unimers and micelles. These studies will be 

conducted in the context of enzyme responsive dendrimers. 

 

 In section 2 we have demonstrated the presence of monomer-aggregate 

equilibrium by controllably crosslinking the micelle type aggregates with the aid of 

photochemical reactions. However considering the dynamic nature of these micelles 

in the aqueous solutions it is reasonable to expect at least another pathway for 

enzyme to access the substrate (Figure 5.1/ pathway-b). We presumed of a 

 

Figure 5 .1. Pictorial representation of two different equilibrium states of micellar 
aggregates, and concurrent enzymatic cleavage of substrate available through each 
pathway.  
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possibility where the hydrophobic unit presents itself to the hydrophilic medium 

while the micelle is still intact. In such a scenario the hydrophobic unit will be 

exposed to non-favorable aqueous (hydrophilic) environment transiently , before it 

is forced to get back into the micellar interior where the solovophobic interactions 

are favored. During this brief period, the presence of an enzyme in aqueous bulk 

would access the substrate and cause the cleavage. This will be studied with the 

molecular design shown in Scheme 5.1. 

 

5.2.1.1 Molecular Design, Synthesis, and Proposed Enzymatic Studies  

 

Scheme 5.1. Molecular design of G2 dendron(molecule 9). 
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We hypothesize that there are two possible pathways involved in the 

enzymatic reaction on lipophilic substrate of amphiphilic dendrons: i) unimer-

aggregate equilibrium (pathway a), where enzyme reacts with unimeric dendron; ii) 

transient presentation of substrate to the enzyme (pathway b), here the enzyme 

reacts with substrate present on intact aggregate (Figure 5.1). We have already 

realized the existence of pathway a in the previous chapter. In this work we are 

interested in i) studying pathway b separately, and ii) assessing the contributions 

 

Scheme 5.2. Synthesis of enzyme cleavable linker (a), and periphery (b) of G2 dendron. 
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from pathway a, and pathway b to the enzymatic reaction. To achieve this, it is 

essential for the molecular design to be such that contribution from each of these 

pathways can be studied exclusively. To solely observe the pathway b it is essential 

to stabilize the formed micellar aggregates so as to eliminate the possibility of 

monomeric dendrons in solution; however this stabilization (crosslinking) should 

still allow the substrates to be in equilibrium through pathway b. To 

achieve this, dendron 9 is designed such that its lipophilic units comprise of 57 % 

crosslinkable coumarin units and 43 % non crosslinkable enzyme sensitive 

reporting units. This design allows 43 % of enzyme sensitive units to be in 

equilibrium through pathway b even when all the coumarin units are crosslinked. It 

should be noted that a G2 dendron is chosen instead of a G1 dendron, because the 

G2 dendron will provide more flexibility for functional group modifications with 7 

modifiable units as opposed to 3 units offered by the G1 dendron. The proposed G2 

 

Scheme 5.3. Synthesis of G2 using periphery (5), core (6), and enzyme substrate (1). 
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dendrimer 9 is synthesized by a modular approach (Scheme 5.2 and 5.3). The core, 

6, and the periphery, 5 were reacted under potassium carbonate conditions to 

achieve the G1 molecule 7, which was then mesylated at the benzylic position and 

then reacted with molecule 6 to achieve a G2 precursor with propargyl units on core 

and two intermediate layers (Scheme 5.3). This molecule when reacted with 

molecule 1 under click chemistry conditions should result in dendrimer 9. However 

click chemistry with copper sulfate and sodium ascorbate conditions in several 

solvents (THF/H2O, DCM, DMSO) were unsuccessful, and further optimization of 

click reaction is necessary for achieving molecule 9.  

The enzyme responsive nature of the dendron will be tested by treating the 

dendron solution with PLE and monitoring the increase in nitrophenol absorbance 

at 400 nm. Please note that the enzymatic response is studied only through the 

release of covalently tethered nitrophenol, as monitoring the guest molecule release 

will not yield any additional information about the equilibrium. As demonstrated in 

Chapter 2, extensive photocrosslinking of aggregates will eliminate the possibility of 

dendron existing in unimeric form. However with current molecular design 43 % of 

the lipophilic units are non-crosslinkable enzyme cleavable functionalities, which 

are expected to be in equilibrium with the bulk aqueous solution through pathway b 

even after crosslinking of coumarin units. Therefore by exclusively studying the 

release characteristics of the crosslinked and un-crosslinked aggregates, we would 

be able to test if there is indeed any such equilibrium existing as pathway b. 

Experimental design: Dendrimer solution with concentration above CAC will be 

prepared in HEPES buffer at pH 7.4. This solution will be divided into half and one of 
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them crosslinked under UV at 365 nm wavelength. The crosslinked (case a) and 

uncrosslinked (case b) solutions will be treated with equal amounts of the enzyme 

porcine liver esterase and the absorbance of nitrophenol at 400 nm will be 

monitored with time. It is expected that case b shows more release than case a. This 

difference will give us a qualitative estimate of the contributions from pathway a, 

and accordingly pathway b. 

Finally, if we are indeed able to qualitatively differentiate each of the 

pathways, we propose to study the kinetics of enzymatic reaction in each of these 

pathways using stopped-flow technique. This will  be done by determining the rate 

of product (nitrophenol) formation in the crosslinked (pathway b) and non-

crosslinked systems (pathway a & b). This project when accomplished will give us a 

fundamental understanding of the micelle equilibrium, which will provide insights 

into the rational molecular design of sensors and delivery vehicles based on 

micelles. 

5.2.2 Photo-responsive Amphiphilic Assemblies; Role of Amphiphile 
Composition on Guest Release Kinetics  
 

 Photo responsive systems are a promising class of stimuli responsive 

systems where an external stimulus (light source) is used to trigger a molecular 

release at the targeted site.  This method has several advantages in the context of 

targeted drug delivery such as i)  non-invasive stimulus, ii)  remote and accurate 

control of stimulus (light)directed to a specific target site with good resolution, ii)  

control of the dosage as a function of light exposure, etc. The design of these systems 
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largely constitute of two methods i) encapsulation of photo responsive moiety in the 

amphiphile assembly,12,13 and ii) Incorporation of photo responsive moiety as a 

hydrophilic or hydrophobic functionality of the amphiphile.14,15 Herein we use the 

later method and incorporated a light responsive functionality as the hydrophobic 

moiety of the amphiphile. This group undergoes irreversible transformation upon 

light exposure and therefore should result in a significant change in HLB prompting 

the release of encapsulated guest molecules. 

 

 

Though several studies have demonstrated the light induced release of guest 

molecules in small molecules as well as polymeric amphiphile systems, there has 

been very limited focus on understanding the kinetics of molecular release as 

 

Scheme 5.4 Schematic of oligomers with variations in the oligomer length (a & b) and 
hydrophobic chain length (a vs b). Light induced cleavage of hydrophobic unit of amphiphile 
(c).   
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function of amphiphile design. In this project we propose to study this aspect by 

investigating a series of photo responsive oligomers with rational molecular 

designs. Our objective is to essentially decipher both i) the role of amphiphile length 

(molecular weight) as well as the ii) effect of hydrophilic to hydrophobic group ratio 

within each amphiphile. The molecular design of corresponding amphiphiles is 

shown in Scheme 5.4. The amphiphiles are designed such that upon exposure to 

light (360 nm) the photo-responsive nitro benzyl ester cleaves to release 

nitrosobenzaldehyde and also generate a carboxylic group on the hydrophobic arm 

of the oligomer (Figure 5.4c). This should result in an oligomer which is hydrophilic 

on both ends, and therefore significantly altering its assembly properties. In 

addition to this, the generation of nitrosobenzaldehyde can also be monitored by a 

 

Scheme 5.5. Synthesis of light responsive oligomers with a longer hydrophobic linker. 
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characteristic peak at ~360 nm using UV-Vis spectroscopy; which is a direct 

response to light induced cleavage. 

 The synthesis of the oligomers is achieved by converting the acid precursor A 

to an acid chloride followed by an amide coupling with a corresponding amine. The 

oligomeric precursors thus obtained are then reacted with the nitrobenzyl ester 

subtrates under click chemistry conditions to obtain a series of light responsive 

oligomers (Sheme 5.5 and 5.6). All the oligomers were synthesized and 

characterized, except the molecule 14. Exceptionally none of the oligomers in 

scheme 5.4 were soluble in soluble in water in any proportion, except molecule 13 

which had partial solubility. The solubility of these oligomers was indeed very 

surprising as a dendron (reported earlier by our group) with three same 

amphiphilic units but a different backbone was soluble in water and formed micelle 

type aggregates.9 Though we do not have comprehensive evidence at this point, we 

believe that this insoluble nature of the oligomers might be due to the presence of 

H-bonding amide backbone. The reason for this assertion is from the fact that 

methylated oligomers in Section 4 had significantly better solubility than the non-

methylated counterparts. 

It should be noted that the decrease in the length of hydrophobic component 

(Scheme 5.4b) in amphiphiles did not have a noticeable increase in solubility 

compared to the oligomers with longer hydrophobic units (Figure 5.4a). Based on 

our observations in section 4 we hypothesized that the methylation of secondary 

amides might increase the solubility. To test this hypothesis we synthesized 
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molecule 16 (Scheme 5.6) where the tertiary amide backbone does not hydrogen 

bond extensively; this simple transformation has resulted in a significant increase in 

solubility. The resultant molecule 16 also formed micelles in aqueous solution and 

also exhibited photo-responsive properties in the presence of light (Figure 5.2). 

Since the modification of amide backbone (13 to 16) has increased the water 

solubility of the amphiphile, we propose to synthesize all the other oligomers with 

exclusively tertiary amide backbone. Incase this modification does not improve the 

water solubility of all the oligomers we propose to increase the length of hydrophilic 

PEG component. Finally, photo-induced guest release studies as a function of 

oligomer length and amphiphile composition is expected to provide fundamental 

insights into the design of photo-responsive systems. 

 

Figure 5.2 Characterization of molecule 16 assembly. Size analysis using DLS (a), and photo-
induced nitrosobenzaldehyde release using UV-Vis spectroscopy 
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5.3 Experimental Methods  

5.3.1 Synthesis and Characterization  

 All chemicals and reagents were purchased from commercial sources 

and were used as received, unless otherwise mentioned. Compounds 616  and A9 

were synthesized following previously reported procedures. H-NMR spectra were 

 

Scheme 5.6. Synthesis of light responsive oligomers with a shorter hydrophobic linker, and 
molecule 16 with tertiary amide backbone. 
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recorded on 400 MHz Bruker NMR spectrometer using the residual proton 

resonance of the solvent as the internal standard. Chemical shifts are reported in 

parts per million (ppm). When peak multiplicities are given the following 

abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. 13C-NMR spectra 

were proton decoupled and measured on a 500 MHz Bruker spectrometer with 125 

MHz frequency by using carbon signal of the deuterated solvent as the internal 

standard.  

5.3.1.1 Molecule 1 

 1H-NMR (400 MHz; Acetone-d6): �A�����y�ä�x�u�����†�á��J = 8.8 Hz, 4H), 7.01-6.84 (m, 

15H), 6.69-6.60 (m, 16H), 6.45 (s, 4H), 6.09 (d, J = 0.8 Hz, 4H), 5.08 (d, J = 41.6 Hz, 

12H), 4.70-4.66 (m, 7H), 4.14-4.00 (m, 33H), 3.81-3.42 (m, 131H), 3.25 (s, 20H), 3.03 

(t, J = 2.3 Hz, 1H), 2.97 (t, J = 2.2 Hz, 1H), 2.40 (s, 12H), 1.89-1.79 (m, 18H), 1.65-1.49 

(m, 20H), 0.88 (t, J = 5.1 Hz, 6H). 

5.3.1.2 Molecule 2 

 1H-NMR (400 MHz; CDCl3���ã���A�����y�ä�v�{�����†�á��J = 8.8 Hz, 1H), 6.85 (dd, J = 8.8, 2.5 Hz, 

1H), 6.80 (d, J = 2.4 Hz, 1H), 6.13 (d, J = 1.0 Hz, 1H), 4.02 (t, J = 6.4 Hz, 2H), 3.43 (t, J = 

6.7 Hz, 2H), 1.92-1.82 (m, 4H), 1.52 (t, J = 3.7 Hz, 4H). 

5.3.1.3 Molecule 3 

1H-NMR (400 MHz; DMSO-d6���ã���A�����{�ä�t�u�����•�á���s�����á���y�ä�x�s�����†�á��J = 8.9 Hz, 1H), 6.91-6.88 (m, 

2H), 6.25 (d, J = 2.5 Hz, 2H), 6.14-6.09 (m, 2H), 5.02 (t, J = 5.9 Hz, 1H), 4.29 (d, J = 5.8 

Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 3.82 (t, J = 6.4 Hz, 2H), 2.33 (d, J = 1.0 Hz, 3H), 1.78-

1.69 (m, 4H), 1.41 (t, J = 3.4 Hz, 4H). 
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5.3.1.4 Molecule 4 

1H-NMR (400 MHz; Acetone-d6���ã���A�����y�ä�x�y�����†�á��J = 8.8 Hz, 1H), 6.94 (dd, J = 8.8, 2.5 Hz, 

1H), 6.87 (d, J = 2.5 Hz, 1H), 6.54 (d, J = 2.3 Hz, 2H), 6.37 (t, J = 2.2 Hz, 1H), 6.12 (d, J 

= 1.1 Hz, 1H), 4.55 (d, J = 5.8 Hz, 2H), 4.17-4.09 (m, 4H), 3.99 (d, J = 6.4 Hz, 2H), 3.80 

(t, J = 4.8 Hz, 2H), 3.66-3.54 (m, 14H), 3.45 (t, J = 4.8 Hz, 2H), 3.28 (s, 3H), 2.44 (d, J = 

1.2 Hz, 3H), 1.89-1.79 (m, 4H), 1.58 (t, J = 3.7 Hz, 4H). 

5.3.1.5 Molecule 5 

 1H-NMR (400 MHz; Acetone-d6���ã���A�����y�ä�x�y�����†�á��J = 8.8 Hz, 1H), 6.94 (dd, J = 8.8, 

2.5 Hz, 1H), 6.87 (d, J = 2.5 Hz, 1H), 6.63 (t, J = 1.8 Hz, 2H), 6.46 (t, J = 2.2 Hz, 1H), 

6.12 (d, J = 1.2 Hz, 1H), 4.55 (s, 2H), 4.17-4.11 (m, 4H), 4.02 (t, J = 6.4 Hz, 2H), 3.81 (t, 

J = 4.8 Hz, 2H), 3.66-3.53 (m, 14H), 3.47-3.44 (m, 2H), 3.28 (s, 3H), 2.44 (d, J = 1.2 Hz, 

3H), 1.89-1.80 (m, 4H), 1.59 (t, J = 3.7 Hz, 4H). 

5.3.1.6 Molecule 7 

1H-NMR (400 MHz; Acetone-d6���ã���A�����y�ä�x�v�����†�á��J = 8.8 Hz, 2H), 6.94-6.59 (m, 

13H), 6.45 (s, 2H), 6.11 (s, 2H), 5.05 (s, 4H), 4.67-4.64 (m, 4H), 4.15-4.00 (m, 14H), 

3.80 (t, J = 4.6 Hz, 4H), 3.64-3.44 (m, 52H), 3.26 (d, J = 4.3 Hz, 9H), 3.01 (s, 1H), 2.42 

(s, 6H), 1.87-1.80 (m, 8H), 1.58 (s, 8H). 

5.3.1.7 Molecule 8 

 1H-NMR (400 MHz; Acetone-d6���ã���A�����y�ä�x�u�����†�á��J = 8.8 Hz, 4H), 7.01-6.84 (m, 

15H), 6.69-6.60 (m, 16H), 6.45 (s, 4H), 6.09 (d, J = 0.8 Hz, 4H), 5.08 (d, J = 41.6 Hz, 

12H), 4.70-4.66 (m, 7H), 4.14-4.00 (m, 33H), 3.81-3.42 (m, 131H), 3.25 (s, 20H), 3.03 
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(t, J = 2.3 Hz, 1H), 2.97 (t, J = 2.2 Hz, 1H), 2.40 (s, 12H), 1.89-1.79 (m, 18H), 1.65-1.49 

(m, 20H), 0.88 (t, J = 5.1 Hz, 6H). MALDI-ToF m/z 4011.813 (C217H288N3O68+Na+ 

requires 4007.609). 

5.3.1.8 Molecule 10  

 1H-NMR (400 MHz; Acetone-d6���ã���A�����z�ä�t�t-8.20 (m, 2H), 7.63 (bs, 1H), 7.13-7.05 

(m, 4H), 6.76 (s, 1H), 5.62 (d, J = 21.7 Hz, 4H), 5.26 (s, 2H), 4.17 (t, J = 6.5 Hz, 4H), 

3.82 (s, 2H), 3.65-3.55 (m, 14H), 3.46 (d, J = 5.0 Hz, 2H), 3.27 (s, 3H), 2.87 (d, J = 4.5 

Hz, 3H), 1.83 (quintet, J = 7.1 Hz, 2H), 1.52-1.29 (m, 8H), 0.90 (t, J = 6.2 Hz, 3H). 

5.3.1.9 Molecule 11  

 1H-NMR (400 MHz; Acetone-d6���ã���A�����z�ä�t�t-8.06 (m, 5H), 7.16-7.07 (m, 8H), 6.75 

(s, 2H), 5.61 (d, J = 21.0 Hz, 8H), 5.25 (s, 3H), 4.18-4.13 (m, 8H), 3.80 (t, J = 4.6 Hz, 

4H), 3.64-3.54 (m, 32H), 3.45-3.43 (m, 4H), 3.26 (s, 6H), 1.84-1.78 (m, 4H), 1.50-1.48 

(m, 4H), 1.37-1.29 (m, 12H), 0.89 (t, J = 6.6 Hz, 6H). 

5.3.1.10 Molecule 12 

 1H-NMR (400 MHz; Acetone-d6�������/������������-7.97 (m, 8H), 7.16-7.04 (m, 10H), 6.72 

(d, J = 1.9 Hz, 2H), 6.49 (d, J = 2.5 Hz, 2H), 6.37 (s, 1H), 5.63-5.54 (m, 12H), 5.22 (s, 

4H), 4.95 (s, 2H), 4.18-4.09 (m, 12H), 3.85-3.54 (m, 60H), 3.45-3.43 (m, 6H), 3.26-3.25 

(m, 9H), 1.86-1.78 (m, 8H), 1.49 (t, J = 3.8 Hz, 6H), 1.37-1.29 (m, 16H), 0.89 (t, J = 6.8 

Hz, 9H). 

5.3.1.11 Molecule 13 
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 1H-NMR (400 MHz; Acetone-d6���ã���A�����z�ä�t�v-8.21 (m, 2H), 7.64 (bs,  1H), 7.13-

7.05 (m, 4H), 6.77 (s, 1H), 5.65 (s, 2H), 5.60 (s, 2H), 5.26 (s, 2H), 4.16 (t, J = 4.6 Hz, 

2H), 3.97 (s, 3H), 3.82 (t, J = 4.6 Hz, 2H), 3.66-3.54 (m, 14H), 3.45 (t, J = 4.7 Hz, 2H), 

3.27 (s, 3H), 2.87 (d, J = 4.5 Hz, 3H). 

5.3.1.12 Molecule 15  

 1H-NMR (400 MHz; Acetone-d6���ã���A�����z�ä�t�s-7.97 (m, 8H), 7.16-7.04 (m, 10H), 

6.72 (d, J = 1.9 Hz, 2H), 6.49 (d, J = 2.5 Hz, 2H), 6.37 (s, 1H), 5.63-5.54 (m, 12H), 5.22 

(s, 4H), 4.95 (s, 2H), 4.18-4.09 (m, 12H), 3.85-3.54 (m, 60H), 3.45-3.43 (m, 6H), 3.26-

3.25 (m, 9H), 1.86-1.78 (m, 8H), 1.49 (t, J = 3.8 Hz, 6H), 1.37-1.29 (m, 16H), 0.89 (t, J 

= 6.8 Hz, 9H). 

5.3.1.13 Molecule 16 

 1H-NMR (400 MHz; CDCl3�������/�����������������G����J = 9.0 Hz, 1H), 7.82 (s, 1H), 6.97-6.92 

(m, 2H), 6.62-6.58 (m, 3H), 5.68 (s, 2H), 5.33 (s, 2H), 5.24 (s, 2H), 4.11 (t, J = 4.7 Hz, 

2H), 3.85 (t, J = 4.7 Hz, 2H), 3.74-3.64 (m, 16H), 3.56 (dd, J = 5.7, 3.5 Hz, 2H), 3.39 (s, 

3H), 3.11 (s, 3H), 2.97 (s, 3H).  
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5.4 NMR Spectra 
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