
Chapter 3: Biologically Inspired Spontaneous Assembly of Dendrimer 

Molecules  
 

Chapter Summary 

Organized microstructures based on polyamidoamine dendrimers were created by using 

Single-Walled Carbon Nanotubes (SWNTs).  Atomic Force Microscopy (AFM) and 

Scanning Electron Microscopy (SEM) showed that these patterns were characterized by 

straight and extended dendritic features.  The formation of these shapes was attributed to 

a depletion mechanism induced by the SWNTs leading to the aggregation of the 

dendrimer molecules. 

 

3.1 Introduction 

 

In the past few years, significant progress has been made in the fabrication of patterns 

of inorganic or organic nanoparticles.  Photolithography1, 2, electron beam lithography3, 4, 

and scanning probe lithography5 have been widely used to fabricate patterns of metallic 

nanoparticles.  Although highly efficient, these techniques present certain limitations.  

For example, they cannot easily be applied to organic or biological nanoparticles, due to 

the rigorous processing steps that they require and the possible chemical incompatibilities 

with photo-resists and developers.  Moreover, they require expensive equipments and 

facilities.  These facts have led several research groups to investigate alternative 

techniques.  Soft-lithography has been developed as a complement to photolithography in 

order to obtain feature sizes below 100nm at a low cost.  It involves the use of patterned 

elastomers as base material for the mask, stamp or mold used to transfer the desired 

pattern on a substrate.  Whitesides et al.6 comprehensively developed different soft-

lithography techniques like microcontact printing7, replica molding8, microtransfer 

molding9, micromolding in capillaries10 and solvent-assisted micromolding11.  They 

extended the capacity of these techniques to new types of materials, especially organic 

and biological materials.  Santhanam et al.12 used microcontact printing to fabricate 

arrays of alkanethiol coated gold nanoparticles.  In their study, a uniform monolayer of 
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nanoparticles was self-assembled on a water surface and then transferred to a patterned 

poly(dimethylsiloxane) (PDMS) stamp pad by the Langmuir-Schaefer (LS) method.  The 

nanoparticles were then transferred to a solid substrate by contact of the patterned stamp 

with the substrate.  He et al.13 fabricated patterns of gold nanoparticles by modifying a 

substrate with self-assembled monolayers (SAMs) with mixed functional groups, having 

different affinities for the gold nanoparticles.  The self-assembly of the nanoparticles was 

directed on the substrate following the pattern of the SAM.  Similarly, Liu et al.14 used 

organic patterns fabricated by utilizing AFM tips to direct the self-assembly of gold 

nanoparticles. 

An additional emerging alternative approach is the fabrication of hybrid functional 

materials where inorganic nanoparticles are organized within organic or biological 

scaffolds.  Lopes et al.15 used a polystyrene-block-poly(methyl-methacrylate) diblock 

copolymer to fabricate scaffolds presenting anisotropic stripe-like domains, where metal 

atoms could be selectively assembled by preferential wetting of one of the copolymer 

blocks.  Lin et al.16 achieved the organization of a polystyrene-block-poly(2-

vinylpyridine) copolymer and CdSe nanoparticles by a synergetic interaction between the 

two components.  Likewise, Spatz et al.17 fabricated monolayers of micelles of a 

polystyrene-block-poly(2-vinylpyridine) with metallic particles embedded within the 

micelles, which enabled to obtain quasihexagonal two-dimensional lattices of the 

metallic particles. 

Recently, there has been an increased interest in synthesizing organic nanoparticles, in 

order to form organized structures presenting different or improved properties from 

patterns of inorganic nanoparticles.  Although in its infancy, the fabrication of organic 

nanoparticle patterns holds great promise for the development of advanced materials.  

Polymer nanoparticles for example may help in the building of advanced structures with 

interesting new sensing, electrical and fluorescent properties.  A few types of organic 

nanoparticles have already been synthesized.  Rolland et al.18 developed a method termed 

Particle Replication In Nonwetting Templates (PRINT) enabling the fabrication of 

organic nanoparticles with a very precise control over size, shape and composition.  They 

were able to synthesize nanoparticles of poly(ethylene glycol diacrylate), poly(lactic 

acid), and poly(pyrrole).  So far, polystyrene nanoparticles have been most widely used 

for manipulation into nanostructures.  For example, Harel et al.19 demonstrated the 
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fabrication of nanostructures based on polystyrene nanoparticles by manipulation with an 

AFM tip followed by sintering.  Kim et al.20 manipulated polystyrene nanoclusters with 

carbon nanotube nanotweezers.   

Another type of organic nanobuilding blocks, which may give new properties if 

arranged in a patterned manner, is dendrimer molecules.  Dendrimers are hyperbranched 

macromolecules presenting highly ordered three-dimensional shapes, with sizes in the 

nanometer range.  They are built from an initiator core by grafting successive layers 

called generations.  The lower generation dendrimers present a disk like shape whereas 

the higher generation dendrimers are almost spherical.  Their large number of terminal 

groups and interior voids makes them very attractive as drug delivery agents21 and 

chemical sensors22.  Due to the ever increasing synthesis of dendrimers possessing new 

optical23, photophysical24 and electroluminescent properties25, the ability to form patterns 

from these round-shaped molecules would open the possibility of creating a family of 

structures with tailored new properties.  Furthermore, due to their large number of 

terminal groups and interior voids, dendrimers have been widely used as templates for 

the synthesis of inorganic nanoparticles26-28.  Forming patterns of dendrimer/metallic 

nanoparticle hybrids may enable to spatially arrange the metallic nanoparticles embedded 

inside the dendrimer structures.   

In this chapter, organized PAMAM (polyamidoamine) dendrimer microstructures were 

obtained by using Single-Walled Carbon Nanotubes (SWNTs).  SWNTs consist of a 

single graphene sheet wrapped in a cylindrical fashion, and present a quasi one-

dimensional structure.  They are among the highest aspect ratio objects known.  One of 

the most interesting characteristics of SWNTs is that their structure and properties are 

closely interrelated.  A nanotube exhibits either a metallic or semiconducting behavior 

depending on its diameter and chirality.  Because of their outstanding electronic 

properties, as well as exceptional thermal conductivity and mechanical strength, SWNTs 

have been extensively used for applications ranging from reinforced polymer 

composites29, 30 to electronic devices such as transistors31, sensors32, and actuators33.   

The method of fabrication of the dendrimer patterns that was used in this study was 

based on the depletion mechanism underlying the formation of protein crystals.  This 

approach was motivated by the fact that dendrimer molecules of the higher generations 

are very similar in size and shape to proteins.  The physical principles underlying the 
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aggregation of protein molecules were used to obtain a one step hierarchical organization 

of dendrimer molecules.  Patterns with remarkably straight and extended features were 

obatined.   

 

3.2 Experimental Section 

 

Raw Single-Walled Carbon Nanotubes produced by Chemical Vapor Deposition 

(CVD) were purchased from Optics Innovations Inc.  The SWNTs were purified 

according to a method developed by Chiang et al.34  Raw SWNTs were heated in air in a 

tube furnace for 18h at 225°C.  The oxidized SWNTs were sonicated in concentrated 

hydrochloric acid for 15 min.  The resulting solution was centrifuged, and the acidic 

supernatant removed.  The remaining SWNTs were filtered and rinsed several times with 

de-ionized water until the pH of the filtrate became neutral.  The soot obtained was 

further oxidized at 325°C for 1h30 min, and the same centrifugation, filtration and 

rinsing steps as previously described were applied.  The purified SWNTs were then 

shortened and functionalized with carboxylic groups by sonicating them in a mixture of 

sulfuric acid and nitric acid (3:1) for 2 h.  The acidic dispersion was centrifuged, the 

supernatant removed and the SWNTs filtered and rinsed several times with de-ionized 

water.  The SWNTs were dried under vacuum for several hours at room temperature.  

Different amounts of SWNTs were mixed with de-ionized water, and the resulting 

dispersions sonicated and centrifuged in order to debundle the SWNTs.  The actual 

amounts of SWNTs present in the final solutions were determined by substracting the 

weight of the sediment after centrifugation from the weight of SWNTs dispersed in the 

initial solutions.  Solutions of dendrimer and SWNTs were prepared by mixing 10 mL of 

each SWNTs solution with 0.01g of a generation 4 spherical polyamidoamine dendrimer 

(PAMAM G4).  This amount of dendrimer was obtained by evaporating under vacuum, 

at room temperature 0.126mL of a commercially available methanol solution of PAMAM 

G4 (Sigma-Aldrich).  The solutions were left undisturbed overnight, and their pH varied 

with hydrochloric acid (HCl) and sodium hydroxide (NaOH).  The ionic strength of the 

solutions was adjusted by adding potassium chloride (KCl).  A drop of each solution was 

placed on a silicon substrate and dried either under an InfraRed (IR) heating lamp or at 

room temperature.  Optical micrographs were recorded using a Nikon MM-40 optical 

 

78



microscope.  A Leo® 1550 Field Emission Scanning Electron Microscope (FESEM) and 

a Digital Instruments Nanoscope IIIa Atomic Force Microscope (AFM) in the tapping 

mode were utilized to further visualize the morphology of the samples. 

 

3.3 Results and Discussion 

 

Figure 3.1 depicts organized microstructures that were obtained based on a solution 

containing 18% of SWNTs at pH 6.94, with 0.0025M KCl.  The morphology created was 

characterized by dendritic features as illustrated by Figure 3.2.   

 
Figure 3.1. Optical micrograph image of dendritic microstructures based on a solution 

containing 18%w SWNTs at pH 6.94, dried under an IR heating lamp with 0.0025M 

KCl.  

  
Figure 3.2. AFM height (a) and angle view (b) images of dendritic microstructures based 

on a solution containing 18%w SWNTs, 0.0025M KCl at pH 6.94, dried under an IR 

heating lamp. 

Some of these dendrites presented remarkably extended and straight shapes.  The 

organized dendritic features were composed of aggregated dendrimer molecules with 

SWNTs embedded in the structure (Figure 3.3).  Some of the dendrimer molecules were 
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attached to the SWNTs through electrostatic interactions that exist between the 

carboxylic groups created at the surface of the acid oxidized SWNTs and the amino 

groups present at the periphery of the dendrimers. 

 

 
 

Figure 3.3. Close-up of the microstructures surface for complex patterns based on a 

solution containing 18%w SWNTs, 0.0025M KCl at pH 6.94, dried under an IR heating 

lamp. 

The aggregation of the dendrimer molecules was attributed to a depletion mechanism35.  

Theoretical and experimental studies of depletion attraction have been performed by 

several research groups36, 37, 38.  They involve depletion interaction between charged 

spherical colloids or proteins induced by water soluble polymer and depletion 

phenomena in mixtures of rod-like and spherical particles.  Adams et al.39 observed phase 

separation in mixtures of the filamentous bacteriophage fd virus with polyethylene oxide 

(PEO), polyethylene glycol (PEG) or polystyrene latex (PS) spheres suspended in Tris 

buffer solutions with ionic strengths of 0.005M or 0.05M.  These authors also studied the 

phase behavior of mixtures of rod-like tobacco mosaic virus and sphere-like polyethylene 

oxide or bovine serum albumin40.  Depletion mechanisms involve the attraction of 

spherical particles suspended in a solution of spherical or rod-like macromolecules 

through a depletion potential.  This depletion potential is derived from the osmotic 

pressure of the solution of macromolecules and the volume of the overlapping region of 

the depletion zones of two particles, a depletion zone corresponding to the region 

covering the surface of a particle where the center of a macromolecule cannot penetrate.  

The absolute value of the depletion potential between spherical particles suspended in a 
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solution of rod-like particles is higher than the absolute value of the depletion potential 

between spherical particles suspended in a solution of spherical macromolecules, thus 

implying that for identical volumes more aggregates can be formed in a solution of rod-

like particles.  Moreover, the absolute value of the depletion potential increases as the 

length to diameter ratio of the rod-like particles increases.  In our case, SWNTs may be 

represented as rod-like particles and PAMAM dendrimers as spherical particles.  Adding 

high aspect ratio SWNTs to a solution of dendrimer molecules thus efficiently increases 

the absolute value of the depletion potential between the spherical molecules, inducing 

their aggregation into organized structures.  The fact that spherical dendrimer molecules 

are often used as models for globular proteins and that depletion phenomena observed in 

our study are analogous to depletion phenomena underlying the crystallization of proteins 

suggest that SWNTs might be considered as an efficient new type of precipitant for 

growing protein crystals and eventually dendrimer crystals.   

The effect of pH, SWNTs concentration and ionic strength were investigated and found 

to have significant effects on the creation and resulting morphology of the patterns, 

which further supports our hypothesis of a depletion attraction between the dendrimer 

molecules.  Similarly to depletion phenomena, all the variables of our system were 

closely interrelated.  It was found that increasing the concentration of SWNTs expanded 

the range of pHs for which pattern formation took place.  Usually, pHs as high as 8.8 

could be used to create patterns for solutions containing 18% SWNTs with or without 

0.0025M KCl.  For a lower concentration of SWNTs (1.6%) coupled with a low ionic 

strength (no KCl added), decreasing the pH closer to the isoelectric point of the 

dendrimer molecules typically led to pattern formation.  Furthermore, the ionic strength 

and SWNTs concentration significantly influenced the resulting morphology.  As the 

concentration of SWNTs was increased from 1.6 to 18%, the size of the patterns 

decreased (Figure 3.4a and 3.4b). 
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Figure 3.4. AFM image of complex patterns based on a solution with pH=6.94, with 

0.0025M KCl dried under an IR lamp 1.6% SWNTs at pH 6.94, dried under an IR 

heating lamp, with 0.0025M KCl. 

 

Figure 3.5a and 3.5b show complex patterns obtained with a SWNTs/dendrimer 

solution containing 18% SWNTs at pH 6.94 without and with KCl respectively.  When a 

solution solely contained SWNTs and dendrimer molecules, the morphology of the 

patterns could be described as randomly scattered dendritic fingers.  When KCl 

(0.0025M) was added to the mixture, the patterns became dense and ordered.  The added 

salt screened the electrostatic repulsions between the positively charged dendrimer 

molecules, thus increasing their probability to aggregate.  Incompletely formed 

microstructures or randomly scattered dendritic fingers were obtained when the samples 

were left to dry at room temperature This was attributed to the rate of evaporation of the 

aqueous solvent, which was faster when the samples were dried under an IR heating lamp 

than at room temperature.  As the solvent evaporated faster, the level of supersaturation 

of the solution increased faster thus enhancing the level of aggregation of the dendrimer 

molecules. 

  
Figure 3.5. SEM images of complex patterns based on a solution containing 18% 

SWNTs at pH 6.94, dried under an IR heating lamp, without (a) and with (b) 0.0025M 

KCl. 
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3.4 Conclusions 

 

In conclusion, we have shown that it was possible to create organized microstructures 

from PAMAM dendrimers, by using Single-Walled Carbon Nanotubes.  The 

concentration of SWNTs, as well as the pH and ionic strength of the solution, played a 

decisive role in the creation of these new shapes.  The formation of these structures was 

attributed to a depletion attraction between the dendrimer molecules induced by the 

SWNTs.  Our study opens up new application opportunities for SWNTs.  Due to the 

diverse electrical, physical and optical properties of dendrimer molecules, organized 

microstructures presenting new and interesting properties arising from their novel 

structure and order may be created.  As dendrimers are often used as models for globular 

proteins, our work may be relevant to biologists working on the crystallization of 

proteins, where SWNTs might be considered as a new type of precipitant.  Recently, 

protein crystals have been exploited for noncrystallographic purposes41, 42.  However, 

their application has been restricted by the inherent fragility of protein molecules.  Our 

results may ultimately lead to the creation of dendrimer crystals that could replace 

protein crystals for non-crystallographic applications. 
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