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ABSTRACT 

 

Nature is replete with complex organic–inorganic hierarchical materials of diverse yet 

specific functions. These materials are intricately designed under physiological conditions 

through biomineralization and biological self-assembly processes. Tremendous efforts have 

been devoted to investigating mechanisms of such biomineralization and biological self-

assembly processes as well as gaining inspiration to develop biomimetic methods for 

synthesis and self-assembly of functional nanomaterials. In this work, we focus on the 

bioinspired synthesis and self-assembly of functional inorganic nanomaterials templated by 

specialized macromolecules including proteins, DNA and polymers. The in vitro 

biomineralization process of the magnetite biomineralizing protein Mms6 has been 

investigated using small-angle X-ray scattering. Templated by Mms6, complex magnetic 

nanomaterials can be synthesized on surfaces and in the bulk. DNA and synthetic polymers 

have been exploited to construct macroscopic two- and three-dimensional (2D and 3D) 

superlattices of gold nanocrystals. Employing X-ray scattering and spectroscopy techniques, 

the self-assembled structures and the self-assembly mechanisms have been studied, and 

theoretical models have been developed. Our results show that specialized macromolecules 

including proteins, DNA and polymers act as effective templates for synthesis and self-

assembly of nanomaterials. These bottom-up approaches provide promising routes to 

fabricate hybrid organic–inorganic nanomaterials with rationally designed hierarchical 

structures, targeting specific functions. 
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CHAPTER 1. GENERAL INTRODUCTION  

 

1.1 Dissertation Organization 

This dissertation covers two major topics related to bioinspired nanomaterials – synthesis 

and self-assembly. It is organized into eight chapters, including one chapter on a literature review 

(Chapter 1), three chapters on bioinspired synthesis of magnetic nanomaterials (Chapter 2–4), 

three chapters on bioinspired self-assembly of plasmonic nanomaterials (Chapter 5–7) and one 

chapter on conclusions and future work (Chapter 8). 

Chapter 1 is a general introduction including a literature review related to bioinspired 

synthesis and self-assembly of nanomaterials templated by specialized macromolecules 

including proteins, DNA and polymers. Magnetotactic bacteria and the biomineralization protein 

Mms6 are introduced. 

Chapters 2–4 focus on the bioinspired synthesis of magnetic nanomaterials in the bulk 

and on surfaces, and investigating the role of the biomineralization protein Mms6 in the in vitro 

synthesis mechanism. Chapter 2 is modified from a paper published in Langmuir. In this paper, 

small-angle X-ray scattering (SAXS) was employed to study morphological transformations of 

Mms6 in the absence and presence of iron ions to probe the mechanism of Mms6 

biomineralization in vitro. As the first author, my contribution to this work includes new 

experimental design, sample preparation, SAXS measurements, SAXS data processing and 

partial manuscript writing. SAXS data analysis and major manuscript writing were done by the 

co-author Wenjie Wang. Chapter 3 is revised from a paper published in Journal of Magnetism 

and Magnetic Materials. In this work, we investigated aqueous-phase synthesis of magnetite 

nanoparticles with tunable sizes and magnetic properties using Gd doping, with and without 



2 

 

Mms6. My contribution as the first author includes experimental design, sample preparation, 

sample characterization (XRD, XPS and TEM), all the data analysis and manuscript writing. 

Chapter 4 is modified from a paper published in Industrial & Engineering Chemistry Research. 

This work focused on fabrication of magnetite nanoparticles on surfaces mediated by the 

immobilized Mms6 through hydrophobic interactions with solid substrates. This work was 

initiated by the first author Xunpei Liu, the former graduate student working on this project. As 

the joint first author, my contribution includes partial sample preparation, sample 

characterization (SEM, EDS and XRD), data analysis (XPS) and partial manuscript writing. 

Chapters 5–7 deal with the use of DNA as well as synthetic polymer templates in the 

presence of salts to self-assemble nanoparticle assemblies in two and three dimensions, and using 

X-ray scattering methods to understand the assembly processes. Chapter 5 is revised from a 

paper published in Advanced Materials Interfaces. In this paper, we reported that DNA-

functionalized gold nanoparticles formed two-dimensional (2D) superlattices at the air–water 

interfaces induced by divalent salts. My contribution as the first author to this work includes the 

experimental design, sample preparation, X-ray scattering and spectroscopy measurements, data 

analysis (SAXS, GISAXS and fluorescence) and writing manuscript. The theoretical analysis 

was provided by the co-author Alex Travesset.  Chapter 6 is modified from a paper published in 

Nanoscale. In this study, we found that polyethylene-glycol-capped gold nanoparticles (PEG-

AuNPs) self-assembled into macroscopic and tunable superlattices at the air–water interfaces by 

adjusting concentrations of a salt (K2CO3) and nanoparticles. As the first author, my contribution 

to this work includes experimental design, sample preparation, samples characterization 

(GISAXS, reflectivity, SAXS, DLS and TGA), data analysis (GISAXS, SAXS and phase 

diagram) and manuscript writing. The theoretical modeling was done by the co-author Alex 
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Travesset.  Chapter 7 is revised from a paper to be submitted to a journal.  This paper focuses on 

3D self-assembly of PEG-AuNPs via colloidal destabilization in the presence of high 

concentrations of K2CO3. My contribution as the first-author includes sample preparation and 

characterization (SAXS, DLS and UV–Vis), all the data analysis and writing manuscript. The 

theoretical work was performed by the co-author Alex Travesset. 

Chapter 8 summarizes the major findings in this dissertation. Perspective towards the 

future direction is provided. 

1.2 Literature Review 

1.2.1 Biomineralization  

As a gift from evolution, living organisms of all sorts, from unicellular bacteria to 

complex multicellular plants and animals, have the capability to exploit metal ions selectively 

obtained from the local environments to construct inorganic–organic hierarchical materials for 

diverse functions.1-5 This process, named biomineralization, exhibits high level of control over 

the composition, structure, size, morphology and aggregation of biominerals.3, 4, 6, 7 Almost every 

organism has evolved its own strategies for synthesizing biogenic minerals that are unique to that 

species and tailor-made for their functions.1-4 Thus, nature has succeeded in giving rise to an 

impressive variety of hybrid materials of amazing complexity, arranged from nanoscale to the 

macroscale, and fascinating properties, such as structural support, protection, locomotion, 

navigation and storage.1-7 Both the life and the environment have been fundamentally changed 

by the advent of biomineralization, from formation of bones, teeth and shells to the global 

cycling of elements including fossilization.3-5  

It is known that about 26 essential elements are required by living organisms. Around 

half of them are incorporated in biominerals.3 Among these, calcium has a distinguished place as 
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it is widespread and the principal constituent of skeletal structures such as bones and shells.3  

Bones are composed of calcium phosphate, while shells are built from calcium carbonate. Bone 

is composed of mineralized collagen fibrils, in which hydroxyapatite (Ca10(PO4)6(OH)2) crystals 

are embedded, with complex structures, described in terms of up to 7 hierarchical levels of 

organization that is optimized to the functional need.8-12 Calcium carbonate minerals have six 

different structures, and of these polymorphs, calcite (CaCO3, trigonal) and aragonite (CaCO3, 

orthorhombic) are the most thermodynamically stable forms under ambient conditions,3, 13 and 

are typically present in mollusk shells, sea urchin spines, sponges and corals.2, 3 Interestingly, 

inorganically synthetic calcite is very brittle as it cleaves easily along the “cleavage 

rhombohedron” plane, while aragonite usually has a strong tendency to form spherulitic cluster 

of crystals with high porosity.14 However, organisms overcome these limitations either by having 

proteins occluded inside the calcite crystal and introducing anisotropic fracture behavior, or by 

organizing of aragonite into large superstructures where plate-shaped aragonite crystals are 

arranged into parallel layers that are separated by a sheet of organic matrix.2, 3, 14-16 Even though 

most biominerals are ionic salts, many unicellular organisms produce remarkable structures from 

amorphous silica.3, 5 The famous representatives of biosilicifying organisms are the diatoms and 

radiolarians, since they use the silica to build their cell walls and microskeletons, which are 

nano- and micropatterned lace-like structures with remarkable level of control.3, 5, 17 Another 

class of biominerals is iron oxides, such as magnetite (Fe3O4) nanocrystals, which are aligned in 

well-ordered chains in magnetotactic bacteria for navigation through the geomagnetic field.1-3, 18 

These magnetite nanocrystals have specific sizes, well-defined morphologies, high magnetic 

moment and stable oxidation state of the iron ions, which are under strict biological control 
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found in the numerous forms of bacteria such as cocci, spirilli, vibrios, rod bacteria, and 

multicellular bacteria.2, 3, 15, 18, 19  

The above examples illustrate a big picture of sophistication of inorganic–organic 

hierarchical materials produced through biomineralization processes. Apparently, these processes 

are biologically controlled. Proteins and other macromolecules, interacting with mineral crystals 

in biological systems, play an important role in these controlled processes.20-22 Although 

relatively little is precisely known in different specific mechanisms, there are some general 

principles that seem to be common to many organisms.3 For instance, some biomineralization 

processes are chemically controlled, where physicochemical factors such as solubility, 

supersaturation, nucleation, and crystal growth are regulated by controlling the ionic composition 

of the medium as well as through special macromolecules by promoting or inhibiting the 

nucleation, growth and phase transformation.2, 14, 20, 23, 24 Such processes have been a source of 

inspiration for many chemists, physicists, and materials scientists to develop diverse routes to 

synthesize of novel inorganic–organic materials with promising applications.2, 25-27 However, 

fabrication of these organic–inorganic composite materials with controllable structures and the 

morphologies is still a challenge and it requires a profound fundamental knowledge of the 

mechanisms involved in the biogenic processes, which need further investigation.2, 3, 5 

1.2.2 Bioinspired synthesis of organic–inorganic materials  

Specialized organic macromolecules, such as proteins, deoxyribonucleic acid (DNA) and 

polysaccharides, are an indispensable part of biomineralization by directly or indirectly 

controlling the formation of hierarchically inorganic-organic structures.20-22, 27 Such structures 

are generally optimized for their specific functions and are superior to many synthetic materials.9, 
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25 Thus, biomineralization has been considered as a valuable lesson that we can learn from 

nature.2, 25, 26 Functional molecules and self-assemblies have been used as templates to mimic 

biomineralization processes and synthesize functional materials with tunable properties. 

1.2.2.1 Bioinspired synthesis mediated by proteins and peptides 

Functional molecules have been selected to induce the nucleation of specific inorganic 

materials and control the crystal structure and size of inorganic particles by adsorbing to specific 

crystal faces.2, 27, 28 One example of such functional molecules is peptides that contain two 

different domains, each being specific for a different compound.2, 29 Each domain of the peptide 

will control the nucleation of a different mineral phase, thereby resulting in the synthesis of 

hybrid particles that are composed of two different materials. For instance, core–shell CdSe–ZnS 

semiconductor nanocrystals were synthesized using a peptide containing a CdSe-specific domain 

(Cys-Thr-Tyr-Ser-Arg-Lys-His-Lys-Cys, with the two Cys residues forming a disulfide bridge) 

and a ZnS-binding domain (Lys-Arg-Arg-Ser-Ser-Glu-Ala-His-Asn-Ser-lle-Val) (Figure 1.1).29 

The size of the core is under precise control by peptide-induced nucleation, and the thickness of 

the shell can be further modulated through controllable growth process.29 Since the peptide sequ- 

 

Figure 1.1 (a) A schematic representation of CdSe–ZnS core–shell nanocrystal synthesis using the bi-functional 

peptide. (b) A HRTEM image showing a ZnS shell grown on top of the CdSe core for the CdSe/ZnS 

core–shell nanocrystal.29 (Adapted from ref 29. Copyright © 2010 The Royal Society of Chemistry.) 



7 

 

ences are tunable according to the desired inorganic compound, a highly controlled formation of 

crystals can be obtained. 

 

Figure 1.2 Time-resolved analysis of silica morphogenesis in vitro mediated by natSil-1A. Scanning electron images 

of silica structures formed (A) 3.5 min, (B) 4.5 min, (C) 5 min, and (D) 8 min after the addition of natSil-

1A to a buffered monosilicic acid solution (50 mM sodium acetate, pH = 5.5), bar = 2 μm.30 (Adapted 

from ref 30. Copyright © 2002 American Association for the Advancement of Science.) 

Proteins and peptides are also exploited to regulate the morphology of inorganic crystals, 

resulting in formation of synthetic minerals with specific size and shapes.1, 2, 31 Particularly, this 

kind of templating is evident in the case of silica-based materials, since silica is amorphous and 

in the absence of any control, it precipitates as formless gels or spherical colloidal particles.2 

When proteins or peptides derived from proteins involved in silica biomineralization are present, 

silica particles with morphologies such as nanospheres, hexagonal plates, organized fibrillar 

structures, and three-dimensional structures with periodic voids are obtained.30-33 For example, 

silaffins, a family of proteins isolated from the cell wall of diatoms C. fusiformis, have been 

implicated in the biogenesis of diatom biosilica.31 One active peptide from silaffin, natSil-1A, 

has shown remarkable ability to induce silica precipitation in the shape of nanospheres in vitro 

(Figure 1.2).30  
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1.2.2.2 Bioinspired synthesis mediated by block copolymers 

Templating of block copolymers that self-assemble into vesicles has the advantage of 

molecular-level control with ability to extend to the macroscale hierarchical ordering.34 To 

mimic natural bone, block copolymers have been used to act as templates for the nucleation and  

 

Figure 1.3 Transmission electron micrographs of (a) 0.5 wt.% poly(2-diethylaminoethyl methacrylate, PDEAEM) 

modified Pluronic® F127 pentablock copolymer micelles in deionized water, (b) 0.5 wt.% pentablock 

copolymer micelles in pH 3.0 calcium phosphate—aged 30 min, (c) 0.5 wt.% pentablock copolymer 

micelles in pH 3.0 calcium phosphate—aged 1 hour, and (d, e) different regions of 0.5 wt.% pentablock 

copolymer micelles in pH 3.0 calcium phosphate—aged 24 hours.35 (Adapted from ref 35. Copyright © 

2007 The Royal Society of Chemistry.) 

growth of the calcium phosphate crystals.35-39 For instance, a thermoreversible amphiphilic block 

copolymer, Pluronic® F127 (poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 

oxide) (PEO100-PPO65-PEO100) triblock copolymer) and its derivatives (pentablock copolymers, 

ionic block copolymers, block copolymer-peptide conjugates) have been shown to facilitate 

formation of calcium phosphate nanocomposites using bottom-up approaches developed by our 

group (Figure 1.3).35-39 Pluronic® exhibits temperature-dependent micellization.40-43 It self-
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assembles into micelles at low temperature and concentrations in aqueous solutions and these 

micelles entangle to form viscous gels at higher temperatures or concentrations, typically above 

25 °C.40-44 The temperature-dependent phase transformation of the copolymers allows mixing of 

the solutions of copolymer and inorganic constituents followed by precipitation of calcium 

phosphates on nanoscale micelles and then self-assemble further into macroscale gels and solids 

by manipulating the temperature and/or pH of the solution.35-39 The self-assembled gel exhibits 

FCC or BCC structure, and it can preserve its structure in the presence of phosphate 

nanocrystals, but with the nanocrystal in between the micelles.35-39 With addition of citrate, it has 

been demonstrated that citrate stabilizes hydroxyapatite (HAp) over other calcium phosphate 

species without disturbing the supramolecular structures of the polymer gel.37 The crystal size of 

HAp within the polymer matrix decreases with increasing the citrate concentration, which 

enables fine control over the size.37 In addition, mesoporous zirconia has been synthesized in 

completely aqueous media in the presence of these block copolymers.45, 46 Overall, block 

copolymers with self-assemble properties have been considered as effective tools to facilitate 

mineralization on nanoscale and create further macroscopically hierarchical structures. 

1.2.2.3 Bioinspired synthesis mediated by DNA 

Various macromolecules have served as substrates to control self-organization of 

nanoparticles by deposition. One example is DNA strands. The negatively charged phosphate 

groups in the DNA backbone can control the adsorption and binding of positively charged metal 

ions, while the DNA strands themselves can be synthesized with tailor-made structures and 

patterns because of their ability to hybridize with other DNA strands.47-50 Furthermore, the ends 

of the DNA strands can be modified with other functional groups. For example, DNA has been 

used as a sophisticated template for the targeted attachment of a conductive metal wire to 
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construct functional nanoscale electronic devices.51 In this study, DNA molecules were 

employed to make bridges between two gold electrodes and used as a template for the vectorial 

growth of a 12 µm long, 100 nm wide conductive silver wire.51 DNA strands provide desired 

templates for precise metallization of gold, silver, platinum, palladium, copper, cobalt, etc.52-62    

This bottom-up approach exhibits promising applications in microelectronics technology and 

industry.  

1.2.3 Magnetotactic bacteria and the biomineralization protein Mms6 

1.2.3.1 Magnetotactic bacteria 

Magnetotactic bacteria, which can produce magnetic nanoparticles with precise control, 

have been employed as an ideal model for the studies of biomineralization mechanisms and 

synthesis of bioinspired materials.63-65 Magnetotactic bacteria is a diverse family of aquatic 

prokaryotes that have ability to orient themselves along the local geomagnetic field.66  After the 

discovery of the first magnetotactic bacterial strain reported in 1975, a series of magnetotactic 

bacterial strains have been reported in fresh water such as pools, lakes and rivers, transitions 

between brackish water and sea water, and even in marine water.1, 67-69 The cellular 

morphologies of magnetotactic bacteria vary from cocci, spirilli, vibrios, rod bacteria, and 

multicellular.19, 70, 71 They all have unique intracellular compartments, named magnetosomes, 

which are vesicles each with a magnetite nanocrystal (usually 35–120 nm in diameter) inside and 

a lipid bilayer membrane with similar composition as the cytoplasmic membrane.71-73 These 

vesicles are organized into chains by cytoskeletal filaments and fixed inside the cells.73 The 

current explanation of the magnetotactic trait is that magnetotactic bacteria use magnetosomes 

aligned in chains inside themselves to act as compass needles to direct their migration 

downwards along the tilted geomagnetic line to find the optimal microaerobic or anaerobic 



11 

 

environment for their growth.71, 73 The magnetite nanoparticles are the physical basis of the 

magnetotactic trait and the chain alignment of the magnetosome vesicles is the biological basis 

for this trait.73, 74 Recent results also demonstrated that magnetotactic bacteria move more 

quickly and efficiently towards the preferred microaerobic or anaerobic in an applied magnetic 

field.75 

 

Figure 1.4 Crystal morphologies and intracellular organization of magnetosomes from magnetotactic bacteria: A) 

cubooctahedral; B) bulletshaped; C, D) pseudohexagonal.1 The magnetosomes are arranged in one (C) or 

more (D) chains, bars = 100 nm. (Adapted from ref 1. Copyright © 2003 Wiley-VCH.) 

Magnetite crystals with well-defined sizes and morphologies are found in the numerous 

forms of bacteria and both sizes and morphologies seem to be specific to the respective species 

of bacteria.1 These crystal morphologies generally can be classified into cubooctahedral, 

pseudohexagonal, and bullet-shaped (Figure 1.4).1, 76 The unexpected and unusual features of 

these biogenic magnetite crystals is not only a narrow size distribution, but above all, a diameter 

range of 35–120 nm, which thus allocates them the highest magnetic moment.1, 76 This size range 

corresponds to magnetite crystals with a single magnetic domain.77 Since magnetite crystals from 

inorganic synthetic routes under mild conditions offer neither a similar narrow size distribution 
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with uniform magnetic properties nor such a variety of crystal morphologies, magnetotactic 

bacteria have been considered as effective tools to study biomineralization of magnetic crystals 

and sources of inspiration to create functional materials.1, 78-83 

1.2.3.2 Magnetite 

Magnetite, Fe3O4, one class of magnetic iron oxides, is widespread in almost all of the 

different compartments of the global system.84 It is a black, ferrimagnetic mineral containing 

both Fe(II) and Fe(III) and it is mainly responsible for the magnetic properties of rocks.84 

Magnetite has the highest saturation magnetization among the iron oxides.84, 85 However, as 

magnetite has an isotropic magnetic structure, magnetite has a low coercivity and behaves as a 

magnetically soft material.84, 85 

Finite-size effect gives rise to various special features of magnetite.79 Bulk magnetite is 

ferrimagnetic with a multiple domain structure, but when the size of magnetite nanoparticles is 

below a threshold size d0 (80 – 100 nm), these particles can no longer support static domain 

walls, and thus they exhibit stable single-domain ferrimagntetism with an intrinsic remanent 

dipole.77, 86-88 When the size decreases further to a critical point ds (20 – 30 nm), the magnetite 

nanoparticles become superparamagnetic at room temperature, as their magnetic moments are 

equilibrated due to thermally induced spin flipping.77, 86-88 Magnetite exhibits such intriguing 

magnetic properties that it has wide applications in magnetic data storage, magnetic resonance 

imaging (MRI) contrast enhancement, hyperthermia cancer treatment and targeted drug 

delivery.79, 81, 82, 88 Applications in data recording and spintronics require magnetic nanoparticles 

with single domains, while medical use of ferrofluids usually needs superparamagnetic 

nanoparticles.81, 82, 87, 89, 90 Bioinspired synthesis of magnetite nanoparticles with controlled 

properties to meet specific requirements will greatly expand the spectrum of applications.  
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Magnetite has an inverse cubic spinel structure (Space group: Fd-3m), in which 32 O2- 

ions form a face-centered cubic (FCC) packed along the [111] direction, and each unit cell 

contains eight formula units (Fe24O32) (Figure 1.5).84 The lattice parameter of the pure bulk 

magnetite is 0.8396 nm. There are 64 tetrahedral sites and 32 octahedral sites in each unit cell. 

Eight tetrahedral sites are occupied by Fe3+ ions, while 16 octahedral sites are shared with equal 

 

Figure 1.5 Crystal structure of magnetite. O represents oxygen ions, and FeA and FeB represent iron ions in the 

tetrahedral sites and the octahedral sites of the oxygen face-centered cubic structure, respectively.  The 

relative size difference between FeA, FeB and O is given as a guide to the eye. All the structures are 

plotted by Diamond software (version 3.1) from Crystal Impact. 
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number of Fe2+ ions and Fe3+ ions. The structure consists of octahedral and mixed 

tetrahedral/octahedral layers stacked along the [111] direction (Figure 1.5).84 In octahedral sites, 

the magnetic moments of Fe3+ ions are aligned with those of Fe2+ ions, but they are antiparallel 

to the magnetic moments of Fe3+ ions in tetrahedral sites. Therefore, the magnetic properties of 

magnetite are determined by the moment of the Fe2+ ions in octahedral sites.91 

 

Figure 1.6 Idealized crystal morphology of magnetite.66, 76 (Modified from ref 76. Copyright © 1998 Mineralogical 

Society of America. Adapted from ref 66. Copyright © 2004 Nature Publishing Group.) 

Magnetite nanoparticles are ideally surrounded by {111} planes and exhibit octahedral 

morphology66, 83, since the high-index planes usually have higher surface energy (γ),92  and the 

sequence of γ(111) < γ(100) < γ(110) < γ(220) for the face-centered-cubic phase can be 

generated from the distance between those planes and the central Wulff's point.93 However, the 

crystal shape is defined by the ratio (R) of growth rate in the <100> direction to that in the <111> 

direction.83 Ideally, faster growth along the <111> direction can lead to cubic octahedral 

particles, while faster growth along the <110> and <100> directions can generate particles with 

dodecahedral and cubic forms, respectively.66 Usually magnetite crystals in magnetosomes are 
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cuboctahedra composed of {111} and {100} (Figure 1.6), but shapes of some crystals with 

combinations of {111}, {110} and {100} (Figure 1.6) are also found in some magnetotactic 

strains.1, 66 Control on the growth rate of different facets of the nuclei is applied to get various 

morphologies of magnetite,83 which also opens opportunities to investigate the mechanisms of 

biomineralization in magnetotactic bacteria. 

1.2.3.2 Mms6 Protein 

Mms6, one of several proteins tightly bound to the magnetosome magnetite crystal in 

magnetotactic bacteria Magnetospirillum magneticum AMB-1, has been implicated in the 

biomineralization of magnetite.88, 94-96 The most intriguing feature of Mms6 in the first report is 

that Mms6 has ability to promote the formation of magnetite nanoparticles with similar 

morphology to bacterial magnetites in vitro.94 Our group has recently used recombinant Mms6 to 

mediate the formation of uniform superparamagnetic magnetite nanocrystals at room temperature 

and mild conditions in vitro.97, 98 Magnetite nanoparticles synthesized via the classical co-

precipitation method by elevating the pH of stoichiometric mixture of ferrous and ferric salts in 

aqueous medium at room temperature, are mostly less than 20 nm and non-uniform in size.81 In 

contrast, in the presence of Mms6 and Pluronic® gel, magnetite slowly grows to 30 nm diameter 

superparamagnetic nanoparticles of uniform size and cubo-octahedral shapes.97, 98 Mms6 also has 

been found to promote in vitro synthesis of other advanced functionalized materials that are not 

known to be present in any living organisms, such as cobalt ferrite, cobalt doped magnetite and 

magnetic nanoparticle arrays via co-precipitation of Fe2+ and Fe3+ salts or partial oxidation of 

Fe2+ salts.99-103 Such magnetic materials synthesized with Mms6 have promising potential 

applications in targeted drug delivery, magnetic resonance imaging (MRI) contrast agents, and 

high density data storage.88  
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Progress has been made recently in understanding the structure and properties of 

Mms6.98, 104 It is an amphiphilic protein with hydrophobic N-terminal and hydrophilic C-

terminal, is believed to exist as a membrane protein in vivo, and self-assembles in vitro to form a 

micellar complex larger than 300 kDa.98, 104 The C-terminal domains bind iron ions and 

complexes with very high affinity.98, 105 The interactions between Mms6 and iron are believed to 

be the initial steps of biomineralization, and also to be important in determining the shape of the 

magnetite nanoparticles.95, 98 Meanwhile, Mms6 may control the morphology and size of 

magnetite in magnetotactic bacteria by regulating the surface of crystal during crystal growth by 

in vivo study.95 The Mms6-iron interactions at various pH values have been previously observed 

on aqueous surfaces, where Mms6 was deposited on the surface of an iron solute subphase to 

form a monolayer, taking advantage of its amphiphilic behavior.105 Moreover, using in situ liquid 

cell scanning transmission electron microscopy, recombinant Mms6 micelles were found to 

mediate nucleation of iron oxide on their surfaces.106  

Significant research efforts have been led to elucidate the mechanism of Mms6 

biomineralization in vivo, synthesizing a variety of magnetic nanomaterials in vitro and thereby 

expanding the biomineralization mechanisms beyond natural materials. However, the detailed 

mechanism of biomineralization by Mms6 is still unclear and the potential properties of Mms6 

are also under investigation. 

1.2.4 Biological self-assembly 

Like biomineralization, self-assembly is a ubiquitous process in nature by which the 

individual components spontaneously organize themselves into a complexed structure with 

specific order through their mutual noncovalent interactions.107 The precise organization is 

crucial to the function of biological self-assembled structures.107, 108 The components can be 
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molecules or segments of a macromolecule that interact with one another.107-109 The noncovalent 

interactions in biological self-assembly include electrostatic interactions, hydrophobic effects, 

aromatic stacking (π-π stacking), hydrogen bonding and van der Waals forces.107-109 Generally, 

the strength of these interactions is individually weaker than that of covalent bonds, but the 

cumulative effect with sufficient number of these interactions is high enough to generate stable 

assemblies with particular structures and shapes.108 

 

Figure 1.7 Examples of biological self‐assembled structures showing the building blocks and the relevant 

interactions involved in the self‐assembly process. (a) Protein folding; (b) dsDNA; (c) tobacco mosaic 

virus (TMV); and (d) cell membrane. (Adapted from ref 108. Copyright © 2013 Wiley-VCH.) 

A variety of sophisticated self-assembled structures have been developed in nature. Figure 

1.7 illustrates some examples of biological self-assembled structures, from proteins and nucleic 

acids to viruses and cell membranes.108 The primary biomolecular building blocks arrange into 

final functional self-assembled structures through a process with relevant interactions at 

molecular level.107, 108 For instance, a protein synthetically can be considered as a linear strand of 

20 possible amino acids (polypeptide). As shown in Figure 1.7a, a polypeptide self-assembles 
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into a secondary structure constituted by α-helices and β-sheets through hydrogen bonding, 

further packs α-helices and β-sheets to form protein subunits (local structural motifs) leading to a 

tertiary structure, and eventually arranges into a mature protein with a specific function via 

interactions between subunits previously formed.107, 108 The self-assembly process in a protein is 

named as protein folding, involving formation of relatively simple local structures 

(intermediates) and structure-specific association of these intermediates.107, 108 Another example 

of biological self-assembly is double-stranded DNA (dsDNA) (Figure 1.7b). Two complimentary 

single-stranded DNA (ssDNA) wrap into a double helix, which is stabilized by hydrogen bonds 

between the paired nucleobases from two ssDNA chains and π-π stacking between nucleobases 

inside each ssDNA chain.108 These kinds of dsDNA structures with high stability, precise 

reproducibility and operational simplicity have been widely used in current biological and 

biomimetic nanotechnology such as molecular recognition and self-assembly techniques.107 In 

addition, a cell membrane (cytoplasmic membrane) is also a self-assembled structure, in which 

the building blocks (i.e., amphiphilic phospholipid molecules composed of a hydrophilic head 

group and a hydrophobic tail.) self-organize into a bilayer resulting from the hydrophobic 

effect.108 Large lipid variability in polarities with different head groups and tail lengths leads to 

various dynamic or compartmentalized self-assembled structures in aqueous environment.108 

The biological self-assembly plays an important role in life as the assembled structures 

determine the relevant functions. Interestingly, the principles of biological self-assembly can be 

applied to synthetic building blocks that are not naturally available, like block copolymers. 

Moreover, the relevant noncovalent interactions are at the molecular level, but the building 

blocks are not limited to molecules or macromolecule. The sizes of building blocks range from 

the molecular to mesoscopic, macroscopic levels and even higher (such as colloidal crystals), 
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and self-assembly can widely occur under appropriate conditions.109, 110 Therefore, self-assembly 

has been considered as one of general strategies to spontaneously construct rationally designed 

structures via bottom-up approaches. 

1.2.5 Self-assembly of colloidal nanocrystals 

Colloidal nanocrystals are solution-grown inorganic nanocrystal cores stabilized by a 

layer of surface-bound ligands.111, 112 In the past two decades, tremendous efforts have been 

devoted to controllable synthesis of colloidal nanocrystals with uniform size and 

morphologies.113-117 Such colloidal nanocrystals have different types of functionalities such 

magnetic, plasmonic, catalytic and luminescent properties.92, 112-116, 118, 119 Meanwhile, advances 

in post-synthetic surface-functionalization of colloidal nanocrystals enable self-assembly of 

individual nanocrystals into macroscopic superlattices with various structures in different 

dimensions.114, 120-123 These superlattices possess intriguing collective properties that are different 

from those of individual ones, thus exhibiting great potential in technological applications.124, 125 

Although numerous strategies have been developed for nanocrystal self-assembly, the self-

assembly process is determined by the nanocrystal size and shape and the interparticle 

interactions, similar to the biological self-assembly.107, 111 The surface-bound ligands have been 

primarily used to control the interparticle interactions. Structural and functional diversity of 

molecules has been employed to functionalize nanocrystals, such as DNA,122, 123 proteins,126 

polymers127 and hydrocarbons.128 In addition to functional ligands, the properties of assembly 

environment, such the temperature, solvent and physical confinement, have a decisive effect on 

the interparticle interactions and further structures and properties of the resulting assemblies.111, 

121, 129, 130 In parallel with experimental designs, theoretical modelling has also been explored.131-

136 Practically, the experimental and theoretical studies point out that the self-assembly of 
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nanocrystals allows for high flexibility in compositions and structures and has been viewed as a 

promising tool to fabricate next-generation materials such as metamaterials.124, 125, 137-139 

1.2.5.1 Self-assembly of nanocrystals functionalized with DNA 

The self-assembly properties of DNA are employed to control the organization of 

nanoparticles into larger structures with longer length scales due to its programmable recognition 

properties, i.e., hybridization. An example under intensive investigation is DNA-mediated 

nanoparticle superlattices.122, 125, 129, 140-147 Nanoparticles coated with single stranded DNA can 

self-assemble into one-, two- and three-dimensional structures.122, 125, 129, 140-153 Such superlattices 

can be made from nanoparticles with different types of functionalities, such as plasmonic (gold),  

 

Figure 1.8 A) Nanoparticle superlattice engineering with DNA allows for independent control of three important 

design parameters (particle size, lattice parameters, and crystallographic symmetry) by separating the 

identity of the particle from the variables that control its assembly. (B) The DNA strands that assemble 

these nanoparticle superlattices consist of (i) an alkyl-thiol moiety and 10-base nonbinding region, (ii) a 

recognition sequence that binds to a DNA linker, (iii) a spacer sequence of programmable length to 

control interparticle distances, and (iv) a “sticky end” sequence that drives nanoparticle assembly via 

DNA hybridization interactions. (C to E) The superlattices reported herein are isostructural with (C) FCC, 

(D) BCC, (E) HCP. (Adapted from ref 142. Copyright © 2011 American Association for the 

Advancement of Science.) 
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magnetic (iron oxide), catalytic (palladium) and luminescent (CdSe@ZnS) properties.125 

Homogeneous systems with same types of nanoparticles and binary systems with two different 

types of nanoparticles have exhibited different phase behaviors.125 Moreover, particle shapes 

(sphere, rod, octahedral, triangular prism) have shown a strong influence on the crystallization 

parameters of DNA-functionalized nanoparticles, resulting in affecting superlattice 

dimensionality, crystallographic symmetry and phase behavior.141 Meanwhile, DNA-

functionalized anisotropic polyhedral nanoparticles have been reported to coordinate isotropic 

spherical nanoparticles via shape-induced directional binding.154 In addition, through precise 

control of nanoparticle size, interparticle distance and periodicity, several kinds of crystal 

structures have been realized using DNA-functionalized gold nanoparticles, including simple 

cubic (SC), FCC, BCC, HCP and other structures with the lattice parameters ranging from 25 to 

150 nm.142 Besides single-stranded DNA, DNA origami frames have also been used to construct 

nanoparticle superlattices, in which nanoparticles are spatially coordinated in a prescribed 

manner.155 Thus, even diamond type of nanoparticle superlattices can be obtained using 

rationally design DNA origami frames.156 State-of-the-art developments of DNA-programmable 

nanoparticle self-assembly enable future construction of new crystallographic arrangements that 

have emergent properties for use in the fields of plasmonics, photonics, catalysis, and potentially 

many others.142, 143 

1.2.5.2 Self-assembly of nanocrystals templated by proteins 

Crystallizing proteins have been extensively studied in structural biology and directed 

assembly of proteins into diffraction-quality crystals has also been reported recently.157-160 

Meanwhile, owing to the inherent functionalities, it has been found that proteins can act as 

molecular linkers and templates to mediate self-assembly nanocrystals.126, 161-166 The antibodies 
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were attached to the surfaces of gold nanoparticles and macroscopic nanoparticle networks with 

higher-order structures were generated through the high specificity of antibody–antigen 

recognition.165 Engineered crystalline protein templates (chaperonin) with hollow double-ring 

structures have been used as a guide to direct self-assembly of nanoparticles into ordered 

arrays.164 Protein-based nanocages (such as ferritin and viral capsids) encapsulating various nan 

oparticle cores have been developed to organize nanoparticles into superlattices both at the 

interfaces167 and in solutions.168 The negatively charged cages with the core of iron oxide 

nanoparticles interact with positively charged gold nanoparticles, leading to tunable binary 

nanoparticle superlattices.126 Similarly, the complementarily charged protein containers 

independent of nanoparticle cores have been developed as general templates to use electrostatic  

 

 

Figure 1.9 A general scheme for the assembly of binary nanoparticle superlattices based on charged protein 

containers. (A) The surface of a native protein container is engineered to produce containers with a 

positively charged (left) and negatively charged surface (right). (B) Nanoparticle synthesis is carried out 

separately in each protein container type. (C) Self-assembly of the protein container nanoparticle 

composites yields highly ordered three-dimensional superlattices. (Adapted from ref 166. Copyright © 

2016 American Chemical Society.) 
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interactions to assemble nanoparticles into macroscopic superlattices with a high degree of 

ordering166 (Figure 1.9). 

1.2.5.3 Self-assembly of nanocrystals grafted with polymers 

The pristine surface-bound ligands on nanoparticles can be changed to polymers via 

ligand exchange with end-functionalized polymers or through surface-initiated 

polymerization,169 and the synthetic polymer-grafted nanoparticles readily self-assemble into 

superlattices.170 The ordering of these nanoparticles was found to be determined by the brush 

architecture (the particle size, the molecular weight of tether polymer and the grafting 

density).171 Using conventional aliphatic ligands with tuning the molecular brush architecture, 10 

different binary nanocrystal superlattices with 2D and 3D order were fabricated using an 

evaporation-based method. This method led to controlled co-crystallization of a binary mixture 

of nanoparticles on top of an immiscible liquid subphase at room temperature.127 The Langmuir–

Blodgett technique has been used to assemble nanocrystals into macroscopic 2D superlattices, 

such as polyhedral silver nanocrystal arrays with high tunability of the optical response.130 By 

grafting thermoresponsive polymers such as poly(N-isopropylacrylamide), the behavior of 

nanoparticle superlattices can be manipulated by external temperature.172-174 The polymer 

functionalization allows for self-assembly of nanoparticle in polymer matrices to form 

nanocomposites,175 and the dispersibility of polymer-grafted nanoparticles is associated with the 

wetting the polymer brushes by the matrices.176 The length of grafted polymer, grafting density 

as well as interaction strength between nanoparticle surfaces have an effect on the phase 

behaviors (dispersion or controllable aggregation) of polymer-grafted nanoparticles in host 

matrices.177-179  
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Similar to lipids, amphiphilic block copolymers have been tethered to nanoparticles to 

form self-assemble structures. For instance, amphiphilic nanoparticles were obtained by grafting 

with block copolymers poly(2-(2-methoxyethoxy)ethyl methacrylate)-b-polystyrene 

(PMEO2MA-b-PS) or poly(ethyloxide)-b-polystyrene (PEO-b-PS), and using film rehydration 

method these block polymer-grafted nanoparticles assemble into well-defined vesicles or tubules 

(Figure 1.10).180 The morphologies depend on the size of nanoparticles and the molecular weight 

of block copolymers as well as the properties of the solvent.180, 181 Alternatively, vesicular self-

assembly of such block copolymer-grafted nanoparticles can occur in microfluidic devices.182 

The strong plasmonic coupling of gold nanoparticles in the assembled vesicles and their 

biodegradability facilitate their multi-functional biomedical applications in photoacoustic 

imaging and photothermal therapy.181, 183, 184 

 

 

Figure 1.10 (a) Amphiphilic block copolymers-assisted self-assembly of nanoparticles into vesicles or tubules. 

Representative SEM images of vesicles (b) and tubules (c) obtained from self-assembly of Au-P1 and 

Au-P2, respectively. Scale bars: 200 nm in (b–c). Inset in (b) is the FFT pattern of SEM images. (Adapted 

from ref 180. Copyright © 2012 American Chemical Society.) 
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1.2.5.4 Self-assembly of nanocrystals capped by hydrocarbons 

In addition to macromolecules mentioned above, relatively short hydrocarbon chains 

have been utilized to coat nanoparticles for self-assembly. 2D superlattices can be fabricated on 

solid substrates through evaporation of an organic solvent, which is a kinetically driven non-

equilibrium process.185-188 The self-assembly can occur with multiple types of nanoparticles at 

air-liquid interfaces with slight evaporation and further transfer to a solid support.189 The 

evaporation-based method has been extended to 3D self-assembly of nanoparticles. Various 

organic solvents have been found to effectively induce nanoparticle superlattices with long-range 

ordering.128, 190-196 Overall 16 unique binary nanoparticle superlattice structures have been 

reported, ranging from simple NaCl type structures to dodecagonal quasicrystals.128, 191-196 Non-

solvent diffusion has been found to promote destabilization-based self-assembly of hydrocarbon-

capped nanoparticles.120, 121, 197 Flat platelets and multiply twinned polyhedral superlattices have 

been observed in such assemblies.197 Among a diversity of binary nanoparticle superlattice 

structures, most cases exhibit lower sphere packing density than the combination of phase-

separated closed-packed assemblies consisting of single-type nanoparticles.111 The anisotropic 

brush contacts between nearest neighbors gives rise to corona deformation and the soft chains are 

allowed to fill the space with higher efficiency than a hard sphere, thus leading to possible higher 

density than that within the hard sphere approximation.111, 194 Energetic interactions (including 

entropic contributions) have an effect on the superlattice formation, and various types of 

structures were found to depend on the temperature.195 Even though there are a few theoretical 

analyses recently reported, the full explanation of the observed structural diversity is still a 

challenge.132, 198, 199  
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1.2.5.5 Summary 

In the past decade, major advances have been made in experimental investigations on 

nanocrystal self-assembly mediated by organic molecules as discussed above. Considering 

fundamental aspects of interactions of nanoparticles with themselves and with the surrounding 

environment, mechanisms of superlattice formation, as well as the stability, yield, and scale of 

production, though, it is still challenging to develop a novel method to fabricate nanoparticle 

superlattices that is robust yet inexpensive, and able to render these superlattices technologically 

viable. Concomitant with 3D superlattices with diverse structures, 2D self-assembly of 

nanoparticles on solid substrates or liquid surfaces exhibits less complexity due to the reduced 

dimensions, thereby providing an alternative and suitable platform to investigate self-assembly 

and crystallization of nanoparticles, understand the general mechanisms, and direct controllable 

self-assembly processes in other dimensions. Therefore, our efforts have been devoted to 

unraveling the underlying mechanisms of 2D superlattice assemblies of DNA-functionalized 

nanoparticles at the air–water interfaces using surface sensitive synchrotron X-ray scattering and 

spectroscopy techniques. Our findings have been readily applied to the 2D self-assembly of 

polymer- and polyelectrolyte-functionalized nanoparticles. In addition, guided by our theoretical 

model on formation of 2D superlattices, 3D nanoparticle self-assembly has also been explored. 
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CHAPTER 2. MORPHOLOGICAL TRANSFORMATIONS IN THE MAGNETITE 

BIOMINERALIZING PROTEIN MMS6 IN IRON SOLUTIONS: A SMALL-ANGLE X-

RAY SCATTERING STUDY  

 

Modified from a paper published in Langmuir† 

 

Honghu Zhang, Xunpei Liu, Shuren Feng, Wenjie Wang*, Klaus Schmidt-Rohr, Mufit Akinc, 

Marit Nilsen-Hamilton, David Vaknin, and Surya Mallapragada* 

 

2.1 Abstract 

Magnetotactic bacteria that produce magnetic nanocrystals of uniform size and well-

defined morphologies have inspired the use of biomineralization protein Mms6 to promote 

formation of uniform magnetic nanocrystals in vitro. Small angle X-ray scattering (SAXS) 

studies in physiological solutions reveal that Mms6 forms compact globular three-dimensional 

(3D) micelles (approximately 10 nm in diameter) that are, to a large extent, independent of 

concentration. In the presence of iron ions in the solutions, the general micellar morphology is 

preserved, however, with associations among micelles that are induced by iron ions. Compared 

with Mms6, the m2Mms6 mutant (with the sequence of hydroxyl/carboxyl containing residues in 

the C-terminal domain shuffled) exhibits subtle morphological changes in the presence of iron 

ions in solutions. The analysis of the SAXS data is consistent with a hierarchical core–corona 

micellar structure similar to that found in amphiphilic polymers. The addition of ferric and 

ferrous iron ions to the protein solution induces morphological changes in the micellar structure 

                                                 

† Reprinted with permission of Langmuir 2015, 31, 2818-2825. Copyright © 2015 American Chemical Society. 

* Corresponding Authors: wwang@ameslab.gov (W. Wang), suryakm@iastate.edu (S. Mallapragada). 
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by transforming the 3D micelles into objects of reduced dimensionality of 2, with fractal-like 

characteristics (including Gaussian-chain-like) or, alternatively, platelet-like structures. 

2.2 Introduction 

It is well-known that many living organisms, whether unicellular or multicellular, are 

capable of developing complex inorganic–organic hierarchical materials for various functions 

such as skeletal support, protection, locomotion, and navigation.1, 2 These materials are 

intricately designed under physiological conditions through biomineralization with a high level 

of control on their particle sizes, morphologies, structures, compositions, aggregation, and 

crystallographic orientation, and hence exhibit remarkably controlled mechanical, optical, and 

magnetic properties.1-3 Tremendous efforts have been devoted to investigating mechanisms of 

such biomineralization as well as gaining inspiration from nature to develop biomimetic 

synthetic routes for advanced functionalized materials.4-7 Proteins and other biological 

macromolecules, interacting with mineral crystals in biological systems, play an important role 

in the controlled process of mineralization, which have attracted considerable research interest in 

recent decades.8-10 For instance, magnetotactic bacteria, a diverse family of aquatic prokaryotes, 

have the particular ability to align with the geomagnetic field due to the presence of the 

magnetosome, an organelle made of a lipid vesicle, in which biomineralized magnetite (Fe3O4) 

or greigite (Fe3S4) crystals of uniform sizes and well-defined shapes are embedded.11 Therefore, 

they have been employed as effective tools to study biomineralization of magnetic crystals.12-14 

Mms6, one of several proteins tightly bound to the magnetosome magnetite crystal in 

magnetotactic bacteria Magnetospirillum magneticum AMB-1, has been implicated in the 

biomineralization of magnetite.15-19 It has been shown to promote the formation of uniform 

superparamagnetic magnetite nanocrystals at room temperature and mild conditions in vitro.15, 20, 
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21 In addition, Mms6 promotes in vitro synthesis of other advanced functionalized materials, 

such as cobalt ferrite, cobalt doped magnetite, and magnetic nanoparticle arrays.22-26 Such 

magnetic materials synthesized with Mms6 have many promising potential applications in 

targeted drug delivery, magnetic resonance imaging (MRI) contrast agents, and high density data 

storage.18  Therefore, significant research efforts have led to understanding the mechanism of 

Mms6 biomineralization in vivo,16 synthesizing a variety of magnetic nanomaterials in vitro, and 

thereby expanding the biomineralization processes beyond natural materials.22, 25, 26 Progress has 

been made recently in understanding the structure and properties of Mms6.21, 27 Mms6 is an 

amphiphilic protein with hydrophobic N-terminal and hydrophilic C-terminal, is believed to exist 

as a membrane protein in vivo, and self-assembles in vitro to form a multimeric micellar complex 

larger than 300 kDa.19, 21, 27, 28  The C-terminal domains bind ferric iron ions and complexes with 

very high affinity.21, 28 Shuffling the amino acid sequence in a protein affects its function and 

thus is a good test to understand the mechanism of biomineralization. A C-terminal mutant, 

m2Mms6, has been designed that shows much lower iron binding than the wild-type Mms6.21 

Here, we further examine the global morphology of the protein and its C-terminal modified 

mutant to understand its role in biomineralization. The role of Mms6 in magnetite synthesis in 

vitro is still under investigation.18-20 With the highly hydrophobic N-terminal domain and larger 

complex formed by Mms6, it is challenging to determine in detail how Mms6 interacts with iron 

precursors at atomic resolution by either X-ray crystallography or nuclear magnetic resonance 

(NMR) spectroscopy. Great caution has to be taken when interpreting data collected with “dry” 

methods such as AFM and TEM for biomacromolecules like Mms6 due to sample damage or 

distortion.27 Here we report on synchrotron radiation small-angle X-ray scattering (SAXS) of 

Mms6 to determine its morphological characteristics in various solution conditions, as SAXS can 
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provide an overall three-dimensional structural/morphological information for biological 

macromolecular complexes in solutions.29, 30  

Magnetite nanoparticles synthesized via the classical coprecipitation method by elevating 

the pH of a stoichiometric mixture of ferrous and ferric salts in aqueous medium at room 

temperature are mostly less than 20 nm and nonuniform in size.31 In contrast, in the presence of 

Mms6, magnetite slowly grows to ∼30-nm-diameter superparamagnetic nanoparticles of uniform 

size and cuboctahedral shapes.20, 21 The interactions between Mms6 and iron are believed to be 

the initial steps of biomineralization, and also to be important in determining the shape of the 

magnetite nanoparticles.16, 21 The Mms6–iron interactions at various pH values have been 

previously investigated on aqueous surfaces, where Mms6 was deposited on the surface of an 

iron solute subphase to form a monolayer, taking advantage of its amphiphilic behavior.28 In this 

SAXS study, we investigate the interactions of Mms6 with iron salts in Tris/KCl solutions under 

very similar conditions to room temperature in vitro synthesis of magnetite.20, 21 The role of pH 

in the morphology of the protein is also reported as a control in that the presence of iron in 

solutions affects the pH. The work presented here deals with the interaction of the 

biomineralization protein with the iron ions, which is the first step in the formation of magnetic 

nanoparticles using this bioinspired approach. However, the uniform nanoparticles are formed 

only after these Mms6/iron solutions are exposed to sodium hydroxide (see ref 20 for more 

details) to elevate the pH significantly and cause coprecipitation, and after a long incubation 

period of days, which is a step that we have not included in these SAXS studies, since we are 

studying the role of iron on Mms6. Therefore, in this study it is not intended to form magnetic 

nanoparticles. It is worth noting that the concentrations of proteins subjected to SAXS 

measurements are increased to the level of ∼1 mg/mL in order to achieve acceptable data 
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quality, while most reported Mms6 concentrations used for magnetic nanocrystal synthesis are 

less than 0.07 mg/mL to use the minimal amount of protein needed to facilitate nanocrystal 

formation.15, 20, 21, 25 

2.3 Experimental 

2.3.1 Reagents and materials 

Iron (III) chloride hexahydrate (FeCl3·6H2O, 98%) and iron (II) chloride tetrahydrate 

(FeCl2·4H2O, 99.99%) were apurchased from Sigma-Aldrich, and potassium chloride (KCl, 

99%), and tris base (99.8%) were purchased from Fisher Scientific. All chemicals were used as 

received without further treatment. FeCl3 and FeCl2 stock solutions were degassed and purged 

with nitrogen prior to use. 

The mature form of Mms6 protein used in this study was expressed with a poly(histidine) 

tag (His-tag) on its N-terminal end.20, 21 His-tagged m2Mms6 was generated by shuffling the 

hydroxyl/carboxyl containing amino acid residues in the C-terminal domain of His-tagged 

Mms6, such that m2Mms6 shares the same hydropathy profile as Mms6.21, 27 For simplicity, the 

His-tagged Mms6 and m2Mms6 are simply referred to as Mms6 and m2Mms6 (both consisting 

of 99 amino acid residues, molecular weight (MW) ≈ 10 kDa, average molecular volume vmol ≈ 

1.3 × 104 Å3).32 Mms6 and m2Mms6 were purified in inclusion bodies, refolded as previously 

reported,20, 21, 27 and dissolved in the buffer BC100 (20 mM Tris, 100 mM KCl, pH 7.5). Proteins 

in BC100 were flash-frozen with liquid nitrogen and kept frozen prior to use. 

2.3.2 Sample preparation for X-ray measurements 

Two independent batches of Mms6 and m2Mms6 proteins were used for the SAXS study. 

Pure Mms6 and m2Mms6 solutions at pH 7.5 with concentrations of 0.067–10 mg/mL were 
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prepared by dilution from stock solutions with BC100 buffer solution, and it was found that 

concentrations ≳0.67 mg/mL ensure repeatability of X-ray measurements. 1.0 mg/mL Mms6 and 

m2Mms6 at pH 3 were also prepared by adding small amount of HCl to the original samples (pH 

7.5), in which we observed that one batch of Mms6 looked cloudy upon lowering the pH, while 

the other batches of Mms6 and m2Mms6 were clear, suggesting a metastable state of some 

Mms6 proteins susceptible to abrupt drop in pH. Nevertheless, independent experiments 

including DNA sequencing (of gene coding for Mms6 proteins), SDS-PAGE of purified and 

refolded proteins, and FPLC gel filtration chromatograpy show the integrity of the protein, albeit 

at a different aggregation state.  

All the mixtures of proteins and iron contained 83 mM FeCl3, 42 mM FeCl2, 6.7 mM 

Tris, and 33 mM KCl with pH 2.1–2.3. In a typical preparation of the sample with 0.33 mg/mL 

Mms6, a glass vial was put in a glovebox and charged with 100 μL of degassed water, 50 μL of 

500 mM FeCl3, 50 μL of 250 mM FeCl2, and 100 μL of 1.0 mg/mL Mms6 in BC100 buffer as 

reported.21 Iron-containing solutions were sealed and maintained under nitrogen at 4 °C for 

storage. The samples were brought up to room temperature for 2–4 h prior to the scattering 

measurements. Several sample conditions were tested including (a) samples stored at 4 °C for 2 

months, (b) samples stored at 4 °C for 3 days, and (c) freshly prepared samples, which were 

made with the same stock solutions of proteins at room temperature without use of a glovebox 2–

4 h before measurements. All protein/iron solutions prepared at different times (2 months, 3 

days, or 2–4 h prior to scattering) were clear, except for the samples with high protein 

concentrations (⩾2.0 mg/mL) that visibly showed minute precipitates. The measurements of 

several mixtures of buffer and iron solutions without proteins were used as background. 
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2.3.3 SAXS setup 

SAXS data presented in this study were collected using the synchrotron radiation at the 

beamline 12ID-B (X-ray energy E = 14.0 keV) at the Advanced Photon Source (APS), Argonne 

National Laboratory, and were repeatable for each sample conditions. A preselected set of 

sample conditions were also repeated at 12BM-B (APS) (X-ray energy E = 12.0 keV) to further 

ensure the repeatability and reproducibility of the collected data. At the 12ID-B, a two-

dimensional (2D) detector Pilatus2m was used and the scattering vector magnitude Q, (Q = 4π 

sin(θ)/λ, 2θ being the scattering angle and λ being the X-ray wavelength), was calibrated with 

silver behenate scattering. The sample solutions were loaded into a flow cell (capillary tube, 1 

mm in diameter) that was vertically mounted and normal to the incident X-ray beam. 

Furthermore, a commonly used, calibrating-protein standard, namely, lysozymes (prepared in 

NaOAc buffer, 40 mM NaOAc, 150 mM NaCl; pH 3.8), were used to validate the calibration of 

the SAXS apparatus. During the X-ray exposure period, the solutions flows at a constant rate 

controlled by a Hamilton Microlab 600 diluter. For each sample condition, multiple frames (30 

frames) of scattering were collected to ensure data reproducibility and were later averaged to 

improve counting statistics. Exposure time (2 s) per frame was carefully chosen to minimize 

radiation damage while still providing acceptable signal/noise ratio. The 2D data were converted 

to one-dimensional (1D) plots of intensity versus Q. Most data were collected within Q range 

0.005–0.5 Å–1. A number of selected samples were even measured to an extended Q range up to 

1 Å–1. The recorded scattering intensity is further corrected for background subtraction and 

normalization (to incident beam intensity and exposure time).30, 33, 34 In this study, the aqueous 

solutions of Tris/KCl with or without iron are considered as a uniform medium and protein and 

protein–iron compounds are embedded scattering particles of interest in the medium. All SAXS 
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intensities for the protein and protein/iron particles shown below are obtained by subtraction of a 

corresponding signal from the bare solutions without the protein and referred to as I(Q) hereafter. 

2.4 Results and Discussion 

2.4.1 Mms6 and m2Mms6 assemblies in the absence of iron 

SAXS intensities of Mms6 proteins at three concentrations, i.e., 0.67, 1, and 2 mg/mL, 

are shown in Figure 2.1a. Within the measured Q-range, the SAXS intensities scale 

proportionally with the Mms6 concentrations. Figure 2.1b shows that the SAXS intensities for 

different Mms6 concentrations overlap after normalization to the concentrations except for the  

 

Figure 2.1 (a) SAXS intensities for Mms6 at 0.67, 1, and 2 mg/mL. (b) The SAXS intensities for Mms6 (empty 

symbols) and m2Mms6 (filled symbols) normalized to the concentrations. The symbols QL, QM, and QH 

indicate the boundaries of Q-ranges for different power-law behavior of scattering intensities. Three 

segments of slope 0, −2, and −4 are given as a guide to the eye. 

large Q range. This indicates that the particles formed by proteins (characterized with the 

aggregation number nagg) suspended in the solutions are not correlated and can be viewed as free 

particles as expected in the dilute solution limit where the scattering intensity is proportional to 

the number concentration, that is 
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                                          )()()( 2 QPnNQI molagg                                             (2.1) 

where N is the total number of protein molecules in the irradiated solution volume. P(Q) is the 

form factor of a single, isolated particle, which depends only on particle size and shape, and P(0) 

= 1. Δρ is the excess scattering length density (SLD) of a particle with respect to that of the 

medium, i.e., solution. A semiquantitative examination of the SAXS intensities shows three 

prominent Q-regimes, in each of which the scattering is characteristic of a power-law, i.e., I(Q) 

∝ Q–α, where α = 0, 4, 2, for Q < QL, QL < Q < QM, and QM < Q < QH, as indicated in Figure 

2.1a. The power-law features for Q < QM can be analyzed empirically by the Guinier-Porod (GP) 

model.35, 36 The GP model, an approximation of P(Q), combines the Guinier-law feature of 

scattering intensity at low-Q regime which determines the global shape and size of the particle at 

relatively large length scale, and the Porod-law feature at the relatively high-Q regime which 

provides the more local structural information at smaller length scales.30, 33, 34 The GP model 

provides an average radius of gyration Rg and the inherent polydispersity of the scattering 

particles that causes the smearing and disappearance of the oscillations at the Porod-law regime 

on scattering from monodisperse solid spheres with sharp surfaces.35, 36 At low-Q, the GP model 

is given by P(Q) ∝ Q–sexp(−Q2Rg
2/3), while at higher-Q, the P(Q) ∝ Q–d. As a first step in the 

analysis, we fit the SAXS intensity with a curve using the GP model with Rg = 50 Å, s = 0, and d 

= 4, corresponding to a solid, spherical scattering particle (s = 0) (Figure 2.1) with sharp surface 

(d = 4), with some deviations at both low-Q and high-Q. The s = 0 at Guinier-law regime 

unequivocally suggests the protein particles are approximately spherical (generally, s = 1 and s = 

2 behaviors correspond to rod- or disk-like particles). A better fit of the SAXS intensities in the 

low-Q, Guinier-law regime (Q < QL) results in a larger Rg value, but it underestimates the 

intensity at the high-Q (Porod-law regime, i.e., QL < Q < QM), and vice versa. This is a direct 
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consequence of the reciprocity between the size of the scattering objects and the spread of 

scattering intensity in reciprocal Q-space. A rule of thumb states that the SAXS intensity is 

concentrated on Q < 2π/L for a scattering object of average size L.30 The fact that a single 

apparent Rg of GP model fails to fit the SAXS data in the entire selected Q-regime suggests a 

broader polydispersity than the one neglected in the GP-model. The Q–2-dependence at QM < Q < 

QH is reminiscent of the Debye function for scattering of a Gaussian polymer chain which gives 

rise to Q–2 dependence in the high-Q regime.33, 34 In view of these observations, we use the core–

corona model developed by Pedersen originally for block copolymer micelles,37 that in general 

can explain, at least qualitatively, all three regions of the SAXS mentioned above. 

The core–corona model37 assumes a micelle constructed of hydrophobic segments that 

are densely packed into a spherical core of radius Rcore and Nchain slightly hydrophilic chains that 

are evenly distributed and attached to the surface of the spherical core and extend into the 

aqueous medium as an ideal polymer chain (referred to as a Gaussian chain) in θ-solvent with a 

characteristic radius of gyration Rchain, as depicted in Figure 2.2a. The scattering intensity from 

such a micelle, modeled as a function of Q, and paramtrized with Rcore, Rchain, and so forth, is 

referred to as I1(Q; Rcore, ...) and given by 
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where βcore and βcorona are the total number of excess scattering length in the core and corona, 

respectively. The core resembles a solid sphere and the corona chains resemble Gaussian polym- 
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Figure 2.2 (a) Illustration of core–corona model. The spherical core is composed of densely packed, hydrophobic 

segments. The corona shell is approximated as Gaussian polymer chains attached on the core. Any 

deviations from the ideal Gaussian-polymer-chain model are viewed as only influencing locally structure 

on much smaller length scale. (b) SAXS intensity from a 10 mg/mL Mms6 solution. The solid (red) line 

is one of the best-model fitting curves in terms of Equation 2.2. The narrow, gray area contains the 

model-fitting curves based on a range of structural parameters as follows: Nchain = 31 ± 14, ⟨Rcore⟩ = 39 ± 4 

Å, ΔRcore = 8 Å, Rchain = 11 ± 2 Å, and βcorona/βcore = 0.9 ± 0.4. The SAXS intensity is mainly from 

scattering from the spherical core (green dashed line) at QL < Q < QM and from the Gaussian chains in the 

corona (magenta dashed line) at QM < Q < QH. The segment of slope −2 serves as a guide to the eye. To 

account for particle polydispersity, a statistical distribution of Rcore is assumed. The inset presents 

conceptual sketches of statistical distribution of Rcore, f(Rcore). The solid line in the inset is a sketch of a 

symmetrical, Gaussian-like distribution of Rcore (centered at ⟨R⟩). The dashed line in the inset is a sketch 

of an asymmetric distribution in Rcore that is skewed to large Rcore. The additional portion in larger Rcore 

with respect to the Gaussian distribution results in SAXS intensities concentrated more in small Q-regime 

while carrying negligible weights at high Q-regime. 

er chains. Accordingly, the first two terms in Equation 2.2, Pcore(Q, Rcore) and Pchain(Q, Rchain), 

correspond to the form factor of a solid sphere of radius Rcore and a Gaussian chain of radius of 

gyration Rchain, respectively. The last two terms that contain Schain/chain(Q; ...) and Score/chain(Q; ...) 

represent contributions from chain–chain correlations in the corona and from chain–core 

correlation, respectively. Details of the functions can be found in ref 37. At Q = 0, I1(0) ∝ (βcore + 
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βcorona)
2, in which (βcore + βcorona) is the total excess scattering length of the micelle. As there are 

two types of scattering entities (core and corona chain) and there is no deterministic way of 

knowing the polydispersity of size in each, we only assume the core radius obeys a Gaussian 

distribution (see an illustration in Figure 2.2b), i.e., f(Rcore) = 1/((2π)1/2ΔRcore) exp[−(Rcore – 

⟨Rcore⟩)2/2ΔRcore
2], where ⟨Rcore⟩ and ΔRcore represent the mean and spread of the core radius, 

respectively. So, the total scattering intensity from such a distribution of micelles, I(Q), is 

proportional to ∫ f(Rcore)I1(Q; Rcore, ...) dRcore.  

By applying the core–corona model to protein particles, we assume that to a reasonable 

approximation structural variations among amino acids residues forming the corona can be 

neglected. Figure 2.2a depicts the protein as a sequence of amino acid residues, simplified to an 

idealized polymer chain of repeating units (RU) that are averaged over all amino acid residues. 

The deviation of SLD of the actual amino acid from that of the RU is restricted on a length scale 

of a few angstroms (dimension of an amino acid) and is expected to only influence the X-ray 

intensity at the wide angle regime. The N-terminal domain with multiple hydrophobic amino 

acid residues forms a core, and the C-terminal domain and His-tag, characterized with 

hydrophilic amino acid residues, form the corona, that give rise to the Q–2-dependence of 

intensity at high-Q. Figure 2.2b shows that the solid line is the best fit using optimal parameters 

(Nchain = 31 ± 14, ⟨Rcore⟩ = 39 ± 4 Å, ΔRcore = 8 Å, Rchain = 11 ± 2 Å, and βcorona/βcore = 0.9 ± 0.4) 

based on Equation 2.2, whereas the two dashed lines represent the contributions from the first 

term and second term in Equation 2.2 to illustrate the principal contributions to the SAXS 

intensity at the two consecutive power-law regimes. At QL < Q < QM, the scattering is dominated 

by the core yielding the Q–4-dependence, while at QM < Q < QH, the scattering is dominated by 

dangling residues that resemble Gaussian polymer chains with Q–2-dependence. Given the radius 
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of the core, the percentage of the protein chain contained in the core, and the average molecular 

volume of a single Mms6 (1.3 × 104 Å3, calculated in terms of Mms6 amino acid sequence),32 the 

aggregation number of the micelle (nagg) is estimated to be 40 ± 10 at most based on the space-

filling model, i.e., the core is constituted by densely packed protein segments. The apparent 

failure in fitting the SAXS data at Q < QL suggests that the assumption of a symmetrical, 

Gaussian distribution in Rcore underestimates the actual distribution that may contain 

substantially more particles with larger Rcore. The deviation of the SAXS intensity at Q > QH, 

which appears for all samples, scales with concentrations originating from the details of the 

micelle structure at much smaller length scales. The peak at Q ≈ 0.65 Å–1 corresponding to a 

repeat distance of ∼10 Å is reproducible and likely related to a repeat unit in the protein of which 

the origin awaits further investigation.  

Overlaying the SAXS patterns of Mms6 and m2Mms6 shows that the large-scale 

morphology of the two is similar, as demonstrated in Figure 2.1b. However, the high-Q regime 

shows that the differences between the two that, although subtle, may be important to their 

affinity to iron, as has been observed in other studies.21 After concentration normalization, the 

SAXS intensities at Q < QM collapse into a single curve indicating that m2Mms6 and Mms6 

have virtually similar micellar core. However, the Q–α-dependence over QM < Q < QH (dictated 

by corona chains) for m2Mms6 is evidently different from that of wild-type Mms6, indicating 

that the corona chains of m2Mms6 deviate from an ideal Gaussian chain (α = 2). Noting that a 

positive (negative) deviation from α = 2 is indicative of unfavorable (favorable) chain–solvent 

interaction,38 the observation of a positive deviation from α = 2 for m2Mms6 at high 

concentration (2 mg/mL) suggests a more compact chain conformation, and the negative 

deviation for m2Mms6 at low concentration (0.67 mg/mL) suggests a more extended chain 
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conformation. These subtle but important observations demonstrate that, while Mms6 and 

m2Mms6 form similar micellar cores, they arrange their amino acid residues in the C-terminal 

domains differently in the corona, namely, the functional region that primarily interacts with 

relevant ions to initiate crystal nucleation. 

2.4.2 Protein–iron complexes (particles) produced by the combination of protein and iron 

The presence of iron in the protein solutions results in significant changes of the SAXS 

patterns compared to those of protein without iron in solution. Figure 2.3 shows SAXS from 

proteins in saturated iron solutions after the subtraction of the iron solution contribution thus 

representing the scattering from protein–iron complexes only. Figure 2.3a shows SAXS 

intensities of two independent preparations of Mms6 (labeled “prep-1”, empty symbols using a  

 

Figure 2.3 (a) Concentration-normalized SAXS data (iron background subtracted) for Mms6 solutions of 0.67 (◯), 

1 (□), and 2 mg/mL (∇) in the presence of FeCl3 and FeCl2. The empty and filled symbols represent two 

preparations of Mms6, denoted prep 1 and 2, respectively. (b) Concentration-normalized SAXS data for 

m2Mms6 at 0.67 (◯), 1 (□), and 2 mg/mL (∇) in the presence of FeCl3 and FeCl2. The empty symbols 

and filled symbols represent solutions prepared 2 months and 3 days prior to SAXS measurements. The 

overlap of intensities suggests that the sample conditions in the presence of iron are stable. Solid lines 

represent scattering data collected at high pH (7.5) for comparison. The symbols QL, QM, and QH indicate 

the boundaries of Q-ranges for different power-law behavior of scattering intensities. (c) Illustration of 

aggregates made up of micelles as building blocks for S(Q) ∝ Q–2. Segments of slope −1 and −2 serve as 

a guide to the eye.  
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single independent batch of Mms6, and “prep-2”, filled symbols using a pooled preparation of 

four independent batches of Mms6). Within each preparation, the SAXS intensities overlay 

reasonably well upon normalization to concentration, indicating negligible correlations among 

protein–iron complexed particles. Whereas the SAXS of prep-1 shows some deviation from that 

of the pure protein (solid line) prep-2 shows a stronger deviation at the low-Q regime (Q < QL) 

with a power-law Q–α-dependence (α ≈ 2). We note that, in an independent study of a third 

preparation of Mms6/iron, the SAXS displayed the same Q–α-dependence (α ≈ 2) at the low-Q 

regime (data not shown) as in prep-2. The difference may be due to the presence of different 

levels of residual detergent molecules in the proteins.39 A similar power-law feature at the low-Q 

regime is also observed for m2Mms6, as shown in Figure 2.3b. For the QL < Q < QH region, the 

curves seem to almost coincide with those of the pure protein preparations, suggesting the 

original protein micelles remain almost intact in the presence of iron. At QM < Q < QH, the Q–2 

dependence (except for the anomaly for prep-1) is characteristic of scattering from the polymer-

coil-like structure. 

The emergence of Q–α-dependence (α ≈ 2) intensities over the low-Q regime (Q < QL) 

can be interpreted as arising from the spatial correlation of the micelles. Two levels of structural 

hierarchy and complexities are presented as follows in a simplistic manner. In the absence of 

iron, as discussed in the preceding section, the total number N of proteins are dispersed in the 

irradiated volume to form N/nagg micelles (first level of hierarchy), each of which scatters X-ray 

independently, as expressed in Equation 2.1. In response to changes by the addition of iron ions, 

these free-roaming micelles interact with one another to form an assembly of a higher hierarchy. 

Assuming they remain intact after association, the intensity from these protein/iron particles, 

I(Q), can be modeled as follows 
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                                          )()()()( 2 QPQSnNQI molagg                                 (2.3) 

where S(Q) is referred to as structure factor accounting for the correlation among micelles. The 

power-law in I(Q) at Q < QL, i.e., I(Q) ∝ Q–α (α ≈ 2) is ascribed to S(Q) for an assembly of 

building blocks (micelles, in this case) packed in an open, mass-fractal-like manner.40 

Mathematically, S(Q) of a mass fractal dominates the intensity up to Q ≃ a–1 below which P(Q) 

is approximately unity, and a is a characteristic length of its building blocks.40 For Q ≳ a–1, S(Q) 

∼ 1 and Equation 2.3 is reduced to Equation 2.1.40 This explains a new power-law for low-Q 

range (Q < QL) in Figure 2.3a,b. Alternatively, the α ≈ 2 at the low-Q regime is also consistent 

with lateral micelle association forming planar larger, disk-like objects. The total intensity for 

such a disk-like structure, in terms of the GP-model, is Q–s exp (−Q2Rg
2/3), where s = 2 for a 

disk-like object at low and medium Q range.35, 36 These two picures of the protein micellar 

assemblies are depicted as disk-like objects and mass-fractal-like aggregates in Figure 2.3c. 

The fact that the scattering intensities at high-Q regime (QM < Q < QH) still exhibit a 

distinctive Q–α-dependence, albeit subtle deviations from α = 2 and slightly higher than those for 

proteins in the absence of iron, indicates the existence of similar polymer-coil-like structure on a 

similar length scale of the corona chains on protein micelles. The corona giving rise to slightly 

higher intensities in the presence of iron may suggest SLD enhancement due to the iron 

enrichment, which necessitate validation by other techniques. 

Introducing iron into a pH neutral aqueous solution results in significant pH reduction 

due to iron hydrolysis; therefore, we conducted control experiments under similar pH values in 

the absence of iron in solutions to evaluate the effect of pH alone on protein associations. Figure 

2.4 shows a comparison of SAXS from Mms6 at various pH values (without iron in the 

solutions). The intensity profiles are clearly different than those shown in Figure 2.3 both in abs- 
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Figure 2.4 SAXS scattering from Mms6 and m2Mms6 at low pH (3) (only intensities that are substantially above 

background are shown). Solid lines represent scattering data collected at high pH (7.5) for comparison. 

The symbols QL, QM, and QH indicate the boundaries of Q-ranges for different power-law behavior of 

scattering intensities. The arrow (green) at QL < Q < QM indicates the reduction in intensities supposedly 

from micelle cores upon lowering pH. Segments of slope −1 and −2 serve as a guide to the eye. 

olute intensity and in shape. Qualitative examination of the data at QL < Q < QM suggests that 

lowering the pH has a dramatic effect on the protein structure. Although independent micelles 

may still be present in the solution, the lower intensity compared to that at pH 7.5 is evidence of 

a much lower core density of these micelles and deterioration of the core structure compared to 

micelles at pH 7.5. The observation of a weak peak in one of Mms6 preps at Q ≈ 0.05 Å–1 may 

correspond to an average particle size of ∼120 Å in correlated aggregates, which is on the same 

length scale as that obtained from the core–corona model. Considering that the isoelectric point 

(IP) of Mms6 is ∼5.2, as calculated from its primary amino acid sequence, lowering the pH from 

7.5 to 3.0 forces the protein to pass the IP abruptly. This may transform the micellar state to a 

metastable state that may lead to precipitation at low pH. At low-Q regime (Q < QL), the upturn 
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in intensities is attributed to correlations between micelles, giving rise to a structure factor S(Q), 

as in Equation 2.3. At the high-Q regime that is supposedly dictated by the corona, the Q–2-

dependence of intensities is replaced by a Q–1-dependence upon lowering the pH to 3, indicating 

a significant change in conformation of corona chains. The Q–1-dependence is commonly 

regarded as originating from rod-like scattering objects. 

2.5 Conclusions 

Using synchrotron radiation SAXS, we determined the micellar morphology of the 

protein Mms6 that is implicated in promoting the growth of nanocrystal magnetite in 

magnetotactic bacteria. The morphology of Mms6 is compared with that of its mutant, m2Mms6, 

that does not bind iron, in Tris/KCl solutions with or without Fe(II) and Fe(III) in solutions. Our 

main results are summarized as follows: (1) The Mms6 and m2Mms6 proteins both aggregate as 

micelles that resemble core–corona structures of block polymer micelles. The core is likely 

formed by hydrophobic segments of the proteins and is modeled as a sphere of average radius 

∼40 Å. The corona shell consists of hydrophilic residues that give rise to typical Gaussian-

polymer-chain-like structure extending the radius of the core by ∼20 Å. We find subtle but 

relevant differences between the corona of Mms6 and its mutant m2Mms6, the charged regions 

of the protein responsible for the initial binding of ions and nucleation. (2) The presence of 

Fe(II)/Fe(III) ions in solutions to a large extent preserves the micellar structure in the absence of 

iron and induces weak association among micelles. This iron-induced association produces larger 

particles in the form of a disk-like particles or a mass-fractal-like structure. (3) While the 

morphology of the cores is similar, we qualitatively infer some differences in the corona 

conformation of the protein particles in the presence and absence of iron isolations. Relatively 

higher protein concentrations lead to aggregation, first into micelles at neutral pH, and into larger 
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micellar aggregates in the presence of iron. (4) Control experiments at pH values that are 

comparable to those obtained by the addition of iron ions in solutions reduce core densities. By 

contrast, Fe ions in solutions at low pH values preserve the integrity of the micellar structure of  

the protein. 
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF GD-DOPED MAGNETITE 

NANOPARTICLES 

 

Modified from a paper published in Journal of Magnetism and Magnetic Materials‡ 

 

Honghu Zhang, Vikash Malik, Surya Mallapragada, and Mufit Akinc* 

 

3.1 Abstract 

Synthesis of magnetite nanoparticles has attracted increasing interest due to their 

importance in biomedical and technological applications. Tunable magnetic properties of 

magnetite nanoparticles to meet specific requirements will greatly expand the spectrum of 

applications. Tremendous efforts have been devoted to studying and controlling the size, shape 

and magnetic properties of magnetite nanoparticles. Here we investigate gadolinium (Gd) doping 

to influence the growth process as well as magnetic properties of magnetite nanocrystals via a 

simple co-precipitation method under mild conditions in aqueous media. Gd doping was found to 

affect the growth process leading to synthesis of controllable particle sizes under the conditions 

tested (0-10 at.% Gd3+). Typically, undoped and 5 at.% Gd-doped magnetite nanoparticles were 

found to have crystal sizes of about 18 and 44 nm, respectively, supported by X-ray diffraction 

and transmission electron microscopy. Our results showed that Gd-doped nanoparticles retained 

the magnetite crystal structure, with Gd3+ randomly incorporated in the crystal lattice, probably 

in the octahedral sites. The composition of 5 at.% Gd-doped magnetite was Fe(3-x)GdxO4 

(x=0.085±0.002), as determined by inductively coupled plasma mass spectrometry. 5 at.% Gd-

                                                 

‡ Reprinted with permission of J. Magn. Magn. Mater. 2017, 423, 386-394. Copyright © 2016 Elsevier B.V. 
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doped nanoparticles exhibited ferrimagnetic properties with small coercivity (~65 Oe) and 

slightly decreased magnetization at 260 K in contrast to the undoped, superparamagnetic 

magnetite nanoparticles. Templation by the bacterial biomineralization protein Mms6 did not 

appear to affect the growth of the Gd-doped magnetite particles synthesized by this method. 

3.2 Introduction 

In the past few decades, magnetic nanoparticles have attracted increasing research 

interest, not only for their fundamental science but also for their biological and technological 

applications1, 2. Especially, magnetite (Fe3O4)—a magnetic iron oxide widespread in almost all 

of the different compartments of the global system 3—nanoparticles have been investigated for 

many applications, such as magnetic data storage, magnetic resonance imaging (MRI) contrast 

enhancement, hyperthermia, and targeted drug delivery 4, 5.  

The magnetic behavior of magnetite nanoparticles greatly depends on their size, shape, 

purity and crystal structure, which determines their applications. For instance, the size of 

magnetic particles typically used in biomedicine needs to be in the nanoscale range, so that their 

dimensions are smaller than or comparable to those of a cell, virus, protein or gene6. However, 

the smallest sized nanoparticles are not necessarily the best because they are often associated 

with very small magnetic moments and very weak magnetic anisotropy, which dramatically 

increase difficulties in manipulating the particles for applications with an external magnetic field 

at ambient temperature 5. Bulk magnetite is ferrimagnetic with a multiple-domain structure, but 

when the size of magnetite nanoparticles is below a threshold size d0 (80 – 100 nm), these 

particles can no longer support static domain walls, and thus they exhibit ferrimagnetism with a 

stable single domain5, 7-9. When the size decreases further to a critical point ds (20 – 30 nm), the 

magnetite nanoparticles become superparamagnetic at room temperature, as their magnetic 
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moments are thermally equilibrated 5, 7-9. Applications in data recording and spintronics require 

magnetic nanoparticles with single domains, while medical use of ferrofluids usually needs 

superparamagnetic nanoparticles1, 4, 6, 9, 10. Therefore, size-controlled synthesis of magnetite 

nanoparticles for a desired purpose will have a huge impact on the technological and biological 

industries. 

Numerous synthetic routes for magnetite nanoparticles have been developed, such as 

thermal decomposition of organometallic precursors in high-boiling organic solvents1, 2, 4, 11, 12. 

Although some of these methods produce size-controlled magnetite nanoparticles13-16, they 

generally require extreme reaction conditions, such as high temperatures and toxic reagents. The 

classical co-precipitation method industrially used is by elevating the pH of a stoichiometric 

mixture of Fe(II) and Fe(III) ions in aqueous solution at room temperature, which is inexpensive, 

high-yield and safe 1, 2. But this method typically produces small (< 20 nm) superparamagnetic 

nanoparticles with little control over the size1, 2. Studies with focus on the size control of 

magnetite nanoparticles via simple co-precipitation method under ambient conditions are still 

lacking17, 18.  

Chemical purity is another important factor affecting the properties of magnetite. 

Magnetite has an inverse cubic spinel structure (Space group: Fd-3m), in which 32 O2- ions form 

a face-centered cubic (FCC) unit cell containing eight formula units (Fe24O32) with the 

stoichiometric cations (Fe(III) / Fe(II) = 2)3, 19. Magnetite is frequently non-stoichiometric, in 

which case some other cations (such as Al, Mn, Ni, Cu, Co, etc.) are substituted for Fe due to the 

flexibility of the oxygen framework3, 19. Impurity doping introduces preferred magnetic 

orientation and alters the magnetic properties20, 21. Meanwhile, impurity doping plays a crucial 

role in nucleation and growth of nanocrystals and is successfully used to modify the size of 



62 

 

nanocrystals22, 23. However, relatively little attention has been paid to the size control of 

magnetite nanoparticles by chemical doping20, 21, especially in high-yield and industrially robust 

co-precipitation methods under mild conditions. 

Doping is one of the effective routes to modulating magnetism in magnetite 

nanoparticles20, 21, 24-27. Doping magnetite with lanthanide ions has been reported24-27, as 

lanthanides potentially offer unique optical and magnetic properties due to their partially 

occupied 4f electronic state28. Particularly, the gadolinium (Gd) ion is interesting, since it has a 

large magnetic moment resulting in an excellent magnetic resonance imaging effect and is used 

as a common MRI contrast agent29-31. Several chemical synthetic routes for magnetite 

nanoparticles have been employed to obtain Gd-doped magnetite nanoparticles, including 

thermal decomposition of organometallic precursors24, hydrothermal method25, 26 and a 

precipitation method with elevated temperatures27. Some of these methods produce high-quality 

magnetite nanoparticles, but they usually require high-temperature treatment, toxic reactants, or 

complicated operations. In addition, very little work has been focused on the role of Gd doping 

in the crystal growth process. 

In this work, we introduce Gd ions to the conventional simple co-precipitation method to 

synthesize Gd-doped magnetite nanoparticles under ambient conditions in aqueous media, and 

investigate the effect of Gd doping on crystal size, structure and magnetic properties of 

magnetite nanoparticles. We also examine the ability of a biomineralization protein Mms6 from 

magnetotactic bacteria32 to synthesize Gd-doped magnetite nanoparticles, as Mms6 was recently 

found to bind iron ions with high affinity33-36 and promote growth of uniform magnetite 

nanocrystals using the co-precipitation process37. 
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3.3 Experimental 

 

3.3.1 Chemicals and materials 

Iron (III) chloride hexahydrate (FeCl3·6H2O, ≥ 98%), gadolinium chloride hexahydrate 

(GdCl3·6H2O, 99.999%), and iron (II) chloride tetrahydrate (FeCl2·4H2O, 99.99%) were all 

purchased from Sigma-Aldrich, and sodium hydroxide (NaOH, ≥ 98%), potassium chloride 

(KCl, ≥ 99%), and Tris base (≥ 99.8%) were purchased from Fisher Scientific. All chemicals 

were used as received without further treatment. The mature form of Mms6 protein used in this 

study was expressed with a poly-histidine tag (His-tag) on its N-terminal end as reported 

earlier33, 35, 37. It consists of 99 amino acid residues with a molecular mass of ~10 kDa.  

3.3.2 Synthesis of Gd-doped magnetite nanoparticles 

Gd-doped magnetite nanoparticles were synthesized in aqueous solutions via a co-

precipitation method. All solutions were degassed and purged with nitrogen prior to use. In a 

typical magnetite synthesis procedure, a precursor was prepared in a 1.7 mL plastic vial. The vial 

was placed in an ice bath and charged with 100 µL protein solution containing 20 µg Mms6, 20 

mM Tris, and 100 mM KCl (pH ~7.5), 100 µL of 0.5 M FeCl3, and 100 µL of 0.25 M FeCl2. For 

5 at.% Gd-doped magnetite synthesis 5 µL of FeCl3 was replaced by 5 µL of 0.5 M GdCl3. The 

precursor was purged with nitrogen, sealed with Parafilm® and incubated at room temperature 

for one hour. Meanwhile, 2.5 mL of 0.1 M NaOH solution was added to a 5 mL pear-bottom 

flask. The flask was then degassed and filled with nitrogen. After incubation, the precursor was 

added dropwise into the NaOH solution in the flask under constant nitrogen flow. Upon contact 

with the NaOH solution, the precursor drop formed a black precipitate. The precipitate was aged 

at room temperature in the sealed flask under nitrogen purge for 5 days. The precipitate was 
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collected at the bottom of the flask with a magnet, and the supernatant was removed. The 

precipitate was washed with degassed water (3 × 5 mL) three times prior to characterization.  

3.3.3 Characterization 

3.3.3.1 Powder X-ray Diffraction (XRD) 

XRD analysis of the powders (on pre-cleaned microscope slides) was performed using a 

PANalytical X’Pert Pro diffraction system equipped X’pert Data collector. The diffractometer 

was operated at 45 kV and 40 mA. A cobalt Kα radiation source with a wavelength of 0.17903 

nm was employed. The scan rate was 0.02°/s with a step size of 0.017° over the 2θ range of 20-

80° at a θ-2θ step-scan mode. Data analysis was carried out using PANalytical X’Pert HighScore 

Plus software. 

3.3.3.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS analysis was carried out using a Bruker Aurora Elite inductively coupled plasma 

mass spectrometer. Magnetite samples were dissolved in 70% nitric acid and then diluted with 

3% nitric acid. Plasma conditions were optimized with a standard solution for maximum signals, 

CeO+/Ce+ ratios less than 2%, and Ba++/Ba+ ratios less than or equal to 3%. 

3.3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis was conducted using a PHI 5500 multi-technique system with the non-

monochromated Al Kα (hν = 1486.6 eV) radiation source. The vacuum dried powder samples 

were mounted on a two-sided tape. Binding energy was calibrated with the adventitious C1s (Eb 

= 284.8 eV). 
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3.3.3.4 Transmission Electron Microscopy (TEM) 

Magnetite nanoparticles were imaged with an FEI Tecnai G2 F20 Scanning Transmission 

Electron Microscope operating at 200 kV. Diluted nanoparticle suspensions were placed on 

holey carbon-coated copper grids and dried in air at room temperature. Multiple areas of each 

sample were randomly chosen and examined.      

3.3.3.5 Magnetization Measurements 

Magnetic properties of the nanoparticles samples were measured using a 5T Quantum 

Design Magnetic Properties Measurement System (MPMS). A suspension of nanoparticles was 

tightly sealed in a gelatin capsule and all measurements were taken at or below 260 K at which 

solution is frozen in order to prevent particle movement during measurements. Magnetic 

hysteresis loops were measured at 5 K and 260 K. 

3.4 Results and Discussion 

3.4.1 Crystal structure and chemical composition 

Structural analysis of the samples was carried out by XRD to assess the effect of Gd 

doping and the Mms6 protein on the structure of magnetite particles. In a typical study, 5 at.% 

Gd3+ ions as fraction of trivalent ions ([Gd3+] / ([Fe3+] + [Gd3+]) × 100%) were used to replace 

Fe3+ ions in magnetite. X-ray diffraction patterns showed that all the displayed peak line 

positions and relative intensities of undoped and 5 at.% Gd-doped nanocrystals, with or without 

Mms6 biomineralization protein, were consistent with inverse cubic spinel structure of magnetite 

(JCPDS# 19-0629) (Figure 3.1). 

In general, based on the XRD patterns alone, it is not easy to distinguish magnetite from 

maghemite (γ-Fe2O3), since magnetite can be transformed into maghemite by oxidation1 and ma- 
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Figure 3.1 X-ray powder diffraction patterns of magnetite nanoparticles prepared with and without 5 at.% Gd doping 

in the presence and absence of Mms6 protein. The patterns clearly show that the as-prepared materials 

exhibit magnetite structure with no discernible impurity phases. 

ghemite possesses the same spinel structure and almost identical lattice parameters (Space group: 

P4132, a = 0.8352 nm) as magnetite. Although it is known that maghemite phase has several 

characteristic peaks such as (210) and (211) peaks, the intensity of these peaks are only 5% of 

highest intensity in the full standard spectrum38 (JCPDS# 39-1346). A copper anode is normally 

employed for routine XRD analysis, but it is difficult to identify the maghemite phases with the 

Cu X-ray, because the Fe fluorescence activated by the Cu X-ray causes a strong fluorescence 

signal that can smear the characteristic peaks of maghemite. In the present study, a cobalt anode 

was used to minimize the Fe fluorescence emission as the electron binding energy of Fe K1s is 

7.1 keV, which is smaller than the energy of Cu Kα X-ray (8.03-8.05 keV) but greater than the 

energy of Co Kα X-ray (6.92-6.93 keV). The XRD data with Co X-ray were of high quality, and 

even (111) peaks with weak intensity at low 2θ angle could be clearly observed (Figure 3.1). In 

the standard maghemite pattern, the (111) peak is located at 2θ = 21.38°, the (210) peak is at 2θ 

= 27.68°, and the (211) peak is at 2θ = 30.41°. In Figure 3.1, the characteristic peaks of 
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maghemite, (210) and (211) peaks were not observed, while peak (111) shows up. Moreover, 

there were no clear doublets at (511) and (440) peaks at high 2θ angles. Therefore, it was 

concluded that all these samples exhibit magnetite phases.  

Upon close examination of the XRD patterns of the samples doped with Gd, no 

diffraction peaks from gadolinium hydroxide (2θ(100) = 18.62°, 2θ(110) = 32.68°, 2θ(101) = 34.11°; 

JCPDS# 38-1042), gadolinium oxide (2θ(222) = 33.30°, 2θ(400) = 38.64°, 2θ(440) = 55.79°; JCPDS# 

12-797), gadolinium orthoferrite (GdFeO3; 2θ(111) = 30.00°, 2θ(112) = 38.33°, 2θ(200) = 39.07°; 

JCPDS# 47-67) or gadolinium-iron garnet (Gd3Fe5O12; 2θ(400) = 33.43°, 2θ(420) = 37.40°, 2θ(422) = 

41.16°; JCPDS# 48-77) were observed. XRD patterns confirmed that the 5 at.% Gd-doped 

samples have a pure, single phase magnetite. Furthermore, peaks in all the different magnetite 

samples have nearly identical 2θ positions. The d spacing of the (311) peaks with highest 

intensity were calculated to be ~2.516 Å for all samples. No measurable peak shift could be 

observed in 5 at.% Gd-doped samples relative to pure magnetite. This indicates that the Gd-

doped samples maintained the inverse cubic spinel structure of magnetite, and Gd did not alter 

either the crystal structure or the lattice parameter of as-synthesized parent magnetite.  

Table 3.1 The elemental analysis of as-synthesized 5 at.% Gd-doped magnetite nanoparticles by ICP-MS. Gd molar 

doping percentage as fraction of trivalent ions is expressed as [Gd3+] / ([Fe3+] + [Gd3+]) × 100%. It was 

assumed that [Fe2+] / ([Fe3+] + [Gd3+]) = 0.5 in the Gd-doped magnetite samples. 

 

Gd-doped magnetite nanoparticles 

~5% Gd ~5% Gd 

with Mms6 without Mms6 

Measured Gd, % of Fe3+ 4.19 ± 0.43 4.35 ± 0.08 

Gd : Fe atomic ratio 0.0287 ± 0.0030 0.0298 ± 0.0005 

x in Fe(3-x)GdxO4 0.084 ± 0.009 0.087 ± 0.002 
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Figure 3.2 XPS spectra of O1s, Fe2p, Gd4d and Gd3d for 5 at.% Gd-doped magnetite nanoparticles prepared in the 

absence of Mms6 (blue) and in the presence of Mms6 (red), and the Gd oxide on the Gd metal as a 

reference (black). The binding energy was calibrated with C1s (Eb = 284.8 eV). 

ICP-MS and XPS were performed to determine the elemental composition of the as-

synthesized magnetite nanoparticles and verify the presence and form of Gd in the samples 

(Table 3.1 and Figure 3.2). Elemental analysis by ICP-MS confirmed the presence of Gd in the 5 

at.% Gd-doped magnetite nanoparticles. The percentages of Gd as a fraction of trivalent ions 

calculated from ICP-MS data were found to be 4.19 ± 0.43% and 4.35 ± 0.08% for samples with 

and without Mms6 respectively, which are slightly lower than the initial Gd content (~5%) in the 

precursors (Table 3.1). For elemental analysis of Gd by XPS, an oxidized gadolinium metal was 

used as a reference, since the XPS spectra of lanthanide ions are not well studied and different 

binding energies have been observed, according to the XPS spectra reported24. In Figure 3.2, 

Gd3d peaks of 5 at.% Gd-doped samples exhibited a similar shape and position to that of Gd 
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oxide reference, which also verified the presence of Gd in the samples. The XPS results show 

that with and without Mms6, the 5 at.% Gd-doped magnetite nanoparticles have the same 

binding energy of Gd3d (1187.6 eV), which suggests no discernable effect of Mms6 on the 

binding energy. The binding energy of Gd3d in doped magnetite is close to that in the Gd oxide 

reference (1187.3 eV), indicating that the Gd ions are in +3 state in the doped samples. 

 

Figure 3.3 XPS spectra of Fe2p and Gd4d for Gd-doped magnetite nanoparticles prepared in the presence of Mms6 

before etching (red) and after etching (olive green) with calibration via C1s (Eb = 284.8 eV). 

One concern in cation substitution is the distribution of the substituents within the 

crystals. As reported, Co, Ni and Zn are randomly distributed within the magnetite structure, 

while Cu, Mn and Cd appear to be concentrated near the surface of the crystals3. In this study, 

ion etching removed around a 4 nm thick layer from the surface. Figure 3.3 shows the original 

XPS peaks of Fe2p and Gd4d for 5 at.% Gd-doped magnetite nanoparticles before and after ion 

etching. The intensity of signals showed little change, including the Gd4d peak. This indicated 

that Gd ions were within the bulk of the magnetite crystals and not just on the surface. Therefore, 

XRD, ICP-MS and XPS analyses together confirmed that Gd ions are present in the magnetite 

crystals at the levels that Gd are doped with initially, and it appears that Gd is distributed in the 

lattice homogeneously. Based on ICP-MS results (Table 3.1), the composition of 5 at.% Gd-
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doped magnetite nanoparticles (with or without Mms6) are Fe(3-x)GdxO4 (where x = 0.085 ± 

0.002). 

Gd3+ has the crystal ionic radius of 1.078 Å for coordination number (CN) of VI, which is 

much larger than that of the Fe3+ ion (in high-spin state, 0.63 Å for CN = IV and 0.785 Å for CN 

= VI) and that of the Fe2+ ion (in high-spin state, 0.92 Å for CN = VI)12, 39. Here, the substituted 

trivalent cation percentage is 5 at.%, which was much higher than the level of lanthanide 

elements incorporated in magnetite in natural rocks 40. Thus, 5 at.% Gd doping may introduce 

lattice distortion and change of the lattice parameter. XRD patterns showed no measurable peak 

shift in 5 at.% Gd-doped magnetite nanoparticles compared with undoped ones. We note that the 

oxygen framework in magnetite is fairly open and flexible and it can expand or contract without 

much strain to accommodate ions of larger size than interstitial sites3. For instance, all the Fe2+ 

ions are incorporated in octahedral sites of magnetite, but the ionic radii of Fe2+ ions (0.92 Å) are 

greater than the radii of octahedral sites (0.7357-0.8285 Å) in magnetite. Moreover, assuming 

that 10 at.% Fe3+ are substituted by Gd3+ and all the Gd3+ ions are randomly incorporated in the 

octahedral sites, the average ionic radii of trivalent ions at octahedral sites are 0.8rFe3+ + 0.2rGd3+ 

= 0.8436 Å, which is still smaller than the radius of Fe2+ ion (0.92Å) at octahedral sites. Thus, a 

lattice increase corresponding to 10 at.% Gd substitution for Fe3+ may not lead to a detectable 

lattice expansion and corresponding peak position shift. More importantly, low crystallinity due 

to nanoscale size, a common occurrence in the co-precipitation method1 as evident from XRD 

and TEM results (see below), also makes it difficult to observe any change in diffraction peak 

positions. We argue that crystallinity is the dominant effect on measurements of lattice distortion 

in nanoparticles. Even though 5 at.% Gd-doped magnetite has a large crystal size (see below) 

leading to sharp diffraction peaks with high intensity, Gd doping may not increase the 
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crystallinity significantly to show the lattice distortion. Thermal annealing has been reported as a 

more effective way to improve the crystallinity41. Thus, heat treatment was applied in order to 

show the peak position shift if lattice distortion exists. In addition, the initial Gd percentage was 

increased to 10% from the original 5%, and the final doping amount was 8.8 ± 0.8%, as 

measured by ICP-MS. The as-synthesized 10 at.% Gd-doped magnetite nanoparticles were heat- 

 

Figure 3.4 X-ray powder diffraction patterns of as-prepared 10 at.% Gd-doped magnetite samples before and after 

heat treatment (a) in air and (b) in vacuum (Inset: peak 311). A copper Kα radiation source with a 

wavelength of 0.154187 nm was employed.  
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ed to 900°C for 4 hours in air and in vacuum (Figure 3.4). After heating in air, the magnetite 

phase was oxidized to hematite, mixed with a very small amount of gadolinium iron garnet 

(Figure 3.4a). XRD patterns of 10 at.% Gd-doped magnetite heated in vacuum (in a sealed glass 

tube) showed magnetite and/or maghemite, which were difficult to discriminate under the 

experimental conditions used (Figure 3.4b). The position of highest-intensity peak (311) shifted 

about 0.1 degree to a lower Bragg angle, corresponding to an increase of 0.006 Å in d spacing 

and 0.02 Å in lattice parameter, which is close to the reported results of Gd-doped Ni–Zn ferrite 

42 and Ca-doped magnetite 43 since Ca2+ has a similar ionic radius (1.14 Å for CN = VI) 39. In 

addition, there were several minor Gd containing phases including gadolinium iron garnet and 

gadolinium orthoferrite, suggesting that the Gd-doped magnetite might be a metastable phase 

which decomposes to Gd-ferrite, Gd-iron garnet and magnetite at high temperatures44. 

3.4.2 Crystal growth through Gd doping 

In Figure 3.1, it is clear that the 5 at.% Gd-doped magnetite nanoparticles exhibit sharper 

peaks than the ones without Gd, suggesting that the Gd-doped samples have larger crystal sizes. 

The well-known Scherrer equation (Equation 3.1) was applied to determine the crystal size of 

magnetite particles 45 without considering the effect of lattice strains.  

                                           D=Kλ/(βcosθ)                                                                   (3.1) 

The instrumental broadening was determined using the NIST standard reference materials 

(SRM) 640c silicon powder and corrected for peak broadening due to crystal size. Five 

diffraction peaks with relatively high intensity (i.e., (220), (311), (400), (511) and (440) peaks) 

were used to estimate the average crystal size and standard deviation (Table 3.2). As evident 

from Table 3.2, the crystal size of magnetite nanoparticles doubled for samples doped with 5% 
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Gd, which clearly showed that Gd doping has an effect on the growth of magnetite crystals using 

an aqueous co-precipitation method. 

Table 3.2 The size of updoped and 5 at.% Gd-doped magnetite nanoparticles characterized by XRD and TEM. 

 

 

 

 

 

 

The as-synthesized magnetite nanoparticles with and without Gd doping were observed 

under TEM (Figure 3.5a-d). The particle size was measured and the histograms of size 

distribution for nanoparticles synthesized at different conditions are shown in Figure S3.1. 

Without Gd3+, the magnetite particles exhibited cuboidal shape and the particle size was 18-20 

nm (Figure 3.5a-b, S3.1, Table 3.2), which is similar to the values reported previously32, 33. But 

the effect of Mms6 on the growth of magnetite nanoparticles was suppressed. In the presence of 

Gd3+, the particle size of magnetite particles increased to around 44-46 nm and the size 

distribution became broader (Figure 3.5c-d, S3.1, Table 3.2). Magnetite nanoparticles as large as 

100-130 nm could be seen, along with particles of similar shape and size as those without Gd 

doping (Figure S3.1-S3.2). TEM micrographs and histograms confirm that crystal size increased 

with Gd doping, which was consistent with XRD results presented above, even though due to the 

low crystallinity of nanoparticles the mean particle size measured using TEM is slightly larger 

than the crystal size estimated by XRD and the size distribution from TEM results is broader 

than that calculated using XRD results. The effect of Gd doping or the effect of doping with 

other lanthanide ions on the crystal size of magnetite synthesized via precipitation method has  

Magnetite synthesized 

in different conditions 

0% Gd 0% Gd ~5% Gd ~5% Gd 

with Mms6 
without 

Mms6 
with Mms6 

without 

Mms6 

Crystal size estimated 

by XRD (nm) 
17 ± 2 16 ± 2 44 ± 7 42 ± 4 

Particle size measured in 

TEM (nm) 
20 ± 6 18 ± 6 46 ±13 44 ± 12 
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Figure 3.5 TEM images of nanoparticles synthesized via co-precipitation method: (a) updoped magnetite in the 

absence of Mms6, (b) updoped magnetite in the presence of Mms6, (c) 5 at.% Gd-doped magnetite in the 

absence of Mms6, and (d) 5 at.% Gd-doped magnetite in the presence of Mms6, (e) Gd hydroxide 

synthesized by precipitation of GdCl3 in NaOH, and (f) magnetite nanoparticles covered with gelatinous 

Gd hydroxide layer (Inset: HRTEM image) prepared by adding mixture of FeCl2 and FeCl3 to the NaOH 

solution followed by precipitation of GdCl3.  
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not been reported before, but Co doping was observed to have a similar effect 21. The large Gd-

doped magnetite nanoparticles did not show well-defined shapes under the TEM (Figure S3.2) 

because there were some fine particles aggregated on the surface of Gd-doped magnetite 

nanoparticles due to interparticle interactions (e.g., dipole-dipole, van der Waals electrical 

double layer)5, 37. 

Using the same method, GdCl3 without iron was added to the base solution to get the 

pure Gd hydroxide precipitates as a control sample. Figure 3.5e shows the morphology of as-

prepared Gd hydroxide. It was amorphous and had no defined morphology, which was quite 

different from the magnetite nanocrystals. Moreover, a physical mixture of magnetite 

nanoparticles and Gd hydroxide was prepared via this method by adding mixture of FeCl2 and 

FeCl3 to the base solution followed by precipitation of Gd. In Figure 3.5f, very fine magnetite 

nanocrystals were covered by a thin layer of the amorphous Gd hydroxide. Obviously, crystal 

growth brought about by Gd doping was related to the initial nucleation stage and/or growth 

process. Consequently, addition of Gd ions to the solution of FeCl2+FeCl3 prior to precipitation 

resulted in Gd incorporated to the lattice of the magnetite nanoparticles. 

To verify the effect of Gd doping on crystal size, different levels of Gd3+ (0, 2, 4, 6, 8 and 

10 at.%) were substituted for Fe3+. ICP-MS was used to measure the amount of Gd in the 

magnetite nanoparticles and plotted against the average crystal size as shown in Figure 3.6. 

Clearly, the size of the magnetite nanocrystals increased with Gd content, while the size distribu- 

tion became broader. 

Classical crystal formation from solution is described by two stages1, 12, 46: a rapid burst 

of nucleation followed by a slow growth of the nuclei by diffusion of the solutes46. However, 

magnetite nanoparticles synthesized from aqueous solution form via complicated pathways invo- 
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Figure 3.6 Crystal size of magnetite nanoparticles synthesized with different amounts of Gd. Gd molar percentages 

as fraction of trivalent ions were measured by ICP-MS, while the crystal size was calculated using 

Scherrer equation from XRD data. 

lving phase transformation of several different iron oxyhydroxide species47. During nucleation 

and growth of magnetite nanocrystals from solution, a non-classical crystal nucleation pathway 

has been reported recently, which does not involve the formation of an intermediate amorphous 

phase48, 49. Nucleation of magnetite proceeds by rapid agglomeration of primary particles, 1~2 

nm in size, consisting of a disordered iron (hydr)oxide phase that may arise from interaction of 

Fe2+ with a Fe(OH)3 hydrogel that is formed locally in the first stage48, 50. The nuclei grow by the 

accretion and fusion of primary particles attaching to their surfaces, which follows classical 

theory48, 51. In our synthesis procedure, the precursor of mixed Fe3+, Gd3+ and Fe2+ ions was 

prepared at a low pH (~1.9), and then the pH was rapidly increased to ~12 with NaOH. At pH 

~1.9, polynuclear ferric oxide hydrogel, which for simplicity is designated as Fe(OH)3, forms 

due to the low solubility product of Fe(OH)3 (Ksp = 10-38.8) and the relatively high initial 

concentration of Fe(III)3, 52. We should point out that ion product for ferric and hydroxide ions 
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exceeds the solubility product, Ksp, which is a necessary but not a sufficient condition for the 

formation of a solid phase, as the solubility product is determined from solubility of bulk 

crystalline solid, from dissolution of Fe(OH)3 and in low ionic strength solution. Precipitation of 

solid phase on the other hand, involves supersaturation, and activity coefficients are lower than 

unity. Nevertheless, various polynuclear species including Fe(OH)3 (aq) are expected to form. 

Based on the solubility product value, ~98% of Fe(III) was consumed to convert to polynuclear 

species forming a hydrogel, while all of Gd(III) and Fe(II) ions existed in solution as hydrated 

complexes as the solubility products of Gd(OH)3 and Fe(OH)2 are 10-25.7 and 10-15.1 

respectively52. When precursors were added dropwise to the NaOH solution  pH ≈ 12, Gd(OH)3 

hydrogel (Figure 3.5e) and Fe(OH)2 solid formed immediately52. At this high pH, interaction of 

Fe(OH)3 hydrogel with free Fe2+ ions resulted in the formation of primary particles, which led to 

the resorption of Fe(OH)2 and Gd(OH)3 hydrogels. If, on the other hand, the Gd(OH)3 hydrogel 

was not resorbed, primary magnetite particles would be surrounded by Gd(OH)3 hydrogel (as 

was observed in the sequential precipitation process) covering the magnetite nanoparticles 

(Figure 3.5f). Although the details of interactions between Fe(OH)3 and Gd3+
 were not clearly 

resolved in the present work, it is clear that the presence of Gd3+ ions leads to enhancement of 

crystal growth presumably by aggregation  and fusion of primary particles.  

Experimental data on the role (or lack thereof) of Mms6 on the crystal size of the Gd-

doped crystals is limited to make any conclusive assessments. However, it is safe to assume that 

within the limits of the experimental conditions employed in this study, Mms6 has no 

discernable effect on the crystal size. It is possible that the high pH employed in the precipitation 

might have caused deterioration of Mms6 or altering its normal configuration rendering it 

ineffective. In addition, different synthesis conditions employed in the previous work, in which a 
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polymeric gel was used to slow down the diffusion rates of reagents, may have led to differences 

in crystal growth in the presence of Mms6.37  

3.4.3 Magnetic properties 

Magnetic hysteresis for updoped and 5 at.% Gd-doped magnetite was measured at 5 K 

and 260 K as shown in Figure 3.7 (with Mms6) and Figure S3.3 (without Mms6). No significant 

differences were observed between the 5 at.% Gd-doped magnetite synthesized with and without 

Mms6. The saturation magnetization of magnetite nanoparticles decreased with Gd doping by 

 

Figure 3.7 Magnetization (M) vs. magnetic field (H) curves for magnetite nanoparticles synthesized in the presence 

of Mms6, without Gd doping (black) and with 5 at.% Gd doping (red): (a) at 260K, and (b) corresponding 

low field curves at 260K; (c) at 5K, and (d) corresponding low field curves at 5K. 
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~15 % at 5 K and by ~16 % at 260 K at H = 5000 Oe for the samples with Mms6. At 260 K, the 

undoped sample does not exhibit any hysteresis as shown in low magnetic fields curves, whereas 

an irreversible M(H) curve is observed for the doped samples (Figure 3.7b, S3.3b), which was 

close to properties of magnetite doped with other lanthanide ions reported previously24. 

However, only a slight difference in the coercivity and remnant magnetization at 5 K were 

observed with Gd doping. Compared with the 5 at.% Gd-doped magnetite sample, magnetite 

mixed with 5% Gd(OH)3 (Figure 3.5f) exhibited higher saturation magnetization and zero 

coercivity (Figure S3.4), similar to that observed with undoped magnetite. The small but distinct 

differences between doped and physically mixed samples indicate the change of magnetic 

behaviors from superparamagnetism to ferrimagnetism, which resulted from the effect of Gd 

doping and simultaneous increase in size. 

As mentioned before, the particle size of magnetite affects its magnetic properties. In 

theory, the coercivity, Hc, of undoped magnetite nanoparticles is zero when the size is below the 

superparamagnetic threshold size (d < ds), and increases slowly from zero as a function of 

particle size d (Hc ∝ (1 - (ds/d)1.5)) in the single-domain region (ds < d < d0)
53. Meanwhile, Gd 

doping may also increase Hc as it can introduce magnetic anisotropy24. Size-dependence of 

saturation magnetization, Ms, has also been reported15, 54 and Ms increases gradually through 

superparamagnetic region and single-domain region, but Gd substitution decreases Ms in the 

spinel structure42, 55-57. Here, we observed the increased Hc (from 0 to ~65 Oe) and decreased 

magnetization at H = 5000 Oe, where the measured magnetization was almost totally saturated. 

Clearly, Gd doping and simultaneous increase in size contributed together to result in the 

increase of Hc, while the effect of Gd doping on Ms is the dominant one compared to the size 

effect. The decrease of Ms might be attributed to the site preference of Gd ions, probably 
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octahedral sites in magnetite19, 58; variations in the compositions concomitant with Fe-Gd 

interactions which are different from Fe-Fe interactions; as well as change of the surface effect 

resulting from the unpaired surface spins on the magnetic nanoparticles42, 57, and require further 

study.  

3.5 Conclusions 

Using an aqueous co-precipitation method under mild conditions, Gd doping has been 

demonstrated to influence the crystal growth and magnetic properties of magnetite nanoparticles. 

5 at.% Gd-doped magnetite nanoparticles of pure phase have been successfully synthesized and 

experimental evidence from XRD, ICP-MS and XPS points to the random incorporation of Gd 

ions in the magnetite lattice. The chemical composition of 5 at.% Gd-doped magnetite was Fe(3-

x)GdxO4 (x = 0.085 ± 0.002) determined by ICP-MS. Gd doping plays an important role in the 

crystal growth process, and was shown to make magnetite nanoparticles grow larger. Typically 

the crystal size of 5 at.% Gd-doped magnetite nanoparticles increased about two-fold, which was 

confirmed by XRD and TEM. However, the effect of the bacterial biomineralization protein 

Mms6 on the growth of magnetite particles was not prominent in this synthesis method. Gd 

doping with simultaneous crystal growth leads to clear differences in magnetic properties. The 5 

at.% Gd-doped magnetite nanoparticles showed ferrimagnetic properties with small coercivity at 

260 K in contrast to the undoped, superparamagnetic magnetite nanoparticles.  
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3.7 Supplementary information (SI) 

 
Figure S3.1 Histograms of particle size measured in TEM for undoped and 5% Gd-doped magnetite nanoparticles 

synthesized in the presence of Mms6 (a) and in the absence of Mms6 (b). Each histogram is outlined 

with a Gaussian distribution function. 
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Figure S3.2 Typical TEM images for 5 at.% Gd-doped magnetite nanoparticles synthesized via co-precipitation 

method in the absence of Mms6 (a, b) and in the presence of Mms6 (c, d). 
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Figure S3.3 Magnetization (M) vs. magnetic field (H) curves for magnetite nanoparticles synthesized in the absence 

of Mms6, without Gd doping (green) and with 5% Gd doping (blue): (a) at 260 K, and (b) 

corresponding low field curves at 260 K; (c) at 5 K, and (d) corresponding low field curves at 5 K. 

 

Figure S3.4 Magnetization (M) vs. magnetic field (H) curves at 260 K for magnetite nanoparticles synthesized in the 

absence of Mms6, (a) doped with 5% Gd (blue) and mixed with 5% Gd(OH)3 (black)  and (b) 

corresponding low field curves.  
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CHAPTER 4. EFFECT OF SURFACE HYDROPHOBICITY ON THE FUNCTION OF 

THE IMMOBILIZED BIOMINERALIZATION PROTEIN MMS6 

 

Modified from a paper published in Industrial & Engineering Chemistry Research§ 

 

Xunpei Liu,+ Honghu Zhang,+ Srikanth Nayak, German Parada, James Anderegg, Shuren Feng, 

Marit Nilsen-Hamilton, Mufit Akinc, and Surya Mallapragada* 

 

4.1 Abstract 

Magnetotactic bacteria produce magnetic nanocrystals with uniform shapes and sizes in 

nature, which has inspired in vitro synthesis of uniformly sized magnetite nanocrystals under 

mild conditions. Mms6, a biomineralization protein from magnetotactic bacteria with a 

hydrophobic N-terminal domain and a hydrophilic C-terminal domain, can promote formation of 

magnetite nanocrystals in vitro with well-defined shape and size in gels under mild conditions. 

Here we investigate the role of surface hydrophobicity on the ability of Mms6 to template 

magnetite nanoparticle formation on surfaces. Our results confirmed that Mms6 can form a 

protein network structure on monolayer of hydrophobic octadecanethiol (ODT)-coated gold 

surfaces, and facilitate magnetite nanocrystal formation with uniform sizes close to those seen in 

nature, in contrast to its behavior on more hydrophilic surfaces. We propose that this 

hydrophobicity effect might be due to the amphiphilic nature of the Mms6 protein, and its 

tendency to incorporate the hydrophobic N-terminal domain into the hydrophobic lipid bilayer 

                                                 

§ Reprinted with permission of Ind. Eng. Chem. Res. 2015, 54, 10284-10292. Copyright © 2015 American Chemical 

Society. 

+ X. Liu and H. Zhang are joint first authors. 

* Corresponding Author: suryakm@iastate.edu. 
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environment of the magnetosome membrane, exposing the hydrophilic C-terminal domain that 

promotes biomineralization. Supporting this hypothesis, the larger and well-formed magnetite 

nanoparticles were found to be preferentially located on ODT surfaces covered with Mms6 as 

compared to control samples, as characterized by SEM, XRD, XPS and AFM studies. A C-

terminal mutant of this protein did not form the same network structure as wild-type Mms6, 

suggesting that the network structure is important for the magnetite nanocrystal formation. This 

study provides valuable insights into the role of surface hydrophilicity on the action of the 

biomineralization protein Mms6 to synthesize magnetic nanocrystals, and provides a facile route 

to controlling bioinspired nanocrystal synthesis in vitro.   

4.2 Introduction 

Magnetic nanoparticles exhibit many interesting properties that can be exploited in a 

variety of applications such as catalysis, biomedicine, quantum computing, and data storage.1-4 

Magnetic nanoparticles can be synthesized using sol-gel methods, high-pressure hydrothermal 

methods, liquid phase co-precipitation, gas phase thermal decomposition etc.1-6 However, these 

methods usually require high temperature treatments6, 7 or cannot generate nanoparticles with 

uniform size and shape, which can potentially limit their applications.8 In nature, magnetotactic 

bacteria produce magnetic nanocrystals under mild conditions and have high chemical purity, 

narrow size ranges, and species-specific crystal morphologies.9-11 These nanocrystals, usually 

magnetite (Fe3O4) or greigite (Fe3S4), are surrounded by a lipid bilayer membrane about 3-4 nm 

thick to form the unique intracellular structures called magnetosomes.9, 10 Using these aligned 

nanocrystals, the magnetotactic bacteria can orient themselves and navigate along geomagnetic 

field lines.12, 13 Although magnetotactic bacteria were discovered almost four decades ago, little 

is known about the mechanisms by which bacteria synthesize these magnetic crystals.9, 11, 14 
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Recently, with the discovery and isolation of new bacterial strains and the development of new 

techniques, there has been progress in understanding magnetosome formation.9, 15, 16 Inspired by 

nature, the chemical synthesis of hybrid materials with unusual morphologies at several length 

scales has received considerable interest from the research community.17, 18 Bioinspired in vitro 

synthetic routes offer room-temperature pathways for the production of a variety of hybrid 

magnetic nanostructures with exceptional control over nanoparticle nucleation and growth, and 

are expected to ultimately enable the fabrication of structurally perfect and functional 

hierarchical systems with sizes, shapes, and properties not easily realizable via conventional 

synthetic techniques under mild conditions.19 Synthesis of magnetic nanomaterials using 

magnetotacic bacteria in vivo or related proteins in vitro has progressed quickly.19, 20 However, 

the role of surface hydrophobicity on the action of biomineralization proteins has not been well-

studied, and could have significant implications in bioinspired nanocrystal synthesis. 

Mms6 is a biomineralization protein found associated with the magnetite nanocrystals 

inside the magnetosomes of Magnetospirillum magneticum AMB-1, which promotes the 

formation of superparamagnetic magnetite nanocrystals under room temperature and mild 

conditions in vitro.21-25 Mms6 is an amphiphilic protein with a hydrophobic N-terminal domain 

and a hydrophilic C-terminal domain. The protein self-assembles into micelles in solution and 

the C-terminus can bind iron with very high affinity.25 The interaction between Mms6 and iron is 

believed to be the initial step of biomineralization,25-27 and several mutants were synthesized to 

investigate the biomineralization mechanism. For instance, in a mutant m2Mms6, the hydrophilic 

C-terminal domain of the protein was altered such that the amino acid residues containing 

hydroxyl or carboxyl groups are shuffled with respect to one another, still maintaining the same 

hydropathy plot as Mms6.25, 28 Compared with Mms6, m2Mms6 does not bind iron.22, 25 
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Recently, magnetite nanoparticles were synthesized with Mms6 on planar substrates by bottom-

up approaches, in which Mms6 immobilized on surfaces provided interaction sites with irons and 

initiated magnetite formation.29-31 The non-specific binding of Mms6 to the octadecyltrimethoxy-

silane monolayer on a silicon substrate results in formation of multiple layers of iron oxide 

nanoparticles.29 Mms6 has also been chemically immobilized onto surfaces by soft-lithography 

to promote magnetite nanoparticles’ growth on surfaces, which could be potentially used for high 

density data storage.30 This chemical immobilization was achieved by using N-

hydroxysuccinimide (NHS)/ethyl(dimethylaminopropyl) (EDC) chemistry  to attach the amine 

groups in the protein to the carboxyl group on the surface. However, there are 13 amine groups 

in an Mms6 molecule, and non-specific linkage reactions could alter the structure or function of 

Mms6.30, 31   

As Mms6 is an amphiphilic membrane protein, and is believed to be embedded in the 

phosphate lipid bilayer membrane in bacteria, in this study, we physically incorporated Mms6 

onto surfaces with different hydrophobicities without covalent linkages. This allowed us to 

investigate the role of surface hydrophilicity on Mms6 structure and function. Three different 

kinds of surfaces were used: hydrophobic 1-octadecanethiol (ODT), gold, and a relatively 

hydrophilic poly(ethylene glycol) surface. Mms6 was coated on these surfaces to study its ability 

to promote magnetite nanocrystal growth.  

4.3 Materials and Methods 

4.3.1 Materials 

Mms6 and its mutant m2Mms6 were prepared and purified as reported before.25, 28, 32 

m2Mms6 includes the same sequence as Mms6 in the N-terminal (hydrophobic) domain and an 

altered sequence in the C-terminal (hydrophilic) domain. The hydroxyl/carboxyl containing 
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amino acid residues in the C-terminal domain are shuffled with respect to wild-type Mms6. 

Compared with Mms6, m2Mms6 does not bind iron.22, 25 The m2Mms6 and Mms6 used in this 

study were expressed with an N-terminal poly-histidine tag (His-tag). For simplicity, the His-

tagged Mms6 or m2Mms6 are referred to here as Mms6 or m2Mms6.  Mms6 consists of 133 

amino acid residues, is ~ 10 kDa with a calculated molecular volume of ~1.3 × 104 Å3. The 

Mms6 solution used in this study was 0.2 mg/mL in 20 mM Tris buffer with 100 mM KCl (pH 

7.5). 

1-Octadecanethiol (ODT) and lysozyme were purchased from Sigma Aldrich. 

Poly(ethylene glycol) methyl ether thiol (henceforth referred to as PEG) (average Mn =2000) was 

purchased from NOF America corporation. Iron (III) chloride hexahydrate (FeCl3·6H2O, ≥ 98%), 

iron (II) chloride tetrahydrate (FeCl2·4H2O, 99.99%) and Pluronic® F-127 were purchased from 

Sigma-Aldrich, and potassium chloride (KCl, ≥ 99%) and tris base (≥ 99.8%) were purchased 

from Fisher Scientific. All chemicals were used without further purification. ODT or PEG were 

dissolved in ethanol to make a 2 mM solution. Both solutions were freshly made and sonicated 

for 5 min to dissolve the solute. FeCl3 and FeCl2 stock solutions were degassed and purged with 

inert gas (nitrogen or argon) prior to use.  

4.3.2 Surface preparation 

All the surface samples were prepared on 1 × 1 cm squares glass microscope slides, and 

the flat gold surfaces were obtained by a template-stripping method.33 Briefly, template-stripped 

gold was prepared by resistively evaporating about 250 nm of gold onto a 4-in. silicon wafer 

with an Edwards 306A resistive evaporator. Glass microscope slides were cut into 1 × 1 cm 

squares and sonicated in diluted 5% Contrad 70 liquid detergent, deionized water, and ethanol 

(twice), each for 30 min, and dried under a nitrogen stream. The clean glass substrates were 
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glued to the gold-coated wafer with two-part epotek 377 (Epoxy Technology) and heated at 150 

°C for 1.75 h. The glass substrates were then gently detached from the silicon wafer. The 

sandwiched gold film remained on the topside of the glass substrate to yield a smooth gold 

surface. The process is shown schematically in Figure 4.1A. 

 
Figure 4.1 Schematic representation of sample preparation steps. A, gold surface fabrication; B, experiment design 

and characterization. 

The smooth gold surface was dipped into 2 mM ODT or PEG solution in a small glass 

dish, and was incubated overnight at room temperature to create a self-assembled monolayer of 

ODT or PEG. The surface was then dried by nitrogen flow. The ODT or PEG coated gold 

surface is referred to as ODT surface or PEG surface henceforth, as shown schematically in the 

first row of Figure 4.1B. 

Thirty μL of 0.2 mg/mL Mms6 in Tris buffer was added to the gold or ODT or PEG 

surface and incubated overnight in a humidity chamber at 4 °C. The surface was then washed in 

Tris buffer and water with 0.5% Tween® 20, and dried under nitrogen stream for tests. The 
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drying step here was skipped for the Mms6-coated surface used for the magnetite formation. The 

surfaces are referred to as ODT/Mms6, gold/Mms6, and PEG/Mms6, as shown in Figure 4.1B on 

the third row. 

4.3.3 Magnetite growth on the surfaces 

Magnetite nanoparticles were grown on the surfaces by a co-precipitation method. The 

method was developed based on our previous bulk solution synthesis of magnetite 

nanoparticles.22, 25 All solutions used in the following procedures were prepared using degassed 

water. Briefly, a stock solution with polymer and iron ions was prepared at 4 °C using the 

following ratio: 100 µL of 25 wt% Pluronic F127 solution, 50 µL of 0.25 M FeCl2 solution, 50 

µL of 0.5 M FeCl3 solution, and 100 µL of Tris buffer. In a glove box charged with inert gas 

(nitrogen or argon), glass substrates treated with ODT/PEG and Mms6 were added to wells in a 

24-well plate. Two hundred µL of the stock solution containing polymer and iron ions was 

brought up to room temperature and slowly added to each well by micropipette, and incubated 

for 2 hours at room temperature without controlling the humidity. Then 750 µL of 0.1M NaOH 

solution was slowly added to each well, and all the samples were incubated under an oxygen free 

environment for 5 days. The surface samples were then washed three times using degassed 

water, and sealed under nitrogen gas until subsequent characterization tests. The black precipitate 

in the suspension was collected and washed for powder X-ray diffraction (XRD) 

characterization. The surface samples with magnetite nanoparticles are shown schematically in 

Figure 4.1B in Row 2 and Row 4. 

4.3.4 Measurements 

Atomic force microscopy (AFM) topographic images were acquired using a Nanoscope 

III Digital Instruments AFM (Veeco) in tapping mode. XRD analysis of the powders was 
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performed using a PANalytical X’Pert Pro diffraction system equipped X’pert Data collector in 

which a cobalt Kα radiation source with a wavelength of 0.17903 nm was employed. Formation 

of magnetite nanoparticles on surfaces was examined with scanning electron microscopy (SEM, 

FEI Quanta 250). Magnetic force microscopy (MFM) images were obtained using MESP 

(Bruker) at the Center for Nanoscale Materials at the Argonne National Lab. X-ray photoelectron 

spectroscopy (XPS) surface analysis was performed with a PHI 5500 spectrometer using Al-Kα1 

radiation with a 45° electron collection angle, corresponding to the maximal penetration depth of 

about 10 nm. For contact angle measurements, 2μL of nanopure water was dropped on the 

surface of interest, and the drops were photographed with Canon EOS Rebel T3i EF 100mm 

f/2.8L Macro IS USM. Half-angle method was used to obtain the contact angles. 

4.4 Results and Discussion 

The gold surface obtained by the template stripped method was very flat, as shown in 

Figure 4.2b. The roughness of the gold surface was about 2-3 nm, determined by the line cross-

sectional view of the AFM images. Such a flat surface provided the ability to image the 

nanoparticles on the surface. Self-assembled monolayers of ODT or surfaces covered with PEG 

were formed on the flat gold surfaces after overnight incubation. The ODT surface is 

hydrophobic,34 and the PEG surface is hydrophilic,35 as observed during Mms6 incubation, 

which is verified by the contact angle measurements, shown in Figure 4.3. There were no 

obvious differences seen in the images between the ODT and gold surfaces (Figure 4.2a-b), since 

the alkyl chains from n-alkanethiols prefer a parallel alignment on the gold surface and formation 

of a close-packed monolayer with the ellipsometric thickness of about 2 nm for ODT.34 

However, PEG did not uniformly cover the gold surface (Figure 4.2c). In a self-assembled 

monolayer, the PEG chain is not “extended”, but rather folds on itself sometimes.35, 36 Unlike the  
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Figure 4.2 AFM scans of surfaces without Mms6 before magnetite nanoparticles synthesized on a) ODT, b) gold and 

c) PEG surfaces; and after synthesis of magnetite nanoparticles: d) magnetite grown on ODT surface, e) 

magnetite grown on gold surface, and f) magnetite grown on PEG surface. Arrows are used to highlight 

particles on surfaces. Scan area 5 μm × 5 μm. 

 

Figure 4.3 Contact angles for gold, ODT and PEG surfaces with and without Mms6 coating. 

“brush” conformation of ODT on gold, PEG chains sometimes arrange in “island” or 

“mushroom” conformations.37, 38 In addition, the PEG used in this study had a much larger 
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molecular weight (Mn = 2000) than ODT (Mw = 286.56), indicating that PEG had longer, 

disorganized chains, which might further prevent the formation of a uniform and dense 

monolayer.35, 36 

Magnetite nanoparticles were synthesized by the co-precipitation method on ODT, PEG 

and bare gold surfaces. Assuming that magnetite nanoparticles do not interact strongly with 

ODT, PEG and gold surfaces, in the absence of Mms6 there should be no magnetite 

nanoparticles left on the surface after the washing process. However, the images show that there 

were a few residual magnetite nanoparticles and aggregates left on the surface even after 

washing process (Figure 4.2d-f), implying that it was difficult to completely wash off the 

magnetite particles even from the perfectly smooth surfaces with just the water flow. The lighter 

spots (see arrows) in the AFM images in Figure 4.2d-f correspond to areas with greater height, 

corresponding to the presence of the magnetite nanoparticles. It is also possible that during 

washing process at neutral pH, the negatively charged gold surface might attract slightly 

positively charged magnetite particles, since the isoelectric points (IEP) of gold and magnetite 

nanoparticles are around 2.5 and 8, respectively as reported.39, 40 

Mms6 was coated on ODT, PEG and bare gold surfaces (Figure 4.4a-c, S4.1a-c). On the 

gold surface, Mms6 formed spherical nanomicellar structures. This is consistent with previous 

observations that Mms6 self-assembles to form micelles in solution,25, 28 which explains the 

micellar structure formation on the gold surface probably due to adsorption. Mms6 showed very 

different morphology on the ODT surface than on the gold surface. As can be seen from Figure 

4.4a and Figure S4.1a, Mms6 formed larger self-assembled units that resemble a connected 

protein network. However, there were no obvious significant differences between Mms6 on the 

PEG surface and for PEG alone, as seen in Figure 4.2c, Figure 4.4c and Figure S4.1c. This may  
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Figure 4.4 AFM scan of surfaces with Mms6 prior to magnetite nanoparticle synthesis: a) Mms6 coated ODT, b) 

Mms6 coated gold and c) Mms6 coated PEG surfaces; and after synthesis of magnetite nanoparticles: d) 

magnetite grown on Mms6-ODT surface, e) magnetite grown on Mms6-gold surface, and f) magnetite 

grown on Mms6-PEG surface. Scan area 2 μm × 2 μm. 

be caused by the well-known protein resistant property of the PEG.41 Contact angle 

measurements done on these surfaces after Mms6 incubation (Figure 4.3) also indicate protein 

coated on the gold and ODT surfaces as opposed to the PEG surface. After Mms6 coating, the 

contact angles of the gold and ODT surfaces decreased by 10-30° and 30-50°, respectively, while 

no change of contact angle was observed on the PEG surface.   

Figure 4.4d-f and Figure S4.1d-f show the magnetite nanoparticles grown on the Mms6 

coated surfaces. Comparing with Figure 4.2d-f, there were significantly more magnetite 

nanoparticles seen on ODT and gold surfaces with Mms6 than without, while magnetite 

nanoparticles grown on PEG surface with and without Mms6 looked similar. This suggests that 

Mms6 remained on the ODT and gold surfaces and not the PEG and, in that form, could promote 

the formation of magnetite nanoparticles on surfaces, similar to what is seen in bulk solution22, 25. 
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The collected black precipitates from the solution during synthesis of magnetite on Mms6 coated 

ODT surface were also confirmed as magnetite by XRD (Figure S4.2). In the presence of Mms6, 

magnetite nanoparticles were uniformly distributed on the ODT surface without formation of the 

aggregates as were seen on the gold surface. The particles on the ODT surfaces were larger than 

those on gold, with a size of about 20 nm, which is close to the size of the magnetite nanocrystals 

generated by magnetotactic bacteria.19 On the Mms6-coated gold surface, aggregates of uniform 

sized magnetite nanoparticles were also formed, with smaller sizes than those on the ODT 

surfaces.   

 

Figure 4.5 AFM scan of ODT surface with a) Mms6, b) m2Mms6 or c) lysozyme. Scan area 5 μm × 5 μm. Only 

Mms6 can form a “protein network” on the ODT surface, while mutant m2Mms6 or lysozyme cannot, 

which indicates the “network” may be important for the formation of magnetite with uniform size. 

Figure 4.5 shows the influence of two other proteins m2Mms6 and lysozyme used as a 

control coated on the ODT surface. In previous study, both m2Mms625 and lysozyme22 have 

been shown to be much less effective as Mms6 in facilitating magnetite nanocrystal formation in 

the bulk. Here, neither m2Mms6 nor lysozyme could facilitate the formation of the protein 

network structure seen with Mms6, which indicated that the type of protein as well as the amino 

acid sequence is important for the interaction of the protein with the ODT surface. In our 

previous work28, we have demonstrated that the ability of Mms6 to self-assemble into a 

multimeric micelle depends on both N-terminal hydrophobic domain and the C-terminal iron 
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binding domain. Although the C-terminal domain overall is highly charged, it also contains 

several hydrophobic residues that may be involved in the interaction with N-terminal 

hydrophobic domain (Leucine128, Leucine132 in C-terminal domain).  Admittedly, the intact N-

terminal domain itself still enables the protein to self-assemble into a multimeric complex and 

interact with the hydrophobic surface (Figure 4.5b), but the structure of the complex formed 

without the “native C-terminal” is likely to be different from the wild-type Mms6 complex. Only 

the wild type Mms6 could form a protein network on the ODT surface, suggesting that the Mms6 

molecular conformation and especially the arrangement of OH and COOH groups play a critical 

role in promoting the formation of the protein network. This, in turn, potentially impacts the 

proteins’ ability to facilitate magnetite nanocrystal formation. This is also consistent with our 

previous observations of Mms6 self-assembly that is coordinated by both N-terminal and C-

terminal domain.28 

The chemical states of different surfaces were investigated by XPS.  In Figure 4.6, it 

shows that there are well-defined spectra for O1s and N1s in case of Mms6-ODT surface, as 

opposed to the ODT surface treated with pure Tris buffer without Mms6. The O1s spectrum 

corresponds to oxygen atoms from C-O (531.8 eV) and C=O (533.2 eV) groups, and N1s 

spectrum ascribes to nitrogen atoms in C-N (400.3 eV) group. Meanwhile, compared to C1s 

spectrum of ODT surface with only one carbon component (C-C/C-H, 284.8 eV), there are two 

additional moieties in C1s spectrum of Mms6-ODT surface, which are assigned to carbon atoms 

from C-O/C-N (285.6 eV) and C=O/N-C=O (288.5 eV) groups. In addition, both ODT and 

Mms6-ODT surfaces contain low-intensity S2p peaks. These results confirm the presence of 

Mms6 protein on the coated ODT surface, since C-O, C-N, C=O, N-C=O shown in XPS spectra 

are all from the Mms6 protein. Figure 4.7 shows surface characterization of magnetite grown on  
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Figure 4.6 XPS results for ODT/Gold surfaces with (square) and without (triangle) Mms6 protein on them. The 

surface without Mms6 was still treated with Tris buffer for comparison. Binding energy was calibrated 

with Au 4f7/2 (84.0 eV) as a reference. 

the ODT surfaces with and without Mms6. On the ODT surface after growing magnetite 

nanocrystals, the XPS spectra are similar to the pure ODT surface as most of magnetite 

nanoparticles were washed away during the washing process. On the contrary, on the Mms6-

ODT surface, after growing magnetite the C-O, C-N, C=O, N-C=O components present in XPS 

spectra support the existence of Mms6 protein, and the Fe-O type moiety (530.0 eV) in the O1s 

spectrum and the extra Fe2p peaks indicate formation of magnetite nanocrystals on Mms6-ODT 

surface. The Fe2p spectrum with two constituent peaks (Fe 2p1/2 and Fe 2p3/2) and their satellites 

can be deconvoluted into components (Fe2+ 2p3/2, 710.8 eV; Fe3+ 2p3/2, 712.5 eV; Fe2+ 2p1/2, 

723.9 eV; and Fe3+ 2p1/2, 725.6 eV) ascribed to Fe3+and Fe2+ ions from magnetite.42, 43 Therefore, 
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the XPS results confirm that Mms6 was present on the ODT surface and could promote 

magnetite formation, which is consistent with the AFM observations. 

 

Figure 4.7 XPS results for the magnetite nanocrystals grown on ODT surfaces, with (square) and without (triangle) 

Mms6. The surface without Mms6 was still treated with Tris buffer for comparison. Binding energy was 

calibrated with Au 4f7/2 (84.0 eV) as a reference. 

SEM was used to visualize the magnetite nanoparticles grown on ODT and gold surfaces 

with and without Mms6 (Figure 4.8 and 4.9).  On ODT surfaces, nothing could be seen except 

crystal grains from polycrystalline gold underneath the ODT monolayer (Figure 4.8a). No clear 

information from surface topography and morphology could be observed in this secondary 

electron image, while the crystallographic contrast of gold grains due to the effect of electron 

channeling44 was shown, which verified that the surface is very flat. Mms6 coating on ODT 

surfaces clearly increased the surface roughness uniformly (Figure 4.8b) resulting from 

formation of protein network. After magnetite nanocrystals were grown on the ODT surface and  
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Figure 4.8 SEM secondary electron images of a) ODT surface, b) Mms6-coated ODT surface, c) magnetite grown 

on ODT surface and d) magnetite grown on Mms6-coated ODT surface. 

Mms6-ODT surface, bright nanoparticles were found attached to the surface. Without ODT, the 

Mms6 coated gold surface looked flat (Figure 4.9a-b) compared to Mms6-ODT surface (Figure 

4.8b), probably because the very small roughness of Mms6 on gold shown in AFM is beyond the 

detection limit of SEM.  Nanoparticles on Mms6 coated gold surface formed very large 

aggregates (up to 2 µm) and were distributed on the surface without any order (Figure 4.9c-d). 

All the bright particles have strong Fe and O signals in energy-dispersive X-ray spectroscopy 

(EDS) spectrum (Figure S4.3), suggesting that they are magnetite nanoparticles. Compared with 

surfaces without ODT, only few of magnetite nanoparticles were left on ODT surface after 

washing (Figure 4.8c), while a large number of fine magnetite nanoparticles including some 

small aggregates uniformly covered the Mms6-ODT surface (Figure 4.8d and 4.9e-f), which is 
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Figure 4.9 SEM secondary electron images with different magnifications of a-b) Mms6-coated gold surface, c-d) 

magnetite grown on Mms6-coated gold surface, e-f) magnetite grown on Mms6-coated ODT surface. 

consistent with AFM results. Figure 4.9e shows the uniform distribution of magnetite 

nanoparticles on Mms6-ODT surface on a much larger scale than could be observed by AFM. 

MFM was used to measure the magnetic response of the magnetite nanoparticles on the 

surfaces. If there is contrast in the MFM scan, it supports the presence of magnetic materials on 
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the surface. Areas with excess amount of magnetite nanoparticles were scanned. Therefore, if the 

MFM image had the same pattern as the AFM image, it may be due to the excess height of the 

surface and not due to the magnetic response. In Figure S4.4, only the magnetite nanoparticles 

grown on the ODT surface show a different contrast pattern on the MFM image than the AFM 

image, which could be an indication of a stronger magnetic response in that case due to more 

well-formed nanocrystals.   

In summary, it was found that Mms6 can form a protein network on the hydrophobic 

ODT coated surface, and then promote the formation of magnetite nanoparticles of uniform sizes 

similar to those seen in nature. The ability of Mms6 to form a network on hydrophobic surfaces 

such as ODT may be due to its amphiphilic property and its demonstrated ability to incorporate 

into a hydrophobic lipid bilayers of liposomes.25 The significant decrease in the contact angle of 

ODT surface after Mms6 coating (Figure 4.3) suggests that the proteins align on the hydrophobic 

surface with hydrophilic C-terminal domains on the top. Here we also show that the network-like 

structure of Mms6 functions in vitro in such a hydrophobic environment. Our previous study has 

indicated that in the bulk solution in the presence of iron ions, Mms6 micelles interact with iron 

ions and prefer to form 2D disk-like or 3D mass-fractal-like aggregates with large surface area, 

which may contribute to formation of large magnetite nanocrystals.26 In this study, the ODT 

monolayer seems to allow Mms6 to self-assemble into a protein network that also provide a large 

surface area for iron binding, which, in turn, enables the formation of magnetic nanoparticles. 

The C-terminal domain of Mms6 is known to be necessary for promoting the magnetite 

formation, and mutants, such as m2Mms6, with changes to the C-terminal domain sequence, no 

longer promote magnetite formation effectively.22, 25 Based on the results of this study, we 

propose that the hydrophobic N-terminal domain of Mms6 embeds in the hydrophobic ODT 
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surfaces, forming a protein network structure. It is worth noting that the Mms6 protein is 

amphiphilic and self-assembles to multimeric micelles in bulk solution,25, 26 and these micelles 

have been shown to exist in solutions under constant equilibrium with the unimeric proteins by 

FPLC analysis of both wild-type and two mutants of Mms6.28 The hydrophobic interaction 

between N-terminal domain of Mms6 and the ODT surface consumes free unimers in solution 

and changes the original equilibrium state to provide more unimers, which results in coating of 

Mms6 on ODT surface after incubation. The Mms6 protein is predicted as a transmembrane 

protein and the transmembrane helix contains only hydrophobic residues.45 The ODT surface 

may create conditions for the protein that are more similar to its native lipid bilayer environment 

of magnetosome membrane, thus facilitating the formation of uniformly sized and more well-

defined magnetite nanoparticles,46 similar to those seen in nature. 

4.5 Conclusions 

We investigated Mms6 for its function of promoting magnetite nanocrystal formation on 

surfaces with different hydrophobicities. It was found that Mms6 on hydrophobic ODT 

monolayer on gold substrates could form a protein network structure that displayed better 

functionality in promoting the formation of uniformly sized magnetite nanoparticles on the 

surface. On the contrary, hydrophilic PEG surfaces exhibited protein resistance. Furthermore, 

Mms6 micelles adsorbed on bare gold surfaces without forming a protein network structure. 

Compared to magnetite grown on the Mms6 coated ODT surfaces, the magnetite nanocrystals 

formed on PEG and gold surfaces were smaller and less magnetic, and more easily washed away. 

Mms6 is believed to be a membrane protein in vivo, and we propose that the N-terminal domain 

of Mms6 interacts mainly through hydrophobic forces with the ODT surface in a way similar to 

Mms6 situated in the membrane in vivo and the C-terminal domain facilitates growth of 
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magnetite nanocrystals. Our results have also shown that Mms6 immobilized on surface by 

hydrophobic interaction can be used as a template for specific magnetite biomineralization on 

surfaces, which provides an effective and cheap bottom-up approach to fabricating magnetic 

devices with magnetite, cobalt doped magnetite47 or cobalt ferrite32 nanoparticles on surfaces at 

room temperature without using harsh chemicals. Moreover, the system in this study is very 

flexible and Mms6 can be exploited for surface magnetic nanomaterials synthesis, by which 

functionalized surfaces or patterned surfaces can used as substrates for synthesis. These surfaces, 

with site-specifically fabricated magnetic nanocrystals, can be further applied to the development 

of sensors or data storage devices. The work also provides a facile way to control the bioinspired 

synthesis by tailoring the hydrophobicity of the surfaces. 
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4.7 Supporting Information (SI) 

 

Figure S4.1 AFM scan of surfaces with Mms6 prior to magnetite nanoparticle synthesis: a) Mms6 coated ODT, b) 

Mms6 coated gold and c) Mms6 coated PEG surfaces; and after synthesis of magnetite nanoparticles: d) 

magnetite grown on Mms6-ODT surface, e) magnetite grown on Mms6-gold surface, and f) magnetite 

grown on Mms6-PEG surface. Scan area 5 μm × 5 μm. Mms6 shows different aggregation on the 

surfaces with different hydrophobicities. 

 

 

Figure S4.2 XRD pattern for the black precipitates collected from suspension in the Mms6-ODT surface sample. 
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Figure S4.3 SEM image (a) and EDS analysis (b) of magnetite grown on Mms6 coated gold surface without ODT 

coating. 

 

Figure S4.4 AFM and MFM scans in the same area of surfaces with magnetite nanoparticles grown on Mms6 coated 

surfaces: ODT, gold and PEG surfaces. Scan area 3 µm × 3 μm. 
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CHAPTER 5. SELF-ASSEMBLY OF DNA FUNCTIONALIZED GOLD 

NANOPARTICLES AT THE LIQUID-VAPOR INTERFACE 

 

Modified from a paper published in Advanced Materials Interfaces¶ 

 

Honghu Zhang, Wenjie Wang, Noah Hagen, Ivan Kuzmenko, Mufit Akinc, Alex Travesset, 

Surya Mallapragada, and David Vaknin* 

 

5.1 Abstract 

Surface sensitive synchrotron X-ray scattering and spectroscopy are used to monitor and 

characterize the spontaneous formation of two-dimensional (2D) Gibbs monolayers of thiolated 

single-stranded DNA-functionalized gold nanoparticles (ssDNA-AuNPs) at the vapor–solution 

interface by manipulating salt concentrations. Grazing-incidence small-angle X-ray scattering 

and X-ray reflectivity show that the non-complementary ssDNA-AuNPs dispersed in aqueous 

solution spontaneously accumulate at the vapor–liquid interface in the form of a single layer by 

increasing MgCl2 or CaCl2 concentrations. Furthermore, the mono-particle layer undergoes a 

transformation from short- to long-range (hexagonal) order above a threshold salt-concentration. 

Using various salts at similar ionic strength to those of MgCl2 or CaCl2 such as, NaCl or LaCl3, 

we find that surface adsorbed NPs lack any order. X-ray fluorescence near total reflection of the 

same samples provides direct evidence of interfacial gold and more importantly a significant 

surface enrichment of the cations. Quantitative analysis reveals that divalent cations screen the 

charge of ssDNA, and that the hydrophobic hexyl-thiol group, commonly used to functionalize 
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the ssDNA, (for capping the AuNPs) is likely the driving force for the accumulation of the NPs 

at the interface. 

5.2 Introduction 

Although by now a plethora of various nanoparticles (NPs) can be produced in large 

quantities, manipulating and organizing them into hierarchical functional structures remains a 

challenge.1–9 Naturally, the primary route to overcome this challenge has been to explore 

conditions that allow controlled self-assembly either by manipulating the medium in which 

the NPs are embedded in and/or by functionalizing them with “smart programmable 

molecules” (complementary single-stranded DNA, for instance).1–9 Specifically organized two- 

and three-dimensional (2D and 3D) NPs have been highly desirable to theoretical engineers 

who conceive metamaterials with novel photonic, electronic and magnetic properties where 

the NPs play similar roles to those of atoms in functional materials such as, insulators, 

semiconductors, or metals.8,10–18 Major advances have been made in the last decade in laying 

out engineering rules for crystallization of 3D1,2,4,6,19–25 and 2D5,26–30 superlattices; however the 

stability, scale of production, and specific organization are hurdles that need to be overcome to 

render these assemblies technological viability. These shortcomings can in part be affected by 

refocusing the exploration to fundamental understanding of molecular length scale 

mechanisms involved in self-assembly. The 2D self-assembly into long- or short-range order 

to a certain extent lessens the complexity inherent in 3D systems providing a suitable 

playground to unraveling the underlying interactions that can in turn be employed to the 

assembly process in 1D, 2D, and 3D structures. Indeed, it has been demonstrated that 

single-stranded DNA-functionalized AuNPs (ssDNA-AuNPs) can form so-called Gibbs layers 

by controlling salt concentrations and even spontaneously crystallize as 2D hexagonal 
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structures at the vapor/solution surfaces.27,28 However, the mechanism by which these DNA-

complexed AuNPs (or any other DNA-complexed NPs) migrate to the vapor/aqueous 

interface, or the forces that lead to crystallization have not been fully addressed yet. We have 

undertaken this synchrotron X-ray study to answer these questions and to determine the 

interactions that lead to the spontaneous accumulation and crystallization of ssDNA-AuNPs 

by manipulating salt concentrations. More details on the preparation of the materials, their 

characterization and the methods we use are provided in the Experimental Section below 

and in the Supporting Information online. Whereas Campolongo and coworkers use parallel 

small-angle X-ray scattering (parSAXS) from a drop-vapor interface27,28 (1.5 µL droplet) which 

can be complicated by bulk scattering requiring spatial mapping of a solution droplet profile, we 

have adopted a more direct grazing-incidence SAXS (GISAXS) approach by scattering from a 

flat solution surface (60 × 60 mm2) using a specialized liquid surfaces spectrometer. 

Furthermore, in addition to in-plane diffraction from the surface, our experimental setup 

expands on previous studies by enabling us to directly measure the reflectivity from the 

surface and more importantly to collect X-ray fluorescence near total reflection of specific 

emission lines from interfacial atoms31 that allow valuable quantification of surface density of 

the NPs and density profile of the ions that induce the migration of the DNA-capped to the 

surface. 

5.3 Results and Discussion 

5.3.1 2D hexagonal superlattice induced by magnesium ions 

Figure 5.1 shows GISAXS patterns as functions of Qy  and Qz  from non-

complementary ssDNA-AuNPs in aqueous suspension with incident beam below the critical 

angle (αc = 0.091 deg.) for total reflection of evanescent wave with finite penetration depth  
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Figure 5.1 GISAXS patterns as functions of Qy and Qz for aqueous solutions of ssDNA-AuNPs (a) in the absence of 

salts and (b) in the presence of 50 mM MgCl2. Intensities are displayed on logarithmic scales. 

into the bulk solution, without salt (a) and with salt (b) in solution. In the presence of 50 mM 

MgCl2 (Figure 5.1b), the pattern exhibits sharp rods due to the formation of a 2D crystalline 

Gibbs layer, and broad circular features associated with the form factor of the AuNPs, while no 

such features are observed in the pattern without any salts (Figure 5.1a). A linecut profile along 

Qy direction at the critical angle from the pattern in Figure 5.1b are shown in Figure 5.2a along 

with a SAXS intensity profile of the bare AuNPs in bulk (obtained separately on a different 

instrument). Figure 5.2b shows the linecut at the low Qy range (Qy < 0.1 Å−1). A fundamental 

diffraction peak (Q1 = 0.0331 Å−1) is followed by peaks with calculated relative positions to Q1 at 

Qi/Q1 ≈ 1:√3: √4:√7 (i = 1−4) indicating the formation of a 2D hexagonal crystalline structure 

(indexed (10), (11), (20) and (21) reflections) with an average inter-particle distance a = 

4π/(√3Q1) = 220 Å. Based on the FWHM (full-width-at-half-maximum) of the first diffraction 

peak (FWHM(10) ≈ 0.0028 Å−1) and the superior resolution function of the spectrometer, we 

estimate the average crystalline diameter to be on the order of 2200 Å implying long-range 2D 

crystalline structure that extends to about 10 × 10 unit cells. In Figure 5.2a, the broad features  
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Figure 5.2 (a) A horizontal linecut profile (black squares) along Qy direction at critical angle (αf = αc = 0.091 deg.) 

integrated over ∆Qz = 6×10 −4 Å−1 in the GISAXS 2D pattern for a Gibbs monolayer of ssDNA-AuNPs 

mixed with 50 mM MgCl2 (Figure 5.1b). Aslo shown is a SAXS pattern (blue diamonds) from bare 

AuNPs dispersed in aqueous solution prior to functionalization with ssDNA with a best fit (red solid line) 

using a form factor of spherical particles with polydispersity described by a Gaussian distribution. Similar 

form factor of spherical nanoparticles is observed in the linecut profile of the GISAXS pattern. The size 

distribution of AuNPs estimated by the best fit is D = 8.9 ± 0.8 nm. (b) The GISAXS linecut profile at 

low Qy range (0.02−0.1Å−1), along with best fit (black solid line) to Lorentzian-shaped Bragg peaks and 

the corresponding peak components (dash lines). The peaks positions ratios with respect to the 

fundamental diffraction peak of ∼1:√3: √4:√7 is consistent with a hexagonal packing of nanoparticles 

with corresponding diffraction indices (10), (11), (20), and (21). The plots in (a) are vertically shifted for 

clarity. 

associated with the form factor that extends to larger Qy (≈ 0.25 Å−1) match those of the bare 

(uncapped) AuNPs strongly suggesting that the electron density of the ssDNA envelop (or 

corona) capping the AuNPs is not significantly different than that of the solution surrounding it. 

This indicates that the scattering from the surface is a superposition of crystalline and non-

crystalline ssDNA functionalized AuNPs as demonstrated in Figure 5.2a. Indeed, in the absence 

of MgCl2 in solution of the same ssDNA-AuNP concentration a corresponding linecut in Figure 

5.3a does not show evidence of form-factor features as those shown in Figure 5.2a indicating that 

the non-complementary ssDNA-AuNPs are well dispersed in the aqueous solution and do not  
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Figure 5.3 Increase of MgCl2 concentrations (0.05−50 mM) promotes formation of a 2D long-range ordered 

hexagonal superlattice of non-base-pairing ssDNA-AuNPs (based on GISAXS) with a mono-particle 

thickness (based on XRR). (a) GISAXS linecut profiles along Qy direction at various MgCl2 

concentrations as indicated and (b) a schematic depiction of the lateral packing of non-base-pairing 

ssDNA-AuNPs at 50 mM MgCl2. (c) Normalized XRR from Gibbs monolayers of non-base-pairing 

ssDNA-AuNPs at various MgCl2 concentrations as indicated and (d) the electron density profile across 

the interface obtained from the best fit to the XRR at 50 mM MgCl2 shown in (c). The inset in (d) is an 

illustration of the surface-normal structure of the 2D superlattice. The plots in (a) and (c) are vertically 

shifted for clarity. 

populate the surface without the addition of salt. Figure 5.3 shows the evolution of the formation 

of the crystalline Gibbs monolayer as a function of the MgCl2 concentration as it is probed by the 

GISAXS (Figure 5.3a) and by X-ray reflectivity (XRR) (Figure 5.3c) from the same samples. 
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Both the GISAXS and the XRR show that gradual increase of salt concentration induces steady 

migration of capped-AuNPs to the surface. At concentrations of ~5 mM short-range order sets in 

and at threshold of ~50 mM, long-range order domains are formed, albeit with dispersed 

uncorrelated particles as discussed above.  

Analysis of the X-ray reflectivity measurements in terms of a single layer yields31,32 the 

best fit (solid line Figure 5.3c) with average layer thickness Δ ≈ 93 Å, electron density ρe ≈ 0.432 

e·Å−3, and surface roughness σ ≈ 6.0 Å. The layer thickness is close to the diameter of the gold 

nanoparticles (89 ± 8 Å) confirming the formation of a mono-particle layer at the vapor/liquid 

interface. Based on the extracted ρe, we estimate the average crystalline coverage on the surface 

at ~25% at the highest salt concentration (see SI for details). Using CaCl2 in solution, to induce 

the formation of ssDNA-AuNP Gibbs layer, yields practically the same behavior as that of 

MgCl2 (see below and see SI). 

Similar results using an equimolar mixture of two types of ssDNA-AuNPs with a 

complementary base-pairing region at the end of ssDNA by adjusting MgCl2 concentrations are 

shown in Figure 5.4. GISAXS and X-ray reflectivity data clearly indicate salt-driven surface-

enrichment of the capped-AuNPs with a threshold concentration ~0.5 mM MgCl2 needed to 

induce short-range in-plane order. However, even for higher salt concentrations, GISAXS and X-

ray reflectivity reveal in-plane and out-of-plane features different from those of the non-

complementary ssDNA-AuNPs monolayer. First, only short-range hexagonal order is observed 

in the GISAXS linecut profile (Figure 5.4a). It is worth noting that the highest tested MgCl2 

concentration is 5 mM as the base-paired ssDNA-AuNPs form large visible precipitates at higher 

salt concentrations. At 5 mM MgCl2 the average inter-particle distance a is ~210 Å (Q1 = 0.0342 

Å−1) in a short-range hexagonal ordering (Figure 5.4b), just slightly smaller than a ~260 Å for  
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Figure 5.4 Increase of MgCl2 concentrations (0.05−5 mM) promotes formation of a 2D short-range ordered 

superlattice of base-pairing ssDNA-AuNPs (based on GISAXS) with a nearly two-particle thickness 

(based on XRR). (a) GISAXS linecut profiles along Qy direction at various MgCl2 concentrations as 

indicated and (b) a schematic depiction of the lateral packing of base-pairing ssDNA-AuNPs at 5 mM 

MgCl2. (c) Normalized XRR from Gibbs monolayers of base-pairing ssDNA-AuNPs at various MgCl2 

concentrations as indicated and (d) the electron density profile across the interface obtained from the best 

fit to the XRR at 5 mM MgCl2 shown in (c). The inset in (d) is an illustration of the surface-normal 

structure of the 2D superlattice. The plots in (a) and (c) are vertically shifted for clarity. 

non-base-paired at 5 mM salt. As discussed above, we estimate the average domain size in the 

short-range order regime to be 2 × 2 unit cells as the grain size is on the order of 500 Å 

(FWHM(10) ≈ 0.0120 Å−1). The decrease of inter-particle distance indicates interdigitation as 
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partial base-pairing takes place among the particles. This is also verified in the bulk by SAXS 

measurements as shown in Figure S5.3 of the SI. This attraction has an effect on multilayering 

the film at the interface as is evidenced by the XRR shown in Figure 5.4c. The XRR shows well-

defined fringes (at 5 mM MgCl2) with a decrease in period compared to that shown in Figure 

5.3c, corresponding to a thicker layer. The best fit parameters (solid line in Figure 5.4c) are Δ ≈ 

180 Å, ρe ≈ 0.37 e·Å−3, and σ ≈ 4.8 Å. Contrary to the mono-particle layer of non-

complementary ssDNA-AuNPs, the electron density profile shows that the nanoparticle film is 

thicker and likely consists of two particle-layers (the diameter of a bare AuNP D = 89 ± 8 Å) as 

expected from the binding of complementary nanoparticles (Figure 5.4d). The reduction in 

electron density of this simple model, compared to the non-complementary system, is likely due 

to the fact that the second layer is incomplete.  

5.3.2 Effect of cations with different valences 

Although the assembly of complementary ssDNA-AuNPs into 3D crystalline structures 

requires the presence of NaCl,1,2,4,8,9,19 for the 2D Gibbs monolayer of non-complementary ssDNA-

AuNPs, it has been demonstrated that MgCl2 as well as NaCl at various ionic strengths can also induce 

2D crystallization. 28 The use of MgCl2 is driven by its function in biological systems, but its role in the 

interfacial accumulation and crystallization of ssDNA-AuNPs still remains unknown. To better 

understand its role, we explore the effect of various mono and multivalent ions at same ionic strength as 

that of MgCl2 concentration that induces the crystallization of the Gibbs layer. Figure 5.5 shows liquid 

surface GISAXS patterns of four salts (NaCl, MgCl2, CaCl2 , LaCl3) at the same level of ionic strength 

(∼150 mM). Whereas NaCl or LaCl3 do not show ordered structures at the interface (Figure 5.5b-c), 

with CaCl2 we find that the GISAXS patterns, and evolution of the Gibbs monolayer as a function of 

CaCl2 is practically the same as those obtained by adding MgCl2 (see more details in Figure S5.2 in the  



122 

 

 
Figure 5.5 GISAXS patterns of non-base-pairing ssDNA-AuNPs in the absence of salts (a), and in the presence of 

(b) NaCl, (c) LaCl3, (d) CaCl2 and (e) MgCl2 at the same ionic strength (IS ≈ 150 mM). The mixture of 

ssDNA-AuNPs and LaCl3 are found to form precipitates. Intensities are displayed in logarithmic scales. 

SI). We find that the ssDNA-AuNP superlattices induced by both divalent salts exhibit long-range 

hexagonal order with a practically identical lattice parameter (a ≈ 220 Å) and grain size (2200−2400 Å) 

clearly demonstrating that these two divalent ions play a similar role in migrating and crystallizing the 

capped AuNPs to the liquid interface. 
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Figure 5.6 Fluorescence signals of (a) gold and (b) calcium (of same samples) integrated below the critical angle αc 

from Gibbs monolayers of non-base-pairing ssDNA-AuNPs at the air-liquid interface for various CaCl2 

concentrations (5 mM and 50 mM) as indicated. A 50 mM CaCl2 solution without any ssDNA-AuNPs 

and an ssDNA-AuNPs solution without CaCl2 are used as references (for control and also for calculating 

surface density of ions at the interface). Each point of intensity is an integration over Qz = 0.015−0.018 

Å−1. 

The observation that the CaCl2 induces self-assembly that is practically identical to that of 

MgCl2 allows us to further explore the 2D Gibbs phenomena with the X-ray fluorescence technique 

near total reflection to directly and element-specifically quantify the interfacial ions. This is important, 

in view of the fact that it is impractical to apply this technique to Mg2+ since the emission-line signals 

from Mg (Kα = 1.25 keV, Kβ = 1.07 keV) are beyond the detection limit of the Vortex EDD as it is set 

up in our study. The X-ray fluorescence spectra below the critical angle αc (at Qz = 0.015−0.018 Å−1) 

with non-base-paired ssDNA-AuNPs and in the absence and presence CaCl2 are shown in Figure 5.6 in 

the energy range of L emission lines of Au (a) and K emission lines of Ca (b). At αi < αc, the 

evanescent X-ray wave (at Qz = 0.015−0.018 Å−1) penetrates into the solution only to a very shallow 

depth (less than 100 Å) along the surface-normal. Figure 5.6a shows the Lα and Lβ emission lines from 

gold for ssDNA-AuNPs dispersed in 0, 5 and 50 mM CaCl2. Whereas the signal from Au is not 

detectable without CaCl2, it shows strong enhancement when the salt is added, providing direct 
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evidence of the interfacial accumulation of ssDNA-AuNPs within the penetration depth of the X-ray 

beam. Meanwhile for the same samples, the corresponding calcium signals (Kα and Kβ emission lines) 

are also observed (Figure 5.6b) with intensities of same trend as that of Au with the increase CaCl2 

concentration. This indicates that the Ca2+ ions migrate with the ssDNA-AuNPs to the surface riding on 

the charged backbone of the ssDNA screening the charges of the PO4
− groups on it. In Figure 5.6b, a 

50 mM CaCl2 solution without any ssDNA-AuNPs (magenta diamond symbols) is used as a reference 

to calibrate the spectral intensity of calcium. We generally find that the signal from bulk ions scales 

with the concentration, so for the 5 mM salt solution we expect a decrease by a factor of 10 compared 

to that with 50 mM. Notably, the calcium signal intensity from the interface of ssDNA-AuNPs solution 

mixed with 5 mM CaCl2 is almost comparable to that of the pure 50 mM CaCl2 solution (without 

AuNPs), suggesting an increase of the molarity at the interface to about 50 mM (i.e., an increase by 

factor of 10). Assuming that ions are homogeneously distributed in the thin illuminated layer, the 

surface concentration of ions can be quantified by integrating the intensity over its energy range and 

normalizing to a reference of known concentration.31 The surface concentration of calcium is estimated 

at 27 mM and 164 mM at the interfaces with ssDNA-AuNPs in the presence of 5 mM and 50 mM 

CaCl2, respectively.  

Table 5.1 Parameters of 2D superlattice of non-base-pairing ssDNA-AuNPs induced by MgCl2 and CaCl2. 

Parameters of the ssDNA-AuNP superlattice 5 mM MgCl2 50 mM MgCl2 50 mM CaCl2 

Lattice parameter of 2D superlattice, a ~26 nm ~22 nm ~22 nm 

Grain size ~75 nm ~220 nm ~240 nm 

Diameter of AuNPs, D 8.9 ± 0.8 nm 8.9 ± 0.8 nm 8.9 ± 0.8 nm 

Number of DNA chains per ssDNA-AuNP, Σ 40−60[29,30] 40−60[29,30] 40−60[29,30] 

Number of Ca2+ cations per ssDNA-AuNPs NA NA 380−1570 

Number of Ca2+ cations per DNA base NA NA 0.15−0.62 
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The corresponding parameters of the 2D superlattices measured by GISAXS, X-ray reflectivity 

and X-ray fluorescence are presented in Table 5.1. Albeit with different parameter space (i.e., DNA 

sequence, particle size, salt species and concentrations), the trends that crystallinity increases and lattice 

constants decrease with salt concentration are similar to a recent study.28 Notice that for the lower 

concentration (5 mM) the lattice constant is significantly larger than that observed with 50 mM, which 

is consistent with our explanation below, i.e., at this concentration the DNA is not yet fully neutral and 

Coulomb repulsion forces make the DNA arms extend and effectively increase the area per particle, as 

also evidenced in the dynamic light scattering results (See SI). In the 2D ssDNA-AuNP superlattice 

layer there are approximately 0.15−0.62 Ca2+ ions associated with each DNA base, suggesting that the 

divalent cations roughly balance the charge of the phosphate backbones of the DNA chains. 

Although charge screening of DNA chains may lower the solubility of ssDNA-AuNPs, this by 

itself cannot drive the capped-NPs to the surface. To confirm that, we have conducted control 

experiments (X-ray reflectivity and fluorescence of Ca), with pure single-stranded DNA (same 

sequence without thiol modification as that used to functionalize the AuNPs) in solution and found that 

the addition of CaCl2 to the solution (even close to 1 M CaCl2) does not drive the DNA to the surface. 

So, the question is, what drives the ssDNA-AuNP-Ca complex to the surface and what is mechanism 

by which it crystallizes? It is worth noting that the thiol modification at the end of a DNA always 

contains a short hydrophobic carbon chain (in our case, −(CH2)6−) in all research related to ssDNA-

AuNPs (Table S5.1), and the cumulative effect on each ssDNA-AuNP is equivalent to 40−60 carbon 

chains. We argue that, by adding salt to the solution and screening charges on the DNA, the net effect is 

a gradual predominance of hydrophobic effects. That is, the hydrophobicity of the carbon chains 

becomes dominant after charge screening the soluble DNA, leading to the formation of a Gibbs layer of 

ssDNA-AuNPs. Thus, the interfacial accumulation of ssDNA-AuNPs results from the hydrophilic 
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polyelectrolyte-like properties of DNA and the presence of hydrophobic carbon chains. We 

hypothesize that the interface becomes saturated as the hydrophobic hydrocarbon chains outbalance the 

affinity of DNA to water at the threshold concentration that induces 2D crystallization. Now, we 

estimate the critical salt concentration at which ssDNA-AuNPs become completely insoluble. In the 

ssDNA-AuNPs solution, water molecules are in contact with the Au core and fully solvate the 

hydrocarbon chains (See details in SI). The difference in chemical potential for transferring alkane from 

water to air is estimated from the surface tension of hydrocarbons γs ≈ 50 mJ·m−2. With a hydrocarbon 

van der Waals radius, rvdW , of ~2 Å, it gives a surface area of m-hydrocarbons Am = 2πmrvdWlCH2 when 

considering a carbon chain as a cylinder (lCH2 ≈ 1.27 Å, A6 ≈ 96 Å2 for −(CH2)6−), thus the free energy 

per chain for transferring from water to air,33  

TcmkAγΔG Bms hydro
                        (5.1) 

where c = 1.94, kB is the Boltzmann’s constant, T = 298 K. The electrostatic free energy, which favors 

solubility of DNA, is estimated as  
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where n is the number of bases in ssDNA, Xi is the molar fraction of the salt in water, q1 and q2 are 

charges of cations and the PO4
− group in the DNA, ε0 is vacuum permittivity, εr = 78.5 is relative 

permittivity of water at 298 K, and dmin is the minimum distance between the cation and the PO4
− group 

(the sum of two ionic radii). This is a generalization of a similar argument used to compute the 

solubility of simple salts.33 The critical salt concentration above which all nanoparticles will transfer to 

the interface occurs when ΔGhydro + ΔGelec = 0, yielding a threshold salt concentration for crystallization 

  Tkd

qq

n

cm

c
Br min0

21

4
55.5esalt




              (5.3) 
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where the constant 55.5 is a conversion to mole per litter. The calculated critical concentration for 

different salts are listed in Table 5.2, using the ionic radii from Ref. 34 (we use the radius of the OH− 

group, 1.33 Å, to represent the O− in the PO4
− anion).  These values give fairly reasonable estimates, 

which are comparable to the experimental values obtained at concentrations that induce crystallization. 

Overall, these calculations are less sensitive to the number of bases per chain, n, but more to ionic radii 

and valence. We note that the concentration of LaCl3 we used (based on the ionic strength of MgCl2) is 

much higher than the calculated critical concentration for which precipitates of NPs form and no 

surface crystallization is observed (see Figure 5.5).  By contrast, adding NaCl at ionic strength (150 

mM) is too low to induce the 2D crystallization (see Figure 5.5) as shown in Table 5.2.  

Table 5.2 Measured and calculated critical solubility concentration (in M) for ssDNA-AuNPs with n = 50 bases in 

DNA chains using Equation 5.3. 

Cations Calculated Measured 

Na+ 2.1 ~1.2−2.1[28] 

Ca2+ 0.096 0.05 

Mg2+ 0.042 0.05 

La3+ 0.0054 NA 

 

As for the crystallization of the ssDNA-AuNP-Ca complex we argue that it results from 

electrostatic correlations among interdigitated salt-neutral DNA strands in similar fashion to ionic 

crystals. For overall neutral (see Table 5.1) but charged nanoparticles, the energy is minimized when 

charges are as closely packed together as possible. Thus, nearest neighbor nanoparticles will experience 

an electrostatic attractive force (See more details in SI).  

There are a few consequences to our study: 1. The common functionalization of AuNPs with 

thiolated-ssDNA introduces hydrophobic/hydrophilic character to the complexed DNA-AuNPs that by 

regulating salt concentration or pH can drive the complex to the surface. There is a gradual enrichment 

of capped-AuNPs with the increase of divalent salt such that at minute salt concentrations the particles 
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at the aqueous surface are not correlated. Increasing the salt concentrations enriches the surface further 

and the particles exhibit short-range order, and above a threshold concentration (~50 mM for divalent 

ions) 2D crystallization occurs. We note that the lattice constant gradually shrinks with the increase of 

salt concentration as the DNA becomes more and more neutral and repulsive electrostatic forces 

between DNA arms become weaker. 2. The reasonable agreement of calculated and measured critical 

salt concentration for crystallization at the surface strongly suggests for the non-complementary 

ssDNA-AuNP system the DNA plays electrostatic role with similar outcome if it is replaced by a 

simpler polyelectrolyte, consistent with conclusions of a recent study.28 We note that in this study we 

used ssDNA of one length, but intuitively and inspection of Equation 5.3 clearly shows that the 

threshold crystallization concentration scales with the length of the DNA; namely, the longer the DNA 

is, the more salt is required for crystallization. In addition, we expect the lattice constant in the short- 

and long-range order phases to scale with the DNA length, as reported by other groups with similar 

material systems.27–29 3. Electrostatic correlations among interdigitated ssDNA induce an attractive 

interaction that drives the 2D crystallization. These electrostatic interactions, however, are too weak 

against DNA hybridizations driven by complementary strands when those are present. It is worth 

noting that all procedures for 3D crystallization ssDNA-AuNPs with complementary base-pairing 

require temperature cycling up to the melting temperature of base-paired DNA. We have not conducted 

such temperature cycling procedure. 

5.4 Conclusion 

Using surface-sensitive grazing incidence X-ray scattering and spectroscopic techniques, we 

have determined the role that salts play in inducing spontaneous formation of Gibbs monolayers from 

solutions of ssDNA-AuNPs at the vapor-liquid interface. GISAXS and XRR results demonstrate that 

for ssDNA-AuNPs, without complementary partners, gradual increase of the divalent ion (Mg2+ and 
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Ca2+) concentrations steadily increases the migration of the particles to the surface and that beyond a 

threshold concentration, the mono-particle layer transforms from short- to long-range-in-plane order, 

consistent with a recent study that used similar ssDNA-AuNPs.28 X-ray fluorescence provides 

quantitative cation enrichment at the surface that is correlated with charge screening of the DNA. 

Charge screening of DNA with cations, and the hydrophobicity of ssDNA-AuNPs due to the 

hydrocarbon chains accompanying the thiol group that modifies the DNA, account for the interfacial 

accumulations of nanoparticles. We also find that for the same ionic strength, monovalent (NaCl) and 

trivalent (LaCl3) salts are much less effective than their divalent counterparts (MgCl2 and CaCl2) in 

migrating and inducing 2D crystallization. According to our measurements and model estimates, the 

formation of the Gibbs layer is not a function of the ionic strength but results from an interplay between 

hydrophobic forces and counterion polyelectrolyte electrostatics for which quantitative arguments are 

provided in this manuscript. Whereas crystallization with relatively long-range 2D order develops in 

the presence of divalent cations for ssDNA-AuNPs with non-base-paired partners, for complementary 

base-paired ssDNA-AuNPs solution, only 2D short-range ordering is observed with two interfacial 

layers. The main message of this study is that there is a hydrophobic “price” to adding the thiol group 

to ssDNA to functionalize AuNPs that may inadvertently affect the outcomes (favorable or not), 

nevertheless pointing to a new direction, where hydrophobicity and electrostatic (i.e., hydrocarbons and 

polyelectrolytes) can be used cooperatively to design and control organic and inorganic structures and 

their functions at interfaces. 

5.5 Experimental Section 

5.5.1 Sample preparation 

Gold nanoparticles of 10 nm nominal diameter were purchased from Ted Pella and their 

actual distribution size measured by small-angle X-ray scattering (SAXS) is determined to be 8.9 
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± 0.8 nm (see details in Figure 5.2a). The 5’-thiolated single-stranded DNA was purchased from 

Integrated DNA Technologies as disulfides and the sequences are shown in Table S5.1. The 

single-stranded DNA functionalized gold nanoparticles (ssDNA-AuNPs) were synthesized 

according to published proceduresl9,35–37 with slight modifications. Briefly, the disulfide was first 

cleaved in 50 mM dithiothreitol (Pierce Biotechnology, Thermo Scientific) solution for 30 min, 

followed by purification on a freshly flushed NAP-5 column (Sephadex G-25 DNA grade, GE 

Healthcare) with Millipore water (18.2 MΩ·cm). The cleaved thiolated ssDNA was quantified 

with a UV–visible spectrophotometer and then mixed with gold nanoparticles in an approximate 

ssDNA/AuNP molar ratio of 300. The mixture of AuNPs and thiolated ssDNA was allowed to 

incubate in a non-buffered solution at room temperature under orbital shaking for about half a 

day. The mixture of ssDNA and nanoparticles were buffered with a phosphate buffer (100 mM 

phosphate, pH 7.0) and the phosphate concentration was brought up to 10 mM. The mixture was 

annealed at room temperature for about 2 hours. In the salting process, the NaCl concentration of 

the mixture was initially increased to 0.025 M with another phosphate buffer (10 mM phosphate, 

2 M NaCl, pH 7.0). The solution was sonicated for 10 seconds, followed by a 1-hour incubation 

period at room temperature. Then the buffer containing 2 M NaCl was added to the mixture 

stepwise so that the NaCl concentration was gradually increased to 0.1 M with 0.025 M 

increments for each step, and finally to 0.5 M with every 0.05 M increments. Each step also 

consists of 10-seconds sonication and additional 30-min incubation. The final mixture was aged 

at room temperature with orbital shaking for one day to allow for maximum DNA loading. The 

as-prepared ssDNA-AuNPs were washed with Millipore water at least three times with 

centrifugation (at 20000 g × 1 hour). The concentration of ssDNA-AuNPs was determined by 
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UV–vis analysis. The number of ssDNA chains loaded on each AuNP was reported to be 40–60 

for the thiolated ssDNA and similar size AuNPs used in this work.29,30  

5.5.2 Liquid surface X-ray scattering setup 

A home-built square Teflon trough (60 mm × 60 mm) containing ssDNA-AuNPs 

solutions is placed in a sealed enclosure for X-ray scattering measurements. Typically, 9 mL of 

4–5 nM ssDNA-AuNPs dispersed in Millipore water is added to the trough and the salt 

concentration is elevated to a certain level with high concentration salt solution. The chamber is 

sealed and air is displaced by flowing water-saturated helium to minimize radiation damage and 

reduce background scattering from air. Meanwhile, the ssDNA-AuNPs-salt-solution is allowed 

to equilibrate for ∼30 min, and the trough is continuously purged with water-saturated helium to  

 

Figure 5.7 A schematic of the experimental setup of liquid surface X-ray scattering measurements for 2D self-

assembly of nanoparticles at the air-liquid interface. A monochromatic X-ray beam with the wavevector 

ki illuminates the liquid surface at an incident angle with respect to the surface, αi. The beam is scattered 

by the electron density variations at the surface and displayed at a corresponding exit angle αf and in-

plane scattering angle ψ. The grazing incidence small-angle X-ray scattering (GISAXS) pattern is 

collected by an area detector. The X-ray reflectivity (XRR) (αf = αi, ψ = 0°) is recorded using a point 

detector and expressed as a function of Qz, (  izQ sin4 ). The X-ray fluorescence (XRF) excited 

from the surface is measured at different Qz values with an energy dispersive detector (EDD) which 

collects the emitted signals along the surface-normal direction. 
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maintain a low oxygen level. Then, a highly monochromatic and collimated X-ray beam 

illuminate the liquid surface at an incident angle of αi to obtain GISAXS, X-ray reflectivity and 

fluorescence (see Figure 5.7). 

The 9ID-B liquid surface spectrometer (LSS) at the Advanced Photon Source (APS), 

Argonne National Laboratory was used for this study and was tuned to a monochromatic beam E 

= 13.474 keV (wavelength λ = 0.920 Å; and wave-vector k0 = 6.8295 Å−1). The illustration in 

Figure 5.7 shows the experimental setup that allows a combination of the grazing incidence 

small-angle X-ray scattering (GISAXS), X-ray reflectivity (XRR) and X-ray fluorescence (XRF) 

from the same samples. The lateral packing of nanoparticles self-assembly at the interface is 

determined from the GISAXS at αi = 0.075 ° for which the scattered beam is collected by a 2D 

Pilatus100k detector (pixel size 172 µm). The sample-to-detector distance is calibrated with a 

silver behenate standard. The scattering is displayed as a (Qy, Qz) 2D map where 

 2sincos2 0  fy kQ   and  
fiz kQ  sinsin0   (Figure 5.7). The XRR intensity as a 

function of Qz, (  izQ sin4 ), measured with a point detector, provides the electron density 

profile normal to the surface by non-linear least square fit to a model system.[3l,32] The 

combination of GISAXS and XRR presents the in-plane and surface-normal structural evolution 

of Gibbs monolayer of nanoparticles. Since salts play a critical role in Gibbs monolayer 

formation, XRF measurements are conducted at different Qz using a Vortex energy dispersive 

detector (EDD) and used to determine quantitatively the density of specific ions that migrate 

from the salt bulk solution to the interface (more details can be found in elsewhere38). The 

fluorescence from pure salt solution in the absence of nanoparticles in solution serves as a 

reference to calibrate the detected intensity to obtain enriched ion densities at the surface. 
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5.7 Supporting Information 

5.7.1 Properties of DNA functionalized gold nanoparticles 

Table S5.1. The DNA sequences (5’ to 3’) used in this work. The thiol modification at 5’-end of DNA consists of a 

thiol group (−SH) and a carbon chain region (−(CH2)6−). The two types of DNA strands both have 50 

bases in total and they share an identical non-base-pairing region of 35 bases including a polythymine 

spacer (−T12−) bound to the carbon chain. They also contain a complementary region of 15 bases at 3’-

end for hybridization with each other. 

 

Type Sequence (5’ to 3’) 

Thiol modified DNA – A 
HS−C6H12−TT TTT TTT TTT TCG TTG GCT GGA TAG CTG 

TGT TCT TAA CCT AAC CTT CAT 

Thiol modified DNA – A’ 
HS−C6H12−TT TTT TTT TTT TCG TTG GCT GGA TAG CTG 

TGT TCT ATG AAG GTT AGG TTA 

The maximum length of a stretched ssDNA molecule consisting of n bases is ndb, where 

db ≈ 6.5 Å, is the length per base. The diameter of ssDNA is ds = 10 Å.  

The maximum radius of ssDNA-AuNPs is defined as  

bthiolnpmax ndlRR  ,        (S5.1) 
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Figure S5.1 Dynamic light scattering (DLS) measurements of nanoparticles under different conditions as indicated. 

Table S5.2 Hydrodynamic size of nanoparticles under different conditions measured by DLS. 

 

Nanoparticles Hydrodynamic (nm) 

Bare AuNPs in water 9.2 ± 2.3 

ssDNA-AuNPs in water 39.4 ± 11.1 

ssDNA-AuNPs in 50 mM MgCl2 25.8 ± 6.5 

 

where Rnp is radius of bare AuNPs, and lthiol is length of a hexyl-thiol group attached to AuNPs. 

In this study, the maximum radius of ssDNA-AuNPs with Rnp = 45 Å, lthiol ≈ 10 Å, and n = 50 is 

estimated as Rmax ≈ 380 Å, or equivalently, a diameter of 76 nm. The diameter of ssDNA-AuNPs 

dispersed in water measured by dynamic light scattering is 39.4 ± 11.1 nm and the size 

distribution extends up to 100 nm, which is consistent with the estimated maximum radius Rmax. 

But in the presence of MgCl2, the ssDNA-AuNP radius is considerably lower (~26 nm). In the 

2D crystals at the liquid interface, the NP radius is more compressed (~ 22 nm). 

There are about ΣDNA = 50 DNA strands per NP, which gives a molecular area of DNA 

on the surface of AuNPs 
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which, given the diameter of the DNA (ds = 1 nm), implies that water is in contact with the Au 

core and fully solvating the hydrocarbon chains. 

5.7.2 Estimating surface density of ssDNA-AuNP crystals 

The following estimate of surface coverage of crystalline AuNPs is based on a space 

filling model using the electron density of one box model (ρe ≈ 0.432 e·Å−3, Δ ≈ 93 Å) extracted 

from the XRR and the 2D crystalline structure determined by GISAXS. 

The electron density of pure gold is ρAu = 79ρNA/MAu = 4.66 e·Å−3, where ρ = 19.3 

g·cm−3, NA = 6.02×1023 mol−1 and MAu = 196.97 g·mol−1 are bulk gold density, Avogadro 

number and atomic weight of gold, respectively. Assuming that a 2D crystalline AuNP unit cell 

has a thickness of Δ in the box, the volume fraction of AuNPs is ϕ = Vnp / (ΔA2D) ≈ 9.5 %, where 

the volume of an AuNP is Vnp = πD3/6 ≈ 3.7×105 Å3, and the area of a 2D unit cell is A2D = 

√3a2/2 ≈ 4.2×104 Å2. Using the space filling model, the electron density of 2D crystalline 

structure is ρ2D = ϕρAu + (1 − ϕ)ρw = 0.743 e·Å−3, where the electron density of pure water is ρw 

= 0.334 e·Å−3 (assuming the contribution of the DNA strands to the ED is the same as that of 

water, which is justified by our scattering results). Applying these numbers we find that the 

surface coverage of crystalline AuNPs is (ρe − ρw) / (ρ2D − ρw) ≈ 25 %. 
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5.7.3 2D hexagonal superlattice induced by CaCl2 

 

Figure S5.2 Formation of a long-range ordered 2D superlattice from base-pairing ssDNA-AuNPs in the presence of 

CaCl2. (a) GISAXS linecut profiles along Qy direction and (b) normalized X-ray reflectivity from Gibbs 

monolayers of ssDNA-AuNPs in the presence of CaCl2 with different concentrations (0.05−50 mM). 

The curves are vertically shifted for clarity. The normalized X-ray reflectivity from Gibbs monolayers 

of ssDNA-AuNPs mixed with 50 mM MgCl2 is plotted in (b) for comparison. (c) The GISAXS linecut 

profile of ssDNA-AuNPs mixed with 50 mM CaCl2 (black square) at low Qy range (0.02−0.1Å−1) and a 

best fit (black solid line) with a Lorentzian-shaped Bragg peaks (dash lines). The peaks positions ratios 

with respect to the first-order peak of ∼1:√3: √4:√7 reveal a hexagonal packing of nanoparticles with 

corresponding diffraction indices (10), (11), (20), and (21). This pattern is practically the same as that 

observed for the same nanoparticle system with MgCl2 (See Figure 5.2). 
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5.7.4 SAXS of complementary ssDNA-AuNPs mixed with MgCl2 

 

Figure S5.3 SAXS intensity profiles of base-paired ssDNA-AuNP suspension in the absence of salt (blue circles) 

and in the presence of 0.1 mM (red triangles) and 5 mM MgCl2 (black squares). Without any salts, the 

intensity solely comes from form factor of AuNPs, while extra structural correlations between AuNPs 

(see gray arrows) show up when MgCl2 is added. This reveals that base-pairing takes place in the 

system of complementary ssDNA-AuNPs mixed with MgCl2. To obtain 3D crystalline structures, 

recycling the temperature to the melting temperature of DNA a few times is necessary,4 but has not 

been done in this study. The curves are vertically shifted for clarity. 

5.7.5 Attractive force driven crystallization 

At the critical salt concentration [salt]c the interface is practically saturated, but usually 

this is not a sufficient condition for crystallization to occur.33 We argue that crystallization occurs 

as a result of attractive forces between capped AuNPs by aligning positive and negative charges 

(as in ionic crystals) that by analogy yields cohesion energy 

D1

2121 ~  qqdqqE  ,        (S5.3) 

where γ is the Madelung constant and d is the average inter-ions distance. The cohesive energy 

can also be expressed in terms of the ionic density ρ and dimension D of the system. Clearly, the 
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energy is minimized when the density is largest, which implies two nanoparticles will maximize 

their interdigitation (and thus attract each other). This attraction will continue until it is balanced 

by the unfavorable free energy of stretching the DNA. It is possible to account for DNA 

stretching and thus estimate the amount of overlap between two DNA-AuNPs, but this 

calculation is beyond the scope of this manuscript. We also note that experimentally we find that 

center-to-center distance is significantly smaller than the maximum radii Rmax. 
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CHAPTER 6. MACROSCOPIC AND TUNABLE NANOPARTICLE SUPERLATTICES 

 

Modified from a paper published in Nanoscale⊥ 

 

Honghu Zhang, Wenjie Wang, Surya Mallapragada, Alex Travesset, and David Vaknin* 

 

6.1 Abstract 

We describe a robust method to assemble nanoparticles into highly ordered superlattices 

by inducing aqueous phase separation of neutral capping polymers. Here we demonstrate the 

approach with thiolated polyethylene-glycol-functionalized gold nanoparticles (PEG-AuNPs) in 

the presence of salts (for example, K2CO3) in solutions that spontaneously migrate to the liquid–

vapor interface to form a Gibbs monolayer. We show that by increasing salt concentration, PEG-

AuNP monolayers transform from two-dimensional (2D) gas-like to liquid-like phase and 

eventually, beyond a threshold concentration, to a highly ordered hexagonal structure, as 

characterized by surface sensitive synchrotron X-ray reflectivity and grazing incidence X-ray 

diffraction. Furthermore, the method allows control of the inplane packing in the crystalline 

phase by varying the K2CO3 and PEG-AuNPs concentrations and the length of PEG. Using 

polymer-brush theory, we argue that the assembly and crystallization is driven by the need to 

reduce surface tension between PEG and the salt solution. Our approach of taking advantage of 

the phase separation of PEG in salt solutions is general (i.e., can be used with any nanoparticles) 

                                                 

⊥ Reprinted with permission of Nanoscale 2016, DOI: 10.1039/C6NR07136H. Copyright © 2016 The Royal Society 

of Chemistry. 
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leads to high-quality macroscopic and tunable crystals. Finally, we discuss how the method can 

also be applied to the design of orderly 3D structures. 

6.2 Introduction 

Self-assembly of nanoparticles and molecular-scale building blocks into hierarchically 

designed ordered structures provides a promising route for the production of metamaterials and 

nanodevices through bottom-up approaches.1–6 Particularly, chemically stable gold nanoparticles 

(AuNPs) that seem to possess desirable optical and electrical properties have been assembled 

into three-dimensional (3D) ordered structures by use of complementary single-stranded DNA or 

DNA origami with unique programmable features.4–8 Concomitantly, two-dimensional (2D) self-

assembly of AuNPs at solid– or vapor–liquid interfaces have also been developed,9–11 providing 

valuable understanding of general mechanisms involved in self-assembly that can be readily 

applied in other dimensions. Employing a self- and guided-assembly approach, it has been 

shown that capped AuNPs, AgNPs, or magnetite with various surfactants (including thiolated-

acyl chains, -PEG, and others) can be manipulated in a Langmuir trough to form ordered 2D 

domains, which can be transferred to solid support by the Langmuir–Blodgett technique for 

further applications.12–21 Recently, it has been shown that unpaired thiolated ssDNA 

functionalized AuNPs (ssDNA-AuNPs) self-assemble and crystallize at gas–solution interfaces 

spontaneously simply by tuning various salts concentrations.22–24 These studies established that 

the complexed ssDNA-AuNP is amphiphilic in character by virtue of the polyelectrolytic nature 

of DNA that competes with the hydrophobicity that is inadvertently introduced in the thiolating 

process of DNA.24 Another approach to 2D assembly exploits electrostatic interactions between 

a positively charged template formed by a Langmuir monolayer and the negatively charged 

ssDNA-AuNPs or even unfunctionalized (bare) AuNPs.25–27 These studies point to the possibility 
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that the functionalizing DNA can be replaced by macromolecules that display intrinsic 

amphiphilic character. Thus, inspired by our findings,24 we have embarked on a robust approach 

to explore the interfacial and 3D self-assembly of gold nanoparticles by functionalizing them 

with polyelectrolytes and amphiphilic polymers. Here, we report on the properties and self-

assembly of polyethylene-glycol (PEG)-functionalized AuNPs (PEG-AuNPs). PEG is a 

remarkable linear polymer that resides on the hydrophobic/hydrophilic edge where one or the 

other (hydrophobic or hydrophilic) can be readily tweaked by varying salts concentrations, pH, 

and temperature.28,29 These properties of PEG mixed with dextran or salts have been widely used 

in the separation and extraction of macromolecules and organelles of cells by the so-called 

aqueous biphasic systems technique (ABS).30–32 Owing to PEG’s biocompatibility and the low 

cytotoxicity of Au, studies of PEG-AuNPs have been focused towards nanomedicine 

applications.33–35 In this study, grazing incidence small-angle X-ray scattering (GISAXS) and X-

ray reflectivity (XRR) are used to determine the in-plane structure and surface-normal density 

profile, respectively, of self-assembled PEG-AuNPs at the vapor–liquid interface by 

manipulating the concentration of a specific salt, K2CO3 that has been efficiently used in 

ABS.30,31 The evolution of 2D PEG-AuNP superlattice formation is systematically studied with 

two kinds of PEG (molecular weight of 6000 and 800 Da) by manipulating K2CO3 and PEG-

AuNP concentrations. 

6.3 Experimental 

6.3.1 Reagents and materials 

Poly(ethylene glycol) methyl ether thiol (PEG-SH; Sigma-Aldrich) with average 

molecular weight of 800 and 6000 g mol−1 (the number of monomers Nr = 18 and 136, 

respectively; Kuhn length b = 7.24 Å; see the ESI) was dissolved in degassed Millipore water 
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with slight sonication. The freshly-prepared PEG-SH solution was added to aqueous suspension 

of citrate-stabilized gold nanoparticles (AuNPs, with nominal size of 10 nm; Ted Pella) in large 

excess (molar ratio of PEG-SH/AuNP ≈ 6000) under vigorous stirring. The mixture of PEG-SH 

and AuNPs was gently stirred at room temperature for one day to allow for maximum PEG 

loading after ligand exchange. The as-prepared PEG-AuNPs were 

concentrated via centrifugation (at 20 000g × 1 h). The supernatant was discarded and the 

precipitate was collected and redispersed in Millipore water. This washing process with 

centrifugation and redispersion was done at least twice prior to further measurements. The 

concentration of PEG-AuNPs was determined by UV-Visible absorption measurements. 

Aqueous solution of potassium carbonate (anhydrous, K2CO3; Fisher Scientific) was prepared 

and mixed with PEG-AuNPs suspensions at desired concentrations of K2CO3 (0.05–1000 mM) 

and PEG-AuNPs (0.05–10 nM) prior to X-ray measurements. We note that PEG-AuNPs form 

visible precipitates at 1 M K2CO3 after overnight incubation, while they are stable as suspension 

for months at low K2CO3 concentrations. 

6.3.2 Experimental setup 

Specular X-ray reflectivity (XRR) and grazing incidence small-angle X-ray scattering 

(GISAXS) measurements were conducted on the liquid surface spectrometer (LSS) at beamline 

9ID-B, Advanced Photon Source (APS), Argonne National Laboratory. The aqueous solution of 

the PEG-AuNPs in absence and presence of K2CO3 was contained in a shallow trough (surface 

area 6 × 6 cm2 and enclosed in gas tight canister) where the aqueous surface was illuminated 

with a highly collimated and monochromatic X-ray beam (photon energy E = 8.0 keV and 

wavelength λ = 1.5497 Å). For an XRR measurement, a point detector (Bicron) that moves 

within the scattering plane, was used to collect the X-ray reflection from the surface at the exit 
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angle (with respect to the surface) αf in such way that αf = αi, αi being the X-ray incident angle 

with respect to the surface. The reflectivity, R, is measured as a function of Qz that equals (4π/λ) 

sin αi and is the z-component (along the surface normal) of the moment transfer Q. The trough 

was allowed to move laterally to provide fresh portions of the surface in the course of the 

reflectivity measurement. For a GISAXS measurement, a digital, two-dimensional Pilatus 100K 

detector (487 × 195 pixels, 172 × 172 μm per pixel) was placed downstream from the sample and 

was calibrated with the standard calibrating material, i.e., silver behenate powder. The GISAXS 

intensity was obtained as a function of the three orthogonal components denoted as (Qx, Qy, Qz), 

where Qz component is along the surface normal, while Qx and Qy components are parallel to the 

liquid surface. In this study, Qy is defined as parallel to the detector surface while Qx ≈ 0. Thus, 

the magnitude of the in-plane scattering vector, Qxy, defined as 22

yx QQ  , is practically 

equivalent to Qy. In the small angle regime, Qy ≈ (4π/λ)θ, 2θ being the in-plane scattering angle. 

The X-ray exposure time and incident beam attenuation are carefully chosen in such way that 

each GISAXS frame has a good signal to noise ratio and sample radiation damage is minimal. 

The trough was sealed in a canister that has Kapton windows for X-ray passage. It was purged 

with water-saturated helium in the course of the X-ray measurements to minimize the 

background scattering and radiation damage. More experimental details can be found 

elsewhere.36 Solution small-angle X-ray scattering (SAXS) experiments for determining the size 

of the nanoparticles in suspension were performed at beamline 12ID-B at APS with similar 

setups employed for biomolecules before.27,37 

6.4 Results and Discussion 

GISAXS patterns as functions of Qxy and Qz for aqueous solutions of PEG6k-AuNPs 

without salts and with 500 mM K2CO3 are shown in Figure 6.1a. In the absence of salts, sector-



146 

 

shaped and broad circular features at low and high Qxyranges originate from the form factor of 

PEG6k-AuNPs, which is dominated by the bare form factor of AuNPs (see ESI).24,27 This 

indicates that PEG6k-AuNPs spontaneously accumulate at the interface without any salts in 

solutions albeit dispersed at low coverage. As shown in Figure S6.1, the corresponding GISAXS 

pattern of unfunctionalized (bare) AuNPs without PEG does not show any features associated 

with the form factor. Although GISAXS patterns from aqueous solutions of pure PEG6k without 

or with salts do not show any features different from water surface in the current Qxy window 

 

Figure 6.1 K2CO3 induced 2D superlattices of PEG6k-AuNPs at the vapor–liquid interface. (a) GISAXS patterns as 

functions of Qxy and Qz for aqueous solutions of 5 nM PEG6k-AuNPs in the absence of salts and in the 

presence of 500 mM K2CO3. Intensities are displayed on logarithmic scales. (b) Horizontal linecut 

profiles along Qxy direction at Qz = 0.020 Å−1 integrated over Qz range 5 × 10−3 Å−1 in the GISAXS 2D 

patterns for Gibbs monolayers of PEG6k-AuNPs in the absence of salts (circles) and in the presence of 

500 mM K2CO3 (squares). Solid lines are guides to the eyes. The arrows point to the calculated positions 

of higher orders Bragg reflections based on the fundamental diffraction peak of a 2D hexagonal lattice. 

The plots are vertically shifted for clarity. (c) The extracted structure factor, S(Qxy), profile at low Qxy 

range (0.02–0.1 Å−1) for the Gibbs monolayer of PEG6k-AuNPs mixed with 500 mM K2CO3. The peak 

positions ratios with respect to the fundamental diffraction peak of 1:√3:√4:√7:√9… reveals a hexagonal 

packing of nanoparticles with corresponding diffraction indices (10), (11), (20), (21), (30) and higher-

order Bragg reflections. 
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 (Figure S6.1), PEG itself has been reported to form Gibbs monolayers at the air–water 

interface.28,29,38–40 Clearly, PEG drives the functionalized PEG6k-AuNPs to the gas–water 

interface. However, as the GISAXS pattern shows, the particles are not correlated. By contrast, 

in the presence of 500 mM K2CO3, up to 5 sharp Bragg rods become apparent, evidencing the 

formation of a long-range ordered crystalline layer of PEG6k-AuNPs at the interface. Figure 

6.1b shows horizontal linecut profiles along Qxy direction (at Qz = 0.020 Å−1) from the GISAXS 

patterns in Figure 6.1a. The linecut profile from PEG6k-AuNPs mixed with 500 mM 

K2CO3 represents a combination of both form factor (see SAXS data from bulk solution in 

Figure S6.2) and structure factor.24,27 The extracted structure factor at the low Qxy range (0.02–

0.1 Å−1) is plotted in Figure 6.1c. The diffraction peak-positions ratios with respect to the 

fundamental peak (Q1 = 0.0225 Å−1) satisfy Qi/Q1 ≈ 1:√3:√4:√7:√9…(i = 1–9) revealing the 

formation of a long-range ordered 2D hexagonal superlattice of AuNPs with an inter-particle 

distance of aL = 4π/(√3Q1) = 322 Å, where the corresponding diffraction peaks are indexed as 

(10), (11), (20), (21), (30) and higher-order Bragg reflections. This demonstrates that 

K2CO3 plays a crucial role in promoting interfacial self-assembly and crystallization of PEG6k-

AuNPs. Recently, single-stranded DNA functionalized AuNPs (ssDNA-AuNPs) have been 

found to form a Gibbs monolayer and crystallize as hexagonal superlattices at the vapor–liquid 

interface.22–24 Here, the PEG6k-AuNP/K2CO3 exhibits much higher crystalline quality 

exemplified by nine Bragg reflections. Below, we describe the evolution of PEG6k-AuNP 

superlattices systematically by regulating K2CO3 or PEG-AuNP concentrations.  

The GISAXS patterns in Figure 6.2a for aqueous solutions of 5 nM PEG6k-AuNPs mixed 

in varying amounts of K2CO3 in the range of 0.05 mM–1 M indicate in-plane structural 

transformations from uncorrelated to short-range ordering, and eventually to long-range hexago- 
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Figure 6.2 In-plane structure evolution of 2D superlattices from aqueous solutions of 5 nM PEG6k-AuNPs at various 

K2CO3 concentrations. (a) GISAXS patterns as functions of Qxy and Qz for aqueous solutions of 5 nM 

PEG6k-AuNPs in the presence of 0.05 mM to 1 M K2CO3. Intensities are displayed on logarithmic scales. 

(b) Horizontal linecut profiles along Qxy direction at Qz = 0.020 Å−1 integrated over Qz range 5 × 10−3 Å−1 

at low Qxy range (0.02–0.07 Å−1) for Gibbs monolayers of 5 nM PEG6k-AuNPs at various K2CO3 

concentrations as indicated. The plots are vertically shifted for clarity. 

Table 6.1 Lattice parameters of 2D superlattice of PEG6k-AuNPs at the vapor–liquid interface induced by K2CO3. 

 

 

 

 

 

 

 

 

 

nal order at threshold concentration of about 5 mM K2CO3. Furthermore, the linecut prof-iles 

in Figure 6.2b show that the hexagonal inter-particle distance decreases with the increase of salt 

concentration, as evidenced by gradual peaks-positions shift to higher Qxy values. This 

demonstrates that K2CO3 is capable of tuning the 2D hexagonal superlattice at the vapor–liquid 

[PEG6k-

AuNPs] 

(nM) 

[K2CO3] 

(mM) 
Q1 (Å−1) 

Lattice 

constant,  

aL (Å) 

FWHM 

(Å−1) 

Estimated 

crystalline 

size (Å) 

5 5 0.0187 388 ± 4 ∼0.0003 2.1 × 104 

5 50 0.0198 366 ± 5 ∼0.0004 1.5 × 104 

5 500 0.0225 322 ± 3 ∼0.0006 1.0 × 104 

5 1000 0.0296 245 ± 2 ∼0.0019 3.4 × 103 

2.5 500 0.0215 338 ± 4 ∼0.0007 8.4 × 103 

5 500 0.0225 322 ± 3 ∼0.0006 1.0 × 104 

10 500 0.0235 309 ± 3 ∼0.0004 1.7 × 104 



149 

 

interface such that the lattice constant aL takes values in the range aL = 245–388 Å under the 

current tested conditions (see more details in Table 6.1). For concentrations 5–500 mM K2CO3, 

the diffraction peaks are extremely sharp with a peak full width at half maximum (FWHM) of 

the (10) reflection (FWHM(10) ≈ 0.0003–0.0006 Å−1) that is comparable to the instrumental 

resolution (≈0.0003 Å−1), suggesting that the estimated crystalline size is on the micrometer 

scale, significantly larger than that found in 2D superlattices formed by ssDNA-AuNPs.22,24 At 

the highest K2CO3 concentration (1 M) the FWHM(10) ≈ 0.0019 Å−1 with a 2D crystalline size on 

the order of 3.4 × 103 Å, which is still superior than that found in ssDNA-AuNPs 

superlattices.22,24 This trend suggests that higher K2CO3 concentrations, while promoting the 

formation of denser packing of AuNPs, induce defects in the superlattices and tend to decrease 

the crystalline size (Table 6.1). 

In addition to its dependence on K2CO3 concentration, the self-assembly depends on the 

PEG6k-AuNP concentration, as shown in Figure S6.3 at a fixed K2CO3 500 mM at various 

concentrations of PEG6k-AuNPs (0.05–10 nM). The GISAXS patterns as well as the 

corresponding linecut profiles in Figure S6.3b show that short-range hexagonal order emerges at 

0.25–0.5 nM PEG6k-AuNPs, and at higher concentrations long-range order of micrometer size 

2D crystallines sets in with aL = 338 ± 4 Å and aL = 309 ± 3 Å at 2.5 and 10 nM, respectively 

(see Table 6.1). Qualitatively, the effect of nanoparticle concentration on monolayer density and 

compressibility can be understood via generalized Gibbs adsorption. Increasing the nanoparticle 

concentration in the bulk leads to an increase of nanoparticle surface density and the 

corresponding increase of surface pressure, originating from the entropy and inter-particle 

interaction, similar to the soft crystallization of ssDNA-AuNPs.8 
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AuNPs functionalized with a shorter chain PEG (MW = 800 Da) show similar 2D 

superlattices under similar conditions to those used for PEG6k-AuNPs discussed above. GISAXS 

patterns in Figure S6.4 show the evolution of the self-assembly and crystallization of a fixed 

concentration PEG800-AuNPs and varying the amount of K2CO3 in solution, and Figure 

S6.5 shows the development at a fixed 500 mM K2CO3 for various PEG800-AuNPs 

concentrations. Compared to PEG6k-AuNPs, the diffractions peaks of PEG800-AuNPs shift to 

larger Qxy values, evidence for closer packing as expected for a shorter and smaller 

hydrodynamic radius of PEG800-AuNPs (see Figure S6.7). We note that crystallization of 

PEG800-AuNPs is observed only for high concentrations of K2CO3 and PEG-AuNPs, i.e., aL = 

149 ± 1 Å at 1 M K2CO3 and 5 nM PEG800-AuNPs, and aL = 158 ± 3 Å at 500 mM K2CO3 and 

10 nM PEG800-AuNPs. 

To determine the density profile of the crystalline film across the interface we employ X-

ray reflectivity, which provides the electron density (ED) profile, ρ, as function of depth 

(along z-axis, i.e., the surface normal) by refining a model that fits the reflectivity data through 

the Prarratt’s recursive method.36,41,42 

Figure 6.3 shows X-ray reflectivity normalized to that of ideally flat water, R/RF, for 

PEG6k-AuNPs and PEG800-AuNPs at 5 nM in the presence of different amounts of K2CO3 in the 

aqueous subphase as indicated (these are the same samples on which the GISAXS described 

above have been performed). The dramatic increase of the first maximum in R/RF with the 

concentration of K2CO3, as shown in both (a) and (c) signals a huge accumulation of capped-

AuNPs at the interface. Quantitative analysis of the R/RF, based on the effective-density 

model,43 yields the corresponding ED profiles shown in (b) and (d) with an enhancement region 

over that of the solution on a ∼100 Å length scale, very close to the diameter of AuNPs (D = 88  
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Figure 6.3 Surface-normal structure evolution of 2D superlattices from aqueous solutions of PEG-AuNPs mixed 

with different K2CO3 concentrations. Representative R/RF data for (a) PEG6k-AuNPs and (c) PEG800-

AuNPs with same nanoparticle concentration (5 nM) at various K2CO3 concentrations as indicated. (b) 

and (d) are one of the best-fit electron density (ED) profiles that regenerate the R/RF in (a) and (c) (solid 

lines), respectively. 

± 9 Å, see Figure S6.2). The ED of densely packed PEG as well as water-saturated-PEG is very 

close to that of the water subphase, therefore yielding only a small increase in the ED of the 

submerged polymer tails, whereas at the air/particle interface, a ∼50 Å strata can be associated 
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with densely-packed PEG, as depicted in Figure 6.4. This practically indicates that the films that 

are formed at the surface consist of a mono-particle layer, and combination of the GISAXS 

and R/RF results allows determination of surface coverage and conformation of the particles as 

discussed below. We note that the maximum R/RF for PEG800-AuNPs film are much higher than 

PEG6k-AuNPs under otherwise identical conditions (i.e., concentrations of AuNPs and K2CO3). 

This higher surface density compared to PEG6k-AuNPs is consistent with the corresponding 

difference in lattice parameters of the two capped-AuNPs. Based on the measured lattice 

parameters obtained by GISAXS, the ED of a thin slab of 2D crystalline and using a simple 

space filling model (see details in ESI), we estimate the surface coverage of pure 2D hexagonal 

superlattice is nearly 100%. The observation of limited lattice constant tunability for the shorter 

PEG indicates that the relatively more rigid PEG800-AuNPs remain in the liquid state (short range 

order) over a wider range of salt concentrations compared to the softer PEG6k-AuNPs. 

 

Figure 6.4 A schematic of 2D self-assembly and crystallization of PEG-AuNPs at liquid–vapor interface induced by 

K2CO3 (a) side view and (b) top view. 

Our main results are summarized in phase-diagrams of PEG-AuNPs versus K2CO3 con- 

centrations as shown in Figure 6.5 for both polymers. At low K2CO3 and PEG-AuNPs 

concentrations, the accumulated particles at the interface lack any order forming a gas-like 

phase. In the intermediate concentrations of K2CO3 and PEG-AuNPs, more PEG-AuNPs adsorb 

at the interface and promote formation of liquid-like state of short-range hexagonal order. At thr- 
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Figure 6.5 Phase diagram as functions of concentrations of K2CO3 and total PEG-AuNPs in the system of (a) PEG6k-

AuNPs, (b) PEG800-AuNPs. The presumptive surface density of PEG-AuNPs (number of NPs/surface 

area) is provided on the right axes. The symbols (circles, triangles and squares) are presented as sample 

conditions measured by GISAXS and XRR. The Gibbs monolayer consists of 2D gas-like (uncorrelated), 

2D liquid (short range ordering, SRO) and 2D superlattice (long range ordering, LRO) phases at various 

conditions. 2D superlattice phase becomes unstable and form visible precipitates (3D solid) above 1 M 

K2CO3 as confirmed by SAXS. The crosshatching area below the critical surface density Γc indicates that 

the interfaces could not be fully covered by PEG-AuNPs if all the PEG-AuNPs had migrated to the 

interfaces. The Γc is calculated as 1/(Rh + ΔRh)2, where Rh and ΔRh are the mean and spread of 

hydrodynamic radii of PEG-AuNPs, respectively. Note: the phase boundaries are by no means exact and 

they are surmised based on the limited datasets. 

eshold concentrations of K2CO3 and PEG-AuNPs, a long-range order phase of 2D hexagonal 

superlattices is established with total surface coverage (nearly 100%). At concentrations ≥1 M 

K2CO3 the PEG-AuNPs precipitate most likely in simple 3D structure (fcc, for instance). The 

phase diagram of PEG6k-AuNPs shows that the lattice constant can be tuned by both K2CO3 and 

PEG-AuNP concentrations without loss of materials due to precipitation. By contrast, in the 

phase diagram of PEG800-AuNPs, the phase boundaries between the three 2D phases shift to 

higher K2CO3 and PEG-AuNP concentrations, and thus the superlattice region without 

precipitation is suppressed. This indicates that the tunability in lattice constant PEG6k-AuNPs is 

due to the compressibility of the corona from the longer chain PEG as shown schematically 
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in Figure 6.4. We argue that the tunability of the lattice constant of the PEG6k-AuNP 

supercrystals is different from that in ssDNA-AuNP superlattices.23,24 The ssDNA chains behave 

as polyelectrolytes such that the added salts screen charges of phosphate groups on the ssDNA 

backbones and cause the shrinkage of ssDNA chains as have been observed in X-ray scattering 

and dynamic lighting scattering (DLS) measurements accounting for lattice constant changes as a 

function of salt concentrations.24 By contrast, while PEG-AuNPs show K2CO3 induced tunability 

of lattice parameters, the ED profiles extracted from the XRR do not show clear changes on 

overall monolayer thickness (including Au cores and PEG shells) along the surface-normal 

direction (Figure 6.3), and furthermore, the DLS measurements of PEG-AuNPs dispersed in the 

bulk solution with and without salts do not exhibit any differences of hydrodynamic size (Figure 

S6.7). This indicates that during formation of PEG-AuNP superlattices at the vapor–liquid 

interface the PEG shells bear in-plane isotropic forces leading to the hexagonal packing. Below, 

we provide brief general properties of the PEG used in this study based on literature44 and 

theoretical characterization of the PEG-AuNPs in terms of brush-polymer on spherical surfaces, 

and rationalize the accumulation and crystallization at the solution interface (more details are 

provided in the ESI). 

Based on the reported phase diagrams of PEG–salt solutions,31,32 there are a single- and a 

two-phase regions, the latter, consisting of a high salt and a low salt plus PEG phases. Even in 

the region of the single component phase, our results show finite interfacial accumulation 

suggesting that there is a depletion of ions within the spherical brush, which induces an osmotic 

pressure gradient. Nevertheless, we find that the effect of salt (0 to 0.5 M) on the hydrodynamic 

radius of PEG-AuNPs is negligible (see ESI). This observation can be explained by a blob 

size ξ that is smaller than the thermal correlation length ξT, thus leading to chains that are ideal 
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and a solvent (water + salt) inside the brush that is at the θ-point.45,46 Still, the overall surface 

tension of the entire brush with the poor solvent (high salt concentration) is very significant (of 

order 60–250 kBT per PEG6k-AuNPs), so the PEG-AuNPs readily migrate to the interface, where 

such surface tension can be drastically reduced. Under this picture, the effective (hydrodynamic) 

spherical radius of a given PEG-AuNP (Rh) with Au-core radius R is given by45,46 
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where N is the number of Kuhn monomers, b is the Kuhn length (b = 7.24 Å for PEG), σ is the 

grafting density (≈1.51 chains per nm2), and w0 is a dimensionless three body interaction, where 

we use the Flory result w0 = 1/6, so that (2w0)
1/4 = 0.76.47,48 Using the parameters derived in the 

ESI yield Dh = 2Rh = 35.5 nm consistent with the measured 39.9(13) nm for PEG6k-AuNPs 

whereas for PEG800-AuNPs, Dh = 15.3 nm, significantly shorter than the measured 22.3(7) nm. 

We note that Equation 6.1 is valid for an infinite chain and that PEG800 consists of only ≈9 

independent (Kuhn-length) segments, suggesting a much more rigid polymer corona. Indeed the 

phase diagram for PEG800-AuNPs shows a very narrow range of crystallinity as the corona 

around the particle is much less compressible than that of the longer polymer. It is interesting to 

note that the measured hydrodynamical radius Rh does not shrink with the increase of ionic 

strength, as is usually observed for polyelectrolytes-brushes or ssDNA-AuNPs,24 but rather 

migrate to the interface to maintain minimal chain-contact with the poor solvent and form a 

densely packed hexagonal lattice – compressible for the long chain PEG and incompressible for 

the shorter chain. As detailed in the ESI and the use of dynamic lattice theory (DLT),49 the lattice 

constant at the interface (aL), can be determined by the balance between the surface tension and 

the compression of the brush, leading to a simplified form that shows the dependence of the 
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lattice constant on PEG-AuNP concentration ns and the surface tension between PEG and the 

high salt solution γAB, 
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where the constants c1, c2, c3 can be identified in Equation S6.24. Although, considerable 

approximations are made to derive Equation 6.2, the formula illustrates the dependence of the 

lattice constant on surface tension and PEG-AuNP concentration ns, in particular, the 

requirement that )/log()/( 32

2 cncTkb sBAB  , which sets a threshold on the lowest PEG-AuNP 

concentration where crystallization occurs. To apply Equation 6.2 (or the more rigorous Equation 

S6.23) a dependence of γAB on ionic strength is needed, which is expected to vary 

as 2232 )21()/()/(   bvTkb BAB , where v is the excluded volume and χ > 1/2 is the Flory 

parameter for PEG in the poor solvent high salt solution. Although attempts to determine χ have 

not been very successful,50,51  see ref. 30 and 31, χ is an increasing function of ionic strength. We 

have fitted Equation 6.2 to a simple logarithmic dependence, )/log()/( 0

2 IITkb BAB     (where 

τ and I0 are constants and I is the K2CO3 concentration; see ESI), which captures qualitatively 

well the dependence of the lattice constant at moderate salt concentrations, is not too high, 

assuming solvent quality between 0.51 < χ < 0.65. This is consistent with the assumption that the 

blob size is less than the thermal correlation length. Perhaps the most important result of our 

analysis is that the dependence of the surface tension on ionic strength is considerably stronger 

than a simple logarithm at high ionic strengths, which may lead to the assembly of PEG-

AuNPs via colloidal destabilization into 3D supercrystals. 
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6.5 Conclusions 

Using synchrotron X-ray diffraction at small angles (GISAXS) and X-ray reflectivity 

(XRR) we demonstrate that functionalized complexed PEG-AuNPs in aqueous solutions can 

spontaneously accumulate at the vapor-solution interface by manipulating salt concentrations in 

the bulk (K2CO3, in this case). At very low salt concentrations, the XRR indicates the formation 

of a mono-particle layer and the GISAXS patterns show features of a form factor characteristic 

of individually uncorrelated spherical particles. As the salt concentration increases, short-range 

2D hexagonal order develops and above a threshold concentration, the complexes exhibit highly 

ordered hexagonal crystallinity. Furthermore, the size of the hexagonal unit cell formed by the 

long chain PEG6k-AuNPs can be varied appreciably by increasing salt concentration, such that 

the incipient lattice parameter aL can be varied from 39 to 25 nm for 0.005 to 1 M K2CO3, 

respectively. Similar unit cell shrinkage can also be achieved by manipulating the PEG6k-AuNP 

concentration at a moderate 0.5 M K2CO3. For the shorter chain PEG800-AuNPs, the threshold 

salt concentration for crystallinity is significantly higher than that of the longer PEG6k and the 

range of varying the unit cell size is much narrower, aL ∼ 15 ± 1 nm. Our detailed analysis 

reveals a nearly perfect surface coverage (close to 100%) of densely packed macroscopic 

crystalline domains (average domain size larger than micro-meter). These results show that the 

surface density (i.e., unit-cell size) scales with the chain-length but more importantly they also 

reflect on the conformation of the corona formed by tethered PEG brushes on curved surfaces. In 

a salt free solution, the long chain PEG6k corona is consistent with an infinitely long brush in θ-

solvent. However, we find that the hydrodynamic radius of the PEG-AuNPs is practically 

independent of salt concentration (up to 0.5 M). Heuristically, this can be explained in terms of 

an effective semipermeable membrane surrounding the corona that maintains a constant salt 
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concentration up to the θ-point. Effectively, the PEG-AuNPs reside in a low salt concentration 

(liquid A) that is separated at the boundaries of the corona from high concentration salt (liquid B) 

with an effective surface tension γAB between the two liquids. Even though the surface tension 

energy per polymer is low (less than kBT), thus preventing the polymer from shrinking, the 

overall surface tension for the entire PEG-AuNP is very large (of order of 100 kBT or more for 

the PEG6k-AuNPs) and drives the self-assembly and, through optimization of the packing of PEG 

chains, to crystallization. The tunability of the 2D hexagonal superlattice structure can be 

achieved over a very wide range by manipulating salt or PEG-AuNPs concentrations and also by 

the choice of polymer length. Here, we also provide a method to engineer 3D crystals, since 

sufficiently high salt or PEG-AuNP concentrations induce the formation of 3D precipitates 

(see Figure 6.5), which will be further explored and optimized in the future. 
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6.7 Electronic Supplementary Information (ESI) 

6.7.1 Control experiments 

Figure S6.1 (a-d) shows a few GISAXS patterns from various solutions as control 

experiments to demonstrate the importance of functionalizing the AuNPs with PEG and the 

effect of salt on the formation of superlattice structures. None of the patterns indicate surface 

enrichment. Figure S6.2 shows SAXS measurements of PEG-AuNPs and unfunctionalized (bare) 

AuNPs dispersed in solution (conducted at Sector 12ID-B at the Advanced Photon Source). The 

analysis of the measured form factors determines the size and size-distribution of the AuNPs.  

These results demonstrate that the form factor is dominated by Au cores regardless of 

functionalization as the corona formed by PEG around the AuNP has practically the same 

electron density as that of the water solution (the SAXS data in Figure S6.2 are obtained after 

subtraction of the SAXS of the solvent).  This is crucial to the analysis of the X-ray reflectivity 

analysis given in the main manuscript that shows the ED of the film is dominated by the AuNPs 

and the submerged corona is practically indistinguishable from the solution.   

 

Figure S6.1 GISAXS patterns as functions of Qxy and Qz for (a) pure Millipore water, (b) aqueous solution of 10 nM 

bare AuNPs prior to PEG functionalization, (c) aqueous solution of 10 μM PEG6k-SH  with no salts and 

(d) PEG6k-SH  in 500 mM K2CO3. Intensities are displayed on logarithmic scales. 
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Figure S6.2 SAXS intensity profiles of aqueous suspension of unfunctionalized (bare) AuNPs (black triangles), 

PEG800-AuNPs without salts (green circles), PEG6k-AuNPs without salts (blue diamonds) and PEG6k-

AuNPs mixed with 500 mM K2CO3 (red squares). The solid lines are best fits using a form factor of 

spherical particles with polydispersity described by a Gaussian distribution. The size distributions of 

nanoparticles estimated by the best fits are D = 8.9 ± 0.8 nm (bare AuNPs), 8.7 ± 0.9 nm (PEG800-

AuNPs), 8.8 ± 0.9 nm (PEG6k-AuNPs), and 8.7 ± 0.9 nm (PEG6k-AuNPs with salts). These results show 

that the SAXS patterns are insensitive to the PEG shell around a AuNP (i.e., the corona) indicating that 

the electron density of the PEG corona in water solution is very close to that of pure water. The curves 

are vertically shifted for clarity. 

6.7.2 Superlattice dependence on PEG6k-AuNPs concentrations 

In the main manuscript we show the tunability of the hexagonal superlattice by 

varyingsalt concentration. Figure S6.3 shows the GISAXS patterns from various concentrations 

of PEG6k-AuNPs at a fixed 0.5 M of K2CO3. Our theoretical model shows a dependence of the 

lattice constant that is logarithmic in the AuNPs concentration. 
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Figure S6.3 (a) GISAXS patterns as functions of Qxy and Qz for aqueous solutions of PEG6k-AuNPs at different 

nanoparticle concentrations (0.05 – 10 nM) in the presence of 0.5 M K2CO3. Intensities are displayed on 

logarithmic scales. (b) Horizontal linecut profiles along Qxy direction at Qz = 0.020 Å−1 integrated over 

Qz range 5 × 10−3 Å−1 at low Qxy range (0.02–0.07 Å−1) from GISAXS patterns in (a). The plots are 

vertically shifted for clarity. 

6.7.3 Short chain PEG800-AuNPs crystallization 

In this Section, we present the evolution of the Gibbs monolayer from the gas- to liquid- 

to superlattice-crystallization of   PEG800-AuNPs both as a function of salt concentration, Figure 

S6.4 and as a function of PEG-AuNP concentration, Figure S6.5. The analysis shows that the cr- 

 
Figure S6.4 (a) GISAXS patterns as functions of Qxy and Qz for aqueous solutions of 5 nM PEG800-AuNPs in the 

absence of salts and in the presence of different concentrations of K2CO3 (0.5 mM– 1 M). Intensities are 

displayed on logarithmic scales. (b) Horizontal linecut profiles along Qxy direction at Qz = 0.020 Å−1 

integrated over Qz range 5 × 10−3 Å−1 at low Qxy range (0.02–0.07 Å−1) from GISAXS patterns in (a). 

The plots are vertically shifted for clarity. 
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Figure S6.5 (a) GISAXS patterns as functions of Qxy and Qz for aqueous solutions of PEG800-AuNPs with different 

nanoparticle concentrations (0.05 – 10 nM) in the presence of 0.5 M K2CO3. Intensities are displayed on 

logarithmic scales. (b) Horizontal linecut profiles along Qxy direction at Qz = 0.020 Å−1 integrated over 

Qz range 5 × 10−3 Å−1 at low Qxy range (0.02–0.07 Å−1) from GISAXS patterns in (a). The plots are 

vertically shifted for clarity. 

ystallization takes place only at much higher K2CO3 concentrations than for PEG6k-AuNPs and 

as expected the lattice constant scales with the length of PEG, thus the length of PEG can be 

used as a knob to tune the lattice constant as well.   

6.7.4 Estimated surface coverage of crystalline PEG-AuNP superlattices 

Here, we estimate the maximum in the electron density (ED) of monolayers of 2D 

crystalline PEG-AuNPs based on a space filling model using the known EDs of water and pure 

Au, and the 2D crystalline structures determined by GISAXS. We then compare our calculated 

maximum ED to the one obtained from the X-ray reflectivity (ρmax) to estimate the macroscopic 

surface coverage of the 2D crystalline PEG-AuNPs. 

We assume that in the mono-particle layer of the 2D crystalline, all AuNPs are perfectly 

packed in the same plane, leading to a maximum ED at the plane occupied by the centers of 

AuNPs as illustrated in Figure S6.6a. The corresponding sectional view at the maximum ED 

position is shown in Figure S6.6b. In this maximum ED plane, the area fraction of AuNPs in the 

unit cell of a 2D hexagonal crystalline is ϕ = Anp/A2D, where the area occupied by an AuNP is Anp 
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Figure S6.6 A schematic of a nanoparticle monolayer at the vapor-liquid interface with corresponding ED profile 

along surface-normal direction, associated with the sectional view at the maximum ED position. 

Table S6.1 Maximum electron density of 2D PEG-AuNP superlattices at the vapor−liquid interface 

 

= πD2/4, and the area of a 2D unit cell with a lattice constant aL is A2D = √3aL
2/2. The ED of pure 

gold is ρAu = 79ρNA/MAu = 4.66 e/Å3, where ρ = 19.3 g/cm3, NA = 6.02 × 1023 mol−1 and MAu = 

196.97 g/mol are bulk gold density, Avogadro number and atomic weight of gold, respectively. 

PEG 

MW 

ns 

(nM) 

[K2CO3] 

(M) 

aL 

(Å) 

ρK2CO3 

(e/Å3) 

ρ2Dmax 

(e/Å3) 

ρmax 

(e/Å3) 
ψ 

6000 5 0.005 388 ± 4 0.3342 0.532—0.540 ~0.531 ≥ 96% 

6000 5 0.05 366 ± 5 0.3360 0.557—0.569 ~0.557 ≥ 95% 

6000 5 0.5 322 ± 3 0.3545 0.641—0.652 ~0.645 ≥ 98% 

6000 5 1 245 ± 2 0.3749 0.868—0.885 ~0.695 ≥ 63% 

6000 2.5 0.5 338 ± 4 0.3545 0.613—0.626 ~0.589 ≥ 87% 

6000 10 0.5 309 ± 3 0.3545 0.665—0.677 ~0.617 ≥ 81% 

800 5 1 149 ± 1 0.3749 1.712—1.749 ~1.322 ≥ 69% 

800 10 0.5 159 ± 3 0.3545 1.551—1.581 ~1.783 ~100% 
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The ED of subphase area surrounding the AuNPs (ρsub) is considered as ED of pure K2CO3 

solution with the same concentration to the bulk (contribution of the PEG shell to the ED is the 

same as that of surrounding media, which is justified by our SAXS results; see Figure S6.2). 

Assuming that K2CO3 solids dissolved in pure water increase the ED of aqueous solution without 

changing the solution volume, the ED of K2CO3 solution at the concentration of c (in Molar) is 

estimated to be ρK2CO3 = ρw + 68cNA/1027 = 0.334 + 0.0410c e/Å3. Using the space filling model, 

the maximum ED of 2D crystalline structure is ρ2Dmax = ρAuϕ + ρsub(1−ϕ). The calculated 

maximum ED results are summarized in Table S6.1 below. Overall, the estimates are close to the 

results measured by XRR. Applying the calculated ρ2Dmax and the measured maximum ED ρmax 

extracted from XRR, the surface coverage of 2D crystalline is ψ = (ρmax−ρsub)/(ρ2Dmax−ρsub) (See 

Table S6.1). The surface coverage is nearly 100%. We note that in this simple model the surface 

coverage of 2D crystalline is underestimated owing to the assumption of perfect lateral packing 

of AuNPs in the same plane and the negligence of surface roughness. 

6.7.5 Hydrodynamic size of AuNPs and PEG-AuNPs in salts 

Using dynamic light scattering we estimate the hydrodynamic size of bare and PEG-

capped particles. Unlike polyelectrolyte-capped AuNPs (including ssDNA-AuNPs), as shown in 

Figure S6.7, the hydrodynamic size distribution of PEG-AuNPs remains practically the same in 

the presence of salts. This also shows that the polymer in PEG800-AuNPs is too short to behave 

like the theoretically infinitely long polymer brush. 
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Figure S6.7 Dynamic light scattering (DLS) measurements of unfunctionalized AuNPs, PEG800-AuNPs and PEG6k-

AuNPs dispersed in the bulk solution under different conditions as indicated. The AuNPs with PEG 

shells clearly show larger hydrodynamic size than that of the bare Au cores (unfunctionalized AuNPs). 

In addition, DLS results of PEG6k-AuNPs with or without K2CO3 indicate that the presence of K2CO3 in 

the solution (up to 0.5 M) have little effect on the hydrodynamic size of nanoparticles in the bulk. 

6.7.6 Grafting density of PEG on AuNPs 

Thermogravimetric analysis (TGA) is used to estimate the grafting density of PEG on 

AuNPs. The concentrated PEG-AuNPs is dried at 60°C for 4 hours prior to TGA measurements. 

The TGA is carried out under a nitrogen atmosphere from 25 to 800°C at a ramp rate of 

10°C/min. The weight loss between 300°C and 450°C corresponds to the thermal degradation of 

the PEG. For instance, the weight loss of PEG6k-AuNPs as function of temperature is shown in 

Figure S6.8. The weight percentage at 300°C and 450°C are 94.66% and 61.96%, respectively. 

Therefore, 32.70% of weight is related to the PEG6k loaded on AuNPs, and 61.96% of weight is 

from pure AuNPs. The weight of each AuNP is mnp = ρπD3/6, where ρ = 19.3 g/cm3 is bulk gold 

density, D = 8.8 ± 0.9 nm is the diameter of the AuNP. The molecular weight of PEG6k is mPEG = 
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6000. Thus, the number of PEG6k per AuNP is n = (32.70 mnp)/(61.96 mPEG) = 367. The grafting 

density is σ = n/(πD2) = 1.51 chains/nm2. 

 

Figure S6.8 Weight loss of PEG6k-AuNPs as function of temperature. The weight loss between 300°C and 450°C 

corresponds to the thermal degradation of the PEG. 

6.7.7 Theoretical Model 

6.7.7.1 Physical parameters of PEG  

There is a considerable range of values for the Kuhn length, Flory characteristic ratio Cn 

and Kuhn monomer mass M0 in the literature. The values used here are calculated from Mark 

and Flory44, who report the values for PEG (also called PEO) in salt at the θ-point, the exact 

conditions analyzed in this paper, as 

)4.0(1.422  Cmlr ,                                                                                           (S6.1) 

where 2r  is the mean square unperturbed end-to-end distance for a real chain, 

l2=(2lco
2+lcc

2)/3.0 and lco=1.43 Å, lcc=1.53 Å are the O−C and C−C bond lengths, and m=3Nr is 
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the number of bonds and Nr is the number of C−C−O groups in the polymer. The maximum 

extension of a PEO chain is therefore 

rr NNllR 64.3)2/cos()2( cccomax    (Å),                                                              (S6.2) 

where θ=68° is the bond angle, which is the same for all three atoms in the monomer. The Kuhn 

length is47 

24.7
max

2

 

R

mlC
b  (Å)                                                                                                 (S6.3) 

and the equivalent number of monomers of a Gaussian chain is 

rN
mlC

R
N 503.0

2

2

max 


.                                                                                                (S6.4) 

Using that the molecular weight of a PEO monomer is M1 = 2MC + MO + 4MH=44.052, it is 

6.87503.0/10  MM .                                                                                               (S6.5) 

Thus for the two PEO used in this paper, the number of independent Kuhn monomers is 

5.686.87/60006k N (Nr = 136),                                                                             (S6.6) 

13.96.87/800800 N (Nr = 18).                                                                                (S6.7) 

For the PEG800, the approximation Cn ≈ C∞ is certainly questionable, and explains the larger 

hydrodynamic radius than the theoretical estimate. 

6.7.7.2 PEG-AuNPs in solution 

As described in refs,30,31 the three component system water-salt-PEG typically separates 

into two phases, an all PEG solvated by liquid A and liquid B. Liquid A consists of water and a 

relatively low salt concentration (a few percent weight or less), and liquid B with a higher salt 

concentration of ten percent or more. Early efforts to predict the phase diagram of this three 

component system showed a limited success50,51 as it was noted that there is a specific salt-PEG 
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interaction, presumably through the ether oxygens and the salt cations. Therefore, we consider a 

model where the salt is implicit, based on the following assumptions: 

 Liquid A is a θ-solvent for PEG. 

 Liquid B is a poor solvent for PEG.  

 When equilibrium is established, an interface between liquid A and liquid B is 

formed with surface tension γAB. 

The first assumption is justified as liquid A is the phase boundary for PEG. The second 

assumption follows from the fact that no PEG is found in liquid.30,31  

We consider a PEG-AuNP as consisting of n flexible chains with N monomers covalently 

grafted at the surface of the nanoparticle core, whose radius is R. The grafting density is thus σ = 

n/(4πR2). We first treat PEG-AuNPs in solution and then its crystallization at the interface. 

Following ref. 46, we consider PEG as Gaussian chains with three-body interactions at 

the θ-point (first assumption). The monomer density at a distance r from the center is given (for r 

> R) 

 

Figure S6.9 Depiction of PEG-AuNP brush, and the parameters used 
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where b is the Kuhn length, σ is the grafting density and w0 is the dimensionless three-body 

interaction. The spherical radii Rh is obtained by imposing that the integral of the above density 

is equal to the total number of monomers, Nnb3, leading 
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For future reference, we will also need the free energy for the spherical brush at the θ point. It is 

given as 
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To this free energy, there is an additional term that arises from the surface tension 

between polymer/liquid A and liquid B. We will assume that liquid B is a slightly poor solvent 

for PEG. This latter condition is defined by ξ(r = Rh) < ξT, where ξ(r) = r/R√σ and ξT = b/(2χ − 1) 

is the thermal correlation length,47 and χ > 1/2 parameterizes the quality of solvent B to PEG. In 

the opposite limit ξ(r = Rh) > ξT, which is not discussed here, PEG would collapse into globules, 

and the size of the PEG-AuNPs is not described by Equation S6.8.  The surface tension free 

energy is given by 

24 hABs Rf  .                                                                                                            (S6.11) 

Based on general arguments, we expect γAB ≈ kBT(2χ − 1)2/b2. 

Finally, because the PEG-AuNPs are in solution, there is the ideal term 

  1log 0  vnTkNF sBst ,                                                                                            (S6.12) 

where Ns is the number of PEG-AuNPs in solution and ns = Ns/V its number density. The 

chemical potential of the bulk PEG-AuNPs is given by 
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6.7.7.3 PEG-AuNPs at the interface 

At the interface, the free energy of the PEG-AuNPs is modified in three ways: the 

brushes are compressed, the surface area of contact with solvent B is much reduced, and finally, 

there is a reduction of translational entropy. 

The stretching energy of two compressed brushes has been authoritative reviewed in ref 

48. Unfortunately, no simple expression is available for the experimental conditions, and a full 

calculation is beyond the scope of this paper. Therefore, we opt for a more heuristic derivation, 

based on the modified Derjaguin approximation for the excess free energy 
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Here, 2(R + z) is the center-to-center distance of the two brushes and H0 = Rh − R is the 

uncompressed brush height. The quantity f(H) is the free energy per unit area of a uniformly 

compressed spherical brush at a radius H < H0. It is given as 
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where y = (R + z)/Rh. Note that the function G(x) satisfies that G′(1) = 0, G″(1) ≈ 32.6 > 0, and 

the latter condition is the statement that the uncompressed brush is a minimum of the free 

energy. Detailed derivations for these results will be published elsewhere. The actual potential 

between two PEG-AuNPs is then given as 
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where    
1

2

d

y

wG
w

w
yH , and G(y) has been defined in the previous equation. Note that H(1) = 

H′(1) = H″(1) = 0. For small compressions, 1 – y << 1, the above expression reduces to 
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It should be noted, however, that the exact formula shows that the approximation Equation S6.17 

has a small range of applicability as the resulting potential quickly picks up significant non-

harmonic contributions for y ≤ 0.85. 

We assume that the surface in contact with solvent B is the area of the plane occupied by 

the PEG-AuNPs at the interface. The free energy of a single nanoparticle is given as 

   232 zRzF ABs    .                                                                                           (S6.18) 

Finally, the entropic term is given, within dynamic lattice theory (DLT),49 
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, where Ni is the number of particles at the interface and Dij 

is the dynamical matrix. Although it is possible to calculate the above determinant exactly for a 

hexagonal two dimensional lattice, the formula is excessively complex. We therefore make the 

free volume approximation 

  )]3/4/(log[ 32

0 hBd RyvTkzF   .                                                                            (S6.20) 

The chemical potential of the PEG-Au at the interface is given by 
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6.7.7.4 Equilibrium condition 

The condition of equilibrium between bulk and interface leads to the equation 

BI    ,                                                                                                                    (S6.22) 

or, in explicit form,  
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which determines y, and from it, the lattice constant aL from y = (2Rh – aL)/(2Rh), as a function of 

the physical parameters. The above equations illustrate a physical mechanism where the dramatic 

reduction in surface tension that occurs when particles reach the interface entirely drives the 

crystallization process. 

For the purposes of illustrating the physical mechanism, one can assume that the reducti- 

on of surface tension is opposed by the stretching or compression energy, and that the small 

compression limit Equation S6.17 can be applied. With these approximations, it follows: 
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which 3/4 3

hl Rv  . 

6.7.7.5 Quality of the solvent 

From the reported values of (2Rh – aL)/(2Rh) (Table S6.1), and the assumption that the 

solvent quality parameter is described by the two parameter formula 

)/log()/( 0

2 IITkb BAB    ,                                                                                      (S6.25) 
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a fit is performed, with I0 = 0.0046 M and τ = 0.0021. Here I is the K2CO3 concentration, i.e., 

[K2CO3]. Although the quality of the fit is adequate up to about 0.5 M, it illustrates that the data 

is consistent with a moderately poor solvent, not far from ideal. The point at the higher salt 

concentration illustrates that the surface tension grows more rapidly than the logarithmic fit 

Equation S6.25 at high ionic strengths consistent with the onset of precipitates into 3D solids. 

 

Figure S6.10 Fit of the solvent quality as described below. The results are for PEG6k-AuNPs. Clearly, the last point, 

corresponding to 1 M K2CO3 concentration, is not consistent with a simple logarithmic dependence. 
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CHAPTER 7. THREE-DIMENSIONAL ASSEMBLIES OF POLYMER-GRAFTED 

NANOPARTICLES 

 

Modified from a paper to be submitted 

 

Honghu Zhang, Wenjie Wang, Mufit Akinc, Surya Mallapragada, Alex Travesset, and David 

Vaknin* 

 

7.1 Abstract 

Taking advantage of aqueous biphasic systems of polyethylene glycol (PEG)/salts, it has 

been demonstrated recently that PEG-grafted gold nanoparticles (PEG-AuNPs) self-assemble 

and crystallize into highly ordered and tunable hexagonal structures at the liquid-vapor interfaces 

by adjusting salt concentration (i.e., K2CO3) of an aqueous PEG-AuNP suspension. Experimental 

phase diagrams and a theoretical model indicate that high salt concentrations can lead to three-

dimensional (3D) ordered nanoparticle precipitates. Analysis of small-angle X-ray scattering 

(SAXS) profiles shows that the assemblies exhibit 3D crystallinity albeit of short-range order 

compatible with the FCC symmetry.  We argue that the assembly into FCC crystals at high salt 

concentrations is most likely driven by the nucleation in the bulk via colloidal destabilization. 

We have functionalized AuNPs of various diameters in the range of 10 to 50 nm and found a 

strong correlation between nearest-neighbors distances and the diameter of the AuNPs.  Brush-

polymer theoretical modeling of the SAXS results reveals that the nearest-neighbor distance was 

governed by the size of inorganic core, the intrinsic characteristics of the polymer (Kuhn length 
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and the number of independent Kuhn monomers) and the polymer grafting density that was 

found to systematically decrease with the size of inorganic core.    

7.2 Introduction 

State-of-the-art developments of nanoparticle synthesis and post-synthetic modification 

enable self-organizing individual nanoparticles into macroscopic superlattices with a diversity of 

structures, similar to atoms in crystals.1 Such nanoparticle assemblies possess intriguingly 

collective photonic, electronic, magnetic and catalytic properties that are different from those of 

individual ones, and exhibit great potential in technological applications.2-5 Albeit numerous 

strategies for self-assembly of nanoparticles in two and three dimensions (2D and 3D), the self-

assembly process is governed by nanoparticle size and shape, and interparticle interactions which 

are influenced by the assembly environment.6 For instance, gold nanoparticles functionalized 

with DNA self-assemble into 2D and 3D superlattices by exploiting charge-charge interaction 

and unique hybridization feature, respectively.7-17 Meanwhile, hydrocarbon- and polymer-capped 

nanoparticles form 2D and 3D assemblies on solid supports via careful evaporation of organic 

solvents.18-26 Recently, by simply manipulating salt levels of the aqueous solutions, DNA- and 

polymer-grafted nanoparticles were reported to spontaneously form crystalline Gibbs 

monolayers at the liquid-vapor interfaces.27-30 In particular, 2D nanoparticles superlattices with 

highly ordered hexagonal structures were developed by introducing a salt (i.e., K2CO3) to 

aqueous suspension of polyethylene-glycol-grafted gold nanoparticles (PEG-AuNPs),30 inspired 

by aqueous biphasic systems (ABS) composed of PEG and salts.31, 32 Our theoretical model 

states that the interfacial assembly and crystallization is driven by the need to reduce surface 

tension between grafted PEG and the salt solution, leading to tunable lattice constants of 2D 

crystals, which could be well modeled by the balance between the surface tension and the 



179 

 

compression of the polymer brush.30 More importantly, a sufficiently high level of salt was 

predicted to induce formation of 3D ordered assemblies via colloidal destabilization. Following 

our previous studies and corresponding theoretical consideration, this work aims to extend 2D 

crystallization of PEG-AuNPs into 3D assemblies under aqueous condition by elevating the 

K2CO3 concentration. The structure of 3D assemblies of PEG-AuNPs with various core sizes 

(10-50 nm) were investigated by small-angle X-ray scattering (SAXS) with theoretical analysis. 

7.3 Results and Discussion 

AuNPs were grafted with thiolated PEG (molecular weight 6000 Da) via a ligand 

exchange method30, 33 and PEG-AuNPs were characterized by dynamic light scattering (DLS) 

and ultraviolet-visible spectroscopy (UV-Vis) measurements, which showed that significant 

increase of hydrodynamic size and distinct red-shift (2-3 nm) of surface plasmon resonance 

(SPR) peaks, respectively, with respect to unfunctionalized AuNPs (Figure S7.2, S7.4). It was 

found earlier that aqueous PEG-AuNP suspension is stable in water as well as K2CO3 solutions 

at low concentration (≤ 0.5M). However, visible macroscopic precipitates are formed after a few 

hours at high concentration of K2CO3 (≥ 1M), which showed strong intensity drop along with 

SPR peak broadening in the time-dependent evolution of UV-Vis spectra for PEG-AuNPs at 1M 

and 3M K2CO3 (Figure S7.5). SAXS was applied to probe structures of PEG-AuNPs in the 

suspensions (without salts and 0.5 M K2CO3) and precipitates (1M and 3M K2CO3). 

Figure 7.1a shows the evolution of SAXS profiles for aqueous solutions of PEG-AuNPs 

(nominal core size of 10 nm) with increasing K2CO3 concentrations. Without any salts, PEG-

AuNPs are well dispersed in the solution, and the overall SAXS intensity solely originates from 

form factor P(Q) of the nanoparticles, particularly, Au cores as the electron density (ED) of PEG 

(compared to ED of Au) is similar to that of the solution surrounding it (Figure S7.1). Such a pr- 
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Figure 7.1 (a) SAXS intensity profiles as functions of Q for PEG-AuNPs with the nominal core size of 10 nm in 

absence and presence of K2CO3. (b) The extracted structure factor S(Q) for PEG-AuNPs mixed with 

K2CO3. Solid lines are guides to the eyes. All the plots are vertically shifted for display purpose. 

ofile allows for analysis of the actual particle size and its distribution, which is D = 8.7 ± 0.8 nm 

from a best fit with an assumption that particles are solid spheres with polydispersity described 

by a Gaussian distribution (Figure S7.1, Table S7.1). At the low level of K2CO3 (0.5 M), SAXS 

intensity from the bulk solution is still dominated by the form factor, even though a well-defined 

nanoparticle monolayer with superior two-dimensional (2D) crystallization was observed at the 

vapor-liquid interface.30 The extracted structure factor S(Q) is nearly identical to unity, as shown 

in Figure 7.1b, by considering the SAXS profile of PEG-AuNPs from the zero-salt solution as 

the real form factor of PEG-AuNPs. This indicates that PEG-AuNPs in the bulk (underneath the 

2D superlattice) are randomly distributed without any coherent interference. When the K2CO3 

concentration is increased above 1M, PEG-AuNPs form visible black precipitates. Scattering 

peaks at low Q (Q ≤ 0.1 Å−1) from SAXS profiles (Figure 7.1a) as well as the extract S(Q) 

(Figure 7.1b) exhibit extra structural correlation inside the 3D assemblies. The primary peak 

position Q0 shifts to high Q, suggesting a closer packing, when the K2CO3 concentration is 
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increased from 1M to 3M. The d spacings from primary peaks (estimated as 2π/Q0) are about 

17.4 and 15.1 nm for 1 and 3M K2CO3, respectively. 

 

Figure 7.2 (a) SAXS intensity profiles as functions of Q for 3D assemblies of PEG-AuNPs with a variety of nominal 

core sizes (10-50 nm) in presence of 3.0 M K2CO3. The black solid lines are best fits from a full profile 

analysis using FCC structures. (b) The extracted structure factor S(Q) from the best fits. A group of 

vertical lines is inserted as a representative of peak positions and relative intensities from the fitted FCC 

structure. All the plots are vertically shifted for display purpose 

Various 3D assemblies are obtained using the same method for AuNPs with different 

core sizes (nominal core size of 10-50 nm) but with identical PEG functionalization. Prior to the 

assembly process, SAXS was used to determine the actual size (D) information of AuNPs before 

and after PEG coating (Figure S7.1, Table S7.1). The hydrodynamic sizes Dh of different PEG-

AuNPs dispersed in aqueous solutions were measured by DLS and modeled using polymer-brush 

theory developed earlier (Figure S7.3).30 Figure 7.2a shows SAXS profiles of 3D assemblies in 

the presence of 3M K2CO3. The SAXS profiles of 3D assemblies exhibit a combination of form 

factor and structure factor as discussed above. The primary peak positions shift to low Q when 

the core sizes are increased, leading to an increase of d spacings. To quantitatively study these 

3D assemblies, a full profile analysis is adopted for the SAXS profiles and it takes into account 

scattering peaks as well as form factor, size polydispersity and potential diffuse scattering (See 
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the SI).34, 35 Even though one could interpret SAXS profiles from nanoparticle suspensions as 

form factors of nanoparticles in the assemblies, and extract structure factors for further analyses 

from the overall SAXS profiles for 3D assemblies, it is worth noting that the form factor from 

randomly distributed nanoparticle suspensions are not necessarily identical to that in the 

assemblies if the nanoparticles have size polydispersity. As the FCC structure is most common 

one for assemblies of nearly spherical hard particles, we performed full profile analysis using the 

FCC structure. As shown in Figure 7.2a, the calculated profiles are in good agreement with the 

experimental ones (See details of fits in SI). The structure factors extracted from best fits 

showing fairly large breadth for scattering peaks except the primary ones (i.e. (111) peaks) reveal 

short-range ordering of FCC (Figure 7.2b). The (111) peaks allow for a further study of nearest 

neighbor distance dn = √6π/Q(111) of PEG-AuNPs in assemblies as discussed below. 

 

Figure 7.3 The radial distribution function g(r) calculated from experimental structure S(Q) with an assumption that 

form factor P(Q) of nanoparticles in assemblies is the same as that of nanoparticles homogeneously 

distributed in solution. Due to loss of knowledge of the particle number density in assemblies (np), the 

amplitude of each plot is an estimated but not absolute value. However, the peak position is by no means 

affected by the amplitude. All the plots are vertically shifted for display purpose. 
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Another approach to analyze organization of particles in assemblies is to calculate the 

radial distribution function or pair distribution function g(r) from the experimental structure 

factor S(Q). As S(Q)−1 is the Fourier transform of g(r)−1, the nearest neighbor distance can be 

determined by SAXS measurements even without any assumption of symmetry for the particle 

arrangement in the assemblies.35 As the form factor and the particle size extracted by the full 

profile fitting of assemblies are similar to those modeled directly from SAXS of nanoparticle 

suspensions (Table S7.3), we assume that the form factor P(Q) of nanoparticles is always the 

same regardless of whether the nanoparticles are distributed homogeneously in solution or 

organized into assemblies. The experimental P(Q) is removed from the overall SAXS intensity to 

obtain the experimental S(Q) (Figure S7.7). Figure 7.3 shows the radial distribution function g(r) 

calculated from the experimental S(Q) extracted from SAXS profiles in Figure 7.2a. The peak 

positions of the highest intensity peaks correspond to the nearest neighbor distance dn. Clearly dn  

 

Figure 7.4 The nearest neighbor distance dn calculated from FCC structures in the full profile fitting (black triangle) 

and extracted from g(r) (blue diamond) for 3D assemblies of PEG-AuNPs with various core sizes. 

Prediction is calculated from the theoretical model Equation 7.1 (red squares) as well as the modified 

model including packing factor ηHS (green circles). 
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increases as the particle size changes from 10 to 50 nm. The nearest neighbor distance dn 

calculated from a full profile fitting as well as extracted from g(r) is summarized in Figure 7.4, 

which shows good agreement, suggesting the FCC structure is likely favorable in this system. 

To understand the organization of PEG-AuNPs into 3D ordering, we extended our 

previous theoretical model of polymer-capped nanoparticles from the liquid surface to the bulk 

solution, which states that the solvent inside the polymer shell of PEG-AuNPs is in the θ-point 

while the high-salt solution outside the PEG-AuNPs is a poor solvent for PEG.30 We argue that 

the 3D assemblies nucleate and grow after the surface tension of high-salt solution is minimized 

by full and dense coverage of the PEG-AuNPs at the interface. The nearest neighbor distance dn 

of PEG-AuNPs in the assemblies is modeled by 

3/1
23
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2 
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
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(7.1) 

where R is the radius of the Au core, N is the number of Kuhn monomers of PEG, b is the Kuhn 

length (b = 7.24 Å for PEG), σ is the grafting density of PEG on AuNPs, and ν2 = 0.341 is  the 

PEG cross-sectional area in Kuhn length units (See details in SI). When the packing factor for 

the closed packed structure of hard spheres ηHS = π/(3√2) is taken into account, the low limit of 

nearest neighbor distance is given by dn
*= dnηHS

1/3. Figure 7.4 shows the predicted dn and dn
* 

based on the measured grafting density of PEG-AuNPs for different core sizes (Figure S7.3). The 

prediction from our model is consistent with the results from SAXS measurements and analyses. 

7.4 Conclusions 

In summary, PEG-AuNPs are well dispersed in aqueous solutions with hydrodynamic 

sizes predicted fairly well using polymer-brush theory. At the intermediate levels of salt 
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(K2CO3), PEG-AuNPs in the bulk underneath the formed 2D crystalline Gibb monolayer were 

still uncorrelated. By elevating the salt concentration of the PEG-AuNPs to high enough levels, 

PEG-AuNPs self-assembled into macroscopic precipitates. We explored the 3D nanoparticle 

assemblies with various core sizes. The assemblies exhibited short-range ordering with probable 

FCC structure as probed by small-angle X-ray scattering, followed by a full-profile fitting and 

radial distribution function analyses. We presented a theoretical model to predict the nearest 

neighbor distance in the 3D assemblies, which is in good agreement with the experimental 

results extracted from data analysis. 
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7.6 Supporting Information (SI) 

7.6.1 Reagents and materials 

Poly(ethylene glycol) methyl ether thiol (PEG-SH) with average molecular weight of 

6000 Da was purchased from Sigma-Aldrich, and bare gold nanoparticles (AuNPs) with citrate 
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stabilization with nominal diameter of 10-50 nm were purchased from Ted Pella. The PEG 

functionalized AuNPs (PEG-AuNPs) were synthesized using a simple ligand exchange 

procedure as reported earlier.30 Briefly, PEG-SH, dissolved in degassed Millipore water with 

slight sonication, was added to AuNPs in large excess under vigorous stirring, followed by 

incubation for 1-2 days under gentle stirring to allow for maximum PEG loading. The as-

prepared PEG-AuNPs were washed with Millipore water by at least three cycles of 

centrifugation and redispersion. The concentration of PEG-AuNPs was determined by UV-

Visible absorption measurements with extinction coefficients reported by the company. 

Anhydrous potassium carbonate (K2CO3) was purchased from Fisher Scientific. High 

concentration K2CO3 solution (up to 5M) with surface cleaning to remove potential surfactant 

was mixed with PEG-AuNPs at desired final K2CO3 concentrations. PEG-AuNPs formed visible 

precipitates at ≥ 1M K2CO3 after overnight incubation and all the precipitates were aged for 

another 2 days prior to SAXS measurements. 

7.6.2 Experimental setup 

Small-angle X-ray scattering (SAXS) in transmission mode was carried out at the 

beamline 12ID-B (photon energy E =14.0 keV and wavelength λ = 0.8856 Å) at the Advanced 

Photon Source (APS), Argonne National Laboratory. SAXS data were collected by a 2D detector 

Pilatus2m and the scattering vector magnitude Q, (Q = 4πsin(θ)/λ, 2θ being the scattering angle), 

was calibrated with a silver behenate standard. For nanoparticle suspensions without precipitates, 

sample solutions were loaded into a vertical flow cell normal to the incident X-ray beam, and 

maintained at a constant flow rate during the X-ray exposure period.14 The precipitates were 

carefully loaded into quartz capillary tubes with glass Pasteur pipettes, and multiple spots on 
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precipitates were chosen and examined. The 2D SAXS images were converted to 1D data by 

radial average for further data analysis. 

7.6.3 Form factor of AuNPs 

The form factor of AuNPs with and without PEG coating was measured by SAXS. Figure 

S7.1 shows SAXS profiles of unfunctionalized (bare) AuNPs and PEG-AuNPs (with nominal 

sizes 10-50 nm) dispersed in water after background subtraction. Such SAXS data allow for 

determination of the actual size information.14 Here we assume that the size polydispersity obeys 

a Gaussian distribution function. The profile fitting of the measured form factor (solid lines in 

Figure S7.1) provides the actual particle size in Table S7.1. The actual size is slightly smaller 

than the nominal size, and the polydispersity (spread) is about 10 % of the mean size. For the 

particles with same nominal size, the actual size of bare AuNPs is identical to that of PEG- 

AuNPs. This indicates that the form factor is dominated by Au cores. In fact, as PEG has similar 

electron density to that of water, the PEG shell surrounding AuNPs is practically 

indistinguishable from the solution. 

 

Figure S7.1 SAXS profiles of (a) bare (unfunctionalized) AuNPs and (b) PEG-AuNPs with various nominal core 

sizes. Solid lines are best fits using form factor of spherical solid particles with polydispersity modeled 

by a Gaussian distribution. All the plots are vertically shifted for display purpose. 
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Table S7.1 Nanoparticle size distribution determined by profile-fitting of SAXS data collected from the suspension 

Nominal size (nm) Size of bare AuNPs (nm) Size of PEG-AuNPs (nm) 

10 8.5 ± 0.8 8.7 ± 0.8 

15 13.3 ±1.2 13.3 ± 1.2 

20 17.6 ± 2.0 17.7 ± 1.9 

30 25.5 ± 2.7 25.6 ± 2.5 

50 43.4 ± 4.1 43.5 ± 4.0 

 

7.6.4 Hydrodynamic size of AuNPs 

The hydrodynamic size Dh of unfunctionalized (bare) AuNPs stabilized with citrate and 

PEG-AuNPs in aqueous solutions were measured by dynamic light scattering (DLS). Figure S7.2 

and Table S7.2 show hydrodynamic size distribution of citrate-stabilized AuNPs and PEG- 

AuNPs (with nominal core sizes 10-50 nm). The size distribution shifts to the large size due to 

PEG coating. 

 

Figure S7.2 Hydrodynamic sizes Dh measured by dynamic light scattering for unfunctionalized (bare) citrate-

stabilized AuNPs and PEG-AuNPs with different nominal core sizes: (a) 10 nm, (b) 15 nm, (c) 20 nm, 

(d) 30 nm, (e) 50 nm.  (f) Comparison of Dh for PEG-AuNPs with various nominal sizes. 
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Table S7.2 Hydrodynamic size distribution by dynamic light scattering before and after PEG coating. PEG coating 

leads to a shift of size distribution. 

Nominal size (nm) 
Citrate-stabilized 

AuNPs (nm) 
PEG-AuNPs (nm) 

Shift of distribution 

center (nm) 

10 13.0 ± 3.9 39.1 ± 12.6 26.1 

15 18.4 ± 4.4 42.5 ± 11.5 24.1 

20 29.2 ± 11.9 49.7 ± 13.1 20.5 

30 35.7 ± 11.5 56.1 ± 16.9 20.4 

50 54.7 ± 14.5 73.9 ± 20.3 19.2 

 

 

Figure S7.3 (a) The number of PEG per AuNP n for various nanoparticle sizes measured by thermogravimetric 

analysis (TGA). The red solid line is a best fit with a polynomial function. (b) The corresponding 

grafting density σ. The solid line is adopted from the best fit in (a). (c) The hydrodynamic size Dh 

measured by dynamic light scattering (DLS) and predicted by the theoretical model of Equation S7.1. 

The solid line is calculated using the fitted σ in (b). The error bars for D and Dh are the spread of size 

distribution. 

According to our previous model30, the hydrodynamic size Dh of a given PEG-AuNP 

with Au core size D is given by 

  4/1
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2/12
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,                                                                                    (S7.1) 

where b = 7.24 Å is the Kuhn length of PEG, N = 68.5 is the number of Kuhn monomers for 

PEG with the molecular weight of 6000, σ is the grafting density, and w0 is a dimensionless three 

body interaction, where we use the Flory result w0 = 1/6. This model reveals that the 

hydrodynamic size depends on the grafting density. In this study, the grafting density of PEG on 
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AuNPs is estimated by a thermogravimetric analysis (TGA) as reported.30, 33 Figure S7.3a-b 

shows the number of PEG (MW = 6000) molecules per AuNP, n, and the grafting density σ = 

n/(πD2) for different particle sizes. The red line in Figure S7.3a is a best fit with a polynomial 

function n = a2D
2 + a1D + a0, where a2 = 0.762 nm−2, a1 = 31.8 nm−1 and a0 = 28. The 

corresponding fit of σ is provided in Figure S7.3b. Clearly, in current size range the grafting 

density decreases with increased particle size. In fact, surface curvature plays an important role 

in the grafting density of thiolated molecules attached on gold. This behavior has been observed 

in measured grafting density of PEG-SH with larger large molecular weight (MW = 10000) on 

similar gold nanoparticles33 as well as structural information determined in atomic scale for short 

thiolated molecules grafted on smaller gold nanoparticles.36 With the measured grafting density 

and the best fit, the dynamic size of PEG-AuNPs and its trend versus Au core size are predicted 

by the theoretical model, showing in Figure S7.3c. The prediction is in good agreement with the 

measured results. 

7.6.5 UV-Vis spectra of AuNPs 

The UV-Vis absorption of unfunctionalized (bare) AuNPs stabilized with citrate and 

PEG-AuNPs in aqueous solution was measured by a UV-Visible spectrophotometer. Figure S7.4 

shows spectra of AuNPs (with nominal core sizes 10-50 nm) in water before and after PEG 

coating. The slight red shift (2-3 nm) of surface plasmon resonance (SPR) peaks corresponds to 

the ligand change on nanoparticle surfaces. 

The absorption of PEG-AuNPs is changed when PEG-AuNPs are exposed to K2CO3 

solutions. PEG-AuNPs are stable in water and low concentration K2CO3 solutions (≤ 0.5M), 

while visible macroscopic precipitates are formed after hours at high concentration of K2CO3 (≥ 

1M). Figure S7.5a shows UV-Vis spectra for PEG-AuNPs with nominal core size of 10 nm in  
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Figure S7.4 UV-Vis spectra for unfunctionalized (bare) AuNPs and PEG-AuNPs with different nominal core sizes: 

(a) 10 nm, (b) 15 nm, (c) 20 nm, (d) 30 nm, (e) 50 nm.  (f) Comparison of absorption for PEG-AuNPs 

with various nominal sizes. 

 

Figure S7.5 UV-Vis spectra for PEG-AuNPs with Au core size of 10 nm in the presence of K2CO3. (a) Absorption 

of PEG-AuNPs measured in water and 0.5-3M K2CO3. The time dependence of adsorption takes place 

for PEG-AuNPs in the presence of (b) 1M K2CO3 and (c) 3M K2CO3. Only the spectra for PEG-AuNPs 

in 1M and 3M K2CO3 measured at 5 min after sample preparation were plotted in (a) for comparison. 

the absence and presence of K2CO3. SPR peaks shift to longer wavelengths with the increase of 

K2CO3 concentrations, as adding K2CO3 increased the refractive index of the media where PEG-

AuNPs were dispersed. No clear adsorption change was observed within months for PEG-

AuNPs in water and in 0.5M K2CO3. However, the spectral intensity decreased dramatically 
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along with the SPR peak broadening for PEG-AuNPs at higher concentration of K2CO3 as shown 

in Figure S7.5b-c, which reveals nanoparticle aggregation takes place at high level of salts. Upon 

close looking into the time-dependence of spectra on the same timescale, SPR peaks did not shift 

within hours at 1M K2CO3, while there was a strong red-shift of SPR peaks measured at 3M 

K2CO3, indicating that 1M and 3M K2CO3 exhibited different effects on the aggregation of PEG-

AuNPs. In particular, at 3M K2CO3, PEG-AuNPs were in close proximity to each other, thus 

SPR peaks shifted to longer wavelength due to the plasmon coupling between nanoparticles. 

7.6.6 Full profile analysis of SAXS 

Full profile analysis of SAXS data from particle assemblies (including all peaks as well 

as form factor and potential diffuse scattering) provides higher accuracy and more information 

than solely analyzing a collection of decomposed peaks.35 According to the literature,34, 35 for a 

system of single-type components, when particle size polydispersity, diffuse scattering and local 

positional fluctuations are considered, the overall scattering intensity from ordered particle 

assemblies is given by 

  )()(1)(1)()( p QGQQZQPNQI  ,                                                                  (S7.2) 

where Np is the number of particles, P(Q) = 
2

)(QF is the form factor with F(Q) being the 

form factor amplitude, )()( =)(
2

QPFQ Q is the diffuse scattering, )exp()( 222

D nhkldQQG   

is the isotropic Debye-Waller factor (dn is the nearest neighbor distance, σD describes local 

positional fluctuation), and Z(Q) is the lattice factor. Z(Q) is expressed as 
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where ),;( shklQQ  is the peak shape function. In this study, we use a Gaussian function with 

the position of peak center Qhkl, spread of the peak σs, and the integrated area 1. Z0(Qhkl) is the 

sum of the squares of the phase factors of the (hkl) reflection, normalized by the number of 

particles in a unit cell, the solid angle of the reciprocal space at Qhkl and the dimensional measure 

(i.e. length, area or volume) of the unit cell.34 For a three-dimensionally randomly oriented FCC 

structure, Z0(Qhkl) is written as 

hkl

hkl

hkl m
Qa

QZ
23
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0

8
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
 ,                                                                                                 (S7.4) 

where a is the lattice constant, and mhkl is the multiplicity of the (hkl) reflection. 

Figure S7.6a-e show results of full profile fitting as well as extracted form factor P(Q) 

and structure factor S(Q) = I(Q)/[NpP(Q)] from best fits. The extracted P(Q) for various Au sizes  

 

Figure S7.6 Full profile analysis with extracted form factor P(Q) and structure factor S(Q) = I(Q)/[NpP(Q)] for 

SAXS data of PEG-AuNP assemblies with different nominal core sizes: (a) 10 nm, (b) 15 nm, (c) 20 

nm, (d) 30 nm, (e) 50 nm.  (f) Comparison of the extracted P(Q) from full profile fits. All the plots are 

vertically shifted for display purpose. 
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Table S7.3 Comparison between core sizes of PEG-AuNPs determined from profile-fitting of SAXS data collected 

from the suspension and the assemblies 

Nominal size (nm) 
Size of PEG-AuNPs in 

suspension (nm) 

Size of PEG-AuNPs in 

assemblies (nm) 

10 8.7 ± 0.8 8.7 ± 0.8 

15 13.3 ±1.2 13.3 ± 1.1 

20 17.7 ± 1.9 17.8 ± 1.9 

30 25.6 ± 2.5 25.4 ± 2.5 

50 43.5 ± 4.0 43.3 ± 3.8 

 

is shown in Figure S7.6f and the corresponding refined size information is provided in Table 

S7.3. Overall, the particle size extracted from the full profile fitting of the assemblies is 

consistent with the sizes modeled directly from SAXS of nanoparticle suspension. 

7.6.7 Calculation of Radial Distribution Function 

The inverse Fourier transform of the structure factor S(Q) results in the radial distribution 

function or pair distribution function g(r), which is expressed as35, 37 
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where np is the particle number density in assemblies. 

The experimental structure factor S(Q) was obtained by taking SAXS profiles from 

nanoparticle suspension as the experimental form factor P(Q) and removing the experimental 

P(Q) from the SAXS measurements of nanoparticle assemblies (Figure S7.7). Here, P(Q) is 

assumed to be the same for nanoparticles either distributed randomly in suspension or assembled 

into particle clusters, as P(Q) and the corresponding particle size distribution extracted from full 

profile analysis of the assemblies are in good agreement with the experimental P(Q) and the 

modeled size information (Table S7.3). 
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Figure S7.7 The experimental structure factor S(Q) for assemblies of PEG-AuNPs with different core sizes. Solid 

lines are guides to the eyes. All the plots are vertically shifted for display purpose. 

In the present study, np is practically unknown. To a good approximation, np = √2/(D+2h) 

for a close-packed particle assembly with perfect contact of each particle with a core-shell 

structure (core diameter D and shell thickness h). Simply, we take core size of AuNPs as D, and 

estimate the brush height of PEG shell capped on AuNPs to be 5 nm based on previous results of 

full profile-fitting. We note that according to Equation S7.5, np only determines the amplitude of 

g(r), and by no means affects any oscillation positions that provide valuable information of the 

nearest neighbor distance. 

7.6.8 Theoretical model 

The density of a melt of PEG can be calculated as 

23

1




bN

NNM

A

r ,                                                                                                              (S7.6) 

where Nr/N is the number of PEG monomers per unit Kuhn unit,  NA is Avogadro number, M1 is 

the molecular weight of PEG monomer, b is the Kuhn length, and ν2 is the PEG cross-sectional 
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area in Kuhn length units, where ν < 1. Agreement between Equation S7.6 and the known 

density of PEG ρ =1.123 g/cm3 implies using the same parameters as in our previous study, ν2 = 

0.341 or ν = 0.584. 

In ref.30 we introduced a model, where the polymer within the PEG-AuNP is at the the θ 

point and is under surface tension, which results from the osmotic pressure induced by the 

different ion concentrations inside and outside the polymer shell. Further evidence is provided in 

Figure S7.3 (ref.30), where the measured hydrodynamic for a wide range of sizes and grafting 

densities is in excellent agreement with those assumptions. It should be noted that the salt-rich 

environment that defines the outside of a PEG-AuNP in bulk remains a poor solvent for PEG. As 

shown in ref.30, decreasing the solvent quality further by increasing salt concentration leads to a 

collapse transition and the PEG-AuNP becomes insoluble. It is precisely at this point that the 3D 

supercrystal is observed. Thus, such crystal results from a process of colloidal destabilization. 

The nearest neighbor distance between PEG-AuNP can be obtained from assuming that 

the solid has negligible amounts of solvent, both ions and water. As discussed in the context of 

NP capped with hydrocarbon ligands,38 it is convenient to consider the monomer packing 

fraction, defined as 
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where AP is the cross section of a PEG polymer, L its maximum length, n is the number of chains 

per NP and Vws ≡ V0,WS dn
3 is the volume of the Wigner-Seitz cell. Following standard 

conventions, we define the softness λ = L/R and dimensionless coverage as ξ = AP σ ≡ AP/A0 < 1. 

With this notation, Equation S7.7 becomes 
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where ηHS is the hard sphere packing fraction for the corresponding lattice, ex. ηHS = π/(3√2) ≈ 

0.7405 for a closed packed FCC or HCP structure. Note that we have 
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where to obtain the last expression, ν2 has been employed. There are two obvious choices for the 

nearest neighbor distance dn, namely 

 

 












1
2

2
2 3/1

mHS
MIN

HSm
OPM

n

R

d
R

d

R

d




  .                                                                                (S7.10) 

The first result is known as the optimal packing model (OPM)39 and is satisfied for high grafting 

densities ξ ≈ 1 and short ligands λ ≤ 2. The second is the minimum possible separation, where 

the polymer is distributed as a melt with maximal constant density. As discussed in ref.38, 

separations dn < dOPM involve polymer textures that require consideration of topological defects. 
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

Overall, the dissertation work has focused on the synthesis and self-assembly of 

functional inorganic nanomaterials templated by specialized macromolecules including proteins, 

DNA and polymers. The underlying theme has been the development of synthesis and self-

assembly methods involving nanoparticles and macromolecules, and the development and use of 

X-ray scattering methods to probe the mechanisms of formation and to characterize self-

assembled structures formed. 

Previous research indicated that Mms6, a biomineralization protein from magnetotactic 

bacteria plays a role in the formation of uniform magnetite nanocrystals in vitro. Here we have 

investigated the mechanism of Mms6 biomineralization using small-angle X-ray scattering 

(SAXS), and further synthesized complex magnetic nanomaterials in the bulk and on surfaces to 

expand the biomineralization process to beyond natural materials. SAXS studies in physiological 

solutions have revealed that Mms6 forms compact globular three-dimensional (3D) micelles of 

approximately 10 nm in diameter, that resemble core−corona structures of amphiphilic polymers. 

The spherical core is formed by the hydrophobic N-terminal domains of Mms6, while the corona 

shell with Gaussian-chain-like structure consists of hydrophilic C-terminal domains, which are 

the charged regions responsible for initial iron binding. Introducing iron ions to the protein 

solutions, the general micellar morphology of Mms6 is preserved, but associations among 

micelles are induced to form 2D disk-like or 3D mass-fractal-like aggregates with large surface 

area, which is implied to contribute to formation of large magnetite nanocrystals. By 

immobilizing Mms6 on a hydrophobic octadecanethiol (ODT) monolayer through hydrophobic 
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interactions between N-terminal domains and ODT, Mms6 has been found to form a network-

like structure, which also provides a large surface area for iron binding. Indeed, such a protein 

network has displayed better functionality in facilitating formation of uniformly sized magnetite 

nanoparticles on surfaces than Mms6 adsorbed on hydrophilic substrates. The Mms6 

immobilized on hydrophobic substrates mimics Mms6 situated in the membrane in vivo, 

providing a general template for magnetite biomineralization on surfaces. In addition, we have 

also investigated aqueous-phase synthesis of magnetite nanoparticles with tunable sizes and 

magnetic properties under mild conditions. Gadolinium (Gd) doping has been exploited to 

influence the nanocrystal growth process via a simple co-precipitation method leading to large 

crystal sizes that are controllable with the doping level. Gd doping with simultaneous crystal 

growth has demonstrated to be an effective route to modulating magnetic properties of magnetite 

nanocrystals. Therefore, inspired by the biomineralization process of Mms6, hybrid magnetic 

nanomaterials seen in nature, as well as beyond, can be synthesized on surfaces and in the bulk 

using bottom-up approaches. 

Earlier work on self-assembly of DNA-functionalized plasmonic gold nanocrystals into 

2D and 3D ordered structures revealed a promising route to fabricate next-generation materials 

such as metamaterials. Here, we employed X-ray scattering and spectroscopy techniques to study 

the 2D self-assembly of DNA-capped gold nanoparticles (DNA-AuNPs) at the air–water 

interface, and, more importantly, the self-assembly mechanism that has further become an 

inspiration for development of robust approaches to construct 2D and 3D superlattices by 

functionalizing nanocrystals with polymers. DNA-AuNPs have been observed to self-assemble 

and form 2D hexagonal superlattices at air–water interfaces by simply adjusting concentrations 

of divalent salts. Quantitative analysis has shown that the DNA-AuNPs are overall amphiphilic 
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in character owing to the polyelectrolytic nature of DNA and the hydrophobic hexyl-thiol groups 

commonly used to functionalize DNA for capping AuNPs. Tuning the amphiphilic character by 

charge screening of DNA with divalent cations has driven the interfacial accumulation and 

crystallization of DNA-AuNPs. Inspired by such findings, polyethylene glycol (PEG) has been 

used to functionalize AuNPs to form 2D superlattices as the hydrophobicity of PEG is readily 

controlled with salt concentrations and temperature. We have observed that K2CO3 is effective to 

induce macroscopic and tunable 2D nanoparticle superlattices with much higher crystallinity 

than those of DNA-AuNPs. The 2D superlattices exhibit high tunability of lattice parameters by 

adjusting the K2CO3 and PEG-AuNP concentrations and the length of PEG. Furthermore, at high 

concentrations of K2CO3 (≥ 1M), 3D assemblies have been found to form in the bulk. The 3D 

assemblies have shown the crystallinity of short-range ordering, compatible with the FCC 

symmetry. Using polymer-brush theory, we have demonstrated that the self-assembly of PEG-

AuNPs into 2D and 3D structures is driven by the need to reduce surface tension between the 

PEG shell and the surrounded salt solution. Thus, by functionalization with specialized 

macromolecules, inorganic nanocrystals are able to self-assemble tunably into superlattices by 

controlling the assembly environment.  

Using bioinspired methods, complex magnetic nanomaterials have been synthesized and 

2D and 3D superlattices of plasmonic nanocrystals have been fabricated. Specialized 

macromolecules including proteins, DNA and polymers act as effective templates for synthesis 

and self-assembly of nanomaterials. Such bottom-up approaches provide promising routes to 

fabricate hybrid organic–inorganic nanomaterials with rationally designed hierarchical structures 

for potential applications. 
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8.2 Future Work 

8.2.1 Interfacial self-assembly of gold nanoparticles functionalized with polyelectrolytes 

Our study on interfacial self-assembly of DNA-AuNPs (a Gibbs monolayer) induced by 

divalent salts (MgCl2 and CaCl2) suggested that the negatively charged DNA chains could be 

viewed as natural polyelectrolytes. Addition of salts could be used to control the solubility of 

polyelectrolytes through charge screening, and at a threshold salt concentration, the hydrophobic 

effect mainly arising from the hexyl-thiol groups overcomes the DNA’s affinity to water, leading 

to interfacial accumulation of DNA-AuNPs. This study points to a new direction, where 

hydrophilic/hydrophobic effects of macromolecules can be exploited to design and construct 

organic-inorganic ordered structures at interfaces. Exploiting this concept, synthetic 

polyelectrolytes such as poly(acrylic acid) (PAA) grafted to gold nanoparticles via alkane thiol 

can be used to assemble nanoparticles at interfaces. Preliminary results have shown that the 

interfacial self-assembly and crystallization of PAA-AuNPs could be triggered by both salt 

concentrations and pH values. The critical salt concentration or pH appears to depend on the 

relative lengths of the hydrophilic PAA and hydrophobic alkane. Theoretical considerations can 

focus on the electrostatic free energy of PAA in the presence of salts as well as the effect of pH 

on the PAA hydrolysis.  

The surface charge (zeta potential) of nanoparticles could be modified through 

functionalization with polyelectrolytes. 2D self-assembly of nanoparticles can be obtained by 

exploiting the electrostatic interactions between polyelectrolyte-functionalized nanoparticles and 

oppositely charged templates at the air−water interfaces. One choice of the charged templates is 

a Langmuir monolayer formed by lipids with head-groups of desired charge. Recently, it has 

been reported that negatively charged DNA-AuNPs or citrate-stabilized AuNPs were adsorbed to 
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positively charged templates such as a Langmuir monolayer of 1,2-dihexadecanoyl-3-

trimethylammonium-propane (DPTAP) to form 2D tunable superlattices.1, 2 2D superlattices with 

the DPTAP monolayer and PAA-AuNPs can be explored. The relationship between lattice 

parameter and the length of PAA and core size of nanoparticles can be investigated.  

8.2.2 Effect of salts on self-assembly of gold nanoparticles capped with polyethylene glycol 

Our studies have demonstrated that the 2D and 3D self-assembly of PEG-AuNPs in 

aqueous solution is triggered by a salt, i.e., K2CO3, which is one of the specific salts that induce 

aqueous phase separation of PEG to form aqueous biphasic systems (ABS). It has been found 

that various salts including K2CO3, K3PO4, (NH4)2SO4, Li2SO4, MnSO4, ZnSO4, and NaOH are 

effective to form APS of PEG, while some others such as NaCl, KCl and MgCl2 are not.3, 4 

Meanwhile, in spite of experimental observations, attempts to elucidate underlying mechanism 

and related theory on ABS of PEG+salts are still lacking.5, 6 Following our previous study, we 

can focus our efforts on the effect of various salts on formation of 2D superlattices by PEG-

AuNPs. Surprisingly, our initial results have shown that a list of salts including NaCl and KCl 

exhibited ability to inducing 2D self-assembly and crystallization of PEG-AuNPs at the 

air−water interfaces and various salts showed subtle differences. The interfacial self-assembly of 

PEG-AuNPs induced by salts appears to be a more general phenomenon than the ABS of 

PEG+salts. More importantly, various options of salts allow for further exploration of the 

distribution of PEG and salts at the air−water interface. For instance, we have observed that 

Cs2SO4 slats affect 2D self-assembly of PEG-AuNPs and the fluorescence energy of Cs2SO4 is 

detectible. X-ray fluorescence near total reflection at different penetrating depths can be used to 

determine the vertical distribution of Cs+ and SO4
2- at the interfaces. This will provide insight on 

theoretical explanations of 2D self-assembly of PEG-AuNPs.  



205 

 

Our theoretical argument has pointed out that the interfacial self-assembly is driven by 

the need to reduce surface tension between the PEG shell and the surrounded salt solution. The 

PEG-AuNPs migrated to the air−water interfaces leading to lowering the surface tension of 

aqueous solutions. To confirm the theoretical consideration, we can reduce the surface tension of 

PEG-AuNP aqueous solution by loading a monolayer of simple lipids dihexadecyl phosphate 

(DHDP). The interfacial self-assembly of PEG-AuNPs can be studied with K3PO4 that shares the 

same phosphate group with the lipids. Our preliminary results have shown that DHDP monolayer 

prevented formation of interfacial self-assembly of PEG-AuNPs in the presence of K3PO4, which 

is in agreement with our theory. Future work can focus on systematic studies of the effect of 

K3PO4 on 2D self-assembly of PEG-AuNPs in the presence of DHDP. The surface tension of all 

the solutions in the absence and presence of DPDH and K3PO4 can be measured as well. 

We have found that 3D assemblies of PEG-AuNPs formed following 2D self-assembly 

showed only short-range ordering using the salt K2CO3. Ways to achieve high crystallinity of the 

3D assemblies of PEG-AuNPs can be explored in the future. The various options of salts and 

their subtle differences on the effect on 2D self-assembly may have influence on the long-range 

crystallization of 3D assemblies. Meanwhile, the effect of length of PEG can also be 

investigated. 

8.2.3 Extending liquid-phase self-assembly of nanoparticle to functional nanodevices 

All the methods we have developed for fabricating 2D and 3D assemblies are governed 

by the organic macromolecules and independent of inorganic nanoparticles. Thus our methods 

are general and readily applicable to other nanoparticles with different functionalities. For 

instance, magnetic nanoparticles such as magnetite and cobalt ferrite can be functionalized with 

PEG using a silane group.7 Such PEG capped magnetic nanoparticles can be used to construct 
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tunable superlattices induced by the salts such as K2CO3. In the future, we can extend current 

method to a general one for self-assembly of plasmonic, magnetic, catalytic and luminescent 

nanoparticles.  

Currently our studies have focused on the self-assembly of gold nanoparticles at the 

air−water interfaces or in the bulk. In order to fabricate real nanomaterials with various types of 

functionalities for potential applications, one needs to transfer the 2D and 3D assemblies to solid 

substrates. One approach to transfer 2D assemblies is the Langmuir–Blodgett technique. We can 

use this technique and others to fabricate tunable superlattices on solid substrates followed by 

functional characterizations. Functional nanodevices such as metamaterials can then be explored. 
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