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ABSTRACT 
 

Hedgehog particles (HPs) represent a platform for engineering dispersion stability by 

marked reduction of van der Waals forces from nanoscale spikes. This dissertation utilizes the 

dispersion stability of HPs in a broad array of applications including sensing in biofluids, catalysis 

in high ionic strengths and nonpolar environments, and for the creation of stimuli-responsive 

materials.  New chemistries of HPs including development of core materials, spike materials, and 

nanoparticle coatings have been utilized to achieve functional properties.  

In chapter II, we introduced functional sensing nanoparticles and polyelectrolytes through 

the deposition of layer-by-layer nanoparticle films on HPs. Gold-modified HPs were used to 

overcome the problem of colloidal aggregation in surface enhanced Raman spectroscopy probes 

resulting in an order of magnitude enhancement in sensing capability directly in biofluids. In this 

study, we also explored the limits of engineering dispersible structures, demonstrating that 

nanostars did not exhibit strong enough surface corrugation and very thick branching nanoparticle 

and polymer layers could disrupt the dispersion stability on HPs.   

HPs originally, consisted of commercial carboxylated polystyrene cores. For catalysis and 

other applications, the production of both more chemically resistant and lab made materials is 

required.  In chapter III, we developed a method utilizing layer-by-layer assembly to engineer 

microscale lab-made SiO2 cores with nanoscale ZnO spikes that can be dispersed in both high 

ionic strength and nonpolar environments. Electrolyte environments enable control of product 

selectivity and yield but see little use with dispersible heterogeneous catalysts due to poor catalyst 

stability. SiO2 HPs in concentrated electrolytes allowed for control of product selectivity and 

greatly enhanced yield in the photooxidation of 2-phenoxy-1-phenylethanol. SiO2 HPs can 

engineer different reaction pathways in a high ionic strength environment. 

Chapter IV involved the development of active core materials with complementary 
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properties and multifunctional core and spike materials. Omnidispersible HPs carrying stiff ZnO 

nanospikes were prepared with Fe2O3 hematite microcubes, Fe3O4 magnetite microcubes, hollow 

Au microspheres, and hollow TiO2 microcubes.  Inorganic core HPs maintained dispersion in a 

wide array of nonpolar environments and exhibited enhanced thermal and chemical stability. In a 

water and cyclohexane emulsion system, hematite HP proceeded in a novel chemical pathway to 

produce cyclohexene oxide, a valuable intermediate. 

In Chapter V, a tunable polymer-based shell was developed for control of stability based 

on environmental conditions. In order to create a flexible polymer-based HP or Tendril particle 

(TP), polyallylamine films were crosslinked with glutaraldehyde. Hollow, flexible polymer 

spikes with controlled zinc oxide content were formed which can be loaded with small molecules 

and nanoparticles. TPs consisted of a flexible shell but retained remarkable dispersion properties 

including in heptane and high ionic strength media. Through addition of Poly(N-

isopropylacrylamide-co-acrylic acid) (PAA-NIPAM) and dopamine subunits, controlled 

aggregation was observed in response to high temperature and pH respectively. 

In conclusion, this thesis centers on the development of omnidispersible colloids that can 

function in high ionic strength and nonpolar environments. We utilize these colloids to develop 

new chemical pathways in these complex fluid environments and demonstrate their ability to 

function in sensing in biofluids and as an environmentally responsive material. 
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Chapter 1 

 

Introduction 
 

1.1 Motivation: Dispersion Stability 

 

While the molecular engineering of particles has greatly diversified to complex shapes and 

chemistries, the ways to stabilize them have remained largely the same. The engineering of 

dispersion stability traditionally utilizes chemical coatings, which can otherwise hinder catalytic 

activity, sensing capability, and functionality. Dispersion of functional materials in complex fluid 

environments is critical to many different applications in catalysis, biosensing, and stimuli-

responsive materials. It has become even more important with the development of many new 

reactive nanomaterials that are not as stable in complex environments such as nonpolar or high 

ionic strength fluids. 

Figure 1.1: Gold Nanoparticle with different ligand molecules on the surface. Left to right: trioctylphosphine oxide   (TOPO), 

triphenylphosphine (TPP), dodecanethiol (DDT), tetraoctylammonium bromide (TOAB) and oleic acid (OA). Obtained from 

Reference 1.1
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Traditionally, surface coatings can involve a variety of different polar and nonpolar ligands 

used to stabilize nanoparticles (Figure 1.1).1. These coatings only allow for stability in certain 

chemical environments dependent on the polarity, and require phase transfer methods in order to 

disperse materials in the opposite polarity. 2,3 Additionally, surface coatings hinder the ability for 

particles to be applied broadly to applications which will require stability in a variety of fluids. 

Dispersion in apolar media traditionally requires  hydrophobic ligands such as dodecanethiol. 3 

Nanoparticle cores can also be stabilized by steric interactions between the ligands.4 For many 

semiconductor nanoparticles (NPs), there are issues with desorption of these stabilizing ligands 

which can lead to aggregation.5 An additional method to disperse particles in nonpolar solvents 

requires hydrophobic surface coatings such as thick silane coatings.6,7 All of these dispersion 

methods are bound by the heuristic rule “like dissolves like” and require the addition of a nonpolar 

component to enhance dispersion. Functionality, in particular, for catalysts can be greatly reduced 

with these coatings and ligands.8 Surfactants are unfavorable, in particular with thick hydrophobic 

coatings or large hydrophobic ligands since reactions take place on the catalyst surface.9 

Dispersion in high ionic strength media is something that is also difficult. In particular, the 

ability for sensing probes to function in biofluids has a large dependence on their stability in high 

ionic strength environment. For gold nanoparticles used in clinical applications, aggregation 

occurs in physiological conditions due to reduction of electrostatic repulsion from screening of 

charge.10,11 At 0.1 M NaCl, characteristic of biological conditions, gold nanoparticles rapidly 

aggregate to over 100 times the size, reducing active area and functionality.10 Steric coatings can 

help stabilize nanoparticle sensors, but can lead to issues with substrate binding12,13 and have a 

strong effect on adsorption14 for catalytic applications. 

Utilizing surface corrugation enables dispersion of materials in both nonpolar and high 

ionic strength environments. Nature has used spiky particles to control interparticle forces, for 

example, in pollen (Figure 1.2). Mimicking this ability in the laboratory such as with spiky 

colloids referred to as ‘hedgehog particles’15 has indicated their multifaceted technological 

utility.16–19 The surface corrugation of HPs can be controlled as a strategy to improve both catalytic 

activity and dispersion stability. Stiff ZnO spikes (Figure 1.2) surrounding a solid core reduce van 

der Waals (vdW) forces by 10 times, which results in the ability of HPs to disperse in both organic 
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and aqueous solvents. 15HPs were first synthesized utilizing a sonothermal method involving the 

growth of ZnO nanorods from nanoparticle seeds on a microparticle. 

  

Figure 1.2: Above: Natural  pollen grains captured in FlowCam at 20× magnification (D) and SEM (H), respectively, adapted 

from Reference 20.20 Below: Schematic of Spiky Hedgehog Particle Synthesis. Adapted from Reference 15.15 

HPs form stable dispersions in highly apolar organic solvents such as hexane, heptane, and 

toluene, as verified by confocal microscopy, while the individual components ZnO nanorods and 

polystyrene beads do not disperse (Figure 1.3). In order to quantitatively understand, the 

mechanism of dispersion of HPs in phobic solvents, DLVO theory was applied within additivity 

limits. The total energy of HP-HP interactions were evaluated  as VDLVO = VvdW + VDL. VDLVO, where 

van der Waals (VvdW) and electrical double layer (VDL) interactions approximate the total potential 

(VDLVO) between the interacting colloids.  It was found that the presence of stiff nanoscale inorganic 

Figure 1.3: Dispersion of HPs in phobic solvents (a)  Confocal microscopy of hydrophilic HPs dispersed in highly apolar 

heptane;  (b) Photographs of dispersion of hydrophilic HPs in apolar solvents such as heptane, hexane and toluene; (c) van der 

Waals attraction, VvdW, of hydrophilic HPs (blue) and polystyrene microsphere (orange) in heptane; (d) Total interaction 

potential, VDLVO, of hydrophilic HPs in heptane.15 
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wires transforms the colloidal behavior of HPs.  Figure 1.3c illustrates VDLVO, HPs = 1.4 kBT at the 

contour around the spike tips. The anomalous dispersion stability in a phobic solvent is achieved 

by a significant reduction in the attractive component, VvdW, in HPs compared with smooth 

particles, Figure 1.3d.15   

 

1.2 Layer-by-Layer Assembly 
 

Various techniques exist to modify surfaces of colloidal particles. Polymer film formation 

at the surface has been achieved through the addition of monomers then subsequent 

polymerization21,22. Additionally, the formation of a polymer shell around the particle can be 

achieved through emulsion polymerization23,24. Layer-by-layer assembly (LbL) was first 

introduced by Iler in 1966 and then reintroduced by Decher and colleagues in 1991.25–27  

Originally, the LbL method consisted of alternatively deposited charged polymer layers on a flat 

substrate to form a multilayer film. LbL partners have been expanded to various types of 

nanoparticles as well as to different interactions including hydrogen bonding.28,29 Multilayer 

composites with exceptional mechanical properties and optical properties have been achieved 

utilizing LbL.30,31 LbL modification has been expanded to colloidal particles include the formation 

of multilayer capsules32 and the formation of protein films33. This has led to numerous applications 

in use of LbL-modified films and particles as stimuli-responsive materials34 and in drug delivery35.  

LbL on patterned surfaces has been explored including photolithography materials by 

Caruso and co-workers.36,37 However, the vast majority of studies are limited to flat substrates.  

Recently, Caruso and co-workers demonstrated layer-by-layer assembly of polyelectrolytes using 

a patterned colloidal substrate (diatom) as a sacrificial template.38 . LbL films have been used as 

successful supports for catalytic nanoparticles in numerous reactions.39 LbL films result in 

increased nanoparticle loading, which has been used to create effective catalytic membranes40,41 

as well as dense coatings of plasmonic NPs for surface-enhanced Raman scattering(SERS) 

applications.42,43 . Additionally, LbL films can be used to introduce selectivity into catalytic 

reactions.44   
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1.3 Semiconductor Photocatalysis 

 

 

The nanoscale engineering of inorganic materials provides essential tools for the control of 

electronic properties and catalytic sites, thereby improving reaction reactivity and selectivity of 

catalysts 45–49.  These special properties of inorganic nanostructures have led to intense research in 

the fields of sustainable fuel conversion and pollutant mineralization 50–56  initiated by band gap 

photoexcitation followed by electron transfer reactions on different sites of catalytic nanoparticles 

(NPs, Figure 1.4). The use of photonic energy rather than thermal energy enables mild reaction 

conditions and reduction of carbon footprint. The favorable photocatalytic properties of nanoscale 

inorganic materials can be potentially taken advantage of in organic synthesis 57,58 The hydrophilic 

nature of uncoated inorganic NPs limits these processes, however, to mostly aqueous or polar 

media 59–62.  

ZnO and titanium dioxide (TiO2) represent two commonly used large band gap catalysts. 

63  Extensive investigation has been done on TiO2 photocatalysts64,65  including degradation of 

environmental pollutants  such as CO2
66 and nitrate67.The wide band gaps of TiO2 and ZnO prevent 

absorption of visible light and only allow for photoactivation under UV irradiation (Figure 1.4). 

Many researchers have focused on narrowing the band gap of TiO2
68–70 and ZnO71

 through doping 

so that the photocatalytic activity will be enhanced with exposure to visible light. The addition of 

metal co-catalysts such as platinum and palladium 

to TiO2 helps prevent charge recombination. 

Additionally, coupling semiconductors such as CdS 

with TiO2 can increase charge separation and the 

range for photoexcitation of the system.64 

ZnO has been used to create many complex 

microstructures72,73 and has also been used for 

environmental remediation.74,75 One-dimensional 

ZnO nanostructures, such as nanorods, exhibit high 

crystallinity that reduces surface trapping states, and 

effectively delocalize charge carriers leading to 

efficient charge separation.75,76 ZnO nanorod arrays 

Figure 1.4: Photocatalytic conversion of CO2. 

Reaction scheme for the photocatalytic reduction of 

CO2 with H2O on a wide band gap semiconductor.332  
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were demonstrated to have enhanced photocatalytic activity in degradation of Methyl orange over 

commercial ZnO particles.77 

 

 

 

1.4 Thesis overview 

 

In this thesis, surface corrugation was used as basis to achieve functional sensing, 

catalytic, as well as tunable optical and physical properties in complex fluid environments. HPs 

represent a novel way to disperse materials in high ionic strength and opposite polarity 

environments. Engineering of HPs was achieved through addition of sensing plasmonic 

nanoparticles, expansion to inorganic catalytic cores and spikes, and deposition of 

polyelectrolyte multilayers enabling responsive and tunable properties. By developing these new 

classes of HPs, new catalytic pathways were uncovered in high ionic strength environments in 

the oxidation of a lignin model compound and in the oxidation of nonpolar cyclohexane. 

Polyelectrolyte and nanoparticle multilayers enabled sensing capability directly in a biofluid 

environment utilizing vibrational spectroscopy traditionally plagued by poor reproducibility. 

Polyelectrolyte multilayers were used to give tunable properties and environmentally responsive 

behavior. HPs are broadly applicable—in the production of better biosensors, the creation of 

sustainable fuels and chemicals and engineering of responsive materials.   

 

1.4.1 Sensing in Biofluids 
 

Analysis of biofluids such as blood and urine using Raman spectroscopy allows for 

minimal invasive diagnostics, accessibility, and repeated samplings.78,79Plasmonic hotspots 

generated from aggregation of NPs have been shown to increase SERS intensity but can be 

unreliable and difficult to control (Figure 1.5).80–82 Immobilization of nanoparticles on a support 

allows for close contact of NPs with greater control than aggregation of NPs in solution. 

Nanorod arrays are commonly used as a support since they allow close contact of NPs, and have 

a high surface area and aspect ratio for SERS (Figure 1.5).83–85 Colloidal templates are also used 

since they increase dispersion stability, and can be used to add additional functionalities.42,86  

However, analysis in these fluids requires additional stability in a high ionic strength 
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environment that contains various biomolecules which easily induce aggregation in NP systems 

and can severely interfere with SERS spectra.87,88   

Current bacterial culture techniques can take multiple days and many other techniques 

require extensive separation before detection. Sensitive, rapid multiplex detection is required to 

detect bacteria such as Staphylococcus Aureus and other pathogens in biofluids for many diseases 

including septicemia.89–91 Therapeutic drug monitoring also requires precise quantification of drug 

molecules in biofluids.88 However, analysis in these fluids requires additional stability in a high 

ionic strength environment that contains various biomolecules which easily induce aggregation in 

nanoparticle systems and can severely interfere with SERS spectra.87,88 With the creation of HPs 

nanorod arrays can be used directly in a multifunctional omnidispersible SERS probe for analysis 

of biofluids.  

Figure 1.5. Left:  Branched ZnO nanorod array surface-enhanced Raman Scattering (SERS) probe coated with gold nanoparticles 

from layer-by-layer assembly. Adapted from Reference 83. 83  Right: Schematic view of SERS on both non-interacting 

nanoparticles and aggregates.  Coupling leads to the formation of hot spots, with large effects on the intensity of the SERS signal 

(additional enhancement factors up to 103), in this case for a protein from reference 92.92 

 

1.4.2 Catalysis in Complex Fluids 
 

There are a number of reactions with low yields due to the limited stability of catalysts in 

a nonpolar environment. Cyclohexane oxidation to KA oil, comprising cyclohexanol and 

cyclohexanone, is a multi-step conversion process. It is an important part of the, so called, 

CYCLOPOL process, a commonly used chemical industry sequence for the production of 

caprolactam and adipic acid, which are ultimately transformed to polyamide fibers and plastics 

(Figure 1.6). 93 The industrial process proceeds with a very low conversion of cyclohexane to KA 
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oil close to 4-10% to maintain 85-90% selectivity. The method consists of  molecular oxidation 

with oxygen at high temperatures and pressures with cobalt salt  and due to the apolar environment 

there is limited availability of other catalysts.94 It is a challenging process as the products of interest 

are reactive intermediates such as cyclohexyl hydroperoxide or cyclohexene oxide. 

 

 

Figure 1.6. Different stages of conversion of benzene to cyclohexane and to NylonTM polymers.  

Converting carbon dioxide (CO2) into liquid fuels and feedstocks has both economic and 

environmental value. Energy and economic analyses demonstrate, that photocatalytic conversion 

of CO2 using solar energy is the most attractive route in the long run.95–97 In its current form, 

however, the process has low efficiency, product selectivity, and catalyst stability.98 The poor 

solubility of gaseous CO2 in aqueous media is responsible for many of these problems.99    The use 

of supercritical carbon dioxide (ScCO2) overcomes this issue, but the non-polar nature of ScCO2 

results in poor catalyst dispersion stability and, therefore, activity.100,101 The reduction of CO2 into 

a valuable commodity such as methanol is a challenging but worthy goal because it simultaneously 

addresses global problems associated with the needs of the transportation and chemical feedstock 

industries, while reducing the amount of greenhouse gas.102,103.  

In addition to apolar media, there has been very limited use of  photocatalysts in high ionic 

strength media. Electrolytes have been shown to have a large effect on selectivity in 

electrocatalysts. Ionic strength results in accelerated electron transfer from ascorbic acid to 

hexacyanoferrate by reducing electrostatic repulsion between them.104  Additionally, high 

concentrations of electrolytes result in increased ethylene yield in CO2 reduction105  and increase 

the yield of C-C coupling on CuOx electrodes.106 These reactions indicate that high ionic strength 

environment has a distinct impact on the yield and selectivity catalytic processes. Importance of 

further exploration of high ionic strength conditions on catalysis is supported by their presence in 

many environmental processes, brine treatment and oil spill mitigation.107 Dispersed particles, 

Cyclohexane 
Cyclohexanol 
Cyclohexanone 

Cyclohexanone Cyclohexanone –  
      Oxime 

Benzene -Caprolactam 

Adipic Acid  Nylon 66 Nylon 6 
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however rapidly aggregate in high salinity conditions, which reduces active surface area and 

catalytic efficiency. 108,109                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 The development of heterogeneous inorganic photocatalysts that can function in a 

nonpolar environment such as CO2 or cyclohexane and concentrated electrolytes are critical for 

the sustainable production of feedstocks and fuels. Structurally predisposed for high colloidal and 

chemical stability as well as catalytic activity, HPs will establish a family of novel catalysts for 

apolar and high ionic strength environments.  

 

1.4.3 Environmentally Responsive Colloids  
 

The creation of colloids with tunable material shells and properties allow for a versatile 

set of optical and mechanical properties in different conditions. Through the controlled 

destabilization of nanoparticles the synthesis of many different nanostructures110,111, 

composites112, and crystalline materials113 can be achieved and a variety of functions such as 

catalytic activity114 can be tuned. The creation of particles that aggregate or respond to 

environmental conditions such as temperature115–117, pH118,119, light120,121 have broad importance. 

Polymeric cross-linked colloids from LbL assembly are commonly used in drug-delivery and 

other applications requiring environmentally responsive behavior.35 The stability of these 

particles in complex environments can be further improved with a stimuli-responsive spiky shell, 

which enables control of stabilization can be in a rapid manner.  

The creation of responsive colloids also allows for the tunability of optical, mechanical, 

and catalytic properties.114 Cross-linking can be used to improve colloidal mechanical properties 

as well as introduce environmentally responsive subunits.122 Additionally, enzymes and a wide 

array of chemical/biological functionalities can be introduced through functional groups of the 

polymers.    
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Chapter 2  

 

Omnidispersible Hedgehog Particles for 

Multiplexed Biosensing 
 

Reproduced with minor modifications with permission from Montjoy, D. G.; Bahng, J. 

H.; Eskafi, A.; Hou, H.; Kotov, N. A. Omnidispersible Hedgehog Particles with Multilayer 

Coatings for Multiplexed Biosensing. J. Am. Chem. Soc. 2018, 140 (25), 7835–7845. Copyright 

© 2018 American Chemical Society 

 

2.1 Abstract 
 

Hedgehog particles (HPs) replicating the spiky geometry of pollen grains revealed 

surprisingly high dispersion stability regardless of whether their hydrophobicity/hydrophilicity 

matches that of the media or not. This property designated as omnidispersibility is attributed to the 

drastic reduction of van der Waals interactions between particles coated with stiff nanoscale spikes 

as compared to particles of the same dimensions with smooth surfaces. One may hypothesize but 

it remains unknown, however, whether HPs modified with polymers or nanoparticles (NPs) would 

retain this property. Surface modifications of the spikes will expand the functionalities of HPs, 

making possible their utilization as omnidispersible carriers. Here, we show that HPs carrying 

dense conformal coatings made by layer-by-layer (LBL/LbL) assembly maintain dispersion 

stability in environments of extreme polarity and ionic strength. HPs, surface-modified by 

multilayers of polymers and gold NPs, are capable of surface-enhanced Raman scattering (SERS) 

and overcome the limited colloidal stability of other SERS probes. The agglomeration resilience 

of HPs leads to a greater than one order of magnitude increase of SERS intensity as compared to 

colloids with smooth surfaces and enables simultaneous detection of several targets in complex 
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media with high ionic strength. Omnidispersible optically active colloids open the door for rapid 

multiplexed SERS analysis in biological fluids and other applications. 

 

2.2 Introduction 
 

Dispersion stability is the essential property of colloids attained when particles have 

stronger interparticle repulsive forces (electrostatic, steric, etc.) than attractive ones (van der 

Waals, hydrogen bonding, etc.). Traditional methods of dispersing particles in solvents of opposite 

polarity typically involve coating particles with a layer of surface ligands following the similarity 

rule, “like dissolves like”. 1,3,6 For instance, a dispersion of polar particles in apolar media requires 

chemical “camouflage” from a hydrophobic layer on the particle surface, such as silane. 

6,7 Dispersions of apolar particles in polar solvents, such as water, require a layer of soft and 

flexible hydrophilic ligands. 123 In both cases, the coatings chemically passivate or otherwise often 

negatively impact the catalytic, optical, and sensing functionalities of the colloids. Spontaneous 

desorption of stabilizing ligands leading to particle aggregation presents a frequently encountered 

problem for dynamic coatings from surfactants. 2,3,5   

We are looking for an alternative strategy for dispersing particles in unfriendly solvents 

that avoids these problems. One such strategy is based on extreme surface corrugation. Recently, 

it was found that colloids carrying a layer of stiff inorganic spikes denoted as hedgehog particles 

(HPs) have unusually high dispersion stability in solvents of opposite polarity.  The microscale 

HPs with outer diameters ranging from 1 to 3 microns were constructed by hydrothermal growth 

of nanoscale zinc oxide (ZnO) spikes onto a polystyrene core.15  HP particles with analogous 

geometry but possessing smaller diameters of 200–300 nm were later constructed by the self-

assembly of FeSe2 nanoparticles (NPs).124  Colloidal stability of HPs was attributed to marked 

reduction of van der Waals (London dispersion) forces for particles with rigid spikes.  Mitigation 

of the non-specific attractive forces between particles enables them to disperse equally well in 

organic and aqueous solvents as well as in media with high ionic strength.  These properties make 

HPs uniquely suitable for use in analysis,79 catalysis,8,125,126 and drug delivery.127  

The similarity between the geometries of HPs and those of spiky pollen grains,128–130 some 

cells,131–133 and viruses134–136 with highly corrugated surfaces should be noted.  The congruence of 

their shapes is not accidental.137  The rigid spikes of pollen particles have been designed by nature 
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to resist agglomeration under a variety of conditions while promoting their association with 

receptor-specific targets located on the spikes.  Such design of the particles spanning Ångström, 

nanometer, and micrometer scales facilitates pollen dispersion, dissemination and, therefore, 

proliferation of the particular species.   

Star-like particles with modest corrugation are known to have other remarkable properties 

that strongly differentiate them from particles with smooth surfaces.16–19,86,138  These properties 

include concentration of the electrical field at their apexes,139 lock-and-key assembly 

patterns,140,141 catalytic activity related to topographic features,142 as well as enhanced intracellular 

delivery.143 These properties are expected to be retained in HPs and can be combined with 

omnidispersibility, enhancing the technological prospects of these engineered multiscale colloids. 

The derivatization of HP surfaces with macromolecular components will greatly expand 

the functionalities of HPs.  For instance, molecular engineering of the surface of ZnO nanorods 

with polymers and NPs will impart the HPs with desirable optical properties, reactive chemical 

groups, and biological specificity.  However, surface modification of HPs by most techniques, for 

instance, by in-situ polymerization resulting in soft organic shells, is expected to compromise their 

omnidispersibility.  Such surface modification will reduce nanoscale corrugation and result in 

increased van der Waals attraction.   

Layer-by-layer assembly (LBL) permits molecular and nanoscale engineering of surfaces 

by sequential deposition of polyelectrolytes,144–146 proteins,33,147 NPs,28,30,148,149 and many other 

functional compounds34–37,150 involving different types of interactions.29,151  Importantly, 

conformal deposition of nanoscale layers by LBL can be accomplished not only on flat surfaces 

but also on colloids26,27,32,152,153 and surfaces with very complex geometries.38,154–162   We 

hypothesized that the dense conformal LBL coatings will preserve omnidispersibility of HPs. 

Realization of LBL-coated HPs will answer a fundamental question of whether or not the 

dispersion properties observed for HPs are material dependent.  Furthermore, LBL films are likely 

to expand the functionalities of HPs. For instance, layers of plasmonic NPs on HPs will make 

omnidispersible probes suitable for surface enhanced Raman spectroscopy (SERS).42,43,163,164 

Since enhancement factors and reproducibility of SERS are strongly dependent on the 

agglomeration state of the particles,80–82 minimization of the dependence of the SERS intensity on 

particle agglomeration is critical for analysis of biofluids.78,79,165  Additionally, dispersion stability 

is critical in media with high ionic strength and large amounts of various biomolecules, which 
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easily flocculates NPs and other SERS probes leading to a decrease of sensitivity and reliability of 

SERS-based biosensing.87,88,163–165  

 

2.3 LBL Film of Polyelectrolytes on HPs 
 

HPs constructed from PS cores and ZnO “needles” according to the previous study15 were 

used as the model particles in this study due to the simplicity of their ZnO surface modification.  

For LBL deposition we chose sodium polystyrene sulfonate (PSS), and 

poly(diallyldimethylammonium chloride) (PDDA), as the primary multilayer system because they 

are known to form strong, dense coatings on substrates.25,28 The (PSS/PDDA)n multilayers were 

deposited on HPs using the adsorption-centrifugation cycle described previously for microscale 

colloids with smooth surfaces.152,166  Conformal films on HPs were also formed with weak 

polyelectrolytes, polyacrylic acid (PAA), and poly(allylamine hydrochloride) (PAH).  These films 

show some interconnectivity of polymer coatings between the spikes for high values of n (Figure 

2.9), which is undesirable in the context of this study.  The density of the coatings can be tuned by 

varying ionic strength and pH of polyelectrolyte solutions.167,168 In most cases, the LBL deposition 

was performed in the presence of 0.5 M NaCl to produce denser and thicker bilayers for each cycle 

unless otherwise noted.   

Transmission (TEM) and scanning (SEM) electron microscopies indicated formation of 

compact conformal coatings (Figure 2.1) with uniform thicknesses around all of the spikes and 

cores of the HPs with no damage or alteration of the starting HP’s geometry observed. The 

thicknesses of the (PSS/PDDA)2, (PSS/PDDA)3PSS, and (PSS/PDDA)5 polymeric shells were 8.5 

± 2.0, 14.0 ± 3.4, and 17.6 ± 4.2 nm, respectively. In accord with previous observations of LBL 

films on flat surfaces, 26 LBL deposition without NaCl produced thinner films; for example, a 

(PSS/PDDA)5 shell formed in the absence of NaCl had a thickness of only 6.3 ± 2.0 nm (Figure 

2.7). 
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Figure 2.1. Deposition of Polyelectrolyte Films on HPs: SEM and TEM images of HPs modified using 

(PSS/PDDA)n multilayers deposited in the presence of 0.5 M NaCl for different deposition sequences: (a,e) (PSS/PDDA)2, (b,f) 

(PSS/PDDA)3PSS (i.e., 3.5 bilayers), (c,g) (PSS/PDDA)5, confocal microscopy of bright blue fluorescent core HPs modified with 

PSS/FITC-PAH (d) and PAA/FITC-PAH (h) films, (i) ζ-potential measurements as a function of bilayer number for HPs 

modified with PSS/PDDA (solid line) and PAA/PAH (dashed line). 

 

We complemented TEM data with images obtained by confocal microscopy to gain a more 

detailed assessment of LBL coatings for the ensemble of particles. HPs were first coated by 

positively charged fluorescein-isothiocyanate-modified poly(allylamine hydrochloride) (FITC-

PAH) serving as a contrast agent for confocal microscopy, then an LBL shell was sequentially 

assembled with negatively charged PSS or PAA. Both FITC-PAH coatings of HPs possessed 

bright green emission, while the carboxylate microspheres used as cores possessed bright blue 

emission (Figure 2.1e,h). Standard confocal (Figure 2.1) and super-resolution stimulation 

emission depletion (STED) microscopies (Figure 2.8) gave clear indications that uniform and 

conformal LBL films around the spikes for the HPs are formed. Electrodynamic ζ-potential 
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measurements further confirmed the deposition of alternately charged polymer layers on the HPs 

en masse (Figure 2.1g). The unmodified HPs have a ζ-potential of +14 mV. LBL-modified HPs 

revealed ζ-potentials of +40 and −20 mV for PDDA and PSS layers, respectively, and of +25 and 

−30 mV for PAH and PAA, respectively (Figure 2.1i). 

 

2.4. LBL Film of Nanoparticles on HPs 

 

Homogeneous conformal LBL films were also formed from negatively charged Au NPs 

(AuNP, Figure 2.2, 2.10) assembled with PDDA. 169 Without LBL modification, there was very 

limited adsorption of Au NP on HPs (Figure 2.11). A “base” layer of PSS was deposited prior to 

deposition of (PDDA/AuNP) multilayers to promote the uniformity of the coatings. 152 HPs were 

prepared with PSS(PDDA/AuNP) and PSS(PDDA/AuNP)2 shells and will be referred to as AuHP 

and Au2HP, respectively. Dispersions of AuHP and Au2HP contained 12 and 27 picomoles of 

AuNPs per mg HP, respectively. PSS(PDDA/AuNP) films deposited in the presence of 0.5 M 

NaCl resulted in HPs that contained 43 picomoles of AuNP per mg HP and will be referred to 

herein as Au-SHP (Figure 2.2). Determining the amount of AuNP per mg HP (see methods) was 

essential for adequate comparison with particle functionalities, such as SERS intensity, dependent 

on the amount of plasmonic NPs. Typically, the NP-terminated coatings displayed ζ-potential 

between 0 and −10 mV, smaller than those made solely from polyelectrolytes (Figure 2.1i). For 

HPs with NP deposited in the presence of 0.5 M of NaCl, ζ-potential was ∼40 mV for PDDA-

terminated layers and −20 mV for NP-terminated sequences, which was generally higher as 

compared to HPs without NaCl (Figure 2.2g). For coatings made in the presence of 0.5 M NaCl, 

an additional layer of PSS was adsorbed each cycle to create PSS/PDDA/AuNP to increase surface 

density of NPs (Figure 2.13). 
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Figure 2.2. Deposition of Nanoparticle films on HPs: SEM and TEM images of HPs modified with Au NPs using different 

LBL layer sequence and deposition conditions: (a,c) PSS/PDDA/AuNP (AuHP), (b,d) PSS/(PDDA/AuNP)2 (Au2HP), (c,f) 

PSS/PDDA/AuNP deposited in the presence of 0.5 M NaCl (Au-SHP). (g) ζ-potential of HPs modified by 

(PSS/PDDA/AuNP)n deposited in the presence of 0.5 M NaCl (solid) and PSS/(PDDA/AuNP)n (dashed). 

 

2.5. Dispersion Studies 
 

HPs coated with (PSS/PDDA)2 and (PSS/PDDA)3PSS polymeric shells show little 

aggregation (Figure 2.3), which was confirmed with SEM (Figure 2.3e–g) and confocal images 

(Figure 2.3b–d). As the thickness of multilayers increases, for example, with five deposited 

bilayers, (PSS/PDDA)5, significant aggregation is observed (Figure 2.3). While different surface 

charges are observed between layers, the magnitude of charge is still maintained at around +30 

mV for the 5 bilayer film, which is greater than the −13 mV observed with the 3.5 bilayer film 

(Figure 2.1i). Instead, this change of dispersion behavior is associated with the partial loss of the 
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corrugation due to the merger of the PSS/PDDA layers between the spikes. This change of 

geometry of the colloids results in increased contact area between the spikes, stronger attraction 

forces, and greater aggregation (Figure 2.1g). 

Figure 2.3: Dispersion of Polymer-modified HPs: (a) Photographs of heptane dispersions (0.25 mg/mL) of HPs modified with 

(PSS/PDDA)n in the presence of 0.5 M NaCl: (PSS/PDDA)2 (2 bilayers), (PSS/PDDA)3PSS (3.5 bilayers), (PSS/PDDA)5 (5 

bilayers), PS beads (Beads), and unmodified HPs. Confocal microscopy (b–d) and SEM (e–g) images of heptane dispersions of 

HPs coated with (b,e) (PSS/PDDA)2, (c,f) (PSS/PDDA)3PSS, and (d,g) (PSS/PDDA)5. HPs for confocal microscopy were 

prepared from PS beads with blue fluorescence. 

 

As expected, HPs surface-modified with Au NPs (AuHP, Au2HP, Au-SHP) disperse well 

in water (Figure 2.16). They also display stable dispersions in heptane for various thicknesses of 

NP films (Figure 2.4, 2.17), while smooth PS beads coated with (PDDA/AuNP) in 0.5 M NaCl, 

denoted here and further as Au-SBead (Figure 2.14), show visible agglomeration and precipitation 

(Figure 2.4, 2.17). SEM images in heptane illustrate that there is minimal aggregation for HPs, 

AuHP, Au2HP, and Au-SHP samples, while significant aggregation is observed for Au-SBead 
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particles (Figure 2.4, 2.17, 2.18). These observations for particle ensembles were unequivocally 

confirmed by confocal microscopy images visualizing single particles (Figure 2.5, 2.17, 2.18). To 

further demonstrate the stability of Au-modified HPs in heptane, the concentration was increased 

from 0.25 to 1 mg/mL (Figure 2.19, 2.20); particles formed stable dispersions at all concentrations. 

AuNP-modified HPs with various thicknesses of LBL coatings also dispersed well in a high ionic 

strength environment, 1 M NaCl (Figure 2.4, 2.21). Importantly, AuBead-S particles and AuNPs 

by themselves severely aggregate (Figure 2.4, 2.10). 

Figure 2.4. Dispersion of Nanoparticle-modified HPs. Photographs of dispersions of LBL-modified HPs (concentration 0.25 

mg/mL) in (a) heptane and (b) 1 M NaCl. Confocal microscopy (c,d,e,h) and SEM (f,g) images of Au-SHP in (c,f) heptane and 

(e) 1 M NaCl as well as Au-SBead in (d,g) heptane and (h) 1 M NaCl. HPs for confocal microscopy were prepared from PS 

beads with blue fluorescence. 

 

For a broader comparison, we also evaluated the dispersion stability of gold nanostars 

(AuNS), which display strong SERS enhancement170–174 and were successfully used as SERS 

probes in the past.175–179 Notably, they were reported to have improved dispersion stability as 

compared to smooth NPs. 180 However, AuNS in water and NaCl solution show distinct 
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agglomeration unlike HPs with similar surface ligands (Figure 2.22a). To confirm the attribution 

of the experimental observations to the surface corrugation effects, we also calculated pair 

potentials between AuNS using a classical version of the Derjaguin–Landau–Verwey–Overbeek 

(DLVO) theory.181 Although AuNSs are within the size range that necessitates accounting for 

nonadditivity of particle interactions182–185, the limitations of the theories accounting for the 

parametrization of the electrostatic, van der Waals, hydrophobic, and other forces between 

nanoscale objects do not allow at the moment for the adequate calculation of these interactions. 

The data reported for nanoshell assemblies186 indicate that DLVO in case of realistic inorganic 

NPs underestimates the strength of attractive interactions. Thus, this theory can be used as a 

limiting case for agglomeration in different media. Our calculations presented in Figure 

2.22b show an attractive pair potential for AuNS predicting their agglomeration under these 

conditions. The theoretical results match experimental observations for AuNS in aqueous media 

with increasing ionic strength. Similar calculations for heptane dispersions of AuNS carrying 

either 4-mercaptobenzoic acid (MBA) and thiol-polyethylene glycol-amine (PEG-SH) also match 

DLVO calculations (Figure 2.23). Analogous calculations for HPs with ZnO nanospikes with a 

partial account of nonadditivity were carried out in a previous publication.15 The pair potential for 

HPs corresponds to predominantly repulsive interactions between particles due to extreme surface 

corrugation predicting their colloidal stability. 

Omnidispersibility was also found for HPs carrying a stratified shell made from NPs of 

different diameters denoted as (PSS/PDDA/AuNP-small/PSS/PDDA/AuNP-large). This 

experiment is significant in the perspective of fine-tuning of the structure and composition of the 

multilayers designed for specific function, while retaining their limited colloidal stability. HPs 

were coated by a multilayer in the presence of 0.5 M NaCl, where the first NP layer consisted of 

NPs with an average diameter of 12 ± 1 nm and the second NP layer consisted of NPs with an 

average diameter of 39 ± 9 nm (complete multilayer denoted as Au2-SHP) (Figure 2.5b,c). Au2-

SHP colloids disperse well in DI water and in aqueous solutions with high ionic strength 

environments such as 1 M NaCl (Figure 2.24). They also disperse in heptane, but show a greater 

propensity to aggregate than do other Au-modified HP samples (Figure 2.19, 2.20, 2.24). Large 

NPs between the ZnO nanospikes cause increased HP–HP attraction due to a partial loss of 

corrugation. These results indicate that the omnidispersibility of the LBL-modified HPs is 

maintained as long as the hedgehog-like corrugation of their surface is preserved. 
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Figure 2.5. Optical Properties of AuNP-Modified HP: (a) Normalized extinction spectra of HPs as compared to AuHP, Au1-

SHP, and Au2-SHP. (b) SEM and (c) TEM images of Au2-S HPs, respectively. (d) background-corrected Raman scattering 

intensity of various AuNP-modified HPs for detection of 1 μM methylene blue with increasing loading of AuNPs; blue, AuHP: 

red, Au1-SHP; black, Au2-SHP. 

 

2.6. Optical Characterization of AuNP-Modified HP and SERS Studies 
 

The combination of plasmonic activity, high surface density of NPs, and dispersion 

stability in high ionic strength environment observed for Au2-SHP particles makes them promising 

probes for analysis of biofluids using SERS (Figure 2.5b,c). Extinction spectra for Au1-SHP and 

Au2-SHP indicate that there is a strong plasmonic coupling in the NP multilayers exhibited by the 

red shift of the spectral maxima as the density of the NPs in the coating increases (Figure 2.5a). 

Different dispersions of Au-modified HPs with the same total amount of loaded AuNPs (7 

picomole) were compared using a model SERS analyte, methylene blue (MB). The intensity of 

SERS bands for MB (1 μM) increases with progressively thicker coatings (Figure 2.5d). The 
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proximity of Au NPs results in the generation of so-called “hot spots” where SERS enhancement 

occurs187,188 and can be observed for Au-SHP and Au2-SHP. When bare HPs or free gold NPs are 

tested with the same concentrations, no MB peaks can be registered (Figure 2.25). 

To investigate the effect of omnidispersibility on particle performance as Raman scattering 

probes in complex fluids, we compared SERS spectra obtained for Au2-SHP and PS beads with 

smooth surfaces coated with the identical sequence of LBL layers (PSS/PDDA/AuNP-

small/PSS/PDDA/AuNP-large) with the same total amount of loaded small AuNP denoted as Au2-

SBead particles (Figure 2.14). AuNS stabilized with PEG-SH, commonly used as SERS probes, 

were also tested (Figure 2.15). Characteristic peaks for MB are observed at 445, 1382, and 1422 

cm–1 (C–N–C skeletal bending) and at 1494 and 1618 cm–1 (C–C ring stretching) (Figure 2.6). We 

found that Au2-SHPs show strong SERS bands even under ionic strengths as high as 3 M NaCl 

(Figure 2.26). Also important is that the SERS band enhancements observed for Au2-SHPs are 

greater than those of many reported ZnO nanostructures in water.189 The high SERS intensity 

enables MB detection after incubation as quickly as one minute (Figure 2.27) for analysis of a 

clinically relevant 3.5 mL volume sample, which is more than one order of magnitude faster than 

other large volume analysis methods.89 
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Figure 2.6. SERS Performance in Biofluids: Raman scattering spectra obtained with different SERS probes given in the 

graphs: (a) 1 μM MB in water, (b) 1 μM R6G in water, (c) 1 μM MB and 1 μM R6G in TSB, and (d) 1 μM MB and 1 μM R6G 

in DMEM. Without dye, there are minimal peaks observed in Au2-SHP, Au2-SBead, and AuNS samples (see also Figure 2.22). 

 

Au2-SHPs also allow SERS detection of Rhodamine 6G (R6G) whose 1 μM solution in 

water shows characteristic peaks at 1183 (C–H in-plane bending), 1311, and 1364 cm–1 (aromatic 

C–C stretching) (Figure 2.6). Multiplexed SERS detection was performed for aqueous solutions 

containing 1 μM R6G and 1 μM MB simultaneously comparing Au2-SHPs and Au2-SBead 

samples. Greatly diminished sensitivity to and limit of detection of MB are observed with no 

detection of R6G for Au2-SBeads, while the dispersions of Au2-SHPs show distinct peaks of MB 

and R6G (Figure 2.28) 

To further increase the complexity of the media and therefore the analytical challenge, we 

tested the SERS performance of Au2-SHPs, Au2-SBead, and AuNS in Dulbecco’s modified eagle 

medium (DMEM) with 5% fetal bovine serum and 1% penicillin/streptavidin and tryptic soy broth 

(TSB) with addition of 1% glucose, commonly used in blood culture and as bacteria growth 

mediums, respectively. Simultaneous detection of both MB and R6G in both TSB and DMEM is 

possible for Au2-SHP but not possible for Au2-SBead samples. In the case of Au2-SHPs, SERS 

signals show characteristic peaks for both dyes and maintain the enhancement observed in water 

(Figure 2.29, 2.30). Au2-SBeads do not show distinct peaks for R6G in either fluid, and do not 

show distinct MB peaks in TSB (Figure 2.6c,d, 2.31). In addition, AuNS are unable to detect R6G 

and show greatly diminished detection of MB in both types of media (Figure 2.32, 2.33). The 

differences between SERS probes, Au2-SHP, Au2-SBead, and AuNS were quantified by analytical 

enhancement factors given in (Table 2.1)  

Table 2.1:  MB Analytical Enhancement Factors 

 
Water  DMEM TSB DMEM2 TSB2  

Au2-SHP 159 202 140 382 110  

Au2-SBead 40 41 23 28 7  

 

Au2-SHPs show greater than one order of magnitude enhancement over the beads and AuNS for 

multiplexed biosensing (Table 2.1) and can detect R6G in the presence of MB in both types of 

complex biological media, while the Au2-SBeads and AuNS cannot (Table 2.2).  
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Table 2.2:  R6G Analytical Enhancement Factors 

 
Water  DMEM TSB DMEM2 TSB2  

Au2-SHP 515 551 456 217 170  

Au2-SBead 208 148 198 ND* ND*  

*No distinct peak was observed at 1365 nm. 

Note that the functions of corrugated morphology in AuNS and HPs are different. The 

nanoscale spikes on AuNS help increase the SERS intensity by concentration of the electrical 

field in their ends, whereas the spikes on HPs help reduce agglomeration. It is potentially 

possible to combine both structural designs in one particle for the maximum enhancement 

factors. Conformal and molecularly “tight” LBL shells can help accomplish this task by 

depositing AuNS on HPs. Realization of particle design based on hierarchical corrugation when 

stiff spikes ∼100 nm in diameter are decorated with thinner but similarly stiff spikes ∼10–30 nm 

in diameter may also increase dispersibility. 

 

2.7 Conclusions 
 

We demonstrated that polymer- and NP-modified HPs exhibit colloidal stability in 

archetypal hydrophobic and hydrophilic media as well as in aqueous solutions with high ionic 

strength and high protein content. The particles retain omnidispersibility as long as high surface 

corrugation is maintained from the compact and conformal shells made by LBL. The combination 

of plasmonic activity, dense NP packing, and omnidispersibility makes HPs with NP multilayers 

efficient SERS probes for the rapid multiplexed biosensing of biofluids. Besides biological 

analysis, LBL-modified HPs with such combinations of properties can provide unique capabilities 

for catalysts, aerosol drug carriers, and extraction processes where dispersion stability in media of 

a wide range of polarity is critical. 

 

2.8 Methods 

 

All materials were purchased from commercial sources: poly(diallyldimethylammonium 

chloride) (PDDA), sodium polystyrenesulfonate (PSS), polacrylic acid (PAA), poly(allylamine 

hydrochloride) (PAH), heptane, zinc nitrate hexahydrate (Zn(NO3)2·6H2O, ≥99% purum), 
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hexamethylene tetraamine (C6H12N4, ≥99.5% puriss) trisodium citrate, thiol-polyethylene glycol 

(5K)-amine, and zinc oxide NPs (50 wt % solution) were purchased from Sigma-Aldrich (St. 

Louis, MO); grids with ultrathin carbon film on holey carbon film support for transmission electron 

microscope (TEM) measurements and silicon wafers for scanning electron microscope (SEM) 

measurements from Ted Pella (Redding, CA) and green dyed and fluorescent carboxylated 

polystyrene (PS) beads were ordered from Polysciences, Inc. (Warrington, PA). 

 

2.8.1 Synthesis of Hedgehog Particles 

All HPs were synthesized using a sonothermal method as described by Bahng et al. 

15 Briefly, a ZnO NP solution (0.025 wt %) was incubated with carboxylated PS cores (125 μL, 

2.7 wt %) to deposit seed particles on the beads. After this solution was filtered, the NP-decorated 

beads were combined with equimolar solutions of zinc nitrate hexahydrate (25 mM) and 

hexamethylenetetramine (25 mM) and then subjected to probe sonication with a Cole Palmer 500 

W ultrasonic homogenizer with a CV33 Vibracell Sonicator probe for 90 min to grow out 

nanorods. 15,190 

 

2.8.2 Synthesis of Gold Nanostars 

AuNS were synthesized via a surfactant-free method according to Yuan et al. 191 Briefly, 

500 μL of gold seed nanoparticles synthesized via modified Turkevich method169 was added to 

200 mL of 0.25 mm Au(III) chloride solution with 200 μL of 1 M hydrochloric acid in a 250 mL 

Erlenmeyer flask. Quickly after, 2 mL of 3 mM silver nitrate and 1 mL of ascorbic acid (100 mM) 

were added simultaneously. Twenty milliliters of PEG-SH (110 μM) or MBA (110 μM) was added 

to produce a final concentration of 10 μM under moderate stirring for 30 min. AuNS were then 

centrifuged at 5000g for 15 min and washed three times with water before use. 

 

2.8.3 Deposition of Layer-by-Layer Assembled Films 

In a normal procedure, 5 mL of polyelectrolyte was added to 1 mL of HPs. Particles were 

incubated for 20 min and then placed in a centrifuge at 1000 rpm for 10 min and then washed for 

three cycles. For incubation with gold, the supernatant was collected after incubation to determine 

the quantity of NPs deposited based on the absorbance spectra of the supernatant according to 

Haiss et al. (Figure 2.12).192 NP size was estimated using a minimum of 100 TEM images. 
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Because the thickness of weak polyelectrolyte films, such as PAA and PAH, is strongly dependent 

on the pH, a pH of 8 was used for PAA and PAH films to prevent degradation of the zinc oxide 

nanorods and to ensure the desired thickness of the film. 167 For confocal studies, FITC was 

conjugated to PAH according to a literature procedure. 193 Briefly, 4.5 mg of FITC was dissolved 

in 1 mL of dimethyl sulfoxide (DMSO), which was then combined with 500 mg of PAH dissolved 

in 6 mL of water. The pH of the solution was adjusted to 8.4 with NaOH, and then the solution 

was stirred for 2 days. Dialysis was then performed using a D-tube Dialyzer for 24 h to remove 

excess FITC. 193 For ζ-potential measurements, a 100 μL aliquot of HPs was set aside after 

deposition of each layer, and 900 μL of water was added before each ζ-potential measurement was 

taken. The ζ-potentials were measured using a Malvern Zetasizer Nanoinstrument Nano ZS. Each 

value was averaged from three parallel measurements. 

 

2.8.4 Confocal Microscopy 

Bright blue PS HPs were dispersed in Lab-Tek Chambered #1.5 coverglass (155379 2 

chamber) and imaged using a Nikon A1 confocal microscope with a 400 nm laser excitation 

wavelength. For imaging FITC-Labeled films, particles were immobilized on a glass coverslide 

using prolong Diamond and then imaged using a 488 nm wavelength. STED microscopy images 

were taken using a super resolution Leica SP8MP confocal STED microscope. For dispersion 

confocal images, particles were at a concentration of 0.05 mg/mL. 

 

2.8.5 Electron Microscopy 

Twenty microliters of sample was dispersed on a silicon wafer and then evaporated. 

Afterward, samples were sputter coated with gold using a SPI-Module carbon/sputter coater. 

Particles were imaged using a FEI Nova 200 Nanolab SEM and FEI Helios 650 Nanolab SEM/FIB. 

NPs and coating were imaged using a JEOL 3011 high-resolution electron microscope. For 

dispersion SEM images, particles were at a concentration of 0.05 mg/mL. 

 

2.8.6 DLVO Calculations 

DLVO pair potentials of AuNS were calculated using a core–shell model to estimate van 

der Waals and electrostatic repulsion forces. Full details of the calculation are included in 

the Supplementary information.  
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2.8.7 SERS Measurements 

All Raman measurements were done using a Raman microprobe from Kaiser optical 

systems, Inc. A 785 nm laser was used (400 mW) with a total exposure time of 100 s. Samples 

were incubated on a shaker for approximately 20 h prior to measuring Raman spectra unless 

otherwise noted. Raman measurements were done with the Raman probe facing the side of a 10 

mm path length quartz cuvette with a solution volume of 3.5 mL. For media samples, 2.625 mL of 

media was mixed with 0.875 mL of dye solutions and hedgehog particles in water. All Au-

modified HP and bead samples contained 7 pmol of small AuNP, and AuNS samples had a seed 

concentration of 7 pmol of AuNP for each Raman measurement. Au2-S HPs contained 0.035 pmol 

of large AuNP, and Au2-SBeads contained 0.042 pmol of large AuNP measurement for each 

Raman measurement. The quantity of adsorbed AuNP was measured using the UV–vis spectrum 

of the supernatant after incubation with HP/Bead to determine gold loading in samples according 

to Haiss et al. (Figure 2.12). 192 For all samples, two layers of PSS with 0.5 M NaCl were adsorbed 

as final layers to ensure a negative surface charge to promote dye adsorption. Background 

correction for all Raman spectra was done with Origin 2016 Graphing and Analysis and 

asymmetric least-squares smoothing with an asymmetric factor of 1 × 10–4, threshold of 0.001, and 

smoothing factor of 6. 

 

2.8.8 Enhancement Factor Calculations 

SERS enhancement factors are commonly defined using (1)where Nvol is the 

average number of molecules in the scattering volume for the Raman (non-SERS) measurement 

and Nsurf is the average number of adsorbed molecules in the scattering volume for the SERS 

experiment. 194–196 While this can be characteristic for a traditional SERS substrate, it can be very 

difficult to measure for nanostructures because of the inability to determine the number of 

adsorbed dye molecules and amplification of the flaws in the equation with complex morphology 

such as nanorods. 197 Because measurements were done in solution, an analytical enhancement 

factor was calculated on the basis of the concentration using the equation: (2) 

Analytical enhancement factors were calculated using the intensity corresponding to peaks at 1626 

cm–1 for MB (C–C ring stretching) and 1365 cm–1 for R6G (aromatic C–C stretching). Dye 

controls for the enhancement factor were done at higher concentrations (1 mM for R6G and 10 
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μM for MB), which showed distinct peaks (Figure 2.34, 2.35). To improve accuracy, particles 

were incubated with dye at 1 μM with concentrations identical to those of SERS samples and the 

supernatant was collected, which was used to determine the concentration of the dye adsorbed 

based on λmax values of 664 and 524 nm for MB and R6G, respectively. The percentage of dye 

adsorbed was then multiplied to give a final analytical enhancement factor. 

 

2.9 Supplementary Information 
 

Abbreviations 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

LBL Layer-by-Layer 

PSS Polystyrene Sulfonate 

PDDA Poly (diallyldimethylammonium chloride) 

PAH Poly (allylamine hydrochloride) 

PAA Polyacrylic acid 

FITC-PAH 
Fluorescein isothiocyanate labeled Poly(allylamine 

hydrochloride) 

NP Nanoparticle 

HP Hedgehog particle 

Au1HP Hedgehog particles modified with PSS(PDDA/AuNP) 

Au2HP Hedgehog particles modified with PSS(PDDA/AuNP)2 

Au1-SHP 

Hedgehog particles modified with PSS/PDDA/AuNP) (0.5 M 

NaCl) 

Au2-SHP 

Hedgehog particles modified with PSS/PDDA/AuNP-

small/PSS/PDDA/AuNP-large) (0.5 M NaCl) 

Bead Carboxylated Polystyrene Bead 

Au-SBead Beads modified with (PDDA/AuNP) (0.5 M NaCl) 

Au2-SBead 

Beads modified with (PDDA/AuNP-small/PSS/PDDA/AuNP-large) 

(0.5 M NaCl) 

AuBead Gold-modified polystyrene bead 

MB Methylene Blue 

R6G Rhodamine 6G 

DMEM Dulbecco's Modified Eagle Medium 

TSB Tryptic Soy Broth 

AuNS Gold Nanostar(s) 

PEG-SH Thiol-Polyethylene glycol-Amine 

MBA 4-Mercaptobenzoic Acid 
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2.9.1 Supplementary Results 

Figure 2.7: SEM and TEM images of HPs modified with (PSS/PDDA)n films: (a,e) (PSS/PDDA)2, (b,f) (PSS/PDDA)3PSS, (c,g) 

(PSS/PDDA)5. 

Figure 2.8: (a,c) TEM and (b,d) STED images of HPs modified with (a,b)  (PSS/FITC-PAH)2 and (c,d) (PAA/FITC-PAH)2. 
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Figure 2.9: (a) SEM and (b) TEM images of HPs coated with (PAA/PAH)5. Closing of the gaps between the spikes can be 

observed. 
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Figure 2.10: TEM images of (a) citrate-stabilized small Au NPs and (b) citrate-stabilized large Au NPs. (c) photographs of 

dispersion of Au NP with increasing NaCl concentration from left to right: 0 M, 0.1 M, and 1 M. 

  

Figure 2.11: HPs after incubation with small Au NPs for 20 minutes without any polyelectrolyte LBL films to promote 

adhesion. 

 

a b 

c 

a b 

c 
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Figure 2.12: Au NPs (eightfold dilution) before and after incubation with HPs. Supernatant concentration was calculated using 

size and absorbance spectra.192 AuHP, Au2HP, and Au-SHP contained 12, 27, and 43 picomoles AuNP per mg HP, respectively. 

Au2-SBeads contained 41 picomole AuNP per mg bead and 3.9 picomole large AuNP per mg bead. Au2-SHP contained 2.7 

picomole large AuNP per mg HP. 

 

 

Figure 2.13: ζ-potential dependence on bilayer number for PSS (PDDA/AuNP)n (0.5 M NaCl) films on HPs. A much smaller drop 

in zeta potential is observed for adsorption of AuNPs on the second bilayer compared to (PSS/PDDA/AuNP)n (0.5 M NaCl) LBL 

films. 
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Figure 2.14: SEM image of Au2-SBead. 
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Figure 2.15: TEM Images of (a) AuNS capped with PEG-SH ligand and (b) AuNS capped with MBA ligand. (c) normalized 

absorbance spectra of AuNS with different ligands. 
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Figure 2.16: Photographs of dispersion of LBL-modified HPs (concentration 0.25 mg/mL) in (a) water and (b) 0.1 M NaCl from 

left to right: AuHP, Au2HP, Au-SHP. Confocal with blue fluorescent core of  dispersed (c) AuHP, (d) Au2HP, (e) Au-SHP in 

water; SEM images of (f) AuHP, (g) Au2HP, (h) AuHP-S in water. 
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Figure 2.17: SEM and confocal microscopy with different blue fluorescent core HPs: (a,d) AuHP, (b,e) Au2HP, (c,f) HP 

dispersed in heptane. 

 

\Figure 2.18: Photographs of dispersions of (a) AuHP, (b) Au2HP, (c) Au-SHP, (d) Au-SBead in heptane (0.25 mg/mL) 
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 Figure 2.19: Photographs of dispersions of LBL-modified and non-modified HPs in heptane from left to right: HPs, AuHP, 

Au2HP, Au-SHP, Au2-SHP: 1 mg/mL (a) .75 mg/mL (b) .5 mg/mL (c) .25 mg/mL (d). 

 

Figure 2.20: Photographs of dispersion of coated and non-coated HPs in heptane (0.75 mg/mL): HP (a) AuHP (b) Au2HP, (c) 

Au-SHP, (d) Au2-SHP (e). 
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Figure 2.21: Confocal microscopy images of dispersed bright blue fluorescent core AuHPs (a) and Au2HPs (b) in 1 M NaCl. 

 

Figure 2.22: (a) AuNS capped with MBA dispersed in water at a concentration of 0.1 mg/mL: images from left to right: water, 

0.1 M NaCl, 1 M NaCl. (b) DLVO pair potential of AuNS in water and 0.1 M NaCl.  
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Figure 2.23: Images of AuNS capped with (a) PEG-SH and (b) MBA in heptane at a concentration of 0.2 mg/mL. (c) DLVO 

pair potential of AuNS dispersed in heptane.  

Figure 2.24: Confocal microscopy images of bright blue fluorescent core Au2-SHP in (a) water, (b) 1 M NaCl, (c) heptane. SEM 

of Au2-SHP in (d) water and (e) heptane; (f) image of dispersions (0.25 mg/mL) of Au2-SHP from left to right: water, 1 M NaCl, 

and heptane 
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2.9.2 Additional Raman Scattering Results 
 

All Raman experiments with coated HPs/Beads utilized a concentration of 2 nM of small AuNPs 

(12 ±1 nm). The concentration of larger AuNPs (39 ± 9 nm) with coated HPs/Beads was 0.01 nM 

for HPs and 0.0122 nM for Beads. 

Figure 2.25: Background corrected control Raman scattering spectra with methylene blue (MB) concentration of 1 µM. 

 

Figure 2.26: Background corrected control Raman spectra with no dyes. 
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Figure 2.27: Background corrected Raman spectra of Au2-SHP with MB concentration of 1 µM with various incubation times  

 

 

Figure 2.28: Background corrected Raman spectra of Au2-SHP with MB concentration of 1 µM and various NaCl 

concentrations. 
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 Figure 2.29: Background corrected Raman scattering spectra with MB and rhodamine 6G (R6G) concentration of 1 µM in 

water.  

 

 

Figure 2.30: Background corrected Raman scattering spectra obtained with different SERS probes given in the graphs with MB 

concentration of 1 µM in DMEM (left) and TSB (right) 
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 Figure 2.31: Background corrected Raman scattering spectra with R6G concentration of 1 µM in DMEM (left) and TSB (right) 

 

 

 Figure 2.32: Background corrected Raman scattering spectra of AuNS stabilized with PEG-SH with R6G concentration of 1 µm 

in water, TSB, and DMEM 
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 Figure 2.33: Background corrected Raman scattering spectra of AuNS stabilized with PEG-SH with R6G and MB concentration 

of 1 µm in DMEM and TSB. 

Figure 2.34: Background corrected Raman scattering spectra with MB concentration of 20 µM (TSB/DMEM) and 10 µM 

(water).  
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Figure 2.35: Background corrected Raman scattering spectra with R6G concentration of 1 mM.   
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2.9.3 Calculations of pair potentials for AuNS using DLVO Theory 
 

The van der Waals attraction and electrostatic repulsion between the AuNS were 

analyzed using  a core-shell approach. Nanostars were analyzed with a model AuNS with 

branches (N) with a branch base length (Lb), tip diameter (Dt), branch length (La), and sidewall 

length (Ls) and a gold core with diameter Dc according to Vo-Dinh et al.198  

For the core-shell approach, a gold core equivalent to Dc and a shell with a homogeneous 

distribution of gold and solvent based on the number and dimensions of the branches was 

used.The van der Waals potential of the AuNS were approximated as additive contributions of 

London dispersion forces between a spherical gold core capped with a shell consisting of 

solvent/gold. The overall diameter and branch dimensions were used to determine the volume 

fraction of gold present φg. AuNS were analyzed as a frustum of a right circular cone with a 
spherical tip. 

𝑉𝑐 =
𝜋

12
(𝐷𝑇

2 + 𝐿𝑏𝐷𝑡 + 𝐿𝑏
2)(𝐿𝑎 −

𝐷𝑇

2
) 

𝜑𝑔 =
𝑁(𝑉𝑐 +

𝜋𝐷𝑡
3

12 )

𝜋𝐷𝑠
3

6 −
𝜋𝐷𝑐

3

6

 

𝑉𝑉𝑑𝑊 = 𝑉𝑉𝑑𝑊,𝑠ℎ𝑒𝑙𝑙 + 𝑉𝑉𝑑𝑊,𝑐𝑜𝑟𝑒 + 𝑉𝑉𝑑𝑊,𝑐𝑜𝑟𝑒−𝑠ℎ𝑒𝑙𝑙 + 𝑉𝑉𝑑𝑊,𝑠ℎ𝑒𝑙𝑙−𝑐𝑜𝑟𝑒 

Where Vc is the volume of the frustum of a right circular cone representing the volume of the 

branch of the AuNS and Ds refers to the overall spherical diameter encompassing the full 

nanostar (hydrodynamic size was used as an estimate for this diameter). 

𝑉𝑉𝑑𝑊,𝑠ℎ𝑒𝑙𝑙 = −
𝐴232𝐻𝑠ℎ𝑒𝑙𝑙(𝑥, 𝑦)

12
∶ 𝑥 =

𝑑

(𝐷𝑐 + 2𝐿𝑎)
, 𝑦 = 1 

𝑉𝑉𝑑𝑊,𝑐𝑜𝑟𝑒 = −
𝐴131𝐻𝑐𝑜𝑟𝑒(𝑥, 𝑦)

12
∶ 𝑥 =

𝑑 + 2𝐿𝑎

𝐷𝑐
, 𝑦 = 1 

𝑉𝑉𝑑𝑊,𝑐𝑜𝑟𝑒−𝑠ℎ𝑒𝑙𝑙 = −
𝐴132𝐻𝑐𝑜𝑟𝑒−𝑠ℎ𝑒𝑙𝑙(𝑥, 𝑦)

12
: 𝑥 =

𝑑 + 𝐿𝑎

𝐷𝑐
, 𝑦 =

𝐷𝑐 + 2𝐿𝑎

𝐷𝑐
 

𝑉𝑉𝑑𝑊,𝑠ℎ𝑒𝑙𝑙−𝑐𝑜𝑟𝑒 = −
𝐴132𝐻𝑠ℎ𝑒𝑙𝑙−𝑐𝑜𝑟𝑒(𝑥, 𝑦)

12
 𝑥 =

𝑑 + 𝐿𝑎

𝐷𝑐 + 2𝐿𝑎
, 𝑦 =

𝐷𝑐

𝐷𝑐 + 2𝐿𝑎
 

The Hamaker function199 of the core-shell is given by 

𝐻(𝑥, 𝑦) =
𝑦

(𝑥2+𝑥𝑦+𝑥)
+

𝑦

(𝑥2+𝑥𝑦+𝑥+𝑦)
+ 2ln [

(𝑥2+𝑥𝑦+𝑥)

(𝑥2+𝑥𝑦+𝑥+𝑦)
] 

𝐿𝑎 represents the thickness of the shell layer as it is the length of the nanostar branches. 

𝐴131 = 3 × 10−19 J  (Hamaker constant for gold-water-gold interaction)200.  

𝐴33 = 3.72 × 10−19 (Hamaker constant for water)201 
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𝐴132 = 𝐴131𝜑𝑔 + (1 − 𝜑𝑔)𝐴33 

𝐴232 = √𝐴131 × 𝐴33  

For heptane calculations 

𝐴33 = 4.03 × 10−19  (Hamaker constant for heptane)202 

Electrostatic potential 

The electrostatic interactions between the AuNS can be evaluated using the Poisson-Boltzmann 

formalism as follows203 

𝑉𝐷𝐿 = 4𝜋𝜀0𝜀𝑟𝐷𝑠
2𝛤2(

𝑘𝑏𝑇

𝑒
)2

exp (−𝜅𝑑)

𝑑 + 2𝐷𝑠
 

𝛤 =
8 × tanh(

𝑒𝛹𝐴𝑢𝑛𝑠

4𝑘𝑏𝑇
)

1 + √1 −
2𝜅𝐷𝑠 + 1

(𝜅𝐷𝑠 + 1)2 tanh
𝑒𝛹𝐴𝑢𝑛𝑠

4𝑘𝑏𝑇

 

Where ε0 is the permittivity of vacuum,  εr is the dielectric constant of water, e is electric charge 

(C) and ΨAuns is the zeta potential of AuNS coated with MBA in water (experimentally measured 
ΨAuns =-35 mV). κ represents the reciprocal double layer thickness and is given by 

κ = √
1000N𝐴𝑒2

𝜀0𝜀𝑟𝑘𝑏𝑇
𝛴𝑖𝑀𝑖𝑥𝑍𝑖

2 

where NA is Avogadro’s number, Mi and Zi are the molar concentration and valency of ions. The 

practical Debye length of water was taken as κ-1=100nm.204 For heptane a Debye length of 960 

nm was assumed based on that of pure water due to minimal presence of ions.205 
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3.1 Abstract 
 

   High ionic strength environments can strongly influence catalytic reactions involving 

charged species. However, this method to control reaction selectivity and yield is rarely used for 

dispersible heterogeneous catalysts because high ionic strength leads to their coagulation.  Here 

we show that hedgehog particles (HPs) made from microscale SiO2 cores and ZnO nanorods 

forming radial spikes display colloidal stability in 0.25-2M solutions of monovalent and divalent 

salts in aqueous and nonaqueous media.  While other nano/micro particles coagulate in these 

conditions, the photocatalytic activity of HPs is enhanced compared to ZnO nanorods.  High salt 

media also increases the yield of benzaldehyde by six times from the photooxidation of 2-phenoxy-

1-phenylethanol by HPs. Additionally by varying the  salt concentration/composition, the yield of 

2-phenoxyacetophenone is enhanced by 10 times.  The increased stability of HPs in high ionic 

mailto:kotov@umich.edu
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strength environments can be used to engineer different reaction pathways in multitude of redox 

reactions catalyzed by inorganic colloids 

 

3.2 Introduction 
 

High ionic strength environments strongly alter electrostatic and other interactions of ions, 

charged molecules, particles, and polymers, which can be theoretically utilized to improve both 

selectivity and yield of many catalytic reactions.206–208  Screening of electrostatic forces affords 

engineering the reaction pathways by varying repulsion and attraction or reactants and relative 

energy levels of the intermediate states.   For instance, high ionic strength environment accelerates 

electron transfer from ascorbic acid to hexacyanoferrate by reducing electrostatic repulsion 

between reactants.104  High concentrations of electrolytes are known to lower activation barriers 

and increases ethylene yield in CO2 reduction105 as well as other products.209,210  Concentrated 

electrolytes based on alkali-metal cations were empirically found to increase the yield of C-C 

coupling on CuOx electrodes.106  While the mechanistic details in these reactions often remain 

uncertain, these examples indicate that high ionic strength environment make a big impact on 

catalytic processes essential for sustainable economic development. Importance of exploration of 

high salt conditions specifically for photocatalysis is punctuated by the need to design catalysts for  

many environmental processes, brine treatment, and oil spill mitigation.107  

Ionic strength effects can be particularly strong for heterogeneous catalysts due to the high 

electrostatic fields (~109 V/m) produced in the double layers at solid-liquid interfaces.211,212  

However, switching between different reaction pathways by ionic strength is seldom possible for 

heterogeneous catalysts because dispersed particles rapidly aggregate under high salinity 

conditions.108  Furthermore, agglomeration reduces accessibility of their surface drastically 

reducing their catalytic activity and efficiency.109,114  In order to achieve dispersion stability, 

particles may be coated by organic ligands that reduces clumping.1,4,213 However, the chemical 

“camouflage” with surfactants, organic tethers, or adsorbed polymers required for dispersion of 

particles in high salinity media,1,6,10  passivates their surface and greatly diminishes substrate’s 

accessibility to catalytic sites.8,126,214  

A few years ago, it was found that the addition of stiff nanoscale spikes to microscale 

particles leads to marked reduction in van der Waals (vdW)forces between them.15 This finding 
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made possible designing particles with the ability to disperse in the different types of media where 

smooth particles cannot.   For example, the spiky hydrophilic particles were able to disperse in 

hydrophobic media.  The same was true for particles carrying hydrophobic spikes in water. 

Reduction of the vdW forces also extended the range of colloidal stability of spiky colloids in high 

ionic strength conditions such as 1 M NaCl when  spherical colloids agglomerate.15,215 These spiky 

colloids, referred to as ‘hedgehog’ particles (HPs), consisted of a micron-sized polystyrene core 

surrounded by stiff nanoscale zinc oxide (ZnO) spikes.  While HPs can be made from different 

semiconductors,216,217  having the spikes made from metal oxide is important in the context of 

catalysis. ZnO is a potent photocatalyst with the direct bandgap of 3.0-3.3 eV, which makes  light 

adsorption in the near-UV segment of the solar spectrum efficient.218–220 The high crystallinity of 

ZnO nanorods (NRs) forming the spikes also reduces the density of trap states75,77 detrimental for 

electron-hole separation.  These colloidal, optical, and electronic properties of ZnO-based HPs 

make them promising heterogeneous catalysts for both hydrophobic and hydrophilic substrates in 

both organic and inorganic media.221,222  High ionic strength environments open a theoretical 

possibility to avoid the total photoxidation of organic substrates to CO2 
74,75,223 , that is typically 

dominant for ZnO and TiO2 nanoscale catalysts, and  can ‘tune’ the reaction pathway toward high 

value products.  

One of the most challenging catalytic reactions is the oxidative valorization of lignin for 

the sustainable production of chemical feedstocks in the future.224–226   Lignin constitutes ~20% of 

lignocellulosic biomass and represents the most abundant renewable source of aromatic 

compounds.227  Cleavage of β-O-4 bonds is of particular importance as it comprises 50–60% of all 

the C–O linkages in lignin.224  In this study, we show that HPs display phocatalytic activity of 

higher than individual ZnO NRs in both aqueous and organic media.  Investigating the HP-

mediated photooxidation of a lignin model compound with a β-O-4 bond, we demonstrate that 

high ionic strength drastically increases the yield of benzaldehyde and 2-phenoxyacetophenone 

depending on the chosen electrolytic environment.  

 

3.3 Synthesis and Characterization of HPs with SiO2 cores 
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Figure 3.1: SEM images of shorter length SiO2 HPs, (a) HPS1, (b) HPS2 and longer length HPs: (c) HPL2, (d) HPL1. Synthesis 

conditions and measured spike parameters are listed in Table 3.1 and a schematic of the synthesis in Figure 3.7. 

 

In the past, HPs were synthesized based on organic poly(styrene) beads that were unstable 

in some organic solvents and under high temperature often needed for catalysis.  To increase 

robustness of HPs, we made the spiky particles with SiO2 cores (Figure 3.6)228.   In brief, ZnO 

NPs were self-assembled onto SiO2 microparticles with a diameter of 1.1 µm using layer-by-layer  

assembly (LbL).26  Hydrothermal growth of ZnO nanorods in ultrasound field initiated by ZnO 

NPs (Figure 3.7) resulted in HPs with uniform spike density, shape, and size (Figure 3.1, Figure 

3.8, Figure 3.9). 

By altering the precursor concentration and sonication settings, the length and width of the 

nanospikes can be varied and adapted to reaction conditions of specific catalytic processes.190  

Table 3.1 summarizes the different HP geometries that were synthesized. Among them, HPs with 

relatively short spike lengths of 482±63 nm and 758±56 nm combined with a relatively narrow 

spike widths of 58±14 and 72±17 will be denoted as HPS1 and HPS2, respectively.  HPs with 

relatively long spikes 1545±240 and 1864±122 combined with wider spikes with cross-sectional 

dimension of 166±27 and 146±25 nm, will be denoted as HPL1 and HPL2, respectively  (Table 3.1,  

a 

d c 

b 



51 
 

Figure 3.1).  Free ZnO NRs (Figure 3.10) synthesized along the formation of HPs2 with a spike 

length 718 nm and a diameter of 95 nm were used as a benchmark for dispersion stability and 

catalytic activity. They displayed an electrokinetic zeta potential of 13.0±3.5 mV while HPs had a 

zeta potential of -11.6±4.1 mV. 

 

3.4 Dispersion Stability and Optical Characterization  

Figure 3.2: Photographs of dispersions of (a) SiO2 HPs and SiO2 cores in heptane and of SiO2 HPs in chloroform (Chl), 

tetrahydrofuran (THF), and toluene (Tol) (b) (0.5 mg/mL). Confocal microscopy and SEM images of 0 dispersion respectively of 

SiO2 HP (c,f) and SiO2 cores (d,g) dispersed in heptane (0.1 mg/mL). Normalized UV-Vis absorbance spectrums of SiO2 core 

(black), SiO2 HPs (red), and NRs (blue) (e) Photograph of sediments of SiO2 HP (h) and SiO2 core in heptane (i) after 1 minute. 

 

HPs with SiO2 cores were expected to show similar dispersion stability as HPs made from 

poly(styrene) beads due to the presence of spikes.15   Indeed, HPS2 form stable dispersions in 

heptane while the correspondent core materials do not disperse (Figure 3.2). This is confirmed 

with SEM images which show individual particles and no aggregation while core particles without 
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the spikes show visible aggregates (Figure 3.2). Confocal microscopy further supports the 

conclusion that SiO2 HPs are well-dispersed in heptane while undecorated cores are not (Figure 

3.2).  Optical spectra of HPs featured a strong broadband scattering band between 700 and 1000 

nm, which differentiates them from freely dispersed constituent ZnO NRs.  On the other hand, the 

optical spectra in the UV range attributed primarily to the bandgap excitation of the semiconductor 

are similar for HPs and free NRs (Figure 3.2e). Absorbance spectra of HPs based on SiO2 cores 

are nearly identical to those with polystyrene cores, indicating that the halo of the spikes in radial 

arrangement dictate the optical properties of HPs.   

The advantages of the SiO2 core include compatibility with a variety of organic solvents 

incompatible with polystyrene: toluene, chloroform, and tetrahydrofuran. Besides minimal 

aggregation in all three solvents, one may also find in SEM images of particles after this exposure 

that their geometry and morphology remains intact even after prolonged incubation (Figure 3.2, 

3.11) when polystyrene dissolves.  In addition, the SiO2 HPs show no change in structure and 

morphology after calcining at 500°C (Figure 3.12). Thermogravimetric analysis further supports 

this observation with HPs retaining over 90% of their mass after heating to 600° C in air. For 

reactions in complex environments, calcining of the material would ensure that polymer stability 

does not restrict activity.  

Unlike other nanoscale and microscale particles, HPs form stable dispersions in 1M NaCl 

solution in water, which was confirmed by confocal microscopy (Figure 3.13). While NRs appear 

to disperse in 1 M NaCl, aggregates are observed in confocal microscopy (Figure 3.13). A  

significant increase of NR aggregates in size and numbers was observed in aqueous media at 2 M 

NaCl media in particular at higher particle concentrations while HPs stay well-dispersed (Figure 

3.3, 3.14)  Increasing particle concentration results in visible sediments at higher concentrations 

with NRs while none are observed with HPs (Figure 3.3, 3.14).  
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Figure 3.3: Photographs of dispersion of (a) HPS2 and (b) ZnO nanorods (NRs) in 2 M NaCl with increasing concentration from 

left to right (1 mg/mL, 2 mg/mL, and 4 mg/mL). Confocal microscopy respectively of HPS2 (c,d) and NRs (g,h) dispersed in 

heptane at 0.05 mg/mL (c,g) and 0.1 mg/ml (d,h). Photographs of sediment formed from HPS2 (e,f) and NRs (i,j) at 2 mg/mL (e,i) 

and 4 mg/mL (f, j) in 2 M NaCl after 1 minute. 

3.5 Ionic Strength Effect in Aqueous Media 

 

         We used the photodegradation of methylene blue (MB) as a common model substrate to 

study the effects of high ionic strength environment and particle geometry on photocatalytic 

reactions.  Monitoring of MB absorption peak at ʎmax = 664 nm (Figure 3.15) allowed us to (a) 

compare photocatalytic activity of the HPs and NRs; (b) understand better the role of spiky particle 

geometry in photocatalysis, and (c) optimize HP geometry.  Comparing MB degradation kinetics 

for HPS1, HPS2, HPL1, HPL2, we found that HPS2 with a spike diameter of 72 nm have the highest 

photocatalytic activity (Table 3.1, Figure 3.16).  Even though HPS2 have smaller ZnO content and 

surface area than HPL1, HPL2, the electrostatic attraction between positively charged MB and                             
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Figure 3.4: Degradation of MB with a starting concentration of 5*10-5 M in aqueous environments by ZnO NRs and HPS2 under 

a 302 nm light source: no salt added water (a) and 1 M NaCl (b) and 2M NaCl (c). Rate constants for MB degradation for HPS2  

and NR catalyst as a function of salt concentration (d). Photodegradation kinetics of MB for different salt concentration without 

catalysts are displayed in Figure 3.17 and 3.18.  The concentration of all catalysts was 2 mg/mL.   

positively charged ZnO surface can vary in respect to spike length in a non-linear fashion due to 

ion-exclusion effects.229,230   

 Previous studies of the effect of inorganic salts covered only concentrations  of NaCl up to 

0.02 M; they showed inhibition of MB degradation due to catalyst agglomeration and Cl- 

adsorption on the metal oxide surface.231,232  We carried out photoinduced oxidation of positively 

charged MB with positively charged NRs (13.0±3.5 mV) and negatively charged (-11.6±4.1 mV) 

HPs. Expanding the NaCl concentration range to 2 M, we found that high salt conditions reduce 

the overall rate of MB degradation on HPs and NRs. This finding is attributed to the screening of 

electrostatic attraction between MB and the catalyst, which confirmed the regulatory role of ion 

strength in heterogeneous photocatalysis. Importantly, HPs displayed accelerated photooxidation 

0 1 2

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

R
a
te

 C
o
n
s
ta

n
t 
(m

in
-1

)

Concentration NaCl (M)

 HP

 NR

0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 HP1M

 NR1M

0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 HP2M

 NR2M

0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0
C

/C
0

Time (min)

 HP

 NR

a b 

c 

d 



55 
 

of MB compared to NRs (Figure 3.4, 3.17).  To calibrate the catalytic activity in respect to the 

surface area, the Brunauer-Emmett-Teller surface area was measured for HPs and NRs (Table 

3.2). HPS2 have a surface area of 8.65 m2/g including the catalytically inactive SiO2 core compared 

to 11.76 m2/g for the NRs.   The fact that HPs show catalytic activity higher than individual NRs 

despite reduced overall surface area highlights the importance of their higher dispersibility because 

otherwise ZnO in NRs and HPs is chemically identical.  The rate of photocatalytic oxidation of 

MB observed for HPs exceed that of NR by 2.0 and 2.6 times in 1 M and 2 M NaCl, respectively 

(Figure 3.4, Figure 3.17-3.18).  A broader evaluation of  HPs as photocatalysts shows that their 

activity exceeds many other ZnO NPs and complex metal oxide with NP or NR geometries using 

even more intense light sources.233,234  Degradation of MB in prior studies has shown rate constants 

of 0.012 min-1, 0.077 min-1 and 0.090 min-1 for ZnO NPs, ZnO/ZnS and ZnONiFe2O4 NPs, 

respectively,233,235 which are all lower than HPs with 0.153 min-1.  

 

3.6 Ionic Strength Effect in Organic Media 
The possible impact of high ionic strength environment on feedstock sustainability can be 

demonstrated by photooxidation of the lignin model compound, 2-phenoxy-1-phenylethanol (PP-

ol), which contains a dominant chemical linkage in lignin, the β-O-4 ether bond, known to be 

difficult to break in a single step.236  Because PP-ol and lignin are poorly soluble in water, we had 

to expand the range of solvents and salts. PP-ol photooxidation was investigated in acetonitrile 

(ACN) as a co-solvent with ionic strength adjusted by metal chlorides and organic salts soluble in 

ACN and water-ACN mixtures (Figure 3.5a).   HPL1, revealed the highest activity in the PP-ol 

photooxidation (Figure 3.19).  A distinct enhancement of the photocatalytic yield of benzaldehyde 

for high ionic strengths modulated by divalent metal chlorides, such as 1 M MgCl2 was observed 

(Figure 3.5b).  HPs enhance the yield of benzaldehyde by close to 50% over NRs likely due to 

enhanced dispersability of the spiky particles, particularly in the.  HPs in 1M MgCl2/ACN (2:1 

ratio) produce over six times more benzaldehyde then a water/ACN and over two times more than 

pure ACN and 1 M NaCl/ACN (2:1 ratio) media (Figure 3.5b).  The strength of electrical field in 

the double electric layer on ZnO HPs (with measured zeta potential) can be estimated to be  8.5 x 

107 V/m,  5.1 x 107 V/m, 1.7 x 104 V/m, and 2.4 x104 V/m for 1 M MgCl2/ACN, 1 M NaCl/ACN 

media, water/ACN, and ACN, respectively using DLVO theory and the Poisson-Boltzmann 

equation (Figure 3.5c,  Supplementary Methods). The increase of benzaldehyde production is 
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consistent with the increase of the electrical field at the ZnO-solvent interface.  Based on these 

experimental results and prior computational data212, the enhanced yield of benzaldehyde can be 

related to large electric fields developing at solid-liquid interface.    

CaCl2 also enhances HP-mediated photooxidation of PP-ol but to a smaller degree than 

MgCl2 (Figure 3.20), indicating that additional interactions beyond classical DLVO theory 

become important at high concentrations of electrolytes.182  One of them is ion-ion 

correlations,237,238 that are strongly dependent on coordination of metal in with the solvent.  These 

and other collective interactions around the nanostructures182 become particularly important at 

high ionic strengths and with multivalent metal ions as seen from other manifestations in colloidal 

science239–241 and additional stabilization of 1M MgCl2/ACN dispersion as reaction proceeds 

(Figure 3.21). 

The possibility of drastically changing reaction pathways using salt as the only chemical 

control parameter can be demonstrated by varying the concentration and composition of organic 

salt in ACN. The yield of 2-phenoxyacetophenone (PP-one) increases as a function of 

tetrabutylammonium hexafluorophosphate concentration (TBAPF6) with an increase by multiple 

orders of magnitude utilizing HPs and 1 M TBAPF6.  Again, yield of PP-one and benzaldehyde 

for HPs is higher than for NRs (Figure 3.5d) at all concentrations of TBAPF6 (Figure 3.22).   

‘Tuning’ of the reaction selectivity in high ionic strength environments was accomplished by 

varying the diameter of cations (Table 3.3, Figure 3.5e). We see a sharp reduction in the amount 

of PP-one, while the benzaldehyde production remains the same  (Figure 3.23) as the diameter of 

the cation becomes smaller (~0.1 nm).  The cation size (Table S3) can strongly alter the strength 

of the electrical field239 at the ZnO interface and influences oxidation of the alcohol in a greater 

degree than breaking of the β-O-4 bond because the former process involves multiple charged 

species.242,243. Previous research has shown differing effects of oxidative atmosphere on 

hydrogenolysis of the β-O-4 bond to form aromatic products such as benzaldehyde and the 

oxidative dehydrogenation to form PP-one, with oxidative atmosphere having a much larger 

beneficial effect on dehydrogenation.244 We believe that the electric field in an analogous manner 

is resulting in a localized oxidative atmosphere, which promotes dehydrogenation but has little 

effect on hydrogenolysis. Steric hindrance and hydrophobicity of the tetraalkylammonium ion may 

also be significant in for these reactions, which can also be varied, parametrized, and utilized in 

the control of reaction pathways by changing electrolytes.  
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Figure 3.5: (a) Reaction schematic for oxidation of 2-Phenoxy-1-phenylethanol (PP-ol) to Benzaldehyde and 2-

phenoxyacetophenone (PP-one) (b) Production of benzaldehyde in different media catalyzed by HP L1 and NRs; all aqueous and 

ACN mixtures were prepared with a ratio of 2:1. (c) Electric field strength calculated utilizing DLVO theory and the Poisson-

Boltzmann equation for a spherical particle in aqueous and salt mixtures with ACN (2:1) and pure ACN as a function of ζ (see 

Supplementary Information). Note the difference in the electrical field strength axis for particles in and out of high salt 

environment. (d) Production of PP-one as a function of TBAPF6 concentration in ACN with HPL1 and NR as catalysts (3 mg/mL) 

from photooxidation of PP-ol (5 mM) for 2 hours. (e) Production of PP-one for TBAPF6, TEAPF6, and TMAPF6  in ACN (50 

mM) using HPL1.  All experiments carried out with 302 nm light source. TBAPF6 with light only (no catalyst) produces minimal 

amount of PP-one. 
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3.7 Conclusions  
 

The dispersion-passivation conundrum associated with catalytic processes on metal oxide 

particles in unfriendly environments promoting their agglomeration can be resolved by 

engineering of microscale colloidal particles with nanoscale catalytic spikes that display enhanced 

catalytic activity compared to individual NRs in aqueous, mixed, and organic media.  They enable 

the use of the salt concentration and composition as reaction parameters to increase reaction yield 

and modulate process selectivity.  Detailed understanding of the chemical mechanisms associated 

with variations of electrical fields at the solid-liquid interface in high-salt environment could lead 

to unique (photo)catalytic processes and energy-efficient production of aromatic chemicals from 

complex and robust natural products, such as lignin.  Since the rate-limiting stages of many 

photoinduced reactions involve charged species, inorganic HPs may serve as a general platform 

for photochemical synthesis. Future studies should also involve exploration of HPs for remediation 

needs in high salinity conditions in nature where traditional particle-based catalysts aggregate. 

 

3.8 Supplementary Information 

 

3.8.1 Methods 
 

All chemicals were ordered from Sigma-Aldrich unless noted otherwise. Carboxylated 

SiO2 was ordered from Polysciences, Inc. Polycarbonate track-etched membranes (0.8 micron, 90 

mm) were ordered from Sterlitech.  

 

Layer-by-Layer Coating of Core Particles 

Limited adsorption of ZnO NPs was observed without layer-by-layer (LbL) coatings on 

both types of SiO2 cores leading to irregular spike morphology and poor colloidal stability (Figure 

3.24).  To mitigate this problem, we deposited several LbL assembled polyelectrolyte bilayer to 

promote NP adhesion to the SiO2 cores.28,148,152,215  Strong polyelectrolytes, namely 

poly(diallyldimethyl ammonium chloride) and poly(styrene sulfonate), and weak polyelectrolytes, 

namely polyacrylic acid and poly(allylamine hydrochloride, were used in the preparation of the 
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adhesion-promoting bilayersSilica cores were coated with polyacrylic acid and poly (allylamine 

hydrochloride) in a layer-by-layer process. Briefly, 5 mL core was mixed with 25 mL 

polyelectrolyte solution (1 mg/ mL, 1 M NaCl) and incubated for 20 minutes. Cores were then 

centrifuged for 4000 RPM for 10 minutes and washed with .1 M NaCl pH 8 water 2 times and 

water 2 times before repeating the process with the next layer. A change in surface charge is 

observed with deposition . of each LbL layer for the silica core materials (Figure 3.25). The 

conformal nature of the LbL film producing a uniform charged surface for NP adsorption is more 

critical for HP formation then a negatively charged surface.  

 

Synthesis of Hedgehog Particles with SiO2 cores  and ZnO NRs: 

Inorganic core HPs were synthesized using a scaled sonothermal synthesis based on that 

of Bahng et al. 1.25 mL of coated core solutions (2.5 wt%) was mixed with 40 mL ZnO seed 

solution (0.025 wt%) and incubated for 1 hour.15 Particles were then filtered using a track etch 

membrane and combined with equimolar (37.5 mM) solutions of zinc nitrate hexahydrate (ZnH) 

and hexamethylenetetraamine (HMT) in water. Concentrations of the precursors were varied to 

tune the width of the spikes, the default concentration was 37.5 mM. The solution was then filled 

to a final volume of 1.6 L and sonicated using a Hielscher 1000UIP HdT sonicator for 1 hour and 

30 minutes. Samples were purified by removing excess zinc oxide nanorods after sedimentation 

of HPs. Longer HPs were created by doing an additional sonication with ZnH and HMT precursor 

solutions after purification. ZnO nanorods used for catalysis were obtained from the supernatant 

after sedimentation of HPs. 

 

Zeta Potential Measurements 

For ζ-potential measurements, a 100 µL aliquot of core particles was set aside after 

deposition of each layer, and 900 L of water was added before each zeta potential measurement 

was taken. The ζ-potentials were measured using a Malvern Zetasizer Nanoinstrument Nano ZS. 

Each value was averaged from three parallel measurements.  

 

Confocal Microscopy Imaging:  

For confocal studies, FITC was conjugated to PAH according to a literature 

procedure.193,215 Briefly, 4.5 mg FITC was dissolved in 1 mL dimethylsulfoxide (DMSO) and 
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combined with 500 mg PAH dissolved in 6 mL water. The pH of the solution was adjusted to 8.4 

with NaOH and then the solution was stirred for 2 days. Dialysis was then performed using a D-

tubeTM Dialyzer for 24 h to remove excess FITC.193 PAA/FITC-PAH films were deposited on HPs 

using LbL assembly with the same procedure described previously.215  

 

Electron Microscopy Imaging 

20 µL of sample was dispersed on a silicon wafer and then evaporated. Afterwards, samples 

were sputter coated with gold using a SPI-Module carbon/sputter coater. Particles were imaged 

using a FEI Nova 200 Nanolab SEM and FEI Helios 650 Nanolab SEM/FIB. NPs and coating 

were imaged using a JEOL 3011 high resolution electron microscope. For dispersion SEM images, 

particles were imaged at a concentration of 0.1 mg/mL.  

 

Surface Area and Dimension Measurements  

The surface areas of different catalysts were determined using N2 physisorption based on 

the BET Method with a Micromeritics ASAP 2010 analyzer. Particle size dimensions were 

determined from SEM images by measuring over a minimum of 100 nanorods or HPs. The spike 

width was calculated utilizing the overall diameter and diameter of SiO2 core microparticles.  

 

Thermogravimetric Analysis 

Thermogravimetric Analysis was done using a Discovery TGA Q5000IR (TA Instruments 

inc., Delaware, USA). 1-3 mg of sample was heated from ambient to 600°C at a heating rate of 

10°C/min with a nitrogen flow rate of 30 mL/min. 

 

Photocatalysis Experiments  

A Hellma® 4.5 mL Quartz cuvette was used for all photocatalytic experiments. Samples 

were exposed to a 302 nm UV lamp (3UV™, 8 watt) under agitation with aliquots every eight 

minutes. All samples were centrifuged at 4000 RPM for 10 minutes and then the supernatant was 

tested using an Agilent Cary 8454 UV-Vis spectrophotometer. Degradation of methylene blue was 

determined from optical absorption spectra utilizing the optical density at λmax = 664 nm.  For 2-

phenoxy-1-phenyl ethanol tests, catalysts were dispersed at 3 mg/mL and illuminated with the 

same 302 nm UV lamp. Supernatant samples were analyzed using an Agilent 1260 Infinity II 
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HPLC with an attached UV detector mixture of methanol and 1 mM trifluoroacetic acid aqueous 

solution (55:45 volumetric ratio) mobile solution at a flow rate of 0.4 mL/min. 

 

DLVO Calculation of Electric Field 

DLVO Calculation of electric field was done utilizing an analytical expression for the Poisson-

Boltzmann equations for spherical particles in electrolyte.245,246 Details are given in the 

supplementary text. 

 

3.8.2 DLVO Calculation of Electric Field 
 

The spherical Poisson-Boltzmann equation for the electric potential around a spherical particle in 

in a electrolyte solution245,246 was computed to estimate the electric field. A particle with a 

constant surface charge density σ independent of the electrolyte concentration was assumed.246 

The equation for a 1:1 electrolyte is displayed below.246 

𝜎 =
2𝜋𝜀0𝜀𝑟𝑘𝑏𝜅𝑇

𝑧𝑒
sinh (

𝑧𝑒𝛹𝑍𝑛𝑂

2𝑘𝑏𝑇
)√1 +

1

κa

2

𝑐𝑜𝑠ℎ2 (
𝑧𝑒𝛹𝑍𝑛𝑂

4𝑘𝑏𝑇
+ 1)

2 +
1

κa2
tanh

8ln[cosh (
𝑧𝑒𝛹𝑍𝑛𝑂

4𝑘𝑏𝑇
)]

sinh2 (
𝑧𝑒𝛹𝐻𝑃
2𝑘𝑏𝑇

)
 

Where ε0 is the permittivity of vacuum, εr is the dielectric constant of the media, e is electric 

charge (C) a is the particle radius and ΨZnO is the zeta potential of ZnO in water (experimentally 

measured ΨHP =13.0  mV). Solutions were also computed as a function of zeta potential.  κ 

represents the reciprocal double layer thickness and is given by 

κ = √
1000N𝐴𝑒2

𝜀0𝜀𝑟𝑘𝑏𝑇
𝛴𝑖𝑀𝑖𝑥𝑍𝑖

2 

where NA is Avogadro’s number, Mi and Zi are the molar concentration and valency of ions. 204 

For computation of the debye length of the water/acetonitrile (ACN)  mixture, the concentration 

of ions was assumed to be extremely dilute (10-7 M) with an estimate of the adjusted dielectric 

constant (64.7) based on the 2:1 mixture which is very close to literature values.247 An extremely 

dilute concentration of ions (10-7 M) was also assumed for calculation of debye length of pure 

ACN.  For the 1 M NaCl/ACN (56.8)  and 1 M MgCl2/ACN (53.3), literature values were used 

for the dielectric constant of the salt solutions248,249, and then adjusted and estimated for the 2:1 

mixture with acetonitrile. HPs were analyzed as a sphere with diameter equivalent to the total 
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core + shell diameter. In this case, shifting the size of the HP has little effect on the overall 

electric field.  

For 1 M MgCl2, the electric potential around a spherical particle was estimated using an 

analytical expression derived by Oshima et al for 2:1 electrolytes.245  

𝑝 = 1 − 𝑒𝑥𝑝 (−
𝑒𝛹𝑍𝑛𝑂

𝑘𝑏𝑇
) 

𝑞 = (
2

3
𝑒𝑥𝑝 (

𝑒𝛹𝑍𝑛𝑂

𝑘𝑏𝑇
) +

1

3
)1/2 

    𝜎 =
𝜀𝑟𝜀0𝑘𝑏𝜅𝑇

𝑒
(𝑝𝑞 +

2[(3−𝑝)𝑞−3]

𝜅𝑎𝑝𝑞
) 

Where ε0 is the permittivity of vacuum, εr is the dielectric constant of the media, e is electric 

charge (C) and ΨH P is the zeta potential of ZnO in water (experimentally measured ΨHP =13mV). 

Solutions were also computed as a function of zeta potential. The surface charge densities were 

converted to electric fields outside the particle by the equation below. For Figure 4.5c, the 

electric field was calculated 1 Å from the ZnO surface for a charged dielectric sphere by 

applying Gauss’s Law for dielectrics.  

𝐸(𝑟) =
𝜎

𝜀0𝜀𝑟
∗

𝑅

𝑟
 

Where R=HP Radius and εr is the dielectric constant of the reaction solvent.   
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3.8.3 Supplementary Results 
 

Table 3.1: Spike width, length and total diameter of HPs synthesized using different chemical concentrations and sonication 

times. 

HP 

Spike 

Width 

(nm) 

Spike Length 

(nm) 
Total Diameter (nm) 

Precusor 

Chemical 

Concentration 

(mM) 

Number of 

Sonications 

in the 

synthetic 

process 

HPS1 58±14 482±63 2091±127 25 1 

HPS2 72±17 758±56 2643 ±113 37.5 1 

HPL1 166±27 1545±240 4216±480 37.5 2 

HPL2 146±25 1864±122 4855±244 25 2 
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Table 3.2: BET surface area measurements of HPS and ZnO NR catalysts. 

Catalysts Surface Area (m2/g) 

ZnO NR 11.76±0.007 

HPS2 8.65±0.037 

HPL1 5.20 ± 0.015 

HPL2 8.20 ± 0.017 
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Table 3.3: Organic Ion Stokes Radii in Acetonitrile 

Ions Rs (nm) 

Me4N+ 0.2516a 

Et4N+ 0.2831a 

Bu4N+ 0.3866a 

PF6
- 0.228b 

a Harknees et al.250 b Tsierkezos et al.251  
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Figure 3.6: SEM image of  SiO2 particles serving as the core particles for HPs synthesized as described in Experimental using 

the Stöber process.228,252 

 

 

Figure 3.7: Schematic showing coating of SiO2 Bead with LbL-film and then deposition of ZnO nanoparticles which are 

hydrothermally grown into spikes to form HPs. 

 

 

 

Figure 3.8: HP made using carboxylated SiO2 core microparticles coated with LbL films.  
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Figure 3.9: Stöber SiO2 beads coated with PAA/PAH (a) and without PAA/PAH (b) coatings after incubation with ZnO NP for 1 

hour. 

 

Figure 3.10: ZnO NR catalyst sample collected during purification from the supernatant of HPS2 
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Figure 3.11 : SEM images of SiO2 HPs in chloroform (b,e), tetrahydrofuran (c,f) and toluene (d,g) after 1 week (0.1 mg/mL). 

 

 

Figure 3.12: (a) Thermogravimetric analysis of SiO2 HPs (b) SEM of SiO2 HPs after treatment at 500ºC for 24 hours 
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Figure 3.13: Images of dispersion of (a) SiO2 HPs and ZnO NRs (NRs) in 1 M NaCl (0.5 mg/mL). Images of sediment of SiO2 

HPs (b) and NRs (c) in 1 M NaCl (0.5 mg/mL) after 1 minute. Confocal microscopy images of SiO2 HP (d) and ZnO NRs (e) 

dispersed in 1 M NaCl (0.1 mg/mL).  

 

  

HPs NRs 
b c 

d e 
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Figure 3.14: Photographs of (a) SiO2 HP and ZnO NR dispersions in 2 M NaCl (0.5 mg/mL). Images of sediment of SiO2 HPs 

(b,c) and NRs (b,d) at 0.5 mg/mL (c,e) and 1 mg/mL in 2 M NaCl after 1 minute.  

  

NRs HPs 

c b 

e d 
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Figure 3.15: Spectral changes of MB solution (5 x 10-5 M) upon photo-degradation catalyzed by HPS2 ( 2 mg/mL) utilizing a 302 

nm light source.  

 

Figure 3.16: Rate constants in MB photooxidation for different HPs with different spike lengths and widths; geometrical 

parameters are given in Table 3.1.  Total concentration of HPs was 2 mg/mL for all the experimental sets here. 
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Figure 3.17: Photodegradation kinetics of MB with HPs and NRs in water (2 mg/mL) under a 302 nm light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Photodegradation kinetics of MB with HPs and NRs in 1 M NaCl and 2 M NaCl. 
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Figure 3.19: Production of benzaldehyde from photooxidation of 2-phenoxy-1-phenylethanol for 2 hours with different 

heterogeneous  catalysts added in the amount of 3 mg/mL in 1 M MgCl2/acetonitrile (2:1). A 302 nm light source (8W) was used. 

 

 

 

Figure 3.20 Production of benzaldehyde from photooxidation of 2-phenoxy-1-phenylethanol for 2 hours with HPL1 and NRs 

added in the amount of 3 mg/mL in 1 M CaCl2/acetonitrile (2:1). A 302 nm light source (8W) was used.  
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Figure 3.21: Photograph of cuvettes after 2hr photocatalytic (302 nm light source) reaction with HPs (3 mg/mL) in Water/ACN 

(W) and 1 M MgCL2/ACN (S) (both 2:1 by volume). 

 

 

Figure 3.22: Production of benzaldehyde from photooxidation of 2-phenoxy-1-phenylethanol for 2 hours with 302 nm light 

source as a function of tetrabutyl ammonium hexafluorophosphate concentration in acetonitrile with HPL1 and NR catalyst 

samples. 
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Figure 3.23: Production of benzaldehyde from photooxidation of 2-phenoxy-1-phenylethanol for 2 hours  with 302 nm light 

source for different organic electrolytes in acetonitrile with HPL1 catalyst (3mg/mL) Organic electrolytes are hexafluorophosphate 

salts of tetrabutylammonium (TBA), tetraethylammonium (TEA), and tetramethylammonium (TMA).   

 

 

Figure 3.24: HPs without LbL coating made from (a) carboxylated SiO2 and (b) SiO2 synthesized using the Stöber process. 
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Figure 3.25: Zeta potential of commercial carboxylated SiO2 and Stöber SiO2 microparticles as a function of layer number. 
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Chapter 4 

 

Hedgehog Particles with Inorganic Cores  
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4.1 Abstract   
 

Dispersion of inorganic particles in polar and apolar media represents one of the perpetual 

challenges in chemistry, physics, biology and various technological areas. A new dispersion 

strategy taking advantage of surface corrugation is exemplified by hedgehog particles (HPs) with 

high aspect ratio stiff spikes that markedly reduce attractive dispersive interactions and enable 

dispersion of particles in both polar and nonpolar solvents.  However, the majority of HPs 

developed in the past are based on organic poly(styrene) cores.  While proving the concept of 

dispersibility, these HPs with polymeric cores limit temperature and solvent stability of the 

particles as well as their catalytic activity. In this study, we show that a versatile array of HPs with 

inorganic cores following a similar design strategy as those with organic ones and with a variety 

of materials properties can be prepared. The omnidispersable HPs carrying stiff ZnO nanospikes 

were prepared with Fe2O3 hematite microcubes, Fe3O4 magnetite microcubes, hollow Au 

mailto:kotov@umich.edu
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microspheres, and hollow TiO2 microcubes. Additionally, HPs with TiO2 spikes are created 

using liquid state deposition.   Inorganic core HPs maintain dispersion in a wide array of nonpolar 

environments and exhibit enhanced thermal and chemical stability. We expect this family 

offunctional dispersible HPs to excel in environments where traditional catalysts aggregate such 

as hydrophobic and high ionic strength environments. 

 

4.2 Introduction  
 

Dispersions of inorganic particles in both polar and apolar environments are critical to 

many technologies.  This is particularly significant for new catalysts because particle aggregation 

greatly reduces catalytic activity.109,114  Dispersion stability of nano-, meso-, and microscale 

particles is typically achieved through coatings of layers of polymers, surfactants, and organic 

tethers that increase the electrostatic and steric repulsion between particles.1,4,6,7  While suitable 

for some  applications, the chemical “camouflage” added to semiconductor and metallic 

nanoparticles results in greatly reduced catalytic activity.8,126,214  Development of novel 

heterogeneous catalysts for apolar media is particularly affected because thick hydrophobic 

coatings block the surface of inorganic particles where catalytic reactions take place. 3,8,9  

Additional issues with this strategy of particle stabilization emerge when stabilizing surface 

ligands have a measurable tendency to desorb.  The changes in sorption equilibrium due to 

variations in particle concentration, pH, or polarity of the media inevitably result in particle 

aggregation.5 Recently, spiky colloids referred to as ‘hedgehog’ particles (HPs) were introduced 

which utilize surface corrugation as a dispersion strategy.15 The original design of HPs was based 

on a micron-sized polystyrene (PS) core surrounded by nanoscale zinc oxide (ZnO) spikes. The 

surface corrugation from the spikes leads to a marked reduction in van der Waals forces, resulting 

in the ability to disperse in both organic and aqueous solvents.15 Subsequent studies confirmed that 

the reduction of omnipresent attractive interaction, rather than an increase of repulsive forces, is 

responsible for their omnidispersibility.215  

The addition of different functionalities and probing potentially complementary properties 

of core and spikes is possible with a diverse set of core materials. In particular, the creation of 

thermally and chemically stable HPs with functional cores rather than fairly inert and temperature-

sensitive PS microparticles noticeably expands their functionality and design space. Both chemical 
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and physical properties of inorganic cores are of interest.  As such, hematite (Fe2O3) represents an 

earth abundant metal oxide semiconductor that can be used as a thermal or photo-catalyst that 

could greatly benefit from the ability to disperse in apolar medium.  Fenton reactions catalyzed by 

hematite in apolar media can be particularly useful  in many green chemical processes.253,254  

Similarly, titania (TiO2) is a low cost metal oxide semiconductor that is one of the most prevalent 

photocatalysts in aqueous (polar) media, but has difficulties as a heterogeneous catalyst in organic 

media due to poor dispersability.255,256  The rapidly developing area of plasmonic catalysis257,258 

takes advantage of hot electrons and holes that are estimated to react with substrates within 22 and 

47 nm from the surface of plasmonic particles respectively with very short lifetimes of ~30 fs.259 

Removal of the organic ligand layer with much shorter carrier lifetimes260 around plasmonic 

particles such as gold could significantly improve yield and selectivity of plasmonic catalysts 

dispersed in hydrophobic media and allow for direct charge excitation at the adsorbate/metal 

interface.261,262 

There are a number of reactions with low yields due to the limited stability of catalysts in 

a nonpolar environment. The current state-of-the art in polymer precursor synthesis is represented 

by reactions conducted in polar organic solvents.263–265  However, studies have shown that the 

selectivity of, for instance, the photooxidation of cyclohexane to cyclohexanone and cyclohexanol 

(a mixture known as KA oil), is strongly dependent on the polarity of the solvent, regardless of the 

type of catalyst used.266–268 The need for an organic media in this reaction is evidenced by the fact 

that the presence of water leads to marked reduction in both reactivity and selectivity.269 

Additionally, while the photocatalytic conversion of CO2 using solar energy is one of the most 

attractive routes to mitigate global warming,95–97 currently the process has low efficiency, product 

selectivity, and catalyst stability.98 The poor solubility of gaseous nonpolar CO2 in aqueous media 

is a cause of several of these issues. The development of heterogeneous inorganic photocatalysts 

that can function in a nonpolar environment such as cyclohexane or CO2 is critical for sustainable 

production of feedstocks and fuels. 

In this study, we have developed inorganic microparticles with plasmonic, magnetic, and 

catalytic properties with a shell of photocatalytic spikes consisting of ZnO or TiO2. The spiky 

architecture enables robust dispersion of the particles in nonpolar environments. The dispersion 

and enhanced thermal stability in concert with functional properties allow application of inorganic 

core hedgehogs to a wide array of catalytic reactions in complex liquid media.   
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4.3 Inorganic Core Synthesis and Characterization 
 

HPs are traditionally synthesized via a hydrothermal process which involves the deposition 

of ZnO microparticles on carboxylated PS beads. Many studies have shown layer-by-layer (LbL) 

films to promote NP adhesion on microparticles including on HPs.28,148,152,215 In a concurrent 

paper, we describe how polyelectrolyte coatings including weak and strong polyelectrolytes help 

form uniform and tunable SiO2 HPs. SiO2, however, is an inert core, and does not serve any 

additional function for catalysis and other applications.  Based on this method, we looked at 

expanding the use of layer-by-layer assembly to create a family of functional HPs. 

 Iron oxide materials such as hematite are used both as a catalyst and to enhance visible 

light absorption in conjunction with ZnO nanorods.270,271 The hematite cube cores were 

synthesized via a literature hydrothermal process (Figure 4.11).272 Deposition of a negative 

polyelectrolyte using LbL to create a negatively-charged surface is necessary for positively-

charged ZnO adsorption (Table 4.1, Figure 4.12). Heating hematite cubes in a hydrogen 

atmosphere at 400°C results in magnetite cubes allowing for the creation of magnetic HPs (Figure 

4.1, 4.11). 273,274 

Figure 4.1: SEM images of different inorganic core HPs with ZnO spikes: (a) Fe2O3 microcube, (b) Fe3O4 microcube, (c) hollow 

Au microsphere (d) hollow TiO2 microcube with ZnO spikes.  

c 

b a 

d 
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Magnetite HPs enable greatly accelerated purification (one day compared to a week) and easy 

separation from reaction mixtures for different applications, including catalysis (Figure 4.13). 

Next, templating of silica and hematite cores was explored to create a variety of hollow 

catalytic cores to maximize active surface area and light absorption.275,276 The first material 

considered was gold, as it can assist with light absorption and help prevent electron hole 

recombination in semiconductors. 2 nm gold particles capped with tetrakis-(hydroxymethyl)-

phosphonium chloride (THPC) were deposited using LbL on SiO2 cores using methods from our 

previous work.215 After a dense coating of gold nanoparticles was obtained on the silica spheres, 

formaldehyde was used as a reducing agent to create a complete gold shell.257,277  Hydrofluoric 

acid was used to dissolve the silica core, leaving behind hollow gold microspheres (Figure 4.11, 

4.14). With the addition of a PSS LbL layer, ZnO seed was subsequently deposited and hollow 

AuHPs were synthesized (Figure 4.1). 

Hollow TiO2 microparticles have shown excellent photocatalytic activity and been used as 

an anode material for lithium-ion batteries.278,279 In this case, titanium dioxide coatings were 

achieved using liquid-phase TiO2 deposition using ammonium hexafluorotitanate based on a 

literature method.280,281 The hematite core was removed using HCl incubation for a prolonged time 

so that uniform hollow cubes were produced (Figure 4.1, 4.11, 4.14). It was found that a certain 

thickness of the TiO2 coating was required for stability; a liquid state deposition of 16 hours, 

showed uniform hollow cubes, while there was some degradation observed with deposition for 

only 4 hours (Figure 4.15).   

 

4.4  Inorganic core HPs with TiO2 Spikes 
 

The liquid state deposition process was extended to create hollow TiO2 spikes as a new 

photocatalytically-active spike and potential support material. TiO2 has enhanced chemical 

stability compared to ZnO while retaining similar high photocatalytic activity.46,282  Both fully 

templated structures and core-shell structures can be produced depending on the amount of boric 

acid used (Figure 4.2). The length of incubation and concentration of ammonium 

hexafluorotitanate can tune the thickness of the TiO2 coating.281,283,284 Calcination of the coating 
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produces crystalline TiO2 particles with anatase phase (Figure 4.16). Additionally, prolonged 

deposition enables the creation of single component, fully hollow TiO2 HPs from Fe2O3 HP after 

dissolution of the hematite core with HCL.  

 

4.5 Optical and Thermal Characterization of Inorganic Core HPs 

 

UV-Vis Spectroscopy shows that in particular, spikes with long lengths result in enhanced 

broadband scattering with all cores as previously observed with HPs.15,285 (Figure 4.3). Even with 

very different core particle materials, similar extinction is observed, indicating that the spiky array 

dictates the optical behavior. The base 

hematite cubes display much greater 

absorbance in the visible and NIR 

region. For hematite HPs, a distinct 

increase in absorbance and defined 

peak is observed close to 400 nm, 

corresponding to the ZnO nanorod 

array286, as well as a red shift of the 

hematite peaks. With a gold plasmonic 

core and shorter length spikes, the 

absorption extends into the near 

infrared region (Figure 4.17). This 

indicates potential for synergistic 

systems with gold and semiconductor 

spikes for photocatalysis. TiO2 HPs 

were also investigated, and a distinct 

change in absorption is observed as a 

function of calcination (Figure 4.18). 

A calcination temperature of 600°C 

appears to produce the most absorption 

in the UV-region, which likely 

corresponds to the crystalline anatase 

a b 

c d 

f e 

Figure 4.2: TiO2 HPs created by liquid state deposition  of ammonium 

hexafluorotitanate ((NH4)2TiF6). SEM (a,c,e) and TEM (b,d,f) of (a,b) 

75mm (c,d) 37.5 mM ((NH4)2TiF6) on SiO2 HP (e,f) 37.5 mM 

((NH4)2TiF6) on Fe2O3 HPs after treatment with HCL at 100°C for 72 

hrs and calcination at 600°C. 
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phase produced. We expect TiO2 HPs to show enhanced photocatalytic activity in high ionic 

strength environments as seen with SiO2 HPs as well as in nonpolar environments. 

Figure 4.3: Absorbance spectrum of (a) HPs with different inorganic cores and (b) inorganic microparticle cores without ZnO 

spikes (SEM images of HPs and core particles and in Figure 4.1, and 4.11 respectively).  

 

Thermogravimetric analysis was used to analyze particle stability at the high temperatures used 

for many catalytic processes. Polystyrene cores, used in the original HPs, are not stable at high 

temperatures. TGA results confirm the lack of thermal stability as the melting of the cores reduces 

accessible surface area for catalysis.  With inorganic HPs, the morphology is maintained and very 

little weight loss (corresponding to loss of LbL film) is observed compared to the PS (Figure 4.4).  

 

4.6 Apolar Dispersion Stability  

 

HPs with different, inorganic cores were expected to show similar dispersion stability as 

the original HPs. Hematite, magnetite, hollow gold, and hollow TiO2 core HPs form stable 

dispersions in heptane while the corresponding core materials without spikes do not disperse 

(Figure 4.5, 4.19-4.21). This is confirmed with SEM results that show individual particles and 

no aggregation while core materials show aggregates (Figure 4.5, 4.19). Confocal microscopy 

shows well dispersed inorganic HPs modified with a layer of fluorescein-isothiocyanate labeled-

PAH in heptane (Figure 5, 4.19). Additionally, the dispersion of core-shell and fully template 
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Figure 4.4: Thermogravimetric analysis of inorganic core HPs (Inset: SEM image after calcination at 600°c for 1 hr): (a) Fe2O3 

HP , (b) PS HP, (c) Au HP, (d) TiO2 HP.  

TiO2 spike HPs were compared to commercial Aeroxide® P25 TiO2 nanoparticles. The TiO2 

spike HPs stay well dispersed in heptane and chloroform while the P25 nanoparticles form large 

aggregates (Figure 4.6, 4.22-4.23) as seen in SEM and dispersion images.  

In conclusion, HPs with inorganic cores represent a new class of omnidispersible material 

with functional catalytic, magnetic, and plasmonic properties. Future studies will investigate the 

use of active hematite cores in Haber-Weiss reactions for accelerated degradation of peroxide-

based oxidants. Peroxide-based oxidants are used in many industrial organic processes, and the 

use of HPs to facilitate expansion to a wide array of chemical environments has the potential to 

help increase efficiency in numerous reactions.94  
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Figure 4.5: (a) Image of dispersions of inorganic ZnO HPs (0.5 mg/mL) in heptane (0.5 mg/mL). SEM (b-e) and Confocal (f-i) 

images of Dispersions of (b,f) Fe2O3HP, (c,g) Fe3O4HP, (d,h) TiO2HP, and (e,i) AuHP. Confocal Microscopy was done using 

FITC-PAH coated core microparticles. All particles were dispersed at 0.05 mg/mL.  
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Figure 4.6: (a) Image of dispersions of 37.5 mM and 75 mM TiO2 spike SiO2 HP and TiO2 NP in heptane (0.5 mg/mL). 

Confocal microscopy of SiO2 HP with (b) 75 mM (c) 37.5 mM TiO2 spikes.  SEM images of  SiO2 HPs with (d) 75 mM (e) 37.5 

mM TiO2  spikes, and (f) TiO2 NPs in heptane. 

 

4.7 Cyclohexane Oxidation and Epoxidation with Photocatalytic HPs  
 

The photo-oxidation of alkanes has wide spread applications in organic synthesis. The 

synthesis of KA-oil consisting of cyclohexanone and cyclohexanol from the oxidation of 

cyclohexane involves over 8000 kilotons produced annually primarily for the industrial 

production of Nylon 6 and Nylon 6,6.287 Traditionally, industrial production of KA-oil involves 

oxidation with molecular O2 at high pressure and high temperatures with good selectivity (85-

90%) at the expense of low conversion (4-15%).288 This has led to the exploration of a wide 

array of alternative methods for producing nylon precursors including oxidants such as hydrogen 

peroxide289 or t-butyl hydroperoxide290,291 with cyclohexane. Photocatalytic oxidation of 
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cyclohexane has primarily been investigated with semiconductors such as titanium dioxide.268,292 

Traditionally cyclohexanone is observed as a dominant product with selectivity dependent on 

light source and water content.293 

An alternative pathway to nylon precursors is through cyclohexene oxidation. 

Cyclohexene oxidation to adipic acid was demonstrated by Sato et al. in 1998 utilizing Na2WO4 

catalyst and an acidic phase-transfer reagent [CH3(n-C8H17)3N]HSO4 but requiring a very high 

consumption of H2O2 for each mol of adipic acid.294 Cyclohexene is produced by partial 

hydrogenation of benzene which requires higher temperatures with moderate selectivity.94 Many 

other studies have followed involving polyoxometalates and other materials for the process 

including with molecular oxygen and other oxidants.295,296  

Cyclohexene oxide is a valuable industrial intermediate which is used in a wide array of 

products including pesticides, stabilizers for halogenated hydrocarbons, and 

pharmaceuticals.297,298 Cyclohexene oxide is primarily formed through the epoxidation of 

cyclohexene. Synthesizing cyclohexene oxide directly from cyclohexane which is more stable 

and widely produced is desirable. Epoxidation of olefins is also valuable for the production of 

many different epoxy and rubber-based products.   

There has been limited exploration of photocatalysts and dispersible nanocatalysts due to 

poor dispersion stability. One method for catalyst activation in nonpolar systems involves the use 

of emulsions and interfacial catalysts such as oxides. 226,299  A new dispersion strategy based on 

surface corrugation utilizing ‘Hedgehog’ particles (HPs) was recently introduced.15 These HPs 

were expanded with different films215, as well as utilization of new inorganic core materials. HPs 

show a marked reduction of van der Waals forces allowing for dispersion in both polar and non-

polar environments.  

Here we report the use of a photocatalytic HP in combination with a green oxidant 

functioning in a Haber-weiss mechanism for accelerated degradation of hydrogen peroxide. 

Through utilization of active HPs in a water/cyclohexane emulsion, we see the production of 

cyclohexene oxide directly from cyclohexane in one-step utilizing Fe2O3 HPs with ZnO spikes. 

In this case, by using an active Fe2O3 catalyst core with ZnO and TiO2 spikes, a new direct one-

step pathway to cyclohexene oxide is developed, and reaction selectivity is engineered utilizing 

HP composition.  
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4.7.1 Synthesis of HP Catalysts 
 

Hematite cores were synthesized using a literature hydrothermal method.272 ZnO HPs 

were synthesized using a method described in a previous publication. Layer-by-layer films were 

used to conformally deposit ZnO seeds onto hematite cores and then sonothermal growth of ZnO 

spikes was used to create HPs with diameters close to 4 µm (Figure 4.7a). Liquid state 

deposition of ammonium hexafluorotitanate with boric acid was used to create a TiO2 HPs as 

described previous study. In this case, the incubation was for 4 hours to produce a thin coating 

that was still stable after heating. Samples were calcined at 500° C to create crystalline anatase 

TiO2 (Figure 4.7b-e). A uniform coating is observed including on the core particle with 

crystalline spikes.  

Figure 4.7: SEM image of ZnO HP with Fe2O3 core (a) and TiO2 hp with Fe2O3 core (b) annular dark-field (c), and bright-field 

(d) and high resolution TEM images (e) of TiO2 HP with Fe2O3 core. 

 

4.7.2 Oxidation of Cyclohexane with ZnO HPs 
 

An emulsion system with cyclohexane and water was chosen so that hydrogen peroxide 

could be used with the expectation that HPs would help stabilize the emulsion. The presence of 
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water has been shown to increase the concentration of hydroxyl radicals on the surface and in 

solution which can react to form cyclohexanone and cyclohexanol.  It also can promote 

desorption of cyclohexanone and cyclohexanol.268 The reaction is shown below in Scheme 4.1. 

While the first 3 products are well established in the oxidation of cyclohexane, the production of 

cyclohexene epoxide has not been reported in literature.  

 

Scheme 4.1: Oxidation of Cyclohexane 

A Fenton-like mechanism with hydrogen peroxide is expected to occur with the hematite 

core of the HP.300 This is consistent with the increased amount of cyclohexyl hydroperoxide, and 

its decomposition products, cyclohexanol, and cyclohexanone observed with all hematite 

samples. First a low concentration of H2O2 (12 mM) consistent with studies of fenton-based 

mechanisms was tested (Figure 4.8a). HPs result in an enhancement in the production of 

cyclohexyl hydroperoxide and cyclohexanone over cubes, which is expected due to OH· radicals 

produced by ZnO. Next, a higher concentration of H2O2 (1 M) was tested to further promote 

production of alkyl hydroperoxide. The higher concentration of H2O2 has a drastic effect on the 

product distribution. Cyclohexene epoxide is seen as a major product with HPs but not with 

cubes or the control (Figure 4.8b).  As expected, there is also an increase in cyclohexyl 

hydroperoxide and cyclohexanone production with both cubes and HPs. The formation of the 

epoxide in a one-step process from cyclohexane has not been reported in literature.  

Kinetic results show that the epoxide yield still increases to over 1 mM for reaction times for 64 

hrs (Figure 4.8c) albeit at a slower rate. The epoxide traditionally is produced in the oxidation of 

cyclohexene which can be formed from the dehydration of cyclohexanol or cyclohexane.301 The 

epoxide stability is likely due to non-acidic conditions that were employed in the synthesis, 

otherwise hydrolytic ring cleavage would be expected.294,302 The dehydration of cyclohexanol to 

cyclohexene is dependent on the acidic sites on the catalytic surface. ZnO has been shown to be 

selective in the production of cyclohexene from cyclohexanol, so we suspect that this is how 

cyclohexene is produced.303 With the lack of additional alkenyl species such as cyclohexen-2-

one (negligible amounts were detected), it is clear that the hydroperoxidation of the allylic 
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carbon atom via an H-abstraction by a HO• radical is not favored, while epoxidation is. This 

selectivity could be beneficial other reactive alkenes in addition to cyclohexene which have 

multiple oxidation sites.  

 

Figure 4.8: Product distribution from the oxidation of cyclohexane in a 1:1 cyclohexane/aqueous H2O2 emulsion emulsion (1:1) 

with 1mg/mL catalyst. 12mM H2O2 (a) 1 M H2O2 (b). Product distribution as a function of time for oxidation of cyclohexane 

with ZnO/Fe2O3 HP. 

 

For the process, we expect, that likely the cyclohexane is oxidized to cyclohexene (step 

A) and then through epoxidation converted to cyclohexene oxide (Step B) (Figure 4.9a). Step A 

is expected to consist of oxidation to cyclohexanol and then dehydration to cyclohexene by zinc 
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oxide as mentioned earlier. Corresponding with the reduction in rate of epoxide production, there 

is a significant decrease in the concentration of cyclohexyl hydroperoxide from 16 to 64 hours, 

indicating that it is a probable intermediate. Cyclohexanone yield increases by a factor of close to 

two times, likely from decomposition of the hydroperoxide (Figure 4.9b). The suspected 

pathway to cyclohexene oxide, is through the oxidation to cyclohexene from dehydration of 

cyclohexanol, and the epoxidation reaction to form cyclohexene oxide, which is greatly 

enhanced at high concentrations of hydroperoxide (Figure 4.9c).304,305 The light source 

accelerates degradation of H2O2 and generates OH radicals for oxidation through ZnO and 

Fe2O3. 

Figure 4.9: Different schematics of cyclohexane oxidation with HPs. (a) The major proposed pathway of oxidation of 

cyclohexane to cyclohexene (A) and then epoxidation of cyclohexene to cyclohexene oxide (B). (b) Pathway for oxidation of 

cyclohexane to cyclohexyl hydroperoxide with decomposition to cyclohexanone and cyclohexanol. (c) Proposed pathway for 

cyclohexane oxidation to products involving cyclohexene and cyclohexyl hydroperoxide (formed in B) resulting in production of 

cyclohexene oxide and cyclohexanone. This does not include oxidation to CO2 which is likely to happen to some of the 

cyclohexanol and cyclohexene produced.   

To further explore the roles of ZnO and Fe2O3, ZnO nanorods were tested, which show 

limited production of cyclohexene oxide. A decrease in the cyclohexyl hydroperoxide is 

observed without the Fe2O3 core which is needed at a higher concentration to produce 

cyclohexene oxide (Figure 4.10a). Potential intermediates were also added at the beginning of 

the reaction, to see how they influenced product distribution.  1 mM cyclohexene inhibits the 

reaction, in particular, the production of cyclohexyl hydroperoxide and cyclohexene oxide 

significantly. This is surprising, as it is the most logical intermediate. We believe, that the 

cyclohexene must function with cyclohexyl hydroperoxide for the epoxidation reaction to occur 

a 

b 

c 



92 
 

(Figure 4.9c) and without the hydroperoxide at the beginning, it follows an oxidative pathway to 

CO2 which also reduces formation of cyclohexyl hydroperoxide. The lower amount of 

cyclohexyl hydroperoxide and less favored dehydrogenation reaction, we believe then leads to 

minimal cyclohexene oxide production. We also added 1 mM cyclohexanol which does not 

appear to have a large effect on the reaction, except that this cyclohexanol is clearly consumed, 

which we believe would be through oxidation to CO2 which is well-documented.290,293 With 2 M 

H2O2 we see a decrease in the production of cyclohexanone with similar amounts of the 

cyclohexene oxide, which we believe is due to reduced light absorption in ZnO for oxidation to 

cyclohexanone (Figure 4.24). Based on these results, we believe ZnO plays a pivotal role in the 

dehydrogenation of cyclohexanol to form cyclohexene  intermediate  which then interacts with 

the cyclohexyl hydroperoxide in an epoxidation reaction which is accelerated by the hematite 

core. The high interfacial area and stability of HPs seen in the reaction, also promote oxidation at 

the interface (Figure 4.25). We hypothesize that this allows for the dehydrogenation and 

epoxidation to occur in one step to produce cyclohexene oxide with further investigation 

planned.  

Figure 4.10: Preliminary results from oxidation of cyclohexane: (a) oxidation of cyclohexane using different ZnO catalyst 

samples and additives with 1 M H2O2 ; (b) oxidation of cyclohexane utilizing 12mm and 1 M H2O2 with TiO2 HPs with Fe2O3 

cores. All experiments were conducted with X-cite® 120 light source for 16 hrs.  
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4.7.3 Oxidation of Cyclohexane with TiO2 HPs 

 

To investigate and better understand production of cyclohexene oxide, TiO2 HPs were 

also investigated. Preliminary Results indicate that TiO2 HPs show a much greater selectivity to 

cyclohexanone, with over two times the product of ZnO HPs with 12 mM H2O2(Figure 4.10b). 

Minimal cyclohexyl hydroperoxide is observed, indicating that the deperoxidation happens 

quickly.  However, TiO2 HPs at high H2O2 concentrations do not show production of the 

cyclohexene oxide. A distinct difference between the ZnO and TiO2 HPs, is that the TiO2 

coating, completely covers the hematite core, likely dominating the reactivity. This is consistent 

with the increase in production of cyclohexanone with lower concentrations of H2O2. OH 

radicals on the surface are expected to result in oxidation to cyclohexanone. With higher 

concentrations of H2O2, ultraviolet light is absorbed by the H2O2 which is not as efficient in the 

oxidation of cyclohexane as the TiO2 HPs. The limited effect of H2O2 indicates that the Fe2O3 

core is having a very limited effect, and due to the thickness of the TiO2 coating, might be 

absorbing limited light.  As a catalyst without additional oxidant, the TiO2 HPs outperform ZnO 

HP.  

The oxidation with TiO2 catalysts is well-documented in literature with oxidation to cyclohexyl 

hydroperoxide from cyclohexyl radical and then decomposition into cyclohexanone and 

cyclohexanol (Figure 4.9b). Cyclohexanol can be easily converted into cyclohexanone through 

an additional oxidation, which we expect is happening. The cyclohexanol product is also more 

likely to be oxidized directly into CO2. Additionally, cyclohexyl hydroperoxide can be oxidized 

into cyclohexanone and water. 

 

4.7.4  Conclusions 
 

HPs in an emulsion system with a green oxidant and light source have enabled 

conversion of cyclohexane directly into cyclohexene oxide for the first time. The selectivity is 

dependent both on the hydrogen peroxide oxidant concentration, and HP composition. This could 

have large implications in other organic synthesis reactions, as it is a new pathway that has not 

been seen in literature. The exploration of HPs as a catalyst for olefin synthesis and epoxidation 
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and in other epoxidation reactions could lead to use of this pathway and discovery of other new 

pathways for synthesis of other important chemicals and chemical intermediates.   

 

4.8 Methods 
 

All chemicals were ordered from Sigma-Aldrich unless noted otherwise. grids with ultrathin 

carbon film on holey carbon film support for transmission electron microscope (TEM) measurements and 

silicon wafers for scanning electron microscope (SEM) measurements were purchased from Ted Pella 

(Redding, CA). Polycarbonate track-etched membranes (0.8 micron, 90 mm) were ordered from Sterlitech.  

 

4.8.1 Synthesis of Core particles  

Hematite cube particles were synthesized based on a literature hydrothermal method.272 

Briefly, in a typical procedure, FeCl3·6H2O and NaOH were added to an autoclave at a fixed molar 

ratio (3:5) which was then heated at 160° C for 24 hours. The synthesized cubes were then washed 

two times in ethanol and water to remove excess reactants. Magnetite cores were produced from 

heating hematite cores in a calcination oven at 400°C for 24 hrs in H2 atmosphere.273 TiO2 cores 

were obtained from the liquid-state deposition of TiO2 on hematite using 75 mM ammonium 

hexafluorotitanate (NH4)2TiF6 and 0.2 M boric acid (H3BO3) for 16 hours (as described in Section 

4.3).280 0.5 M HCl incubation at 100° C for 96 hours was used to remove hematite to create hollow 

cores.  

For Au cores, 2 nm gold nanoparticles (AuNPs) were synthesized using 

Tetrakis(hydroxymethyl)phosphonium chloride (THPC) in a literature method.277,306 Briefly, 0.5 

mL of 1 M NaOH and 1 mL of THPC solution (12 µL of 80% THPC in 1 mL nanopure water) 

were added to 45 mL of nanopure water. The reaction mixture was stirred for 5 min, followed by 

the rapid addition of 10mL of 5 mM HAuCl4·3H2O to the stirred solution. The AuNPs were 

utilized in the layer-by-layer coatings of SiO2 microparticles (described below in 4.2). The coated 

SiO2 particles were then used for gold shell formation as described in the literature.257 The gold 

hydroxide used for shell formation was synthesized by adding 0.25 g K2CO3 to 925 mL of 

nanopure water. After stirring 10 minutes, 75 mL of 5 mM HAuCl4·3H2O was added quickly. 

After stirring 1 hour, the solution was aged in the dark for 24 hours before use.  Briefly, 1-5 mL 

of gold nanoparticle-coated SiO2 particles dispersed in nanopure water were added to 75-150 mL 
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of Au(OH)3. In five minute increments, 5-15 mL of 37% formaldehyde was added to the solution, 

followed by 2-10 mL of 29% ammonium hydroxide.  The particle slurry was then poured into 

centrifuge tubes and the Au-modified SiO2 particles were centrifuged/washed three times with 

water. The particles were then incubated in 2% hydrofluoric acid for 24 hours to dissolve SiO2 and 

centrifuged/washed six times to remove any remaining acid.  

 

4.8.2 Layer-by-Layer Coating of Core Particles 

Positively-charged inorganic cores were coated with polystyrene sulfonate (PSS, 0.5 M 

NaCl) in a layer-by-layer process to enhance ZnO seed adsorption and will be described in detail 

in another concurrent study. Negatively-charged cores were coated with poly(dimethylammonium 

chloride) (0.5 M NaCl) and then PSS (0.5 M NaCl). To make Au-modified cores, SiO2 was coated 

with (PSS/PDDA/AuNP)2 utilizing AuNP described above.  Briefly, 5 mL core was mixed with 

25 mL polyelectrolyte (1 mg/ mL, 0.5 M NaCl) or 25 mL nanoparticle solution and incubated for 

20 minutes. Cores were then centrifuged at 4000 RPM and washed with water 3 times before 

repeating the process with the next layer. 

 

4.8.3 Synthesis of Inorganic HPs 

Inorganic HPs were synthesized using a scaled sonothermal synthesis based on that of 

Bahng et al.15 1.25 mL of coated core solutions (2.5 wt%) was mixed with 40 mL ZnO seed 

solution (0.025 wt%) and incubated for 1 hour. Particles were then filtered using a 0.8 micron track 

etch membrane and combined with equimolar (25 mM) solutions of zinc nitrate hexahydrate 

(ZNH) and hexamethylenetetraamine (HMT) in water. Concentrations of the precursors were 

varied to tune the width of the spikes, with a default concentration of 25 mM. The solution was 

then filled to a final volume of 1.6 L with nanopure water and sonicated using a Hielscher 1000UIP 

HdT sonicator for 1 hour and 30 minutes. HPs used in the study were purified by sedimentation 

over a week and then an additional sonication (25 mM additional precursors, 2.5 hours) was used 

to grow longer and more uniform spikes. For catalysis samples, 2 additional growths  involving 

sonication with 37.5 Mm ZnH and HMT for 2.5 hours were done once HPs were fully purified to 

increase length and uniformity. Nanorods were collected from the supernatant in the first wash to 

use as a catalyst benchmark. 
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4.8.4 TiO2 Templating of ZnO HP 

Liquid-state deposition of TiO2 on HP was achieved using ammonium hexafluorotitanate 

(NH4)2TiF6 and boric acid (H3BO3).
280 12 mL of HPs (~3 mg/mL) and 6 mL (NH4)2TiF6  (112.5 

mM or 225 mM) were combined and incubated on a shaker. After 5 minutes, 4.5 mL of (NH4)2TiF6 

solution and 9 mL of H3BO3 solution (0.5 M) were added. After an additional 5 minutes, another 

4.5 mL of (NH4)2TiF6 and 9 mL of H3BO3 were added of the same concentration bringing the final 

concentration to 0.2 M H3BO3 and 37.5 or 75 mM (NH4)2TiF6 for core-shell or fully templated 

structures respectively.  After centrifuging for 1000 RPM for 10 min, the solution was replaced 

with 35 mL with 0.5 M H3BO3 or 1 M H3BO3. For catalysis samples, 37.5 mM (NH4)2TiF6 and 

0.2 M H3BO3 was used for liquid state deposition for a total of 4 hrs 

 

4.8.5 Zeta Potential 

For ζ-potential measurements, a 100 µL aliquot of core particles was set aside after 

deposition of each layer, and 900 L of water was added before each zeta potential measurement 

was taken. The ζ-potentials were measured using a Malvern Zetasizer Nanoinstrument Nano ZS. 

Each value was averaged from three parallel measurements.  

 

4.8.6 Confocal Microscopy  

For confocal studies, FITC was conjugated to PAH according to a literature procedure and 

mentioned in a previous publication.193,215 Briefly, 4.5 mg FITC was dissolved in 1 mL 

dimethylsulfoxide (DMSO) and combined with 500 mg PAH dissolved in 6 mL water. The pH of 

the solution was adjusted to 8.4 with NaOH and then the solution was stirred for 2 days. Dialysis 

was then performed using a D-tubeTM Dialyzer for 24 h to remove excess FITC.193 PAA/FITC-

PAH films were deposited on HPs and inorganic cores using LbL assembly with the same 

procedure described previously.215  

 

4.8.7 Electron Microscopy 

20 µL of sample was dispersed on a silicon wafer and then evaporated. Afterwards, 

samples were sputter coated with gold using a SPI-Module Carbon/Sputter Coater. Particles were 

imaged using a FEI Nova 200 Nanolab SEM and FEI Helios 650 Nanolab SEM/FIB. NPs and 
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coating were imaged using a JEOL 3011 High Resolution Electron Microscope. For Dispersion 

SEM images, particles were at a concentration of 0.1 mg/mL. 

 

4.8.9 Thermogravimetric Analysis 

Thermogravimetric Analysis was done using a Discovery TGA Q5000IR (TA Instruments 

inc., Delaware, USA). 1-3 mg of HP sample was heated from ambient to 600°C at a heating rate 

of 10°C/min with a nitrogen flow rate of 50 mL/min. 

 

4.8.10 Photocatalysis Experiments 

 A metal halide lamp (X-Cite® 120) was used for all photocatalytic experiments at a 

specified distance (Figure 4.25) to minimize heating of the reaction solution. All experiments 

were done using 15 mL cyclohexane and 15 mL water with a specified amount of hydrogen 

peroxide.  A quartz flask was used with a condenser attached to prevent evaporated. 

 

4.8.11 Product analysis with GC 

After reaction, the sample was transferred to a scintillation vial. After 10 minutes to allow 

the phases to separate, 2 1 mL aliquots from the cyclohexane phase was removed. To one 

aliquot, excess triphenylphosphine was added to convert all remaining cyclohexyl hydroperoxide 

to cyclohexanol based on a literature method.307 After 15 minutes both of these were analyzed 

with a Gas Chromatograph (GC-2014A, Shimadzu) with a capillary flame ionization detector 

(FID) with a RTX-5 60m 0.5 µm column. An injector temperature of 270°C was used and 

temperature was ramped 10°C/min  from 60C (hold for 1 minute) to 260°C (hold for 2 minutes 

For each product, controls were run to determine the concentration of each product in the 

sample. GC-MS was also used to verify products.  
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4.9 Supplementary Results 

 

Table 4.1: Zeta potential of hematite microcubes as a function of layer number 

Fe2O3 Cube Zeta Potential (mV) 

Layer0 35±4.28 

Layer 1 PSS -33±3.68 
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Figure 4.11: SEM images of (a) Fe2O3 cubes, (b) Fe3O4 cubes, (c) hollow TiO2 cubes, and (d) hollow Au spheres that were 

utilized as inorganic cores for HPs. 
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Figure 4.12: HPs formed without LbL coating using Fe2O3 Cubes 

 

Figure 4.13: Magnetite HPs (0.5 mg/mL) after applying neodymium magnet for 1 minute. 

Figure 4.14: TEM images of (a) hollow TiO2 cubes and (b) hollow Au spheres (SEM in Figure 4.11) 

 

 

 

a b 
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Figure 4.15: SEM (a) and TEM (b) of hollow TiO2 cores created with 4 hr incubation with ammonium hexafluorotitanate. 

 

Figure 4.16: (a) XRD of TiO2 HPs calcined at 600°C, (b) STEM and (c) HRTEM of TiO2 HPs calcined at 600°C. 
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Figure 4.17: (a) UV-Vis absorbance spectrum for single growth Au HP, (b) SEM image of single growth Au HP 

 
 Figure 4.18: Absorbance spectrum of 75 mM TiO2 HPs calcined at different temperatures for 1 hour.  
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Figure 4.19: (a) Image of dispersions of core microparticles (MPs) in heptane (0.5 mg/mL). SEM (b-e) and confocal microscopy 

(f-i) images of dispersions of (b,f) Fe2O3MP (c,g) Fe3O4MP, (d,h) TiO2MP, and (e,i) AuMP (0.1 mg/mL). Confocal Microscopy 

was done using FITC-PAH coated HPs. 
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Figure 4.20: Sediments of inorganic microparticle cores respectively in heptane after 1 min. (a,e) Fe2O3 (b,f) Fe3O4 (c,g) TiO2 

(d,h) Au.  

 

 

Figure 4.21: Dispersion of different composition HPs respectively in heptane (0.5 mg/mL) after 1 min. (a) Fe2O3 (b) Fe3O4 (c) 

TiO2 (d) Au.  
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Figure 4.22: (a) Photograph of dispersions of TiO2 spike HP and TiO2 NP in chloroform. SEM images of SiO2 HP with (b) 75 

mM TiO2 spikes and (c) 37.5 mM TiO2 spikes and (d) TiO2 NP dispersed in chloroform. 

 

Figure 4.23: Dispersions of 37.5 mM TiO2 HP; 75 mM TiO2 HP, TiO2 NP in chloroform (a,b,c) and heptane (d,e,f) respectively 

(0.5 mg/mL). 
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Figure 4.24: Product distribution from the photooxidation of cyclohexane in a 1:1 cyclohexane water emulsion with 2 M H2O2 in 

the aqueous phase and 1 mg/mL ZnO HP catalyst with X-Cite® 120 light source for 16 hours. 

 

 

Figure 4.25: Hedgehog particles (HPs) at the interface after reaction from photocatalytic cyclohexane/water emulsion reaction 

flask with 1 M H2O2 for 16 hours (a).  (b) Reaction set up with 15 mL cyclohexane and 15 mL 1 M H2O2 with 1 mg/mL HP and 

condenser and X-Cite® 120 light source.  
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Chapter 5 

 

Tendril Particles:  Microscale Colloids with 

Nanoscale Polymeric Spikes  
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5.1 Abstract 

 

   Particle stability in a broad array of fluid environments is critical for colloids in catalysis, 

sensing, and composites. Hedgehog particles (HPs) inspired by the spiky geometry of pollen grains 

and viral capsids enable dispersion stability regardless of whether their polarity matches that of 

the solvent or not.  Previous implementations of HPs were all based on rigid spikes from inorganic 

materials, whereas polymeric spikes offer a different and unique spectrum of optical, electrical, 

chemical, thermal, and mechanical properties including potential stimuli-responsive behavior.  

Microscale particles with nanoscale polymeric spikes that will be referred to as tendil particles 

(TPs), were made using layer-by-layer assembly (LBL) of polyallylamine films crosslinked with 

glutaraldehyde deposited onto the rigid ZnO templates.  After removal of the template, the spikes 

on TPs can be described as semi-rigid sleeves.  While being hydrophilic, they show dispersibility 

in nonpolar media such as heptane and high ionic strength aqueous media.

mailto:kotov@umich.edu
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 Polymer spikes are selectively permeable at low pH allowing for loading of cargo nanoparticles, 

molecules, and polymers.  By adding poly(N-isopropylacrylamide-co-acrylic acid) subunits, 

controlled aggregation is observed in response to temperature. Additionally, crosslinking of 

dopamine into the structure allows for controlled aggregation in response to alkaline conditions. 

Environmentally responsive TPs have been engineered to respond to multiple stimuli at once and 

in both a reversible and irreversible manner.  

 

5.2 Introduction 

 

Surface corrugation with stiff spikes can be used as a universal strategy to reduce van der 

Waals forces between dispersed particles by more than an order of magnitude.15  The drastic 

reduction of attractive forces leads to unexpected colloidal stability of particles with hydrophilic 

inorganic spikes in hydrophobic solvents and vice versa.217   This effect also leads to increased 

stability of spiky colloids in a high ionic strength environment,15,215 in contrast to the predictions 

of Derjaguin, Landau, Verwey and Overbeek (DLVO) theory about the colloidal stability of 

smooth spherical particles.  The generality of this effect can be seen in many particles with spiky 

geometries that were tested for omnidispersibility, for instance, for the particles whose spikes were 

conformably coated with organic layers by layer-by-layer assembled (LBL) films26,29,145,308–310 as 

a method to verify the role of particle geometry in the reduction of van der Waals forces.215  There 

are also multiple other examples of spiky and flower-like particles from different inorganic 

materials311–314, which were not tested for dispersibility in unfriendly solvents that are expected to 

display similar colloidal properties.   

Rigid inorganic spikes impart HPs with a variety of unique properties, with a typical broad 

band extinction band in the near IR part of the spectrum215–217,285 due to strong light scattering on 

the inorganic spikes.217,285  Engineering of HPs with fully polymeric yet sufficiently rigid spikes 

would, in theory, allow one to impart these particles with additional functions available in 

predominantly for polymers and not for inorganic spikes.  The functions of particular interest 

include (a) tunability of the characteristic extinction band; (b) engineering of compartments and 

their loading with molecules, nanoparticles or polymers; and (c) stimuli-responsive behavior.   

Note, however, that all of these functions originate in structural reconfigurability of the polymers, 
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and thus may impact or diminish omnidispersibility because the softness of nanoscale polymeric 

spikes will result in recovery of van der Waals and other interactions.     

Polyelectrolyte systems allow encapsulation of different functional materials, including 

magnetic NPs35,115 and enzymes315,316. Additionally polyelectrolyte systems exhibit pH-

responsive, temperature-responsive, and light-responsive behaviors.35,120,317  A key aspect of 

polymeric systems is the ability to crosslink to introduce new materials as well as enhance 

mechanical properties and stability.122,318  Control of polyelectrolyte configuration can tune the 

optical properties including fluorescence or absorption.319   

In this study, we demonstrate that HPs with polymeric sleeve-like spikes that will be 

referred to here as tendril particles (TPs) can be produced.   In order to retain omnidispersibility, 

they must be, however be cross-linked.  Nevertheless, molecular-level engineering of polymeric 

films makes possible to vary their optical properties and load them with functional cargo.  We also 

observed the temperature, and pH-responsive loss of their dispersibility indicating fundamental 

validity of the proposed understanding of their omnidispersibility.  

 

5.3 Engineering of Tendril Particles 
 

Following the previous studies of making polyelectrolyte micro- and 

nanocapsules,26,152,153,166 weak polyelectrolyte films were formed with polyacrylic acid (PAA) and 

poly(allylamine) hydrochloride (PAH) bilayers on HPs, building on previous work with LBL 

coatings of HPs215 and allowing for multiple crosslinking sites. Young’s modulus of PAA/PAH 

layers can range from  to 250 MPA when uncrosslinked with an increase to 680 Mpa for 

crosslinked122 in addition to high glass transition temperatures (128°C for PAA320 and 223°C for 

PAH320) allowing for robust mechanical properties. 

 A thin polymer film is observed as expected after a two-bilayer film (Figure 5.5). By 

crosslinking this film with glutaraldehyde, TPs are observed (Figure 5.1). ZnO is only fully 

removed  with additional acid washes  which reduce the amount of Zinc from 43% Zn (43ZnTP) 

to 2.9%(2.9ZnTP) with 0.01 M HNO3 and 0.57% (0.57ZnTP) with 0.1 M HNO3 respectively 

resulting in hollow polymer spikes (Table 5.1). 

STEM-EDS mapping shows that the hollow polymer spikes consist of primarily carbon, 

with oxygen, nitrogen, and a small amount of zinc present (Figure 5.6). The thickness of the  
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Figure 5.1: SEM (a,b,c) and TEM (d,e,f) of 2 bilayer tendril particles (TPs) crosslinked with glutaraldehyde  with various Zn 

Content, 0.57ZnTP (a,b) (b,e) 2.9ZnTP (c,f) 43ZnTP. Extinction spectrum of HPs and TPs with different Zn contents (g) and 

calculated extinction spectra of HPs with various percentages of Zn (h; model HP parameters and scattering cross sections in 

Figure 5.9). 

underlying polymer film is critical to maintaining the spiky morphology, as overly thick films form 

a polymer web over the spikes, mitigating its corrugation. Additionally, the underlying HP spikes  

require a certain thickness, as structural collapse is observed with thinner HP spikes (Figure 5.7). 

The core-shell structure is dependent on the morphology of the underlying HP allowing for 

polymer spikes with tunable lengths ranging from 500 nm to 1800 nm (Figure 5.8). The reduction 

in zinc content has a dramatic effect on the absorbance spectrum of the samples, showing a large 

reduction in broadband scattering (Figure 5.1g). An FDTD simulation of a model HP with 
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different ZnO content in the spikes was used to characterize the optical properties of TPs.286 The 

simulation somewhat captures the scattering features. We see a reduction in scattering in the model 

representative of the reduction in ZnO corresponding to a decrease in the index of refraction. A 

broadband nature is observed for the low zinc content TPs and the simulation due to the low quality 

of the electromagnetic modes supported by the particle with its reduced refractive index (Figure 

5.1h, Figure 5.9). HPs with polymer spikes can also be formed using ethylcarbodiimide (EDC) as 

a crosslinking agent, but are only stable with thicker 3.5 bilayer films and show a more rigid 

morphology (Figure 5.10). Hollow polymer spikes with controlled amounts of zinc oxide are also 

achieved with 1 M boric acid with partial dissolution of the spikes observed with shorter 

incubations in acid (Figure 5.11). Due to the presence of polyelectrolyte films, the spikes are not 

stable at lower pH without crosslinking, indicating as expected that the crosslinking stabilizes the 

spike (Figure 5.12). Glutaraldehyde also causes some degradation to HPs alone without polymer 

films, likely due to the lower pH. As expected, when treatment is at an elevated pH the zinc oxide 

spikes of HPs remain intact (Figure 5.13). Similar hollow shell structures are observed when 

solely ZnO nanorods are treated with glutaraldehyde at a lower pH (Figure 5.14).  

 

5.4 Dispersion of Tendril Particles 

 

HPs exhibit dispersion stability in a wide range of different polarities and ionic strengths. 

In a previous study, we determined that if surface corrugation is preserved with the addition of 

polymer and nanoparticles, omnidispersibility is maintained. With TPs, a softer interaction is 

expected, with a more flexible spike that is potentially deformable. We observed that the TPs 

maintain dispersibility in nonpolar environments and high ionic strength environments (Figure 

5.2, 5.15-5.16), indicating that the crosslinked polymer enables reduction of van der Waals forces 

analogous  with rigid zinc oxide. Confocal microscopy and SEM confirm well-dispersed particles 

in highly nonpolar heptane and in 1 M NaCl (Figure 5.2, 5.16).  It would be expected that the 

polymer would have a reduced attractive van der waals force, however, only with a reduction of 

contact area consistent with a rigid spike would dispersion be enabled in a nonpolar environment.15 

Based on these results, we believe that the crosslinked polymer is semi-rigid and does not 

completely deform upon contact, allowing for a marked reduction of van der Waals forces. TP 
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stability in high ionic strength environments as well as nonpolar environments has broad 

importance in biosensing, catalysis, and other fields.  

 

Figure 5.2: Photographs of TP dispersions (0.5 mg/mL) in heptane (a) and 1 M NaCl in water (b) with increasing zinc content 

from left to right. SEM (c,f,i) and confocal (d,e,g,h,j,k) of 0.57Zn TPs in heptane (c,d) and 1 M NaCl (e), 2.9Zn TPs in heptane 

(f,g) and 1 M NaCl (h), and 43Zn TPs in heptane (i,j) and 1 M NaCl (k). All SEM and confocal samples were prepared at 0.1 

mg/mL. 
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5.5 Loading of Sleeve-like Compartments 

 

To demonstrate the possibility of TP loading with functional cargo we first loaded 

plasmonic Au NPs inside TPs.215 With the introduction of gold, we see a large broadening of the 

optical absorbance as a function of the density of the Au NP coating (Figure 5.3a-d, 5.17) The 

gold NPs will also provide electromagnetic hotspots due to surface plasmon resonance relevant to 

optical applications for the TPs. This demonstrates that the TPs have tunable optical properties and 

in this case electromagnetic hotspots are introduced for optical applications.  We envision that TPs 

can achieve varied mechanical and electrical properties through nanoparticle loading. 

 

Figure 5.3: TEM of Tendril particles (TPs) with PSS/PDDA/AuNP (AuTP) (a,c) and with PSS/PDDA/AuNP (0.5 M NaCl; 

AuSTP) (b,d) layers encapsulated. Confocal microscopy images of TPs dispersed in FITC-Dextran (4000 MW; 1 mM) at pH3 (e) 

and pH 10 (f). Encapsulation of FITC-dextran by raising pH after treatment at pH 3 and washing off excess FITC-dextran(g) 

Normalized absorbance spectrum for AuTP and AuSTP (h). 

 

Additionally, to demonstrate loading small molecules, we used FITC-dextran. In this case, 

we are able to make the polyelectrolyte film permeable at low pH (pH 3) while impermeable at 

high pH (pH 10) as seen in other studies.32,33,321This allows for encapsulation of the FITC-dextran 

into the hollow spikes by loading followed by raising the pH (Figure 5.3f-h). With the capability 

of selective loading and release, these TPs could be used for industrial coatings such as anti-

corrosion coatings or for encapsulation of therapeutics.322,323 Additionally, with creation of hollow 
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polyelectrolyte cores in addition to spikes, TPs would enable high loadings or selective loadings 

in each compartment.  

 

5.6 Temperature and pH-based Agglomeration of Tendril Particles 

 

The ability to modulate a polymer’s reversible thermal response has been well-explored 

with polymers such as poly(N-isopropylacrylamide) (PNIPAM).116,324,325 In addition, pH-

responsive behavior has wide applications in biological systems and can be achieved with different 

polymeric subunits  including dopamine.326  

The introduction of thermoresponsive and pH-responsive polymers is expected to result in 

the loss of dispersion stability based on environmental conditions. To test thermoresponsive 

capability, we coated TPs with LBL films from poly(N-isopropylacrylamide-co-acrylic acid) 

(PNIPAM TPs) and evaluated particle stability at different temperatures. Particle stability was first 

evaluated at room temperature, 40°C, 60°C, and 80°C. PNIPAM TPs rapidly sediment within 5 

minutes  after being incubated at 60°C and 80°C while normal PAA TPs show limited 

sedimentation (Figure 5.4a-d, 5.18, 5.19). Some aggregation is observed at 40°C and with very 

little sedimentation at room temperature (Figure 5.20, 5.21). Normal, non-modified TPs (PAA 

TPs) show some thermoresponsive behavior likely due to disruption of hydrogen bonding, but less 

aggregation than the PNIPAM TPs .We believe PNIPAM collapses at high temperature and covers 

the TP resulting in hydrophobic interactions and aggregation. The transformation of PNIPAM has 

been shown to be reversible327, allowing for recovery and reuse of the TP.  

Dopamine was conjugated to PAH using glutaraldehyde to create pH-responsive TPs (DOP 

TPs) (Figure 5.22). Limited aggregates are observed at pH 5.6 with confocal microscopy 

compared to large aggregates at pH 7.4. (Figure 5.4e-f).   Additionally, absorbance was measured 

over 30 minutes for DOP TPs pH 5.6 and pH 7.4. in .01 M PBS to analyze sedimentation. There 

was a decrease in absorbance of almost 50 percent at pH 7.4 while only 20 percent at pH 5.6 over 

30 minutes (Figure 5.23). When PAA TPs are tested, little difference is observed between the two 

pHs indicating that the dopamine group is responsible for the change (Figure 5.24). Dopamine 

contains catechol groups which when exposed to alkaline conditions oxidize to quinone or 

semiquinone forms which are reactive and result in covalent crosslinking.328,329 In this case, the 
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reaction is irreversible unlike the NIPAM, which we observe when analyzing sedimentation of 

recovered DOP TPs after the pH is readjusted to 5.6 from 7.4 (Figure 5.25).   

 

Figure 5.4: Images of dispersions (0.5 mg/mL) of Poly(N-isopropyl acrylamide Tendril particle) (PNIPAMTP)(a,c) and 

Zn2.9TP(b,d) after 5 minutes in water bath at (a,b) 60°C (c,d) 80°C.  Confocal microscopy of dopamine-modified Tendril particle 

(DOPTP) (.1 mg/mL) at pH 5.6 (e) and pH 7.4 (f) in .01 M PBS.   

 

 

5.7 Conclusions 

 

TPs enable dispersion in a wide array of environments such as biofluids and nonpolar 

solvents and others making them ideal as a catalytic platform for enzymes which could be 

introduced via crosslinking318,330 or sensing applications based on different nanoparticle cargo.  

Environmentally responsive TPs are ideal for applications requiring stimuli-responsive film 

formation. The tunable optical properties and mechanical properties from controlled crosslinking 

and introduction of nanoparticles, make TPs very appealing for viscoelastic composites. 

Composites are dependent on nanoparticle loading for mechanical properties, and TPs could 

represent a way to disperse unstable nanoparticles and ensure high loading. Additionally, they 

possess tunable deformability due to the crosslinked nature of the spike, which could lead to unique 

mechanical properties.  
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5.8 Methods 
 

All materials were purchased from commercial sources:  poly(diallyldimethylammonium 

chloride) (PDDA), sodium polystyrenesulfonate (PSS), polyacrylic acid (PAA), poly(allylamine 

hydrochloride) (PAH), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, ≥99% purum), hexamethylene 

tetraamine (C6H12N4, ≥99.5% puriss), boric acid, ammonium hydroxide (28 wt% solution), 

tetraethyl orthosilicate (TEOS), potassium chloride, glutaraldehyde (25 wt% solution), and zinc 

oxide NPs (50 wt % solution) were purchased from Sigma-Aldrich (St. Louis, MO); grids with 

ultrathin carbon film on holey carbon film support for transmission electron microscope (TEM) 

measurements and silicon wafers for scanning electron microscope (SEM) measurements from 

Ted Pella (Redding, CA) Carboxylated PS was ordered from Polysciences, Inc. Polycarbonate 

track-etched membranes (0.8 micron, 90 mm) were ordered from Sterlitech. All chemicals were 

ordered from Sigma-Aldrich unless noted otherwise.   

 

5.8.1 Synthesis and Layer-by-Layer Coating of Core Particles 

  Silica microparticles were produced by a modified Stöber process.228,252 Briefly, 0.017g of 

potassium chloride, 6.75 ml water, and 9 ml ammonium hydroxide were added to 65 ml ethanol. 

A solution of 34 ml ethanol and 2.2 ml of TEOS were added at a rate of 30 ml/hour via syringe 

pump under vigorous stirring. Silica cores were coated with poly(diallyldimethyl ammonium 

chloride) polystyrene sulfonate and in a layer-by-layer process as previously mentioned. Briefly, 

5 mL core was mixed with 25 mL polyelectrolyte solution (1 mg/ mL, 1 M NaCl) and incubated 

for 20 minutes. Cores were then centrifuged for 4000 RPM for 10 minutes and washed with water 

3 times before repeating the process with the next layer.  

 

5.8.2 Synthesis of Hedgehog Particles  

Polystyrene and SiO2 core HPs were synthesized using a scaled sonothermal synthesis 

based on that of Bahng et al. 1.25 mL of coated core solutions (2.5 wt%) was mixed with 40 mL 
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ZnO seed solution (0.025 wt%) and incubated for 1 hour.15 Particles were then filtered using a 0.8 

micron track etch membrane and combined with equimolar (25mM) solutions of zinc nitrate 

hexahydrate (ZnH) and hexamethylenetetraamine (HMT) in water. Concentrations of the 

precursors were varied to tune the width of the spikes, the default concentration was 25 mM with 

2 sonications. The solution was then filled to a final volume of 1.6 L and sonicated using a 

Hielscher 1000UIP HdT sonicator for 1 hour and 30 minutes. Samples were purified by removing 

excess zinc oxide nanorods after sedimentation of HPs. Longer HPs were created by doing 

additional sonications with ZnH and HMT solutions after purification.  

 

5.8.3 Formation of Tendril particles 

ZnO HPs were coated with 2 bilayers of polyacrylic acid (PAA) and poly(allyamine 

hydrochloride) (PAH) at pH 8 and 1 M NaCl. Each layer consisted of incubating HPs in 

polyelectrolyte for 20 minutes, and then centrifuging washing twice with a 0.1 M NaCl pH 8 buffer 

and twice with water.  The polymer layers were then cross-linked using glutaraldehyde (2.5%). 4 

mL of sample was incubated with 2 mL of glutaraldehyde (25%) and 32 mL of 1 M boric acid for 

2 hours. This sample was then washed 3 times with water and then put into an additional acid wash 

(nitric acid or boric acid) to produce the desired amount of zinc. NIPAM modification was done 

in the same way, but the polymer was dissolved overnight in pH 8 solution. Crosslinking of 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) TPs was done with 10 mM EDC at pH 5.6 

for 2 hours in 0.1 M PBS buffer. Dopamine-modified TPs were cross-linked with 0.05M dopamine 

and 2.5% glutaraldehyde in 0.1M PBS buffer. 

 

5.8.4 Confocal Microscopy Imaging 
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For confocal studies, FITC was conjugated to PAH according to a literature 

procedure.193,215 Briefly, 4.5 mg FITC was dissolved in 1 mL dimethylsulfoxide (DMSO) and 

combined with 500 mg PAH dissolved in 6 mL water. The pH of the solution was adjusted to 8.4 

with NaOH and then the solution was stirred for 2 days. Dialysis was then performed using a D-

tubeTM Dialyzer for 24 h to remove excess FITC.193 PAA/FITC-PAH films were deposited on HPs 

using LbL assembly with the same procedure described previously.215  

 

5.8.5 Electron Microscopy Imaging 

20 µL of sample was dispersed on a silicon wafer and then evaporated. Particles were 

imaged using a FEI Nova 200 Nanolab SEM and FEI Helios 650 Nanolab SEM/FIB. For 

dispersion SEM images, particles were imaged at a concentration of 0.1 mg/mL. STEM and 

TEM images were taken using a Talos F200X G2, JEOL 3011, and JEOL 2010. EDS was run on 

samples at a magnification of 65k a minimum of 3 times over spikes of TPs.  

 

5.8.6 FDTD Simulation of Optical Properties   

 A model particle was constructed with a core SiO2 sphere (diameter d=1µm) meta-shell 

containing a spherical array of 500 ZnO NRs (length l=1463 nm, thickness w=139 nm) to 

approximate the experimental construct in Lumerical FDTD. The length and thickness were 

measured from electron microscopy from a HP (minimum of 50 images) used for elaboration of 

TP model geometry.  In the numerical calculation of the scattering cross-section, the refractive 

indices of the tendrils having various ZnO contents were calculated utilizing Maxwell-Garnet 

Medium approximations, where the quantity of ZnO contents are reflected in the volume fraction. 

As the spectral focus of our investigation lie in the visible wavelengths at which the materials 
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absorption for the TP components are negligible, extinction coefficients are not taken into 

consideration in the calculation and the following materials refractive indices are used in the 

approximation: 1.97 for ZnO, 1.56 for polymer, and 1.46 for SiO2 

 

5.8.7 Absorbance measurements 

Absorbance measurements were done using a Cary 8454 spectrophotometer. 

Measurements were taken every 10 seconds for 30 minutes at a 275 nm wavelength in a 3 mL 

quartz cuvette with a particle concentration of 0.5 mg/mL. For pH-responsive testing, TPs were 

measured in a 0.1 M PBS buffer adjusted to pH 5.6 for acidic conditions and 7.4 for alkaline 

conditions. For thermal-responsive testing, TPs were heated using a commercial heat gun at 

approximately 1.5°C/ a min to 70°C in 30 minutes (Figure S14) and  approximately 70°C in 10 

minutes with it stabilizing at 81°C after 30 minutes (Figure S15).  

 

5.8.8 Molecular loading with TPs  

Loading of FITC-Dextran (4k MW) was done in pH3 solution. Encapsulation involved a 

pH3 TP solution with FITC-Dextran (1 mM) being washed at pH 10 repeatedly to ensure that there 

was no excess FITC in solution for confocal microscopy imaging.  

 

 

 

 

 

 



120 
 

5.9. Supplementary Results 
 

Table 5.1: Zinc contents measured by energy dispersive spectroscopy (EDS) of TPs after different acid washes to remove change 

Zinc content after glutaraldehyde crosslinking.   

Sample Zinc Content (EDS) Acid Wash 

0.57ZnTP 0.57±0.12 0.1 M HNO3 

2.9ZnTP 2.9±0.21 0.01 M HNO3 

43ZnTP 43.0±3.3 No Acid Wash 
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Figure 5.5: TEM Image of a conformal (PAA/PAH)2 film on a HP. 

 

 

 

 

Figure 5.6: EDS map of TP washed with 1 M boric acid. (a) STEM HAADF image ; (b) composite EDS map; (c) zinc EDS map; 

(d) nitrogen EDS map; (e) bright-field STEM image; (f) Carbon EDS map; (g) oxygen map; (h) silicon map. 
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Figure 5.7: SEM (a,b) and TEM (c,d) images of a polystyrene PAA/PAH TP made from a HP with thin spikes (12.5 mM) TP 2 

bilayer (a,c) and a cross-linked 5 bilayer polymer film (c,d). 
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Figure 5.8: SEM (a,b) and TEM (c,d) images of short and long ZnO spike length HPs (a,b) and TPs prepared from those HPs 

(c,d) 
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Figure 5.9: FDTD Model HP with spike length of 1463 nm, spike thickness of 163 nm, and 500 spikes (a). Normalized 

calculated scattering cross section of HPs with various percentages of Zn (b). 

 

Figure 5.10: SEM (a,b) and TEM (c,d) of (PAA/PAH)2 polystyrene tendrils (a,c) and (PAA/PAH)3PAA (b,d) cross-linked with 

EDC. 
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Figure 5.11: TEM Image of a TP produced after glutaraldehyde crosslinking at pH 4 and 2hr incubation with 1 M boric acid (a).  

TEM of TP spikes after glutaraldehyde crosslinking at pH 4 after 72hr incubation with 1 M boric acid (b). 

 

 

 

 

Figure 5.12: SEM of HPs modified with (PAA/PAH)2 treated after pH 4 treatment for 2 hours (a) and a normal HP with no 

polymer film treated with glutaraldehyde (b).  

 

 

 

 

a b 

a b 
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Figure 5.13: TPs formed with glutaraldehyde cross-linking at pH 10 (a) and pH 7 (b). Representative EDX spectra from 

glutaraldehyde at high pH (c). 

 

 

 

Figure 5.14: SEM (a) and TEM (b) of ZnO NRs coated with (PAA/PAH)2  and cross-linked with glutaraldehyde at pH 4 

analogous to process to create TPs.  

a b 

c 

a b 
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Figure 5.15: Photographs of dispersions of 0.57Zn (a), 2.9Zn (b), and 43Zn TPs (c) in heptane (0.5 mg/mL). 

 

Figure 5.16: Photographs of dispersions of 0.57Zn (a), 2.9Zn (b), and 43Zn TPs (c) in 1 M NaCl (0.5 mg/mL) 

 

Figure 5.17: SEM of TPs with PSS/PDDA/Au NP (Au TP) (a) and with PSS/PDDA/Au NP (0.5 M NaCl; AuS_TP) layers 

encapsulated (b). 
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Figure 5.18: Photographs of dispersions of PNIPAM TPs (a-d) and PAA TPs (e-h) at 80°C dispersion (a,e) after 1 minute (b,f) 

after 5 minutes (c,g) after 10 minutes. Sediments after being incubated in a water bath for 10 minutes at 80°C (d,h). 

 

 

Figure 5.19: Photographs of dispersions of PNIPAM TPs (a-e) and PAA TPs (f-j) at 60°C dispersion (a,f) after 1 minute (b,g) 

after 5 minutes (c,h) after 10 minutes. Sediments after being incubated in a water bath for 10 minutes at 60°C (e,i). 
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Figure 5.20: Photographs of dispersions of PNIPAM TPs (a-e) and PAA TPs (f-j) at 40°C dispersion (a,f) after 1 minutes (b,g) 

after 5 minutes (c,h) after 10 minutes. Sediments after being incubated in a water bath for 5 minutes (d,i) and 10 minutes (e,j) at 

40°C.  

 

Figure 5.21: Photographs of dispersions of PNIPAM TPs (a-e) and PAA TPs (f-j) at room temperature (a,f) after 1 minutes (b,g) 

after 5 minutes (c,h) after 10 minutes. Sediments after 5 minutes (d,i) and 10 minutes (e,j) at room temperature. 
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Figure 5.22: SEM (a) and TEM (b) of dopamine-modified TPs. 

 

Figure 5.23: Absorbance measurements at 275 nm every 15s for 30 minutes of dopamine-modified TPs  at pH 5.6 and pH 7.4 in 

.01 M PBS buffer. 
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Figure 5.24: Absorbance measurements at 275 nm every 15s for 15 minutes of PAA TPs at pH 5.6 and pH 7.4 in .01 M PBS 

buffer. 

 

Figure 5.25: Absorbance measurements  at 275 nm every 15s for 30 minutes of DOP TPs at pH 5.6.01 M PBS buffer after 

previously being adjusted to pH 7.4.01 M PBS buffer for 30 minutes. 
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Chapter 6 

 

 Conclusions and Future Directions 
 

6.1 Conclusions 

 

The wide expansion in different nanostructures and synthesis has led to a golden age of 

nanoscale chemistry. With this dissertation, a new method of stabilizing nanoparticles through 

surface corrugation utilizing Hedgehog particles (HPs), was applied to numerous applications 

including sustainable chemical production and sensing in biofluids. Utilizing this new class of 

colloid has great promise in addressing problems that stem from poor nanoparticle stability in 

difficult solvent environments.  

In chapter II, we overcame the limited colloidal stability of SERS-based biosensors utilizing 

HPs. We demonstrated that HPs with multilayer coatings of polymer and nanoparticles are 

omnidispersible in high ionic strength and apolar media if the surface corrugation is maintained. 

HPs with thick gold layer-by-layer assembly (LbL) coatings enhance detection by over an order 

of magnitude comparing spiky HPs to smooth spheres. Additionally, HPs were able to detect 

multiple target molecules in a biofluid while beads were not. When compared to common SERS 

probe such as nanostars, it is seen that nanostars do not have enough defined surface corrugation 

to disperse, and result in reduced sensing capability in biofluids 

In chapter III, we developed a LbL-coating method to synthesize inorganic SiO2-based HPs 

which exhibit enhanced chemical stability. SiO2 HPs form stable dispersions in heptane and 

importantly in high ionic strength environments where nanorods aggregate. When tested in a probe 

photocatalytic reaction, this is reflected, as HPs maintain over two times enhancement over NRs 

in NaCl. The oxidation of a lignin model compound, 2-phenoxy-1-phenyl ethanol was explored in 

high ionic strength environments. HPs in divalent salt and acetonitrile greatly enhance activity 

over water by six times , while organic salts result in multiple orders of magnitude increase in the 
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yield of 2-phenoxyacetophenone. HPs show that electrolytes in photocatalytic reactions can 

be used to tune reaction pathways and yields when used with a well-dispersed photocatalyst. 

In chapter IV, We expand HPs to a wide array of different functional core materials including 

plasmonic gold, magnetic magnetite, catalytic hematite, and titanium dioxide. Hematite represent 

a scalable and cost-effective core material with wide applications. All of the inorganic HPs show 

stability in apolar environments. We show that by utilizing active hematite cores with ZnO spikes, 

we are able to develop a new photocatalytic pathway for the production of cyclohexene oxide from 

cyclohexane. These inorganic HPs have many applications in organic synthesis and reactions in 

nonpolar environments such as CO2 where that has been little research due to poor inorganic 

catalyst stability.   

In chapter V. polyelectrolyte films were used to tune the spiky shell of HPs. By introducing 

a deformable spike, we are able to create environmentally responsive polymer tendril particles 

(TPs). Both thermoresponsive and pH-responsive subunits were introduced, allowing for 

controlled aggregation and film formation. Additionally, hollow compartments can be formed 

which we demonstrate can be used to load nanoparticles for tunable optical properties or small 

molecules for drug delivery. These tendril particles represent a tunable HP, with promising ability 

to tune mechanical and optical properties in composites. 

In summary, this dissertation has demonstrated the promise of HPs in a wide array of 

applications. It uncovers new chemical pathways in apolar and ionic strength environments, new 

sensing capability, and deepens fundamental understanding in corrugated colloids in complex 

environments. With this toolkit, further exploration could lead to the improvement of chemical 

processes, sensing, and materials.   

 

6.2 Future Directions 
 

In this dissertation, we developed many new HPs and showed their broad applicability. 

There are many new and compelling research ideas to investigate. One goal at the onset of this 

thesis was the development of catalysts in a nonpolar environment. CO2 reduction is plagued by 

the poor solubility of CO2 in water. There has been very limited exploration of catalysts in liquid 

or supercritical CO2 because of poor dispersion stability in the environment. Current tests are 

being conducted with HPs as a catalyst for supercritical CO2 reduction. Preliminary results 
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indicate that in particular TiO2 HPs are stable in supercritical CO2 (Figure 6.1), and further 

research is ongoing for their use as CO2 reduction catalysts. The development of a large scale 

CO2 reduction catalyst is paramount to addressing global warming and a way to create 

sustainable fuels.  

Figure 6.1: SEM images of (a) ZnO and (b) TiO2 HPs after incubation in supercritical CO2 at 40°C and 2000 psi. 

 

Another ongoing project is in the oxidation of cyclohexane. The unique mechanism and 

selectivity seen in preliminary results indicate that by the use of interfacial HP catalysts, 

photocatalytic oxidation and in particular epoxidation can be greatly enhanced. Further 

investigation of this process, including with other olefins is planned, and could lead to many 

interesting discoveries of new mechanisms in apolar environments. Additionally, though only 

briefly discussed in this dissertation, HPs exhibit very strong unique broadband scattering. The 

ability to tune optical responses in the future with HPs and leveraging the optical properties for 

creation of photocatalysts is a part of future studies. Preliminary results show many interesting 

properties of these materials, show that these optical responses can be exploited for use in 

photocatalysis.  

For sensing, the use of HP directly in a blood-based system for quick analysis is 

intriguing. Another very intriguing extension is the creation of conductive HPs. In composites, 

the addition of spiky nickel fillers has been shown to allow for responsive electronics, by 

forming a conductive pathway and then using a polymeric matrix to separate the spiky particles 

at high heat.331 One particular material which is of interest is carbon nanotubes. Carbon 

nanotubes have long-standing problems of stability in different environments. However, they can 

a b 
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greatly enhance the mechanical and electric properties of many different composite materials. 

The creation of a HP consisting of a carbon nanotube array would be a very intriguing use of 

surface corrugation and have excellent mechanical properties and conductivity.   

HPs have also been explored preliminary in coatings. HPs can be easily incorporated into 

into paints, plastics, and fabric coatings for enhancement of mechanical and flame-retardant 

properties (Figure 6.2). 

Figure 6.2. (a) Incorporation of HPs at low loading and high loading on uniform fabric utilizing commercial acrylate copolymer. 

(b) HP plastic polyurethane composite (c) Photograph after a 5 second horizontal flame test with a propane torch on cardboard 

coated with HPs dispersed in acrylic latex paint (e) HPs spin coated onto silicon wafer showing uniform film.  SEM images 

showing distribution of HPs in coating (e,f) and (g) showing ability to remove film from wafer to create a stand-alone composite. 

Composition needs to be tuned to further enhance these properties for a niche application. TPs 

represent a very intriguing material to test mechanically. With deformable spikes, some 

frequency-dependent viscoelastic properties are expected. With the ability to load nanoparticles 

in the spikes, a variety of different optical, mechanical, and electrical properties can be obtained. 

Overcoming poor material dispersion in composites is a very compelling and intriguing 

application.  

In conclusion, the development of this new class of omnidispersible colloid will lead to 

exploration of more complex fluid environments for new efficient pathways for the synthesis of 

sustainable fuels and chemicals. In addition it can be used to further improve dispersion and the 

application of sensing probes in biofluids, and of nanoparticles in solid composites.  

a b 

e f d 

c 

g 
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